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1. INTRODUCTION

One major trend in the development of advanced
methods for studying the coastal water areas is to
intensively use remote sensing methods for the sea sur�
face [1, 2]. They are advantageous, first of all, because
of the high performance of the monitoring. However,
remote sensing methods allow one to obtain only indi�
rect data on oceanic processes. The data interpretation
always requires a consideration of the impact that
mechanisms of different processes and phenomena in
the oceanic thickness make on radar or optical imag�
ery [1].

This study includes a detailed consideration of one
of the possible mechanisms of the manifestation of
subsurface wastewater sink on the sea surface caused
by the radiation of internal waves [1, 3]. The first two
parts of this work considered the generation mecha�
nism of internal waves [4] and the structure of the wave
field induced by the wastewater system [5]. The main
purpose of the third part of this study is to assess the
possibility of internal�wave manifestation caused by a
subsurface sink on the sea surface. To solve this com�
plex problem, it is necessary to obtain the inhomoge�
neous current fields created by internal waves on the

sea surface and estimate the hydrodynamic contrasts
in the field of surface waves caused by these contrasts.

The currents created by internal waves on the sea
surface were investigated on the basis of a scale labora�
tory simulation at the large thermally stratified tank
(LTST) of the Institute of Applied Physics, Russian
Academy of Sciences (IAP RAS) [11, 12], as well as
using a theoretical model. The experiments involve
measurements in the water column and surface. The
fields for the water column were described in the sec�
ond part of this study [5].

The present part of the study considers the mea�
surement results for temperature oscillations in the
water column and fields of currents created by these
waves on the water surface. The latter was performed
using a distribution of temperature with shallow ther�
mocline located at a depth of 13–15 cm on average.
The velocities of liquid outflow from the collector
model were 40, 70, 100, and 150 cm/s. For these con�
ditions, the Particle Tracking Velocimetry (PTV)
method was used to measure the velocities of surface
currents.

The theoretical calculations of surface currents
were based on the internal�wave model described in
the second part of the study [5]. A comparison with

Surface Manifestations of Internal Waves Investigated 
by a Subsurface Buoyant Jet: 3. Surface Manifestations 

of Internal Waves
V. G. Bondura, Yu. V. Grebenyuka, E. V. Ezhovab, V. I. Kazakovb, D. A. Sergeevb, 

I. A. Soustovab, and Yu. I. Troitskayab

a Aerokosmos Scientific Center of Aerospace Monitoring, Gorokhovskii per. 4, Moscow, 105064 Russia
e�mail: vgbondur@aerocosmos.info

b Institute of Applied Physics, Russian Academy of Sciences, ul. Ul’yanova 46, Nizhny Novgorod, 603950 Russia
e�mail: yuliya@hydro.appl.sci�nnov.ru

Received August 12, 2009; in final form, February 3, 2010

Abstract—In a large test reservoir at the Institute of Applied Physics, Russian Academy of Sciences, a series
of experiments were performed to investigate the surface manifestations of internal waves radiated by a sub�
surface buoyant jet. The field of currents on the water surface of the reservoir was studied through the distri�
bution of temperature with shallow thermocline. Using Particle Tracking Velocimetry (PTV), the velocity
field of surface currents was measured. A theoretical model was developed to calculate the rates of distur�
bances on the surface. A comparison with experimental data indicated that the calculated data of the surface
rate value are overestimated. This discrepancy was explained by the presence of a film of surface�active sub�
stances (SASs) with experimentally obtained parameters. Using scale modeling coefficients, we estimated the
parameters of internal waves radiated by the subsurface wastewater system and the values of their surface
manifestations in field conditions. We estimated the hydrodynamic contrasts in the field of surface waves,
which can be caused by these inhomogeneous currents on the surface. For a wind velocity of 5 m/s, the mag�
nitude of the contrast in the field of short waves can reach up to 10–25%, which is detected with confidence
by remote�sensing methods.

