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Speckle noise spectrum at near-nadir incidence angles
for a time-varying sea surface

Ping Chen, Dani¢le Hauser, I[EEE Member, Shihao Zou, Jianyang Si, Eva Le Merle

Abstract—Speckle noise is inherent to radar measurements. For
applications which need both a high temporal and high spatial
resolution, a classical method for the reduction of the speckle noise
by filtering the backscattered signal may not be sufficient. In
particular, when radar observations are used to estimate ocean
wave spectra from relative fluctuations of the radar signal within
a given footprint, a method must be implemented to correct for
the speckle effect in the Fourier domain (i.e. density spectrum). A
theoretical background to model the speckle density spectrum for
a radar with near-nadir incidences was proposed by Jackson in
1981 but it is based on a stationary sea surface assumption and
ignores the variation of the main factor in the four-frequency
moment near the origin. In this paper, we revisit this theoretical
background to extend this model to a time-varying sea surface and
alleviate some assumptions on the Fresnel phase formulation. The
results from the model applied in the configuration of an airborne
system indicate that not only the displacement of the radar but
also the dynamic properties of the sea surfaces have a significant
effect on the speckle noise spectrum in certain directions of
observations. The effects depend on the radar look direction in
azimuth, and on sea surface conditions (wind speed, wind
direction with respect to the aircraft route, surface wave
spectrum). This new model is validated against observations of the
airborne near-nadir incidence scatterometer —-KuROS. We show
in particular that the errors between the experimental estimation
of the omni-directional speckle noise spectrum from KuROS and
the prediction by our model are below 10%.

Index Terms—speckle noise spectrum, time-varying sea surface,
near-nadir incidence, Geometry Optical approximation

I. INTRODUCTION

Speckle noise is inherent to radar measurements used to
sense geophysical media composed of distributed scattering
elements (e. g., sea surface). Indeed, the composite backscatter
generated by these media is the coherent sum of components
backscattered from individual elements which generate
different phases and amplitudes, and add together to give a
resultant whose intensity varies randomly. Thus, the
backscattered signal measured by a radar exhibits fluctuations
from one look to the next one, even when the surface is the
same. When radar systems are used to estimate ocean wave
properties from the analysis of signal fluctuations at a relatively
high spatial resolution (typically 5 to 30 m horizontally), the
speckle noise is a perturbing effect which must be accounted
for in the inversion of the fluctuation spectra into wave spectra
[17, 121, [3], [4].

There are presently two main categories of radar systems
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devoted to the measurement of ocean wave spectra: those based
on a SAR side-looking configuration (see e.g. [2], [5], [6], [7],
[8]), and those based on a RAR real-aperture and azimuthally
scanning configuration [9], [10]. In both cases the spectrum of
ocean waves is derived from the spectra of signal fluctuations
analyzed over a footprint of several kilometers. In both cases,
it requires to subtract the speckle noise spectrum from the
fluctuation spectrum.

Jackson provided the theoretical background to model the
speckle noise contribution in the Fourier domain (spectrum of
signal fluctuations in space and time) for a real-aperture near-
nadir looking radar [1]. Based on this theoretical approach, a
simple formula was then proposed to represent the speckle
density spectrum as a function of the wave number at the
surface [11]. Later, Hauser proposed an empirical method to
derive the parameters of the Jackson’s model speckle spectrum
from airborne observations with a scanning real-aperture radar
[3]. It consists in estimating a mean spectrum of speckle from
a combination of fluctuation spectra obtained with radar signals
integrated over different durations. This speckle spectrum is
then subtracted from the fluctuation spectrum to estimate the
modulation spectrum due to waves.

Engen and Johnsen proposed another method the so-called
“cross-spectrum” method to remove the speckle noise
contribution from SAR observations over the ocean using
successive looks [2]. It is based on the conjugate product of
successive fluctuation spectra obtained from overlapping
scenes. This method is now operationally used by The
European Space Agency to provide wave spectra from SAR
images. It was also later used by Caudal [10] and Le Merle [12]
in the processing of their airborne real-aperture scanning radar
observations to retrieve wave spectra.

Both empirical methods (based on cross-spectra or on multi-
duration time integration) are very efficient but are constrained
by the conditions of measurements (appropriate overlap of
successive looks). With the recent launch of the CFOSAT
satellite and its real-aperture wave spectrometer SWIM in
operation, the question of speckle estimation is still of actuality,
because the SWIM mode of operation is not well appropriate
neither to the cross-spectral method (limited overlap of
successive scenes in the nominal mode of acquisition) nor to
the multi-integration method (loss of range resolution in this
case). Therefore, an empirical ad’hoc speckle model was
estimated from the SWIM observations [4] and is currently
used to invert the wave spectra from the fluctuation spectra.
The results indicate that this empirical speckle spectrum shows
an important increase in a sector of £15° and that its level
depends on azimuth with respect to the flight-track, on latitude,
and on sea-surface conditions.

Although all the proposed empirical methods to estimate or
subtract the speckle noise spectrum are convenient from an
operational point of view, they are still difficult to reconcile
with the existing theoretical background. Therefore, in the
present study we propose to revisit the analytical model of
Jackson of speckle noise spectrum.

Jackson established an analytical speckle noise spectrum
model based on the Geometry Optical approximation for the
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scattering processes expressed for a frozen sea surface [1], a
pulse-limited transmitted waveform with a given range
resolution and integration time. This model takes into account
the displacement of the illuminated ocean scene with respect to
the radar in an azimuthal scanning geometry, but it does not
take into account the surface scatter motion. The consequence
is that, according to this model, the speckle noise spectrum
along the flight direction tends to very large values because the
number of independent samples forming the integrated radar
echo is supposed to tend to one. However, this is in
contradiction with the actual situation as seen from both
airborne and spaceborne observations, which indicate that in
spite of an important increase of speckle when the radar look
direction is approximatively aligned with the platform
displacement the number of independent samples deduced from
the speckle noise spectrum is far more than 1.

We will demonstrate in this paper that this is because in certain
conditions, the kinematic properties of the sea surface cannot
be ignored. Indeed, during the radar integration time (several
tens micro-seconds typically), the correlation time of the
scattered field from the sea surface cannot be ignored, since it
is typically a few milliseconds [13].

Jackson proposed a simplified analytical expression of his
model of speckle spectrum under the assumption of a Gaussian
shaped transmitted wave form [11]. However, because the
dynamic properties of the sea surface were ignored, the speckle
noise spectrum density along the flight direction estimated
from this modified model is still much larger than the one
measured. Up to now there is no analytical model of speckle
noise spectrum in which both the radar motion and time-
varying properties of the sea surface are taken into account.

This is precisely the aim of this paper to propose an
analytical noise spectrum model valid for a radar with near-
nadir incidences, and a time-varying sea surface. There are two
differences compared with Jackson's initial publication [1]. The
first is that in addition to the movement of the radar, we take
into account the kinematic properties of sea surface during the
radar integration time. The second is that in our approach, we
remove the assumption used in Jackson’s model that the
variation of the main factor in the four-frequency moment of
the surface scattering matrix near the origin tends to zero.
Furthermore, we propose here a validation of the model by
using independent speckle spectrum estimates from
observations.

In Section II, the speckle spectrum model for a time-varying
sea surface is presented with the movements of both radar and
sea surface scatters taken into account. In Section III, we
present results obtained with this model and a prescribed sea
state (imposing a surface wave height and wind) for different
sea-surface conditions and for a radar configuration
corresponding to airborne observations. In section IV, we
present empirical estimates of the speckle noise spectrum
obtained from the airborne real-aperture azimuthally scanning
KuROS radar [4]. In section V, we compare the speckle spectra
predicted by the model to those estimated directly from the
KuROS observations. In section VI, we extend our analysis of
the model results to other configurations of observations (other
radar frequency, platform speed, incidence angles, footprint
dimension). Conclusion and perspectives are drawn in section
VIL

I1. MODEL OF SPECKLE NOISE SPECTRUM FOR AN
OCEAN WAVE SCATTEROMETER OVER A
MOVING SURFACE
Jackson expressed the ensemble average fluctuation
spectrum of the signal as a function of frequency w as:

P(w) = [[f W(Qo — K - V)N, V', @, Q) Eg(v) -
Ej(v—w) - Eg(V) Eq(vV' — w)dQydvd (1
where E,(v)is the Fourier Transform (FT) of the incident
short-pulsed waveform, W is the filter window associated to
the integration of the signal over an integral time Tj,; ,
N(v, V', w, Q) is the FT of the “four-frequency’ moment of the
surface scattering function (see below), K - V is the Doppler
frequency induced by the platform motion V, K the
wavenumber at the surface, and the asterisk denotes complex
conjugate. Expressions of these terms are given in [1] and
recalled below:

W) = [M] @)

Tint
QO.T

N, v, w,Q) = fiM(v, v/, w, At) exp (iQoAt) dAt 3)

MW, v, w,At) =< S(v,t) - S*(v —w, t) - S*(V', t + At)
SV —w, t + At) > 4)

M(v,V', w,At) is a four-frequency moment defined from the
surface scattering transfer function S(v, t), where t is the ‘slow
time’ in the radar chronogram, v, v' are the angular frequency
of the electromagnetic wave, w is the angular frequency
difference, At is the time interval (the full list of symbols is
given in Appendix B).

Equation (1-4) here above are identical to (7-12) in [1].
Jackson then transposes this formalism to the wavenumber
domain by writing, v=4kc, v =k'c, w =kc, Av=v —
vV, Ak =k — k', K = 2ksinfp, AK = 2Aksin€, where c is
the light speed, g is the unit vector of the range direction of the
radar, and 6 the incidence angle.

Then, S(v,t) is developed using the geometrical optics
scattering approximation which is valid at near-nadir incidence
angles [14]. Assuming a Gaussian shape of the transmitted
pulse and a Gaussian pattern for the antenna beam, Jackson
finally obtains the spectrum of the signal (integrated over Tj,;)
in wavenumber as the sum of two terms [1], [11], one
associated with fluctuations due to the long detected waves
(through their tilting impact on the backscattered signal) and
the other one with the fading (speckle) noise.

