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In October 2018, the Chinese-French satellite CFOSAT was launched into low-earth orbit,
which carries the French SWIM spectrometer and the Chinese scatterometer RESCAT. The
SWIM (Ku-band) spectrometer measures the normalized radar cross section (NRCS) at small
incidence angles (0°-11°) and for the first time measurements are performed at different
azimuthal angles in a size-limited area where sea waves can be considered homogeneous. At
small incidence angles, the backscattering mechanism is quasi-specular and the reflected field
is calculated in the Kirchhoff approximation. Due to this, it becomes possible to retrieve
the parameters of large-scale, in comparison with the length of the electromagnetic wave,
sea waves (hereinafter referred to as large-scale waves). It has been shown that the common
approach to measuring the mean square slopes (mss) of large-scale waves leads to large errors.
For the measurement scheme at three azimuthal angles, an algorithm was developed for
determining the direction of propagation of the dominant wave system, the mss of large-scale
waves along the sounding direction and the unnormalized correlation coefficient between the
slopes of large-scale waves along the X and Y axes (hereinafter referred to as the correlation
coefficient), which requires solving a system of transcendental equations. If we neglect the
correlation coefficient in comparison with the mss of large-scale waves, then the solution is
in an analytical form. The results of the simplified algorithm are compared with the exact
solution. The values of the mss of large-scale waves obtained with the simplified approach can
be used both to estimate the intensity of sea waves and as the initial conditions for solving
the transcendental equation. The developed algorithms will be used to process the data of the
SWIM spectrometer, which will allow for the first time to retrieval a two-dimensional field of
large-scale wave slopes. KEYWORDS: Mean square slopes of large-scale waves; normalized radar
cross section; small incidence angles; spectrometer SWIM; retrieval algorithms.
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1. Introduction

nstitute of Applied Physics RAS, Nihzny Novgorod, The oceans have a significant impact on the

R%Sglc?lool of Marine Sciences, Nanjing University of In- Earth’s climate; therefore, remote sensing facilities
formation Science and Technology, Nanjing, China are constantly being improved. During the inter-

action of the atmosphere and the ocean, processes
Copyright 2021 by the Geophysical Center RAS. of heat and gas exchange take place, and for the
http://rjes.wdceb.ru/doi/2021ES000784-res.html transition from qualitative estimates to quantita-
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tive values, information on the near-surface wind
speed and parameters of sea waves is needed.

Altimeters measure the significant wave height
(SWH) and the data are successfully assimilated
into numerical wave models [Birol et al.,
Martina et al., , increasing the accuracy of
wave climate predictions. Another important char-
acteristic of the sea surface is mean square slopes
(mss).

At small incidence angles the reflected radar
signal contains information on the parameters of
large-scale waves, and the first algorithms for de-
termining the parameters of large-scale waves ap-
peared in the 70s, for example, [Garnakeryan and
Sosunow, . However, the developed algorithms
have not found practical application, since in ex-
periments, it is rather difficult to organize measure-
ments at small incidence angles. In the course of
further studies of the backscattering of microwaves
by the sea surface, the main attention was at-
tracted to measurements at middle incidence an-
gles.

The appearance in 1997 of an orbital Ku-band
precipitation radar installed on the TRMM (Trop-
ical Rainfall Measuring Mission) satellite [ T'RMM,
and performing measurements at small in-
cidence angles aroused interest in the problem of
measuring the mss of large-scale waves, for exam-

ple, [Chu et al., [2012a} [2012b} Freilich and Van-
hoff, 2003} Karaev et al., 2012} 2019} Nouguier et

al., 2016 Tran et al., [2007]. By analogy with the
optical measurements by Cox and Munk [1954], the

coefficients of the Gramm-Charlier series were cal-
culated to describe the distribution function of the
slopes of large-scale waves [Chu et al., Chen
et al., . Measurements of the mss in slicks
were carried out [Panfilova et al., . It should
be noted that the problem of the mss of large-
scale waves attracts the attention of researchers
and a number of works devoted to this problem can
be distinguished, for example, [Danilytchev et al.,
2009t Pokazeev and Zapevalov, Zapevalov,
2020].

