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Abstract

Several series of numerical experiments were conducted to generate a mesoscale eddy in a deep rotating basin (4000 m deep)
with stratification typical of mid- and low-latitude of the World Ocean, including an upper mixed layer, a density jump layer, and
a main pycnocline. A sea level anomaly driven by Ekman transport convergence was created at the basin’s center by specifying a
wind stress configuration typical for a stationary atmospheric anticyclone. Due to geostrophic adjustment, the resulting pressure
anomaly generated an anticyclonic baroclinic eddy in the basin, the rotation velocity of which decreased with depth.

Numerical experiments varying the horizontal scale of the eddy, the Coriolis frequency, and the stratification parameters
yielded a universal relationship between the ratio of the rotation velocity in the surface and bottom layers and the ratio of the hor-
izontal scale of the eddy to the first baroclinic Rossby radius of deformation. Comparing this universal relationship with published
estimates of the horizontal scale of mesoscale eddies in the World Ocean from altimetry and shipboard measurements revealed
that at low- and mid-latitudes, the rotation velocity typically weakens with depth by more than 80 %. In the presence of a bottom
topography disturbance in the form of an abyssal channel under a mesoscale baroclinic eddy, a current arises in the channel whose
velocity is significantly higher than the bottom velocity in the undisturbed eddy. The velocity disturbance caused by the abyssal
channel is not limited to the channel itself, but reaches the surface, provided that the width of the channel exceeds the first baro-
clinic Rossby radius of deformation.

Keywords: surface-generated mesoscale eddy, Ekman transport convergence, sea level anomaly, first baroclinic Rossby radius of
deformation, abyssal flow, numerical modelling
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AHHOTAIUSA

ITpoBemeHO HECKOBKO CepUit YMCIEHHBIX KCITIEPUMEHTOB ¢ TeHepalueil Me30MacIITabHOTO BUXPs B IITyOOKOM Bpalaio-
memcs 6acceiine (rmyouna 4000 M) co ctpaTudUKaLueid, TAMTMYHON JUTSI CPEAHUX Y HU3KUX ITMPOT MUPOBOTO OKeaHa, BKJIouYast
BEPXHUI TIepeMeIIaHHbBIM CJIOM, CJIOM CKauKa INIOTHOCTU U OCHOBHOI MMKHOKJIMH. B 11IeHTpe 6acceiiHa co3naBaiach aHOMAaIUS
YPOBHSI MOpsI, OOYCJIOBJIEHHAsl KOHBEpreHIMei nepeHoca DKMaHa, ImyTeM 3aJaHusl KOH(GUTYypaluy BETPOBOrO HANPSIKEHUS,
TUITAYHOW JUISI CTAallMOHAPHOTO aTMOC(EpHOTrO aHTUIIMKIIOHA. BeiencTBue reoctpoduieckoro MpuCIocoOIeHNsT aHOMATHST
JaBJAeHMs Topoxaana B 6acceitHe aHTULMKIOHWYECKUIA OapOKJIMHHbBIN BUXPb, CKOPOCTb BpallleHMsI KOTOPOTO YMEHbIIalach
C ITyOMHOM.
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Penetration of surface-generated mesoscale eddies into oceanic abyssal (numerical experiments)

IIponMKHOBeH1E Me30MACHITAOHBIX BUXPeii, 00Pa3yIOIMXCS HA MOBEPXHOCTH, B OKEAHUYECKYI0 a01Cccaib (YHCIEHHbIE IKCTIEPMMEHTDI)

YucneHHbIe SKCIIEPUMEHTHI C BApbUPOBAHUEM TOPU30HTAILHOTO MaciiTaba BUXps, YacToTel Kopuonuca n mapamMeTpoB
cTpaTU(UKaLKUU TT03BOJUIN YCTAHOBUTH YHUBEPCATbHYIO 3aBUCUMOCTb MEXJ1y OTHOLLIEHUEM CKOPOCTU BpallleHUs B MOBEPX-
HOCTHOM U TIPUJOHHOM CJIOSIX ¥ OTHOIIEHUEM FOPU30HTAIbHOTO MacIiTaba BUXPsI K IEpBOMY 0apOKIMHHOMY panuycy aedop-
manuu Poccou. CpaBHUBaAs 3TO YHUBEPCAIbHOE COOTHOLIEHUE C OMYOJIMKOBAHHBIMU OLIEHKAMU TOPU30HTAJIBHOTO Maciiitada
Me3oMacllITabHbIX BUXpeit B MUPOBOM OKeaHe, MOJyYeHHbIMU HA OCHOBE aJILTUMETPUU U CYJAOBBIX UBMEPEHUI, ObLIO ycTa-
HOBJIEHO, YTO B HU3KUX U CPEIHUX IIIMPOTAX CKOPOCTh BPalLllEHUs] B ME30MACIITAOHBIX BUXPSIX OOBIYHO Oc/abeBaeT ¢ NyOUHOI
6osee yeM Ha 80 %. [1pu HanMuMM BO3MYyIIeHUs Tororpaduu qHa B Bulle aOMCCAIbHOTO KaHala 1o Me30MacIliTabHbIM 6apo-
KJIMHHBIM BUXPEM, B KaHaJIe BO3HUKAET TeYeHNEe, CKOPOCTb KOTOPOI0 3HAYMTENILHO BbIIIE, YEM MTPUAOHHAS CKOPOCTh B HEBO3-
MyILEHHOM BUXpe. Bo3aMyliieHne ckopocTu, BbI3BaHHOE a0MCCAIbHBIM KaHAJIOM, HE OTPAaHUYMUBAETCSI CAMUM KaHAJIOM, a J0-
CTUTAET MOBEPXHOCTHU NP YCIOBUM, YTO LIMPUHA KaHaJIa TIPEBbIIIAeT MePBbIi 0apOKIMHHBIN paauyc nedopmaiuu Poccou.

KiioyeBbie coBa: reHepalivsi Me3oMacIITAOHbIX BUXPEil BO3MECTBUEM BETpa, KOHBEPreHIMs epeHoca DKMaHa, aHOMasus
YPOBHSI MODsI, TIEPBBIit 0apOKIMHHBIN panauyc aedhopMmau Poccou, abuccanbHoe TeueHUe, YMCIEHHOE MOIETMPOBaHE

1. Introduction

Baroclinic instability of geostrophic currents is considered a major cause of mesoscale eddy generation in the
ocean [1, 2]. It is natural to expect that the penetration depth of the eddies is determined by the penetration depth
of the geostrophic current subjected to baroclinic instability. Thus, according to in situ measurements, the Agulhas
anticyclonic rings travelling in the South Atlantic to northwest from the Agulhas retroflection region reach depths of
1000—1500 m and ventilate this entire layer [3, 4].

Kelley and Weatherly [5] compared in situ measurements of near-bottom currents at depths greater than 4900 m
at the base of the continental rise south of Nova Scotia with satellite data on the location of Gulf Stream frontal mean-
ders and rings. They found that, despite the existence of the Deep Western Boundary Current, which flows counter to
the Gulf Stream, energetic fluctuations in the bottom layer with time scales of 30—90 days coincided with, and most
probably resulted from, the movement of Gulf Stream meanders and rings. The passage of an anticyclonic mesoscale
eddyin the South China Sea through ofan ADCP mooringsite caused a coherent increase in current velocity to 50 cm/s
and 5 cm/s in the surface layer at a depth of 75 m and the bottom layer at a depth of 3525 m, respectively [6].

Frey et al. [7] reported a correlation between sea level anomalies from altimetry data [8] and the current velocity
in the Vema abyssal channel of the South Atlantic based on ADCP measurements at moored stations [9]. Based on
this correlation, the authors concluded that processes at the ocean surface have a more significant connection with
the bottom circulation than it was considered earlier.

In addition to depth-coherent rotation velocities, surface mesoscale eddies can excite sub-inertial and near-iner-
tial oscillations throughout the entire water column, enhancing turbulent mixing in the bottom layer [10].

Mesoscale eddies can also be generated by spatiotemporal wind inhomogeneities that shape sea level anomalies
due to Ekman transport convergence/divergence [2]. Aleynik et al. [11] and Purkiani et al. [12] used a combination of
satellite and in situ observations to assess the relationship between deep-sea current variability in the eastern tropical
North Pacific and mesoscale eddies generated by intense gusts passing through gaps in the Sierra Madre Mountains of
Central America. They found that the passage of large, long-lived anticyclonic eddies with diameter of 400 km caused
depth-coherent current velocity fluctuations reaching 5 cm/s in the bottom layer at a depth of 4000 m.

This paper presents the results of systematic idealized numerical experiments on eddy generation in a circular
deep rotating basin with stratification typical for mid-latitudes of the World Ocean by a non-uniform wind stress
applied to the basin surface. The aim of the study is to determine the dependence of the vortex velocity in the bottom
layer on such key parameters as the vortex velocity in the surface layer, the horizontal scale of the eddy, stratification
characteristics, and the Coriolis parameter.

2. Numerical experiment setup

The scheme of idealized numerical experiments on eddy generation from the surface is shown in Fig. 1. Consider
a circular rotating basin with a diameter of 2R, ,;, = 750, 1500, 3000, or 6000 km and a constant depth of # =4000 m
with horizontally uniform initial density stratification. A tangential wind stress is applied to the basin surface, simu-
lating an atmospheric anticyclone with a radius of R,;,,; << R, at the basin center

S O B S
T R\ 2 2R},

where r is the radial coordinate (distance from the basin center), ¢ is the tangential coordinate (counterclockwise
angle), 1, 7, are the tangential and radial components of the wind stress, respectively, T,y is the maximum value of

J’ T = 0, Rwind << Rbasin’ (1)
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the wind stress, which, according to Eq. (1), is achieved when r = R,;,,. The wind stress (1) acts for a time interval
tying= 12 days and then ceases (t, = 0 when 7> 1,,,,). The condition t,,,, > 0 in Eq. (I) corresponds to clockwise wind
rotation, which, with a positive Value of the Coriolis parameter /> 0, creates a convergence of the Ekman transport
in the surface layer in the basin center and a corresponding increase in the water level. Due to geostrophic balance, a
rise in the level in the center of the basin leads to the formation of an anticyclonic eddy in the water with a radius R, 4,
comparable to R,,,s: Rogqy ~ Rying- The value of 1., was selected such that the maximum water velocity in the created
eddy shortly after the end of the wind action (more precisely, at = 16 days) was of the order of 1 m/s. Note that for a
wind duration of 7,,;,,, = 12 days, the velocity field in the basin is analyzed somewhat later, at # = 16 days, to allow the
Ekman drift to decay and only the geostrophic component to remain.

There are no heat and salt fluxes across the basin boundaries.

An initial density stratification typical for low- and mid-latitudes of the World Ocean with an upper mixed layer
(ML), a jump layer, and a main pycnocline is specified analytically using vertical profiles of potential temperature 7°
and salinity § of the form

T, for0=2z>-h

T(x,y,2)= S(x, y, 2) =35 ppt, 2

0.5
T, (T, —Tz)[;j—:;l’j for —h>z>-H

where T, and 4 are the temperature and depth of the ML, (7, — T)) is the temperature difference across the jump
layer, 75 is the temperature at the bottom, 7, > 7| > T5, the z-axis is directed upward and z = 0 on the undisturbed
surface of the basin. We set the ML depth to # = 100 m, and the basin depth to H = 4000 m. Numerical experiments
were carried out with two types of stratification of the form Eq. (2): strong stratification (7, 7}, T, = 30, 25, 5 °C)
and weak stratification (7, T, T, = 15, 10, 5 °C).

Rwind Rbasin>>R

wind
.......... valllrfz/i/t/r/e/fs/’/////// e
Ekman transpmsurface
convergence elevation
72 T,

1000+

2000+ T°C
] 10 —
3000+
Z, -
m +—6 6 —
] H=4km| T,
4000

Fig. 1. Setup of idealized numerical experiments
on eddy generation from the surface

The Princeton Ocean Model (POM) [13] is used as a tool for the numerical experiments. The POM codes are
freely available through https://www.pomusers.org. The finite difference grid of the model is [IM x JM] = [301 x
x 301], the grid step is dx = dy = 2.5, 5, 10, and 20 km for a basin diameter of 750, 1500, 3000, and 6000 km, respec-
tively, the number of sigma layers vertically is 68. The thickness of the sigma layers varies from 10 m in the near-sur-
face and near-bottom layers of 200 m depth, reaching 150 m at the intermediate layer away from the surface and
bottom.
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Numerical experiments are conducted on the f~plane (the Coriolis parameter is constant over the basin — the
beta effect is excluded). The primary focus is on experiments generating anticyclonic eddies, assuming similar results
for cyclonic eddies.

3. Results
3.1. Experiment in a non-stratified basin

Before examining the experimental results in a stratified basin, we present, for comparison, an example of calcu-
lations for a non-stratified basin with an atmospheric vortex radius of R,;,;, = 178.4 km (Fig. 2). The rotation velocity
of the eddy formed in the basin is found to be constant across the basin depth except for an Ekman boundary layer of
several tens of meters thick where the rotation decreases to zero at the seabed. The maximum velocity decreases by a
factor of 2 over 104 days (from 19 cm/sto 9.5 cm/s over the period from 7= 16 days to = 120 days). Under geostrophic
balance, the velocity is proportional to the horizontal pressure gradient, so the constancy of the velocity across the depth
means that the pressure anomaly at the bottom z = —H remains the same as at the undisturbed surface z = 0.

~ t=120 days
T :
v [m/s] o0 [
i | e
.
1 o
| | :
] ‘ ‘ L
| |
] |
| ole S
T RB SN
1 1)t |
-500 0 500
X [km]

Fig. 2. Velocity vs distance and depth at # = 16 and 120 days
for a section through the center of a non-stratified basin in an
experiment with R,;,, = 178.4 km and f = 1.454 104 s"!

3.2. Experiments in a stratified basin with flat bottom

An eddy generated in a stratified basin in the same manner as the eddy in a non-stratified basin shown in Fig. 2 is
illustrated in Fig. 3. The presence of density stratification led to significant changes in the structure and evolution of
the eddy relative to the case without stratification. First, due to the presence of density stratification, the water rota-
tion velocity in the eddy now decreases with depth from 0.34 m/s at the surface to 0.17 m/s at the bottom immediately
after the end of the formation period (= 16 days). In accordance with geostrophic balance, isopycnals (isotherms) in
the anticyclonic eddy deepen, partially compensating for the barotropic pressure anomaly created by the water level
elevation. Secondly, in the surface layer, the eddy decays very slowly: by the time # = 120 days, the maximum velocity
decreases by only 15 %, from 0.34 m/s to 0.29 m/s. Thirdly, the maximum velocity in the deep layer decreases faster
than in the surface layer: the decrease is 53 %, from 0.17 m/sto 0.08 m/s (i. e., the eddy undergoes “baroclinization”).
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Fig. 3. Velocity vs distance and depth at = 16 and 120 days for a section through the center of
a highly stratified basin (7;, T}, T, = 30, 25, 5 °C) in an experiment with R, ;,; = 178.4 km and
f=1.45410"*s"!

The numerical experiments in a stratified basin have shown that the depth penetration of surface-generated ba-
roclinic eddies largely depend on the horizontal scale of the eddy: the larger the scale, the deeper the penetration (see
Fig. 4 as an example). For strong stratification (7}, T}, T, = 30, 25, 5 °C) and Coriolis parameter of /=1 x 10~4s~!,
the ratio of maximum rotation velocity in the bottom and surface layers, (|v|max )b / (|v|max ) , was estimated at 0.014
for R, = 50 km (Fig. 4a) and 0.89 for R,,;,, = 800 km (Fig. 4b).
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Fig. 4. Vertical section of velocity and potential temperature through the center
of a highly stratified basin (T;, T}, T, = 30, 25, 5°C) atf=1 x 10~* s~ and

t = 16 days in experiments with R,;,; = 50 km (a) and 800 km (b)
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To determine the dependence of (|v|max )b / (|v|max ) on key parameters, such as the horizontal scale of the eddy,
N

stratification characteristics, and the Coriolis parameter, 4 series of numerical experiments were carried out. Three
series were with a strong stratification (7, T}, T, = 30, 25, 5°C) and f= (1, 1.454, and 2) x 10~*s~!, respectively,
and one series with a weak stratification (T, T}, T, = 15, 10, 5°C) and f= 1 x 10~*s~!. In each series, the character-
istics of the anticyclonic eddy generated in the basin by wind stress of type Eq. (1) were computed at R,;,; = 25, 37.5,
50, 75, 100, 135, 178.4, 200, 300, 400, 600, 800 and 1000 km.

It is expected that the horizontal scale of the eddy, L4y, is roughly proportional to the characteristic size of the
inhomogeneity in the wind stress field L4, ~ R,,;,,- However, in order to properly process the results of numerical
experiments, it is necessary to introduce some formal definition of L4y, In [14], when processing altimetry data,
L,qqy was introduced through the Okubo-Weiss parameter W, which is a measure of the relative contribution of de-
formation and rotation and is defined as the sum of the squares of the normal and shear components of deformation
minus the square of the relative vorticity, estimated from the sea level field using the geostrophic relation. In the case
of a divergence-free horizontal velocity field, the Okubo-Weiss parameter is reduced to

2
W =4 ou + v ou . 3)
ox ox Oy
Chelton et al. [14] defined L,44, as the diameter of a circle with an area equal to the area of a closed region in which

the condition W< —2 x 10~12 572 js satisfied. In the case of a divergence-free axisymmetric eddy, in cylindrical coor-
dinates, we have v, (r,¢) =v,(r), v, (r,¢)=0 and Eq. (3) is reduced to

w——ate P (3
r or

According to (3°), in a divergence-free axisymmetric eddy, the contour W = 0 coincides with the contour of the
rotation velocity extremum, where dv,,/0r = 0. Therefore, by analogy with [14], in our numerical experiments we
introduce L,4y, as the diameter of a circle with an area equal to the area of the closed region in which the condition
W < 0 is satisfied for horizontal velocity field in the surface layer. As calculations have shown, in our numerical ex-
periments the estimates of L, through the Okubo-Weiss parameter practically coincided with the estimates through

the rotation velocity extremum.

In each of the four series of experiments, it was found that with increasing L,4y, the ratio (|v|max )b / (|v|max )S

increases within the range from 0 to 1 (Fig. 5a). For the same values of fand (|v|max )b / (|v|max ) , the horizontal scale
N

of the eddy L, increases with increasing stratification (compare series / and 4 in Fig. 5a), and for the same stratifi-

cation and the same value of (|v|max )b / (|v|max ) , the horizontal scale of the eddy L, increases with decreasing f
N

(compare series /, 2, and 3 in Fig. 5a). Such a behavior of the dependences (|v|max )b / (|v|max ) versus L,44, in Fig. 5a

s
allows us to assume that these dependences will converge provided that we replace the dimensional argument L4,

with the dimensionless argument L,/ Rp;, Where Rp, is the first mode of the baroclinic Rossby radius of deforma-
tion. To calculate Ry =c/ | f |, we need to find the largest eigenvalue ¢ of the problem

2 N2
‘%ﬁ#w:o, )
0z c
w=0atz=0,—H, ®)

?w - . : .
where 6—‘;} is the second z-derivative of a variable w and N2(z) is the vertical profile of the square of the buoyancy
4
frequency calculated from the initial (undisturbed) vertical profiles of temperature and salinity (Eq. 2). Physically,
the parameter c is equivalent to the phase velocity of the first mode of a long baroclinic gravity wave in a non-rotating
continuously stratified fluid [15, 16]. To calculate ¢, the differential equation (3) with the condition on the surface,

w=0, g_w =1 at z= 0, was repeatedly numerically integrated using the Runge-Kutta scheme with trial values of ¢. In
z4
this way, the maximum value of the parameter ¢ was selected at which the condition on the bottom, w=0at z=—H,

was satisfied. For series of numerical experiments 7, 2, 3, and 4, the values of R, were found to be 36.15, 24.86, 18.07,
and 15.44 km, respectively.
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It should be noted that an approximate analytical solution to problem Eq. (4)—(5) can be obtained using the
WKB method, which yields the following expression for the discrete set of modes of the baroclinic Rossby radius of
deformation [16]

Ry, ~ RyXE — jN )dz, m=1,2,3,..... (6)

| f |mrc
When setting the vertical profile of potential density, calculated from the potential temperature profiles Eq. (2), in the
form of a series with a vertical step of Az = 1 m, the estimates of Ry, WKE from Eq. (6) were positively biased relative to
estimates of Rp; from a numerical solution of Eq. (4)—(5) by less than 3 %.

After normalizing Lz, to Rpy, the dimensionless curves (|v|max )b / (|v|max )S versus L,qq,/Rp, obtained in series

of numerical experiments /, 2, 3, and 4, practically coincided (see Fig. 5b).

a) b)
1 1 ‘ ‘.
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E 0.6 / / 0.6
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3 ArEd 2
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Fig. 5. The ratio of the maximum rotation velocities in the bottom and surface layers,

(|v|max )b / (|v|max )S, versus the horizontal scale of the eddy L,y (a). b — the same as (@), but with

L,qqy normalized to the first baroclinic Rossby radius of deformation Rp. Numbers /—4 designate

series of numerical experiments with the following parameters: / — strong stratification (7, 7}, T, =

=30,25,5°C),f=1x 10"*s!, Ry = 36.15 km; 2 — strong stratification, f= 1.454 x 10~4s!,

Ry, = 24.86 km; 3 — strong stratification, f=2 x 10~*s!, Ry = 18.07 km; 4 — weak stratification
(Ty, Ty, T,=15,10,5°C), f=1x 10~ 4s L Rg =15.44km

3.3. Experiments in a stratified basin with abyssal channel

To determine whether the sea level anomaly and the associated mesoscale eddy could influence the flow in the
abyssal channel, some of the above-mentioned numerical experiments were reproduced with a bottom topography
simulating an abyssal channel with a depth of %,,,,,,,; = 100 m relative to a flat bottom at H = 4000 m (see Fig. 6a).
The channel cross-section was specified using a Gaussian function

2
H( ) H+hhannel eXp|: (%) ]7 7

where D is the channel width, determined by the decrease of its depth by e = 2.718... times relative to the maximum
value of 4, unel-
As an example, Fig. 6 presents results of an experiment at D = 120 km, /,,,,e; = 100 m, T, Ty, T, =30, 25, 5°C,

S=1X 007570 Ryg = 178.4 km, Loggy = 2981 km, (W, ), / (Wl ). = 0-315 ([P ) = 0.45 m/s, (|v|max ), =

=0.14 m/s. The presence of the abyssal channel causes a strong disturbance of the velocity field of the mesoscale eddy
in the bottom layer just above the channel (see Fig. 6, b and c). Initially (on the northern slope of the channel), the
oncoming flow deviates slightly towards the center (the radial velocity component is slightly negative (v, |m]n =
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= —0.06 m/s), then on the southern slope the flow direction deviates away from the center with a strong increase in
the radial component and the modulus of the current velocity (v,|max = 0.26 m/s and |v|max = 0.27 m/s, according-
ly). After passing through the channel, the current again acquires a weak component towards the center (v, |min =
= —0.06 m/s)) and finally returns to the undisturbed state (v, ~ 0, |v|fmlx ~ (.14 m/s). Note that the maximum value
of the radial component of the current velocity in the abyssal channel, v, |max = 0.26 m/s, is almost 2 times higher

than the maximum velocity in the bottom layer of the undisturbed eddy |v|fmx = 0.14 m/s. It is important to note that
the velocity disturbance caused by the abyssal channel is not limited to the bottom layer, but spreads upward, weak-
ening with distance from the bottom up to the density jump layer and increasing further in the ML to a value charac-
teristic for the bottom layer disturbance and even above it (Fig. 6, ¢ and d). Such dynamical feature is most probably
related to the conservation of potential vorticity in the water column above the bottom topography anomaly.
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Fig. 6. Results of the experiment with the abyssal channel at D = 120 km, /,,4,,; = 100 m, T, T,

T,=30,25,5°C,f=1x10"*s7!, R,;,s = 178.4 km. a — bathymetry of the basin; b —plane view

of current velocity at a distance of 50 m above the bottom; ¢ and d — radial component of current

velocity and temperature, respectively, versus distance and depth on a vertical section along a circle

of radius =250 km. This circle is shown in Fig. 6a by a thick line with a double arrow. The distance
along the circle is measured from north in a clockwise direction

The numerical experiments have shown that the magnitude of the velocity perturbation caused by the abyssal
channel mainly depends on the channel depth (the larger the /,,,,,.;» the larger the v,), and the weakening of the per-
turbation with increasing distance from the bottom is mainly determined by the channel width (the larger the D, the
stronger the perturbation reaching the surface layer). It turned out that the degree of penetration of the velocity dis-
turbance caused by the abyssal channel into the surface layer is controlled by the ratio of the channel width to the first
baroclinic Rossby radius of deformation D/Rp,. The last statement is qualitatively illustrated in Fig. 7, from which it
follows that the velocity disturbance caused by the abyssal channel breaks unweakened through the entire thickness
of water at D/Rp, >> 1 and fades to a near-zero value as it approaches the density jump from below at D/Ry, ~ 1.
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Fig. 7. Radial component of current velocity v, versus distance and depth on a vertical section
along a circle of radius of = 250 (a and b), 500 (c) and 1000 (¢) km in numerical experiments
with different values of the D/Rp, ratio

4. Discussion and conclusion

A significant result of the numerical experiments, in our opinion, is the obtaining a universal dependence of the
ratio of rotation velocities in the bottom and surface layers, (|v|max )b / (|v|max ) , versus the ratio of the horizontal
N

scale of the mesoscale eddy to the first baroclinic Rossby radius of deformation L, 4,/ Rp (Fig. 5b). This result is con-
sistent with the universal three-dimensional structure of mesoscale eddies obtained based on the synthesis of global
arrays of altimetry measurezments and Argo profiles [17]. Note that the L,4,,/Rp, ratio is related to the Burger number,
Bu, as Bu=(L,g, /Ry ) -

To apply the obtained universal dependence (|v|maX )b / (|v|max )S on L,qq4,/Rp to the World Ocean, let us address
the results of processing altimetry data [14]. According to [14], the characteristic diameter of eddies, determined by
the chosen closed contour of the Okubo-Weiss parameter W, was approximately L,,,, = 200 km in eddy-rich regions
of low and middle latitudes from 10° to 40°. The same estimate of L,,,, was obtained from XBT measurements with
high spatial resolution along a section at approximately 22° N in the subtropical Pacific Ocean [18]. Taking into ac-
count that in the latitude range from 10° to 40° of the World Ocean the Rp, varies from 100 km to 30 km [16], we
obtain that the typical for mesoscale eddies of the World Ocean upper limit of L,44,/Rp, is in the range from 2 t0 6.7.
According to the universal dependence presented in Fig. 5b, such a range of L,4y,/Rp, corresponds to the ratio of

rotation velocities (|v|max )b / (|v|max) <0.2.
N

Since, as shown above, weakened pressure anomalies and associated geostrophic velocities in mesoscale baro-
clinic eddies can reach the abyssal layer of the ocean and, consequently, influence transport in abyssal channels, some
of the numerical experiments were reproduced by replacing the flat basin bottom with bathymetry simulating an
abyssal channel (see Fig. 6a). It turned out that in such an abyssal channel, a current forms beneath the mesoscale
eddy, the velocity of which can be several times greater than the maximum rotation velocity in the bottom layer in the
eddy in the case of a flat bottom. Moreover, the disturbance of the velocity field in the mesoscale eddy caused by the
abyssal channel is not limited to the abyssal channel itself, but in a weakened form can reach the surface above the
abyssal channel. The degree of attenuation of the disturbance in the surface layer is shown to be controlled by the
ratio of the channel width to the first baroclinic Rossby radius of deformation D/Rjp, (see Fig. 7). The latter statement

is analogous to that the ratio of rotation velocities at the bottom and surface layers, (|v|maX )b / (|v|maX ) , for the sur-
S

face-generated eddy is controlled by the L,4,,/Rp, ratio. It can be assumed that the occurrence of a current in the
abyssal channel and above it in the direction from the center of the anticyclonic eddy is associated with the conserva-
tion of potential vorticity.

There is a lot of articles devoted to the problem of weakening the baroclinic flow disturbance created by a local
feature of the bottom relief, with increasing distance from the bottom in a rotating stratified fluid (e. g. [19—22]).
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Here we will focus on comparing our results, presented in Fig. 7, with the classical results of Hogg [20]. Investigating
a linear stratification model, Hogg [20] introduced a governing parameter of stratification .S which is related to D/Rjp,
as § ~ (D / Rp, )_2 = R12;'1 / D? (an analogue of the Burger number). According to [20], the topographic effect is depth
independent (i. e. there is no disturbance attenuation with increasing distance from the bottom) if §'is small, while at
S ~ 1 (moderate stratification) the topographic effect is fully three-dimensional (i. e. there is a considerable distur-
bance attenuation with increasing distance from the bottom). The above described cases of 2D and 3D topographic
effect reduce to D/Rg; >> 1 and D/Rp, ~ 1, respectively, which is in accordance with results presented in Fig. 7.

