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Abstract

Objectives. Capillary waves on the sea surface play an important role in remote sensing, both in the optical and
microwave wavelength ranges. However, processes of electromagnetic radiation scattering on a rough sea surface
cannot be studied in the absence of reliable monitoring of the parameters of these capillary waves under natural
conditions. Therefore, the aim of the present work was to develop methods for such monitoring purposes and test
them under laboratory and field conditions.

Methods. Novel laser-based methods for recording capillary waves at frequencies up to 100 Hz were developed
in the laboratory. The proposed remote methods, which do not interfere with the sea surface, are based on the
recording of scattered laser radiation using a video camera.

Results. Under laboratory conditions, spatial profiles, time dependences of heights for all points of a laser sweep
trajectory, and frequency power spectra were obtained. It is shown that slopes in capillary waves can reach 30° and
that the amplitude of capillary waves at frequencies above 25 Hz does not exceed 0.5 mm. A new version of a scanning
laser wave recorder was tested under natural conditions on an offshore platform. The measurements confirmed the
possibility of measuring the parameters of sea waves on spatial scales covering 3 orders of magnitude: from units
of millimeters to units of meters.

Conclusions. The developed wave recorder can be used to carry out direct measurements of “instantaneous” sea
surface profiles with a time synchronization precision of 10~4 s and a spatial accuracy of better than 0.5 mm. The method
makes it possible to obtain large series (21000) of «instantaneous» wave profiles with a refresh rate of 60 Hz, which
opens up opportunities for studying the physics of wave evolution and the influence of wave parameters on the scattering
of electromagnetic waves. The advantage of the method is the direct nature of the measurement of applicates and other
wave characteristics not only in time but also in space. The entirely remote method does not distort the properties of the
surface and is not affected by wind, waves, or sea currents. The possibility of using the proposed method under natural
conditions at any time of the day and in a wide range of weather conditions has been experimentally ascertained.
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Peslome

Uenun. KanunnspHble BOJIHbI HA MOPCKOM MOBEPXHOCTU UTPAOT BaXHYIO POJib B 3a4a4aX AMCTAHLUMOHHOIMO 30HAN-
POBaHUS Kak B ONMTUYECKOM, Tak 1 B MMKPOBOJIHOBOM Anana3oHax a4JvH BoH. OgHako nccnenosaTth NPOLLECCh pac-
CEAHUS 3NIEKTPOMArHUTHOIO U3y4eHNS Ha B3BOJIHOBAHHOM MOPCKOM NOBEPXHOCTU MOXHO TOJIbKO MPU HAAEXHOM
KOHTPOJIE NapaMeTPOB 3TUX KanNUASISIPHbIX BOJIH B HATYPHbIX YCNOBUSX. [0 HACTOALLLErO BPEMEHN HE CYLLECTBOBaJIO
METOO0B N3MEPEHUS KaNUMIAPHbIX BOMIH B HATYPHbIX YCnoBusx. Llenbio HacTosiwen paboTel ABASNOCE CO30aHNe
TakMx MeToA0B 1 X MPOBepka B Ta00PaTOPHbIX M HATYPHbIX YCIOBUSIX.

MeTopabl. B nabopatopun Obiin 0TpaboTaHbl HOBbIE NIa3epHble METOAb! PErMCTPaLMM KanUNSPHBLIX BOJIH HA 4acTO-
Tax fo 100 I'y. MpennoxeHHble METOAbI ABAATCA OUCTAHUMOHHBIMU, HE NCKaXaIOLLMMMU MOBEPXHOCTb. OHM OCHO-
BaHbl HA PerncTpaLmy pacCesHHOro J1Ia3epHOro N3ay4eHns ¢ NOMOLLbIO BUaeOKaMepbl.