Considering a more realistic shape of the transmitted pulse,

namely a sinus cardinal function ey(x) = sinc (é) , with
ox =

c

Heing where B is the bandwidth of the transmitted pulse,

and sinc(x) = sinme)

— with x is the horizontal range along the
range direction g of the radar, then the speckle noise spectrum
of Jackson’s model when applied to the relative fluctuations of

the backscattering coefficient becomes:
(K 1
Py jac(K, @) = tri <—>7 (5a)

2nKp ) 2nKpN jac(P)
where tri is the triangle function, K is the wavenumber at the
surface, ® is the azimuth angle relative to the flight direction,

1 2Bsin®
p == (5b)
Njqc is the number of independent samples due to the radar

displacement:

2V .
N]ac((b) = Tint T.EQSSIH(D (50)
where Sy is the one-way antenna aperture in azimuth, V the

platform speed and A the radar wavelength.
In the derivation of (5), Jackson used two assumptions.



Firstly, the sea surface is assumed frozen over the T;,,; duration:
the sea surface height of a point X on the surface is expressed
as £(X). This is a strong assumption. Indeed, for ocean wave
scatterometer, the value of Tj,; is the order of ten microseconds,
typically 30 to 40ms for SWIM [4], 33ms for KuROS [10].
However, at Ku band, the correlation time of the electro-
magnetic field scattered by the sea surface is expected to be of
the order of millisecond [13]. Thus, the dynamic properties of
the sea surface should be taken into account during the T;y,;
duration. Especially, when the observation azimuth angle is
close to the flight direction, the number of independent samples
induced by the movement of the platform (N4, ) is close to one,
so that the number of actual independent samples is mainly
determined by the movement of the sea surface scatters. Thus,
for radar observations obtained with an azimuthally scanning
system, besides the movement of the radar, the instantaneous
velocity of the sea surface scatters must be included in a model
of speckle noise spectrum. The second hypothesis by Jackson
is that the variation of the main factor in the four-frequency
moment near the origin tends to O [1]. This assumption
simplifies the derivation greatly, but its validity needs to be
assessed.

Note also that Jackson, added a coefficient (1+x) in (5) [11],
to account for the variation of speckle noise on the signal
modulated by the tilting waves:

, Y O S W U
Py jac(K, ®) = tri (mp) ) (6a)
N'jae(®) = Ny ()/(1 + 1) (6b)
1= [ Proa(K, ®)dK ™)

where P,,,4 is the spectrum of the relative fluctuations due to
the presence of long waves.

However, the effect of P,,,4 on the speckle is accounted for
in our model by another way, as explained below and in the
appendix.

In order to extend Jackson’s speckle noise spectrum theory
to a time-varying sea surface, we expressed the surface
elevation as a time and space variable £(X,t). Substituting
£(%, t)into the surface scattering transfer function S(v, t), and
assuming the sea surface to be stationary in the mean and
ergodic, then applying Longuest-Higgins’ method [15] to
expand the bracket term < --- > in four-frequency moment
M(v,v', w, At) and calculating four integrations about all x;,
i=1,2,3,4, the fluctuation spectrum equation for a time-varying
sea surface is obtained (See Appendix A for details).
Accordingly, the new speckle noise spectrum model is

(K 1
Py, (K, ®) = tri (_m,,) P (8a)
Where —— = —— 4+ — (8b)
Ntot Nmov Nint
Nppoy (@) = N;flatf + sturf’ (8c)
Nplatf (@)= N]ac((p)s (8d)
2
Ngyrp = N TintkCOSH\/ Myt (8e)
1 \/ng.;‘nDd(K,d:')dK
Nint h Tint (8f)
where @ is a factor proportional to the surface velocity variance
My
@ = 4k? cos? 0 my,, (8g)
and
Proa (K, ®) = Proa(K, ) + 2L K2F (K, ) (8h)
¢ 2Mtt
My= fowd dow? F(w) (81)

wy4 1n (81) corresponds to the wave scale limit which makes the

quasi-specular scattering approximation valid, generally,
1/5~1/3 times radar wave number [3], [16]. The detailed
method to determine w,; will be described in section III.
F(K, ®) is the wave height directional spectrum, F(w) is the
omni-directional spectrum with the angular frequency w, g is
the acceleration of gravity. In (8b), the total number N, of
independent samples which govern the speckle noise spectrum
is not only dependent on N, related to the movement
between the radar and the sea surface, but also to N;;,;, whose
expression involves integral quantities of the wave-spectrum.
Compared with the original model of Jackson recalled in (6),
our model combines in (8c) the contribution from Npqf
determined by the movement of the platform, and a
contribution from the surface, Ng,,f, which is related to the sea
surface velocity variances m;;. Secondly, compared to (6), (8)
has an additional term involving Nj,;, which results from the
fact that the variation of the main factors in the four-frequency
moment near the origin are no longer neglected. We will see in
section IV that the integral term in Nj,, is not negligible for
some cases.

If ignoring the dynamic properties of the sea surfaces
(Nsyurf=0) and ignoring the variation of the main factor in the

four-frequency moments near the origin (NL = 0), then (8) is
int

equivalent to (6), i.e. to the model of Jackson.

The details of the derivation are given in Appendix. It is
noted that all the above equations derived are valid when the
number of the independent samples PRF*T;,, caused by the
radar pulse repetition frequency (PRF) is larger than the total
number of the independent samples Ny, i.e. PRF*T;, >Ny, If
we define an effective Doppler bandwidth B; = No¢/Tine »
then the valid condition becomes PRF>B,. If PRF<B,, then
N, in (8a) should be modified to PRF*T;,;.

I11. MODEL RESULTS FOR THE SPECKLE NOISE
SPECTRUM

In this section, we discuss results obtained from our model
of speckle noise spectrum for different sea-state situations and
for the case of an airborne spectrometer, with characteristics
similar to those of the KuROS radar. This choice, without
losing generality, enables us to compare the model results to
observations (see section V). We extend the application of the
model to other configuration in section VI.

The parameters in the following simulation are set as shown
in Table L.

Table I

RADAR PARAMETERS IN THE SIMULATIONS
Radar frequency 13.5 GHz
Central incidence 13¢
3 dB Beam width in azimuth, B, 8.6°
Radar range resolution 1.5m
Integration time 33 ms
Platform velocity 100 m/s
Flight height 2000 m

In section I1I.A, we first discuss the dependence of Py, (K, ®)
with azimuth and the role of the different terms contributing to
this dependence. In section III.B, we analyze the trend of the
azimuthally-averaged speckle energy with wave number and
more particularly the impact of sea-state conditions on this
trend.

In the results presented below, m,, was calculated with (81)
and for various empirical ocean wave spectra F (K, ®). For a
pure wind wave situation, F(K,®) was chosen as the
Elfouhaily spectrum - named EL [17] hereafter. A swell
component was added in some simulations, with the swell
spectrum expressed as a Gaussian function as in [18].



Overall, three categories of cases of sea surface conditions
were considered in our simulations. The parameters of the sea
conditions for different categories are listed in Table II,
including the wind speed U, the wave inverse age (), the peak
wave length A,,, the significant wave height Hs.

Table 1T
SEA SURFACE CONDITIONS USED FOR THE SIMULATION
Case 1 Case 2 Case 3
Pure wind wave Mixed sea Mixed sea
Wind wave  U;o = 10 m/s, Uyo = 10m/s, Uy =10m/s,
component (= 0.84 0 =0.84 0 =0.84
Hs=2m, A, =400 Hs=4m, A, = 200
Swell m, propagating m, propagating
component along the wind along the wind
direction direction

wy in (81) is the wave scale limit which makes the quasi-
specular scattering approximation valid. We determined w, by
the following method. At near-nadir incidence angles, the
Physical Optics model, hereafter referred to as PO model, is
considered accurate enough as long as polarization effects
remain negligible, that is in the first 20 to 25° incidence away
from nadir [14], [19], [20]. Here PO is referred as the reference
model. Firstly, we calculate the backscattering coefficients by
PO and EL spectrum for the sea surface conditions. On the
other hand, the backscattering coefficients by the
approximation model-Quasi-specular scattering model [14] is
expressed as:

tan?(6)

2

035(0) = Zetsec*(6) exp(— “22 ©)
mss, = [} *K? F(K)dK (10)

Secondly, fitting (10) to ¢°(8) values generated with the PO
model in the incidence range of 0 to 18°, R, and mss, can be
inversed. Thirdly, we obtain K; according to (10) from the
inversed mss,. Finally, wg is calculated by w3 = K, g for the
case of deep water.

In order to estimate N;,,, we calculate the modulation
spectrum P,,,, (K, ®) due to the tilting waves as in [11]:

0N 2
Proa(K, ®) == (ctge - Z22) K2F (K, ®) (11)
L¢ a6

where ¢° is obtained by (9).
A. Variations with the look angle and impact of sea state
conditions

From (8a) the energy of the speckle noise spectrum is

determined by N,,.(®) for a given radar configuration. From
(8b), Niot(@) is a function of Ngyrr, Npjgep, and Ny, where
Ngyrr is independent of the azimuth look direction, while
Npiatr, and Ny, change with it.
In this section we discuss the variations of Ng,,.; with the
sea surface conditions, and those of Npjq¢f and Ny with the
azimuth look direction (as for an azimuthally scanning radar).
For convenience, the relative look direction @ is defined as
& = D) — D4, Where @, is azimuth angle with respect to
geographical North and the latter is the flight direction.

We first illustrate in Fig. 1 the variation of Ng,,.; with wind
speed U, for three different values of the inverse wave age
(2 =0.84, 1 and 2), corresponding to the fully developed,
mature and young sea. As can be seen in Fig. 1, Ng,.r
significantly increases with wind speed for all wave ages. For
example, for fully-developed situations N, increases from
about 4 to about 13 over the wind speed range 6 to 18 m/s. As
shows the trend with wind speed, the sensitivity of Ng,, s to
wind speed is much higher for fully-developed conditions than
for young waves. From (8i), this is due to the variation of the
velocity variance m;, with both wind and wave age.

EL(=0.84)
—6—EL(Q=1)
—e—EL(Q=2)

5 1‘0 1‘5 20
Wind Speed (m/s)

Fig. 1. Ngyys variation with wind speed under different inverse wave ages

(green, blue, red, for respectively 0.84, 1, 2)

To illustrate the effect of swell on Ng,,.r, Fig. 2 shows the
variations of Ng,.r with the significant height Hs of the swell
component with the swell peak wavelength 2, =
150 m, 250m, 350 m. It shows that Ngyrs increases with the
swell Hs when keeping the wind wave component constant.
When the swell Hs increases from 2 m to 7 m, N, f is
multiplied by 1.7, 1.5, 1.4 for the swell peak wavelength A, =
150 m, 250 m, 350 m, respectively.