Therefore, it can be concluded that the current velocity associated with surface mesoscale eddies of the largest
horizontal scale can, in a weakened form, reach the deep layers of the ocean and influence the abyssal circulation. Ex-
amples of such influences include coherent fluctuations in current velocity throughout the ocean column, measured
in the bottom layer at a depth of about 4000 m and more during the passage of meanders and rings of the Gulf Stream
[5] and large anticyclonic eddies in the eastern tropical North Pacific [11, 12] and the East China Sea [6].
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AHHOTAIMSA

Teopetnyecku ucciienyeTcs HecTallMoOHapHasi KOHBEKIIMS B IBYXKOMITOHEHTHOM cpelie ¢ CYIIECTBEHHO Pa3IMyaloInMucs
KoadULMeHTaMu TIepeHoca (HarpuMmep, B COJIEHOH Boje). B KauecTBe KOHKPETHOTO TpuMepa paccMaTpUBaIOTCs TeUEHUS,
BO3HMKAOIIME B HEUTPATbHO CTPAaTU(UIIMPOBAHHON Cpeie Y HAKJIOHHOM CTeHKU (Hall HAKJIOHHOM IMMOBEPXHOCTHIO), C KOTOPOit
B Cpej1y TMOCTYIAIOT MOCTOSIHHBIE (MOC/Ie BKIIOYEHMS) TIOTOKHU Teruia U ipuMecu. MICrioib3yeTcst u3BBeCTHOE TOYHOE pellieHue
HeCTallMOHApHOM 3a/a4yi O KOHBEKIIMH Y BEPTUKATbHON CTEHKU ¢ TPAHUYHBIMU YCIOBUSIMM BTOPOTO poja, KOTopoe 00600111a-
€Tcsl Ha cilyJyaii TeueHUsl HaJl HAKJIOHHOM CTEHKOM.

[NonHas cucteMa ypaBHeHUI THAPOTEPMOAUMHAMUKY M IIepeHOCca MTPUMECH CBOAMTCS K TMHEMHOI cCTeMe 3a CUeT CUMMe-
TpUM 3a1a4u, 03 KaK1MX-JI1M0O0 MPEAIoI0KEHN 0 MaJIOCTU aMIUTUTY BO3MYIIeHU . JINHEMHOCTh CUCTeMBI ITO3BOJISIET UCTIOJIb-
30BaTh MPUHIIMUIT CYNIEPIO3ULIMN — HE3aBUCUMO pPacCMaTpUBaTh U CYMMHUPOBATh AMHAMUYECKHUE 3P PEKThI TByX KOMIIOHEHT
Cpelbl, OT KOTOPBIX 3aBUCSIT OTKJIOHEHMUSI €€ TUIOTHOCTU. PelieHue BbipaxaeTcs yepe3 KpaTHbIE MHTerpajibl BEPOSITHOCTEN.

PesynbraThl, B YaCTHOCTH, HaIllpaBJIcHUE BOZHUKAIOIINX TEYCHUM CYIIIECTBEHHO 3aBUCST OT COOTHOIICHMSI 3HAYCHUM KO-
a(pPpuLmeHTOB 0OMeHa ISl pa3HbIX cyocTaHLMii. Bo3MOXHBI, HallpuMep, HETPUBUAIbHBIE CUTYallUU, KOTAA MOJOXUTEIbHbIE
MPUTOKU TIJIaBYYE€CTH MPUBOASAT K BOSHUKHOBECHUIO HUCXOISAIINX TeueHU . TypOyau3aims TeueHUi, TPUBOAS K PE3KUM M3Me-
HeHUsIM 3¢ GEeKTUBHBIX KO3(M(GULIMEHTOB 0OMeHa, MOXKET MEHSITh HalpaBJieHue KOHBEKTUBHBIX TEUESHUIA.

KioueBbie clioBa: KOHBEKIIMS, IBYXKOMIIOHEHTHas cpena, nuddepeHInanbHasg 1 ys3us, aHaauThdeckass Moneib, Typoy-
JICHTHOCTh
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Abstract

Unsteady convection in a two-component medium with significantly different transfer coefficients (e. g., in salt water) is
theoretically studied. As a specific example, flows arising in a neutrally stratified medium over a flat inclined surface, from which
constant (after switching on) heat and admixture fluxes enter the medium, are considered. A well-known exact solution to the
unsteady convection problem near a vertical wall with boundary conditions of the second kind is used, which is generalized to the
case of a sloping lower boundary.
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The complete system of hydrothermodynamic and admixture transport equations is reduced to a linear system due to the sym-
metry of the problem, without any assumptions about the smallness of the perturbation amplitudes. The linearity of the system allows
for the use of the superposition principle — independently considering and summing the dynamic effects of the two components of
the medium, which determine the deviations in its density. The solution is expressed in terms of repeated probability integrals.

The results, in particular, the direction of the resulting flows, depend significantly on the ratio of the exchange coefficients
for different substances. For example, nontrivial situations are possible where positive buoyancy influxes nevertheless lead to the
emergence of downward currents. Flow turbulence, leading to abrupt changes in effective exchange coefficients, can, in particular,
change the direction of convective flows.

Keywords: convection, two-component medium, differential diffusion, analytical model, turbulence

1. Benenne

Kak xopo1i1o0 u3BeCTHO, TMIPOTEPMOIMHAMUKE ABYXKOMITOHEHTHBIX KUIKUX,/Ta3000pa3HBIX cpel (TaKuX Kak,
HarpuMep, CojieHas MOpcKasi BoJla) MPUCYILL LEeJbIi psii HeTpUMBUAIbHBIX OCOOEHHOCTEl (CM., HampuMmep, [1—4]
u oubarorpacduio B 3TUX U3NaHKX). B HacTosIIel paboTe oOparraeTcs BHUMaHUE Ha elne oauH 3(h(GeKT, BO3HU-
KaloIIWiA TTpY TypOyIM3alluy TeUeHU I TaKHUX CPe]l.

Psin HeTpuBUaNTbHBIX CBOMCTB IBYXKOMITOHEHTHBIX CPEJl CBSI3aH C pa3inyrMeM 3HaueHUl Koa(hduiimeHToB 00-
MeHa IBYX cyoctaHmuii. Hampumep, koadduimeHT mepeHoca Teria Ha IBa IopsiaKka OOoJIbIIe, YeM COJIM, BCIIeI-
CTBUE Yero BO3HMKAIOT crieluduieckre Kiacchl KOHBEKTMBHONW HEYCTOMYMBOCTU JBYXKOMIIOHEHTHOM Cpelbl
[1—3]. Huxe paccmaTtpuBaeTcst CUTyalysl, KOra pa3BuTHe KOHBEKTMBHOIO TeUEHHS TIOCTeNIEHHO MPUBOIUT K €ro
TypOyIm3aunu. Mmesa HacTosIeil padoThl 3aKJTI0YaeTCsI B TOM, YTO TypOyJIM3alns pe3Ko MeHseT 3(P(HeKTUBHOCTh
nepeHoca JByX CyOCTaHIIMii — COOTHOLIEHUE MeXY 9 GhEeKTUBHBIMU KOA(h(PUIIMEHTAMU TIEPEHOCa IBYX CyOCTaH-
LU CYIIECTBEHHO MeHsIeTcsl. TeM caMbIM, pe3KO MEHSIIOTCS YCIOBUSI pa3BUTUST IBYXKOMIIOHEHTHOI KOHBEKIIUU,
HaIlpuMep, KOHBEKIIMS MOXKET MEHSITh HallpaBJICHHE.

2. ITocranoBKa 3a1a4u

B kauecTBe mpumepa pacCMOTPUM MOAEIb PA3BUTUS KOHBEKIIMU B COJIEHOM BOMIE Hal OECKOHEUHOM TJIOCKOM
HaKJIOHHOM CTeHKOI, Ha KOTOPOM 3a[al0oTCsl CTallMOHapHbIe (IOcie BKIIIOUEHUs] B HaUalbHbIii MOMEHT BpeMEeHU
t = () OTKJIOHEeHUsI MOTOKOB TeIla U KOHIIEHTPALMU TTpUMecH (CoJn).

ITycTh s — KOOpIMHATA BIOJIb CKJIOHA, OCh /1 HAIIpaBJIeHa HOPMaJIbHO K CKJIOHY (puc. 1).

N

S

Puc. 1. CxeMatnueckoe n3o0paxxeHue TeueHusl y HaKJIOH -
HOI CTEHKM B OOJIACTH ITOJOXHUTEIHHOIO OTKIOHEHUS
ruiaBydecTu (YromsiHyTasi 00J1acTh 3aTylleBaHa)

Fig. 1. Schematic representation of the flow near an inclined
wall in the region of positive buoyancy deviation (the
mentioned region is shaded)

PaccmarpuBaeTcst moiyorpaHUYeHHBIH 00beM cpeabl B objact #n > 0. OTKIIOHEHUWE TUIOTHOCTH CPEIbl O
B OOBIYHO MCITOJIb3yeMOM NpuOIKeHuu [ 1—4] TuHeliHO 3aBUCUT OT BO3MYILIEHUI TeMIiepaTypbl 7' ¥ KOHLIEHTpa-
LMY TIPUMECH (COJIEHOCTH) S:
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p=po[l-aT +BS], (1)

Iae 0y — CpeaHsist (OTCUeTHasi) TUIOTHOCTh CPellbl; 0L — TepMUUYECKU KOIDMUIIMEHT pacIMpeHUsl Cpeibl; KOad-
(urmeHT [ orpenensieT 3aBUCUMOCTD INIOTHOCTH CPEIbl OT KOHIIEHTPAIIMY ITPUMeCH (B OKEaHOJOTUH €To Ha3bIBa-
10T KO(PPUILIMEHTOM COJIEHOCTHOTO CXaTHsl).

J1J1st IpOCTOTHI paccMaTpUBaeTCs cliydail OTCYTCTBUSI (PDOHOBBIX CTpaTUMUKAIIMIA TeMITepaTypbl M1 KOHIIEHTpa-
1y npumecu. MHbIMU cioBaMU, B HAUaTbHbBIIf MOMEHT Cpe/ia He TOJIbKO HAXOAUTCSI B COCTOSTHUU MTOKOSI, HO U OfI-
HOPOIHA TTI0 TeMITepaType, COJICHOCTH U TUIOTHOCTH. MccenyoTcss KOHBEKTUBHbBIC TEUCHUSI, BBI3bIBAEMBIC B TAKOI
cpelie MMOCTOSTHHBIMM (TTOCJTe «BKJTIOYEHUST» B MOMEHT ¢ = ()) OTKJIOHEHMSIMU TIOTOKOB TeTlIa ¥ IIPUMECH Ha HIDKHE
rpanuue # = 0. ITockojbKy 3amaBaeMble Ha rpaHULE BO3MYILIECHMS HEe 3aBUCIT OT KOOPAMHATHI BIOJb CKJIOHA S,
OymeM MCKaTb HE 3aBUCSIIINE OT § PEIICHUSI.

Takast mocTaHOBKa 0J1M3Ka KO MHOTMM M3BECTHBIM 3a/la4aM O CKJIOHOBBIX TEYCHUSIX JJIsI OMHOKOMITOHEHTHOM
cpensl [5], HO HAIMYME BTOPOM KOMIIOHEHTHI, KaK OyIeT BUIHO, MOXKET IMPUBOIUTH K KAYeCTBEHHO HOBBIM pe-
syiabTaTaM. CucteMa ypaBHEHHMI THIPOIMHAMUKY, TIepeHOCa TeIlIa U IIPUMECH B IpUOIIKeH byccuHecka mpu
OTCYTCTBUM (POHOBOI cTpaTU(UKALMU U 0e3 yyeTa MepeKpecTHhIX KUHETUUYEeCKUX 3¢ ¢eKkToB (Tepmoandy3un
u b y3MOHHOI TETUIONIPOBOTHOCTH [6]) 1T TAHHO TeOMETPUM 3a1auu MMeeT Bun [ 1—4]:

ou  du o

u
—=v—r T —BS)sinp =v—+ gbsing, 2
Vo g(aT -BS)sing v +ebsing ()

oT  o*T as &S
— =K — = 3)
ot on ot on
31ech U — CKOpPOCTh TEUCHUSI BIOJb CKIIOHA (ApYyrue KOMIIOHEHThI CKOPOCTHU B JAaHHOI 3ajadye OTCYTCTBYIOT), f —
BpeMSI; V, X, X — KOa(pPuLMeHThl nepeHoca, (¢p — Yrojl HakJIOHA HUKHEN TpaHUIIbl K TOPU3OHTY, & — YCKOpPEHUE

CHJIBI TAKECTH,
b=aT -BS (4)

— Oe3pa3mepHas 1aBydecThb. [lomuepkHeM, 4To MoTHasK CUCTeMa YpaBHEHU I THAPOTEPMOAMHAMUKHY U TIepeHoca
MpUMECH CBeJIaCh K TUHEHHON cucteme (2)—(3) TOJIbKO 3a CYET CUMMETPUH 3aauu, 0€3 KaKUX-JIM00 MPearnoaoxe-
HUI O MAJIOCTH aMIUTUTY BO3MYILIEHUIA.
B xauecTBe KpaeBbIX YCIOBUIA TTPENIIONIAraeTCsl, MPEekKe BCero, 3aTyxaHne BO3MYILEHUH BIaIX OT HUXKHEH rpa-
HUIIBL:
u, T,S — 0, npu n— oo. 5)

Ha rpanmiie » = 0 BeImotHsIeTCS yenoBue punnanus 4 = 0. 71 TeMIiepaTypbl 1 KOHIICHTPAIIMU TIPUMECH pac-
CMaTpUBAIOTCSI KpaeBble YCJIOBUSI BTOPOTO pOJia:

oT oS
ook o= 0n(1).  por = en(r) mpun =0, ®)

rIe ¢ — TeII0EMKOCTb cpelbl, 1(f) — enrHUYHas PyHKIMs XeBucaiina; O, ©® — cOOTBETCTBYIOLIME AMILIUTYIbI.

3. Pemenue

Peuienust ypasHenuit (3) umerot Bun ([7] c. 440, 441):

T= _2 Li erfc( 1 ], S = 20 Li erfe| —— |. 7)

cpy VK Akt Po VX NG

3mech KpaTHBII MHTETpall BeposITHOCTE [8] onpenensieTcsi paBeHCTBOM:
ierfc X = [i*erfc X'dX', k=0,1,2,..; (8)
X
ierfc X =i'erfc X = J.ioerfc X'dX'; 9)
X
2
-0 _ —1 _ 2z 2

ierfc X =erfc X, i erch_\/Eexp( X ) (10)
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0061aCTH ¢ OTKJIOHEHHUSIMU TIJIABYYECTH PACIIUPSIIOTCS ~ N ; TTO TAKOMY K¢ 3aKOHY BO3pacTacT M aMIUIUTYyIa
3TUX OTKJIOHEHUIA.

B xaure [7] (c. 440, 441) mpuBeneHO pelieHNe ISl CKOPOCTH BO3HUKAIOIIETO TEUCHUs Y BePTUKAIBHOI TpaHm-
mel. Ero HeTpyoTHO 0000IMNTE Ha CITydail HAKJIOHHOM TpaHUIbL. [IpuBeneM cHauaja pelieHye Ijis OTHOCUTEITBHO
MPOCTOrO CiIyyasi OMMHAKOBBIX 3HAUEHUI BceX Ko dUIIMeHTOB oOMeHa (v =k =y = K):

2gsin(p(ocQ j 2 [ n j
u(nt)=—-———-+—-B06 |nt-i‘erfc| — |. 11
( ) poK c V4Kt (an
J1n1s1 pacyeToB yn10OHO BOCMOJIb30BaThCSl PEKYPPEHTHBIM COOTHOLLIEHUEM [8]:
iferfe X = - X iFlerfe X +2li"-2erfc X. (12)
n n

Ha puc. 2 npuBeneHbl rpacduku psiaa GyHKIUI, KOTOpbIe (GUTypUpYyIOT B HacTosiIei padote. Toscras crutoiiHas
JIMHUS OTTUCHIBAET B 6e€3pa3MepHOM BHUJIE 3aBUCUMOCTH peteHus (11) ot mepemennoit X =n /4Kt

1.0 k
0.8 |

0.6 -
+

0,4

1,0 1,5 2,0 2,5

0,5

Puc. 2. Ipadpuku dynkunii erfc X (mownxas cnaownas aunus), i erfc X (kpynuoiit nynkmup),
i2 erfc X (meaxuii nynkmup), i° erfc X (wmpuxosas aunus), 10X i2 erfc X (moacmas cnaownas
AUHUS)

Fig. 2. Graphs of functions erfc X (thin solid line), i erfc X (large dotted line), i2 erfc X (small
dotted line), i erfc X (dashed line), 10X i2 erfc X (thick solid line)

CylecTBeHHO, YTO BKJIAABI B IJIABYYECTh OT ICTOYHMKOB TEILIa 1 IIpUMecH, coryiacHo (11), BIUSIOT Ha fuHA-
MUKY C OIMHAKOBEIM BecoM. MIHaue 00CTOUT AeJi0, KoTaa 3HaueHHST KO3 (GUIINEeHTOB OOMEHAa CHJIBHO Pa3INJaroT-
cs. PelieHue 1jis1 CKOpocTu B 9TOM, boJiee o0l1LeM, caydae MOKHO BbIpa3uTh, UCTIONB3ys pelieHue [7] (c. 440, 441)
JUTSL OMHOKOMITOHEHTHOM Cpe/ibl X IIPUHLIKII CYIEePIIO3ULUK (IIOCKOJIbKY YpaBHEHME IMHEMHOE, MOXHO CYMMUPO-
BaTh pacCUUTAHHBIC IO OTAEILHOCTH 3(D(EKTHI IBYX CyOCTaHLMIT). B Hammx 0003HaUYeHUAX 3TO pellleHrue MOXKHO
MpeaCcTaBUTh B BUJIE:

8gBOsin (p(xt3 )1/2
U= i3eTfC L}/Z —i3el‘fc —1/2
Po(v—1) 2(vr) 2(x1)
—A| ierfe " —ierfc " S 13
2(vr)”? 2(xr)”? (1)
rie 6e3pa3MepHBIil TapaMeTp
_ 1/2
po2lv=n) (Ej | (14)
pO(v-x)\
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4. AHa/Iu3 peleHus

B xavecTBe miprMepa, OCTAHOBUMCS Ha ClIydae, KOTrJa CoJeHasi BOIa OXJIaXKIaeTCs M OMHOBPEMEHHO pacIpec-
HSIETCS OT HIDKHEH TpaHUIIbI, Y€MY COOTBETCTBYIOT MOJIOKUTEIbHBIC 3HaUeHUS TTapaMeTpoB Q 1 ©. MakTop oxnax-
NeHUs1 100aBJIsIeT B Cpely OTpUIIaTeIbHYIO TIJIaByyeCTh, paclipeCHeHUe — TMOJoXUTeNbHY10. [Ipenmnonoxum, 4To
BTOPOIi (paKTOp CYIIECTBEHHO MpeodIamaeT 1o abCOMIOTHON BeIMUMHE: TTOJOXHUTEIbHON TIJIaBydYeCTH BHOCUTCS
3HAYMTEJILHO OOJIbILIE, YEM OTPULIATEIBHOM, YEMY COOTBETCTBYET HEpaBeHCTBO PO >> a0 / ¢ . Ha nepBblii B3I,
B UTOI€ B Cpelle TOJKHO BO3HMKATh BOCXOJsllee TeueHre BAoJb ckioHa. Ho, Kak mokasaHo B pab6ote [4], MHO-
roe 3aBHCHUT 1 OT COOTHOIIICHUS KO3 GUIIMEHTOB IIepeHoca Il pa3HbIX cyocTaHimii. [TockoabKy KoadduiimeHT
o0MeHa IIJIST COJTM OTHOCUTETbHO Mall (¥ << %), paclpecHeHHas1 00J1acTh MEUICHHO TIPOHUKAET B CPEIy IO CpaB-
HEHMIO C pacIIMPEeHUEeM OXJIaKIEHHOTO cjiosl. bymyuu 6osee TOHKUM, paclipeCHEHHBIN CI0i CUJIBHO MOABEPXKEH
Bs3KOCTH. [1o3TOMY CBSI3aHHBIE C HUM BOCXOSIIINE IBYKCHUS CHUIBHO TOPMO3STCS BI3KOCTBIO, B OTJIMUME OT HUC-
XOASIIMX IBUXKEHUIN B OTHOCUTEIBHO TOJICTOM OXJIaXIEHHOM CJI0€. DTO OOCTOSITEIbCTBO NEMCTBYET B CTOPOHY,
MPOTUBOMOJIOXHYIO COOTHOIIIEHUIO TPUTOKOB IJIaBYYECTH.

HBe xkBampaTHBIe CKOOKHM B (13) oTBedaloT BKJIamaM COOTBETCTBEHHO IIPUMECH U TeIlJIa B BOZHUKAIOIIEe CKIIO-
HoBoe TeueHue. Ho, B oiiuuue ot (11), «Bec» 3TUX BKIAIOB B JAHHOM CJIydyae MOXET CWJIbHO pa3inyaTbcs — OH
orpenesisieTcsl 3HauyeHreM 0e3pa3MepHOro napaMerpa A, KOTopoe MOXET CUIbHO OTJMYAThCS OT €AUHULIBI.

ITpumem cnemyroniue 3HaYeHUST KO3(DGMUIIMEHTOB 0OMEHA, XapaKTepHBIC IJIsI COJICHOI MOPCKOI Bombl [3]:
v=10"m%/c, x=1,4 x 107 M%/c,x = 1,5 x 1079 m%/c. Torna A=11aQ /cpO® =111 ,rae A=aQ /cfO — oTHO-
1IeHre abCOMIOTHBIX 3HAYEHMI ABYX KOMIIOHEHT MPUTOKOB IJIaByyecTh. TakuM o0pa3oM, MPUTOK IJIaBY4YECTH,
CBSI3aHHBIN ¢ Teruioo0MeHOoM, OJiarogapsi 00Jibleit CKOPOCTU TeIIOOOMEeHa, IMPY MPOYUX PABHBIX YCIOBUSIX, 3HA-
YUTEIbHO 3(P(PeKTUBHEE BIUSIET Ha BO3HUKAIOUIEE TEYEHUE.

Ha puc. 3 npencrasieHbl TpUMepbl Oe3pa3sMepHbBIX TTpoguieit CKOPOCTU JJIs1 ABYX OTHOCUTEIbHO MaJlbIX 3Ha-
YeHMIT TTapaMeTpa A, T. €., IJIT CUTyallldii, KOTIa MHTEHCUBHOE pacIlpeCHEHNE IMPUBOIUT K TTOJIOKUTEIEHOMY B IIe-
JIOM MPUTOKY Tu1aBy4YecTu B cpeny. Ho, BeiieacTeue memieHHOCTU Auddy3uun conu, Bocxoasiniye IBUXKEeHUS BO3-
HUKAIOT TOJbKO BOJU3M HUXKHEN IpaHUlLIbl (ITPY TOCTATOUHO MaJlbIX 3HAUCHUSIX KOOPAMHATHI 7). Boanu ot 3Toit
rpaHULIbI IpeodIagaeT BIMSHUE ¢1aboro, HO 0oJjee OBICTPO PaCIPOCTPAHSIIOIIETOCs OXJIaXKIEeHMSs, TaK YTO B Lie-
JIoM mpeoOianaet Hucxoasllee TeueHue. [1pu yBeanueHur 3Ha4eHus A (T. €., IPU YBEJIUYEHUU JOJIU BKJIala OX-
JIAXAEHUS B OTKJIOHEHUE TJIaByYeCTH) HUCXOASIIEee IBMXKEeHE YCUIMBAETCSI, HECMOTPSI Ha COXpaHsItolIeecs Mpu
BO >> a0 /c cyliecTBeHHOE ITpeobIagaHKe ITOJIOXKUTEIBHOIO IIPUTOKA IIABYYECTH.

0,05

-0,05

-0,10+-

Puc. 3. [Tpumepsl mpoduiieil CKOpOCTH CKJIIOHOBOTO TEUCHMSI, HOPMUPOBAHHBIX Ha KO3~
dunmenT npu durypHbeix ckookax B (13) ipu A = 1/4 (cnaownas kpusas) u A= 1/3 (wumpu-

12
xo6as aunus). Tlo ocn abeuuce omioxeHa nepemenHast X =n /2(kt)

Fig. 3. Examples of slope flow velocity profiles normalized by the coefficient at the curly brack-
ets in (13) for A = 1/4 (solid curve) and A = 1/3 (dashed line). The variable X = }1/2(1<t)1/2 is
plotted on the abscissa axis

C TeyeHMEM BpeMeHM YBEIMYMBAIOTCS KaK TOJILIMHA CJIOS, OXBAYEHHOTO Te4eHreM (IPONopLUOHaIbHO £1/2),
TaK U aMIUTUTyaa Bo3mylieHuit. CienoBaTeabHO, ynciao PeliHonbaca Bo3pacTaeT, 1 HeM30eXKHO BOSHUKHOBEHME
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TypOyJIeHTHOCTH. TypOyIeHTHBII 00MeH Topas3no 3p(eKTUBHEe MOJEKYISIPHOTO, TIPUUYEM, €CJIN TOJIh30BaThCS
3 OEKTUBHBIMU KO3(PPULIMEHTAMU TYPOYJIEHTHOTO OOMEHA, TO X 3HAYEeHUST OOBIYHO MOXHO CUYUTATh MPUOIU-
3UTEJIbHO PaBHBIMU IJISI BeeX cyOcTaHIuii. Tem caMbIM, TIpU TIepexone K TYpOYJICHTHOMY PeXUMY paauKalbHO
MeHseTcs 3HaueHue 6e3pazmepHoro napamerpa A. KoadduuumeHT npu A, KOTOPBIA NPU MOJEKYIIPHOM OOMEHE
ObLT MpUOJMKEHHO paBeH 11, mpu TypOyJIeHTHOM OOMeHe CTaHOBUTCS MOpPsIAKa efMHULBI. Bee cydcTaHuuu npu
9ToM AUGGYHIUPYIOT IPUMEPHO ¢ OAMHAKOBOI CKOPOCTHIO, M MCYE3aeT YIIOMUHABIINICS (hakTop, odecreun-
BaBIIMI OOJIBIITIOE BIUSIHUE CJ1a00T0, HO OBICTPO PACIIPOCTPAHSIONIETOCS OXIaXKIeHNsI. PellreHre mpu onmHaKo-
BBIX 3HAUEHMSIX KOA(DGHULIMEHTOB OOMeHa ObLIO PACCMOTPEHO BhIlIE W ONuchiBaeTcs BbipaxkeHuem (11). B ato
peuienue, B otiinuue ot (13), IPUTOKM TJIaBYyYECTH OT ABYX CyOCTaHIMIA, TPOTIOPIIMOHABHBIE COOTBETCTBEHHO
aQ/c u O, BXomdT ¢ onMHAKOBBIM BecoM. [ToaTomy ecinu 3O mpeobianaer (Manoe 3HaUeHUE A), TO pElIeHUE
(11) monoxuTeabHO: BCIOMY MPeobagaoT BOCXOASIIME TeUSHMSs, CBSI3aHHbIE C UHTEHCUBHbBIM MOJOXUTEIbHBIM
MPUTOKOM IIaBYYECTH 3a CUET pacIpeCHEHUs. DTOMY COOTBETCTBYET TOJICTasl CIUIONIHAS TUHUS Ha puc. 2. MHBI-
MU CIIOBaMM, TIpU TYpPOYIM3allMK TCUCHMS, HAIIpaBJIeHNEe KOHBEKIIMI MOXKET MEHSITHCS Ha TIPOTUBOIIOIOXKHOE.
B ocobom cinyyae 6au3kux 3HaueHuit aQ/c u PO (paBeHCTBE MOJOXUTEIBHOIO U OTPULIATEILHOTO MPUTOKOB
TUIaBy4YecTH) BhIpaxkeHMne (11) MoxeT oOpaliaTbCs B HOJb: IMIPUTOKHU TUIABYYECTH KOMIIEHCUPYIOT APYT Apyra;
TocJie TypOyIu3aluy yIopsmouYeHHOe TeUeHe OcTaHaBIMBaeTCs (MK, TI0 MEHbBIIIEH Mepe, pe3Ko ociaabeBaeT),
U TypOYyJIEHTHOCTb 3aTyXaer.