Pe3ynbTaTthl. B nabopaTopHbIX YCNOBUAX NOy4EHbI MPOCTPAHCTBEHHbIE NMPOPUIN, BPEMEHHBIE 3aBUCUMOCTH Bbl-
COT A1 BCEX TOYEeK TPaekTopum Na3epHor pas3BepTkn, HaCTOTHbIE CMEKTPbLI MOLLHOCTW. oKa3aHo, 4TO YKJIOHbI B Ka-
NUANSPHBIX BOIHAX MOryT gocTturath 30°, a aMnantyaa KanuanisipHbIX BOJIH HA YacToTax Bbille 25 M, He NpeBbILLaeT
0.5 MM. B HaTypHbIX yCNoBUsAX Ha MOPCKoM nnatdopme anpobrpoBaHa HOBAst BEPCUS CKaHUPYIOLLLErO Ta3epPHOro
BonHorpada. IsmepeHunsa nogTsepaniv BO3MOXHOCTb U3MEPEHNS NapamMeTPOB MOPCKOro BOJIHEHNS HA NPOCTPaH-
CTBEHHbIX MacLUTabax, oxBaTbiBaOLWLMX 3 nopsaaka: OT eauMHUL, MUIIMMETPOB A0 eAMHUL, METPOB.

BbiBoabl. Co30aHHbIV BONHOrpad No3BoNSET NPOBOANTL NPAMbIE UBMEPEHUS «MIHOBEHHbIX» MPOdUIen MOPCKO
MOBEPXHOCTU C BPEMEHHOM CUHXpOoHU3aumei B 1074 ¢ 1 NPOCTPaHCTBEHHOM TOYHOCTLIO ny4wwe 0.5 Mm. MeTog, no-
3BonsieT nonyyatb 6onblume psaabl (21 000) «<MrHOBEHHbIX» NPOMUIEN BONHEHUS C YaCTOTOW oOHoBNeHus 60 I,
4YTO OTKPbIBAET BO3MOXHOCTU A1 UCCefoBaHna GU3NKM 3BOJIIOLMM BOJTHEHNUS, BINAHUS NapaMeTpPOB BOJIHEHUS
Ha paccesiHne 3/1IeKTPOMarHUTHbIX BOJIH. JJOCTOMHCTBOM MeToa SABASETCS NPSAMOM XapakTep NU3MepeHns annankar
1 BCEX XapaKTEPUCTUK BOJTHEHWNS HE TOJIbKO BO BPEMEHMU, HO 1 B NPOCTPaHCcTBEe. MeTo NONHOCTLIO ANCTaHLUMOHEH,
He MCKaxaeT CBOWCTBA MOBEPXHOCTU, HE MOABEPXKEH BMSHUIO BETPA, BOJIH U MOPCKOrO Te4YeHUs. DKCNepuMeH-
TaNbHO B HATYPHbIX YCIIOBUSAX AlOKa3aHa BO3MOXHOCTb NPUMEHEHNS MPEeAJIOKEHHOro MeToAa B filo60e BpeMsi CyTOK
1 B LUMPOKOM AmanadoHe norogHbIX yCnoBuUi.

KnioueBble cnoBa: anbLTMMETPUS, CMEKTP MOPCKOro BOJIHEHUS, KaNWINSPHbIE BOJHbI, B3aMMOAENCTBUE aTMoche-
pbl 1 OKeaHa, NasepHbI BOHOrpad, AMCTaHLMOHHOE 30HAMPOBaHNE

* Moctynuna: 03.02.2022 » flopa6oTaHa: 11.07.2022 ¢ MpuHgaTa k ony6nukoeaHuio: 02.09.2022

Ansa uutnpoanusa: CtepnagkuH B.B., Kynukoeckuii K.B. M3mepeHne kanunnspHbIX BOJIH N1a3epHbIM BOJIHOFPagdOM.
Russ. Technol. J. 2022;10(5):100-110. https://doi.org/10.32362/2500-316X-2022-10-5-100-110

Mpo3payHocTb GMHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAHHOCTM B NPEACTaBNEH-
HbIX MaTepuanax uam meTogax.

ABTOpbI 3a9BNSIOT 06 OTCYTCTBUU KOHDNMKTA MHTEPECOB.
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INTRODUCTION

Capillary waves play a fundamentally important
role in problems associated with the scattering of
electromagnetic waves on a rough sea surface when
solving inverse problems of remote sensing of the
Earth from space. The influence of capillary waves
can be clearly observed over a calm water area: due to
gusts of wind, the surface becomes covered with small
ripples, changing its color and darkening due to an
increase in the absorption coefficient. Similar effects of
a sharp increase in the absorption coefficient with the
appearance of capillary waves are observed not only
in the optical, but also in the microwave wavelength
range. For this reason, capillary waves often turn out
to be the determining factor when reconstructing the
meteorological parameters of the atmosphere and
the underlying surface from radiometric and optical
measurements of the Earth from spacecraft.

