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The method of investigating the sea wave spectra based on spectral processing of the sea surface images
made at the diffused sky light is considered. The mechanisms of the sea surface image formation under the
oblique viewing are discussed. It is shown that within the framework of a two-dimensional wave model and
when the surface is illuminated by a clear sky, the sea surface image spectrum is proportional to that of the
wave slopes’ spectrum. Described is the developed in the Institute of Applied Physics, RAS optical
incoherent light spectrum analyzer permitting to record two-dimensional spectra of the sea surface images
in the real time mode. The spectrum analyzer has a wide dynamic range (up to 40-50 dB). The time
required to record one two-dimensional spectrum is 1 sec. When the spectrum analyzer is set up at an
oceanography platform or a ship bow, the devise can record the wave spectra ranging from 1 meter to
several centimeters depending on the height above the sea level and the viewing angle. The method for
reconstructing the wave spectrum absolute values using the test object spectrum is represented. Preliminary
results of the wave spectra measurements carried out by the optical method (under different wind speeds)
from the stationary oceanographic platform in Katsiveli and from a moving vessel are given. The drawn
conclusion testifies to conformity of the obtained wave spectra to the available empiric information on the
spectra within the wind wave range under consideration. The obtained wave energy angular distributions
and the spectra features observed in the slicks are discussed. To study the features of wave spectrum
dynamics, developed is the method for imaging the current two-dimensional wave spectra with high
resolution of spatial frequency and wave direction.

Time dependence of the wave angles’ current spectra is represented as the horizontal bands; each of them
corresponds to a certain direction of the wave propagation. At that the vertical direction in each band
corresponds to the spatial frequency of the wave varying from short to long waves. The brightness of the
images is proportional to the slope spectrum in the conventional color scale.
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Introduction
The problem of remote diagnostics of sea waves has recently received much at-
tention. In situ measurements of wind wave spectra have scientific and practical
value. Nevertheless, there is still no sufficiently complete data on the short-wave
spectrum directivity, on the frequency spectrum of short waves and on the transfor-
mation of wave spectra under effect of subsurface processes, as well as the ocean
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surface pollution. Such information is necessary for the development of optical and
radar (R) satellite methods for the ocean sensing.

There are the works [1-6], in which modern models of surface wave spectra
used for solving remote sensing problems are discussed, an overview of popular
spectral models and examples of solving the problems of reconstructing the sea
surface characteristics from radar sounding data is given.

There are different ways of wave spectra measuring, including the ones using
an array of string wave-recording gauges, but wave measurements do not have suf-
ficient resolution for short-wave spectra recording. In [6, 7] the stereo images of
sea waves obtained from the oceanographic platform are used to determine the
spectra of short-scale wind waves. A semi-empirical spectrum model based on ste-
reo-photography is also given in [6].

Spectral analysis of the sea surface images is, apparently, the only method for
measuring two-dimensional wave spectra in the wide range of surface wave lengths
from both the oceanographic platform and the moving carrier (ships, helicopters).
Classic works on this subject [8] use a linear model of surface brightness depend-
ence on the wave slopes when the surface is illuminated by the clear sky (or over-
cast sky) outside the zone of sun glints. In this case the spectrum of the sea surface
image will be proportional to the one of the wave slopes. The image of the surface
is recorded using a camera, TV-camera or a scanning optical-mechanical device
with the following spectral processing. The Institute of Applied Physics (IAP RAS)
developed the methods for diagnosing the wave spectra from optical images of the
sea surface and designed a number of incoherent optical analyzers of the sea sur-
face image spectrum in real time, which are used within a ship complex to study
the wave transformation in the surface slicks, in the field of internal waves, above
the inhomogeneities of the underwater relief (for example, sea mounts), in the
zones of algal blooms, etc. [8-12].

The models of wave visibility
The model of the surface brightness | dependence on the wave slopes when il-
luminated by clear sky or uniformly overcast sky in the first approximation uses a
linear dependence [13]

1(@) =1, +qVI. 1)

Brightness fluctuations are proportional to the product of the surface bright-
ness gradient VI =(dl/oq,,0l/qn,) by a vector of wave slopes ¢ = (dz/0x,0z/0y)

where z(x, y} are the wave elevations; |, is a mean brightness of a sea surface.

On the sea surface the highest optical contrast will have the waves propagating
in the direction of the brightness gradient, and the waves propagating perpendicular
to the brightness gradient will not be visible. The wave spectrum within the frame-
work of the linear model can be estimated from the spectrum of the sea surface im-
ageG,:

G, (k) = (kV1)*G(K) = (k*V1*cos® 0)G(K), (2)
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where G(k) is a spectrum of the sea surface elevations; K is a wave vector; o — is
an angle between the surface brightness gradient and the direction of the surface
wave propagation. Expression (kVI /|VI|)QG(k) is called a spectrum of wave

slopes in the direction of surface brightness gradient Vi /|VI|. The spectrum of a

sea surface image will be equal to zero for the waves with a propagation direction
perpendicular to the brightness gradient.

