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Abstract

Purpose. The purpose of this study is to substantiate and practically apply a new method for fast (0.01 s)
recording of capillary wave parameters under natural conditions.

Methods and Results. The method is based on recording an image of a thin laser beam incidence on the
sea surface. The radiation scattered in the water is refracted at the rough interface and is recorded by
a video camera located at the side. The beam image deviations are proportional to the surface slopes at
the point of radiation exit. The largest slopes, exceeding 30°, are characteristic of capillary waves; this
makes the method particularly effective for recording them. It has become possible to record waves
with an amplitude of 30 um from a distance of 5-8 m. When intense capillary ripples occur below the
point of beam incidence on the surface, a light “skirt” is formed, the width of which grows with
increasing slope. The distribution of the scattered-light intensity in the cross-section of the light “skirt”
makes it possible to calculate the slope distributions for each frame or the probability function for a
given time interval. The developed method for the operational determination of the distribution of
capillary wave slopes is applied to study the capillary structure of various areas of sea waves, namely
the crests and troughs. It is established that the dispersion of capillary slopes in the troughs is
significantly lower than that on the crests, which is consistent with previously reported data.
Conclusions. A new method for remote measurement of capillary wave slopes on the sea surface is
proposed; it permits measurements to be carried out over surface areas of 10 x 10 cm in 0.01s.
The given example shows that at a significant wave height (1.1 £ 0.1) m and a wind speed of (7.4 £ 0.5)
m/s, the average dispersion of the capillary component was 0.0256 on the crests and 0.008 in
the troughs. The advantage of the method is that it makes it possible to carry out measurements in a
wide range of weather conditions, both during the night and the day.
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Introduction

Capillary waves strongly affect the scattering of electromagnetic waves in
the optical and microwave ranges, as well as the intrinsic electromagnetic radiation
of the rough sea surface. Although the amplitude of capillary waves usually does not
exceed 0.5 mm, their influence on radar backscatter and radiometry is very
significant because the slopes of these waves often exceed 30°, leading to increased
surface roughness and reflectivity over a wide range of wavelengths [1-4].

Capillary waves have been studied in considerable detail in laboratory tanks,
where measurement instruments can be placed in close proximity to the waves
[5-9]. However, the parameters of capillary waves in tanks may differ significantly
from those of sea waves due to the presence of boundaries and the absence of low-
frequency wave components. Recording capillary waves under natural conditions is
challenging: measurements must be taken from a distance of 5-10 m for waves with
amplitudes of less than 0.5 mm. Additional difficulties arise from the spatial
inhomogeneity of capillary waves (their coherence length generally does not exceed
10 cm) and their short lifetime (their coherence time is on the order of tenths of
a second).

Methods for measuring slopes from aircraft or satellites based on sun-glint
reflection are known [10-12]. However, they require sunlight and favourable
illumination geometry, and the averaging area does not allow the study of capillary
waves on small surface patches. There are methods for measuring gravity-capillary
wave parameters using stereo photography [13, 14] or polarimetric photography [15-
17]. The disadvantages of these methods include high requirements for
the uniformity of background illumination and the impossibility of measurements at
night. Methods based on recording reflected or refracted laser radiation were
developed * [18], their drawback is the need to place structural elements underwater
or at a short distance from the surface, which distorts the wave field or severely limits
operating conditions. A patent ? describes a method that uses a knife-edge laser beam
illuminating the surface, with profile recording by a photo or video camera; however,
during the exposure time, the surface boundary shifts, reducing the accuracy of
wave-profile measurements. In works * [19], a method of scanning the sea surface
with a laser beam is proposed, allowing reconstruction of the “instantaneous”
interface profile along a given scanning trajectory with a spatial resolution of up to
0.5 mm. Field measurements of “instantaneous” profiles and the calculation of
the one-dimensional spatial wave spectrum are described in [20]. Laboratory and
field measurements of frequency spectra and surface profiles of capillary waves are
presented in [21].