Further development of the study of backscat-
tering at small incidence angles was obtained after
the launch in 2014 of the GPM (Global Precipita-
tion Measurement) satellite with a Dual-frequency
Precipitation Radar [GPM, 2014], which performs
measurements in the Ku- and Ka-bands, into orbit.
However, a significant disadvantage of the precip-
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itation radar measurement scheme is that the de-
pendence of the NRCS on the incidence angle is
measured only at one azimuthal angle, i.e. it is
possible to retrieve the mss of large-scale wave only
along the sounding direction.

Retrieval of the 2D slope field requires measure-
ments at different azimuthal angles [Karacv et al.,
. Such measurements are planned to be per-
formed during an experiment on the Russian seg-
ment of the International Space Station [Karaev et
al., .

At the end of 2018, the Chinese-French satellite
CFOSAT was launched into orbit, on which the
Chinese RFSCAT scatterometer and the French
SWIM spectrometer (Ku-band) are located. The
SWIM spectrometer performs measurements at in-
cidence angles less than 11° at different azimuthal
angles, therefore, for the first time, it becomes pos-
sible to retrieve the two-dimensional field of sea
surface slopes using the orbital radar data.

This paper discusses the adaptation of the mss
retrieval algorithm for the SWIM spectrometer.

2. Microwave Scattering Model

The model of backscattering of microwave elec-
tromagnetic radiation by the sea surface at small
incidence angles in the Kirchhoff approximation ac-
quired its final form in the 70s [Bass and Fuks,
1972} Barrick, Isakovich, Valenzuela,
197§].

The possibility of checking the scattering model
appeared after the TRMM satellite was launched
into orbit with a Ku-band precipitation radar on
board. In well-known works, for example, [ Nouguier
et al., Tran et al., Yan et al.,
, to develop an algorithm for determining the
slopes of the sea surface, the authors used the as-
sumption that sea waves are isotropic with Gaus-
sian distribution function of heights. The formula
they used for the NRCS is following

RO [_ 1% }

mssg cos? mssg

o0(0) = (1)
where mssy is mean square slopes of large-scale
waves for isotropic sea waves, # — incidence angle.
R is the effective reflection coefficient which in-
troduced instead of Fresnel coefficient to take into
account the effect of ripple on the amplitude of the
reflected signal [Bass and Fuks, Valenzuela,

17,
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The scattering model was further developed by
taking into account the curvature of the scatter-
ing surface [Boisot et al., . However, research
has shown that the Kirchhoff method as originally
formulated better matches measurements of pre-
cipitation radar [Yan et al., 2019].

The assumption that the waves are isotropic,
used by the authors, does not correspond to reality
and using of this approach can be explained only
by the fact that measurements were available only
at one azimuthal angle. The assumption that the
sea waves were isotropic is the only way to “solve”
the problem and declare that the mss of large-scale
waves is being measured.

In the general case, taking into account the aniso-
tropy of the sea waves, the formula for the NRCS
takes the following form [Bass and Fuks,

0_0(9) _ ‘RGH(O)F %

4 _ 2
2 cos 9\/mssmmssyy msss

Y

tg26
exp [— 5 ‘mssyy] , (2)
2 (mssmmssyy — mssl,y)

where mss;, and mss,, are mean square slopes of
large-scale waves along axis X and Y correspond-
ingly; mssg, is an unnormalized correlation coeffi-
cient between slopes along the axes X and Y (fur-
ther the correlation coefficient). Thus, 4 param-
eters are unknown: the mss of large-scale waves,
the correlation coefficient, and the angle between
the sounding direction and the direction of wave
propagation.