5. 3akmouyeHue

B nmuTtepatype yxKe oTMEUYanoch HETPUBHAIBLHOE CBOMCTBO €CTECTBEHHOIT KOHBEKIIMM B IBYXKOMITOHEHTHBIX
cpemax: IMOCTYIUIEHWE B CPely IOJOXUTEIBbHOM IJIaBydYeCTH MOKET MPUBOAUTH K BO3SHUKHOBEHUIO HUCXOMSIINX
IBVDKEHUI, 1 HA000POT — BOCXOISIINE ABMKCHHUST MOTYT BO3HMKATh HECMOTPS Ha TIPUTOK OTPHIIATEIbHOM TUTa-
BYYECTH. DTO CYILIECTBEHHO 3aBUCUT OT COOTHOILEHHUSI KO(MOULMEHTOB 00MeHa pa3HbIX cyocTaHuuil. Takumu
CBOIMCTBaMM 00JIalaeT U PACCMOTPEHHOE BBIIIIe CKIIOHOBOE TeueHue. M3 rpeacTaBieHHOro BhIIlIe aHAINU3a CIeAYeT
ellle OMHO CBOMCTBO: HAIIpaBJICHWE KOHBEKTUBHOTO TCUCHUS] MOXKET PamUKaJbHO MEHSITHCS IPU TYpOYIM3aIluu
3TOTO TEUEHUSI, TTOCKOIBKY MEHSICTCSI COOTHOIICHME 3(D(EeKTUBHBIX KO3(D(HUIIMEHTOB 0OMEHa.

HaiineHHbIe 1 TTpoaHaTU3UPOBaHHbBIC BBIIIE pelieHUsT (hOPMATBLHO CIIPABEIJIUBEI M IIPU CKOJIb YTOITHO MaJTbIX
yIjlaX HaKJIOHa HIDKHEi TpaHWIBI K TOPU30HTY. Ho TIpM paccMOTpeHUM MaIbIX YIVIOB K TOPM30HTY BO3HWUKAIOT
JOTIOJTHUTEIbHBIE BOMPOCH 00 YCTOMYMBOCTU HaliIeHHBIX pelieHuit. HampuMep, eciiy B paccMaTpuBaeMylo cpery
CHU3Y ITOCTYyMAaeT MOJOXUTeIbHas IIaBy4eCTh, TO BBIIJISIIUT PealbHONM BO3MOXHOCTh BOSHUKHOBEHUSI HEYCTOI -
yuBocTeil Tuna Panes-benapa. [1paBna, ecim mocTyIieHIE TTOJOXUTEIFHOM TIaByIeCTH 00YCIOBICHO MEIJICHHO
muhGyHINPYIOIe KOMITIOHEHTOH (paclpecHEHNEe CHU3Y), TO TOJIIMHA CJI0ST TTOHKEHHOM IIJIOTHOCTHU Y TPaHM-
LBl BO3pacTaeT MEJICHHO, U B TeUeHNE KaKOTO-TO BpeMEHU Ynciio Pajtes He JocThTraeT KpUTUISCKOTO 3HAUCHMS.
B meiroM, aHaM3 yCTOMYMBOCTY BO3HUKAIOIINX CABUTOBBIX TEUCHUI ¢ BO3HUKAIOIICH BEPTUKAIBLHOM CTpaThdu-
Kaluei IByXKOMITOHEHTHOM Cpebl SIBJISIETCS BECbMa Cepbe3HOM 3a1aueil, KoTopasl BBIXOAUT 3a paMKU HaCTOSIILIEH
pabotel. HamoMHMM, 4TO BOIpOC 00 YCTOMYMBOCTH JaxKe 3HAYMTEILHO OoJiee MPOCTBIX TeYSHUI (HarmpuMep, Teue-
Hus [lyaseiunst) Hepenko pemraercs mecaTuiaeTusaMu. Ho ocHoBHOI 3¢ deKT, Ha KOTOPHBIM oOpalaeTcs BHUMaHUE
B HACTOSIIIIEH pabOTe, B 3TOM CBSI3U HE BHI3BIBACT COMHEHUI — OH OIIPEIEe/ICHHO CYIIIECTBYET, IO MEHBIIIEH Mepe,
IS BEPTUKAJTBHBIX TCUCHUIA.
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MonenupoBanue DUPKYJIauun YepHoro Mops ¢ UCNOIb30BAHMEM CXEM ANMPOKCUMALIUH,
001a1a10IUX JUCKPETHBIMU KBAIPATHIHBIMUA MHBAPUAHTAMEI

Cratbst moctymuia B pegakumio 21.11.2025, mocne nopadorku 27.03.2026, npunsTa B euath 20.04.2026

AHHOTAIMSA

C 11e/1bI0 OLIEHKM TOYHOCTHM Pe3yJIbTaTOB MOIEIMPOBAHUS TUAPOMU3NIYECKUX MOJIeH MPOBEAEHO CpaBHEHUE TPEeX TUITOB
KOHCEpPBAaTUBHBIX CXEM aIPOKCUMAIINN aJIBEKTUBHBIX CJIAraeMbIX B YPABHEHUSX ABVKEHMSI, KOTOPBIC 1al0T BO3MOXKXHOCTb CO-
XpaHsTb 100 3Hepruio (1 aKCrepuMeHT), TM0O0 MOTEHIMAIbHYIO SHCTPODUIO (2 SKCIIEPUMEHT), TM00 KaK SHEPTUIO, TaK U M0~
TEHIMAIbHYI0 SHCTpOUIO (3 3KCIIepUMEHT). 3a1aua penansach Ha IpuMepe MOACTUPOBAHUS HUPKYISIMU YepHOTO MOPST TIpH
MOMOILM MoaeJru MopcKoro ruipou3nyeckoro MHCTUTYTa. BBITIOJHEHO TpU SKCIEpUMeHTa ¢ aTMOC(hEPHBIM BO3IEHICTBUEM,
coorBercTByOmKM 2016 1. Pe3yabTaThl pacy4eToB CpaBHUBAINCH MEXKIY COOOM, a TAKXKe C JAaHHBIMU HAOTIOIEHIUIA.

TTonyyeHo, 4TO pe3yabTaThl BCEX IKCIIEPUMEHTOB OJM3KU MEXIY COO0M M Ka4eCTBEHHO COOTBETCTBYIOT JaHHBIM HaOII0ne-
HUil. Baqumanus peKOHCTpyMpOBaHHBIX THAPOMU3MUECKUX TTOJICH IO JaHHBIM U3MEPEHUI TeMIIEPaTyphl, COJICHOCTH U CKOPOCTH
TEUYEeHMI1 MoKasaaa HeOOoJIbIINE KOJIMYECTBEHHbIC OTJIMYMS OT JaHHBIX HAOMIOACHUI. AHAIM3 S9HEPTeTUKU LUPKYJISLIMY TToKas3a,
YTO HaMOOJIBIIAST pa3HUIIA UMEET MECTO B pabOTe CUIT aaBeKIIMU U TUIABYYECTH B 00JIACTSIX MHTCHCUBHON AMHAMUKHU (Ha TIepU-
deprn Me3oMacIITaOHbIX BUXPEil M CTPYMHBIX TeueHMit). M3 aHamm3a GamaHca CUIl CIIeAyeT, YTO COOJI0IEHNE OMHOBPEMEHHO
3aKOHOB COXPaHEHUSI SHEPTUH U TTOTEHIIMAILHOM SHCTPOGMUH B pa3HOCTHOII 3amaue obecrieunBacT 60Jiee BRICOKYIO TOUHOCTh TTPU
OIMMCaHUU PabOThl apXMMEIOBOI CUJIbI 1, CJIEI0BAaTEIbHO, BOCIIPOM3BEACHUH MPOLIECCOB OAPOKIMHHON HEYCTOMYMBOCTH.

KiioueBbie cioBa: MOJACIMPOBaHUE OKeaHa, KOHCepBAaTUBHbIC CXeMBbI, HEJIMHEHbIE MHBApUAHThI, KWHETUYeCKasl SHEPTUs, JaH-
HBIe HaOTIOneHUIT
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Abstract

To assess the accuracy of the modeling hydrophysical fields, a comparison of three types of conservative approximation
schemes for advective terms in the motion equations was made. These schemes ensure conservation of energy (Experiment 1),
potential enstrophy (Experiment 2), and both energy and potential enstrophy (Experiment 3). A numerical simulation method
of the Black Sea circulation was applied by using the Marine Hydrophysical Institute model. Three diagnostic simulations with
realistic boundary conditions for 2016 were performed, and the results were compared with each other and with observational data.
It was found that based on all three schemes, the experimental results were close to each other and qualitatively corresponded to the
observational data. Validation of the reconstructed hydrophysical fields using measurements of the temperature, salinity, and cur-
rent velocity revealed small quantitative differences from the observational data. An analysis of the circulation energetics showed
that the greatest difference occurs in the work of advection and buoyancy forces in areas of intense dynamics (in the periphery of

Ccouika mis uutupoBanust: Jemviwes C. 1., Hvimosa O.A. MonenupoBaHue UMPKYISIMU YepHOTO MOpPSI ¢ MCIOJIb30BaHUEM
CXeM alIpoKCUMAaIK, 00IadatoIMX TMCKPETHBIMU KBaApaTUYHBIMU MHBapruaHTamu // @yHaaMeHTaaIbHasT M IPUKJIaTHast Th-
npodusuka. 2026. T. 19, Ne 2. C. 26—40. EDN JASEST. https://doi.org/10.59887/2073-6673.2026.19(2)-3
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Monemposanue MpKyJIsiin YepHOro MOps ¢ MCTIOIb30BAHIEM CXeM ANMPOKCUMALH. . .
Modeling of the Black Sea circulation using approximation schemes with discrete quadratic invariants

mesoscale eddies and jet currents). From the analysis of the forces balance it follows that the simultaneous observance of the con-
servation laws of energy and potential enstrophy in the difference problem ensures higher accuracy in describing the Archimedes
force work and, consequently, in reproducing the processes of baroclinic instability.

Keywords: ocean simulation, conserving schemes, nonlinear invariants, kinetic energy, observational data

1. Beenenue

B Hacrosiee BpemMst Ipy MOASTMPOBAHUN TMHAMMKM CILTOIIHOM Cpelbl BHIMOJHEHUIO TUCKPETHBIX 3aKOHOB
COXpaHeHUs yaessieTcs 0oyblIoe BHUMaHUeE. B KauecTBe mprMepa MOXHO ITpUBECTU paboTy [1], B KOTOpoit aJist o11-
HOMEPHOT'0 TMCKPETHOTO ypaBHEHMsI TMHAMUKM MOoKa3biBaeTcs Teopema HETep, yctaHaBnmBarolasi B3aMMHO-OJI-
HO3HAYHOE COOTBETCTBUE MEXIy IpyIIIaMy CUMMETPUIT U 3aKOHaMU coxpaHeHus. [1pu MoBbIILIeHUH pa3MEepPHOCTH
pelaeMbIX YpaBHEHHMI 0c000¢ BHUMAaHME YIEISIeTCS CXeMaM ¢ HeCKOIbKUMM HEJIMHETHBIMY MHBapUAHTAMU. DTO
O0OBSICHSICTCS TEM, UTO ITPU ABYMEPHOM IBVKECHUH, COXPaHSISI NUCKPETHYIO SHEPTHIO 1 ITOTEHIINATBHYIO SHTPOIIHIO,
MUHUMU3UPYETCS DUKTUBHBIN MTOTOK SHEPTUM B ABMXKEHUSI C BBICOKMMU BOJTHOBBIMM uncsiaMu. [TnoHepckoit pa-
0oToif sBsIeTCs [2], B KOTOpOIi BIIEpBhIC OBLIa TOJIydeHa cXeMa I YpaBHEHU 0e3MMBEPIeHTHOTO IBVKCHMUS,
obecrieynBaromias B JUCKPETHOM ypaBHEHUN aOCOJTIOTHOTO BUXpS HaJIMUWe OBYX KBaApaTWYHBIX WHBAPUAHTOB.
OTHU pe3yabTaThl ObLIM 0000IIEHBI IJ1 MPUOIVKEHUST MEJIKOM BOAbI B [3].

Pesynbratel paboThI [4] MO3BOIMIM cO30AaTh CXeMy, KOTOpas MMEeT IBa AMCKPETHBIX HEIMHEIHBIX MHBAapHaHTa
(a IMeHHO, HEPrus U MOTeHLMaIbHast SHCTPO(UST) Kak I0 MPOCTPaHCTBY, TaK U 1Mo BpeMeHu. B padore [5] cxema Apa-
KkaBbl—JIam0a (A—JI), KoTopasi paHee ObLIa MOJTyYeHa JI1 OPTOTOHATBHBIX ITPSIMOYTOJILHBIX CETOK, 000011IeHa /115 TTPO-
M3BOJIEHBIX HEOPTOTOHATLHBIX C(DepUIEeCKIX ITOJTMTOHAIBHBIX CETOK, M TIOKA3aHO, YTO TaKOU €€ BUII TAKKE YIOBIETBO-
psSIET IUCKPETHBIM 3aKOHAM COXPaHEHMST SHEPTUU U TTOTeHIIMAIBHOI sHCTpoduu. B padore [6] cxema A—JI 3amicana
B BUIIE TPEX CJlaraéMbIX, KOTOPbIE OTBEYAIOT 32 Pa3IMYHbIC CBOMCTBA KOHEYHO-PA3HOCTHBIX YpaBHeHUI. CoxpaHeHue
IVCKPETHON KMHETWUYECKON 3HEPTMU TapaHTUPYeT IIEPBOE CllaracMoe; HAJIMIME BTOPOTO CJIaraeéMoro o0ecrieuymBacT
JIBa HEJIMHEHBIX MTHBApUAHTA IPY OE3AMBEPTCHTHOM JIBIKEHMM; CyMMa ITIEPBOTO, BTOPOTO M TPETHETO CJIaraeMbIX 1T
nepBoHauaabHylo cxemy A—JI. B pabore [7] mist Momey MeJiKoil Boabl, yuuThiBatolleii cury Kopuonuca u epemeH-
HBII pestbed THa, TTOCTPOSHA cXeMa, MCKITIoUaroIast abeppalivio IIPSIMOTo M 00PaTHOTO KAaCKAIOB SHEPTUH B KBa3UIABY-
MEPHOI TYpOYJICHTHOCTH 3a CYET COXPAHEHMSI TMCKPETHOM ITOTEHIIMATIBHOM SHCTPOMUY U TUCKPETHOM SHEPIUH.

OrmnucaHHbIC BBIIIE CXEMBI IITMPOKO MPUMEHSIIOTCSI B COBPEMEHHBIX MOJEISIX OOIIeH MUPKYISILIUM OKeaHa s
YMEHBIIECHHS OIMOOK MOIEIMPOBAHUS OCOOEHHO TIPU ITOJITOCPOYHBIX ITPorHo3ax. [IpobieMa yBeIMUeHNsT TOYHO-
CTHU BOCITPOM3BOAMMBIX THAPOMU3NIECKUX MOJICi pelraeTcst HECKOJIbKIMU ITyTSIMU: TTOBBIIIIEHUEM TTOPSIIKa TOUHO-
CTHU CXEM amIpoKCHUMAaIIMU aaBeKTUBHBIX WieHoB (Momenu ROMS [8], FVCOM [9], HYCOM [10], MITgem [11]),
KCIIOIb30BAHMEM CXEM, 00J1aJalolnX HeJMHeHHbIMU uHBapuaHTamMu (Mogean NEMO [12], MOMG6 [13], MPAS-
Ocean [14]), coxpaHeHUEeM 2HEPruy U APYTUX MHBAPUAHTOB B pamKax MumeTudeckoro nmomxona (ICON-O [15]),
peryasipuzauyeit ypasHeHuil TypoyneHTHocT (POP [16]). B KoHTeKCTE 3a1aun HACTOSIILIETO MCCIEI0BAHUS CIEIyeT
BBIICIIATH PSIT Pa0bOT, Ie TECTUPOBAHME CXeM aaBEKIIUKM UMITYJIbca, OOJIATaroIX HeIMHEMHBIMI MHBapUAHTAMM,
MPOBOAWIIOCH TSI PeaibHBIX TMApodU3ndecKux TpolieccoB. Tak, B [17] mpenacTtaBieHbl pe3yJibTaThl TECTOBBIX 3a-
a4 reo(U3NIecKOi TUIPOIMHAMUKHY (COXpaHeHHe reocTpouuecKoro dajaHca, BOCIIpoOu3BeaeHe 0apoOKIMHHOMI
HEYCTOMYMBOCTHU U Ip.) U CXeM aaBeKIuu, Ucronb3yeMbix B ICON-O [15], 1 1OCTOBEpHO MPOIEeMOHCTPHUPOBaHA
BaXXHOCTb KOPPEKTHOTO BOCIIPOM3BEICHUST KaCKaloB SHEPTUM M 9HCTPOMUHU ISl JUTUTESILHBIX PACYETOB LIMPKYJIS-
. B [18] mokaszaHo, 4TO KauecTBO pe3yJIbTaTOB MOAEIUPOBaHUS UUPKYJIsiunu B CeBepHOii ATJIaHTUKE 110 MOAEIN
NEMO ynyumraercs py IpUMEHEHUN CXeMBI aABEKIINN UMITYJIbCa, COXPaHSIOIIeit SHepTuio 1 sHCTpoduio. Kpome
TOTO, HAJTM4IME HEJIMHEITHBIX THBAPWAHTOB BasKHO B TTapaMeTPHU3alIMsIX IOACETOYHBIX BUXpeil. Tak, Ha TECTOBBIX pac-
YyeTax Ipoliecca 06apoTPOITHOI, CBOOOIHO 3aTyXarolleil TypOyJIeHTHOCTH aBTOPHI | 19] moka3pIBaloT, YTO COXpaHEHUE
KMHETUYECKOI SHEepIMy BUXpEU M MOTEHIMAILHON SHCTpOodUN BUXpeil obecrieunBaeT IByHAIIPaBICHHBI 00OMeH
KMHETUYECKOM SHepTHeil MeXK Iy MapaMeTpU30BaHHBIMY BUXPSIMU Y KPYITHOMACIITAOHBIM ITOTOKOM.

YeTbIpe YMCICHHBIC CXeMBI UIS1 aABEKIIMU UMITYJIbca, 00JIanarole HeIMHeHBIMU HHBapMaHTaMu, U3 paboT
[2, 20, 21] npemnaratorcs B moaeau MOMG6 ([13] pasgen Spatial Discretization/Discrete Coriolis Term). Kpome
TOT0, UMEIOTCSI THOPHUIHBIE BAPUAHTHI, KOTOPBIE TTO3BOJISIOT «CMEIINBATL» cXeMbl. [10 nToram TecToB, pe3yIbTaThl
KOTOPBIX MPEACTaBlIeHbl B pernosutopun Explore nabopatopun NOAA!, aBTopbl Momen NpeuIaraioT UCIob30-
BaTh CXeMY, COXPaHSIOIIYI0 SHepruio 1o [20], Tpu MoaeTMpOBaHUHN KPYITHOMACIITAOHBIX ITpolieccoB. Ecimm Heob-
XOIUMO MCCJIeT0BaTh UHTEHCHUBHbBIE ME30MaCIIITAOHbIE BUXPU, PEeKOMEHIYIOTCs cxeMa [ 3] 1 ee monudukanms [21],
COXPaHSIOIINE SHEPTUIO U SHCTPODUIO.

Uhttps://egitlab.gfdl.noaa.gov/NOAA-GFDL/MOMG6 (nara o6pawenus: 15.10.2025)
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OpHako, Kak ToKasaya MpakThKa, TPUMEHEHNE CXeM, 00JIafatoniuX HeJIMHEWHBIMU MHBapUaHTaMM, He Ta-
PaHTUPYET OTCYTCTBUS UMCIEHHBIX HEYCTOMUMBOCTEH [22], 4TO TpeOyeT MOCTOSITHHOIO TECTUPOBAHUS M COBEPILIEH-
CTBOBaHMUS airopuTMOB. HacTosiiasi pabota nponoykaeT 3TU UCClIeOBaHUs U TIOCBSIIIIEHA aHAM3Y Pe3yJIbTaTOB
TpeX MPOTHOCTUYECKUX PACYETOB MUPKYJSAIIMN YepHOTO MOpPS C peaTuCTUIECKUMU KPAaeBbIMU YCIOBUSMU TIPU
KCTIOJIb30BAHUH PA3JIMUYHBIX CXEM COXpaHEHMSI.

2. Marepuajibl 1 METOIBI

B paborte nmpencraBiieHbl TPU CXEMbI alIITPOKCUMALIUU HETMHEMHBIX TOPU30HTATbHbBIX ClIaTaeMbIX B YPAaBHEHU -
SIX IBDKEHMS KUIKOCTHU, KOTOpbIe TecTUpyloTcs Ha Moaean MI'U [23]. Moxenb OTHOCUTCS K KJaccy BUXpepas-
pelnaImx Moeei o01eil HUPKYISIUA OKeaHa. YpaBHEHUs 3anucanbl B dopme 'pomeku—JIamba, B mpubdin-
>keHur byccuHecka, r'MApOCTaTUKKU U HECXKMMAEeMOCTU MOPCKOI BOIbI B JEKAPTOBOM CHUCTEMe KOOpIMHAT (OCh
X HarpaBjieHa Ha BOCTOK, OCb y — Ha CeBep, OCb 7 — BEPTUKAJIbHO BHU3). BbicoTa ypOBHSI MOpSI BBIYMCIISIETCS
13 JTMHEApU30BAaHHOTO KMHEMATUUECKOTO YCJIOBUSI Ha TIOBEPXHOCTHU pas/eia BoJa-BO3MyX, U3 YpaBHEHUS Hepas3-
PBIBHOCTU PacCUMTHIBAETCSI BEpTUKaIbHAsI CKOPOCTh. [110THOCTD NpencTaBieHa B BUIE MOJMHOMA BTOPOii cTerne-
HU OT TeMIIepaTyphl U COJIEHOCTU. [ Opu3oHTaNbHAS BI3KOCTh U N dy3ust TapaMeTpru30BaHbl OUTAPMOHUYECKUM
omneparopoM Jlaruiaca ¢ MOCTOSTHHBIMU KO3 bUIIMEHTaMU, BEPTUKATBHBIN TypOyJIeHTHBIIT OOMEH TIpencTaBiIeH
MoJeJiblo 3aMbikaHus Menopa-fAmansr 2.5.

Ha rpanutie pasnena Bo3ayx-Boja 3a1ai0TCsl HAIPSIKEHUsT TPEHUST BETpa, CKOPOCTU OCAJKOB U UCTApeHUsI,
a Tak>kKe TIOTOKM Teruia. [{7is1 ypaBHeHUI IBVDKEHUST CTAaBATCS YCIIOBUS TIPWIMTIAHUS Ha JIHE, HA TBEPIABIX OOKOBBIX
ydacTKax rpaHUIbl 3aJal0TCsl PAaBEHCTBO HYJIIO0 HOPMaJIbHOW CKOPOCTU U HOPMaJbHOM MPOU3BOMHOI KacaTeslb-
HOI CKOPOCTHU, a TakKe PABEHCTBO HYJIIO UX JIAMJIACUAHOB. YCIIOBUS BHIOPAHbI, YTOOBI YMEHBIINUTH AUCCUTIALIUIO
B cucteme. [l ypaBHeHult niepeHoca-nudy3nn Teruia U coiu Ha TBEPIAbIX CTEHKAaX OTCYTCTBYIOT HOPMaJIbHbIE
MOTOKH TEIJia ¥ COJIU, U PaBHBI HYJIIO JaljaciaHbl HOPMaJIbHbBIX MOTOKOB. Ha XXMAKMUX yyacTKax rpaHULibl (YCTbsI
PEK ¥ IIPOJIMBLI) 3a/1al0TCs yenoBus dupuxiie: 3HaueHUs TeMIiepatypbl pek JyHaii, JInernp, JlHecTp B3STHI 1O cpe/-
HEMECSTYHBIM KJIMMAaTUYECKUM JTaHHBIM [24], 1T OCTaIbHBIX PEK TeMITepaTypa Takas Xe, Kak B MOpe; COJIEHOCTh
nocTtostHHa U paBHa 7 %o; B KepueHCKOM MpoJinBe TeMITepaTypa Takasi 3Ke, KaK B Mope, ColeHOCTb 12 %o; CKOpOCTh
HOpPMAaJIbHBIX TTOTOKOB B YCThsIX peK, KepueHckom mposuBe 1 BepxHeOochOopcKOM TeUeHUU paccuuTaHa Mo cpei-
HEMECSYHBIM KJIMMaTUYeCKUM pacxo/iaM pek 1 TTpojnuBoB [24]. B HmkHeO0c(hopckoM TeueHNU TeMIiepaTypa u co-
JIEHOCTb COOTBETCTBYIOT CPEIHETOI0OBBIM XapakTepucTukaM MpamopHoro Mopst 12 °C u 35 %o. CpenHeMecsTaHbIi
pacxop (M 3aTeM CKOPOCTb) B HMKHEO0C(HOPCKOM TEUEHUM BBIYUCIISIETCS] U3 YCIIOBUSI COXPAHEHUSI MACcChl BOIbI
B OacceifHe B cpemHeM 3a rojl.

HuckpeTusalius ypaBHEHU Mozeau BbiroiHeHa Ha C-ceTke. [1pu mpoBeaeHUM YUCIEHHBIX 9KCIIEPUMEHTOB
JUTSI TIPOM3BOIHON TI0 BpEMEHHU UCIIOIb30BaIach CXeMa LIeHTpalbHbIX pa3HocTei («leap-frog»). DTa cxema rpu ma-
JIBIX IIIaTax M0 BPEMEHM MPAKTUYECKU He UCKAaXKaeT IJTMHHOBOJHOBYIO YaCTh CTIEKTpa ABMKEHUS U TIPU IMHEITHOM
M3MeHeHUU QYHKIIMH OT 11ara K I111ary rno BpeMeHu MouTyu KoHcepBaThBHA. HemocTaTku aToii cxeMbl 00YCI0BASHbI
TIPOSIBJICHUEM CJIa00It HEYCTOMYMBOCTH, JUISI IIPEIOTBPAIleHUST KOTOPOIi HEOOXOMMMO UCIIOIb30BaTh BPEMEHHOI
(bunbTp, B KayecTBE KOTOPOTO MIEPUOTNIECKY TPUMEHSIACh cxeMa MaTcyHo. ATITIpoKCUMalIvs TTo BpeMeH! ciiara-
€MbIX YpPaBHEHUI anBeKIUU-TUbbY3UM Teria U COJM OCYLIECTBIsUIaCh CAEAYIOIUM o0pa3oM. [I1st anBeKIMK Uc-
MOJTb30BajIach sIBHAsI CXeMa Mo BPEMEHU, TOpU30HTaIbHAs N dy3ust Opanach ¢ MPeAbIAYIIETo 1ara o BpeMeHH,
BepTuKaibHas AU Gy3ust anmpoKCUMUPOBAIach HESIBHBIM 00pa3oM. B ypaBHEHUSIX ABMKEHUS 71T HETMHEITHBIX
cjaraeMbIX MCIOJb30Bajach sIBHAs cxema, MOoJyHesIBHOE MpeACcTaBAeHue AaBieHus [25], BepTukaaibHasl BI3KOCTh
OTHMChIBATACh HESIBHBIM 00pPa30M, TOPU3OHTAIbHAS BSI3KOCTh PACCUMTHIBAJIACH C MPEAbIAYIIETO 1I1ara Mo BpeMe-
Hu. OnrcaHHas MUCKpPeTHU3alrsl o BpeMEeHU OTJIMYaeTCsT OT BapraHTa MOJIENN, TIpeaCcTaBIeHHoTo B [23], 1 Oblia
BbIOpaHa ¢ LEbIO UCIOAb30BAHUSI METO/Ia MTPOrOHKU, KOTOPBII B OTJIMUME OT MPUMEHSIBIIMXCSI paHee SIBJISIeTCS
TOYHBIM PEIIEHUEM PAa3HOCTHBIX YPABHEHUIA.

Tlopu3oHTaNIbHOE pa3pellieHre MOJEIM CocTaBisieT 1,64 KM, IO BepTUKAIM 3a1aHbl 27 Z-TOPU30HTOB C HepaB-
HOMEPHBIM LIarOM OT HECKOJIbKMX METPOB B BepxHUX c1osix 10 200 M B riTyOuHHbBIX. Mcronb3yeMoe ropu3oHTalb-
HOE paspellieHrue MeHbIlle OapoKJIMHHOTO paanyca aedopmaiiuu PoccOu (koTopeiii B UepHOM MOpe BapbUpyeT
OT ~5 KM B IIpUOpexHOit 30He 10 ~20 KM B INIyOOKOBOAHOM YacTH), Mo3ToMy Mozeab MI'M Bocripon3BoauT me30-
MaciutabHble BUXpU B iBHOM BuIe. I1lar mo BpemeHu paBeH 96 c.