EL(U10~10m/5,0=0.84)+DV(\ =150m)
13 || —9— EL(U10-10m/s. Q=0.84)+DV(A_=250m)
—e— EL(U10-10m/s,0=0.84-DV(A =350m)

surf

2 25 C; 3.‘5 1‘1 4.‘5 é 5.‘5 t; 6.‘5 7
Significant Wave Height (m)

Fig. 2. Ngy,s variation with wind speed for a mixed sea condition with fully

developed wind waves and swell of different wavelengths (green, blue, red

for 150, 250 and 350 m, respectively)

From Fig. 1 and 2, we draw a conclusion that N, increases
with wind speed and significant height Hs. The sensitivity with
wind speed is much more important than with the significant
height of a swell component. It is because that from (8¢) Ng,,f
is determined by the sea surface condition through the velocity
variance m,; , which is dominated by the wind waves because
of their higher surface velocities; the addition of a ‘gentle’ swell
does not increase my; (Ngyrf) significantly.

The parameter N, in (8f) is dependent on the sea conditions
and on the radar azimuth looking angle with respect to the flight
direction (8g to 8h). Fig. 3 shows the variations of N;,; with
the relative look direction @ , when the wind wave direction
coincides with the flight direction, for a sea-state with a 10 m/s
fully developed wind wave situation (case 1) and for two cases
of mixed sea with swell added to the wind sea (swell Hs=2m
and 4m for cases 2 and 3 respectively). The swell direction was
set aligned with the wind wave direction in cases 2 and 3.

It shows that for each case, N;,; reaches maximum values in
the cross-wave/cross-track direction, while it gets minimum
values along the wave propagation direction which coincides in
this case with the flight direction. This is because Nj,; is
proportional to P,/ M according to (8f), where P, is the
sum of the modulation spectrum P,,,4, which is related to the
wave slope spectrum in (11) and a second term related to my; .



This latter is much smaller than P,,,4. Thus, N;,; is mainly
dominated by the ratio P,oq/ Mit - Pmog 18 maximum
(minimum) along (cross) the wave propagation direction,
thus Nj,; is minimum (maximum) in this direction since m;;
does not change with the azimuth anlge. Fig. 3 also shows that
the sea-state condition impacts N;;,; mainly in the along-wave
direction with the smallest values observed for the highest
significant wave height ( Nj,; =40, 30, 10 for the sea
conditions of casel, case 2 and case 3, respectively). In the
cross-wave direction, the order of magnitude of Ny, is about
30 to 100 times higher than in the along wind direction.

10

EL(U10=10m/s,0=0.84)
—— EL(U10-10m/s,0=0.84+DV(Hs=2m.\ ~400m)

—— EL(U10-10m/5,0-0.84)+DV(Hs=4m. A, ~200m)

103 L

int

10% |

o’ 0_ 50 100 150 200 250 300 350 4:')0

Radar Look Angle with respect to the Flight Direction (°)
Fig. 3. Ni,; as a function of the azimuth look direction (with respect to the
flight direction) when the flight direction is aligned with wind-wave
direction. The green, blue, and red curves are for sea surface conditions of
cases 1 to 3, respectively (see text)

From (8d) and (6) one notes that Ny,qf is dependent only
on the radar looking direction in azimuth with respect to the
advection direction, whereas N,,; varies with all parameters
(flight direction, sea surface conditions and radar azimuth
angle). Fig. 4 shows Ny, s and N, variations with the
relative azimuth looking direction for the pure wind wave case
(case 1, EL spectrum with U;, = 10 m/s, Q = 0.84) when

the flight track is perpendicular to the wind and wave directions.

It shows that Npq:f is zero along the flight direction and
reaches maximum values in the across flight direction. It is
obvious from (6) since Npq¢f is determined by sin®, where ®
is the azimuth angle relative to the radar flight direction. Fig. 4
also shows that along the flight direction (at 0° and 180°), N,
is minimum, however, not equal to zero; it is because in this
direction N¢,¢ is mainly determined by Ng,,f along the flight
direction (in this direction Npjq¢f is zero), and N is big
enough to avoid a null value of N,,.. In contrast, in the across
flight direction, just along the wind or wave direction, Ny, is
minimum, and Ny, is determined by both Np,;4 and Niy,;.

Hence, in these conditions, the number of independent
samples N, is sufficient to avoid large value of the speckle
noise spectrum when the antenna looks in the along-track
direction.
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Fig. 4. Variation of Npf (in red) and N, (in blue) with the azimuth look

direction (with respect to the flight direction) when the flight direction is
perpendicular to the wind-wave direction. The sea surface conditions are
those of case 1 (see text).

Now we study the effect of the angle between the flight
direction and the wind (or wave) direction on the number of the
independent samples N,,; (®). Fig. 5 shows N,,.(®), for the
same conditions as in Fig. 4 (fully developed wind waves),
when the angle between the flight track and the wave direction
is 0°, 30°, 60° and 90°. It shows that N, always reaches a
maximum when the radar looks nearly perpendicularly to the
flight direction, and is minimum when it looks along the flight
direction. The minimum values of N, is almost constant for
different relative angles between the flight track and the wave
direction. It is because along the flight direction, Ny, is
dominated by Ng,,r, which is independent of azimuth. In
opposite, the maximum values of N,,; decrease with relative
angle between the flight track and the wave direction. For the
developed wind wave with U;y=10m/s, the maximal N,
decreases from 44 to 22 when this angle changes from 0° to 90°.
When the wave direction coincides with the flight direction,
both N, and Nj,,; reach their maximum values in the same
direction. When the relative angle between the flight track and
the wave direction increases, the angle between the direction
where N,,,, is maximum and Nj,, is maximum also increases,
which results in a lower value of the maximum value of Ng,;
and a more stable value of N,,; with look angle outside a sector
of £30° along-track.

In summary, the behavior of the total number of independent
samples, N;,;, has a multi-harmonic shape with minimum of
N;o: always in the along-track direction and a minimum value
which depends on sea-state. The azimuth position of the
maximum of N, varies with angle between the flight direction
and wave propagation direction, and its level is also dependent
of both sea-state and relative direction between waves and
flight.

In order to study the role of N;,; in this general behavior of
N;o:, we define the ratio R;,; of the contribution of N;,; to the
total speckle noise spectrum Py,

1

Rint =— Nint . — - Nplatf (12)
Nint + Nplats inttNplatf

This ratio indicates the impact of non-neglecting the
variation of the main factor in the four-frequency moment near
the origin in the development of speckle noise spectrum while

considering a moving surface.
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The sea surface conditions are those of case 1 (fully developed wind

waves).
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For the same sea conditions as in Fig. 5, Fig. 6 shows R;;; as
a function of the radar azimuth look angle (with respect to the
flight direction) for different wave propagation directions. It
shows that R;,,, ranges between almost 0% and 60% depending
on the azimuthal look angle. It is minimum in the cross-wave
direction for any flight directions. It is because from (8f) and
(8h), when observing in the direction perpendicular to the wave
propagation P,,,4 approaches zero, which leads to large N;,;
values. Fig. 6 shows that the maximum values of R;,, change
from 38% to 58% when the flight direction goes from 0° to 90°
with respect to the wave propagation direction. When this angle
is 90° (cyan curve in Fig. 6), R;,; is maximum in the along
wave propagation direction. It is because, for an angle of 90°
between the flight direction and the waves, P,q (or
(Nine)™ 1) approaches to its maximum, whilst (Npmf)‘1 is
minimum. For angles different from 90°, there is no direction
where (Nip) ™" and (Npjqer) ™" are simultaneously maximum
and minimum, respectively, so that R;,; peak values cannot get
the same maximum as for the case of angle of 90°.When
changing from 90° to 0° the locations of the maximum of the
curves are shifted to the cross-wave direction. For flight
directions of 0 and 30° with respect to the wave direction, the
variation with the direction is more complex with secondary
maxima appearing. A maximum value of almost 60% R;,; as
found in these fully developed conditions indicate that the term
Ny, as taken into account in our model is not negligible for
certain conditions of observations.
B. Omni-directional speckle noise spectrum

In this section, we analyze the omni-directional spectrum of
speckle noise as a function of the surface wavenumber K, and
its dependence with wind speed, sea-state and radar
configurations.

The omni-directional speckle noise spectrum is defined as:
Pop(K) = [ Py (K, ®) d (13)

Besides the density of the speckle noise spectrum, we also
focus on a Signal-To-Noise ratio (SNR), which is defined as the
ratio of the signal spectrum P; (K, ®) in (A17) and the noise
spectrum Py, (K, ®) in (8a),
SNR(K, ®)=21K,, Nyo¢ (D) tri (ﬁ) Prnoa (K, ®) (14)

Accordingly, an azimuthally-integrated SNR value is defined
as:
SNR(K) = i ST SNR(K, ®) do (15)

Firstly, we study the effect of wind speed on Py, (K), based
on our model with the EL wave spectrum used as input with a
prescribed wind speed U, and wave age ().
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Fig. 7. Omni-directional speckle noise spectrum (left Y-axis) and SNR
(right Y-axis) as a function of the wavenumber K for different wind speeds
U,p=5,10,18 m/s and for fully developed wind waves
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Fig. 8. Omni-directional speckle noise spectrum (left Y-axis) and SNR
(right Y-axis) as a function of the wavenumber K for the mixed sea, with
the different Hs for the swell component

Fig. 7 shows Py, (K) (left Y-axis) and SNR (K) (right Y-axis)
for different wind speed values (taken at the height of 10 m),
namely every 5 m/s from 5 to 25m/s and with an inverse wave
age of 0.84 (fully-developed waves). It shows that the energy
of the speckle spectrum is not very sensitive to the wind speed.
The relationship between the speckle energy and the wind
speed is not strictly monotonous: the energy for 5 m/s is a little
lower than that for 10 m/s, but is a little larger than that for
15m/s. As the wind speed continues to increase from 15 to 25
m/s, both the value at the origin (K =0) and the slope of the
trend with K decreases. The change of P, (K) with wind speed
is due to the azimuthally averaged N, factor, which is
dependent of wind speed through the terms in Ng,,r and Ny,
As described in section LA, Ng,f is determined by the
velocity variance of the sea surface m;, , while Ny, is
dominated by the ratio of the modulation spectrum P,,,4 in (11)
and m;,. With wind speed increasing, on one hand m;; and
Ngy,s increase, but on the other hand N;,,, decreases because
P,,04 increases more than m,, does. The combination of these
effects (enlarging Ny, s but reducing N, ) lead to a not
monotonous dependence of speckle energy with wind speed.
Fig. 7 also shows that SNR increases greatly with the wind
speed, the SNR maximum appear at the peak wave number.