When analyzing the dependence of NRCS on the
incidence angle, two approaches are usually used
[Panfilova et al., . To illustrate the method,
we present the formulas of the two-point algorithm.
It uses measurements of the NRCS at two incidence
angles and the formula for the NRCS at zero inci-
dence angle becomes:

00(0) = 00(0) - cos™ - exp (tan?0-b),  (3)

where coefficient b is calculated by the following

formula (6,)cos' 6
In (S
b 0 (92) 92

~ tan? 0y — tan26;
On the other hand, the coefficient b is

(4)

MsSSyy

b=

()

2 (mssmmssyy — mss%y)
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1
MSSyy
for formula and formula , respectively.
Before proceeding to the comparison of the for-

mulas, let us consider the azimuthal dependences
of the statistical parameters of sea waves.

b=

(6)

3. Sea Waves Parameters

For further numerical estimates, we will use the
wave spectrum model proposed by Ryabkova [ Ryab-
kova et al., . By definition, the mss,, of large-
scale waves and the correlation coefficient are cal-
culated by the following formulas

MSSpr =

/ / "K2cos? - S(k, o — @)rdrdp,  (7)
—m JO

MmsSyy =

/ /CRQSiH%-S(ﬂ,wo—w)ﬁdﬂd@, (8)
-7 JO

MSSyy =

—/ /C/ﬁQCosgosingp-S(n,cpo—@)ﬁdndtp, (9)
—m J0

MsSStotal =

KRe

/ K2S(K)kdk = MS8S4y + MSSyy, (10)
0

where S(k,p) is the spatial-angular wave spec-
trum; ¢g — direction of wave propagation; mssiotal
— total mean square slopes of large-scale waves. In
the framework of the two-scale model of the sea
surface, a boundary wave number k. is introduced,
which divides the wave spectrum into large-scale
and small-scale components. The formula for the
boundary wave number is given in the following
paper [Ryabkova et al., .

For numerical estimates, let choose three values
of the wind speed: 4 m/s, 8 m/s, and 12 m/s and
consider the case of wind waves, i.e. without swell.
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Figure 1. Azimuthal dependences of the

mssy, of large-scale waves (dashed line) and
correlation coefficient mss,, (dash-dotted
line) for wind speeds of 4 m/s (black line),
8 m/s (blue line) and 12 m/s (red line). Solid

curves show the optical mss,;.

The calculations were done for a fully developed
wind waves.

In the dashed curves show the az-
imuthal dependences of the mss,, of large-scale
waves and the dash-dotted curves show the depen-
dences for the correlation coefficient mss,, (radar
wavelength 2.1 cm) for three wind speeds: 4 m/s
(black curve), 8 m/s (blue curve) and 12 m/s (red
curve). Solid curves show the dependences of the
mss calculated over the entire wave spectrum, i.e.
optical mss [Cox and Munk, . The azimuthal
dependence for mssy, is shifted by 90° relative
to mssy, and the dependences for mss,, are not
shown in the figure so as not to clutter it up.

It can be seen from the figure that the mss of
large-scale waves is less than the mss in the optical
range. With an increase in wind speed, the mss
of large-scale wave grows more slowly than optical
slopes.

4. Dependence of the NRCS on the
Incidence Angle

To calculate the dependence of the NRCS on the
incidence angle, we use the full formula and
the statistical parameters of large-scale waves cal-
culated in the previous section.

Figure 2| shows the dependences of the NRCS
on the incidence angle for a wind speed of 4 m/s
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Figure 2. Dependence of the NRCS on the
incidence angle for a wind speed of 4 m/s
(dashed curve) and 12 m/s (solid curve) for
different azimuthal angles: black curve — 0°,
blue curve — 30°, red curve — 60°, and the
green curve is 90°.

(dashed curve) and 12 m/s (solid curve) for differ-
ent azimuthal angles: black curve —0°, blue curve
—30°, red curve — 60° and the green curve is 90°.