Mopckoii 6acceifH «almpoKCUMUPYeTCsl 00KCaMM, IIEHTPaM KOTOPBIX COOTBETCTBYIOT LICJIOUMCIICHHBIC 3HAUC-
HVSL MHIEKCOB I, J, K (I = iy, ooy iny ] = J1s s Jas K= 1, o, K ), TPAHAM — i+1/2, j+1/2, k+1/2. TopusoHTabHbIE
pasmepbl  GOKCOB (h,, h,) TOCTOSIHHbIC, MO BEPTUKATM WCIHOJb3YETCs HEPaBHOMEpHAsl aMIpPOKCUMALIUS
(héc = Zpa1y2 ~ Zem1)2 hé‘”/ 2= Zj41 — %) - Ha ropusoHTax z;, pacCYMTHIBAIOTCS TOPUZOHTATBHBIC KOMITOHEHTHI CKO-
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POCTH & ¥ V, HA TOPU3OHTAX Zy+1/, — BEPTUKAIbHAs CKOPOCTh w. Temneparypa 7', COJIEHOCTh S U IUIOTHOCTD O Bbl-
YUCISIIOTCS B LIEHTpe OOKCca, KOMITOHEHTBI BUXPsSI CKOPOCTHU & — Ha ero rpaHsx. [IpocTpaHcTBEHHOE pacripernesie-
HYe TTPOrHOCTUYECKUX MIEPEMEHHBIX MTOKa3aHo Ha puc. 1» [6, ¢. 349—350].
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Puc. 1. Pacripenenenue nepeMeHHBIX B 60Kkce (i, /, k) [6]

Fig. 1. Distribution of variables in the box (i, /, k) [6]

BBeneM 0003HaYeHUSI 1151 KOHEUHO-Pa3HOCTHBIX OTIEPaTOPOB, ASUCTBYIOIINX BAOJb OCU X (AHAJIOTUYHO BIOJb
yuz):

x Ok TP,k Piv1/2,jk ~ Piz1/2,j,k 2 2 2
Pijk = 5 s 8Pk = p s Vi =830 4 T80 4 M

X

Torma pa3HOCTHBIE ypaBHEHUS IBMXKEHUSI B MOJIEIM 3aITMChIBAIOTCS CICIYIOIIMM 00pa3oM:

du, s ; JE— -1
/2,J,k z Xey k k _
a [V’é :|i+1/2,j,k Wiy gk Sijalt (hz ) =~y (Ei+1/2,/’k * Bk )

dv. . JE— z -1
% + [”agz :|i,j+1 PR j+1/2,ky§;f j+1/2,khzk (hf ) =9, (Ei, jey2k t Bk ) (@)
J1ist 3aaHust TPAHUYHBIX YCIOBUiT Ha CBOOOTHOM MTOBEPXHOCTH MCIIOIB3YIOTCS TaHHbIe aTMOC(hEPHOIT MoieTn
SKIRON [26], koTopas mwist HepHOro Mopst UMeeT HanOoJIblliee Ha CErOIHAIITHUIA IeHb TOPU30HTAIBHOE pa3pelie-
nHue 0,1°. Ipu yyeTe peaaucTudHOro atMocepHOro Bo3aeicTsrs 3a 2016 T. IpoBeIeHO TPU YNCIIEHHBIX SKCIIEPH-
MEHTa CPOKOM Ha OivH roj. Vx ominune Mexay co0oit 3aKiTodanoch B (hopMyJie anmpoKCUMaIIMy HeJTMHETHbBIX
TOPU3OHTAJIbHBIX CJIaraeMbIX B YPaBHEHUSIX IBVKEHUS (BTOPBIE CliaraeMble B JieBoil yactu (2)). B mepBom pacuere
(3KcrepuMeHT 1) OHM UMEIOT BUL:

X xyy

B b {1 _
z _ Vez z _ z
[vé l’+1/2,j,k =Vin/ik Sk [”’E’ :|i,j+1/2,k =gk Sijak )

Cxema (3) obecnieurBaeT coXxpaHeHHEe DHEPTUU B IMCKPETHOM BME M 3amucaHa Ha MMHUMAaJlbHOM Pa3HOCTHOM
1abJyioHe.

Bo BTOpOM pacuere (3KCIIEPUMEHT 2) UCITIOJIb3YeM alllpOKCUMAIINIO, KOTOpasl COOTBETCTBYET cxeMe CamypHu
[20] 1 coxpaHsieT MOTeHIUATbHYIO SHCTPO(DUIO:
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y y
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B Ttpetbem skcnepumeHTe (3KcriepuMeHT 3) mpumeHsietcss cxema A—JI [3], mpu ucnoib30BaHUU KOTOPOW
B IMCKPETHOM BUJIE COXPAHSIIOTCSI U 9HEPTHUSI, U MOTEHIIMAIbHAsI SHCTPODUS:

X 32,2
—y Y ek
[V,f;z l‘+1 1k =Vir2,)k éizﬂ/z, ik T a8 5, |:(6yvi+1/2, ik )(5x5y§f+1/2, ik )} -

hehy | o (T o 1 T
6 O | Upsiyn ke OpEiviyajk D) U2, 400,80k | |

- h h
[u’ézl,jﬂ/z,k ,/+1/2k g,/+1/2k y 48 |:(6x t/+1/2k)(8x5y§f,j+l/2,k ):|_

[ (—y —
6 Oy | Vi jr1/2k '8 ‘g,,+1/2k = Vije1248:8, 85 ok | (3)

3. Pe3yabTaThl

ITo pe3ynbpraTaMm Tpex SKCIIEPUMEHTOB ITOJIYYCHBI CPEIHECYTOYHBIE TAaHHBIE O BEICOTE YPOBHS MOPSI, TEMIIepa-
TYpe, COJIEHOCTH U CKOpocTsix TeueHuit YepHoro mMopst B 2016 r. CpeHeCcyTOUHOE OCPETHEHHUE BBITOJHEHO YTO-
OBl OT(PUIBTPOBATH MHEPLIMOHHBIE KoJiebaHusIM (111 YepHOTro Mopst mepuos KosiedaHuii okoso 17,6 4), KoTopbie
3aTPYIHSIOT MHTEPIIPETaInIo pe3yIbTaToB. Bamumaims pe3yabTaToB IMIPOBOAMIACH IO KOHTAKTHBIM U3MEPEHUSIM
TeMIIepaTyphbl, COJEHOCTH U CKOPOCTU TeueHUl, KoTopble noaydyeHbl B xoae skcneauniit HUC «I1podeccop Bo-
ITHUIKW» B 2016 1. [27, 28], maHHBIX 0 TeMITepaType 1 cojieHocTH ¢ 14-ti 6yeB APT'O, npoduinpoBaBIINX B Te-
yerue 2016 r., a Tak:Ke Ha OCHOBE COIIOCTABJIEHMSI CO CITyTHUKOBBIMU CHUMKAMHU TEMIIEPATYPbl [IOBEPXHOCTU MOPSI
U BOCXOMSIIErO U3y4yeHUsl, CBOOOMHO MmpenocrabisgeMbiMu Mopckum noptasoM MI'U [29]. JaHHble HATYpPHBIX
HabmoaeHuit B3sATHl U3 banka okeaHorpaguyeckux gaHHbix MI'M [30]. Tak Kak npsiMmble U3MepeHUsI CKOPOCTU
teyeHuil B peiicax HUC Obuin HeMHoOrouucaeHHbI (13 336 cTaHLuMii, BIIOJIHEHHBIX B 2016 I'., U3MEPEHUsT CKO-
pOCTH TIPOBOAMIIUCH UL Ha 102), TO 17151 001Iel OIEeHKM TOYHOCTU Pe3yJIbTaTOB MOJIETMPOBAHUS PACCUUTAHbBI
cpenHekBagpaTudyeckue oTkjoHeHUs (CKO) MoaenbHbIX TaHHBIX TEMIIEPATYPbl U COJIEHOCTU OT HATYPHBIX M3Me-
peHuit 11 BceX Topu3oHTOB Moaenu 10 TayonHsl 1500 M. CKO BbeIUMCASIIMCH OIS KaXKIOro Oys U peiica, 3aTeM
pe3yabTathl o BceM miatdopmam (14 6yes, 3 peiica) ycpenHensl. Ha puc. 2 BennunHbl cpeqaux CKO temnepary-
pBI MIpeCTaBIeHbI B BUIIE BEPTUKAIbHbBIX Tpoduieit, Takxke 1Sl BBIOOPOUHBIX CTAHLIMI MTOKa3aHbl caMu TpoDUIn
110 JaHHBIM HAOTIOACHMIT M MOAEIMPOBAHUS B 3MMHUI M JIETHBIN CE30HBI. AHAJOTUYHbBIC JAaHHBIC UISI COJICHOCTH
npuseneHbl Ha puc. 3. [Tpoduiu Ha puc. 2 u 3 n306paxeHbl A0 rAyouHbl 300 M, T. K. HUXKE pa3HULIA MEXTY IKCIe-
pPUMEHTaMU MUHUMaJIbHA U MOJIEIbHbIC TaHHbIE OJU3KW K HATYPHBIM.

Kaxk BugHO U3 puc. 2, a, i Bcex akcnepuMeHToB Hanobonbre CKO TeMmnepaTypbl Hab101al0TCs Ha TIIy-
o6unHax 20—30 M. AHanu3 npoduieil TeMIepaTypbl Ha pa3IMYHBIX CTALIMSIX MOKAa3al, YTO OLIMOKM MOIEIUpPOBa-
HUSI BEPTUKAJIbHON CTPYKTYPHI MOJISI TEMIIEPaTyphbl CBSI3aHbl C HETOYHOCTBIO BOCIIPOU3BEIECHHS IIyOUHBI 3aJie-
TaHUs ¥ TOJIIUHBI CE30HHOTO TePMOKIIMHA (puc. 2, 6). B 3MMHMIT TTepron TOIIIMHA BEPXHETO ITepeMelIaHHOTO
CJI0S1 BOCITPOU3BOIMUTCS TOCTATOYHO TOYHO, OJTHAKO €r0 TeMIlepaTypa 3aHMKeHa 10 CPAaBHEHUIO C UBMEPEHUSIMU
(puc. 2, 6).

Maxcumanbpabie CKO coieHOCTH BBISIBICHBI MeXITy ropu3oHTamMu 75 u 113 M (puc. 3, a), 9T0 COOTBETCTBYET
CpemHeMy TMOJIOKEHUIO TIIyOUHBI 3aJIeTaHusT BEPXHEU TpaHUIIbl OCHOBHOTO TaloKiIMHA. OTKJIOHEHUST BETUYMHBI
COJICHOCTH CJ1a00 3aBUCST OT CE30Ha, 31eCh MOMIEJIb MOXKET KaK 3aBbIIIaTh, TaK U 3aHMXKaTbh COJEHOCTH (puc. 3, 6, 8).

HocTaToOYHO BHICOKME OTKJIOHEHMSI TEPMOXATMHHBIX XapaKTEPUCTUK B OOJIACTSIX OOJIBIIMX BEPTUKAJIBHBIX
TPagueHTOB OOBIYHO KOPPEKTUPYIOTCS TPOILENYyPOil aCCUMWISIIMMA TaHHBIX HabofeHuii. B paccMaTpuBaeMbIx
AKCMEepPUMEHTaX Mbl HE YCBauBalu JaHHbIC HAOIIONEHWI, YTOOBI OLICHUTh BIMSIHME UMEHHO YMCJIEHHbIX aIlllpoK-
cumannii. CpaBHeHNE OTKJIOHEHMIT TeMIIepaTyphl M COJICHOCTH [UISI TPEX pacueToB ITOKA3aJIo, YTO MPUMEHEHHE
Pa3IMYHBIX CXeM alMpOKCUMAIIMY HEJTMHEWHBIX YWIEHOB B YPABHEHUSIX IBUXKEHUST HE TIPUBOIUT K CTATUCTUYECKU
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Puc. 2. IIpodmiu CKO teMiiepaTypbl 1 MpoduIn TeMIIEPATyphI 10 pe3yIbTaTaM MOIEINPOBAHMS U HAOIIONEHWIA: @ — CPEIHEee
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Fig. 2. Vertical profiles of temperature RMSD and temperature profiles from model simulations and in sifu observations: ¢ — mean
RMSD; b — station at 44.37° N, 34.58° E, 10 July 2016; ¢ — station at 44.50° N, 36.42° E, 1 December 2016
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CKO; 6 — 10.07.2016, ctanums (44,37° ¢. 1., 34,58° B. 1.); 6 — 01.12.2016, cTranums (44,5° ¢. 1., 36,42° B. 11.)

Fig. 3. Vertical profiles of salinity RMSD and salinity profiles from model simulations and in sifu observations: @ — mean RMSD;
b — station at 44.37° N, 34.58° E, 10 July 2016; ¢ — station at 44.50° N, 36.42° E, 1 December 2016

3HaunMoMy nu3mMeHeHuto 3HaueHuii CKO. Creayer OTMETUTD, UTO HAaMOOIbIINE PA3IMYUS MEXIY dKCIIepUMEHTa-
MU IPOSIBIIIOTCS B TTPOWISX TemItepaTyphl. [1o-BuaIMMOMYy, amBeKTUBHAS YacTh ITOTOKA Tellla 0oJiee IyBCTBH-
TeJIbHA K CTIIOCO0Y pacyeTa KOMIIOHEHTOB BEKTOpPa CKOPOCTH.

Kak yka3aHo Bblllie, B CBSI3U C MaJIbIM KOJIMYECTBOM IIPSIMbIX U3MEPEHUI CKOPOCTY T€UEHMIA, BHIITOJIHEHO Ka-
YeCTBEHHOE CpaBHEHME MOJIEIbHBIX CKOpocTeil 1 uaMepeHHbIX B peiicax HUC «Ilpodeccop BomssHuukuii» mist
ceBepHOit yacTn YepHOTro Mopst B oKpecTHOCTSIX KpbiMckoro 1-Ba (puc. 4). KapTel MOIeBHBIX TTOJIEi CKOPOCTH,
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OCPeIHEHHBIX 32 MEPUOJ ChEMKM, COMOCTABIISUIMCH C KapTaMU TeUeHUIt, BOCCTAHOBJIEHHbBIX MO MHCTPYMEHTAJb-
HBIM TOYEYHbIM HAOJIIOIEHUSIM, BLITTOJTHEHHBIM B peiicax (IaHHbIe onmyOIMKOBaHbI B [27, puc. 2, 2], [28, puc. 2, ¢]
U IIPEIOCTaBICHBI aBTOPAMM).
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Puc. 4. KapTbl cpeaqHux no BpeMeHU MOJEIbHBIX CKOPOCTEM 1 TeUEeHM, BOCCTAHOBJIEHHBIX 1O U3MEpPEHUsIM |27,
puc. 2, 2], [28, puc. 2, ¢|, 3a nepronsl BeimonHeHUs peiicoB HUC «IIpodeccop BomsgHunkuii»: a — peiic 87,
ryouHa 10 m; 6 — peiic 91, my6uHa 25 M

Fig. 4. Maps of time-averaged modeled current velocities and currents reconstructed from measurements [27, Fig.
2d; 28, Fig. 2d] for the periods of cruises 87 and 91 of the R/V “Professor Vodyanitsky”: a — cruise 87, depth 10
m; b — cruise 91, depth 25 m

B netHuii nepuog (puc. 4, a) OcHoBHoe yepHoMopckoe TeueHue (OYT) xapakTepu3oBajoch BBICOKO MHTEH-
CUBHOCTBIO CO CKOPOCTBIO BOJIM3M 105kKHO# oKoHeuHocTu Kpbima 1o 70 cM/c. K 1ory ot mojyoctpoBa 3achuKCupo-
BaH aHTUIIUKIOHNYEeCKUit BUXphb (KpbhIMCKIIT aHTULIMKIIOH ). Brmre mapamienn 44,5° . 1. HabromaeTess HEOMHO-
pOIHasl CTPYKTYpa TOoJIsi CKOPOCTH, UYTO YKa3bIBaeT Ha MHTeHCUBHOe MeaHapupoBaHue ctpyn OUT u Bo3MoOXHO
Ha HavaJlbHYI0 cTaguio ¢popMmupoBaHusi CeBacToNoabCKOro aHTuukiaoHa. Ilonoxenue crpyu OUT Bonu3u FHOx-
Horo bepera Kpsima Bocpon3BoauTes Bo Beex pacuerax, Kpeimckuii 1 CeBacTONONBbCKHUIT aHTULIMKIIOHBI OOHA-
PYyXUBaIOTCS B 9KcriepuMeHTax 2 u 3. Buxpsb K 1ory oT KpbIMCKOTO I-Ba SIBHO HEe HAOIIOAAETCS B MOJIE CKOPOCTHU
MO JAaHHBIM U3MEPEHUI, OMHAKO ero CyIleCTBOBAaHUE KOCBEHHO IMOATBEPXKIAETCs MOJIOXKEHHEM (POHTaJIbHOI
30HBI Ha CITYTHUKOBBIX CHIMKAaX SIPKOCTH BOCXO/ISIIIETO U3IyUYeHUs 110 TaHHBIM [29] (puc. 5, a).
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3umoit o gaHHBIM u3MepeHuii OUT mpuoOperaeT BHI y3KOI IPIDKATOM K OEpery CTPYM CO CKOPOCTHIO
10 60 cM/c, Ha wmenbde K 3anamy ot KpbiMa perysipHbIX CTPYKTYp He HaOmomaetcsd. Kak BugHo u3 puc. 4, 6
10 TaHHBIM MOJEIMPOBaHUS MojoxeHue u ctpykrtypa OUT BOIM3M 10ro-BOCTOYHOrO mobepexbs Kpbima cooT-
BeTCTBYeT HabmoneHusIM. [lo pesyabraTaM 3KCIIEpUMEHTOB 2 U 3 BBISIBJIEH ITIOBOPOT CTPYM Ha IOTO-3aral MEeXIy
MmepuanaHamu 33° u 34° B. 1. C TeueHreM BpeMeHU CTPYys CMeI[aeTCs Ha IOoT MO/ BO3AeHCTBUEM aHTULIMKIIOHYE-
CKOTO BUXpS (pHC. 5, 6), XOPOIIIO HAOII0IAEMOT0 B MOJIe TEMIIEPaTyPhI ITOBEPXHOCTH MOPSI B BUIE SIpa TETLIBIX BOI
K 1oro-3amnamy ot Kpsima [29].
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Puc. 5. KapTbl MOJeIbHBIX CPEIHECYTOYHBIX CKOPOCTEi TeUEHUI U CITYyTHUKOBBIX CHUMKOB MOBEPXHOCTU MOps [29]:
a — Ha 12.07.2016; 6 — Ha 23.12.2016

Fig. 5. Maps of daily modeled current velocities and satellite images of the sea surface [29]: a — 12 July 2016; b — 23
December 2016
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7151 000MX CE30HOB MOJIEJIBbIO BOCIIPOM3BOAUTCS MHTEHCUBHASI BUXPEeBasi IMHAMUKA BOJU3U AHATOJIUICKOTO
nobepexbst Typliuy U B 10r0-BOCTOYHOI YacTU MODSI, MOATBEpKAaeMasl CIyTHUKOBBIMU CHUMKaMU TTOBEPXHOCTHU
mop4 (puc. 5).

AHaju3 KapT TeUeHUI )11 BCeX pacueTOB M HATYPHbBIX TAHHBIX [IOKA3bIBAET, YTO MOJC/IbHBIC 3HAYCHUSI MOLYJIST
CKOPOCTH 3aHIZKEHBI TT0 CPAaBHEHMIO C HAOMIONEHUSIMH, UYTO CBSI3aHO, BO-TIEPBBIX, C OCPEIHECHUEM 110 BPEMEHHU MO-
JIEJIbHBIX JAHHBIX, @ BO-BTOPBIX, C M3BECTHOI MPO06JIeMOIi HETOOLIEHKY MOJIEISIMU LIUPKYJISIIUUA CKOPOCTU TeUSHU I
B BepxHUX c105X. ComocTaBIeHNe MOICITHHBIX M U3MEPEHHBIX CKOPOCTEH TeUCHMI IJIST IPYTUX TOPU30OHTOB (31eCh
He T0Ka3aHOo) IMOATBEPXKIAaeT OMMCAHHBbIE BbIllle KayecTBeHHbIe ocobeHHOCcTU (TtojoxkeHue OYT, Kpnimckoro
1 CeBacTOMOJIBLCKOTO aHTUIIMKIIOHOB). [Tpu 3TOM KonmmuecTBeHHO Hike 100 M B JIeTHUIA ce30H 3HAUCHUS MOIYJIS
CKOPOCTM OJIM3KU MO BEeJUYMHAM M COCTABIISIIOT B cpeaHeM 12 cM/c, a OCEHbIO U 3UMOI U3MEPEHHBIE CKOPOCTU
BBIIIIe MOJIEJIbHBIX TIprMepHO Ha 30 %.

CpaBHeHME pe3yJIbTaTOB MOJAEIMPOBAHUS TOJISI CKOPOCTU MEXIy CO0Oil IOKa3bIBaeT, UTO B LIEJIOM BCE TpU
pacueTa IaroT OJM3KUE KapTUHBI TCUCHMIT, HO CO BpeMEHEM ITPOSIBIITIOTCS M KaUeCTBEHHBIC pa3Indus B CTPYKTY-
pe noisg (puc. 4 u 5). DTO 00BSICHIETCS TepepacnpeaeJieHueM KUHETUYECKOM SHEPTUU TeYEeHUI B 3aBUCUMOCTU
OT BBIOpAHHOM CXeMBbI armnpokcuManuu. Ha puc. 6 11 Tpex 3KCIEPUMEHTOB MPEACTaBICHO U3MEHEHUE B Teue-
Hue 2016 1. ocpeTHEHHO M0 00beMy KMHETHYECKOM sHeprun. Kak BUIHO pasinyus B BeJMYMHAX SHEPIrMU Ha-
YMHAIOTCS C allpesis, IIPU 9TOM KMHETUYECKast SHEPrusl B 9KcIepuMeHTe 3 (puc. 6, 3ejieHast KpyUBas) MEHbIIIE, YeM
B 1-M 1 2-M pacyeTax g0 KOHIIa roga. Hanbosblias sHeprust rmojaydyeHa B sKcrepumeHTe 2 (puc. 6, CUHSST KprBast)
B Mae-HIoJie M OKTI0pe-Hos10pe. [1py aHanm3e BeTMYMH KMHETUIECKOI SHEPTUH, YCPEIHEHHBIX IT0 TOPM30HTAM,
YCTAHOBJICHO, YTO B BEPXHUX CJIOSIX MOPSI €€ 3HAUEHMSI B TEYSHUE T0/1a MPAKTUIECKU OJMHAKOBbI BO BCEX 9KCIIEPHU-
MEHTaX, 4YTO OOYCIIOBIIEHO BETPOBBLIM Bo3aeiicTBreM. [1pu 9TOM MaKCUMaTbHBIC PACXOXKICHUS MEXIY 3HAUCHUSIMU
CcpenHel SHepruM Ha TOpUM30HTaX HabtoaaTcs Ha riayornHax ot 30 go 200 m.
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Fig. 6. Temporal evolution of volume-averaged kinetic energy in 2016 for the three numerical
experiments

4. O0cyxaenne

ITo pesynbTaTam pacyeToB ObLT MPOBEAEH YMCAECHHBIN aHaIU3 Ol0IKeTa KWHETUUECKON SHEPTUM LIUPKYISLIMA
(mMcKpeTHOE ypaBHEHNE CKOPOCTU M3MEHEHUN KMHETUISCKOI SHepruu IpeacTaBieHo B [31]). MisMeHeHne KuHe-
TUYECKOW 2Heprur (popMUPYETCST B pe3yIbTaTe aJBeKIIMU, BEPTUKAIBHON M TOPU3OHTAIIBHOM TUCCUTIAIIN DHED-
MM, paboThI CUJI BeTpa U TiaBydyecTu. B coorBeTcTBUM € [31] monoXuTeIbHOE 3HAUEHUE PAOOTHI CUITBI TIJIABYYECTU
YKa3bIBaeT Ha MEPEeX0ol SHEPTUU U3 JOCTYITHOM MOTCHIIMAIBPHOI B KWHETUIECKYIO B pe3yJIbTaTe 0apOKIMHHON He-
YCTOMYMBOCTH, OTPUILIATEIbHOE — Ha Mpeo0pa3oBaHue SHEPTMU U3 KWHETUYECKO B TOCTYITHYIO TOTEHIINATbHYIO.
[IpenBapuTenbHbIe OLICHKU MOKa3aau, YTO BKJIAI aABEKTHBHOIO MepeHoca Ha 2 Mopsiika MeHbIlIe IPYTUX ciarae-
MBIX, TIO3TOMY B JaJbHEMIIIEM aHaI3¢ He TIPEICTAaBICH.

Ha puc. 7 nzobpaxeHsl nojsg padboTsl cwibl maaBydyectu (WRG), BeptukaibHoit (VDIS) U Topu3oHTaIbHOM
(HDIS) puccunanyy KMHETUYEeCKOoI aHeprun Ha ropu3oHTe 50 M B aekabpe. U3 puc. 7, a BUAHO, YTO BO BTOPOM
¥ TPEThEM SKCIIEPUMEHTAX YBEINIMBAIOTCS 00JIACTH OTPHUIIATEIbHBIX 3HAYSHUM PaOOTHI CHIITBI TIJIaByYECTH BOTM3HU
cBasia ryouH y KOxxHoro 6epera KpbiMa 1 B BOCTOUHOM YacT AHATOJIMICKOIO MOOepexbsl.
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B 3amamHoit yacTy TIIyOOKOBOIHOM 30HBI MOPSI [IJIST BCEX pacUETOB MPe00IaIaroT TOJI0XUTEIbHBIC 3HAUCHMS
pabOThI CUJTBI TUIABYYECTH. AHAJIU3 TTOKA3aJl, YTO B 9KCTIEpUMEHTe | B CpeIHEeM TI0 IOy paboTa CUJTbI TUIaBY-
YECTH ITOJIOKUTENbHA, CIeIOBAaTeIbHO, KWHETUIEeCKast SHepIHsl BO3PAcTaeT, a B 9KCIIEPUMEHTax 2 U 3 OTpUIIaTeh-
Ha M KMHETUYEeCKasl SHEPTUsl YMEHBIIAeTCs 3a CUeT MpeoOpa3oBaHus B AOCTYITHYIO TOTeHIIManbHyto. s 2 u 3
pacyeToB MO CPaBHEHUIO C IKCIIEPUMEHTOM | B BOCTOYHOI YacTW MOpPsI HAOMIOAETCS yBeJIMUEHUE TTOTOKA dHEP-
TUU, CBSI3aHHOTO C BEPTUKAJbHON AuccUnalmeit KuHeTu4eckoit aHepruu (puc. 7, 6). I[lpu 3Tom mis motoka, 00-
YCJIOBJIEHHOI'O TOPU3OHTAIbHOI MUCCUIIALIMEH, CYIIIECTBEHHBIX Pa3Iuyuii MeXIy pe3yJibTaTaMu 9KCIIEPUMEHTOB
He oOHapyxkeHo (puc. 7, ). OnucaHHble TEHISHLIMU TTPOCTPAHCTBEHHOM M3MeHYnBoCcTH 1ToTokoB VDIS u HDIS
C YBEJIMYCHUEM TTIYOMHBI COXPAHSIOTCS.

Takum oOpa3zom, NMpUMEHEHHE YMCICHHOM CXeMbl, o0Jiajarolleil AByMsl KBaJApaTUYHBIMM WMHBapUaHTaMU
B YPaBHEHUSIX IBVKECHUS, TIPUBOIUT K YBEJMUCHHUIO MIOTOKA SHEPTUM TIPU TpaHC(HOPMALIUY KMHETUISCKOI SHEP-
TUHU B IOCTYIHYIO MOTCHINAIBHYIO, a TAKXKe K POCTY NMCCUTIAIINN SHEPTUHU 3a CUCT BEPTUKAIBHOTO TPESHUS.