DOI: 10.1134/S0001433810040079



IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS  Vol. 46  No. 4  2010

SURFACE MANIFESTATIONS OF INTERNAL WAVES INVESTIGATED 483

experimental data revealed that this theory overesti�
mates the values of velocities on the surface of fresh
water. An explanation for this discrepancy is proposed
which is related to films of surface�active substances
(SASs) on the water surface. These experiments
included measurements of the module of film elastic�
ity and, on that basis, estimates for the surface velocity
with regard to its decreased value in the boundary
layer, which is caused by the presence of the elastic
film. The adjusted estimates of velocity are very con�
sistent with the measurement results.

Based on experimental data coupled with the large
laboratory modeling coefficients, we estimated the
hydrodynamic contrasts in the field of surface waves
with an inhomogeneous current created at the surface
by internal waves in field conditions.

This work has the following structure: Section 2
briefly describes the experimental setup for obtaining
the velocity field created at the surface by internal
waves. Section 3 contains theoretical estimates for the
velocity of internal waves at the surface and a compar�
ison with experimental data. Section 4 discusses the
role of SAS films at the surface. The theoretical esti�
mates for velocities with account for an SAS film at the
surface were compared with the measurement data
presented in Section 2. Based on the results of the
study, Section 5 estimates the surface manifestations
of internal waves in field conditions.

2. A DETERMINATION OF THE FIELD 
OF VELOCITY CREATED AT THE SEA 

SURFACE BY INTERNAL WAVES

2.1. Experimental Studies on Measuring the Surface 
Currents in the LTST for Shallow Thermocline

Using the PTV�Method 

In the course of experiments on the study of surface
currents induced by the collector model in conditions
of shallow thermocline (see Fig. 1), the following two
important problems have appeared.

The first problem was that, when temperature
stratification of the type of a shallow thermocline is
created (Fig. 1), large�scale currents as a system of
cyclonic and anticyclonic eddies emerge in the surface
layer. Measurements performed with the help of the
PTV method [6] indicated that the scale of an individ�
ual eddy was 1.5–2.5 m, the maximum velocities of
currents in it reached 1.3 cm/s, and the average veloc�
ities constituted 2–4 mm/s. These values were calcu�
lated approximately, because the size of the survey area
in both series of experiments did not allow one to cover
the whole area occupied by at least one eddy. It can be
assumed that eddies appeared by nonuniform hori�
zontal heating of the fine upper layer of stratification.
The presence of the eddy current made a low�fre�
quency trend in the dependence of the velocity on
time, which was eliminated with the help of the low�
frequency filtering of the results (see Subsection 2.2).

The second factor making it difficult to perform
velocity measurements of surface currents is the pres�
ence of a SAS film, which could not be completely
removed.

We measured the parameters of the SAS film using
the technique proposed in [7, 8]. With the help of a
special grid, we took samples in the basin and then
determined the parameters of the film elasticity by
measuring the attenuation of standing capillary–
gravitational waves. The relative accuracy of mea�
suring the film�elasticity module by this method
constitutes 20%.

A total of four measurements were conducted at
the beginning and end of each series of experiments;
their results are shown in the table.

The results of measurements of film elasticity mod�
ules were used in estimating the velocity at the sea sur�
face (see Section 4).
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Fig. 1. Operating profiles of temperature stratification in
the LTST.

Table

Series of experi�
ments

Surface tension coef�
ficient (dyne/cm)

Elasticity module 
E (dyne/cm)

Start of series of ex�
periments S1

67.4 2.1

End of series of ex�
periments S1

67 2.8

Start of series of ex�
periments S2

67.5 1.95

End of series of ex�
periments S2

67.1 2.9
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2.2. Measuring the Velocity at the Water Surface
by the PTV Method 

As was already mentioned above, in the course of
experiments in conditions of stratification with a shal�
low thermocline [5], the velocity of surface currents
induced by buoyant jets was measured with the help of
the PTV method [6]. In this case, the limited area of
basin surface observation was seeded by particles of
black polyethylene with a characteristic size of around
1.5 mm for creating a contrast to the white background
of the bottom (see the experimental setups in Figs. 2
and 3). The motion of particles was recorded by a dig�
ital video camera from above, and the resulting time
series of images were then processed on a computer.