It can be seen from the figure that the form of
the angular dependence is determined by the mss
of large-scale waves along the sounding direction,
i.e. the greater the mss, the slower the NRCS re-
duces with increasing the incidence angle. In our
case, sounding is performed along the X axis and
the azimuthal angle coincides with the direction of
wave propagation.

If we use formula , then the retrieved mss
will lie in the range from 2mss;, to 2mssy,, i.e.
determined with a large error. This problem was
solved in the developed algorithms, for example,
[Karaev et al., Mitnik et al., Panfilova
et al., , which retrieve the total mean square
slopes of large-scale waves

(11)

To retrieve the two-dimensional slope field of
large-scale waves, it is necessary to measure at the
several azimuthal angles.

MSStotal = MSSzz + MSSyy.
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H~519 km
Incidences: 0°-2°-4°-6°-8°-10°
Antenna aperture: ~2°x2°
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Figure 3. Scheme of measurements of the SWIM spectrometer (a) and the geometry
of the movement of rays along the earth’s surface during the movement of the CFOSAT
satellite (b). Measurements are made at angles of 0°, 2°, 4°, 6°, 8° and 10° and a beam
width of 2°.

5. Spectrometer SWIM

The concept of an orbital radar capable of mea-
suring the dependence of the NRCS on the inci-
dence angle at different azimuthal angles was pro-
posed in [Karaev et al., . Two ap-
proaches were considered: rotation of the antenna
system around the vertical axis and scanning mode.
The latter option was chosen to be installed in the
channel of near nadir sounding of the first Russian
scatterometer SKAT-MP on the Meteor-MP mete-
orological satellite. In the new Federal Space Pro-
gram (2016-2024), the satellite changed its name to
Ocean and changed its focus — it became oceanolog-
ical.

In recent years, remote sensing of the sea surface
at small incidence angles has been actively devel-
oping, and the Chinese-French satellite CFOSAT
with a SWIM spectrometer on board was launched
into orbit. The measurement scheme is shown in

[Figure 3h. When the satellite moves, the rays ro-
tate and the trajectory of their movement along

the underlying surface is shown in [Figure 3p.

It can be seen from the figure that due to the
rotation of the antenna system around the vertical
axis, the dependence of the NRCS on the incidence
angle is measured at different azimuthal angles.

Let us consider an algorithm for retrieval of
two-dimensional slopes from SWIM measurements,
which are performed at different azimuthal angles.

6. Retrieval Algorithm

When for a given sea area there are measure-
ments at several azimuthal angles, the problems of
formula become obvious, since for this sea area,
in each azimuthal angle, its own mss of large-scale
waves will be calculated and they will be different
(depending on the azimuthal angle).

To apply formula , it is required to measure
the dependence of the NRCS on the incidence an-
gle at several azimuthal angles. The number of re-
quired azimuth angles depends on the assumptions
used in the consideration.

In the case of wind waves, it is necessary to mea-
sure at 3 azimuthal angles, which will allow cal-
culating the mss of the large-scale wave slopes in
each azimuthal direction and find the mssiota Of
the large-scale wave slopes, the correlation coeffi-
cient and the direction of wave propagation. To do
this, it is necessary to solve the following system of
3 equations

b(p1) =
mssyy(¢1) B
2 (mssa(pmssy(on) —mssgyon) 0 P
b(p2) =
mssyy(p2) by, (13)

2 (msspa(p2)mssyy(p2) — mss2, (2))
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b(ps) = Amss = AX
4(by — 4bq
msSyy(903) _ b3, (14) ( ) ’ (20)

2 (mssm(apg)mssyy(gog) — mss?cy(gpg)) cos(2¢p0 — 2¢1) — cos(2¢p0 — 2¢2)
where 1, @2, @3 are azimuthal angles under which
the sounding was carried out. Coeflicients are cal- MSSiotal = AX
culated for each azimuthal angle using formula . b b

The situation is somewhat simplified by the fact ) 4(b2 — b) cos(20 — 2¢01) (21)

that there is a relationship between the slopes and
the correlation coefficient, which does not depend
on the sounding direction

= const = A.