15t 6oJiee meTaTbHOTO aHAI3a Pe3y/IbTaTOB PACUCTOB SHEPTETUUECKUX XapaKTePUCTHK OB ITOCTPOeH Tpaduk
Pa3HOCTH BEJIMYWH CPeTHEN KNHETUIECKOM IHEPTUY MEXTY TPETHUM U TTEPBBIM, TPETHUM U BTOPBIM 9KCIIEPUMEHTA-
mH (puc. 8). CornacHo puc. 8, MPUMEHEHNE CXeMbI C COXPAHEHUEM PHEPTUU U SHCTPODUU B TPETHEM IKCIIEPUMEHTE
MPYBOIUT K MEHBIIIMM 3HAYSHUSIM KUHETUIECKOI SHEPTUU 110 CPAaBHEHUIO C IByMsI IPYTUMU pacueTaMu. DTO CBUIE-
TEJBCTBYET O KOJTMYECTBEHHOM Pa3IMuMM B Tiepeaavye SHePrMu MEXKIy IBUKEHUSIMU pa3HbIX MAaCIIITa0OB.
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Puc. 8. MI3MeHeHMe co BpeMeHeM pa3HUILIbI MEXY 9KCIIEPMMEHTAMU BEJIMYUH CpeHei 1o 00b-
eMy KMHETUYECKOI DHEPTUn

Fig. 8. Temporal evolution of differences in volume-averaged kinetic energy between the experiments

AHaJIU3 MPOCTPAHCTBEHHOIO pachpeneeHUs] pa3HUIIbl KUHETUYECKOU SHEPTUM MEXIY IKCIepUMMEeHTaMU
B nekaope 2016 r. (puc. 9) mokasaii, 4To HaMOOJIbIIME OTIMYMS UMEIOT MECTO Ha Iepudepun Me3oMaciuTabHbIX
BUXpEl 1 OKOJIO AHATOJIMIICKOTO TTOOEPEXbsI, TAE B 9TOT MepUoj1 HAOII01aeTCs Hauboiee MHTEHCUBHOE BAOJIbOE-
peroBoe TeYeHHUe.

Haubonbiine oTiMuus B 3HEPreTMYecKrX MOTOKaX HAOMI0IAITCs MpU pacyeTe padoThl CUJIbl aaBEKIIUU
(puc. 10, a) u paboTbI cuibl T1aBydecTy (puc. 10, 6). Paznuunas anmpokcuMaiivs HeJIMHETHbBIX C1araeMbIX B ypaB-
HEHMSIX IBUKEHMSI TPUBOIUT K MI3BMEHEHUSIM B paboTe cuiibl TutaBydyecTu (puc. 10, 6) u, Kak cieacTBue, K rnepepac-
TMPENSIICHUIO SHEPTUU MEXIY TOCTYITHOM MOTEHIIMAIILHON U KWHETUYECKOM SHEPTUA.

5. 3akmouenne

I1IpencraBneHHbIe B paboTe pe3yiabTaThl MOJEIbHBIX 9KCIIEPUMEHTOB IT03BOJIMJIN [10KAa3aTh, YTO BLIOOp criocoba
aIIIMPOKCUMAIINNA HEJIMHEMHBIX CJIaraeMbIX B YPaBHEHUSX OBIDKCHUS CYIIECTBEHHO BIIMSIET HAa CTPYKTYPY TCUCHMIA.
Bce Tpu cxembl 00;1a7a10T CBOMCTBOM KOHCEPBAaTMBHOCTHU, O0ECIICUMBAIOIIIUM COXpaHEHUE KBaAPATUYHBIX BETMUMH
(3Hepruu, MOTEeHIUAILHON SHCTPOMUN) B pa3INIHBIX KOMOMHAIIMSIX. Takue cxeMbl He JaroT (popMaIbHOI rapaHTUN
YIIYYIIIeHUST JIOKAJIBHOM TOYHOCTH B TIPOTHO3UPYEMBIX TTOJISIX TI0 CPAaBHEHMIO C HAOTIONSHUSIMH, HO BaskKHBI TIPU [ITH-
TEJIbHBIX MHTerpupoBaHusIX. Kpome Toro, mpu MoneampoBaHUM TeUEHMI CYIIIeCTBEHHbIE OLIMOKY B IPOTHO3UPYEeMble
TIOJIST BHOCSIT KpaeBbIe M HAUaIbHBIEC YCIIOBUSI, KOTOPBIE MOTYT IIPEBHIIIATH IOTPEITHOCTH alpoKcuMan. Bo3amMox-
HO, MTO3TOMY PE3yJIbTaThl TPEX IKCIEPUMEHTOB MTPU COMOCTABIEHUHU C JAHHBIMU HAOIIOAEHUI OJIU3KU APYT APYTY.

36



Monemposanue MpKyJIsiin YepHOro MOps ¢ MCTIOIb30BAHIEM CXeM ANMPOKCUMALH. . .
Modeling of the Black Sea circulation using approximation schemes with discrete quadratic invariants

Oxcn. 3 - Oxem. 1 Jxcn. 3 - Oxem. 2
47%.1. 16
12
8
45°.m. 4 3
=
0 o
43°c.ur. -4 E
-8
-12
41°c.ur. ~16
28°B.1. 32°B.1. 36°8.11. 40°g.11. 28°§l. 32°B.11. 36°8.]1. 40°g.11.

Puc. 9. TIpocTpaHCTBEHHOE pacIpeie/ieHUe pa3sHULIbI MEX/TY SKCIIEPUMEHTaAMU BEIMYMH KUHETUYECKOM IHEp-
MM, IPOUHTErPUPOBaHHBIX B ciioe 30—200 M, st nekadpst 2016 r.

Fig. 9. Spatial distribution of differences in kinetic energy integrated over the 30—200 m layer between Experiment
3 and Experiments 1 and 2 for December 2016
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Puc. 10. I[IpocTpaHCTBEHHOE pacIipeneieHre pa3HULBI MEXKIY SKCIIEPUMEHTaMU TSl BEIMUMH pabOThI, TPOUH-
TerpupoBaHHbIX B citoe 30—200 M, B 1ekabpe 2016 I.: @ — CUIbI aABEKUWN; 6 — CUJIBI IIJIaByYECTH

Fig. 10. Spatial distribution of differences between the experiments in work terms integrated over the 30—200 m
layer in December 2016: a — work associated with the advective terms; » — buoyancy work term

[pu corocTaBieHUN SHEPIreTUYECKUX ITIOTOKOB, (hOPMUPYEMBIX B Pe3yjibTaTe paObOThI CHJI aABEKLINHI U IIaBYyYECTH,
HauOosbIIasl pa3HUIIA HAOMOAAeTCsl B O0JIACTSIX MHTEHCUMBHBIX TeUeHMiT (Ha mepudepruy Me30MacIlITaOHbIX BUXPEit
W CTPYIHBIX TeueHUIT). EcTecTBeHHBIE OTIINYMS B pabOTe CHITBI aBEKLIMM MEXKIY TpeMsT pacueTaMU IMPUBOIST K pa3HU-
11e B paboTe apXUMEIOBOM CHIIBI 1, CIIEIOBATEILHO, B BOCIIPOM3BEICHIH ITPOIIECCOB OapOKIMHHOM HEYCTOMIMBOCTI.
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MopaenupoBanue NPUJINBHON TUHAMMKY posuBa bycconn
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AHHOTAIMSA

Bycconb — camblit y0oKuii ¥ BTOPOIA 0 IIMPUHE MPOJUB B Lienu ocTpoBOB Kypuibckoii rpsabl. OH JOMUHUPYET B IIPU-
JIMBHOM TpaHcIopte 13 Oxorckoro Mmopst B Tuxuii OKeaH, BEHTUIMPYSI €70 BOIBI B CJIOSIX Ha [IyOMHE HECKOJIBKIX COTEH METPOB.
TopHblii penbed MpojauBa U ero HeperyspHas KOH(GUTrypaLust onpeaessioT 1eJ1eco00pa3HOCTh MOASIMPOBAHMSI B KPUBOJIU-
HEITHBIX TPAaHNYHO-COIIACOBAaHHBIX KOOPAMHATAX, OTOOpaKalOMNX (PU3NISCKYIO 00JIaCTh KpaeBOoil 3a1a4il Ha KAHOHUYECKYIO
BBIYMCIUTEIbHYIO 00J1acTh. B Takoii MOCTaHOBKE BBIIIOJHEHO BHICOKOpAa3pelIaloliee MOACIMPOBAHNE YPE3BbIYATHO aKTUBHOM
MPWIMBHOI TMHAMWKY MPOJIMBA B TUAPOCTATUICCKOM MTPUOIIKeHNU. Ha OTKPHITBIX TpaHUIIAaX 00J1aCTH 3aJal0TCsT KOJicOaHUst
YPOBHSI, BbI3BAHHBIC CYMMapHbBIM MTPUIMBOM, COAEPKABIIUM 14 rapMOHMK, B TeUeHUE CMHOAMYECKOro Mecsiia 29,5 cytok. Ha-
YaJIbHbIE M TPAHUYHBIC YCJIOBUS 1O CTPATU(UKAILIMK UCTIONB3YIOT JaHHBIE IM(POBOTr0O KIMMATUYECKOTO aTjiaca. AHAIU3UPYIOT-
Cs1 pacCUMTaHHbIE MPUIMBHbBIC TeYeHMs B pa3Hble (da3bl MPUIMBHOIO HKKIa. OLieHeHbl MAKCUMaIbHbIE 32 PACUETHBIM MePUO
CKOPOCTH TEUCHUS I CPEAHUI TPAHCITOPT BOABI Uepe3 MPoJnB. Pe3ynbsraThl MOIETMPOBAHNS YKA3bIBAIOT HA BAXKHYIO POJIb IO~
BOIHOIO BYJIKaHMYECKOIO MacCUBa B 0COOEHHOCTSIX IPUJIMBHOM TMHAMUKMY ITpoJiuBa. [lonydeHHbIe pe3yabTaThl peaTuCTUYHbI
B TOI Mepe, KaKyIo IMPenoCcTaByIsieT TMIpocTaTHIecKasi ToCTaHOBKA KpaeBoii 3amaun. B aToM oTHoIIeHnM paboTy ciieayeT pac-
CcMaTpHBaTh KakK IpeaBapUTeIbHbIM IIar K 0ojiee pernpe3eHTaTUBHOMY U IMOJIHOMY (HETUAPOCTATUYECKOMY) MOAEIMPOBAHMIO
ITWHAMUKHA TTponBa byccolb.

KioueBbie ciioBa: pouB byccosb, cyMmmapHbIit MpUIUB, TeYeHWs, KpaeBasi 3aja4ya, '[paHUYHO-KPUBOJIMHEITHBIC KOOPIMHATHI,
MPUJIMBHBIIA TPAHCIIOPT BOMIBI
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Modeling tidal dynamics of the Bussol Strait
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Abstract

The Bussol Strait is the deepest and second-widest strait in the Kuril Islands chain. It dominates in tidal water transport from
the Sea of Okhotsk to the North Pacific Ocean, ventilating its waters in layers at depths of several hundred meters. The strait’s
mountainous topography and irregular configuration make it appropriate to model it using curvilinear boundary-fitted coordi-
nates, which map the physical domain of the boundary-value problem onto the canonical computational domain. In this formula-
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tion, high-resolution modeling of the strait’s extremely active tidal dynamics was performed in a hydrostatic approximation. At the
open boundaries of the domain, sea level fluctuations are specified, caused by a total tide containing 14 harmonics over a synodic
month of 29.5 days. The initial and boundary conditions for stratification are based on data from a digital climate atlas. Comput-
ed tidal currents are analyzed in different phases of the tidal cycle. The maximum current velocities and average water transport
through the strait were estimated for the simulation period. The modeling results indicate the important role of the submarine vol-
canic massif in the strait’s tidal dynamics. The obtained results are realistic to the extent permitted by the hydrostatic formulation
of the boundary value problem. In this regard, this work should be considered a preliminary step toward a more representative and
complete (non-hydrostatic) modeling of the Bussol Strait’s dynamics.

Keywords: Bussol Strait, summary tide, currents, boundary problem, boundary-fitted coordinates, tidal water transport

1. BBenenue

Bycconbp — kpymHeimmit TaIyooKuii MPOJIUB IIeHTpadbHOM YacTh KypuibcKkoil ocTpoBHOM Tpsabl. OH pac-
moJioxkeH Mexy o-Mu YepHbie BpaTthst u 0. BpoyroHa Ha tore-3anane u 0. CUMyIIMP Ha CeBePO-BOCTOKE, COEIU-
Hs1s1 OXOTCKOEe MOpPEe ¢ MaTepUKOBBIM CKJIOHOM CeBepo-3araaHoii yactu Tuxoro okeaHa (puc. 1). [InuHa mpoinBa
~30 kM, mupuHa ~68 kM, rryouna ~3000 M. OCHOBHOM MOP(POCTPYKTYpOii IIPOJIUBA SIBJSIETCSI BLITSIHYTBIN B Ce-
BEpO-BOCTOYHOM HAaIIpaBJICHUU TTOIBOAHBIN BYJIKaHUIECKHUIT MacCUB ApXaHTeJIbCKOTO; pa3Mep MacCuBa B OCHO-
BaHuM 39 X 22 kM, BbicoTa cBbile 2200 M, riockast BepiunHa 4 X 21 KM HaXOQUTCS IO BOAOI Ha TiTyouHe ~525 M
TIpY KPYyTU3HE CKIIOHOB 10 25°. B ImposmBe pacmmoioxeHbl Takke 17 ByTKaHMYEeCKMX MAaCCUBOB 1 ITOABOIHBIX BYII-
KaHOB BbICOTO# 10 600 M [1].

CorlacHO UCTOPUYECKUM CBEIEHUSIM TIPUIIMBHBIE SIBJCHUS B pernoHe Kypuiabckoit rpsimbl (OpMUPYIOTCS
MPWINBHBIMU BOJTHAMH, PACIIPOCTPAHSIOMMMHUCS 13 THUX0Oro oKeaHa ¢ 0COOCHHOCTSIMM, BRI3BAHHBIMU TN (PaKII-
€ii BOJTH OCTPOBaMM M UX B3aMMOJEHCTBUEM C TOHHBIMM HEOMHOPOTHOCTSIMM [2, 3]. B mpryiMBHOIA MoJjioce crieKTpa
KoJIe0aHU YPOBHS M TEUEHU I TOMUHUPYIOT CYTOUHBIE BOJIHBI C TTPe00IajaHueM JIyHHO-COTHEUHO! K| 1 T1aBHOM
nyHHOU O; TApMOHUK C TieprogaMu cooTBeTcTBeHHO T = 23,93 u T = 26,87 4. [IposBISIOTCS U TIOTYyCYTOYHEIE
TapMOHWKW: TaBHast JyHHast M, ¢ T = 12,42 4 u rnaBHas conHevyHas S, ¢ T = 12,00 u. B Kypuibckux nponmsax
BEJIMUMHBI TIPUIMBHBIX KOJIEOAHUI YPOBHS JOCTUTAIOT 10 1,7—2,5 M, a CKOPOCTHU MPUIUBHBIX TeUeHU — 2,5 M/c
u 0osee.

XoTd TpoBeIeHNE IKCIETUIIMOHHBIX UCCIEIOBAHNIA B TIPOJIMBAX 3aTPYIHEHO CYIIbHBIMU TTPUJIMBHBIMU Teue-
HUSIMU U CJIOXKHO TMAPOMETEOPOJIOTMYECKOM M HABUTALIMOHHOM 00CTaHOBKAMU, OT/IEJIbHbIE HATYpHBIE HAOTI0/Ie-
HUS HaIl TCYCHUSIMU B IIpoJIrBe Byccob cymecTByIoT, OMHAKO TOCTOBEPHOE BHIIEICHIE ITPIMBHON KOMITOHCHTHI
W3 TIOJIYYEHHBIX PSIOB OTPAaHWYEHO JUTMHOM 3TUX psimoB. 1o IByM HaOfomeHUIM 3a 24-9acoBOil ITepro BEpPTH-
KaJIbHBIX Mpoduaeli CKOPOCTH B OAHON TOUKe [4], pacIioIoXXeHHOM K I0ro-3amamy OT MaccuBa ApXaHTeJIbCKOTO
y ero MoaHOXHus Ha rayouHe 1600 M, aMILIMTyIa CYyTOYHOIO IPMIMBHOIO TEUEHMS YBEIMYMBAIACH C TJIyOMHOM
u B 2006 (2007) romy nocturia Mmakcumyma B 1,3 m/c (1,6 m/c) Ha ropusonrtax 1200—1300 M. AMITIMTYIa ITOJIYCY-
TOYHOTO MPUJIMBHOIO TeueHust coctapisiia 0,3—0,4 m/c. Da3bl 3TUX IPUIMBOB IPAKTUYECKHM OJAMHAKOBBI 110 BEp-
tukanu. CpeaHee TeUeHUE MMEET OIBYXCIIOMHYIO CTPYKTYPY: BEPXHUI CIION IBUKETCS B CTOPOHY THXOro okeaHa,
a HIDKHUM — B cTOpoHY OXOTCKOTO MOpPS, IIPU 3TOM HyJieBasi CKOPOCTh HAaOII0AaeTCsl Ha TOpru30HTe 0KoJio 800 M.
BepTukanabHasi CTpyKTypa CyTOYHOTO IMPMJIMBHOTO TEUSHUSI OOBSICHIETCS HaIUYUeM TOmorpadpruyecky 3axXxBavyeH-
HBIX BOJTH C CYTOUYHBIM TIEpHOI0M BOKPYT ITOABOIHOIT TOpHI B TIposmBe bycconb. I1o 6onee pananM maHHBM 2001 T.
[5] ObLTH OlLIEHEHBI AMIUIUTYABI MTPOMOIBLHON COCTaBISIONICH MPUIMBHBIX TEUEHUIT HA psie CTAHIMIA, pacmoio-
JKEHHBIX Tonepek nposrBa. CyToyHble (110JIyCyTOUHbIE) TeUeHUsT OKa3aluCh 01u3KuMu K 3HaueHusM 0,6 (0,4) m/c
BO BpeMsI CH3WTHITHOTO MPWIMBA 3a MCKITIOUCHUEM HECKOJBKMUX CTAaHLWM, TIe CYTOYHBIC TCUCHUS ITOCTUTAIN
1 M/c. CpenHue Te4eHUsT UMETU ABYXCIOWHYIO CTPYKTYPY B TIIyOOKOBOIHBIX ITPOXO/aX MPOJIMBA CO 3HAUCHUSIMU
ot —0,6 10 0,6 m/c. CornacHo ApyruM 24-4acOBbIM M3MEPEHUSIM, BBITOJIHEHHBIM B 2011 I. B CeBepO-BOCTOUHOM
YaCTH MPOJIKBA [6], CKOPOCTU CYTOUHBIX TE€UEHUI Y ITOIHOXKMSI TOPbI MMENIM aMILIUTYabI 60jee 0,6 M/C, a CKOPOCTHU
OCpeIHEHHBIX TeueHnit — MeHee 0,5 M/c TIpy cyMMapHBIX Te4eHUsIX 110 1,5 m/c.

BonoobMmen uepe3 Kypuiabckue MpoJvBbl aKTUBHO BAMSET HA M3MEHYMBOCTb TEPMOXAJTMHHON CTPYKTYDPBI
Boa OXOTCKOTO MOPSI M CEBEepO-3allamfHoOi YacTh Trxoro okeaHa. B BomooOMeHe TOMUHMPYIOT TIponBEl byccomb
u KpysenmrepHa [2—13]. CunbHOe NpWIMBHOE NIepeMelIMBaHUE BIOJIb OCTPOBOB (hOPMUPYET XOJIOAHbIEe, 0Oora-
IIEHHBIE KMCIOPOAOM U 3JIEMEHTaMU MEePBUYHON OMOMPOIyKIIMK Boabl OXOTCKOTO MOpsi, HalpaBJIeHHBIE Yepe3
Byccops 1 MeKue 10ro-3aragHble TIPOJIUBEL B OKeaH, BEHTIUIMPYS €rO BOIBI B CJIOSX Ha TITYOMHE HECKOJIBKUX CO-
TeH MeTpoB. JIuHaMuUuecKuii BKiaa NpuiMBa B BOOIOOOMEH oligHMUBajaach B [5, 11] Mo m1aHHBIM U3MEPEHHBIX Te-
YEeHU, a TaKXKe IO pe3yJibTaTaM MOJIEIbHBIX UCCAeAOBaHM [7—9]. DT OILIECHKM CXOASTCS B ONpPEACTICHUM 3HaKa
OCPEIHEHHOTO 3a CYTKM IPUJIMBHOTO IMOTOKA, HAIIPABIEHHOTO M3 MOPS B OKeaH, HO CHJIBHO PAacXOIATCS B €TO
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BEJIMYMHE VTS CPeTHero 3HadeHus motoka ot 2,4 Cs (1 CB = 10° M3c~!) o 13 CB. CoracHo MOZIEIbHBIM OLIEHKAM
NpUIUBHOI TpaHcTIOpT nponuBa bycconb gocturaer 30 CB npu TeueHusix, HanmpaBieHHbIX B OxoTckoe Mope, u 40
CB npu TeyeHUsIX U3 Hero [8].

a) _ a)

Kyrmcx OCTPOBA

Puc. 1. PervioH uccnenoBaHusi: @ — rOXHasi yacTb OXOTCKOro Mopsi ¢ nponuBamu Ky-

PUITBCKUX OCTPOBOB U TIpWJIETraolleil YacTh THXoro okeaHa; KpacHON paMKoOIl TToKa3aHa

00JIacTb MOJIEIMPOBAHMS; 6 — M300aThl (M) B 00JIACTU MOAEIMPOBAHMSI, BKIIIOYAIOIIEH
nposaus bycconb

Fig. 1. Study region: a — southern part of the Sea of Okhotsk with straits of the Kuril Islands
and adjacent Pacific Ocean; the red frame indicates the model domain; 4 — isobaths (m) in
the model domain, including the Bussol Strait

bubnuorpacdusi, oTHOcAAsICI K MOASIMPOBAaHUIO TTPUIMBOB B KypUIIbCKUX TTPOIMBAX, COAEPXKUT PACCMO-
TpeHNe TMHAMUKA W CTPYKTYPHI BOI permoHa 0¢3 MX IeTaau3allii BHYTPU CaMMX IIPOJIMBOB, 3a MCKITIOUCHUEM
pa6or [14, 15]. B paborax nepBoHayajJbHOIO 3Tarna MOJAeIUpPOBaHUS aKBaTOpuii, mpuieraomux K Kypuibckum
MpoJIMBaM, pellajach 3amava Ijisi IByMEPHbIX BEPTUKAIbHO OCPEIHEHHBIX YPaBHEHUIl C JOCTYIIHBIM IJISI TOIO
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BPEMEHM pa3pelieHneM ceTOYHOM obact [7]. [IpuBoasTcs pe3ynbraThl pacuyera BoJaHBI K| B 2D obmact BOKpyr
KypuibcKMX MPOIMBOB Ha CeTKe 5 X 5 KM, ITOKa3aHa BaxkHAsI pOJb MIPWJINBA W, B YACTHOCTH, TOTIOTpapUICCKIX
3aXBauyCHHBIX BOJH B BomooOMeHe OacceifHoB. [lo3mHee mist 3TOM XKe o0iacTu B [9] MCITOIB30BaIaCh TPEXMEP-
HasT HeTUAPOCTAaTUUECKasi MOIENIb C CETOUYHBIM pasperreHrueM 700 M 1o TOpU30HTAIN K MUHUMAIbHBIM 3HAaUCHUEM
30 M MO BepTUKAIMU AJIsl U3YYEHUS POJIM TUAMMKHUYECKOTO NepeMelIBaHusl BOJHbI K| MpU MepeHoce BOAbl Ye-
pe3 mpoJiuBbI Ipsiabl. [lonydyeHHOE cpenHee 3HaYeHMe MIPUIMBHOIO TpaHcmopTa —26 CB (3HaK «MUHYC» O3HAYaeT
HampasieHue B TUxuit okeaH) 3HAYUTEbHO BhIIIIE, YeM Y IpYyTUX aBTOPOB. [Ipu aTOM TpUMEPHO MOJTOBUHA BOIBI
MNPOXOAUT Yepe3 IUPOKUI U T1ydokuil npoiaus bycconb, raoe MoaenabHass CKOPOCTb TEUEHUS CYTOYHOTO MPUIINBA
Bapbupyetcst oT 0,13 M/c B camoli rybokoii yactu npoiusa a0 0,5 M/c Han monBoaHOI ropoii. B pabore [16]
aBTOPbI UCCJIEN0BAIA TE€HEPALINIO, PACIPOCTPAHEHUE U JUCCUIIALMIO BHYTPEHHUX BOJIH, KOTOPbIE UTPAIOT BaX-
HYIO0 POJib B TIepefaue dHepruu OT Mpeodanaoliero 6apoTpornHoro npuansa K| K mpoliieccam TUanuKHUYecKoro
nepeMelIMBaHus. DTU MPUWIMBHbBIC MPOLIECCHI B TIPOJIMBAX BaXHBI 111 (DOPMUPOBAHMS BOJbI C HU3KON MOTEHIIM-
aJIbHOM 3aBUXPEHHOCTDIO ISl IPOMEXKYTOYHOIO CJI0sI Mpuiieratolieit yactu Tuxoro okeaHa. YucaeHHBIN pacyeT
BBITIOJIHEH C UCMOJb30BaHUEM MOAEIM O0LIel HIMPKYJISIIMU B 00J1aCTH OJIM3KOM K 001aCTH MOAeIupoBaHus B [9],
HO ¢ ropu3oHTaJlbHBIM paspetieHueM 1000 M 1 BeptukaabHbIMK araMu oT 20 1o 300 M. CpenHsist IManMKHUYe-
ckast muddysnsa B KypubcKux MpoimBax cocTaBiIseT 110 MOIEIbHBIM pacueTaM mpumepHo 25 X 10~* m%c~!, uto
MPUMEPHO B TPU pasa 0oJIblIIe, YeM CUUTATIOCh paHee.

O0paszoBaHue U Apelic Me3o0MaclITaOHBIX BUXpeil B MPOJMBax U3ydaauch B [17, 18] Ha ocHOBe HaOMIOAEHUIA
u B [19] ¢ nomonisio MogenupoBaHusi. B [17] Ha oCHOBE CITyTHUKOBBIX TaHHBIX ObUIM OTCIEXKEHbI BUXPU, TTPO-
xonsume yepe3 npoiauB bycconb. OauH U3 BUXpEil ¢ XOJOIHBIM SIIPOM 00pa3oBajcs, MO-BUIMMOMY, JTOKAJTbHO
BOJIM3M mposuBa byccosb B pe3ysbTaTe MHTEHCUBHOTO MPUTOKA BOABI C HU3KOM MOTEHIIMAIBHOM 3aBUXPEHHO-
CThIO, BbITEKaOIIeil yepe3 mpoauB u3 Oxotckoro Mopsi. Kak mokasano B [18], BUXxpu, mpoxoas yepe3 MpoJIvBbI,
B3aMMOJICMCTBYIOT C CUJIbHBIMU MIPYJIMBHBIMY TEYSHUSIMU U UBMEHSTIOT CBOM XapaKTEPUCTUKU. DTU TeUeHUsI ObLITU
CBSI3aHBI C paCIPOCTPpaHEHNEM OAPOKITMHHBIX 3aXBaYEHHBIX BOJTH CYyTOUHOTO TIeproaa Ha THXOOKEeaHCKOM CTOPOHE
ocTpoBOB MTypyn u YpyIl ¢ 06J1acTbi0O UICTOYHUKA BOJIH BOJIM3U ocu IiposrBa bycconsb. B padote [19] ucnosnb3ona-
JIach YMCJICHHAs MOIEb IIEHTPaIbHOM yacTh KypriibcKoit Tpsiabl B mpsaiMoyTobHOIM oomact 900 X 500 kM ¢ mra-
TOM 25 KM B TPEXMEPHOI TMAPOCTATUYECKOM ITOCTAHOBKE ¢ 37 YPOBHSIMU IO BEpTUKAJIA U TIOCTOSTHHOM TITyOMHOIA.
Br110 yeTaHOBIIEHO, YTO MOBBIIICHHOE TIPIJIMBHOE TIepeMEIINBAaHNE B IIPOJIUBAX SIBJIICTCS OMHUM M3 MEXaHU3MOB
TeHepalliy BUXpeil 3a cueT 0apOKIMHHON HEYyCTOMUYMBOCTU (DPOHTA TIPMJIMBHOTO TIepeMeITMBaHNS.

BnustHre puIMBHBIX U3MEHEHMIT BEpTUKAIBHOTO TIepeMEIINBAaHNIS Ha TEPMOXATMHHYIO UPKYIIALIII0 B OXOT-
CKOM MoOpe u3y4ajoch B [12]; obmacTh MHTErpUpOBaHUS BKJIIOYaia OOIIMpHBIE 30HBI OX0TCKOTO MOops U Tuxo-
ro okeaHa c¢ paspemeHuem 0,5 u 51 ypoBHIMHM 110 BepTuKanu ¢ marom ot 1 go 1000 m. PacueT, mpoBeneHHBII
Ha 60 JieT, BBISIBWI pa3IMYHOE BJIMSHUE CYTOYHBIX, IBYXHEIACIbHBIX U IMOJIYTOIOBbIX MHTEPBAIOB U3MEHYMBOCTU
TepeMelIMBaHNs Ha TEPMOXATIMHHYIO LIMPKYJISILIMIO B MOPE.