It turned out to be impossible to combine the par�
ticle observation area with the sensor allocation area
(the distance between sensors and the observation�
area center is a minimum) in the conditions of this
experiment, because the sensor images hindered the
correct identification of particles. In view of this, we

conducted two series of experiments with the sensors
and the observation area allocated differently relative
to the collector model. The series S1 (see Fig. 2)
included the installation of a vertical antenna of tem�
perature sensors (at a distance of 200 cm from the col�
lector model); a scanning velocity meter (at a distance
of 260 cm); and the center of the observation area (at
a distance of 400 cm), which is a 60 × 48 cm rectangle
was oriented by its longer side along the direction of
the jet current. In the experiment series S2 (see Fig. 3),
the surface observation area was located at a distance
of 200 cm from the collector model. The area has
dimensions 100 × 80 cm and was oriented perpendic�
ular to the current motion. Further, at a distance of
300 cm from the collector model, temperature sensors
were located and, at a distance of 360 cm, a scanning
velocity meter was located.

With the classical PTV�method, one normally
measures the velocity of each particle with respect to
its motion on frames separated by a time interval and
then reconstructs the velocity field by the velocity val�
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Fig. 2. General schematic of LTST IAP RAS experiments with the location of temperature and velocity sensors before the surface
observation area (series S1).
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ues at the points of particle location. In these experi�
ments, due to the presence of a background current
(see Subsection 2.1), the number of particles in the
observation area quickly decreases with time. For this
reason we were able to determine only the averaged (over
the observation area) value of the current velocity.

To this end, we found the trajectories of particles
passing through this area and calculated their velocity
at each moment. Then, at each moment, we calcu�
lated the velocity value averaged over all particles that
are found in the observation area at the given moment.
To exclude the background low�frequency trends in
the particle velocity, which are conditioned by the
average currents in the basin (see Subsection 2.1), we
perform the low�frequency filtering of distributions of
signals at frequencies below 0.02 Hz. The examples of
such time dependences of averaged (over the observa�
tion area) velocities of surface currents are shown in
Fig. 4.

Based on measured time realizations, we calculated
the rms values of the surface velocity 〈V '2〉1/2. The
dependence of 〈V '2〉1/2 on the rate of liquid outflow

from the collector diffuser model is shown in Fig. 5. It
can be seen from here that 〈V '2〉1/2 varies in the range
between 0.1 and 0.3 mm/s.

3. THEORETICAL ESTIMATES FOR THE RATE 
OF DISTURBANCES AT THE WATER 

SURFACE CAUSED BY INTERNAL WAVES 
WITH UNKNOWN PARAMETERS

Using the representation of the fields of internal
waves as expansions with respect to eigenfunctions
(see the second part of this study [5]), one can deter�
mine the velocity field at the water surface by mea�
sured temperature oscillations for known profiles of
average temperature and velocity. Indeed, the vertical
velocity at any level z can be expressed through a shift
of liquid particles according to the formula

(1)0 0( ) .w U ik U c
t x

∂ξ ∂ξ
= + = − ξ
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Fig. 3. General schematic of LTST IAP RAS experiments with the location of temperature and velocity sensors beyond the surface
observation area (series S2).
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Then, in view of relations

(2)

one easily can derive the expression for the horizontal
velocity u of particles through the shift ξ:

(3)

In the second part of this study [5], it was shown
that the field of internal waves can be represented as a
superposition of the first two modes of internal waves.
Then, one can represent the relation for the shift of
liquid particles as the expansion

(4)

where   are the first and second eigenmodes
of the system. Because the derivative of the average

0

0
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velocity at the water surface is equal to zero,

 we obtain

(5)

where  and  are the phase velocities of the first and
second eigenmodes, respectively.

As was noted in Section 2, the signal processing at
the basin surface is performed through low�frequency
filtering with a frequency cutoff of 0.02 Hz. This tech�
nique was applied to each isotherm in all experiment
realizations; next, the field of isotherm shifts was
expanded with respect to modes and the time depen�
dences A(t) and B(t) of expansion coefficients by
modes were determined. The values of derivatives of
eigenfunctions at the surface were found by solving the
boundary problem for eigenfunctions and eigenvalues
(see formulas (6) and (7) in [5]). Using the resulting
relations and on the basis of formula (5), we calculated
the time dependences of the velocity of the surface
currents. Then they were compared with the results of
measurements of the surface currents with the help of
the PTV�method.

