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ABSTRACT

Laboratory experiments directed to investigation of co-
polarized and de-polarized X-band microwave radar return
from the water surface at strong and hurricane wind were
carried out in the high-speed wind-wave flume. Microwave
measurements were accompanied by the measurements of
air-flow and wave field parameters. Experiments showed
that alternatively to the co-polarized return, the dependency
of the de-polarized return on the wind speed do not saturate,
although the growth rate decreases at wind speed exceeding
30 m/s. Comparison of the of the experimental data with the
composite-surface Bragg scattering model for the measured
parameters of the wind and waves showed, that the model is
in agreement with measurements of microwave co-polarized
return, but fails to describe the de-polarized radar return.
The obtained dependency of de-polarized radar return was
compared with the empirical geophysical model function
based on collocated airborne and satellite data.

Index Terms— co-polarized and depolarized radar
return; hurricane wind speed

1. INTRODUCTION

Satellite remote sensing is one of the main techniques of
monitoring severe weather conditions over the ocean.
Surface wind velocity is routinely measured by microwave
scatterometers using co-polarized radar return due to
sufficiently high intensity of the return signal. The existing
algorithms of retrieving wind speed from scatterometry are
based on dependence of microwave backscattering cross-
section on wind speed (Geophysical Model Function, GMF)
[1, 2]. The principal difficulty of these algorithms arises
from saturation of GMF at winds exceeding 25 m/s [3].
Then the accuracy of wind speed retrieval ceases for severe
winds like in hurricanes and typhoons.

Recently analysis of dual- and quad-polarization C-
band radar return measured from satellite Radarsat-2 with
co-located concomitant direct measurements of wind from
oceanographic buoys NDBC [4-8], suggested that the cross-
polarized radar return does not saturate at higher winds and
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it has much higher sensitivity to the wind speed than co-
polarized back-scattering.

In the very recent paper [9] the GMF for cross-polarized
radar cross-section (VH) was derived on the basic of
RADARSAT-2 SAR images acquired during hurricanes
collocated with airborne wind measurements by Stepped-
Frequency Microwave Radiometer (SFMR) [10] made by
NOAA’s Hurricane Hunter flights. Since complete
collocation of these data was not possible and time
difference in flight legs and SAR images acquisition was up
to 3 hours, these two sets of data were compared in [9] only
statistically.

The main purpose of this paper is investigation of the
functional dependence of cross-polarized radar cross-section
on the wind speed by a laboratory experiment. Since cross-
polarized radar return is formed at small-scale features at the
air-sea interface (short-crested waves, foam, sprays, etc),
which are well reproduced in laboratory conditions, then the
approach based on laboratory experiment on radar scattering
of microwaves at the water surface under hurricane wind
looks appropriate.

2. EXPERIMENTAL FACILITY

The experiments were performed in the Wind-wave flume,
which is the part of the Large Thermostratified Tank of the
Institute of Applied Physics [11]. The working straight part
of the flume is 10 m and operating cross section is
0.40x0.40 mz, the axis velocity can be varied from 5 to 25 m
s, which corresponds to Ujo from 7 m sTto40ms™.

2.1. Measurements of wind and waves

Parameters of the air flow in the turbulent boundary
layer (friction velocity u: and roughness height z,) were
retrieved by velocity profiling and subsequent data
processing based on self-similarity of the turbulent boundary
layer in the flume described in [11]. Then the equivalent 10-
m wind speed was calculated by definition:
U;0=2.5u-In(10m/z).

The wind wave field parameters in the flume were
measured by three wire gauges positioned in the corners of
an equal-side triangle with 2.5 cm side, the data sampling
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rate was 100 Hz. For estimations of the cm-band wave
spectra data from the extra wave-gauge with the 0.8 cm base
were used. Three dimensional frequency-wave-number
spectra S(w,k,0) were retrieved from these data by the

Fourier directional method (FDM) [11]. Integrating
S(w,k,0) over frequency yields wavenumber S(k,8)

directional spectra respectively. Integrating over 6 gives
frequency spectra and the wavenumber spectra
correspondingly. Saturation wavenumber spectrum of the
waves at the working section for different wind speeds U,
are shown in fig.la. Estimations show that the high
frequency part of the saturation wave-number spectrum at 1
cm’'<k<4 cm™ can be approximated as follows:

B(k, 6)=2/m0k"cos*(9), 1)
where the dependence of & and f on U,y are shown in fig
1b.

Also slope probability density function for “long waves”
for comparing with the composite Bragg theory of
microwave radar return according to [12, 13]. When
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Fig.1 Saturation wavenumber spectrum of the waves at the
working section for different wind speeds U,y (a),
dependencies of o and B in equation (1) on Uy (b).

calculating the slope probability density function (PDF) of
“long waves” from experimental data, the dividing scale was
set equal to three Bragg wavelengths. Note that the
peculiarity of wind waves in this experiment was its high
degree of nonlinearity and linear filtering of data was
expected to lead to a strong distortion of the waveform. In
this regard, for discrimination of the “long waves” the
empirical mode decomposition (EMD) [14] was
implemented. Taking into account that time series of the
water surface elevations are characterized by a high degree
of intermittency [15], the algorithm of Ensemble EMD
(EEMD) was applied [16], which allows avoiding the
phenomenon of "mixing modes. When constructing the
slope PDF for “long waves” from the original time series of
water surface elevations high-frequency intrinsic mode
functions were subtracted in accordance with the criterion of
the scale separation. Strong nonlinearity of the “long waves”
resulted, in particular, in markedly difference of slope PDF
from the Gaussian distribution.