Oco0eHHOCTH MPUIMBHBIX KOJIEOAHUI YPOBHSI MOPSI M MPUJIMBHBIX TeueHUt B MposvBax Kypuiabckux ocTpo-
BOB OBLIM MCCIIEAOBAHBI C TIOMOIIILIO YUCIEHHOTO MOAECIMPOBAHMS Ha OCHOBE 0ApOTPOITHOI (IBYyMEPHOI) MOAeIN
ADCIRC [8]. PacueTsl mpuauBoB B OXOTCKOM MOpE 1 TIpUJjeraloliieil K mpojruBaM 4yacTu TUxoro okeaHa ObLIU BbI-
MOJIHEHBI C UCIOIb30BaHMEM TPUAHTYJISIUMOHHOM ceTKu ¢ maroM ~100—200 M B HeOOMbIINX MTPOAMBaX, ~2—4 KM
B LIEHTPaJbHbBIX YaCTSIX KPYIHBIX MPOJUBOB U 15—20 KM B OTKpbITOM MoOpe [8]. AHaIU3 MOJYYEHHbIX JAHHBIX T0-
KazaJsl, YTO MaKCUMaJIbHble CKOPOCTU OCPEIHEHHBIX IO MIyOUHE TeueHuit nocturatoT 4,5 m/c. Haubosnbline cko-
poctu ObuTH 3apuKcupoBaHbl B iposiuBax KpyseninrepHa, @puza u CpeaHero. BaxkHbIM hakTopoM, BIUSIIONIUM
Ha CKOPOCTh TeUeHU B MposinBe byccosb, SBisieTcsl Haauure 60JIbIIOro MEeJTKOBOIHOTO yJacTKa oKoJsio 0. Cumy-
LIWP, T MAaKCUMaJIbHbIE CKOPOCTH TeYeHU T BO BPEMST TPOITMUECKOTO IMPUJIMBA B 00€ CTOPOHBI JocTuratot 1,75 m/c.
B Gosbiieit yacty mposiBa CKOPOCTU He TpeBbiiaiT 0,5 M/c, 4TO CBSI3aHO C IIIyOMHAMU MOPSI, TOCTUTAIOITUMU
oosee 2,5 kM. 3HaueHuUs1 ckopocTeit 10 1,75 M/c HabGIIOAAIOTCS TAKXKE B IOr0-BOCTOUHOM YaCTH MPOJIMBA, YTO TAKXKe
CBsI3aHO C YMEHbIIIEHNEeM TTyOUHBI MOPSI. PacueTsl mokasasu, 4To Mpy UCTIOJIb30BaHUM IByMEPHOI MOJIeST! MaKCH -
MaJIbHbIe 3HAUEHMSI TIPUITMBHOTO TPAHCITOPTa BOIBI IPUXOASTCS Ha rposinB bycconb, nocturast ~40 Cas.

Pe3yibraThl MoOieTMpoBaHUS MPUJINBHOMN TMHAMUKN KypuibCKUX TIPOIMBOB C aKIleHTOM Ha YeTBepThIit mpo-
JIUB TIpencTaBieHsl B [ 14—15]. Pemenue B obmactu YeTBepToro rposivBa B TuapoctaTuyeckoit (I'c) m Heruapocra-
Tudeckoii (Hr) mocraHoBkax mojiyueHO METOIOM I'PAHUYHO-COIIACOBAHHbBIX KOOPAMHAT Ha CETKE € LaraMu A ;, =
=245 M, Ay = 1050 M 110 ropuzoHTanu, 71 ypoBHEM MO BEPTUKAIM U LIArOM 110 BpeMeHu T = 35 c. PacueTt o0Te-
KaHUsI ITOABOMXHOI TOPHI B IIPOJIMBE BEIIBII OOJIBIIINE TPaTUCHTHI TOPU30HTATILHOM CKOPOCTH I10 €r0 CKJIOHAM, YTO

H .
COOTBETCTBYET KPYTH3HE TOPBI Uepe3 Mmapamerp € = L—O =tga. ~ 0,3, tme Hy u L, — XapakTepHble BepTUKATbHBII
0
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¥ TOPU3OHTAIBHBIN MacITadbl pesibeda COOTBETCTBEHHO. 3aMETHM, UTO € CJIEAYeT TOHUMATh B CBSI3HOM BUIIE, MO0
MOHSITUE XapaKTEPHOI INTyOUHBI Ha TOPHOM pefibede auineHo cMbicaa [20—21]. [1pu Takux 3HaYeHUSIX TapaMeTpa
€ TIJTOCKast NUBEPTeHIIMSI CKOPOCTU B YPABHEHUU HEPA3PBIBHOCTU HA HECKOJIBKO MOPSIIKOB BhIIIIE €€ OOBIYHbBIX 3HA-
YeHU1 Ha OTHOCUTEJILHO POBHOM JIHE, Y TPAJMEHT BEPTUKATHLHON CKOPOCTH HAXOMUTCSI C HEll B OTHOM TTOPSIZIKE.
DTO NPUBOAUT K BHICOKUM 3HAUYEHHUSIM BEPTUKATIBbHON CKOPOCTH Ha KPYThIX MOABOAHBIX CKJIoHaX. CpaBHEHME pe-
meHunii B 'c u Hr moctanoBkax [15, 20, 21] moaTBepaAMIo, YTO YIeT TMHAMMYECKOM KOMITOHEHTHI TaBJICHUS Ha TOP-
HOM pestbehe HeOOXO UM JUTsI PeTPe3eHTAaTUBHOTO MOIETMPOBAHMS IPYJIMBHON AMHAMUKY HA KPYTOM TTOIBOTHOM
CKJIOHE, KaK 1 ObLJIO YyCTaHOBJIEHO paHee B [22, 23].

W3 ipuBeneHHOro 0630pa BUAHO, YTO pabOTHI 11O MPWIMBHOI TuHamMuKe Kypuibckoro pernoHa cchoopMupoBa-
JIV, B OCHOBHOM, JIBa HAIlpaBJIeHUs: U3y4eHue 0APOKIIMHHOM, a TaKKe KPYITHOMACIITAOHOW BUXPEBOI CTPYKTYpPbI
BOJI perMoHa 1 BOMpochl BogoooMeHa Mexay OxoTckum MopeM 1 CeBepHbIM THXMM OKeaHOM yepe3 mposiuBbl Ky-
PUITBCKOM Tpsifibl. PaboThI MO BhICOKOpa3pemniatoemMy MOAeIMPOBAHUIO TMHAMUKY BHYTPU CAMUX MPOJIUBOB, Ha-
CKOJIbKO U3BECTHO, OTCYTCTBYIOT, 32 UCKITIOYEHUEM, KaK OTMeJaJIoCh, paboT |14, 15], oTHocsmuxcs k YeTBepTomy
MPOJIMBY, Ha IPUMEpPE KOTOPOTO BUAHA BCS CJIOKHOCTb IMTOCTPOCHUS aeKBaTHOI MOJEU MPOJIMBa, CoAepXKallero
MOABOIHBII MOPOT BHICOTOM HECKOJIBKO COTEH METpoB. B oTHOLIeHUM niposiuBa byccoib, ¢ ero orpoMHbBIM U Kpy-
THIM BYJKQaHUYECKUM MAacCUBOM BBICOTOU cBbIle 2200 M M MHTEHCUBHOW MPUIMBHON U BUXPEBOI TUHAMUKOIM,
BBIYUCIUTEbHBIC 3aTPAThl U TPYAHOCTU peaiu3allii MOJEIN HAMHOTO BBIIIIE.

3a/saya HaCTOSIILIETO UCCIEIOBaHUSI COCTOsIIa B MOCTPOSHUYM MOJIENHU MpoinBa bycconb, arpobannu ee B ru-
JIPOCTAaTUYECKON MOCTAaHOBKE U BBHITIOJTHEHUM pacueTa MPWIMBHON AMHAMWKHY C OIIEHKOW MTPUWJIMBHOTO TPAHCIIOPTa
BOJIbI Uepe3 MPOJIUB.

B cnenyroiem naparpage Kpatko naHa uH(opMalus o MOoCTaHOBKE 3a7aul, METOJIe pellleHusl, 0a3e TaHHBIX
U TTapamMeTpax Moneu. B 1. 3 comepskaTcs pe3ysbTaThl MOJAEIMPOBAHUS IMHAMUKHY TIpoJiuBa. B 1. 4 o6cyxnatoTcst
pe3yabTaThl U HOPMYJIUPYIOTCS BHIBOJbBI PAOOTHI.

2. Moneb npoJmBa, 0a3a JaHHBIX U ApaMeTPbl pacyeTa

ITocraHOBKa TpexMepHOIi KpaeBoii 3a1auyy ITMHAMUKHU MTPOJIMBA B IEKAPTOBbIX KOOPAMHATAX MPUBENEHA, HAMPU-
Mmep, B [20]. B rmoHoIT mocTaHOBKe 3aa4a B TPEXMEPHOM 00JIaCTH MPU CIIPSIMIISIONIEM ITpeoOpa3oBaHUN KOOpAWHAT
U YUCJIEHHBII METOJI PEIlIeHNs B TUAPOCTATUUECKON MTOCTaHOBKe MaHbI B [ 14, 21]. Peanuzanust Mmonenu B KpUBOJIU-
HEMHBIX TPAaHUYHO-COTJIACOBAaHHBIX KOOPIMHATAX MCMOJIb30Bajia mporpaMMHblii Komriekc CARDINAL [24].

O06nacTh MOJIEU M TI0JIe TIIYOMH MpeacTaBieHbl Ha puc. 1, 6. beperoBoit KOHTYp B34T ¢ Beb-pecypca Google
Earth Pro!, mone rmy6un — c caiira NOAA Bathymetric Data Viewer?. O6nacts nposiusa Bycconb orpannuena
B MPOAOJBHOM HaMpaBAeHUU I0XKHOI MmoaooaacTbio OXOTCKOro MOps U MaTepUKOBOI KpOMKO# THX0oro okeaHa.
[T101mans MOIeIbHOI aKBATOPUY cocTaBIIIa 8789 KM?2; cpeHsist youHa — A = 2376 M, Ay = 4000 M. PacueTnl
BBITIOJTHEHBI € IIIarOM IO BpeMeHU T = 2,2 ¢ Ha ceTKe, comepxaiiei 111 531 y310B co cpearum marom A = 609 M,
¥ MUHMMAaJIBHBIM 1IaroM A, = 247 M. I1o BepTukanu ucnosib3yorcs 30 HepaBHOMEPHBIX YPOBHEN C MOBBILLIEH-
HBIM pa3spelleHUEM B IIPUIOHHOM U IIOBEPXHOCTHOM CIIOAX IPU A i = S eM, A . = 312 M.

Ha oTKpBITEIX TpaHUIIAX 00JIACTH 3a4al0TCs KOJIeOaHUST YPOBHSI, BRI3BAHHBIC CYMMAapHBIM TIPUJIMBOM, COICP-
>KaBWKUM 14 rapMOHMK, B Te4yeHUe cuHoauueckoro Mmecsia 29,5 cyrok ¢ 01.09.2022 no 30.09.2022 no pe3yabTaTam
MIpeaBbIYMCIEHUI TPOrpaMMHBIM KoMILIekcoM TMD?3.

3. Pe3yabTaThl

PaccMoTpuM pe3yabTaThl MOACIMPOBAHMS TMHAMUMKH TipoiuBa B I'c mpubamxkenun. Kak ykazaHo Bo Baexe-
HUHM, TaKas 3aJada Ha TOPHOM peitbede He BITOJTHE pelpe3eHTaTUBHA, OMHAKO MPEICTABIIsIeT B U3BECTHOM Mepe
MHTEpeC KaK 3KOHOMUYHOE 10 BBIYUCIMTEBHBIM 3aTpaTaM NPUOIMKeHNe K pelneHno B Hr mocraHoBke.

Ha puc. 1, 6 moxazaHbl 1300aThI ITPOJIMBA, B KOTOPOM JOMUHUPYET KPYTOit U BBICOKMIA BYTKAHUYECKUIT MacCUB
ApPXaHTEJILCKOTO C TIIyOMHOM €T0 BEPIIMHEI ~525 M, pacIoJIOKEHHBIN MEXIY IBYMS TITYOOKOBOIHBIMU ITPOXOIaMU
¢ ryouHamu 6osiee 2200 M. Takasi MopdomMeTpust MPOJKUBaA MpeaonpeaeasieT 3aMeTHO HEOIHOPOAHYIO KapTUHY
MPUJIMBHBIX TEUECHMIA, 3aBUCSIIYIO OT (a3bl KosebaHuii (puc. 2). Ma3a KosiebaHUI CUMTAETCS TIPUIMBOM, KOraa

1 Google Earth Pro. URL: https://www.google.com/intl/ru/earth/ (nata o6pawenus: 12.02.2025)

2NOAA Bathymetric Data Viewer. URL: https://www.ncei.noaa.gov/maps/bathymetry/ (1ata o6pamenus: 20.03.2025)
3 MporpammHoe obecrieueHue as Mcenenosanuii 3eman u Kocmoca.

URL: https://www.esr.org/data-products/polar-tide-models/tmd-software/ (nara o6panienus: 15.04.2025)
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YPOBCHDb MOPA B ITPOJIMBE 011M30K K MaKCUMaJbHbIM 3HAUEHUSIM B CYTOYHOM IUKIIC (YCIIOBHO «OKEaHCKUIT» Ipu-

JIMB), U — OTJIMBOM, KOT/Ia YPOBEHb HaXOAUTCS HA MMHMMAaJbHOM 3HAaUYE€HMU B 3TOM K& LIMKJIE (YCIOBHO «MOP-
CKOii» TIpUIIUB).

Puc. 2, a moka3piBaeT KoyieOaHUS YPOBHSI, COOTBETCTBYIOIINE MaKCUMAJIbHON CyMMapHO#l TTPUINBHOI BOJI-
He B MHTepBajie cCUHoIMYeckoro Mecsina. Ha puc. 2, 6 u 6 mpencrapiieHbl IPUIUBHbBIE T€UEHUST Ha TTOBEPXHOCTHU
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Puc. 2. [IpunuBHOI ypOBEHb U TEUCHMS HA TIOBEPXHOCTU MOPS: a — Xon ypoBHs 13—15.09.2022 B Tpex ITyHKTaX, MOKa3aHHBIX

pa3HbIM L[BETOM Ha BpE3Ke; 6 — BEKTOPHOE I0Jie ¥ U30JIMHUM BETUYMHBI CKOPOCTH T€YEeHMIi (CM/C) B MOMEHT MaKCUMyMa

TIPUTMBHOTO YPOBHS (KpacHast XXUpHasl JIMHUS Ha PUC. 2, a); 6-BEKTOPHOE TI0JIe W U30JIMHUY BEJTMIMHBI CKOPOCTU TEUECHUIT
B MOMEHT MUHUMYMa NIPUIIMBHOTO YPOBHSI (CUHSISI XKUPHAst JIMHUS Ha pUC. 2, a)

Fig. 2. Tidal elevation and sea surface currents: a — tidal elevation 13—15.09.2022 at three points shown in different colors in the
inset; b — vector field and isolines of current velocity (cm/s) at the maximum tidal level (red bold line in Fig. 2a); ¢ — vector field
and isolines of current velocity at minimum tidal elevation (blue bold line in Fig. 2a)
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MOpPsI B MOMEHTHI TIPWJIMNBA M OTJIMBA COOTBETCTBEHHO. B (ha3y «0KeaHCKOTo» MPWIMBa TEUCHUS B CTBOPE OCTPOBOB
Cumymup-YepHbie bpaThbsi opreHTHpOBaHbI B HarpaBieHUK OXOTCKOro MOPsI, a HaJl MAaCCHBOM ApXaHTeJIbCKOTO
M TIpUJIeraloiieii K IpoIuBy akBaTopuu THXOro okeaHa OHU 3aMETHO OTKJIOHSIIOTCSI K BOCTOKY, CO3/1aBasi CUJIbHYIO
3aBUXPEHHOCTH BOJIM3H I0KHOM TPpaHUIIBI MOIEIBbHOM 00acTul (puc. 2, 6). B MOMEHT MUHUMAJIBHOTO TIPUIMBHOTO
YPOBHS (puC. 2, 8) TeUeHMsI HalIpaBJIEHbl IPEUMYIIECTBEHHO B THXUii OKeaH, OJHAKO B I0r0-3armagHoOM MPOXOoJie
CUJIbHbIE TIPWIMBHBIC TEUEHUSI UMEIOT OPUEHTALIMIO MOMNEePEeK MPoJinuBa. DTO 00bICHUMO, IIPUHUMAsI BO BHUMa-
HIUe HAJIMIME B 3TOM YaCTH TIPOJIMBA 3HAYUTEIBEHOTO OOKOBOTO YKIIOHA YPOBHS B (ha3y OT/IMBa (puc. 2, a, YepHas
M KpacHast KpuBbie). CKOPOCTb IPUJIMBHOIO TEYEHUSI HEMOCPEACTBEHHO HaJl BEPIIMHOM BO3BBIIIEHHOCTHU TTPEBbI-
maet 3 M/c, a Ha CKJIOHaX MacCcuBa OHa oKoJjo 2 M/c. Ham ByaKaHMUeCKMM MacCMBOM B (da3e MpWIMBa CKOPOCTHU
Ha HECKOJIbKO JIECSITKOB CM/C Oosibilie, yeM B (ha3e oTiuBa. Takoe pa3inuune MexXIy TeUeHUSIMU Ha TIOBEPXHOCTH,
Kak IMOKa3bIBalOT pacyeThl, MPUCYTCTBYET MOCTOSIHHO. TakuM 00pa3oM, MOAEIMpOBaHWE TPWIMBHONW TUHAMUKU
B IIpoJiuBe byccosb mpeackasbiBaeT, YTO MPUIMBHbBIE TEUEHUS 31eCh HE MMEIOT BBIPaK€HHOTO PEBEPCUBHOIO Xa-
pakTepa. DT0, BO3MOXHO, OTJINYaeT byccomb OT Ipyrux mpoinBoB, rae 3(GheKT peBEepCUBHOCTHY TTOATBEPKIACTCS
U3MEPEHUSIMU TeUEHU I Ha CYTOUHBIX cTaHLMSX [2, 3].

[IpencraBisieT MHTEPEC OLIEHUTh 9KCTPeMalbHbIe TE€UEHHsI 110 pe3y/ibTaTaM MojaeaupoBaHus. Ha puc. 3 mpuse-
JIeHBI U30JIMHUY MAaKCHUMAaIbHBIX 3HAUCHNI CKOPOCTH B BEPTUKAJIBHOM 3ITIOpe TEUSHUI KaskIOTo pacueTHOTO y3/Ia
3a BeCh Ieproj pacyera. HerocpencTBeHHO Hall BEPIIMHOM MacCBa ApXaHTeIbCKOIO CHJIa TeYeHU I MpeBbIlIaeT 4
M/C, y TOMHOXMUS TOPBI OHA 0KOJ10 2 M/c. [Toe MakcMMaIbHBIX TEUCHUM YKa3bIBAaeT Ha BasKHYIO POJIb MacCHUBa Kak
TMOIBOIHOTO ITOPOTA, TIPEIISITCTBYIOIIETO PACTIPOCTPAHECHIIO TIPUIIUBHOM BOJTHEL.

-.125
..150
B
..200
..225
..250
..275
..300
..325
..350
..375
..400
...425
..450

Puc. 3. I3o1MHUM MaKCMMaIbHOI TOPU30HTAIBHOI CKOPOCTH (CM/C) B paiioOHe MOIBOAHOIO ByJIKaHUYE-
CKOTO MaccuBa ApXaHTeTbCKOTO 32 BECh ITEPUO]T pacueTa

Fig. 3. Isolines of maximum horizontal velocity (cm/s) in area of the Arkhangelsky submarine volcanic
massif for the entire model period

YucneHHBIC SKCIIEPUMEHTHI TTO3BOJISIIOT OIICHUTD Pe3yIbTUPYIOIINIT TPAHCIIOPT BOIABI Yepe3 MPOJIUB 3a CUCT
MPWINBHBIX TeUCHMIA, OTIpeIesIIeMbIil Kak

to+T

0= [ [v(xyr)-asdr,

fy s

rae v(x, y, ) — CKOpOCTb TeYEeHUSI TI0 HOPMaJIM K BepTUKaJIbHOMY cedeHuto, T — mepuop pacueTta, KpaTHBII Mepu-
0/IaM BCEX COCTABJISIOIIMX TAPMOHUK CYMMapHOTO MPUJIMBa, IPUIMBHOTO ABVKEHUS, dS — ILIOIIAAb BEPTUKAIb-
HOTO 3JIEMEHTa B KaXIOM pacueTHOM y3Je, S — cyMMapHasi IJIoIIaab BEPTUKATLHOTO CEUSHUSI.
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Pacuer TpaHcniopTta, MHIYLIMPOBAHHOTO CYMMAapHBIM ITPUJIMBOM, Yepe3 CeUeHNE ITPOJIBaA B CTBOPE OCTPOBOB CH-
Mmymp-Yepusie Bpatbs ¢ momansio 17,3 X 107 M2 naeT ero cpeHee 3a epro, MoearpoBaHus 3HaueHne Q = 0,42 x
x 10° M3/c (um 0,42 CB) ¢ MakcUMaIbHBIMU 3HaueHussMK 103 CB B a3y omiisa 1 10 90 CB B a3y npuinsa.

4. O0cyKIeHHne 1 BbIBOIbI

I1ponuB bycconb, Kak 1 MHOTME NpoJiuBbl KypuiabCcKoii rpsiibl, UMeeT He3HAUUTeIbHbIE YUaCTKU TBEPIbIX Oe-
pPEroBbIX I'PAHMII; Ha 3aMaje — OKOHEYHOCTb OTHOTO 13 0-BoB UepHble bpaThs 1 0. bpoyToHa, a Ha ceBepo-BOCTO-
K& — OKOHEYHOCTh 0. CuMyLIUp, MpruyeM LIMprHa mpoauBa ~70 KM, BIBOe OOJblIe ero ATUHbI. Boabl Ha 60KOBBIX
OTKPBITBHIX I'paHUIIaX Byccomu cimBaoTcs ¢ BOmaMy COCETHUX MTPONMBOB. B Takoit cutyariuu 061acTh MOIEIN MPO-
JINBA 3a1a€TCS B UBBECTHOM Mepe MPOU3BOJILHO, Cleays, I1e BOBMOXHO, e Tororpaduu.

Jpyroii 0coOGEHHOCTBIO MPOJIMBA SBJSIETCS BHICOKUI, OOLIMPHBIN U KPYTO#t MMOABOAHbBIN ByJIKAHUYECKUIT Mac-
CUB, PACIIOJIOXECHHBIA B €r0 LEHTPAJIbHOM YaCTW; MAaCCUB MMEET BHUJI YCEYECHHOM IMMPaMUIbI BHICOTOM CBBIIIE
2200 M, TIpu KPYTU3HE CKIJIOHOB 10 25°, M C MJIOCKO BepimnHOi 4 X 21 KM, OTCTOSIIEi OT MOBEPXHOCTU BOJIbBI

H, .
Ha ~525 M. OneHKa napaMerpa € = —2% ~ 0,43 moxuepKuBaeT HEO6XOAMMOCTb pealn3alliy KpaeBoil 3a1auu J1Ha-

MMKM BOJI B pelpe3eHTaTMBHOM Hr mocraHoBKe M Mapajuiepu3aluy BbluncieHuit. Okasaaoch, oqHako, uro I'c
MpUOIMXKEHUE C OUYEHb MaJIbIM 1IaroMm 2,2 ¢ BOCIIPOM3BOAUT (U3NYECKH OOOCHOBAHHOE pellieHre OTHOCUTEIbHO
TIOJIE CKOPOCTH TEUCHHI 1 YPOBHSI CYMMAapHOTO TIPHWJINBA C YYETOM CTpAaTH(UKAIINHI TIPOJIABA.

OTIUYNTETLHON YepTOoil TpOoIMBa SIBJISIETCS Upe3BbIYaiiHass WHTCHCUBHOCTh €TO TIPWJIMBHOUW TWHAMUWKM,
onpenesseMoil B3aMOJIeiCTBMEM OKEaHCKOro MPWIMBA C OCTPOBAMU UM ITOJABOIHBIM BYJIKAaHUYECKOM MacCH-
BOM. [IJ1s1 TeuyeHUii B TIPOJIMBE MPUCYIIN OTKJIOHEHHME OT PEBEPCUBHOIO PEeXKMMa U CYIIECTBEHHOE HEpaBeHCTBO
B 3HAYEHUSIX CKOPOCTell B a3y nmpujivBa U oT/iMBa. MakcHMajibHble TeYEHUS Hal MOABOAHOM ropoil JocTUra-
0T 3HaYeHuit 4,25 M/c. YUuTbiBasi JaHHbIE HEMHOIOYMCAEHHBIX HaOMI0AeHUI B nipoirBax KypuibCKoii rpsiabl
¥ pe3yJIbTaThl MOIEIBHBIX UCCICIOBAHUI, 0030p KOTOPHIX ITpUBeAcH BO BBemeHn, Takme CKOPOCTH B TIPOJTUBE
BO3MOXHHBI.

ITo pacyeraMm cpenHee 3HaYeHME IPWIMBHOIO TPAHCIIOPTA BOJBI Yepe3 BEPTUKAIbHOE CeYeHUE MOIepeK Mpo-
nmBa bycconb nmeet nopsigok 1 CB. DTa olleHKa MUHUMAaJbHA M3 U3BECTHBIX 3HAUeHU (cM. BBeneHue), omHako
YUUTBIBAsI pa30pOC B HAOTIOAAEMBIX U MOJESTBHBIX JAHHBIX O TCYCHUSIX BO BCEX MPOJIMBaX (ITO0 KOTOPHIM U OLICHU-
BaeTCs MePEHOC BOIBI), TAKYIO OLICHKY Ille HeIb3sl CYMTATh OKOHYATEIHFHOM. B TO ke BpeMs HallpaBlIeHUE Cpel-
HETO TepeHoca M3 MOPST B OKEaH COBITAIAcT ¢ OOIICTIPUHITHIMU TIPEACTABICHUSIMH, a SKCTPEMYMBI TPAHCIIOPTA,
reHepupyeMble CYMMapHBIM ITPUJIMBOM, B OTHE/IbHBIC MHTEPBAJIbl CMHOAMYECKOTO TMEPUO/Ia Ha IBa IMOPsIIKa BEITIE
CpeIHEero 3HaueHMs. 3aMETHM, YTO 3TOT MOCTOSTHHBII CPEIHUI TPAaHCTIOPT BOJBI M3 MOPSI M OIIPENEIsieT, OTYACTH,
MHTETPaJIbHbII MePeHOC BOJ B IIPUJIETAIONIYIO YacTh THUXOro okeaHa, TpaHC(hOPMUPYS BOAHBIC MacChl Ha 3HAYM-
TEJIbHOM yIAJICHUM OT TIPOJIMBA.

IlonyyeHHbIe pe3y/lbTaThl pEAIMCTUYHBI B TOI Mepe, KaKylo mpeaoctapisieT ['c moctaHoBKa KpaeBoil 3a1a-
qn. B 3TOM OTHOIIEHNN paboTy CIeAyeT paccMaTpUBaTh KaK IIpeaBapUTEIBbHBIN IIar K 6oJiee perpe3eHTaTUBHOMY
¥ rojiTHoMy Hr MomenmpoBaHuio TMHaMUKH TTposinBa byccoos.
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AHHOTAIMSA

IIpencraBieHbl pe3yJabTaThl MPSMbIX U3MEPEHUI KOHLIEHTPAllMK MeTaHa B IIPUBOIHOM cJioe aTMOCc(epHOro Bo3ayxa, ro-
JIydeHHbIe ¢ 00pTa HayYHO-HCCIENOBaTeIbCKOTO cynHa «AkanemMuk McrucnaB Kennpiin» B KapckoM u bapeHiieBoM Mopsix
setoM 2024 r. JlaHHbIE MOPCKUX 3KCIEIUIIMOHHBIX MU3MEPEHMIT BIIEPBbIC JJISI POCCUMCKON YacT APKTUKU COIOCTaBIICHBI
C JaHHBIMU OYKCHPYEMOIO HeOOMTaeMOro IOABOIHOTO ammapara «Bumeomonyib», pa3paboTaHHOro B MMHCTUTYTEe OKeaHOJI0-
ruu uM. [1.I1. [lupmosa PAH.