Figures 6 and 7 show the dependences of the aver�
age velocity amplitude of surface currents on the rate
of liquid outflow from the collector model, which were
obtained theoretically and experimentally. It can be
seen from these figures that the theoretical estimates
considerably exceed the experimental results (by
about 2–5 times). This discrepancy can be explained
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Fig. 4. Rates of disturbances at the basin surface as mea�
sured by the PTV method for rates of liquid outflow from
the collector model: a, 40 cm/s, b, 40 cm/s, c, 100 cm/s,
and d, 150 cm/s.
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by the presence of the SAS film at the water surface
(the film�elasticity modules measured experimentally
are presented in the table).

4. ESTIMATION OF THE INFLUENCE 
OF SAS FILMS ON WATER SURFACE

When a SAS film is present near the water surface,
a wave boundary layer is generated with a significantly
changed liquid velocity when compared to its value
outside the boundary layer. To describe the change in
the structure of the internal�wave mode when a SAS
film is present, one needs to take into account the
molecular viscosity of water. In this case, the free sur�
face of water requires an additional boundary condi�
tion for the continuity of tangential stresses with
account for the film elasticity [9]:

(6)

where σ is the coefficient of surface tension, Γ is the
surface concentration of the SAS film, and ν is the
coefficient of molecular viscosity.

The scale of wave boundary layer δ is determined by
the wave frequency ω and molecular viscosity ν:

(7)

here, for internal waves in the LTST, the following
condition is satisfied:

kδ � 1. (8)

,w u d
x z d x

∂ ∂ σ∂Γ⎛ ⎞ν + = −⎜ ⎟
∂ ∂ Γ∂⎝ ⎠

ν
δ =

ω
,

In this case, the problem of the influence of the SAS
film on the structure of internal waves can be solved by
the method of joined asymptotic expansions [10]. In
this case, the wave field outside the boundary layer is
described by the system of equations of ideal hydrody�
namics of a stratified liquid (external solution) [11]
and, inside the boundary layer, the disturbances of
horizontal velocity u satisfy the diffusion equation
(internal solution):

(9)

The joining of the external and internal solutions yields
the boundary condition for equation (9) as z  ∞:

(10)

where U0 is given by formula (5).
If condition (8) is satisfied, boundary condition (6)

takes the form

Applying the equation for the surface concentra�
tion of SAS [9],

we finally obtain the boundary condition to perturba�
tions of the horizontal velocity at the surface:
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and the light diamonds indicate the measurement results
obtained by the PTV method.
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where  is the module of film elasticity.

The solution of Eq. (9) with boundary condition (10)
has the form

(12)

Inserting the solution of (12) into boundary condi�
tion (11), we obtain

(13)

Then, the amplitude U0 + U
ν
 of horizontal velocity

induced by an internal wave at the water surface in the
presence of a SAS film will be expressed as

(14)

Theoretical estimations of the value of the velocity on
the surface according to formula (14) were compared
to the measurement data (Figs. 8, 9). The values of
modules of elasticity Е used for the estimation are
shown in the table. The estimate for the error in theo�
retical values was determined by the measurement
error of Е, which constituted 20% [7, 8]. It is seen from
the figures that the resulting theoretical estimates are
in significantly better agreement with experimental
data than in Figs. 6 and 7.

Thus, the experiments revealed that, in the pres�
ence of internal waves radiated during the liquid out�
flow from the subsurface collector model, surface cur�
rents with spatial periods controlled by the lengths of
internal waves appear. Their scales are indicated in
Table 2 of the second part of this work [5] and consti�
tuted 30 to 60 cm. The standard deviations of veloci�
ties in the presence of a SAS film at the water surface
take values in the range from 0.1 to 0.3 mm/s, which
correspond to the amplitudes from 0.15 to 0.45 mm/s.
A comparison with Fig. 5 indicates that these values
for a pure water surface would constitute 1 to 2 mm/s.