In this regard, determining the detailed relationship
between the parameters of capillary waves and the
scattering characteristics of the sea surface becomes an
important fundamental and applied problem. However,
the difficulty of conducting such studies lies in the fact
that, until recently, there have been no direct methods
for remote determination of the parameters of capillary
waves under natural conditions. While remote sensing
methods are often used from under water to measure the
parameters of gravity waves using acoustic reflections or
laser beam refraction [1, 2], these measurements do not
allow capillary waves to be recorded. When conducting
measurements from offshore platforms or aircraft,
laser altimetry methods can be used. However, spatial
resolution in these cases is either absent [3] (single-point
measurements) or limited to a few centimeters [4, 5].
For this reason, such methods cannot be used to record
capillary waves, whose amplitude is measured in
fractions of millimeters. It is also worth mentioning
remote methods for measuring wave parameters based
on stereo imaging [6]. However, such methods are not
direct; moreover, their sensitivity is not sufficient for
measuring the parameters of capillary waves.

There is a significant number of publications on
methods for measuring artificial capillary waves in pools.
A good analysis of these is given in [7, 8]. However,
a common disadvantage of pool measurements is the
presence of resonant edge effects that lead to distorted
results. Although the theory of turbulence of gravity
and capillary waves has been developed in many
works! [9-13], we were not able to find any studies

I Filatov S.V. Nonlinear wave and vortex motions on
the surface of a liquid. Cand. Sci. Thesis (Phys.-Math.).
Chernogolovka; 2020. 82 p. (in Russ.). https://docplayer.
com/170397192-Filatov-sergey-vasilevich-nelineynye-volnovye-
i-vihrevye-dvizheniya-na-poverhnosti-zhidkosti.html

whose results included remote space-time measurements
ofthe characteristics of capillary waves carried out under
natural conditions.

The present work is aimed at creating a remote
laser method for measuring waves from gravitational
to capillary scales. The developed laser wave recorder
model was tested both under laboratory and natural
conditions. The paper provides a description of the
method and measurement results.

In previous works [14, 15], we proposed novel
laser methods for measuring the “instantaneous” shape
of a rough sea surface. The basis of such methods
involves laser scanning of the water surface with the
beam trajectory recorded at the interface using a video
camera. In this case, the beginning of the beam scan
is synchronized with the start of recording the image
on the sensor of the video camera. These methods can
be used to remotely determine the detailed structure of
all types of gravity and gravity-capillary waves across
a wide range of weather conditions. The achieved
accuracy of the method for measuring the interface
height was 1 mm, while the accuracy of “tying” the
entire trajectory to a single point in time was between
4 and 10 s. However, experimental verification of the
proposed methods under natural conditions showed that
their further development was required in order to be
able to measure the purely capillary component of the
waves. This was firstly due to the capillary component
of'the waves becoming significant for frequencies above
16 Hz, the traditional video sample rate of 25 Hz is not
adequate for recording them: the recording frequency
should be at least twice as high as the profile being
recorded. Secondly, since the amplitude of capillary
waves has a scale comparable to or less than 1 mm, the
sensitivity of the method by which these waves will
be recorded should be at the level of 0.5 mm or less.
Thus, in the present work, the method of remote laser
measurements of waves is improved to the level required
for separately measuring the capillary component of the
waves.

GENERATION OF CAPILLARY WAVES
UNDER LABORATORY CONDITIONS
AND THE TECHNIQUE OF LASER
MEASUREMENTS

Laboratory measurements comprise an important
step in creating a method for measuring capillary waves
under marine conditions. As well as providing remote
measurements of the parameters of the generated waves,
Figure 1 shows a schematic of a laboratory setup that
makes it possible to generate capillary waves of a given
amplitude and frequency. Vibrations generated by a
low frequency woofer and transmitted by a light rod
to a round platform comprise a source of disturbances
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on the water surface. A ruler serves for recording the
wavelength of the generated waves in the photographs.
The stroboscope allows the image of capillary waves
to be “stopped” if its frequency is consistent with that
of the signal supplied to the woofer in order to obtain
a clear image of the waves on the water surface in the
reservoir and thus reliably measure the expanse of a set
of several waves.