ITpoBeneHHbBII aHAIN3 TTOKA3bIBAET, UYTO IMUCCHUSI METaHa OT OaKTepUATbHBIX MATOB B ADKTUKE BHOCUT OTpaHUYCHHBII BKJIa
B noBbIlIeHNe KOoHIIeHTpauun CH, B mpuBoaHoM ciioe atMocdepbl. VX BMsiHME 3aMETHO TOJIBKO B MEJIKOBOJIHBIX 30HAX (TTyOu-
Hoit 10 50 M), Iie HACBIIEHHBIC METAHOM ITy3bIPbKH YCIIEBAIOT JOCTUYD ITOBEPXHOCTH BOIbI 63 €0 MOJTHOTO OKMCIICHHS B TOJI-
e okeaHa. [1py 3ToM HaGMOIAIOTCS KPaTKOBPEMEHHbBIE ITUKU (JI0 HECKOJIBKUX MUHYT) ITOBBIIIIEHHBIX 3HAUEHHIT KOHLIEHTPALINI
CHy,, nocturatorme 3 ppm u Boitie. OcCHOBHBIM (hakTopoM n3MeHunBocTH KoHUeHTpauuu CH, B atMocdepe siBiisieTcst Harpas-
JIEHHWEe TIepeHOoca BO3MYILIHBIX Macc: TIPY aJBEKIIMM C ceBepa UM 3amana (UKCUPYIOTCS MUHUMAJIbHbBIC 3HAUEHMST KOHIICGHTpaIlun
CH, (1,98 ppm); mpu BIHOCE BO3/YILIHbBIX MacC C MaTepUKa, HAPOTUB, KOHILIEHTPALlMsI MeTaHa yBeauuusaeTcs (10 2,10 ppm npu
BBIHOCE C TToJIyocTpoBa SIma).

KioueBbie ciioBa: ApKTI/IKa, KOHLIEHTpalud ME€TaHa, ImoaBoaHad BUACOChEMKaA, HapHI/IKOBHﬁ 3(1)(1)6KT, SKCIICAUITMOHHLBIC Ha-
6HIO£[CHI/IH, OMHUCCHUA METaHa, 6aKTCpI/IaJ'[I)HI)Ie MaThbl
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of the Russian Arctic and their comparison with underwater video data
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Abstract

The article presents the values of methane concentration in the near-surface layer of atmospheric air directly measured from the
board of “Akademik Mstislav Keldysh” research vessel in the Kara and Barents Seas in the summer of 2024. It is the first time when
the marine expeditionary data for the Russian part of the Arctic have been compared with the data obtained by “Videomodule”

Ccpuika s uutupoBanust: Mypases B.O., Ilankpamoea H.B., beauxoé U.b., Anucumos U.M., benroycos B.A., lllmabkun F0.A.,
Mouceenko K.b. Pe3ynbraTel U3MEpEHUI KOHLIEHTPALIMK MeTaHa B aTMocdepe Hall 3anaiHbiMU MOpsiMU Poccuiickoit ApKTUKKU
U COTIOCTABJICHUE MX C TaHHBIMU MOIBOAHON BuaeocheMku // DyHnameHTaibHas U puKiaaHas ruapodusuka. 2026. T. 19,
Ne 2. C. 52—63. EDN LHGEYM. https://doi.org/10.59887/2073-6673.2026.19(2)-5

For citation: Muravya V.0O., Pankratova N.V., Belikov I.B., Anisimov [.M., Belousov V.A., Shtabkin Yu.A., Moiseenko K.B. Results
of methane concentration measurement in the atmosphere over the western seas of the Russian Arctic and their comparison with under-
water video data. Fundamental and Applied Hydrophysics. 2026:19(2);52—63. https://doi.org/10.59887/2073-6673.2026.19(2)-5

52


https://doi.org/10.59887/2073-6673.2026.19(2)-5
https://elibrary.ru/lhgeym
https://xn--d1amz.xyz/
mailto:muravya.vo@ocean.ru
mailto:muravya.vo@ocean.ru
https://doi.org/10.59887/2073-6673.2026.19(2)-5
https://doi.org/10.59887/2073-6673.2026.19(2)-5

Pe3yabraTol H3MepeHHii KOHIIEHTPAIMH MeTaHa B aTMocdepe HaJ 3anaaHbIMu MOpsivMi Poccuiickoii ADKTHKH U CONIOCTABJIEHHE. ..
Results of methane concentration measurement in the atmosphere over the western seas of the Russian Arctic...

towed unmanned underwater vehicle engineered at the Shirshov Institute of Oceanology of the Russian Academy of Sciences. The
analysis shows that bacterial mats in areas of methane seepage in the Arctic have a limited contribution to the increase in CH4 con-
centration in the near-surface layer of the atmosphere. Their influence is likely to be noticeable only in shallow areas (up to 50 m
deep), where methane can reach the water surface without being fully oxidized in the ocean. At the same time, short-lived peaks
(lasting up to several minutes) of elevated CH4 concentrations are observed, reaching 3 ppm or higher. The main factor influencing
the variability of atmospheric CH, concentrations is the direction of air mass transport: when air masses are advected from the
north and west, minimum CH, concentrations (1.98 ppm) are recorded; conversely, when air masses are carried away from the
mainland, methane concentrations increase (up to 2.10 ppm when from the Yamal Peninsula).

Keywords: Arctic, methane concentration, underwater video recording, greenhouse effect, expeditionary observations, methane
emission, bacterial mats

1. Benenne

M3meHeHus coctaBa aTMOcdephl B BBICOKMX IIMpoTax CeBepHOro Mmoayuapus MpeacTaBisiioT CO00M BaxXHbI
aCIeKT COBPEMEHHOI0 KIIMMAaTUYECKOTO U 3KOJOTUYECKOTO MOHUTOPUHTA, TIOCKOJIBKY 3TU PETMOHBI UTPAIOT KITIO-
YeBYIO POJIb B TAKMX TJI00AJTBHBIX aTMOC(EPHBIX Ipolleccax, KaK KpyroBopot yriepoaa [1—4]. Poct KoHLIeHTpaumn
KJTIOUEBBIX Ta30BBIX COCTABIISIOIINX, 0COOEHHO TakuX, Kak MeTaH (CH,) n yriaexucieiii raz (CO,), oKa3bIBaloT Cy-
LLIECTBEHHOE BIMSIHME Ha KJIIMMaTUYECKKeE TTPoLecChl [2, 5, 6]. B mocieagnue necsaruieTrst HabonaeTCs 0COOEHHO
ObICTPBIH pocT KoHLeHTpauuu CHy, ¢ TOMHIYCTprUanbHBIX BPEMEH ero KOHLUEHTpaLKs BbIPOCIa MOYTH B 2,5 pasa
[2, 4, 7-9], a MakcuMasibHBII rogoBoit ipupocT (17,9 ppm) npuniencs Ha nepuon 2020—2021 rr. [10]. K Tomy ke
MeTaH XapaKTepu3yeTcsl BBICOKUM MOTEHLIMAIOM TJI00aJIbHOTO MOTeTUIeHUs [2], a ero MCTOUHMKU Y MEXaHU3MBbI
pacripefie;IeHUs B apKTUICCKUX M CyOApKTUICCKUX IITUPOTaX, KOTOPhIe B HAMOOJIBIIEH CTCIICHU TTOIBEP>KECHBI BITV-
SIHUIO HAaOJII0JaeMbIX KIMMaTUYeCKuX uaMeHeHuit [11, 12], octaloTcst mpeaMeToM aKTUBHBIX UcclieqoBaHuii [3].

HecMmoTpst Ha 3HaUMTENBHBIN MPOrpecc B U3YyYEHUM M3MEHEHUI cocTaBa aTMOCGhEephl, perMOHaIbHbIE 0COOECH-
HOCTH BBICOKOIIMPOTHBIX 30H OCTAIOTCSI MAJOM3YICHHBIMHU. DTO 00YCIIOBICHO HEAOCTATOUHBIM KOJMYICCTBOM Ha-
3eMHBIX TYHKTOB HaOJIONEHUI, CIIOKHOCTbIO MHTEPIIPETALIMUA CITyTHUKOBOI MH(MOPMAllMU, KOTOpask UMEET Cyllle-
CTBEHHbBIC OTPAHMYCHUS IO YCIOBUSIM OCBEILIEHHOCTH U XapaKTepy MOACTU/IAIONISH TTOBEPXHOCTU U HE MO3BOJISIET
C TOCTOBEPHOCTHIO BOCCTAHABIMBAThH MMPU3EMHYIO KOHIIEHTPAIIMIO Ta30BbIX COCTABISOMMX atMochepsl. CynoBbie
M3MEPEHMS YACTUYHO BOCITOJIHAIOT HEJOCTATOK JaHHBIX O KOHLIEHTPALMU ra30BbIX cocTaBisgionux [13—16]. Hecmo-
TPs Ha TO, YTO OHU OTPAHMWYECHBI MEPUOAOM HaBUTALIMH, TTOJyYeHHbBIC TaHHBIE TIOKPHIBAIOT TAKUE TPYIHOMOCTYITHbIE
paitoHbI, Kak Mopst Poccmiickoit ApKTHUKI ¥ TTIO3BOJISTIOT BBEISIBUTD JIOKAIBHBIC HCTOYHUKY ITAPHUKOBBIX Ta30B.

BaxxHo TakxKe MOAYEPKHYTh POJb U3MEHEHHUS cOCTaBa aTMOC(Ephl B BBICOKUX IIMPOTaX B KOHTEKCTE IJI0-
OaJIbHBIX KJIMMAaTUYECKUX TEHASHIINI: KOHLIEHTPAIMs MeTaHa B MOCJIEeIHUE AECATUIETHS] CTAOMIbHO PACTEeT, YTO
CBSI3BIBAIOT C YBEJIMYCHNEM TETUIOBBIX HATPY30K, TaTHUEM JICTHUKOB W aKTUBAIIEH TTOABOIHBIX TEOXMMMUICCKIX
npoueccoB [17, 18]. IIpu 3TOM poJib apKTUUYECKOTO MCTOYHMKA MeTaHa J0 CUX IMOp SIBISIETCS TUCKYCCUOHHOIM.
Tak, psin ucciaenoBaHMit MOKa3bIBAaeT, YTO OCOOEHHO 3HAYMTEIbHbIC KOIeOaHNsI KOHIICHTPpALMii MeTaHa CBSI3aHbI
C JIEAHUKOBBIMU OTCTYIIaMU, KOTOpBIe BLICBOOOKAAIOT 3amackl aToro rasa [13]. Ipyrue, Hanpumep, [2, 19], roBo-
pAT 0 He3HauuTeaIbHOM (He Gosiee 1—3 % OT cyMMapHOro BKjIaja) BKiage okeaHa. TakuM 0o0pa3oM, MOHUTOPUHT
M3MEHEHUI B cOCTaBe aTMOC(EPhI BHICOKUX IIMPOT MO3BOJISIET HE TOJIBKO OLIEHMBATh TEKYIIME KIMMaTUYeCKue
W3MEHEHMs, HO ¥ IIPeICKa3bIiBaTh BOSMOXKHBIC CIICHAPUH JaTbHEHIIETO pa3BUTHSI CUTYalln. MIcIiomb30BaHMe TeX-
HOJIOTUI AUCTAHLIMOHHOTO 30HAMPOBAHMS B COYETAaHUU C HAa3eMHBIMU U MOPCKUMU M3MEPEHUSIMU CTAHOBUTCS
KJTIOYEBBIM MHCTPYMEHTOM JUISI OLICHKU MacIITaboOB 1 TEMITOB BICBOOOXKICHNSI METaHa.

HecMotpst Ha MHOTOOOpa31e NCTOYHUKOB MeTaHa B ADKTUICCKOM PETHOHE, CYIICCTBYIOIINE OLICHKI SMUCCUN
0a3upyIOTCs MPEUMYIIECTBEHHO Ha U3MEPEHUSIX KOHIEHTPALIMY ra3a B MPUBOIHOM ciioe atMocdepbl. B To ke
BpEeMsI CYILIECTBYET TMITOTE3a, UTO MPOIIECCHI Ta300TAAYM B TOM YMCJIE CBSI3aHbl C MUKPOOMOJIOTUYECKO aKTUBHO-
CTBIO 1 OMOXUMHUYCCKUMU TTPEOOPa30BaHMAMU B THAPATHBIX 30HAX, YTO TPEOYET KOMITJICKCHOTO ITOAX0A Ha CTHIKE
OuoreoxuMuu 1 ruapoakojoruu. [13, 20]. OgHUM U3 MOTEHIUATBHBIX OMOT€HHBIX UICTOUHUKOB SIBJISIIOTCS CIEl-
nduryeckue TOHHbIE MUKPOOHBIE coobiecTBa [21, 22], KoTopble (POPMUPYIOTCSI B paifoOHAaX aKTUBHOTO Bblage-
HUS MeTaHa Ha MOPCKOM ITHE, TIPeACTaBICHHbBIC XeMOCUHTE3NPYIOIINMI OaKTepraIbHBIMKU MaTaMu [22]. OmeHka
WCTOYHUKOB U UHTEHCHUBHOCTHU MOCTYIUJICHUSI MeTaHa B aTMocdepy 6a3upyeTcsl Ha pe3yabTaTaX U3MEPEeHUIA KOH-
LIEHTpALMK Ta3a B MPU3EMHOM CJI0€, OJHAKO JIOKAIM3alMs U UASHTU(MUKALUS CaMUX UCTOYHMKOB Ha MOPCKOM
ITHE COIIPSDKEHBI C CYIIECTBEHHBIMU TPYIHOCTSIMM. JIJIsI X TIepBUYHOM (DMKCAIIMI BO3MOXHO IIPUMEHEHIE BUICO-
obopyaoBaHus. B 3ToM KOHTEKCTE 0COOYI0 LIEHHOCTh MPHUOOpeTaeT CONoCcTaB/ieHWe JaHHBIX O KOHLUEHTpaLuu Me-
TaHa ¢ MaTepraJaMy MOIBOTHOMN BUIEOCHEMKHU, YTO TTO3BOJISIET HE TOJBKO (hMKCUPOBATh BU3YaJIbHBIC TTPOSIBICHUS
Ta30BBIX BBIXOHOB, HO M OIICHUBATh MX CBSI3b C KOHIICHTPAIIUSIMH B COCTaBe aTMOC(EPHI.
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HCJ'II)IO IAHHOI p3.6OTI)I ABJIACTCA MCCIACOOBAHUC pACIPCACICHUA KOHICHTPpAllMW M€TaHa B IIPUBOJHOM BO31YyXC
aTMOC(I)CpBI, BLIABJICHUE (1)3.KTOp0B, OIIpEACIAIOIINX UBMEHUYNBOCTDb CH4 B aTMocq)epe, B YHCJIO KOTOPLIX BXOOAT
1 BO3MO2KHBIC SMUCCHUHU N3 OK€aHa OT TaKUX MCTOYHMUKOB, KaK BbIICJICHNE ME€TaHa U3 JOHHBIX OTJIOKEHUIA 1 OaKTe-
pHUAJIbHBIC MAaTbI. Z[J'[H 9TOTIO B pa60Te BBIITOJITHCHO COITOCTABJICHUC JAHHBIX ITPAMBIX I/I3M€peHI/H71 coCTaBa aTMOC(I)CpI)I
C 60pTa HaYYHO-MCCJICI0BATCIbCKOIo CyaHa C p€3yjJabTaTaMu MOABOAHOM BUIACOPETUCTPpallN pem)eq)a JHa.

2. Marepuajbl 1 METOIBI

B pabGoTe npoBoauTCS cOMoOCTaBlIieHUEe TaHHBIX, MTOJYYEHHBIX ¢ OYKCMPYEeMOro HeoOMTaeMOro MOIBOIHOIO all-
napara (bHITA) «BuneoMonyib» 1 aBTOMaTU3UPOBAHHOTO TIPMOOPHOTO KOMILUIEKCA TSI U3MEPEHUSI KOHIIEHTPALIM!
MeTaHa HaJl BOTHOIT ITOBEPXHOCTHIO B COBOKYITHOCTH C METCOPOJIOTMIECKUMU ¥ HABUTALIMOHHBIMHU TTapaMeTPaMM.

Bykcupyemblii HeOOMTaeMbIi ITOABOAHBIN anmapar «BuaeoMonyib» npegHasHayeH 1l CMHXPOHHOM (oTto-,
BUIEO- U TUAPOJIOKAIIMOHHON cheMKU MoBepxHocTH nHa [23]. Llndposas Buneokamepa BHITA ocHameHa mm-
POKOYTOJTLHBIM OOBEeKTUBOM (74° B BOJIE) 1 TIO3BOJISIET BHITIOJNHATH 3anuch B hopmate 4K ¢ yacroroit 25 kaapos
B CEKYHJIy COBMECTHO C Tiepeadeil BUaeon300paxkeHus B peXXruMe peabHoro BpeMeHu. PaspereHue porokamepbl
coctaByseT 42,4 Meramukcesneii, yroi o63opa B Boue cocTaBisieT 54°. Pabouas BeicoTa Haa MOPCKUM JTHOM TTOJI-
nepxxupajiachk B nuaraszone ot 1,0 mo 1,5 m. Ha ykazaHHBIX BbICOTaxX CpeaHss LIMpUHA ToJsi 0030pa cocTaBiisiia
1,0—1,3 M, 4TO obecneunBaIo TOCTATOYHOE KaueCTBO M300paxKeHUH ISl MOCAEAYIOIIEero aHaa3a BUACOJaHHbIX.
[Tpu BeIcOTE OYKCMPOBKM amiiapaTa, paBHOM | M, Ha BUACOM300paxkKeHUSIX Pa3TNINMbl OOBEKTHI Pa3MepPOM TTOPSII-
Ka 1 cM, a Ha poTonzodpaxkeHussx — nopsiaka 1 mm. st odbecriedeHus: 10CTaTOUHON OCBEIIEHHOCTU UCTOJIb3YIOT-
Cs1 ICTOYHUKM 3aJIMBAIOIIETO CBeTa CyMMapHOi MOIIHOCTHIO 180 BT 1 MMITY/IbCHBII UICTOYHUK CBETa MOIITHOCTHIO
200 Br. I'moposiokaTop 60koBoro 063opa B cocrae BHITA «Buneomonyiib» ¢ yacroroit moceuiku 240 kI mo3so-
JISIET OCYIIECTBIIATh CUHXPOHHYIO CheMKY € JaJbHOCTBIO Ha onuH 00pT 10 300 M B 3aBUCUMOCTH OT BBICOTHI Hall
rpyntoM. BHITA «Buneomoayib» JOMOJMHUTEIBHO OCHAILEH BCIIOMOIaTebHbIMU YCTPOMCTBAMM: aKyCTUUECKUM
aJTbTUMETPOM, TaTIMKOM JABICHUS, TaTIMKOM TeMIiepaTtypbl. CTaHIapTHasi CKOPOCTh OYKCUPOBKM aIllapara co-
crasnusert 0,5 y3na.

IMonBonHast BUIEOCheMKa, HECMOTPsI Ha CBOIO MH(OPMATUBHOCTh, HEe 00eCTIeUrBaET MIOJTHOTO OXBaTa MOPCKO-
To IHA ¥ HE TI03BOJISIET OMHO3HAYHO JIOKAJIM30BaTh BCE BO3MOXKHBIE UICTOYHUKHY 3MUCCUU. B pamKax mpoBeneHHbBIX
WCCIIeIOBAHUI aBTOPBI MCXOMWIN U3 00BEKTUBHBIX BO3MOXHOCTEI MeToa, MIPUHNUMAsi BO BHUMaHKE, UYTO ITMPUHA
OJTHOTO Kajpa BUIEOCheMKU cocTaBisieT ~1,2 M. Takoil moaxon mo3BoJisieT MaKCUMaabHO 3(PHEKTUBHO UCMHOJIb-
30BaTh UMEIOIIMECS JaHHBIE UISI COTTOCTABICHUS C Pe3yJbTaTaMi U3MEPEHUN KOHIIGHTpAIlMK MeTaHa, HECMOTPSI
Ha (hparMEHTApHOCTh BU3YAJIBHOTO TTOKPBITUSI MOPCKOTO JHA.

ABTOMaTM3MPOBaHHbINM MPUOOPHBI KoMruieke [15, 16] mocTpoeH Ha 6a3e razoaHaiusaropa moaeau G2132-i
npou3sBoactBa Komnanuu Picarro Inc. (CLLA). IMpuHIMI aeiicTBUS 3TOTO MpuOOpa OCHOBAH Ha CIECIUATIM3U-
POBaHHOM METOJIE, M3BECTHOM KaK CITEKTPOCKOITHSI BpeMEHM 3aTyXaHus pe3oHaTopa. [Ipubop mo3BoIseT n3Me-
PSITh KOHLIEHTpALIMIO MeTaHa B BO3Ayxe B Auana3oHe oT 1,2 1o 12 ppm ¢ abcooTHOo norpemHocTtbio 0,005 ppm
u obicTpopeiicTBueM 30 c. B coctaBe KoMIuiekca — yabTpa3ByKoBast MeTeocTaHIus moaenu 150WX nmpousBoacTsa
koMmnaHnu Furuno (SImoHmsT) ¢ maTynkamMu aTMOC(hepHOTO TaBIeHUSI, TEMITepaTyPhl 1 OTHOCUTEIHHOM BIAXKHOCTH
BO3Jlyxa, CKOPOCTU M HampaBlieHUsT BeTpa, yctpoiictBoM GPS, TBepnoTeIbHbIMM AaTYMKaMU KUJIEBOM U GOpTO-
BOI KayKM CyIHA M MarHUTHBIM KOMITacOM. B cocTaB KOMIIIeKca TakKe BXOMSIT: PETUCTPUPYIOLINIT KOMIIBIOTEP
C BUICOMOHUTOPOM U KJIaBUATYPOU, UICTOYHUK OecriepeOOMHOTO TMTaHUS, BOASHAS JIOBYIIKA, ITPETISITCTBYIOIIAS
MOMaJaHUI0 B Ta30aHAJM3aTOP KalleJdb BOABI M JOIMOTHUTENbHBIN KoMmiipeccop moaean N86 KNE, obecrnieuu-
BaIOIIM TI0AaYy MCCISAYeMOTo BO3ayxa 10 TpyOoIpoBoay auaMeTpoM 1/4» mamHoit 10 M mpu pacxome BO3my-
xa okoio 1,5 1/MuH. Bece cocTtaBHBIE yacTh KOMIUIeKca (KpOMe METeOCTaHIIMM) TTOMEIIeHBI B Kelc-KOHTeIHep
monenu BBO110 npousBoactea komnanuu Hardigg (CILLIA). DTOT Keiic 0OMHOBPEMEHHO SIBJISIETCSI KaK YITaKOBKO
KOMILIEeKCca, 00eCIeunBalolieii ero TpaHCIIOPTUPOBKY C 3alIMTOM OT JIFOOBIX HEOJarONMPUSITHBIX BO3ACHCTBUIA, TaK
1 KOHCTPYKTUBHOM OCHOBOM JUISI pa3MeIlIeHUsT COCTaBHBIX YacTeil KOMIUIeKCa.

Bo3znyxo3abopHUKMU TPyOONPOBOIOB ObLIM YCTaHOBJEHBI MO MpaBoMy OOPTY Ha Majiyde pyJeBOro MOCTHUKA
Ha BbicoTe 18,5 M Hall ypOBHEM BOJIbI, UTO TTO3BOJIWIIO CYIIECTBEHHO CHU3UTh BO3/IEHCTBUE TTPOAYKTOB CTOPAHUS
W3 BBIXJIOITHOI TpyOBI cymHa. Kpome Toro, m3 aHanmm3a ObUTH OT(PUIBTPOBAHBI IIEPHOIBI, KOTIa KOHIIEHTPAIIUS
YIJIGKMCJIOTO ra3a TpeBbiliaia 95 nepceHTub. st JOCTHXKEHUST MAKCMMaIbHO BO3MOXHOI TOYHOCTH M3MeEpe-
HUI mapayijieIbHO OCYIIECTBIISUIOCHh BeICHHUE CIIEIIMAIbHOTO KypHaja HaOMIOAeHUH, e (PUKCUPOBAINCH TaKue
COOBITHSI, KaK TIEPUOABI CKUTAHUS OTXOHOB Ha 00pTy. BpeMeHHBIC MHTEepBaIbl, COOTBETCTBYIOIINE YKa3aHHBIM
COOBITHUSIM, BIIOCJIEICTBUM MCKITFOUAIUCh U3 MOCJIeIYIONIero aHaimn3a faHHbIX. CaM MprOOPHBIl KOMIUIEKC paciio-
Jlarajicsl B TIOMEIIEHUM Ha Taay0e pyJIeBOro MOCTHUKa. JJlaHHBIe IO BCeM IToKas3aTelisIM 3allMChIBAIMCh C YaCTOTOM
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1 pa3 B MuHyTYy. MeTeoctaHIus OblIa yCTaHOBJIEHA Ha TTEJICHTaTOPHOM Tary0e Ha BBICOTE OKOJIO 23 M HaJl ypOBHEM
Boabl. PazmenieHure cTaHIIMM BBITTOJTHEHO TaKMM 00pa3oM, UTOOBI UCKJTIOUUTD BIUSIHUE KOHCTPYKTUBHBIX 3JIeMEH-
TOB CylHa U 00ecreynTh CBOOOIHOE 00TEeKaHWE NaTYMKOB BO3MYIIHBIMU IMOTOKAMU, T. €. HA OTKPBITOM, HUYEM
HE OTPaHWYMBAIOIIEM TTPOCTPAHCTRE.

7151 oTaeAbHbIX pallOHOB, rie Oblia 3achMKCUpOBaHa MOBBIIIEHHAS! KOHLIEHTPAlKsl METaHa B IPUBOJHOM CJI0€
aTMocdepbl, ObLTM TTOCTPOSHBI 0OpPaTHBIEC MSITUCYTOYHbIE TPAEKTOPUU C MCTIOJIb30BAHMUEM JIaTPaHXKXEBOW MOJEIN
NOAAHYSPLIT [24, 25]. s mocTpoeHUs TPaeKTOPUiA MCTTONb30BaHbI MeTeoposiornueckue mosist GDAS1 X 1 rpag.
¢ KoHeuyHoit Toukoit 100 u 500 M. H. y.M. (Hax ypoBHEM MOpsI).

3. Pe3yabTaThl n 00CyKIeHHe

ITpoBeaeHre KOMITJIEKCHBIX MCCIeI0BaHWI KOHLIEHTpALMii MeTaHa B IIPMBOIHOM CJIoe aTMOC(ephl 1 peibeda
IHa OBLIM OPTaHM30BaHBI B ABYX SKCIIEIUIIMSIX Ha HaydHO-uccaenoBareabckoM cynHe (HUC) «Akagemuxk Mctuc-
naB Kennpi» (AMK) B 2024 1. (95-i1 1 96-i1 peiicbl). [ToMrMO 3TOTO, UMEIOTCSI BUIEOM300pakeHUST OaKTepraib-
HBIX MaTOB, MOIYTHO MOJIydeHHbIe TIpu NpoBeAeHUU paboT ¢ BHITA «Buneomonynb» B apyrux akcneauuusix Mu-
CTUTYTa OKEAHOJIOTHM, YTO TTO3BOJISIET JIOKATM30BaTh PailOHbBI, B KOTOPHIX MPEAIIOIOXUTEIBHO MOTYT HAXOTUTHCS
MoI00HBIC OaKTepUATbHBIC MATHI, BIUSIONINE Ha KOHIICHTPALIMIO METaHa B IIPUBOIHOM CJIO€ aTMOC(HEPHI.

B pesynbrate HabmoneHUI ObUTA C(HOPMUPOBAHBI MMPAKTUIECKN HETTPEPBIBHBIC PSIIbI JAHHBIX O KOHIIEHTpALUU
CH, ¢ BpeMeHHBIM paspelieHueM B 1 MUH MTPOoIo/KUTeTbHOCTBIO 31 cyT i 95-ro peiica u 37 cyt st 96-ro pelica.