1 Zapevalov, A.S., 2008. Statistical Models of the Sea Surface in Problems of Acoustic and
Electromagnetic Radiation Scattering. Thesis Dr. Phys.-Math. Sci. Sevastopol, 290 p. (in Russian).

2 Karaev, V.Yu. and Meshkov, E.M., 2012. [Method for Determining the Angle of Inclination and
Wave Height of a Water Surface Relative to Its Equilibrium State]. Patent RU 2448324 C2. Bull. No.
11, 8 p. (in Russian).

3 Sterlyadkin, V.V., 2020. [Scanning Laser Wave Recorder with Registration of “Instantaneous”
Surface Shape]. Patent RU 2749727 C1. Bull. No. 17, 10 p. (in Russian).
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The aim of this work is to substantiate and verify a new method for recording
sea-wave slopes, including capillary-wave slopes, based on analyzing the image of
a laser beam incident vertically downward on the sea surface and recorded from
the side of the beam using a video camera. The proposed method allows
the determination of the slope distribution of the capillary-wave fraction over surface
areas as small as 10 x 10 cm in 0.01 s. The method sensitivity enables the recording
of capillary waves with an amplitude of 30 pm from a distance of
5-8 m. Theoretical substantiation and experimental verification of the method were
carried out in previous studies [22, 23]. This paper briefly summarizes the main
results of those studies and presents new field data on the parameters of capillary
waves on different parts of large wind waves, namely, on the crests and in
the troughs.

Theoretical substantiation and experimental basis
of the proposed method

Works 3[19] describe a laser wave recorder that allows obtaining
an “instantaneous” sea surface profile under field conditions. The measurement
principle is based on scanning the sea surface with a thin laser beam directed
vertically downward along a given trajectory with a known time law.
Synchronization of the scan start with the start of image recording on the video
camera matrix, located to the side of the scan line, provides clear registration of
the water—air interface on each frame, corresponding to the wave profile along
the entire scan trajectory (Fig. 1, a). The illumination duration of each pixel on
the trajectory is about 10~ s, so the image is not blurred by vertical wave motion;
comparison of adjacent frames allows determining the vertical velocity of each
surface point. Due to the finite scan speed, different points on the trajectory are
illuminated at different times, so the recorded profile image is not “instantaneous”.
However, it can be corrected and reduced to an “instantaneous” form, e.g., to the start
of exposure, taking into account the illumination delay for each profile point and its
vertical velocity obtained from adjacent frames. The synchronisation accuracy is
10* s, and the error in estimating wave elevations is determined by the pixel scale
and is typically 0.5-1.0 mm.

From 5-10 min video recordings, series of tens of thousands of sea-surface
profiles {(x, y, ti) can be obtained, as well as the frequency spectrum of waves [19],
the slopes &, &, along orthogonal axes, and two-dimensional slope distributions P(&y,
&y) at three arbitrary points on the surface (Fig. 1, b) can be calculated. The scale of
the triangle can be chosen, thereby making it possible to include different scales of
wind waves in the analysis. Fig. 1, b shows an example of aslope distribution
obtained on 21 August 2021 at 20:29 Moscow time on the oceanographic platform
of Marine Hydrophysical Institute of Russian Academy of Sciences (MHI RAS).
In the center, the scan speed is four times lower than at the edges.
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Fig. 1. Video frame of laser scanning in two orthogonal directions (a); two-dimensional distribution
of slopes P(&x, &) on a right triangle measuring 300 x 300 mm (b)

If the scan trajectory has stops at given points, images of the beam boundaries
are formed with a higher signal-to-noise ratio, allowing measurements even during
the daytime (Fig. 2).

a b

Fig. 2. Image of a set of laser beams distorted by a rough surface and formed in water during scanning
with stops at specified points (a); capillary comb (b)

When analyzing video frames, the authors noted that images of laser beams
often have a complex shape: arcs, loops, and combs. A thin laser beam incident on
the sea surface propagates in water along a straight path and glows due to scattering
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by water inhomogeneities. However, the image of the straight beam, when recorded
by a video camera located to the side of the incidence point, passes through the rough
sea surface and becomes distorted. These distortions depend on the surface slopes at
the points of refraction. In [22], a mathematical formulation is given, and an analysis
of the inverse problem of reconstructing the sea surface profile from the image of
refracted laser beams is carried out. It is shown that, in general, it is impossible to
reconstruct the surface profile from a single video frame because the number of
unknowns exceeds the number of equations obtained from the laws of refraction by
one.