We also studied the effect of the developing stage of the wind
waves. Our results indicate (not shown here) that Py, (K)
decreases slightly with the inverse wave age for the same wind.

The impact of an additional swell is illustrated in Fig. 8,
which shows P, (K) for a mixed sea, with the wind wave
component for U;, = 10 m/s, inverse wave age (0 = 0.84 and
a swell component with a peak wavelength A, = 200 m and a
significant height Hs = 2 m,4 m,and 6 m. It shows that the
energy of the noise spectrum is not very sensitive to the swell



wave height, when all other parameters are kept constant,
P, (K) increases slowly but monotonously when Hs of the
swell component increases from 2 m to 6 m. It is because, as
described in section IILA, my (Ngy. ) is dominated by the
wind waves because of their higher frequencies, while the
addition of the swell does not increase my; (Ngyf) significantly.
On the other hand, from (8f), since m;; does not change a lot
Nin¢ 1s dominated by the modulation spectrum P,,,; , which is
sensitive to the long waves. Thus, the addition of swell
increases P,,q , and accordingly decreases Nj,; . The
combination of the two effects (enlarging Ny, a little but
reducing Ny,;), leads to a monotonous increase of the energy of
the noise spectrum with Hs of the swell.

We also studied the effect of different peak wavelengths of
the swell component. Our results indicate (not shown here) that
P, (K) increases very slightly with the swell A, when the other
parameters are kept constant. Thus, for swell the speckle is
almost not affected by its dominant wavelength (or period).

In summary, for the radar configuration chosen here the
azimuthally-integrated value of the speckle noise spectrum is
not very sensitive to the sea surface conditions because the
effects of the sea conditions on the density of speckle noise
spectrum by Ny, and Ny, are opposite and comparable.

We will see in section VI, that the conclusion may change
when considering other radar frequencies, central incidences,
3dB beam width in azimuth, platform speed and platform
height.

IV. EXPERIMENTAL ESTIMATE OF THE SPECKLE NOISE
SPECTRUM

Two empirical methods have been proposed and
implemented in the past for estimating the speckle noise
spectrum from the backscattered intensity observations
themselves: the “post-integration” method [3] and the cross-
spectrum method first applied on SAR data [2] and then
adapted to the real-aperture scanning configuration [10]. The
two methods require that the radar samples correspond to
overlapping sea surface areas for adjacent integration times.
With the observation configuration of the airborne KuROS
radar [10] both methods, either based on a cross-spectrum
analysis or on different post-integrated signal are possible. Here,
we choose the method based on different post-integrated
signals because it optimizes the overlapping areas of the
different signal samples used to estimate the speckle noise
spectrum.

We recall first that KuROS is a Ku-band (f=13.5GHz) radar,
with a near-nadir pointing rotating antenna, which provides the
backscattering coefficients in the incidence range from about 5°
to 18°and the azimuth range of 0 to 360°. The data sets
analyzed here come from KuROS flights carried out in the
northwestern part of the Mediterranean Sea as part of the
Hymex experiment [10], [12].

A speckle spectrum estimation Py, (K, ®) can be derived
from the measured radar cross-section o® fluctuation spectra.
Let 8°(x, @) be the fluctuation function of the measured ¢°
along the horizontal axis x (taken as aligned with the incidence
plane) in the azimuth direction, and P, o(K, @) its spectral
density as a function of the wave number modulus in the
azimuth direction. Then, as shown in (A39) P o (K, @) is given
by:

Pyo(K,®) = Pir(K, ®)Pppq (K, @) + Py, (K, @)
(16)

In (16), P o(K, ®) is obtained in each direction @ from the
radar data, as the power spectrum of the relative fluctuations
along the x axis (look direction) of ¢°. In order to obtain the

speckle noise spectrum Py, (K, ®), from this expression, we
used the post-integration method proposed in [3]. This method
makes use of 6® values estimated — for the same raw data- over
two different integration durations (T,; and N - Ty, ) and
assumes that the speckle reduction between the two cases (Tj,;
and N - T;,,;) is of a factor N. Combining the spectrum of signal
fluctuation calculated over the period of N - Tj,¢, (Ps0)nTint »
and the one resulting from the average of N spectra each
calculated over the period of Ty, {(Pz0) 7int )y, and assuming
that the wave contribution P,,,4 is identical in the two cases,
Py, (K, ®) can be obtained:
Pop (K, @) = == (((Po(K, ®)) rine)y = (Pyo (K, ®))nrine)
(17)
Here for KuROS, we used Tj;,;=33ms and N=3.

We recall here that KuROS range resolution is 1.5 m, leading
to a horizontal resolution at the central incidence (13.5°) of =
6.5 m. In the analysis presented here below, the spectral
analysis is carried out by considering the horizontal footprint
covered by the 8° to 18° incidence range, i.e., at £5° from the
central incidence angle 13°. This corresponds to a footprint of
475m or 710 m for the standard flight levels of 2000 m and
3000m, respectively.

The energy density spectra are binned in 64 wavenumbers
and 60 azimuth directions. By fitting each azimuthal estimate
of P meas (K, @) to the functional shape (8a), we obtain an
empirical estimate of the total number of independent samples
Niot meas (P) and of K, (®). By averaging K, (®) over the
azimuth angles (0 to 360°), we obtain a mean Kj,, and hence an
estimate of the horizontal effective resolution §x = (K,,)™".

The results on N¢pt meqs (P) and their omni-directional
counterpart (estimated from (13)) are shown in Fig. 10 and 9,
respectively for 9 different situations. They are discussed
together with the model results in the next section.

V. VALIDATION OF THE MODEL OF SPECKLE NOISE
SPECTRUM

In this section, we use the estimates of speckle noise
spectrum from KuROS to validate the model presented in
section III. In total, there are 12 KuROS flights with coincident
wind and wave measurements from the ‘Lion’ buoy (see [10]).
From this data set, we have rejected in our analysis 3 cases
(flights 9, 16 and 22) because it turned out that for these flights
o values are more than 5dB below normal, which leads in an
abnormal speckle noise spectrum. For flight 4 and 11, the plane
flew twice over the buoy with different flight directions. Table
IIT lists for the 11 cases analyzed hereafter, the wind and wave
parameters measured from the ‘Lion’ Buoy, namely the wind
speed at 10 m height U, ,, wind direction ,,;,,4, the significant
height Hs, the peak frequency f,, wave direction @qy.. In the
same table, the inverse wave age () is listed to indicate the
developing stage of the wind waves. Here ( is calculated as
Q = Uyoy/kp/g, Where k,is the peak wavenumber is related to
f, by the dispersion relationship in deep water k,g = (27f,)>.

The omni-directional speckle noise spectrum Pgy, moq(K)
from the model was estimated using (8a) to (8i) with
K, estimated from the empirical §x value; the wind and wave
parameters shown in Table I were used to estimate the velocity
variance mg; which affects the Ny,; and Ng,,.f terms according
to (8e) and (8f). For that, a wind wave spectrum following the
Elfouhaily’s expression was calculated for the observed wind
speed and wave age at the buoy location. The modulation
spectrum P,,,4 which affects the Ny, term (8f) was taken as
provided by the Kuros data processing. k; in (8i) was
determined following the method described in section I11.



We also calculated P's) ;4.(K) and N'j;.(®) by using (6)
which come from Jackson’s model [11], and using the same
input parameters K, and Py, described just above.p was
estimated by using (7).

Finally we compared P;,(K) and Ny,:(®P) predictions from
our model, P’y jqc(K) and N'jp(®) predictions from
Jackson ’s model in [11], and Py meqs(K) and Neoe meqs (P)
estimated from the KuROS data. In order to estimate the error
between the measurements and model values, an Average
Relative Error is defined as:

1 Vimeas—Vimo
ARE = %L, ‘Tm‘ldl (18)

Where V; ___are the measurements of Py, (K) (or Ni,e(P)) at

T

K; (or @), K; = ibK, ®; = idd, AK = =Ky, Kmax = 2=
0x = 6.5m, AD = 6°, Vimo 4 &re the calculation results from
the model presented in section II. Considering the theoretical
horizontal resolution &x is about 6.5 m, KuROS can only detect
the waves with the wavelength larger than at least 2 times the
horizontal resolution. Thus, the detectable maximum
Kgetc max = 0.24. On the other hand, with the limit of KL, >
1[1].L, = N% Ly, = 2+ H * tan (’%‘1’) « cos™10, where H
is the flight height, B, = 8.6°, the minimal detectable
Kaetc min 15 set as 0.038 rad/m. Therefore, K; is between

Kdetc_min and Kdetc _max-

Table. Il SEA CONDITIONS FOR DIFFERENT FLIGHTS FROM BUOY “LION”

Flight No. U0 @uina (°/  Hs fo Pwave Priigne [Pwave = @riigne Flight Flight height
(m/s) N) (m) (Hz) (°/N) (°/N) ©) speed (m/s) (m)
4-leg 1 13.65 285 2.8 0.135 315 1.182 48 87 99.2 2072.7
4-leg 2 312 142 10 114 2072.9
11-leg 1 12.85 325 3.1 0.135 306 1.112 45 81 100.9 2195.8
11-leg 2 318 143 5 115 2199.1
13 17.5 320 54 0.100 306 1.118 185 59 102.8 2916.2
14 15.15 70 4.75 0.111 72 1.078 106 34 92.1 21359
15 11.55 350 2.65 0.117 6 0.868 266 80 112.6 3141.9
17 14.15 100 4.7 0.111 72 1.010 166 86 85.6 2130.3
18 9.8 120 5.2 0.088 60 0.89 145 85 92.6 2031.7
20 17.2 140 3.65 0.117 336 1.29 188 32 110.5 2922.1
21 19.5 300 6.05 0.100 285 1.245 269 16 87.0 2034.2
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Fig. 9. Omni-directional speckle noise spectrum as a function of wavenumber for the cases listed in Table III: panels (a, b, ¢, d, e, f, g, h, 1, j, k) refer respectively
to flights 4-legl, 4-leg2, 11-leg 1, 11-leg 2, 13, 14, 15, 17, 18, 20, 21.The blue, red and black curves are for respectively, the empirical estimates from KuROS

data, from our model, and from Jackson’s model

Fig. 9 (a) shows the omni-directional speckle noise spectra
for the flight 4-leg 1, when the flight direction was nearly
perpendicular to the wave direction. It shows that our model
(red line) agrees well with the empirical estimates of the omni-
directional speckle noise spectrum (blue line), with the error
ARE below 5%, while Jackson’s model (black line)
overestimates the omni-directional speckle noise spectrum at
all K and overestimates the decreasing trend with K. Fig. 10 (a)

shows for the same cases, Ny (P ) as a function of the
observation azimuth angle with respect to the flight direction.
It shows that Ny, (P) from our model, and from Jackson’s
model, both show the minimum values at about the flight
direction, in agreement with the empirical estimates. This was
expected because at the flight direction, the value of Npjqf
approaches 1. In this along-track direction, Ny, from our
model is in better agreement with the empirical estimates than
the result from Jackson’s model, because it is determined by
Ngyr s proposed in our model. In contrast, for Jackson’s model



the time-varying properties of the sea surface are ignored which
induces an underestimate of N, in the along-track direction. It
proves that the Ny, term as added in our model is necessary
to guarantee consistency, especially for look angles aligned
with the flight direction. In a wide sector around the across-
flight direction, N, from the Jackson’s model is overestimated
with respect to the empirical estimation. This is due to the
omitted contribution of Ny,; in the Jackson’s model which
comes from neglecting the variation of the main factor in the
four-frequency moment near the origin. It proves that the term
(Nine)™ ! added in our model is also necessary to guarantee
consistency with observations. In contrast Fig. 10 (a) shows
that Ny, (®) calculated with our model better agrees with the
empirically estimated N;,:(®) over all azimuth angles. The
small remaining differences between the measured N,,, and
that calculated with our model may come from the statistical
fluctuations of the measured N,,, (here we estimated N,,; as
averaged values over 6° bins in azimuth) or small remaining
uncertainties on the geometry (incidence angle, azimuth angle).