It should be pointed out that these experiments
were performed for conditions of scaled modeling. In
view of this, using the coefficients of modeling [12],
one can estimate the currents created near the subsur�
face collector in field conditions, the parameters of
radiated internal waves, and the value of their surface
manifestations, as well as make conclusions on the
possibility of remote diagnostics of these waves. In our
laboratory experiment, the coefficient of scale model�
ing with respect to the velocity value constitutes 1 : 3
and the coefficient of geometric similarity was 1 : 27.
In view of this, we reveal the fact that this experiment

0
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simulated stratification with a pycnocline thickness of
around 4 m, an internal�wave length of 8 to 43 m, a
wave phase velocity of 5 to 10 cm/s, and a surface
velocity of 0.3 to 0.6 cm/s.

5. ON THE POSSIBILITY OF REMOTE 
DIAGNOSTICS OF SURFACE 

MANIFESTATIONS OF INTERNAL WAVES

Let us estimate the hydrodynamic contrasts in the
field of surface waves, which can induce surface cur�
rents with the velocities determined in Section 4. To
this end, we use the kinetic equation for the spectral
density of wave action

(15)

where  is the proper frequency of waves and 
is the wave�energy spectrum [13]:

(16)

where  is the wave increment depending on
the heaving spectrum, N and U are parameters charac�
terizing the wind velocity (hereafter, U is represented

as : the square of viscous friction velocity, which is
proportional to tangential turbulent stress), Ω is the
circular frequency, k is the wave number, and  is
the collision integral determining the nonlinear inter�
action of waves.

If there is a surface current field  generated by
internal waves, it produces disturbances in the surface�
wave distribution  If they are small in comparison
with undisturbed values N = N0, one can use these val�
ues to expand  and Int[N] into a Taylor series.

Taking into account the Doppler effect, the circu�
lar frequency of surface waves with a wave number  in
the laboratory system of reference can be expressed as

(17)

where  is a dispersion equation for gravitational–
capillary waves on the resting mode.

The expressions for the collision integral in the
right�hand side of (16) are well known (see, for exam�
ple, [13]) but complicated for using in applications. A
number of authors used different modifications of the
so�called relaxation models for approximating the col�
lision integral in (16) [14, 15]. Let us use the model
proposed in [16].

Let  be a equilibrium spectrum of wind waves.
It satisfies the equation
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Let us consider a spatially homogeneous distur�
bance  of the equilibrium spectrum  of wind
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waves. Then, N = N0 + N1. If N1 � N0, equation (16)
can be linearized:

(19)

The solution of (19) can be sought in the form

(20)

where  is the relaxation rate. Inserting (20) into
(19), we obtain

(21)

The expression in square brackets is an operator
and  is its eigenvalue. For the disturbance of the col�
lision integral, a relaxation approximation was pro�
posed [15]:
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Using approximation (22) and expression (17) for
Ω, we obtain from (19)
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For simplicity, we assume that the dependence of
 on x is harmonic:
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then,
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Inserting (24) and (25) into (23), we obtain
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As the relaxation time, the authors of [15] recommend
taking a value proportional to the rate that the density
of the surface�wave energy rises with a coefficient of
2–5. We used the Plant formula [16] and took a pro�
portionality coefficient of 2. Then, we have
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where  Let us assume
that the form of the surface�rise spectrum in surface
waves is described by the Phillips saturation spectrum
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N0(k) = E(k)/Ω0(k) =  In view of this,
one can use (26) to estimate the coefficient of modu�
lation of spectral density of the harmonics with wave
number k:

(28)

The dependence graph of the module of modulation
coefficient |M(k)| is shown in Fig. 10 for the following
parameters of internal waves and surface currents:
ω/q = 9.6 cm/s, u* = 18 cm/s (the wind velocity is

around 5 m/s),  = 0.6 cm/s (solid line) and  =
0.3 cm/s (dotted line). It can be seen that the contrast
maximum (0.035–0.07) is reached at k = 0.12 cm–1

(a wavelength of around 50 cm). These contrasts can
be marked out by using the spatial spectral processing
of images [1, 2].