Sea surface brightness is equal to the product of the sky brightness by Fresnel
light reflection coefficient, and the visible wave contrasts will be determined by
both the angular dependence of the sky brightness for the mirror section of the sky
and the dependence of Fresnel coefficient on the local light incidence angle. When
performing the observations in the counter-sun directions under the sliding angles,
the surface brightness gradient will be oriented in the viewing direction.

Further development of this model is connected with the consideration of the
square term in the surface brightness expansion by levels of wave slopes, which
made it possible to assess the accuracy of the wave spectrum estimate by the for-
mula (2) [13].

New approach to the wave spectrum estimation is associated with the use of a
two-scale wave model [14]. Sea roughness is presented as an ensemble of non-
interacting free waves. The surface elevations are expressed as the sum of the ele-
vations of long and short waves corresponding to the wave spectrum partitioning
into two adjacent regions of small and large wave numbers, respectively:

z(x,y)=17+1,,
and a vector of slopes is expressed as a sum of two vectors: gradients of long
waves q, = (0z, / 0x,0z, / dy) and short waves q, = (0z, / 0X, 0z, / oY) :

q = ql + qs ' (3)
We expand the surface brightness in a series by the levels of short wave slopes g,
in a local point at a long wave ¢, confining ourselves to a second-order term of

smallness. We consider the case when the surface brightness / depend on the
. . . I
slopes of short waves in one direction g, (r,t) =q; + 0, :

1(6) =10 +1'(6)0 5 1"(6)0 (4)

where 1'(q,,) =01 /8, and 1"(qy,) = 821 / 6g,>are the surface brightness derivatives

by ¢, .

For instance, when observing from a vessel or a sea platform under the sliding
angles at a clear sky (when the sun is behind) or at an overcast sky, the sea surface
brightness will be a function of wave slopes in the direction of viewing.

Then from the formulas (2) and (4) such expression for the image spectrum
will follow:

G, (k) = 1L+ (A" PG (). ©
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Long waves cause the contrast modulation of the short waves under analysis
and this leads to the change of coefficient ahead of the spectrum of short waves. It
follows from the formula (5) that relative measurements of wave spectrum (spec-
tral contrasts, frequency and angular spectrum characteristics) have higher accura-
cy than the absolute measurements.

Description of two-dimensional optical spectrum analyzer (TOSA).

In IAP RAS an incoherent two-dimensional optical spectrum analyzer for the
sea surface image spectral analysis in real-time regime without intermediate regis-
tration, which uses a principle of image modulation by a standard with harmonic
distribution of transparency coefficient [15], is developed. A cycle of measuring
the two-dimensional spectrum of the image by the TOSA analyzer takes 1 second.
During this time, a spectrum of 140 spatial frequencies for 32 wave directions in
120° angular sector (% 60° from the TOSA viewing direction) with an angular res-
olution of approximately 3.7° is registered. The range of the spectrum spatial fre-
guencies depends on the observation geometry and the focal distance of the object
lens.

In order to obtain two-dimensional spectra, the surface image modulation us-
ing a rotating reference disc with a harmonic distribution of the transparency coef-
ficient (the spatial frequency of the transparency coefficient varies along the pe-
rimeter of the disk) and an additional revolution of the water surface image with a
prism (the so-called Pekhan prism is applied) are used. The prism performs step-
wise rotational movements forward and backwards in a certain angular range. Ro-
tation of the standard reference disc and the one of the prism are synchronized in
such a way that with one revolution of the disk the prism rotates by one small step.
It can be several dozen of such steps or directions of the analyzed waves depending
on the required size of two-dimensional spectrum. A modulated image is collected
by a lens to the photo detector.

The analyzer also generates a signal proportional to the sea surface brightness.
For this purpose the constant component of the transparency coefficient standard is
used. TOSA is supplemented with a scanning brightness gauge for recording the

sea brightness 1, and the surface brightness gradient VI of the (formula (1)) syn-

chronously with the analyzer signals.

All the signals are recorded on the laptop hard disk through the input card.
TOSA signal processing program, which includes the formation of estimation of
the sea surface image energy spectrum by raising the TOSA signal to the square,
normalizing the surface integral brightness by the square and by the normalized
energy spectrum of the standard, bringing the spectrum to the coordinates at the sea
surface, averaging a certain number of spectra for obtaining a statistically-provided
estimate of the wind wave spectrum, is developed.