The other panels in fig. 9 and fig. 10 show the omni-
directional speckle noise spectrum and N, for flights 11, 13,
14, 15, 17, 18, 20, 21 respectively, from which the same
conclusions as those discussed in details for flight 4 can be
drawn. The errors between the measured omni-directional
speckle noise spectrum and that estimated by our model are all
below 10%. The minimum values of N, predicted by our
model is of about 8 to 10 (Fig. 10) and agree well with the
experimental values. The maximum values of N, are within

range 25 to 50, depending of the flight conditions.

It is interesting to note the different shapes of the N;,; curves
for different flight directions with respect to the wave direction.
When the flight direction is aligned with the wave propagation
direction (Fig. 10(b, d, k)), both the KuROS estimates and our
model indicate a well-marked peak in the cross-track directions.
This is very similar to the shape of the green curve in Fig. 5,
namely the N, curve simulated with our model with the
flight-wave angle set as zero. In these conditions, azimuth
variations from Jackson’s model remains close to the
observations and to our model.

On the other hand, for the files when the flight direction is
nearly perpendicular to the wave direction (Fig. 10(a, c, g,h, 1)),
instead of a well-shaped peak, a large plateau or a multi-peak
signature is observed in the Ny, curves around the cross-wave
direction. This is very similar to the shapes of the blue curve in
Fig. 5, namely the N;,; curve simulated with our model with
the flight-wave angle set as 90 °. In these cases, the
discrepancies with respect to Jackson’s model are the largest.

Overall, the comparisons with the empirical estimates of the
density spectrum show that our model, in opposite to Jackson’s
model is able to reproduce the main trend of the speckle density
spectrum variations with azimuth and with wave number in a
large variety of conditions. This validates our model and
indicates that it is essential to consider a moving surface in the
speckle model and to avoid over simplification in the
expression of the scattering matrix moments.
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VI. INFLUENCE OF RADAR CONFIGURATION ON THE
SPECKLE SPECTRUM

Now that the model of speckle is validated under its limit of
application (near-nadir incidence) we propose to extend its use
to other configurations of observations while staying in the
near-nadir configuration. In this section, we study the impact of
the radar configurations on omni-directional speckle noise

Fig. 10. Total number of independent samples N,,, as a function of relative look direction. Each subgraph corresponds to that of Fig.9, with the color code similar to Fig. 9.

spectrum.

Firstly, we examine the impact of the platform advection
speed. Then we analyze the impact of the footprint dimension
in azimuth (either by changing the beam aperture or the flight
height). Finally, we discuss the influence of radar frequency
and of incidence angle.

When we increase the platform speed, the azimuthally-
averaged N,,,, term increases, which leads to the larger



contribution of Nj,,; and smaller contribution of Ng,,¢. Fig. 11
show the omni-directional speckle noise spectrum when the
flight speed is 300 m/s and other parameters are the same as
those in Fig. 7 and Fig. 8, respectively.
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Fig. 11. Omni-directional speckle noise spectrum (left Y-axis) and SNR
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From Fig. 11, it is observed that in this configuration, the
density of omni-directional speckle noise increases
monotonously and significantly with wind speed or Hs of swell.
It is because in such cases, N;,; dominates the density of the
spectrum. The increase of the wind speed and Hs lead to a larger
increase of P,,,4 than of m;;, and a decrease of Nj,;, which
contribute to the increase of the density of the spectrum.
Compared with Fig. 7 and Fig. 8, it is found that when
increasing the platform speed, the energy density of the noise
spectrum is smaller, which leads to a larger SNR, and the
detectability of the shorter waves (SNR>1) is increased.

Results when changing the altitude of the platform from
2000m to 5000 m are shown in Fig. 12. Increasing the flight
height means a larger value of L in (11), and hence a decrease
in Prq. This leads to a larger contribution of Ny, and smaller
contribution of Nj,; with respect to our simulations of Fig. 7
and 8, and explains why the sensitivity to with speed or wave
height is different from the case of Fig. 7 to 8.

Compared with Fig. 7 and Fig. 8, it can be seen that the omni-
directional energy of the noise spectrum is slightly smaller, in
particular at small K. This is because the higher flight level
results in a larger value of Ly and hence of Ny, in (8f). On the
other hand, Py,,, decrease with Lg. The combination of both
effects finally results in a smaller SNR. Furthermore, the larger
sensitivity to wind-sea wave height as compared to Fig. 7 is
because, for a higher flight height while keeping all other
parameters constant, Ng,,r may become dominant in the
speckle energy spectrum. Increasing the wind speed (and so the
wind wave Hs) induces an increase in m,, and Ng,, s, which
explains the decreasing trend of the density of the spectrum for
increasing wind speed (Fig. 12(a)). Furthermore, as m;; is
mainly determined by the wind waves and not very sensitivity
to long swell, the impact of increasing Hs remains small in the
swell dominated case (Fig.12(b)).
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Fig. 12. Omni-directional speckle noise spectrum (left Y-axis) and SNR
(right Y-axis) as a function of the wavenumber K for the flight height of
5000 m, the sea surface conditions are the same as those of Fig. 7 and Fig.
8 for (a) and (b), respectively.

Next, we study the impact of the beam aperture in azimuth.
Fig. 13 show the omni-directional speckle noise spectrum when

the 3dB beam width in azimuth B4 is 17.2°, namely two times
that given in Table I, other parameters are the same as those
used for Fig.7 and Fig. 8, respectively. When S increases,
Np,op 18 larger according to (8c) and (5¢), and Ny, is also larger
according to (8f). The results show that the omni-directional
energy of the noise spectra decreases. On the  contrary,
compared with Fig. 7 and Fig. 8, the SNR is not modified when
By is increased. It is because SNR & Niy; * Pryoq, Where
Niot X By, Pmoa & (Bg)™" . Correlatively, in this case,
similarly to the cases of Fig. 7 and 8, the energy of the speckle
noise spectrum does not vary significantly with the sea
conditions. The results illustrated by Fig. 13 also show that in
terms of SNR, it is not equivalent to increase the footprint
dimension by flying higher or by increasing the beam aperture
in azimuth. SNR is not affected by increasing the footprint,
whereas increasing the flight height results in a decrease of the
SNR.
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Fig. 13. Omni-directional speckle noise spectrum (left Y-axis) and SNR
(right Y-axis) as a function of the wavenumber K for 3dB beam width in
azimuth 4, = 17.2°, the sea surface conditions are the same as those of Fig.
7 and Fig. 8 for (a) and (b), respectively.

Now let us discuss the effect of the radar frequency. Fig. 14(a)
plots the omni-directional speckle noise spectrum in C-band
(5GHz), Ku-band (13.5GHz) and Ka-band (37.5GHz) for case
1 of Table II (fully developed wind-waves with U;, = 10 m/s).
The other radar parameters are the same as those in Table I.
From (5c), (8¢) and (11), it is obvious that the radar frequency
affects Npiqrr and Ng,,r through the electromagnetic wave
number k and the m;, value, and effects N, through k, m;,
dlng®

a6 -

and the tilting sensitivity term With the radar frequency,

dina®

a6
increases of Ny, Ngyrp and Npiqer, then the decrease of
speckle spectrum decreases. On the other hand, the increase of

the radar frequency also leads to the decrease of the modulation
0
spectrum P,,,4 through alan—;, see (11). The overall effect on

k and m;, increase and decreases, which leads to the

the speckle spectrum is that both the value at the origin (K =0)
and the absolute value of the slope with K decrease when
increasing the electromagnetic frequency (C to Ka-band). The
impact is important with a change by a factor of2.9 on the value
at the origin and on the linear slope. As for the SNR, Fig. 14(a)
shows that peak value increases by a factor of 4.2 from C-band
to Ka-band and the detectability of the shorter waves
(wavenumber for which SNR>1) significantly increases also.
This shows that the overall impact of increasing the radar
frequency is to increase the SNR, indicating that the lower
values of P,,,4 When increasing the radar frequency (due to a
dlna®

a0
by the lower values of speckle energy. We can conclude from

this, that for a same sea surface condition, same radar geometry
and same radar bandwidth, a Ka-band configuration is better
than a Ku or C-Band to minimize the speckle effect in the signal
modulations.