One may expect a rise in the hydrodynamic con�
trast at short nonlinear waves that are the harmonics of
decimeter�range waves (the so�called bound waves)
[18, 19]. For these waves, on the basis of laboratory
experiments [20, 21], a sharp increase in the contrast
of centimeter and millimeter ranges was revealed over
decimeter waves in the presence of inhomogeneous
currents. These studies noticed a 7–8�fold increase in
coefficients of modulation of centimeter and millime�
ter waves when compared to decimeter waves. If these
values are used for estimating, one can expect high
hydrodynamic contrasts in the connected centimeter
and millimeter waves on an order of 0.25–0.6. It
should be noted that, in field conditions, the field of
wind waves includes (together with connected short
waves) free waves which are weakly modulated in the
presence of the internal waves considered here for two
reasons: the strong renewal from the group resonance
and the small relaxation time. According to Plant’s
measurements [22], the fraction of bound waves for a
wind velocity of 5 m/s is equal to 0.5. This yields an
estimate for the contrast in the field of short waves of
0.12–0.3, which can be confidently detected with the
help of remote methods [1, 2].

CONCLUSIONS

To investigate the surface manifestations of deep�
water sinks in the large thermally stratified basin at the
Institute of Applied Physics, Russian Academy of Sci�
ences, a scale simulation was performed to actuate
internal waves by turbulent buoyant jets flowing from
the diffusers of subsurface wastewater systems in con�
ditions of temperature stratification with shallow ther�
mocline.
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Using the PTV method, the velocities of currents
generated by internal waves at the water surface in the
basin were measured. The values of surface velocities
in this laboratory experiment were significantly
reduced due to the presence of a SAS film, which
could not be eliminated completely. In relation to this,
special measurements of the film parameters were per�
formed and its influence on the surface velocities was
estimated. For the known parameters of the film, it
became possible to estimate the velocities that would
be generated by internal waves at the surface of pure
water. The amplitudes of velocity oscillations esti�
mated in this way were equal to 0.1–0.2 cm/s.

Using the coefficients of scale modeling, we esti�
mated the parameters of internal waves (particularly
with wavelengths varying in the range between 8 and
45 m) radiated by a subsurface wastewater sink and the
values of their surface manifestations in field condi�
tions. We estimated the hydrodynamic contrasts in the
field of surface waves, which can be caused by these
inhomogeneous currents on the surface. For a wind
velocity of 5 m/s, the magnitude of the contrast in the
field of short waves can reach up to 10–25%, which is
detected with confidence by remote�sensing methods.

ACKNOWLEDGMENTS

The authors are grateful to Academician
A.V. Gaponov�Grekhov, Professor K.D. Sabinin, and
Doctor O.A. Druzhinin for stimulating discussions.
This study was supported by the Russian Foundation
for Basic Research, project nos. 06�05�64473, 06�05�

0.08

0.06

0.04

0.02

0 0.1 0.2 0.3 0.4 0.5

M

k, cm–1 

Fig. 10. Graph of the dependence of the modulation coeffi�
cient of short waves M(k) for the following parameters of
internal waves at the surface: ω/q = 9.6 cm/s, u* = 18 cm/s,

 = 0.6 cm/s (solid line), and  = 0.3 cm/s (dashed
line).

10wu 10wu



IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS  Vol. 46  No. 4  2010

SURFACE MANIFESTATIONS OF INTERNAL WAVES INVESTIGATED 491

64890, 07�05�00565a, 08�05�97013r_povolzhie_a,
09�05�00779a, 09�05�00487, and 09�05�00368, as
well as by the Foundation for Scientific Schools,
project no. NSh�1244.2008.2 “Scientific and Educa�
tional personnel of innovative Russian 2009–2013.” 

REFERENCES

1. V. G. Bondur, “Aerospace Methods in Modern Ocean�
ology,” in New Ideas in Oceanology, Vol. 1: Physics.
Chemistry. Biology (Nauka, Moscow, 2004), pp. 55–117
[in Russian].

2. V. Bondur, Complex Satellite Monitoring of Coastal
Water Areas, 31.

3. V. G. Bondur and Yu. V. Grebenyuk, “Remote Indica�
tion of Anthropogenic Impacts on the Marine Environ�
ment Caused by Deep�Water Sewage Discharge: Mod�
eling and Experiment,” Issled. Zemli Kosmosa, No. 6,
1–19 (2001).

4. V. G. Bondur, Yu. V. Grebenyuk, E. V. Ezhova, et al.,
“Surface Manifestations of Internal Waves Investigated
by a Subsurface Buoyant Jet. Part 1. The Mechanism of
Internal�Wave Generation,” Izv. Akad. Nauk, Fiz.
Atmos. Okeana 45 (6), 833–845 (2009) [Izv., Atmos.
Ocean. Phys. 45 (6) 779–790 (2009)].