Instantaneous Fourier transformation allows one to increase the dynamic range
and avoid image blurring caused by ship motion, which is an advantage of the de-
veloped device for optical spectral processing of a rough surface image over simi-
lar devices with TV cameras. Due to this, it is possible to record the spectra of arbi-
trarily short waves, which the observation geometry can only allow, along the ves-
sel path.
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The development of a physical algorithm for reconstructing the absolute values
of the wave slope spectrum from the sea surface image spectrum

The problem is solved in two stages.

1. Calibration of the optical spectrum analyzer.

At this stage the frequency-contrast characteristic (FCC) of spectrum analyzer
is determined. Usually, test objects of striped type with a narrow spatial spectrum
are used for this purpose. In our case, a test object with an isotropic wide spectrum
within the TOSA frequency range was selected. Such test object not only provided
a calibration of FCC but also a construction of an algorithm for reconstructing the
wave spectrum absolute values. This test object is represented by random white
dots against black background [16] and the centers of the dots are distributed over
the area according to Poisson law: the coordinates of dot centers are uniformly dis-
tributed (Fig. 1).

Fig. 1. Fragment of the test-object for the TOSA calibration

It is assumed that the test object points are rare, i.e. they do not overlap each
other and the diameter of the points in the plane of the TOSA image (in the plane
of the standard) is much smaller (by an order of magnitude) than the minimum pe-
riod of the transmission coefficient of the standard.

2. Reconstruction of wave spectrum absolute values.

TOSA signals are registered in volts.

Average signal of the TOSA optical spectrum analyzer after a computer pro-
cessing, described in the previous section, will be proportional to the energy spec-
trum of the sea surface brightness distribution:

U = A% [1(r,t)exp(kr)dr =A% (2m)*S Gi(K). 6)
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where A is a proportionality coefficient; G, (k) is an estimation of energy spec-
trum of the sea surface brightness distribution 7 :

] 1 2
G.(k):mql(r,t)exp(kr)dn ,

where S is an area of a field of view. Integral is taken from the TOSA field of view.
The average of an estimate is equal to the image energy spectrum.

A signal proportional to the sea surface integral brightness along the field of
view is also recorded (formula (1)):

P= Kjl(r,t)dr: KSl,,

where K is a proportionality coefficient.

The same expressions can be written down for the test object brightness distri-
bution.

Let us form a relation

UR’ _ (21)°G, (k) A? K, (2m)°Gy(K) @
u,P? si,2 A*K?Z 51?2

Where the subscript t is related to the test object. This expression contains the de-
sired relation

I OF ©

Where dimensionless relation T—I can be calculated according to the models of the
0
sky brightness distribution, angular distribution of the sky brightness measured in
the experiment (at sliding viewing angles the light polarization should be consid-
ered) [18] or it can be measured with a scanning brightness gauge described above.
Theoretical estimates and in situ measurements of brightness gradient relation to
the mean sea brightness for the clear sky and unpolarized light gave the values in
modulus within 4-6 range. For the estimation of values of the recorded spectra in

Fig. 3—7 the value equal to 4 of the relation |T—I | was chosen.
0

2
The same relation for the test object M is calculated. This relation

2
t't

can be estimated as Ni where N, is a number of test dots in the TOSA field of
t

view. There are N, =3-10° dots in the experiment with test object.

The relations of Aand K£ coefficients are calculated through the relations
t

of gain coefficients in the channels of spectrum and brightness. It should be pointed
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out that this technique provides a consideration of optical path light transmission
coefficients, including the value of the lens diaphragm, which are automatically
taken into account when forming the relations (7) for the sea and the test objects.

Thus, this technique (formula (7)) allows us to reconstruct the spectrum of
wave slopes and, from the models described in the first section of the article, we
can determine the wave elevation spectrum, while we only need to know the values
of the brightness gain coefficients and spectra in field experiments and in the ex-
periment with the test objects.

Wave spectra measurements

Wave spectra recording with the TOSA was carried out on the oceanographic
platform in Katsiveli from October 4 to October 10, 2016.

In Fig. 2 and 3 wind velocity and direction graphs for 06.10.2016 are given.
Meteorological station of Marine Hydrophysical Institute of RAS was installed on
the upper deck (17 m above the sea level). The arrows indicate the instants of time
when the spectra listed below were recorded.

2 Wind velocity, m/s

12:00 16':00T 17:00 I 18:00

time
Fig. 2. Wind velocity, m/s, 06.10.2016

Wind direction, degrees
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Fig. 3. Wind direction, 06.10.2016

Further we move on to Philips dimensionless spectrum of saturation [18]:
B=k*G(k). In Fig. 4 two-dimensional wave spectrum B in the coordinates, wave
number on the sea surface in rad/m and an angle between wave propagation direc-

tion and TOSA viewing angle are represented. TOSA was installed on a lower

bridge (4.5 m height above the sea level). Viewing is directed to the east along the
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seaward pert of the platform. A part of spectrum is absent (spectrum values are set
to be equal to zero) which is determined by perspective image distortions at the
oblique viewing. The spectrum is obtained by averaging 200 spectra in 200 s. The
accompanying wind conditions are shown by the left arrow in Fig. 2 and 3.