Next, we study the effect of the radar incidence angle. Fig.
14(b) shows the omni-directional speckle noise spectrum at the

lower value of the tilt sensitivity term ) are over-balanced



incidence angle of 6°, 10°, 14°. The other radar parameters are
the same as those in Table I and the sea surface conditions are
the same as in case 1 (fully developed wind-waves with U; (=
10 m/s). Both the value at the origin (K =0) and the absolute
value of the slope with K decrease with the incidence angle. On
the one hand, the incidence angle affects the speckle noise
spectrum with the variable K,,, which is included both in the
triangle function and in N¢,. From (5b), K, is proportional to
the sine of the incidence angle. On the other hand, the incidence
angle also affects Ny, s (N s decreasing with incidence) and

0
N, (opposing effects of al;l; and m;,). The combination of

these effects leads to what is shown as Fig. 14(b). When
decreasing the incidence angle from 14° to 6°, the density of

the spectrum at K =0 increase by 2.1 and the absolute value of
the slope decrease by a factor of 4.8. Correlatively, the SNR at
the peak of the spectrum decreases by a factor of 4.7.
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Fig. 14. Omni-directional speckle noise spectrum (left Y-axis) and SNR

(right Y-axis) as a function of the wavenumber K, (a) for C, Ku and Ka band,

(b) at the incidence angle of 6°, 10° and 14° other radar parameters are the

same as in Table I, the sea surface conditions are those of case 1 in Table II.
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These latter tests indicate that the energy of the noise
spectrum in the wave energy containing part decrease very
significantly with the radar frequency and with the incidence
angle. Correlatively, the SNR, which characterizes the
detectability of the tilting waves in the fluctuation spectra,
increase very significantly with the radar frequency and the
incidence angle. Thus, in order to optimize the wave detection
from the fluctuation spectra, while keeping the conditions of
the measurement concept (tilting wave measurements in a GO
approximation), the conditions are optimized for a high radar
frequency and relatively large near-nadir incidence angles.

VII. CONCLUSION

When ocean wave spectra are to be estimated from
fluctuation spectra of the normalized backscattering coefficient
of the sea surface, a correction must be applied to account for
speckle noise effects in the measured fluctuation spectra or a
special method must be implemented to eliminate the speckle
noise effect. This assertion is true for observations from either
SAR measurements or from real-aperture scanning radars. The
speckle results from the interaction of the electromagnetic
waves with the surface so that it is governed by both the
instrumental configuration (in particular the velocity of the
platform, the footprint dimension, and the azimuth angle) and
the surface conditions. There are very few studies which
propose a parametric model to describe the speckle noise
behavior as a function of these parameters.

In this paper, we have proposed a modified version of the
theoretical speckle model established by [1] and [11] for a near-
nadir scanning geometry, by removing two limiting approxim-
ations. First, we have considered a moving instead of a frozen
surface, in order to take into account the impact of surface
scatter motions on the backscattered signal. Secondly, we have
suppressed the approximation which consists in ignoring the
four-frequency moment of the scattering matrix for wave
number differences close to zero. We proposed a formulation

where these two limits are suppressed while keeping the same
condition of the scattering approximation (GO approximation).
First, we simulated the speckle noise behavior for a Ku band
radar with a mean incidence angle of 13° (similar to that of the
airborne radar KuROS) for different sea-state conditions and
evaluated the different contributions to the speckle energy
spectrum. We also evaluated a signal-to-noise ratio (SNR) in
the spectral domain (SNR defined as the ratio of the spectral
energy of signal fluctuations due to the long tilting waves to
that due to speckle).

The simulation results show the important impact of the
angle between flight and wave direction on the azimuthal
variation of speckle and, for the chosen conditions (Table I) the
relatively small impact of the sea-state conditions. Our simula-
tion reveals that although the speckle energy is maximum in the
along-track direction as expected from the simpler model of
Jackson, its energy in this direction is smaller than that for a
frozen surface model. When the radar antenna looks into the
flight direction, the surface scatters motion explains the fact
that the speckle level remains compatible with the inversion of
wave properties in this direction in spite of the high speckle
induced by the platform speed.

Besides, the angle between the flight direction and the wave
propagation direction has an important impact on the variations
of speckle energy with azimuth near the across-track direction,
with the absence of a well-marked minimum in the across-track
direction when waves propagate across-track. The minimum
values of speckle in an azimuthally scanning geometry are
dependent on the angle between radar look direction and flight
direction, on the angle between flight direction and wave
propagation direction, and on sea surface conditions.

The model was validated against empirical speckle values
derived from observations with the Ku —band airborne radar in
11 different cases (different flight legs with variable sea state
conditions and different flight geometry with respect to the
wave direction). The errors between the omni-directional noise
spectrum from KuROS and from the model predictions all
below 10% for all the cases. The detailed comparisons between
model and observations show that only our model is able to
reproduce the detailed behavior of the speckle variation with
the radar look angle and the trend with wavenumber.

The new terms that we introduced to correct the Jackson’s
model are both necessary to guarantee the consistency of the
model for the speckle noise spectrum. The term in Ng.¢ ,
which is related to the velocity variance of scatters is necessary
to explain the behavior of the speckle when the antenna looks
in the flight direction and the trend of the speckle level with
wind speed and wave age. The term in N;,; which mainly
comes from the ratio of the modulation spectrum P,,,4 and the
velocity variance of scatters, is necessary to reproduce the
variations of speckle with the radar azimuth angle, and with the
angle between the flight and the wave propagation direction.

Once validated against observations, additional simulations
have been carried to evaluate the sensitivity of the speckle to
various radar configurations. The results show that:

1). The effect of the sea surface conditions on the omni-
directional speckle noise spectrum depends on radar
configurations. For the case of moderate flight speed (e.g.; 100
m/s as the one corresponding to the KuROS data), the omni-
directional density spectrum is only slightly sensitive to sea
state conditions (wind waves or swell). For higher speeds the
density of the speckle noise spectrum becomes smaller, which
induces an increase of SNR. In this high speed case, the noise
spectrum increases with the significant height Hs of the sea
surface (either wind sea or swell), and decreases with the wave
length of the swell component. For a case of higher flight height,



both the density of the speckle noise spectrum and SNR become
smaller. In this case, the surface scatters velocity variance plays
a more important role. When increasing the beam aperture in
azimuth, the energy of the noise spectrum decreases, but the
SNR does not change. In this case, the sensitivity of the speckle
energy to wind speed and significant wave height is weak.
2). The energy of the speckle spectrum decreases with the radar
frequency and the SNR increases. In particular our simulations
show that using Ka-band we can obtain a SNR 2 times larger
than in Ku-band (keeping all parameters identical). The effect
of the radar incidence angle is obvious, with both the value at
the origin (K = 0 ) and the slope of the trend with K decreasing
with the incidence angle.

To extrapolate the present results to the case of the satellite-

borne scatterometer SWIM, the following remarks can be made.

For both KuROS and SWIM conditions, N,,,, decreases
sharply near the along-track direction, where the spectral
density of speckle is mainly determined by the variance of sea
surface vertical motion velocity m,,. This probably explains
the results presented in [3] where the speckle density spectrum
in the along-track direction was found to be sensitive to the sea-
surface conditions (decreasing with wind speed as in the
simulations with high flight height presented here above).

However, there are three main differences between SWIM
and KuROS. Firstly, the satellite platform moves at a speed of
7 km/s, which results in Bd >> PRF for all angles far from the
along-track direction. For these angles, the spectral density is
mainly determined by the PRF, so that it is not impacted by the
observation angle nor sea surface conditions. This is
compatible with the results of [3] who could not evidence a
dependence of speckle with sea-state for these look angles. The
second difference is that the motion induced by the Earth
rotation cannot be neglected in a satellite configuration case.
This means that in order to apply our model to the SWIM-like
configuration, this effect must be added. Thirdly, the height of
the satellite platform is 520 km, and the antenna azimuth gain
parameter Lg, is hundreds of times of KuROS, which leads to
the contribution of N;,,; much less than that of KuROS. Indeed,
preliminary results indicate that in the worst case (i.e. for high
sea-state conditions and wave propagation direction close to the
along the flight direction), the contribution of the term in Ny,
is 18%, i.e. much less than what was shown in Fig. 6.

In a future work we plan to use our model in the satellite-
borne scatterometer SWIM configuration, first to compare with
the empirical model established from the data (see [3]) and if
necessary, to improve the speckle noise spectrum rejection
included in the fluctuation spectrum measured by SWIM.

More generally, the formalism proposed in our model may
also help to find optimal configurations for future satellite
missions. For example, our results reveal that as concerns the
wave modulation to speckle ratio (SNR) the configuration is
more favorable in Ka band than in Ku Band. It is also more
favorable at 10 to 12° than at 6°. These results may help to
choose the optimal configuration for a mission like SKIM [21].

APPENDIX A: DERIVATION OF THE FLUCTUATION
SPECTRUM

First note that the geometry of observation is given in Fig.
Al and the list of mathematical symbols is given in Appendix
B.

We start with the scattering function which appears in (4),
but we express it from now on in the wavenumber domain
(instead of frequency domain) and note it S(k,t) . To express
S(k,t) we use, similarly to [1], the physical optics integral
solution of the surface scattering transfer function by [23]:

iksecO - = . o N

Sk, t) = Hf G(% — Vt) exp[—i2kr(%,t)] d¥ (AD)
where the reference frame is taken at t =0 and its origin is
located at the center of the beam spot, 8 is the incidence angle,
G (%) is the antenna gain pattern projected on the horizon plane,
V is the displacement velocity vector of the radar which is
supposed to be of no z-axis component, i.c. V - &, = 0. d¥ =
dx,;dx, , & = %, + x,¢ with J being the unit vector along
the horizontal look direction of the radar, <T> being unit vector
perpendicular to g in the horizontal plane.

X Sea surface N X

Fig. Al. the diagram of radar geometry

As shown in fig. A1, the range vector from the radar to the
ocean surface point P is 7 = (X,&(X,)) — 75 — Vt, where 75
denotes the position vector from the beam spot center to the
radar at t =0, and where & (X, t) is the instantaneous elevation
of the surface.

The four-frequency-moment in (4) is re-expressed in the
wavenumber domain:

Mk, k', k,At) =< S(k,t) - S*(k —x,t) - S*(k', t + At) -

Stk —x,t+At) > (A2)
k, k' is the wave number of the transmitted pulse, k is the wave
number difference of the transmitted pulse, At is the time
interval.

For a usual radar detection system, such as KuROS and
SWIM, the Fresnel approximation can be assumed since |7g| >
(@) - Vt|. Therefore, we expand the magnitude of 7
to the second order, then substitute r into (Al), according to
(A2), the four-frequency moment becomes:

ksec6\* s
o) I 6GEGGE)
G(x; — VAt)G(x; — VAt)
< exp{iZCOSB[k(fl —& —&Gar t f4,At) +
Ak(f&m - f4,At) + K(fz - f4,At)]} >
exp{i2sinfp - [kGq —%; — %3 + X3) +
Ak(x; — %3) + k(35 — %3) + kVAt] +
pYdx;dx;dxsdx, (A3)
where &; represents the height of the sea surface at the time ¢,
&; ac Tepresents the height of the sea surface at the time of t +
At,i.e., & denotes &(x,,t), and &; ,, denotes &(x;,t + At), ¢
is a phase related to the second order term of 7.