2.2. Microwave measurements

Microwave measurements were carried out by a
coherent Doppler X-band (3.2 cm) scatterometer with the
consequent receive of linear polarizations. Antenna was an
optimized pyramidal horn with square cross-section
224x224 mm”* and a length 680mm, which is equipped with
the orthomode transducer with isolation of polarizations of
more than 40 dB; the beam-width was 9°. The absolute value
of the radar cross-section (RSC) of rough water surface was
determined by comparing the scattered signal with the signal
reflected from the reference reflector (calibrator) with the
known value of the RCS - a metal ball-pendulum 6 cm in
diameter.

Principal scheme of the experimental setup in working
section at a distance of 6 m from the inlet is shown in fig.2.
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Puc.2. Principal scheme of the experimental setup in the
working section for microwave measurements.
The observation window was 40x40 cmz, incidence angle 30
deg, distance from the target was 3.16 m at the height 2.75
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m from the water, thickness of the plexiglas of the flume was
8.3mm. To reduce the influence of reflections taken from the
side lobes, the most "critical" reflectors of the tank were
covered with pieces of radio-absorbing material.

3. RESULTS OF EXPERIMENTS AND
GEOPHYSICAL MODEL FUNCTION

The dependencies of normalized radar cross-section (NRSC)
in linear units for 4 polarizations is shown in fig.3. One can
see that the cross-polarized radar return is two orders lower
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than the co-polarized one, has higher sensitivity to the wind
speed. Indeed, the cross-polarized radar cross-section Gyy at
U,0<30 m/s grows proportionally to (U 10)1‘5, while oyy and
Gyy are proportional to (Uyp)*’. At wind speeds exceeding
30m/s, the cross-polarized radar return growth slows down
and becomes proportionally to (Ulo)m, while oyy and opy
are saturated. We also notice that co-polarized radar return
at vertical polarization Gyy exceeds the horizontal one Gyy
with the polarization difference about 1-2 dB in agreement
with [].

In fig.4 we compared measured oypy (here P and Q
denotes different polarizations and equals to H or V) with
the predictions of composite Bragg theory (Valensuela,
1978, Plant, 1990), where the spectral density of surface
waves and probability density function for “long waves”
were taken from measurements of the wave field. In this
configuration of experimental setup the Bragg wave length
was A,=3.2 cm and cut-off wave length was 5A,.

One can see that for co-polarized radar returns the
difference with the model is about 1-2 dB and it can be
explained by our poor knowledge about the short wave part
of the spectrum. For cross-polarized return the difference
exceeds 10 dB, and it means that some non-Bragg
mechanisms (short-crested waves, foam, sprays, etc) are
responsible for the depolarization of the returned signal.

Then it seems reasonable to compare the dependence of
cross-polarized X-band radar cross section on 10-m wind
speed obtained in laboratory conditions with the similar
dependence obtained in [9] from the field data for C-band
radar cross-section.

In Fig. 5 we superimpose the laboratory X-band data
with the distribution of all retrieved SFMR wind speeds

10

| A HH
W
10 * VH
0o 000
| o 00 ® . ¢ HY
o0 ® —o&— Cross (Bragg)

20 —a— HH(Bragg)

| —&— VV(Bragg)
0 M
-40 \ \ \

10 20 30 40

U,o(m/s)

Fig.4. Comparison of measured co-polarized and cross-

polarized radar cross-sections and predictions of composition

Bragg model.
versus collocated VH measurement points from 9 hurricanes
(top panel of Fig.3 from [9]. One can see that the laboratory
data follow the median of the field data with the constant
bias 11 dB. Fitting the experimental data by polynomial
curves gives the GMF obtained for incidence angle 30° and
azimuth angle 0°. Best fit line for X -band date gives

. [-21+0330,, for20<U,, <30,
o =
M 1-1940.390,, - 0.0046U 3, forU,, > 30.

Taking into account the constant bias 11 dB gives for C-
band

O-VH

—3240.33U,,, for20 <U,, < 30,
~30+0.39U,, —0.0046U 2, forU,, > 30.

4. CONCLUSIONS

Laboratory experiments directed to investigation of co-
polarized and cross-polarized X-band microwave radar
return from the water surface at strong and hurricane wind
were carried out. Parameters of air-flow velocity (wind
friction velocity and roughness height) and surface wind
waves (spectra and probability density function of slopes) in
the laboratory facility were retrieved from simultaneous
measurements. It was shown that alternatively to the co-
polarized return, the dependency of the cross-polarized
return on the wind speed is unambiguous, although the
growth rate of radar cross-section on wind speed decreases
at wind speed exceeding 30 m/s.

We compared the dependency of the cross-polarized X-
band radar cross-section on wind speed obtained in
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laboratory with the similar dependency retrieved from
Radarsat-2 SAR images and collocated airborne SFMR wind
measurements [8]. We found out that the laboratory data
follow the median of the field data with the constant bias 11
dB. Basing on laboratory data an empirical geophysical
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Fig.5 Distribution of all retrieved SFMR wind speeds versus
collocated VH measurement points from 9 hurricanes (top
panel of Fig.3 from [8]) and superimposed laboratory data (blue
noints)
model function was suggested for retrieving wind speed up
to 40 m/s from cross-polarized microwave return, which is
in good agreement with the direct measurements.
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