Bx10~
2

40 90

rad/m 400

degrees

Fig. 4. Two-dimensional spectrum of the waves B (Philips saturation spectrum [18]): wave number in
rad/m is plotted on the left axis; wave direction in degrees relative to the TOSA viewing direction —
on the right axis

O. M. Philips [18] forms so-called omnidirectional spectra (spectrum integrat-
ed over the wave directionsa ):

2 2
7(K) = j G(K)kdo =k j Bdo =B,k
0 0

If for the estimation we assume that the spectrum is isotropic ( B(a) =const), then
for the short waves (k>50 rad/m or the wave length A<13 cm)
B, = 27B ~ 2,5-10~ which corresponds to the data of other authors [7].

In Fig. 5 angular spectra of the waves for this two-dimensional spectrum are
shown. The notes indicate the wave length. Wind direction lies near the extreme
angles of the spectrum: the spectra increase toward the extreme angles. Angular
spectra demonstrate anisotropy: they increase toward the direction of the wind. The
angular anisotropy of the spectra reduces with a wavelength decrease.
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Fig. 5. Angle spectra of waves. The notes show the wave length A = 2xt/K

The second spectrum (Fig. 6) was obtained by averaging 100 spectra in 100 s
under conditions of non-stationary wind field when new wing gusts occurred from
another direction (IAP RAS data). Corresponding wind conditions are shown by
the right arrow in Fig. 2 and 3.

—_—

PR

P

0.5

rad/m ‘""" K degrees

Fig. 6. Two-dimensional spectrum of the waves B: wave number in rad/m is plotted on the left axis;
wave direction in degrees relative to the TOSA viewing direction — on the right axis

In Fig. 7 angular spectra of the waves for this two-dimensional spectrum are
given. The notes show the wave height.
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-60 -40 20 0 20 40 degrees 60

Fig. 7. Angle spectra of waves. The notes show the wave length X = 2x/k

In Fig. 8 two-dimensional wave spectrum B obtained on 07.10.2016 at 15:30 is
represented. The wind was of the western direction and near the eastern corner of
the platform where the TOSA was installed (at 14 m height above the sea level) a
slick occurred. The outlines and boundaries of the slick randomly changed. In Fig. 8
the smoothing of the water surface (the spectrum decrease) for the waves with a
wave number of about 20—-25 rad/m and a propagation direction from 20 to 40 ° due
to this slick can be seen. The spectrum was obtained by averaging 200 spectra in
200 s.

Decreasing spectrum

0 ) /AH
o =~ n °
\/ -40 e degrees

rad/m 150 -60

Fig. 8. Two-dimensional spectrum of the waves B: wave number in rad/m is plotted on the left axis;
wave direction in degrees relative to the TOSA viewing direction — on the right axis
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The study of transformation of wave slope spectra in slicks

For studying the features of wave spectrum dynamics a program for represent-
ing the two-dimensional current TOSA spectra with a good resolution in terms of
the spatial frequency and direction of the waves was developed.

Current spectra of wave slopes depending on the time are presented in the
form of horizontal bands, each of which corresponds to a certain direction of wave
propagation. The spatial frequency of the wave varies from short to long waves
changing vertically within each strip. The brightness of the images will be propor-
tional to the slope spectrum in the conventional color scale.

An example of slope spectra recordings in a calm day is given in Fig. 9. The
TOSA analyzer was installed at a bow of a moving vessel. Calm zones were re-
placed by wave generation areas and slick stripes.

Wave direction

CEARNEEEELEENER 20 R 888

500 1000 1500 2000 2500 3000 sec

Fig. 9. Spectra of wave slopes: along the horizontal — time in seconds, along the vertical — the bands
corresponding to 32 directions of wave propagation in approximately every 4° in a wave direction

range * 60° relative to the TOSA viewing direction (direction 0° corresponds to the TOSA viewing
direction). The wave spatial frequency corresponding to the wavelengths from 70 to 3 cm is plotted
(top-down mode, linear scale) along the vertical in the each band corresponding to a certain wave
direction

As is obvious from Fig. 10, the spectra of developing waves are significantly
anisotropic in spatial frequency with a maximum in the area of waves of 15-20 cm
length.
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Wave direction

500 1000 1500 2000 2500 ; 3
Fig. 10. Wave spectra for a few wave directions nearby the TOSA viewing direction

The developed method and equipment are unique and allow one to study

two-dimensional wave spectra from a hydrophysical platform and from a moving
vessel in real time, as is shown in this example.
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