However, when capillary waves appear on the sea surface, a capillary comb
often appears on the video frame (Fig. 2, b). From the spacing and orientation of

such a comb, the magnitude and direction of the wave vector k of the capillary
wave, as well as its amplitude, can be determined [23]. Information about
the direction of the wave vector provides an additional equation, which allows
the inverse problem to be solved and the shape of the capillary wave to be uniquely
reconstructed. The correctness of determining capillary-wave parameters from
the video image of a straight line has been confirmed in a laboratory experiment
[23].

F i g. 3. Dependence of the image of a straight white thread (and its reflection from the aquarium

wall) distorted by a capillary wave on the surface on the angle 6 between the wave vector k and
the X-axis of the video camera, with 6 equal to 20° (a), 40° (b) and 55° (c). &ABC is a triangle
constructed using the points of maximum deviation of the beam image from the undisturbed state;
BD is the median of triangle ABC. Below is the image of the light lower horizontal edge of
the aquarium [23]

Fig. 3 represents images of a vertical white thread obtained when observing the thread
through a capillary wave on the surface of an aquarium at different observation angles

relative to the vector k. It is shown that the wave vector k is perpendicular to the median
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BD of triangle ABC. The sensitivity of the method based on analyzing the shape of laser
beams makes it possible to record capillary waves with an amplitude of 30 pm under field
conditions from a distance of 5-8 m.

In [22], the relationship between the sea-surface slopes &, & and the position
(%, y) of the luminous point on the sea surface relative to the point (x, y) = (0.0) of
laser-beam incidence on the surface was calculated for a specific camera geometry.
The camera height above the surface was H = 4.70 m, and the horizontal distance
from the beam-incidence point to the projection of the video camera onto the surface
was L =6.99 m. It was revealed that surface slopes & in the direction of the camera
axis (X axis) primarily lead to a shift in the image of the luminous point along the
luminous beam (X axis), thus weakly affecting the deviation of the beam image along
the Y axis (perpendicular to the X axis). Preliminary estimates indicate that this effect
does not exceed 16% under the most intense capillary slopes along the X axis. In
contrast, slopes & along the orthogonal Y axis cause a strong deviation of the beam
image from the undisturbed line in the y coordinate. Fig. 4 shows the calculated
dependence of the y coordinate of the luminous point on the slope &, for the given
measurement geometry at Xo = 160 mm and & = 0 (the mean slope along the X axis).
The correctness of solving the nonlinear system of equations is confirmed by direct
substitution of the solution into the equations of geometric optics.
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F i g. 4. Dependence of the sea-surface slope &(y) on the y coordinate in the luminous point for
the described observation geometry at a distance of x = 160 mm from the point of beam incidence on
the surface. The slope & is taken to be zero

The dependence &,(y) is monotonic and unambiguous: the farther the luminous
point is from the undisturbed position, y = 0, the greater the sea-surface slope at that
point. We will use this dependence to calculate the probability density of sea-surface
slopes from video images of the laser beam.
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The light “skirt” method allows the acquisition of an “instantaneous” slope
distribution. Under strong capillary waves, a light “skirt” forms on video frames
below the point where the beam enters the water (Fig. 5). Three consecutive video
frames were taken at a frame rate of 90 frames per second, with a shutter speed of
1/100 s, wind speed Vy, of 7-8 m/s, significant wave height of (1.1 £ 0.1) m, and
a spectral peak wave period of (7.2 £ 0.1) s. The sea surface was partially covered
with capillary ripples. The measurements were carried out on 22 February 2025 at
02:55 Moscow time on the oceanographic platform of MHI RAS.