¢ =~ |[k(EI? = sin? 015 - %) = (k =) (%;” —

sin? @13 - %1% — k' (|73 — 7|~ sin? 6|5 (x5 —

Mk, k', ke, At) = (



van)|*) + (' — w0 (|% - Vae| —sin? 615 (% -
— 2
van)|)] (A3a)

If let At =0 and ignore the height change of the sea surface
with the time t, then the expression of (A3) is the same as (17)
of [1].

For large £, the dominant contributions to the moment come
only from the neighborhood of two stationary points, i.e.
Dl:x; =X%,, x3 =%, or D2:x; =x;, x, =x, .The sets
D1 and D2 are distinct and yield distinct contributions to the
moment; i.e., M=M; + M,, where M; and M, , respectively,
derive from integrations over the small volumes
surrounding D1 and D2.

In the following, we derive separately the four-frequency
moments M; and M,, and obtain the fluctuation spectra P; and
P, for the cases of DI and D2, respectively. The total
fluctuation spectrum P = P, + P,. We will see that P; represents
the fluctuation spectrum in absence of fading (speckle) noise,
whereas P, is the speckle contribution.

In the actual data processing, we usually use the relative
fluctuation spectra P of backscattering coefficient, which is
defined as a fluctuation spectrum normalized by the variance of
backscattering coefficient.

P
- <|eg(z,t)|2>2

with < |ey(7,t)|? >=< fEO(k)Eg(k)S(k)S*(k)dv >

= [<IS()I? >]*(2nB)?
where E, (Kk)is the Fourier Transform (FT) of the incident short-
pulsed waveform, B is the bandwidth of the transmitted pulse.
In the following, the derivation is carried out by assuming a
Gaussian pattern for the antenna gain

G(X) = exp(——— L

2 2
2L 2L¢

(Ad)

(AS5)

Al. FLUCTUATION SPECTRUM FOR THE DI
DOMAIN AND ITS RELATION WITH THE WAVE
SLOPE SPECTRUM

The approach is similar to the development described in [1],
except that time is considered as an additional variable of the
sea surface elevation:

We first define the set of variables:
U = 2kcosO(x] —x3), ¥ = 2kcosO(x3 —x3), W =%, — X,
X =% (AO6)

Then we expand the height differences in the neighborhoods
of the stationary points D1 in a Taylor series to the first order
in space interval U, ¥ and time interval At.
2kcosO(&; — &) =VE, U
2kC059(§3 At~ 54,At) = Ve U:Siac =

a
Where V& (a . axz)

Then the four-frequency moment in the D1 domain can be

expressed as:

M, (K, At) = (

&+AtZ (A6a)

sec? 6

4
o ) fB(W,At)E(w,At;K)

exp[—il_()(v_’v + I_/)At)] dw (A7)

where K = 2ksin6p (A8)

B(W,At) = [ G*(& + W)G2(¥ — VAt)exp(p,) d¥ (A9)
Q1= {—i—z[cosz 6 ((xy +wy)? = (g = V1A0)H)] +

(x + wp)? — (x; — V,At)?} (A%a)

Where the subscript 1, 2 represents vector’s component along
p axis or ¢ axis, respectively. ¢, is the form of the phase term

(A3) for the case of D1.
Using the Gaussian assumption for the beam pattern, then

(A9) becomes:

B(W,At) = exp[— —bz(wa + V,At)?]

corresponding to vector’s component along

(A9Db)
witha =1 or 2,

p axis or ¢ axis, respectively

2 KLp )2 4 2 _ -2 ( Klo )2
P + (Zrosine cos™ & ’bz - LCD + 21ysinb (A9C)

In (A7), (W, At; 1?) is:
E(W,AGK) = T )4ff <-

b2 =L

—i§ - (i — )| dudp
(A10)

- > exp[

where s = tanfp is the local slope at the surface.

Bracket term < -+ > in (A10) is the same as the bracket
term in (A3). According to Longuet-Higgins’s method [15], the
exponential term can be re-expressed as a series of cumulants
to the second order. Supposing the average of the sea surface
elevation to be 0, and applying the method presented in
Papoulis [1965], the bracket term becomes:

<= exp (=S pylily) (Al1)
where the Einstein summation convention applies to repeated
indices,

[= (U, —v, 2kcosh, —2kcosO) (Alla)
and y;; is the following symmetric matrix.
qu =< E >=
maﬁ _Raﬁ + AtRaﬁAt 0 Ra - AtRaAt
Mag —Ry + AtRyy 0
o2 R — AtR,,
02
(Allb)
h means dyad of vector h: h=hh , with
h = (Y€, V¢4n0 &2 Eane)s (Allc)

In (A11b) the terms of the matrix are all defined from the
correlation function:
R =RW,0) =< &¢&, >=< EX + W, t)E(E,t) >
6R(w 0)

R, = (for a,f = 1 or 2), where the subscript of R
and w means partial differential with respect to w;, w, or At.
Map = _Raﬁ (01 0)’

2 =R(0,0).

The matrix y;; is a symmetric matrix which can be separated
as the sum of non-diagonal matrix u; and diagonal matrix u?j.
Expanding the exponential term containing uf;, then with the

identities of (38) in [1], the integration in Z is calculated, and =
becomes:

E(W,At; K) = p?(3) exp(—K? cot? 6 02)
[1 + K2 cot? (R — AtRy,) +
. Py PaP
2iKcotd —* (Ry — AtRopr) — p—ZB (Rep —
AtRopa) + ] (A12)

where p(5) is the probability density function (pdf) of the sea
surface slopes §.

Substituting the four-frequency moment of S(k,t) around
D1 into (3), the Fourier transform of M1 is:

- sec? 6
N (K, Q) = % ffB W, A)E(W, At; K)
exp(—lK . w)dwdAt
ST_i0™\2
, (e 2752) _@HEP? 1,
2 2y2 2

(A13)

B, (W, At) = =22 exp [—y2



(Al4)
Where Q' =Qy—K-V , 8= (bwy,bw,) , and ¥ =
(b V4, b,V3). Because the bandwidth €y of W(QO -K- 17) is
much larger than that of N; (K, (), W can be considered as a
constant in Q, (let Oy = 0) and extracted outside of the
integration, the integration on ) in (1) could be calculated as:
JW(Qo =K - V)Ny(K,Qq)dQ = W(0) [ N (K, Qp)d

(A15)
It is easy to prove that
I N,(K,00)d0y = My (K, At = 0) (A16)

Finally, substituting (A15) to (1), and using a sinus cardinal

sin(ﬂo'Tint 2

T2 ) , the normalized

shape for W, W(Q,) = [

fluctuation spectrum around D1 can be written as:

2
PR, @) = [eri ()] Proati, ) (A17)
2Ky
where
V2m
Proa(K, @) = L—e‘Xp(—K2 cot? 0 o) x
[62]
[(cot2 0 — 2cotoRefa
p K
Pabp Kok
Pl ) KPF (K, @) + -~ | (A18)

(A17) and (A18) show that P; (K, ®) is proportional to the
wave slope spectrum K2F (K, ®) for a given radar horizontal
resolution 6x = 1/K,,, thus P;(K,®) is considered as the
useful-signal-related part in total fluctuation spectrum, directly
related to the waves to be measured.

(A18) is strictly equivalent to (47) of [1]. For the case of D1,
< --+ > is only related to the variation of the sea surface height
with the spatial position in M; (see (A11)), and is not affected
by the change of height with time. This explains the
equivalence of (A18) and (47) of [1], although we considered
here the more general case of a moving surface.

A2. FLUCTUATION SPECTRUM FOR D2-SPECKLE
NOISE SPECTRUM

For four-frequency moment around the set of points D2, new
series of variables are set:
U= 2kcost (x; — x3), V= 2kcost (x, — J_CZ),_V? = X3 — X4,
X=x, (A19)
Similar to the case of D1, we express the height differences
in the neighborhoods of the stationary points D2 by a Taylor

series to the first order in space interval u', v' and time interval
At.

— )

2kcos6(§; — $3ac) = VE3 - u' — At %’
— d

2kcosO (&, = Eqae) = V&, - V' — At%

Changing the integral element in four-frequency moment to
the above variables, M, becomes:

M,(AK, At) = (S“’CZ 9)4 [ B' (W', At)E’ (W’ At; AK)

219

(A19a)

exp[~iAKp - w — K - VAt + g,|aw’  (A20)
B'(w',At) = f GFE+WGG(X +w' —VAt)G(%
— VAt)d
_ Tlolg ex (_ w%+vat2 _ w%+V§2At2) (A21)
213 2L%

—7 7 . _ 1 2. [ 7 7
E'(w, At AK) = —(Zn)4ff <> exp[—is - (U —v)]du'dv
(A22)
Y, = —Ti{k[cos2 0 2x; + wp)w; + (2x, + wy)w,] +
0

k(cos? 0 x? + x2) — k'[cos? 0 (2x; + wy —

2ViA)w; + (2x, + wy — 2V,At)w,] — k[cos? 0 (x; —

V1A% + (x, — V,A)2]} (A23)
@, is the form of the phase term (A3a) for the case of D2.
Bracket term < -+ > in (A22) is the same as the bracket term
in (A3). As done for D1, we apply Longuet-Higgins’ method
and Papoulis’ method to expand the bracket term and turn it into
the distribution of cumulants. Then the bracket term becomes:

1 ! ryr
< >=exp (—;#ijlil,-) (A24)
where y;; is the following symmetric matrix.
Map _RaAt(O' 0) _Raﬁ _RaAt 0 RO{
Myt —Roat —Raeac 0 Ry
Map _RaAt(Ot 0) _Ra 0
My —Rye 0O
o? R
0.2
(A25)
with
R =RW,0),
U= (57, —2k'cosOAt, —v', 2k’ cosOAt, 2AkcosH,
—2Akcos8) (A25a)
7 (43 43
h' = (V5,27 Vén =70 85,84) (A25b)
my = —0°R(0,0)/0At?. (A25¢)

Expanding the non-diagonal matrix in exponential term in
bracket term, E' is obtained by integration as:

' (W', At; AK) = p?(3) exp(—4k' cos? 6 m, At? —
AK? cot? 8 02) [1 — 4k’ cos? @ At?Rpp +
AKZ?cot? O R + 2iAKcot6 %"‘Ra -

Dab
L Rap + | (A26)

To deal with the new function E'(WT, At; AK ), we write 2’
as:

lwl)