L

2

, 1))

Fig. 1. Schematic of generating capillary waves
in laboratory conditions:
1 — low-frequency woofer, 2 — vibrating platform,
3 — water surface, 4 — ruler, 5 — stroboscope

Photographs of the produced waves at different
generator frequencies fare presented in Figs. 2a and 2b.
In Fig. 2a, the frequency of produced waves /= 16 Hz
corresponds to a gravity-capillary wave, while the
frequency /= 60 Hz in Fig. 2b relates to purely capillary
oscillations.

Fig. 2. Images of surface waves at generation frequency
f=16 Hz (a) and at f=60 Hz (b)

The created setup made it possible to find the
dispersion relation between the angular frequency
of the wave ® and the wavelength A. The theoretical
expressions for the dispersion and the phase velocity of
waves have the form [16]:

3
o= kg+k—c, (1)
\! p

Table. Laboratory measurements

v=2= 8,22 @)

2n . . oo
where k = -~ is the wavenumber, g is the gravitational

acceleration, and o is the surface tension coefficient of
the liquid.

In this equation, the first term under the root
determines the gravitational part, while the second term is
responsible for the capillary component. For pure water,
6 = 72 mN/m, and the conditional boundary of the

transition from predominantly  gravitational to
predominantly capillary waves corresponds to the equality
of these terms. In this case, k = P& =369 m~!, and the

wavelength corresponding to tge boundary of the
transition to capillary waves is A, . = 17 mm. The
results of laboratory measurements are presented in Table.
Figure 3 shows the dispersion for surface waves.
Here it should be noted that no special measures were
taken to purify water from surfactants, resulting in a
lowered value of o. Optimization of the theoretical
dependence for this parameter with respect to
experimental measurements showed that the best
approximation corresponds to ¢ = 45 mN/m. Note
also that in laboratory measurements, the conditional
wavelength A . corresponding to the transition to
the capillary component decreases in proportion to the
surface tension coefficient.
700 -
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Fig. 3. Measured dispersion of gravity-capillary
and capillary waves (0 =45 mN/m)

It can be seen from the graph that the measured
dispersion dependence is in good agreement with the
theoretical dependence (1).

Frequency f, Hz 8 10 12 14 16 18

24 28 35 40 50 60 70 80 | 100

Wavelength A, mm | 27.5 | 22.0 | 183 | 16.3 | 13.7 | 12.0

11.0 92 | 80 | 7.0 | 62 | 52 | 43 |3.75| 3.6 | 29
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The next step of the experiment was to register the
amplitude of the emerging gravity-capillary waves. To
do this, the surface was illuminated by laser radiation,
which scanned along the surface with short stops at
separate points. In a photograph, shown in Fig. 4, the
boundary where the laser beams are scattered is clearly
visible. Registration of surface movement during wave
propagation is carried out using a video camera placed
laterally with a recording frequency of 60 Hz. Laser
beams scatter in water, when hit it, creating an almost
vertical beam. The upper boundary of each beam
corresponds to the water-air interface.

Fig. 4. Laser beams, when scattered in water,
form a clear edge on the surface

However, such a measurement scheme did not allow
recording the cross section of the surface and its profile.
To solve this problem, the measurement scheme was
changed. For this, a setup was assembled schematically
shown in Fig. 5.

Fig. 5. Schematic of laboratory optical measurements
of capillary waves: 1 — woofer, 2 — water surface,
3 - vibrating plate, 4 — interface illuminated by a scanning
laser, 5 — lower reservoir, 6 — pump, 7 — electronically
controlled scanner, 8 — video camera