Y (15)

MSS 5z MSSyy — mss?c

For a wind waves propagating at an angle ¢y,
the formulas for the mss;, along the sounding di-
rections @1, @2, 3 take the following form

MmSSze(p1) =

0.5msSStotal + 0.5AMSss cos(2¢9 — 2¢1), (16)
msszz(p2) =

0.5msStotal + 0.5AMSss cos(2p9 — 2¢p2), (17)
mSSze(p3) =

0.5msStotal + 0.5AMSss cos(2p9 — 2¢3).  (18)

In the course of further transformations, it is nec-
essary to find 3 unknown parameters: mssiotal Of
large-scale waves, the amplitude of the change of
the slopes A = mssg;(max) — mssy, (min), and
the direction of wave propagation. The mssz;(¢n)
along any direction ¢, can then be easily calcu-
lated.

After the standard transformations in solving the
system of equations 7, we obtain the fol-

lowing formulas
tg(20) = | (b2 — b1) sin(p1 + a) sin(ie1 — )
(bs — br) sin(p1 + w2) sin(pr — ¢2)] /

[(b2 = b1) cos(ip1 + pa) sinlipr — o3)

(bg = b1) cos(e1 + p2) sin(er — 92) |, (19)

cos(2pp — 2¢1) — cos(2¢p — 2¢2)

The direction of wave propagation is determined
by formula , which will allow us to move for-
ward in the solution. The parameter that was de-
fined above remains unknown. The resulting sys-
tem of equations f cannot be solved explic-
itly and it is necessary to use methods for solving
transcendental equations for the following expres-
sion:

MSSgpg + MSSyy — (MSSpaMSSyy — mssiy) X

4(b2 — bl) COS(QQDO — 2(,01)
cos(2pp — 2p1) — cos(2¢p — 2¢2)

4by

=0 (22)

where to calculate the wave parameters, formulas
f@ are used and the variables are the wind
speed at a height of 10 m Ujg and the dimension-
less length of the wind fetch z, which describe the
wave spectrum [Ryabkova et al., .

However, the solution can be obtained in an ex-
plicit form if we assume that the coefficient mss,,
is much less than the mss of large-scale waves and
neglect it in formula . shows that this
condition is satisfied quite well.

Then the basis for further transformations will
be formula written under the assumption that
msSgy = 0

1
2b,

As a result, the solution to a system of three
equations similar to f has the following

form

Yo =

0.5arctg{ [(Bz — By)sin(p3 — 1) sin(p1 + ¢3)

—(Bs — B1)sin(p2 — ¢1) sin(p1 + 902)}/
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(B2 — By)sin(ps — 1) cos(or + p3)—

(Bs = Bi)sin(p2 — 1) cos(pr +¢2) |} (24)

Amss =
2(B, — B
By = By) @)
cos(2pg — 2¢p2) — cos(2¢g — 2¢1)
MSStotal =
2(By — B 209 — 2
1 — ( 2 I)COS( SOO 901) (26)

cos(2pp — 2¢2) — cos(2¢9 — 2¢1)
The obtained values can be used to estimate the
interval of variation of the parameters when solving
the transcendental equation .

In the dotted line shows the azimuthal
dependence of the retrieved mss,, of large-scale
waves according to the simplified version (formulas
([24)—(26)) and the solid curve shows the true value
of the mss,, for three wind speeds: black curve
— 4 m/s, blue curve — 8 m/s and the red curve is
12 m/s. It can be seen from the figure that with in-
creasing wind speed the absolute value of the error
grows and the maximum value of the error reaches
at azimuthal angles of 45°, 135°, 225° and 315°.
The solution is accurate when sounding along or
across directions of wave propagation.