Point number in the profile 4578

Point number in the profile 4579

Point number in the profile 4580

X

560 580 600 620 640 660 680 700 720 580 600 620 640 660 680 700 720 740

a b C

Fig. 5. Three consecutive frames: 4578 (a), 4579 (b) and 4580 (c) recorded with a shutter speed of
1/100 s at a video frame rate of 90 frames per second

The appearance of a light “skirt” instead of a laser beam is explained by the fact
that capillary waves have frequencies v exceeding 16 Hz; therefore, during
the exposure time At = 1/100 s, the phase of the capillary wave changes by 2zvAt
(by more than 1 rad). The higher the frequency of the capillary wave, the greater
the range over which the surface slopes vary at each point. At the same time, at many
points on the surface, slopes arise for a short time such that the point begins to glow,
i.e. refract the luminous laser beam toward the video camera. The brighter the glow
of a given point on the video frame, the larger the fraction of time during which that
point has the corresponding slope. Since during one frame the conditions for glowing
do not occur at all points where the capillary wave passes, there are areas on a single
frame that do not glow. As a result, the light “skirt” appears perforated and “lacey”.
The intensity distribution in frame 4578 (see Fig. 5, a) along line 715 is demonstrated
in Fig. 6.

The intensity distribution (Fig. 6) has a pronounced periodicity associated with
the periodicity of capillary slopes on the surface. For a sinusoidal wave, the same
slopes repeat twice per period, so two periods in the figure correspond to
a periodicity of the capillary structure of A ~ 16 mm. Considering that the periodicity
A is recorded along the Y axis, and that this periodicity is related to the capillary
wavelength A by the relation A = A/cos(0), where 8 is the angle of deviation of

the wave vector k from the Y axis, we obtain a capillary wavelength A of less than
16 mm.
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Fig. 6. Distribution of the glow intensity of the light “skirt” along line 715 of frame 4578 shown in Fig. 5, a

When summing several frames, the glowing areas shift with the wave and
overlap, forming a more uniform intensity distribution of the “skirt” glow. If nine
frames are summed, the total accumulation time is 0.1 s. During this time, at each
point on the surface where a wave with a frequency above 10 Hz passes, the wave
phase changes by 27 or more, so the slopes also vary over the entire range of values
characteristic of that capillary wave. The “skirt” becomes illuminated everywhere
the capillary wave is present, and its width is greater for waves with larger maximum
slopes.

We now consider the relationship between the brightness distribution of
the “skirt” and the surface slopes. For a fixed value of the coordinate X, = 160 mm,
the dependence of the sea surface slope &(y) on the y coordinate of the luminous
point is calculated (see Fig. 4). The light energy falling on the interval (y, y + dy) is
I(xo, y)dy, which should be proportional to the probability of the slope falling into
the corresponding interval P(&,)dy, where P(&y) is the probability density of slopes.
Taking into account the relation &(y), we obtain

dy
P = Al (X, y)——, 1
(€)) (%o y)dzgy 1)
where A is a normalization coefficient determined from the condition
[PE,)de, =1. (2)

Information about capillary slopes is contained not only in a single line at xo, but
also in all other lines of the light “skirt”. We now consider the procedure for using
information from the entire frame and accumulating information by analysing the
intensity distribution of the “skirt” not along one specific line, but across all lines.
PHYSICAL OCEANOGRAPHY VOL. 33 ISS.2 (2026) 253



Calculations performed using the method described in [22] demonstrate that, for the
same surface slope, the displacement of the luminous point along the y coordinate is
proportional to the distance x (Fig. 7).

1-6&=0,0; &=0,0
2-6=0,0; §=0,2
3-6=00; §=04
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Y -coordinate, m
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Fig. 7. Dependence of the beam displacement along the y coordinate on the distance x at a given
surface slope

A consequence of this fact is that the “skirt” shape in the presence of an intense
capillary fraction often has the form of a cone starting from the point where the beam
enters the water. An example is provided by the frames in Fig. 5. The linear nature
of the y(x) relationship allows all lines to be summed and the entire image to be
reduced to one line at xo = 160 mm, or the images to be summed over a given range
of lines. To do this, it is hecessary to account for the linear change in scale by a factor
of x/xo and the decrease in glow intensity by a factor of x/xo due to the distribution of
light energy over a different coordinate interval (we neglect the attenuation of
radiation when considering a small surface area). Let I(Xo, y) be the intensity
distribution of illumination along the y axis for a given xo, and I(X, y) be the intensity
distribution for x different from Xo. The normalization procedure for a line with
coordinate x to a single value xo can be written as

X X
069 =21 %22y,
0

The normalized intensity distributions are then averaged over a given interval
of values X1 < X < Xa:

L (%0, Y) =(;§:LI (x,x—;y).