In this experiment, the wave generator comprised
a vibrating plate partially submerged in water.
Vibrations from the woofer cone were transmitted to

the water surface via a plate rigidly attached to the
woofer. The woofer was powered via an amplifier
using a sound generator, which allowed the amplitude
and frequency of the plate vibrations to be changed
over a wide range. Plane waves appearing on the water
surface as aresult of the displacement of the plate were
illuminated by a scanning laser beam. To reduce the
amount of dust particles settling on the surface, water
was drained over the edge of the upper reservoir into
the lower reservoir from which the water was returned
to the upper bath by means of a pump. Laser radiation
with a wavelength of 450 nm and power of about
1 W was swept on the surface along a straight line
about 80 mm long using an electronically controlled
scanner. The beam scattered at the interface was
recorded from a laterally positioned video camera. In
this case, the time of the beam sweep was close to
the exposure time of video frames. An example of a
video frame in which laser radiation is scattered onto
a disturbed interface is shown in Fig. 6. The boundary
of the water surface clearly visible in each frame can
be converted into the height of the disturbance at each
point of the ray trajectory taking the calibration of the
video camera sensor into account. The presence of
dust particles on the surface led to bright spots at their
locations; however, draining the water significantly
reduced their number to speed up the processing of
frames.

20
40
60
80

100

120

140

100 200 300 400 500

Fig. 6. Video frame of the wave surface,
along which the capillary wave propagates

Video frames were processed for each column of
the image. Figure 7 shows a graph of changes in the
intensity of illumination along one of the columns of the
frame. It can be seen that the boundary of the interface
corresponding to the jump in intensity to a given level has
a length of one pixel. Therefore, the height resolution of
this method corresponds to the scale of one pixel, which
in our experiment was 0.15 mm. The wave profile was
recorded with sequential processing of all columns of
the video frame.
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Calibration of the video image and conversion of  capillary waves of various frequencies, taking into
pixels to height in millimeters was carried out taking  account smoothing.
into account the position of the undisturbed surface Although the vibration amplitude of the woofer cone
and scaling according to the known image (mire). At  and the rod disturbing the water surface in the reservoir
the next stage, smoothing the profile with a sliding  did not change, the amplitude of the waves at frequencies
window turned out to be useful. Figure 8 shows  above 16 Hz, which decreased with increasing frequency,
examples of the wave profile for gravity-capillary and  did not exceed one millimeter. This indicates an increase
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Fig. 7. Image intensity against the row number along one of the columns of the video frame in Fig. 5 (a) and the border
of illumination clearly visible on an enlarged scale (b)

Smoothed profile in the 100th frame. Frequency f= 18.15 Hz. Average wavelength L = 15.36 mm. Average speed V=0.28 m/s
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Fig. 8. Profile of capillary waves for a separate image frame:
wave frequency 18 Hz (a), wave frequency 25 Hz (b)
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in the attenuation coefficient with an increase in the
frequency of capillary waves. In addition to the spatial
image of capillary waves, the experiment made it possible
to obtain the temporal variability of the applicate (height)
at any point of the trajectory. Figure 9a shows the time
dependence of the perturbation height. The power spectrum
of the wave process is obtained via Fourier analysis of
this dependence (Fig. 9b). The spectrum clearly registers
the main frequency of the excited capillary waves, which
corresponds to the vibration frequency of the woofer cone.
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Fig. 9. Dependence of the height of the interface
at one point of the trajectory on time (a) and
the power spectrum in the 512th point (b)

The conducted laboratory studies of capillary waves
made it possible to directly measure their main features
and take these features into account when designing a
marine wave recorder enabling to record the capillary
component of sea waves. As a result of the analysis,
a number of conclusions can be drawn. First, from
the waveform in Fig. 8a it follows that the slopes in
capillary waves can reach the level § = tg(a) = 2/5,
which is 23°. Under natural conditions, capillary waves
are superimposed onto gravitational waves, increasing
the overall slope of the surface area. Under marine

conditions, the resulting slopes can be expected to reach
30° or more. In this case, a laser beam incident vertically
down on the sea surface would deviate by more than 60°.

At frequencies of 25-30 Hz, it is not possible to
create capillary waves with an amplitude greater than
0.5 mm. From this it follows that equipment used to
measure the capillary component of sea waves under
natural conditions at frequencies from 16 Hz to 30 Hz
will require sensitivity at 0.5 mm or higher.

FIELD MEASUREMENTS OF CAPILLARY WAVES

In August 2021, the first field measurements were
carried out using a scanning laser wave recorder,
which made it possible to record capillary waves. The
measurements were carried out from the sea pier of the
Marine Hydrophysical Institute and from the stationary
oceanographic platform of the Marine Hydrophysical
Institute of the Russian Academy of Sciences, located
in the town of Katsiveli in Crimea. Unlike the previous
version of the wave recorder described in [14], the
video recording frequency was increased from 25 Hz to
60 Hz. This made it possible to measure wave spectra up
to 30 Hz, by which frequency the capillary component
is already dominant. Recall that for pure water, starting
from frequencies above 16 Hz, the capillary forces
exceed the gravitational ones. A second improvement
concerned the use of a zoom lens on a video camera,
which increased the spatial resolution to 0.3—0.6 mm.