The SWIM spectrometer performs measurements
at different azimuthal angles to retrieve a two-
dimensional large-scale wave slope field. As an ad-
ditional parameter according to the “reconstructed”
wave spectrum, estimates of the significant wave
height can be obtained, which can be compared
with the measurements of the altimeter, which is
part of the SWIM radar complex. A similar ap-
proach was used in [Panfilova et al., .

7. Example of the Algorithm
Application

Processing and analyzing SWIM data, which will
allow to check the performance of the proposed al-
gorithm and evaluate its accuracy, is a separate
large research and is beyond the scope of this pa-
per. However, to illustrate the operation of the
algorithm, we will give the example of its use.
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Figure 4. Azimuthal dependence of the of
large-scale waves: solid curve — model value,
dotted line — retrieved using a simplified for-
mula. The calculations were performed for a
wind speed of 4 m/s (black curves), 8 m/s
(blue curves), and 12 m/s (red curves).

In asterisks show the result of the well-
known algorithm for retrieval of slopes of large-
scale waves from the dependence of the NRCS
on the incidenvce angle. These algorithms have
been used to process precipitation radar data from
TRMM and GPM satellites, for example [Chu et
al.,R012at Freilich and Vanhoff, Panfilova et
al., 12020a].

The scatter of the retrieved values observed in
the figure will lead to an error in determining the
slopes and direction of wave propagation when us-
ing only three azimuth angles.

To reduce the error, it is proposed to use two ap-
proaches: 1) it is necessary that among the three
selected azimuthal angles, the maximum difference
between the angles is not less than 90°; 2) the ob-
tained estimates of the slopes are averaged over a
given set of triplets of azimuthal angles.

The result of this approach is shown in
blue curve. The azimuthal dependence of
the is given by the formula , where mssiotal =
0.03194, Amss = 0.002 and ¢g = —6.3°.

Good agreement is seen between the model de-
pendence and the measured data, which confirms
the efficiency of the developed theoretical algo-
rithm.
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Figure 5. Azimuthal dependence of the of
large-scale waves: asterisks — retrieved values
and a blue curve — model.

8. Conclsuion

The orbiting of the SWIM spectrometer installed
on the Chinese-French satellite CFOSAT opens
up the possibility of measuring a two-dimensional
large-scale wave slope field for the first time. Mea-
surements of the NRCS are performed at small inci-
dence angles (< 11°) at different azimuthal angles,
when the quasi-specular backscattering mechanism
is dominant. At small incidence angles, the mss of
large-scale wave slopes is retrieved along the prob-
ing direction. Such an algorithm was developed
for precipitation radars installed on the TRMM
and GPM satellites of the JAXA. However, the
measurements were carried out at one azimuthal
angle, therefore, an original data analysis method
was proposed that allows one to determine the to-
tal mss of large-scale waves [Karaev et al.,
Panfilova et al., .

In the SWIM spectrometer, measurements are
performed at different azimuthal angles, which ma-
kes it possible to determine the direction of propa-
gation of the dominant wave system, measure the
mss along the sounding direction, and for the first
time retrieve a two-dimensional field of large-scale
wave slopes.

Numerical modeling was carried out and the de-
pendences of the NRCS on the incidence angle were
plotted for different azimuthal angles. A processing
algorithm is proposed that uses measurements at
three azimuthal angles and requires, in the general
case, the solution of the transcendental equation. If
we neglect the correlation coefficient, then the solu-
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tion is in analytical form. Estimates of the error in
reconstructing the slopes of large-scale waves by a
simplified algorithm in comparison with the exact
solution are obtained. An example of SWIM data
processing is given.

The developed algorithms will make it possible to
retrieve a two-dimensional field of large-scale slopes
using data from the SWIM spectrometer and to
analyze processes on the sea surface.
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