X, = %) % X0
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It is advisable to choose the averaging interval so that it is neither too close to
the beam-incidence point, because pixel saturation may occur near the beginning of
the beam, nor too far from it, because in the lower lines of the image the signal-to-
background ratio decreases and attenuation of laser radiation in water must be taken
into account. Fig. 8, a, ¢ shows examples of light “skirts” accumulated over nine
frames, and Fig. 8, b, d demonstrates the corresponding slope distributions obtained
using formulas (1) and (2) with l.y(xo, y) taken as 1(Xo, y), averaged over the interval
between x; =50 mm and x. = 160 mm.
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Fig. 8 Examples of light “skirts” accumulated over nine frames: from frames 3272 to 3280 (a) and
from frames 4577 to 4585 (c), and the corresponding slope distributions (solid line) with a Gaussian
distribution approximation (dashed line) (b, d)

In Fig. 8, b the slope distribution is shifted from the centre by an average of
—0.1, which characterises the mean slope of the gravity wave over the averaging
area. The laser “skirt” is associated with the presence of capillary waves with a root-
mean-square (RMS) slope &, of about 0.25. In Fig. 8, c the “skirt” is very wide. The
slopes there reach 0.6, which corresponds to an inclination angle of 34°.

Thus, the proposed method for analyzing laser “skirts” makes it possible to
obtain an almost “instantaneous” distribution of capillary wave slopes over small
(100 x 100 mm) areas of the sea surface.
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Results

Structure of capillary waves on crests and in troughs of gravity waves

As an example, we consider measurements carried out on 22 February 2025 at
02:55 Moscow time on the oceanographic platform of MHI RAS. The interface
height versus frame number (elevations) of the sea surface at the point of incidence
of continuous laser radiation is given in Fig. 9. The video frame rate was 90 frames
per second, with a shutter speed of 1/100 s, a video sequence length of 26,000 frames,
a significant wave height of (1.1 £ 0.1) m, and a wind speed of (7.4 £ 0.5) m/s. The
wind direction was easterly, with a deviation of 12° from the Y axis. In the figure,
rectangles highlight four sections on wave crests and three sections in troughs,
selected for comparing slope dispersions.
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Fig. 9. Applicates depending on the frame number. Rectangles denote the analyzed areas

Each section was divided into groups of nine frames, corresponding to an
averaging time of 0.1 s, and the images were summed with the incidence point shifted
to the origin. Over 0.1 s, gravity slopes change insignificantly, whereas the phase of
capillary waves at each point undergoes a full cycle from 0 to 2@, ensuring
registration of the entire range of capillary slopes. A light “skirt” is then formed. Fig.
10 (top) shows the summed “skirts” obtained in troughs in the frame interval from
3680 to 3706. The corresponding slope distributions are given below in the same
figure. Similar data are given in Fig. 11 for crests in the frame interval from 2618 to
2653. The width of the “skirts” on the gravity-wave crest is noticeably larger. The
red dashed line on all slope distributions indicates the approximation of the
distribution by a normal law.
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F ig. 10. Accumulation of the beam images for 0.1 s (nine frames) in the trough area (in the frame
interval 3680-3706 in Fig. 9) (top); corresponding slope distributions (bottom): a — frames 3680-3688;
b - 3689-3697; ¢ — 3698-3706

In a first approximation, the intensity of capillary waves can be estimated by the

dispersion céy of the slope distribution. For a series of four “skirts” in the trough

(Fig. 10), the averaged RMS slope o, Wwas 0.07 (dispersion 0.0049). A similar
y

value for a series of four “skirts” on the crest (Fig. 11) gave an RMS slope of
capillary waves op = 0.20. Averaging over 1/3 of the most pronounced crests and
y

tr — cr —

troughs from the 5 min video recording yielded values o, = 0.09 and o, = 0.16.