An example of a video frame received on August 26,
2021, at 20:47 Moscow time at the sea pier is shown in
Fig. 10. The shape of the wave surface is clearly recorded in
the image. For each 6-minute scanning session, it is possible
torecord 21 600 “instantaneous” spectra. These can be used
as a basis for calculating both temporal and spatial wave
spectra, one-dimensional and two-dimensional slopes on
any scale, as well as the variability of wave parameters
when the meteorological situation changes.

100
200
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400
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800

100

200 300 400 500 600 700

Fig. 10. Typical video frame of disturbance (values
along axes are in pixels). Sampling frequency is 60 Hz
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Figure 11 shows an example of a scanning realization
dated August 26, 2021, for the dependence of the height
on the frame number for one point of the trajectory (the
total number of resolved points on the trajectory of the
laser beam scan is 700). Figure 11a shows the entire
scan, and Fig. 11b demonstrates a small segment of the
scan on an enlarged scale.
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Fig. 11. An example of the dependence
of the wave height on the frame number

for one point on the scan trajectory (a),
and a section of the recording on an enlarged scale (b)

The time spectrum of the resulting realization
is of particular interest (Fig. 12). Traditionally, it is
represented on a double logarithmic scale. There are three
segments on the spectrum, whose slope characterizes
various forms of waves. Here, the lowest frequency
region of the spectrum (long wavelength) has a slope
of —4.5 £ 0.3, while the middle region is responsible for
gravitational waves and has a slope of —=4.0 £ 0.2. The
much less steep slope of the third region, which already
takes capillary waves into account, is —2.6 = 0.3. The
obtained exponential dependence indices are in good
agreement with the known theoretical and experimental
data. Thus, the power dependence with a slope of
—4.0 corresponds to the spectrum of V.E. Zakharova and
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Fig. 12. Elevation spectrum at one point of the profile
on a logarithmic scale for developing waves (August 26,
2021, Katsiveli, Crimea). The circles indicate the regions

of transition from one spectrum slope to another

N.N. Filonenko [10], while the section with a slope of
—4.5 forms a transitional regime to the Phillips spectrum

E~f5[12].
CONCLUSIONS

At this phase of research, the authors did not set the
task of interpreting the spectral or other characteristics
of waves. The purpose of this work was to create and
test a new laser wave recorder under both laboratory
and field conditions, in order to evaluate its capabilities
for measuring the full spectrum of gravitational,
gravity-capillary, and capillary waves under natural
marine conditions. Under laboratory conditions, laser
methods for recording capillary waves were tested, and
the characteristics of waves at high frequencies were
obtained: spatial profiles, time dependencies of heights
for all points of the laser scan trajectory, as well as
frequency power spectra. It is concluded that the slopes
in capillary waves can reach 30°, while the amplitude
at frequencies above 25 Hz does not exceed 0.5 mm.
An important stage of the work was the testing of a
new version of the scanning laser wave recorder under
natural marine conditions. The measurements confirmed
the feasibility of using the proposed laser method to
measure the parameters of sea waves on spatial scales
covering 3 orders: from millimeters to meters. We are not
aware of world analogs having such characteristics. The
method is patented [15]. The creation of a wave recorder
that makes it possible to conduct direct measurements of
“instantaneous” sea surface profiles synchronized within
1074 s with a spatial accuracy of better than 0.5 mm
opens up wide opportunities for studying the physics of
wave evolution and the effect of waves on the scattering
of electromagnetic waves. This is the first time such
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opportunities have been opened up. The advantage of
the method is that it provides direct measurements of
applicates and all wave characteristics not only in time
but also in the spatial domain. This makes it possible
to obtain large series (21000) of “instantaneous”
wave profiles for each 6-minute scanning session. The
described remote method, which does not distort the
properties of the surface, is unaffected by wind, waves
and sea currents. The possibility of using the proposed
method to measure the proportion of foam on the
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