5. V. G. Bondur, Yu. V. Grebenyuk, E. V. Ezhova, et al.,
“Surface Manifestations of Internal Waves Investigated
by a Subsurface Buoyant Jet: Part 2. Internal Wave
Field,” Izv. Akad. Nauk, Fiz. Atmos. Okeana 46 (3)
(2010) [Izv., Atmos. Ocean. Phys. 46 (3) (2010)] (in
press).

6. R. J. Adrian, “Particle Imaging Techniques for Experi�
mental Fluid Mechanics,” Annu. Rev. Fluid Mech. 23,
261–304 (1991).

7. S. A. Ermakov, S. V. Kiyashko, and I. R. Konnov,
“Determining the Elasticity Parameter of Surfactant
Films from Damping Measurements of Standing Grav�
ity–Capillary Waves,” Izv. Akad. Nauk, Fiz. Atmos.
Okeana 32 (4), 544–547 (1996) [Izv., Atmos. Ocean.
Phys 32 (4), 503–505 (1996)].

8. S. A. Ermakov and S. V. Kijashko, “Laboratory Study
of the Damping of Parametric Ripples due to Surfac�
tant Films,” Marine Surface Films, Gamburg:
Springer, 113–128 (2006).

9. V. G. Levich, Physicochemical Hydrodynamics (FML,
Moscow, 1959) [in Russian].

10. A. Kh. Naife, Perturbation Methods (Mir, Moscow,
1976) [in Russian].

11. E. Gossard and W. Hooke, Waves in the Atmosphere
(Elsevier, Amsterdam, 1975; Mir, Moscow, 1978).

12. Yu.I. Troitskaya, D.A. Sergeev, E.V. Ezhova, I.A. Sous�
tova, and V.I. Kazakov, Autogeneration of Internal
Waves by Buoyant Surface Jets in a Stratified Basin,
Dokl. Akad. Nauk 419 (5) 691–695 (2008).

13. K. Hasselmann, “On the Non�Linear Energy Transfer
in a Gravity�Wave Spectrum. Part 1. General Theory,”
J. Fluid Mech. 12, 481–500 (1962).

14. T. Hara and W. J. Plant, “Hydrodynamic Modulation of
Short Wind�Wave Spectra by Long Waves and Its Mea�
surement Using Microwave Backscatter,” J. Geophys.
Res. 99 (C5), 9767–9784 (1994).

15. W. C. Keller and J. W. Wright, “Microwave Scattering
and the Straining of Wind Generated Waves,” Radio
Sci. 10, 139–147 (1975).

16. W. J. Plant, “A Relationship between Wind Stress and
Wave Slope,” J. Geophys. Res. 87 (C3) 1961–1967
(1982).

17. O. M. Phillips, “The Equilibrium Range in the Spec�
trum of Wind Generated Water Waves,” J. Fluid Mech.
4, 426–434 (1958).

18. S. A. Ermakov and S. G. Salashin, “Effect of Strong
Modulation of Gravity–Capillary Waves by Internal
Waves,” Dokl. Akad. Nauk 337 (1), 108–111 (1994).

19. S. A. Ermakov, I. A. Sergievskaya, Yu. B. Shchegolkov,
et al., “Wave Tank Study of “Cascade” Modulation of
Bound Capillary–Gravity Waves due to Internal
Waves,” Proc. IGARSS. IEEE III, 1087–1089 (2000).

20. M. Gade, W. Alpers, S. A. Ermakov, et al., “Wind–
Wave Tank Measurements of Bound and Freely Propa�
gating Short Gravity�Capillary Waves,” J. Geophys.
Res. 103 (C9), 21697–21710 (1998).

21. W. J. Plant, W. C. Keller, V. Hesany, et al., “Bound
Waves and Bragg Scattering in a Wind Wavetank,”
J. Geophys. Res. 104 (C2), 3243–3263 (1999).

22. W. J. Plant, “A New Interpretation of Sea�Surface
Slope Probability Density Functions,” J. Geophys.
Res. 108 (C9), 3295, doi: 10.1029/2003JC001870
(2003).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