The averaging sample consisted of 98 crests and 94 troughs.

The period of the dominant spectral waves was 7.2 s, and the amplitude was
0.55 m. Since the direction of the Y axis, along which the slopes are measured,
differed from the wind direction (and the direction of long waves) by only 12°, with
cos 12° = 0.98, we can assume the condition k, = k. The Modulation Transfer
Function (MTF) is estimated from the obtained data; by analogy with [24, 25], it can
be introduced for the modulation of the RMS slope of capillary waves in the form

Ocy = cr_iy[l + M -€-sin(o — d)o)],
where Ogy is the surface-averaged value of O¢y; M is the MTF; se=kA is
the steepness of the modulating wave with elevations ((y,t) = A - sin(ky — Qt —
dy), k = 2m/) is the wavenumber for long waves propagating along the y axis, A is
their amplitude, and &, is the phase shift between ( and o¢,,. Given the obtained
values, the steepness of the modulating wave ¢ is 0.044, and the obtained RMS slope
values of 0.09 and 0.16 are achieved with an MTF of 6.6.
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Discussion

The proposed light “skirt” method allows the measurement of the distribution
of capillary-wave slopes over surface areas of 10 x 10 cm in 0.1 s. Unlike traditional
methods, it does not require complex calibration, can be used in a wide range of
illumination conditions, including during the daytime, and does not involve placing
structural elements in the water.

The obtained values of capillary-slope dispersion on crests (0.0256) and in
troughs (0.0049) are consistent with the physical understanding that capillary-wave
generation is more intense on the crests of long waves due to increased effective
wind speed and nonlinear effects. These data also qualitatively correspond to
the results obtained in [24, 25] for the modulation of short waves by long waves.

The correctness of the laser “skirt” method has been verified by comparing
the total slope dispersion obtained by accumulating frames over several periods of
the energy-containing waves with the dispersion calculated using the Cox—Munk
formulas [10]. In the present experiment (22 February 2025 at 02:55 Moscow time),
when accumulating 1500 frames (16.7 s), the measured total slope dispersion was
cr}z, = 0.018 £ 0.003. The dispersion according to the Cox—Munk model for a wind

speed of 7.4 m/s and a direction differing by 12° from the Y axis was o = 0.017 +
0.002. The agreement within the error limits of the compared methods confirms the
reliability of the proposed method.

The MTF estimate (6.6) is preliminary, as it is based on a single processed
measurement. To establish the dependences of the MTF on meteorological
parameters and physical processes, further systematic measurements are required.
Nevertheless, the given example demonstrates the capabilities of the proposed
method for studying capillary waves on small areas of the sea surface.

Conclusions

In this work, a new method for the operational measurement of the slope
distribution of capillary waves on the sea surface is proposed. The method is based on
analyzing the brightness distribution of laser “skirts” formed when a laser beam is
incident on the sea surface and on recording the scattered radiation from the side of the
incidence point using a video camera. It is shown that the width of the “skirt” is
proportional to the magnitude of the slopes, and that the intensity distribution in the
cross-section of the “skirt” allows the calculation of the slope probability density. The
method enables the recording of capillary waves with an amplitude of 30 um from a
distance of 5-8 m and allows measurements in 0.01 s over surface areas of 10 x 10 cm.
The advantage of the proposed method is the ability to perform measurements in a wide
range of illumination conditions, including during the daytime. Measurements are
possible even from a single frame or from several frames.

Under field conditions, the method was applied to study the capillary structure on
crests and in troughs of gravity waves. It was found that the dispersion of capillary
slopes in troughs is significantly lower than that on crests, which is consistent with
known data on the modulation of short waves by long waves. The obtained results
demonstrate the potential of the method for studying capillary waves in the open sea.
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