_ -~/
=2 =E, 48,

(A27)
g, (W', At; AK) = p?(8) exp(—4k'? cos? 6 myAt? —
AK? cot? 602)

g, (w7, At; AK) = p?(3) exp(—4k'? cos? 6 myAt? —
AK? cot? 802%) X [—4k'? cos? 6 At? Ry +

AK? cot? 6 R + 2iAKcot® %"‘Ra -

(A27a)

‘”;"%Raﬁ + o] (A27b)

To compare with Jackson’s derived results more
conveniently, first, let’s restrict to the case AK — 0 in E;. Then
the E; becomes:

g/ (W, At; 0) = p?(3) exp(—4k’ cos? 6 m, At?) (A28)

As L, > VAt and Lo, » V,At, VAt and V,At in (A21) can

be ignored. Thus, by integrating W in (A21), and substituting
M, (AK, At) in (3), the Fourier transform of the four-frequency
moment at the limit AK — 0 is:

[<IS(R)|? >]?
Nygak—-0(AK,Qp) = ——F—-

V2,
Q2?2 1, , 2 ieQ*
exp |~ = 0'1,8)" - 7]
(A29)
2= B3+ 82k2 cos? 6 my,
(27],(—‘/) L% sin? ® + 8k? cos? O my,
2 0

12
d



g2 = (ZkV

To
= 2k Lp cos? 6 cos ® AK
To

With AK - 0, (meaning AK < k), the corresponding
fluctuation spectrum before normalization can be calculated as:

|Eo(kc)|?|Ey(kc — Kc/2sin8)|? dk -

) (L3 cos* 6 cos? @ + L% sin? ®)

Prank—o (w)=c

+8AK
2sinf ff SAK W(QO - K V)
Ny a0 (AK, Qg)dAKdQ, (A292)
Because N, ax-0(AK, Q) is a Gaussian function of AK (see
A29), then

+85AK
f Nagakoo(AK, Qg)dAK

—8AK
_ V= 2 12 . exp(=0"%/2q"* )
= T—T[< [S(k)|* >] R (A30)
Since the Q, bandwidth of (A30) is much lower than that of
W, (A30) can be considered as a constant (let Q, = 0) and
extracted outside of the integration of .
Furthermore, using (A4) and a sinus cardinal shape of width
B for W the corresponding normalized fluctuation spectrum is
obtained:
K 1 1
Praco®) = Frert (S o (A31)
Where q'B;/V2 V2w is a Doppler bandwidth which includes
contributions from both the displacement of the platform and
the movement of the sea surface. g’ is similar to g8, in (72)
of [1], except that the Doppler bandwidth now includes the
contribution due to the velocity of scatters.
As for the case where AK # 0 in Z;, E;, becomes:
E,'I(W?, At; AK) = p*(3) exp(—4 k'cos? 6 m,, At? —
AK? cot? 0?) (A32)
To simplify the derivation process, the phase term ¢, in
(A23) is ignored. Then after integration Nyg axo(AK, Q) is
obtained:

1 T
NZa,AK::O(AK' Q) = \/Z_TLp[< |S(k)|2 >]2 Y2+a

*2

exp ( %) 7= 6Xp [— = (AKLP) -
AK? cot? 9o ] (A33)
Ny ak+0(AK, Q) can be regarded as a Gaussian function
about AK, and its width is mainly around AK — 0. However,
the integration area of the corresponding fluctuation spectrum
0f Nyg ax#0(AK, Qq) only covers area where AK # 0, thus the
corresponding fluctuation spectrum of Ny ax-0(AK, Q) is

nearly 0.

Pyankz0 =0 (A34)

Now, considering the part of £, that has been ignored by [1],
(A27b) needs to be completely preserved. To simplify the
derivation process, the second order term ¢, (A23) is ignored.
Substituting (A27b) into (A20), and calculating the integration

over w', the four-frequency moment is obtained; then
substituting the four-frequency moment into (3) and calculating
the integration over At, N, can be written as:

Ny (8K, 0g) = 2 [< SGP ST [exp [~ 2]
2bARRR00 T L, yzra P [T g
(A35)

— L/2y772 12772 2 _ 1
= bi"V{ + by"Vy, by” = z,b =—,
212, Tz

Here y'?
a@ = 4k? cos? 0 my,.

Since @ >» y'?, y'? is ignored in the future calculation.
Substituting (A35) in (1), then the normalized fluctuation

spectrum related to Z;, can be calculated as:

Py, (K) = tri (zm( ) fmeod (AK, ®)dAK

(A36)
Where P,,,; (AK, ®) is given as (8h). Combining (A31), (A34)
and (A36), we obtain the normalized fluctuation spectrum
P,(K,®) for D2, :

P(K,®) = tri | —— )
2L% _”21< 27K,

( f [ mod(AK,d))dAK)
q ﬁdTlnt/\/_ Tint

P, (K, ®) corresponds to the speckle noise spectrum, which
comes from the terms in (A1) related with ‘slow time’ t.
With the definition of the one-way antenna aperture in

2nKyp Tint

(A37)

. vzl
azimuth B, = Z ZTnZL"’,we can transform
0
1/2
a'BiTine _ 2V . 2 2 2
# = <(Tint7[3¢smcb) + (J_E Tintkcose,/mtt)

(A38)
The first and second term of this equation represent the
Doppler bandwidth effect due to the platform motion and to the
surface scatters motion, respectively.  The first term
corresponds to Ny, (P) as expressed in (6). So, with respect to
Jackson’s model, our model now takes into account the effect
induced by the scatter velocities (through m;;) and takes into
account an additional term related to the slope and velocity
variances (second term in the parenthesis of A37).
Using the definitions of (8b-8f), one can derive the
expression (8a) for the model of speckle noise spectrum.
Finally, the total normalized fluctuation spectrum P (K, ®) is
P(K,®) = Pir(K, ®)Ppoa(K, ®) +Psp(K, D) (A39)
where Pz (K, ®) is the Fourier Transform of the impulse

2
response function, Pz (K,®) = [tri (ﬁ)] , Py (K, @) is
the speckle noise spectrum, Py, (K, ®) = P, (K, ®).

In the above derivation, the antenna rotation is ignored. If
considering the rotation, then G (9? - I7t) in (Al) becomes
G(x - V;t), in which V; is the sum of V and antenna rotation
velocity vector projected on the horizontal surface, our

derivation shows this modification does not alter the final
results.

APPENDIX B

Table B: List of variables and functions

Variable List

ARE Average Relative Error a factor proportional to m;,, defined in (8g)
B bandwidth of the transmit pulse Bg one-way antenna aperture in azimuth
c light speed Ak Ak =k—k
AK 2Aksing Sx horizontal resolution (range resolution projected on
the surface)
Hs significant wave height k k' wavenumber of the electromagnetic wave




K the wave number difference of the transmitted pulse K the wavenumber at the surface
K 2ksinfp ki wave number (i = 1, ...,64)
K, inverse of 8x Kaetc min minimal detectable wave number of KuROS
Kaetc max maximal detectable wave number of KuROS A wavelength of the electromagnetic wave
Ap wavelength at the peak of the wave spectrum Lg azimuthal width of the radar footprint
mss, effective slope variance of the surface My surface vertical velocity variance
N number of averaged spectra in the “post-integration” N number of independent samples due to the ocean
method nt condition
N number of independent samples due to the radar N number of independent samples due to the motion
Jac displacement mov of radar and the surface
N number of independent samples due to the radar N number of independent samples due to the motion
platf displacement surf of the surface
Nyt total number of independent samples w angular frequency difference of the electromagnetic
wave @ = K¢
angular frequency limit of the sea waves which
Wq makes the quasi-specular scattering approximation Q inverse wave age
valid
2 Doppler frequency J’ ;1{1;:1 eVector perpendicular to p in the horizontal
0] azimuth angle relative to the flight direction D, azimuth direction (i = 1, ...,60)
D, azimuth angle with respect to geographical North PRF radar pulse repetition frequency
R, effective Fresnel reflectivity p unit vector along the horizontal look direction
Rie rat.io of the contribution of N;,,; to the total speckle SNR Signal-To-Noise ratio
noise spectrum
Tint integration time of the radar echo 0 incidence angle
TR ;vrzg (V:Ttgo)rjsr ;rslptehciiil;)lr}llzontal plane defined in (A6) Uso wind speed at 10m height
5 two vectors in the horizontal plane defined in (A6) , angular frequency of the electromagnetic wave
v, v . v,V p /
and (A19) , respectively v=kc, vV =k'c
v platform speed = pos.ition vector of. the ith backscatter sample
t projected on the horizon plane (i = 1,2,3,4)
7w Two distance vectors in the horizontal plane defined & height of the sea surface at the time of ¢t at positions
! in (A6) and (A19), respectively i(i=1.234)
i =51,A2t,3, 4 the height of the sea surface at the time of t + At v Hamilton operator, V= § aixl + (5 aixz
Function List
o fluctuation function of the measured ¢® along the Fourier Transform of the incident short-pulsed
809(x, @) hori . . N Ey(v)
orizontal axis in the azimuth direction waveform
e antenna _gain pattern projected on the horizon plane MO,V o, At) four-fr.equency moment defined frgm the surface
defined in (AS) T scattering transfer function defined in (4)
. empirical estimate of the total number of
, Fourier Transform of the four-frequency moment . . .
N(v, v, w, Q) defined i Niot meas independent samples inversed from each azimuthal
efined in (3) .
estimate of Py meas
Blw) Zl;%e;rzglfna(\ﬁrage fluctuation spectrum of the signal 0 phase defined in (A3a)
P spectrum of the relative fluctuations due to the . sum of the modulation spectrum P,,,4 and a second
mod presence of long waves mod term related to m,, defined in (8h)
P, o(K, d) spectral density of 6q°(x, @) as a function of the P spe.ctrum of signal fluctuation calculated over the
g wave number defined in (16) onNTint | period of N * Tine
((Pyo)rine)n ge;a%e of N spectra each calculated over the period P, speckle noise spectrum of our model defined in (8a)
mn
P speckle noise spectrum of Jackson’s model defined P empirical estimates of the omni-directional speckle
spJjac in (5a) Sp-meas spectrum obtained from the KuROS data
Psp moa ﬁlrgmd;-ldlrectlonal speckle noise spectrum from the S(v, t) surface scattering transfer function defined in (A1)
backscattering coefficients approximated by the . . .
085 ©) Quasi—specule%r scattering moder:)lpdeﬁned in (9)y trt triangle function
wW(Q,) filter window defined in (2) E(%,t) instantaneous elevation of the surface
E(W, At; I_()) defined in (A12)
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