ITo pesyabratam 95-to peiica HUC AMK, npoBeaerHoro B riepuon ¢ 23 utoHs 1o 23 utosist 2024 1., KOHIIeH-
Tpalyu MeTaHa B MPUIOBEPXHOCTHOM cJioe aTMOoc(dephl BapbupoBaluch B auamna3oHe ot 1,98 no 3,11 ppm. Cpen-
Hee 3HaueHUe Mo BCeMy MapIIpyTy SKCHEAULIMU cOocTaBuiao nmpuMmepHo 2,05 ppm. Hanbonbie KOHIEHTpaLUU
PETUCTPUPOBAIUCH BOJIM3M MTOpTa I. MypMaHCK, UYTO BEpOSTHO CBSI3aHO C IESITSIILHOCTHIO TTOPTA U JIOKATbHBIMU
AHTPONOTEeHHBIMU UCTOYHUKAMU. DIU30/IbI TPOIOJIKUTEIBHOCTHIO HECKOJBKO YaCOB C IMOBBIIIEHHBIMY 3HAYCHU -
ssmu KoH1eHTpatun CH, (rmoutu no 2,1 ppm) orMeuyeHbl Takke B paiioHe 75° c. 1. B Kapckom mope. CornacHo
aHaJIM3y OOpaTHBIX TPAeKTOPHIl, BO3AYIITHAS Macca IIPUIIIa B pailoH HabmoaeHnit co CKaHIWHABHUH, TIE cocpe-
JIOTOYEHBI 00JI0TAa, KOTOPBIE SIBJISIIOTCSI OMHUM U3 OCHOBHBIX MCTOUHUKOB MeTaHa B aTMocdepy [3, 19]. HanpoTus,
MPOIOJIKUATEIbHBIC SMM30IbI C TOHKEHHBIMM 3HAUYCHUSIMU KOHIIEHTPAIlUM MeTaHa OTMEUaloTCs P MepeHoce
BO3/YILIHBIX Macc ¢ ceBepa, a caMmble HU3KMe 3HaueHUs1 KoHlleHTpaluu CH, oTMevaloTest npuy anBeKuu ¢ ceBep-
HBIX paiioHOB ATiaHTUKU (puc. 1).

a)

S

b)

Source » at 74.40N 76.40 E
Source » at 74.80N 50.60 E

Puc. 1. O6parnbie nsiTucytouHbie Tpaektopu HYSPLIT miist mepronoB MOBBIIIEHHOI (a) ¥ TIOHKeHHO (6) KOHIIEHTpaIuu
MeTaHa

Fig. 1. The 120 h HYSPLIT backward trajectories for periods of increased (a) and decreased (b) methane concentration
Ha npoTtsizkeHuu Beero peiica 1o JaHHBIM YCTAaHOBJIEHHOM METEOCTaHLIMU HAOII01a/I0Ch ITpeobiiafaHe BETPOB
CEeBEPO-BOCTOYHOIO U I0ro-3arnajaHoro HampaieHuit. [Tpyu TakoM HampaBjieHUU BeTpa OTMEUaeTCsl MOHUKEHHas

OTHOCUTEJIbHO CPeIHUX 3HAUCHUI 3a peiic KOHLeHTpalus MeTaHa. Takke BbIIBIeHA 3aBUCUMOCTb MEXIY CKO-
POCTBIO BeTpa M 3HaUYCHUSIMHU KOHIIEHTpAIlUM MeTaHa: IJIsS JaHHOTO pelica IMpU BeTpax MeHee 4 M/C 0TMeuaaoch
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yBeJIMUYCHNE KOHIIEHTPAIINU, a IIPU CKOpocTH boiree 4 M/c — cHimkeHue. [ToporoBoe 3HaueHMe 4 M/C OBLIO OTIpe-
JIeJIHO UCKII0UUTeNbHO 1151 95-ro peiica HUC AMK. D10 cBUIETENbCTBYET O TOM, UTO CKOPOCTb M HaIlpaBieHNe
BeTpa CYIIECTBEHHO BJIMSIOT Ha IPOLIECChl HAKOIUIEHUSI M pacCeMBaHUsI ra3oB B aTMOchepe U UIPaloT BaXKHYIO
pOob B (hOPMUPOBAHUM MX IIPOCTPAHCTBEHHOTO paciipee/icHUsI B aTMocdepe Hall MCClIeAyeMOid 00J1aCThIO.

OpmHaKo TPaeKTOPHBIN aHaIU3 He OOBSICHSIET KOPOTKOMEPUOIHbIE SITU30/Ibl C BHICOKMMU 3HAYEHUSIMU KOH-
LIEHTpaLMu MeTaHa B atMocdepe. JIOTMUHO MPeArnooXUTh, YTO KMEETCs JIOKAIbHBIM UCTOYHUK, BIMSHUE KOTO-
POTO TIPOSIBIISICTCSI TOJIBKO B HETIOCPEACTBEHHOM OJIM30CTH OT Hero. TakK, OMHUM U3 TAKUX UCTOYHNKOB MOTYT OBITh
BBIIEJICHUS METaHa M3 OCAaTOYHbIX TTOPO MPU CPpaBHUTEIbHO HeOoJbIIoi rnyouHe (o 50—80 m). 08.07.2024 r.
B 22:22 (Bpems 1o UTC) 6bu10 3a(DMKCUPOBAHO KPAaTKOBPEMEHHOE 3HAYUTEIHLHOE TMOBBIIIEHUE KOHIEHTPALIUKU
CH, no ypoBHs 3,11 ppm, 4to, TI0 Bceil BUIUMOCTH, OOYCIOBIICHO SMUCCHEl ra3a ¢ 1menbdoBoii 30HHI [15, 16].
PaHee, B 9TOT XKe IeHb YTPOM Ha M300paxKeHUU JOHHOTO yJyacTKa npu npoBeaeHuu cheMku BHITA «Buaeomonynb»
HabJo1aIMch OakTepualbHbie MaThl (pUc. 2) B paiioHe ¢ KooparHaTamu 76°42,16" c¢. mr. 80°12,51° B. 1., KOTOpbIe
MOTYT CITIOCOOCTBOBATh YBEJIUUECHUIO JJOKAIbHBIX KOHLIEHTpALMii MeTaHa 3a cueT OMoJIornuecKux npoueccos [11].
I'ny6uHa 3ayieraHus OOHapPY>KEHHbIX OaKTepUaIbHbIX MAaTOB cocTaBisiia 80 M MO TaHHBIM, MTOJTYYEHHBIM C TIOMO-
mpio «Bugeomonyiist». [1pu 3TOM 3HAYMMBIX U3MEHEHUIA KOHIICHTPALIMK MeTaHa B BO3IyXe BOJIU3U 3TUX YYaCTKOB
He ObIT0 3a(MKCUpPOBaHO. B TO ke BpeMs B palioHe MaKCUMaIbHBIX KOHIICHTpALMii MeTaHa Ha JTHE HE BBIIBICHO
HaJlMuusl GakTepuaibHBIX MATOB WUJIU paliOHOB My3bIPbKOBOI pa3rpy3ku MeTaHa. TakuM oOpa3oM, OCHOBHOI MpH-
YUHOM MOBBIIICHHBIX 3HAUEHW I KOHIIEHTPALIMU METaHa SIBJISIIOTCS CUHONTUYECKHE YCIOBUS, 8 UMEHHO CKOPOCTh
¥ HaTlpaBJIeHHE TIepeHOCa BO3MYIIHBIX Macc.

a) a) 0) b)
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Ocean Data View

40°B.o0.  50°B.x.  60°B.1.  70°B.a.  80°B.m.

6) c) 2) d)

Puc. 2. Pacnipenenenne KoHieHTpauuu MetaHa (ppm) B 95-M peiice HUC AMK (23.06—23.07.2024 1.) B bapeniieBom u Kap-
CKOM MODSIX (a) 1 mpuMepbl poTon300paxkeHnii 6akTepralbHBIX MaToB (0, 6, &) 08.07.2024 1. B 9:50 GMT Ha cT. 7971 B 11eH-
TpaJibHOI yacTu Kapckoro Mopst (0TMe4eHa KpeCTUKOM Ha KapTe)

Fig. 2. Distribution of methane concentration in the 95" cruise R/V AMK (23.06—23.07.2024) in Barents and Kara Seas (a) and pho-
tographs of bacterial mats (b, c, d) at station 7971 (marked on the map) in the central area of the Kara Sea (2024—07—08 9:50 GMT)
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ITo pesynbratam 96-ro peiica HUUC AMK, npoBenenHoro B niepuon ¢ 25 utoins o 30 asrycra 2024 r., KOH-
LIEHTpALIMM MeTaHa B aTMocdepe BapbUpOBaIUCh B Anana3oHe ot 1,98 10 2,26 ppm. CpenHee 3HaU€HKE MO BCEMY
MapuIpyTy 3KCIEeINIINN COCTaBUIIO TipuMepHo 2,03 ppm. MakcuManbHble KOHLIEHTpALMU, TTpeBbiamme 2,10
ppm, PeTUCTPUPOBAIINCH B pailoHe 3amamHee MoayocTpoBa SAman. BeposiTHO MpMIMHOM TTOBHIIIIEHUS KOHIIEHTpa-
LI B 9TOM palioHe SIBJISIETCs IePEHOC BO3MYIITHBIX Macc ¢ ToJlyocTpoBa SMal.

AHaju3 MeTeopoJIOrMuecKrX TaHHbIX 11 96-ro peiitca HUC AMK mnoka3sai, 4to B pailoHaX ¢ IMOBBIIIEHHBIMU
KOHIICHTpALIMSIMU MeTaHa CKOPOCTh BeTpa IIpeBHIIIajia cpeaHre 3HaueHUs (0Kojto 10 M/c u BHIIIIE), a HAIIpaBJe-
HUE BeTpa MPEeMMYILeCTBEHHO ObUIO CEBEPHBIM 1 CEBEPO-BOCTOYHBIM. B TO ke BpeMst aHaIM3 00paTHBIX TSITUCY-
TOYHBIX TPACKTOPUIA IPOAEMOHCTPUPOBAJL, UTO IIEPUOJIbI C IMOBBIIICHHONM KOHIIEHTPALIMEil MeTaHa, OTMEYEHHbIE
B OCHOBHOM B IOXXHBIX paiioHax Kapckoro Mopsl, CBSI3aHBI ¢ aIBeKIIMeil BO3OYIIHBIX MacC C CEBEPHBIX paliOHOB
eBporneiickoit Tepputopun Poccun. ComnocraBiieHre 3TUX JaHHBIX ITO3BOJISET CIeJaTh BBIBOJ O TOM, YTO JIOKAJIb-
HbIe U3MEPEHUSI CKOPOCTH M HAIlpaBJIEHUSI BETpa HE BCErJa OTPaXKaloT MOJHYI0 KapTHHY IIepeHOCca BO3MYIIHBIX
Macc. B cBs3m ¢ aTMIM aHaIM3 00paTHBIX TPACKTOPHUI BEICTYITAeT 00Jiee KAaUeCTBEHHBIM MHCTPYMEHTOM TSI OLIEHKH
BKJIaJIa ICTOYHUKOB 3MUCCUM METaHa.

B Baitnapaiikoii ry6e 1o 1aHHBIM 3X0JIOKAIIUY ObITN 3a(pUKCHUPOBAHBI BBIXOIBI ITy3bIPHKOB METaHa 13 JOHHBIX
oTIIOXeHui (puc. 3) [26]. DTO MPOSIBUIOCH U B JAHHBIX KOHLIEHTPALMKA METAHA B IIPUBOJHOM BO31yXe aTMOC(HEpHI,
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Puc. 3. PacnipeneneHne KOHIIEHTpaIMKU MeTaHa (ppm) B Bo3ayxe B 96-m
peiice HUC AMK (25.07—30.08.2024) B bapenuieBoMm n Kapckom mo-
psax (@) 1 GOTOCHUMKU pefibeda THa B MecTaX HauOOJblIEH KOHIICH- 30
tpauuu CH, 24.08.24, 02:40 GMT Ha ct. 8143_1 (6) 11 25.08.2024, [4:3(  *rereessssrsrrnsssssuassmunnniunsssmnunussssssnunsssasnsnn
GMT Ha cTt. 8153 1 (8) B Kapckom Mope. ¢ — npuMep OTOOpaKeHUsI
BBIXOJIA TTy3bIPHKOB METaHa U3 JOHHBIX OTJIOXKEHUM O JAHHBIM 3XO0JIO-
kauuu B 40 kM ot cT. 8153 1

Fig. 3. Distribution of methane concentration in the 96th R/V AMK cruise (25.07—30.08.2024) in Barents and Kara Seas (a) and

photographs of the bottom relief in the areas of highest concentration at station 8143 1 2024-08-24 02:40 GMT (b) and station

8153 12024-08-2514:30 GMT (c) in the Kara Sea. d — example of methane bubble release from bottom sediments based on echo
sounder data 40 km from the station 8153 1
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OTMeYaJICs Pe3KUil, HO HEMPOAOIKUTENbHBINA MUK (HeCKOIbKO MUHYT). [To ianHbiM BHITA «Buneomonynb» Tax xe
ObUTM OOHApyKEHbI OOIIMPHbIE TTONST OaKTepUaIbHBIX MaTOB. [JlyOMHa MX 3ajieraHusl COCTaBJisia Mopsiaka 55 M
(puc. 3). Takum 0Opa3oM, MOXHO TPEAIIOIOXUTh, YTO OaKTepHaIbHbIE COOOIIIECTBA MOIJIM OKa3bIBaTh BIUSHUE
Ha JIOKaJbHOE TOBBIIIIEHNe KOHIIEHTpalnii MeTaHa. B aToM ke peiice 6akTepuayibHbIe MaThl OBIITM TaKXe 0OHapy-
>KeHbI ceBepHee o. [lInuidepreH, HO rIydrHa UX 3ajeraHus Oblia mopsaka 500 M, UTO MCKITIOYAeT X BO3MOXKHOE
y4dacTue B (pOpMUPOBAHUM MOBBILIEHHBIX KOHIIEHTpAIMii MEeTaHa B MPUBOJHOM cJioe aTMOcdepbl Hal JaHHOI 00-
nacTeio. PesynbTaThl 96-T0 pelica CBUIECTEIbCTBYIOT O CJIOXHON B3aMMOCBSI3U MEKIY OMOTeHHBIMU UCTOYHUKAMU
MeTaHa U METEOPOJOTMUECKUMU YCIOBUSIMU, a TakKe MOMUYEPKUBAIOT HEOOXOAMMOCTh AaIbHENIIINX UCCIen0Ba-
HUI 1151 60JIee TOUYHOTO OTpeIeIeHUsI MEXaHU3MOB PAacTPOCTPAHEHUsI U BEICBOOOXKIECHUSI METaHa.

Hecwmotpst Ha TO, uTO GaKTepraIbHBIE MAThI BPSIL JIM BHOCSIT 3aMETHBIM BKJIa B OIO/IKET aTMOC(EpPHOTO MeTa-
Ha, OHU, HECOMHEHHO, UTPAIOT POJIb B HACBIIIECHUU OKEaHWYECKUX BOJ METAHOM, a, CJIEJOBAaTEIbHO, OaKTepUaib-
HbIE MaThl MOTYT BJIMSITh Ha TIOTOKM MeTaHa U3 oKeaHa B atMmocdepy nmytem auddysuu. Takum od6pazom, KapTupo-
BaHUE ¥ JIOKAJIM3AIMsI TAKUX COOOIIIECTB KpaitHe BaxHa. B 6osiee paHHUX aKkcnienniusax MHCTUTyTa OKeaHOJIOTUN
PAH Takxxe ObuIM MpOBeAeHbBI CheMKU OakTepuaibHbIX MaToB. Hampumep, B xone 92-ro peiica HUC AMK 6butn
MpOBeJeHBI PabOTHI HAa HECKOJBKMX TOYKaxX B paiioHe bailimapaikoii ryosl, Ha KoTopbix 1o gJaHHeiM BHU M Oke-
aHreosioruu [20] HaGMIODATUCH METAHOBBIE TTIOTOKU U3 TOHHOTO TpyHTa [27]. BbIIO BBIMOJIHEHO HECKOJBKO BU-
neopaspe3oB ¢ nomoiibio BHITA «Buneomonynb», B Xoie 0OMHOTO U3 KOTOPBIX Ha (hOTO- U BUJIEOKaAMeEpe yAaIOCh
3acduKcupoBath 0akTepuaibHble MaThl. [1o pe3ynbTaTraM HaHeCeHUsI Ha KapTy TOUEK, Ha KOTOPBIX PErUCTPUPO-
BAJIUCh OaKTepUaTbHBIE MAThI, OBUIM OMpPeIeIeHbl IPUMEPHBIE IPaHULIBI MoauroHa pazmepoM 300 Ha 570 M, pac-
MOoJIOKEeHHbIe Ha rnyorHax nopsiaka < 40 m. [IpocTpaHCTBEeHHOE pacnpenesieHre HaOJoaaeMbIX OaKTepUaTbHbBIX
MAaTOB U MpUMepbI NX (OTOM300paKeHUI TpUBEACHBI Ha puC. 4.

ITpoBeneHHDII aHATU3 TTOKA3bIBAET, YTO OCHOBHOI BKJIa/l B UBMEHUYMBOCTh KOHIIEHTPAIIMY METaHa B TIPUBO/I -
HOM cJioe aTMoc(epbl BHOCUT HampaBieHUe NepeHOoca BO3AYIIHBIX MAcC, B MEHbILIEH CTENTEeHU CKOPOCTh 1 HaIlpaB-
JIEHE BETpa HEMOCPEICTBEHHO B paiioHe HabmoneHuit. Tak, oT CKOpocTH BETpa 3aBUCUT pacCEMBAaHUE WIIU HAKO-
IJIEHWE TIpUMeCcH B aTMOC(EpPHOM BO3IyXe, OCOOEHHO BOJIM3M ee MCTOUYHUWKA. B Xome nByXx aKcrnenuinii yaauioch
3a(uKCcUpOBaTh CpenHUE 3HAUYCHUs] KOHIICHTpalMu MeTaHa, XapakTepHble M paiioHa HaOmoaeHuil. B uenom
3a BCe BpeMsl TTPOBEICHHBIX pabOT Mpeobianana aaBeKIns BO3AYIITHBIX MACC C ceBepa, MPU ITOM KOHIIEHTpaluu
CH, mipeBbIIIaiM MUHIMATBHBIN HaGonaeMblit 3a BpeMst skcrenuinit AMK-95 u AMK-96 yposens (1,98 ppm)
B cpeaHeM Ha 25—30 ppb (AMK-95) u 25—50 ppb (AMK-96). CaMble HM3KMe 3HAYeHMsI KOHLIEHTpallM MeTaHa
110 TAaHHBIM aHaM3a 00PATHBIX TPACKTOPUIT OTMEYATUCh TIPU aABEKIIMU C CEBEPHBIX PAllOHOB ATIAHTUKM.

Pe3kue KopoTkue BCIIeCKM 3HAaYeHW KOHIIEHTPAIlUM MEeTaHa MOTYT ObITh O0YCITOBIEHBI SMUCCUSIMU METaHa
U3 OKeaHa B paifloHe ra30BbIX BbICAUMBAHUIA N3 TOHHBIX OCaaKoB. [1pu aTOM O6akTepraibHble MaThl, 110 BCE BUIM-
MOCTH, B APKTUKE BHOCSIT OTPaHUYEHHBII BKJIaJ B TOBbIIIeHUE KOHLeHTpauuu CH4 B MPUBOMHOM clioe aTMOC-
(epsl. IX BIUsSHUE 3aMETHO TOJIBKO B MEJIKOBOIHBIX 30HaX (ITyOMHOM 10 50 M), OCHOBHBIM MPOLIECCOM MIPU 3TOM
siBisieTcst I dy3us ra3a ¢ MOBepXHOCTU OKeaHa.

4. 3akmoueHue

B pabore npeacTaBiieHbl pe3yJibTaThl U3BMEPEHMSI KOHIIEHTPAllMM MeTaHa B aTMOC(EepHOM BO3IyXe 110 TaHHBIM
JIBYX 9KCIIEIUIINIA Ha HAYYHO-HCCIIeIOBATEIbCKOM cyaHe «AKaneMuk Mctucnas Kesnpiin» B 2024 1. (95 u 96 peii-
chl). ITo pe3ymbratam 95-ro peiica KOHIIEHTpAIIUM MeTaHa B IIPUIIOBEPXHOCTHOM CJI0€ aTMOC(EphI BAPEUPOBAIIICH
B nuamnasoHe oT 1,98 no 3,11 ppm. CpeaHee 3HaueHUE MO BCEMY MapLUPYTy SKCHEAULIMU COCTABUJIO MTPUMEPHO
2,05 ppm. B teuenne 96-ro peiica konueHTpanus CH, 6bia B nuanasone ot 1,98 1o 2,26 ppm. CpenHee 3Have-
HIE TI0 BCEMY MapIIpyTy KCIIEAUIINN COCTaBUiIo ImpuMepHo 2,03 ppm. I1pu 3ToM Hambolee 3aMeTHOE BIUSTHUE
Ha U3BMEHYMBOCTh KOHIICHTPAIIMM MeTaHa BHOCUT HaIlpaBJieHUEe aiBEKIIMK BO3MAYIIIHBIX MAaccC: TP 3aTOKaX BO3IyXa
C CYIIIM KOHIICHTpAIIMsI MeTaHa MOBBIIIANIACh, TIPU MOCTYIIJICHUN BO3IyXa C OKeaHa, HAIIpOTUB, 3HAUYCHUsI KOHIICH-
Tpalny MeTaHa IMTOHWKAINCH.

B3anmocBs3b MeXIy CKOPOCTBhIO BeTpa M KOHIIEHTpalMell MeTaHa sSIBJIsIeTCS] CJOXKHON: eclii cliaOblif BeTep
CITOCOOCTBYET JIOKAJIbHOMY HAKOIUJICHUWIO ra3a, TO CHUJIbHBIM BETEp MOXET MPUBOIUTH KaK K pacCeMBaHUIO, TaK
¥ K aABEKTUBHOMY TIEPEHOCY BO3IYIITHBIX MacC, 00OTAIIEHHBIX METAHOM, 13 PallOHOB-NCTOYHUKOB. ClleqoBaTeIh-
HO, MHTepIIpeTalvsl MI3MEePEHU TpebyeT 00s13aTeJIbHOTO YYeTa CUHOIITUYECKOM 00CTAHOBKM M TPAaeKTOPUIA Tiepe-
HOcCa BO3MYIITHBIX MaccC.

IIpoBemeHHBIN KOMIUIEKCHBII aHAIN3 JAHHBIX CYIOBBIX M3MEPEHUI KOHIICHTPALIMY METaHA B IIPUBOIHOM CJIOE aT-
Mocdepbl K MaTepUaJIoB IMTOABOAHOM BUIEOCHEMKH TTO3BOJIMII BBISIBUTh ITOTEHIIMATBHYIO CBSI3b MEXITY HATMIMEM Ha THE
OakTepHaIbHBIX MATOB M JIOKAJILHBIM MOBBIIICHEM conep:kaHrss CHa B atMochepe. OmHaKo Ha TEKYIIIEM 3Tarle hccie-
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Puc. 4. [IpocTpaHcTBeHHOE pacmpeneieHre HabmoaaeMbIX OaKTepUaTbHBIX MATOB U MPUMEPBI UX GOTOM300pakeHn B 92-M

peiice HUC AMK Ha c1. 7703 B X0ne o0cienoBaHus MOJIMIOHAa METAaHOBBIX CUTIOB B paiioHe baiimapalikoii ryObl: @ — Tpaek-

topust nBuxkenuss HUC AMK (cr. 8153_1 96-ro peiica HUC AMK pacrnionoxkeHna Ha paccTosiHuu 53 KM.). 2KeITbIMU TOUKaMu

Ha KapTe OTMEYeHBbI MecTa, e Buaeo- u dhotokamepamu BHITA «Bumeomomyiib» perucTpupoBaivch 6akTepraibHble MaThl

Ha rpyHTe; 6 — npumMep HoTon300paxKeHni OaKTepraIbHBIX MATOB; 8 — KapTa PaCIIOJIOXEHUsI CTAHLIMI (3eJIeHbIM OTMEYeHa
ct. 7703 92-10 peiica AMK, cuHuM oT™MedeHbI cTaHiu 96-ro peiica AMK)

Fig. 4. Spatial distribution of observed bacterial mats and example photographs during the 92" Cruise of R/V AMK at station 7703

in the methane seepage area of Baydaratskaya Bay: a — track of R/V AMK (station 8153_1 from Cruise 96 is located 53 km away).

Yellow dots indicate sites where video and photo cameras of the Videomodule towed system recorded bacterial mats on the seafloor;

b — examples of bacterial mat photographs; ¢ — station locations (station 7703 from Cruise 92 marked in green; Cruise 96 stations
marked in blue)

TMOBAaHUI MOKHO JIUIIIb IPEATIOIOKUTH, UTO SMUCCHS Ta3a OT STUX OMOTCHHBIX CTPYKTYP OKa3bIBaeT 3aMETHOE BIIMSTHIC
Ha TIPUBOJIHYIO aTMOoCchepy NCKITIOUNTETbHO B MEJIKOBOHBIX 30HaxX (TiryouHoit 1o S0 m). 11 iepexosia oT Ka4yeCTBeH-
HbIX HAOTIOIEHUI K KOJTMYECTBEHHBIM OLICHKaM TpeOyeTcsl MpoBeaeHE JOTTOTHUTEIbHBIX U3MEPEHUI KOHLIEHTpaLUi
PacTBOPEHHOTO MeTaHa B BOJIE Hall 0OHAPYKEHHBIMU TOJISIMU OaKTepUATbHBIX MaTOB. [1py 3TOM MOog00HbIe N3MEPEHMS
MPOBOIWINCH paHee B akcrienuimsax MO PAH, pe3yibTaThl KOTOPBIX OITyOJIMKOBaHKI B padote [18], roe 3adukcupo-
BaHO aHAJIOTMYHOE MOBBIIIEHNE KOHILIEHTPALIMM METaHa, HO B pACTBOPEHHOM BUIE, B akBaTopuu baiinapalikoii ryosbl.

B cBs31 ¢ 9TMIM, Ha TAaHHOM 3TaIle UCCISIOBAaHUS MOXHO CIEJIaTh BBIBOI, YTO HECMOTPSI Ha JIOKATbHYIO aKTHB-
HOCTh 0aKTepHUil 1 HaTMIne OaKTepraTbHBIX MATOB B apKTUIECKUX paliloHaX, MX BIUSHIE Ha HAaOIIomaeMble ¢ bopra
HWC koHIIeHTpaLMu MeTaHa B TPUBOIHOM CJIO€ HEBEJIMKHU U B OOJIBIIMHCTBE CyYaeB HE 3aMEeTHO Ha (poHe BKJ1aga
repeHoca BO3AYILIHbIX Macc. TakuM o0pa3oM, BKJIaJ SMUCCUI OT METAaHOBBIX MaTOB B I100aibHblN 6anaHc CHy,
10 BCeil BUOAMMOCTH, He3HAYNTEICH. B CBSI3M ¢ 3TUM MPUOPUTETHBIMK HAIlpaBJICHUSIMU WCCIICHOBAHUI ClIeayeT
CUUTATh YIJIYOJICHHYIO KOJIMYECTBEHHYIO OLIEHKY TMepeHOoca MeTaHa U3 MPOMBIIIJIEHHBIX PETMOHOB U MPOLIECCOB
Jerpagalid MHOTOJIETHEM Mep3sioThl. [1omoOHbIe pabOTHl B 3TOM HaIIpaBIEHUM HEOOXOAMMBI JJIs1 JaJbHEHIIeTo
YTOUHEHUS POJIM OKeaHa, KaK MCTOUYHWKA, Ha TJIOOATIBHBINA OajaHC MeTaHa W IS OLCHKM TWHAMUKU SMUCCUIA
OT OaKTepUaIbHBIX MaTOB, UMEIOLIMX JJOKAIbHOE TPOSIBICHUE B KOPOTKONIEPHUOAHBIX MUKaX (10 HECKOJIBKUX MU-
HYT) KOHIICHTPAILIMY METaHa B IIPUBOIHOM CJIO€ aTMOC(DEpHI.
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Tem He MeHee OaKTepHaIbHBIC MAaThl M METAHOBBIE CHUITBI OCTAIOTCS ITOTECHIIMAIBHBIM MCTOYHUKOM METaHa
B arMocdepe, ux yyert B obiem o6romxkere CH, HeoOxonuM 11 60jiee TOUHOTO MPOTrHO3a KIMMAaTUYECKUX U3MEHE-
HUIA, a 3HAUMT IajJbHeiIe padoThl 10 UCCACIOBAHUIO 3TUX YYACTKOB, MX KAPTUPOBAHUE M JIOKATU3AIINS TaKUX
c000111eCTB KpaliHe BaxkHa. B ToM uucrie, BKIaa TassHUSI MHOTOJIETHEN MEP3JIOThI, BIUSIHHAE Ta30TIpaTOB B CyOaK-
BaJIbHOI MEP3JI0TE TaK K€ OCTACTCSI MaJIOM3yYEHHBIM.
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DKcnepuMeHTAIbHOE HCCJIeIOBAHNE BO3MOXKHOCTEN JIOKAJIM3AIMH MOJABOIHBIX 00HeKTOB B 30He PpeHes
C MCII0JIb30BAHUEM BUPTYAJIbHOI JTMHEHHO AHTEHHOI PELIETKH B ONbITOBOM Dacceiine

Cratbs noctymuia B pegakuuio 21.11.2025, mocne gopaborku 08.05.2026, npunsra B neyats 20.06.2026

AHHOTAIMS

PaccMmoTpeHsI Ipolieaypa 1 pe3ynbTaThl TOCTPOSHUS aKyCTHUECKOI KapTUHBI aKBATOPUH, CoAepKallleil OMMHOYHbBIE, MHO-
JKECTBEHHBIE M COCTaBHbBIE ITOABOAHbIE OOBEKTHI, C IOMOILIBIO TMAPOAKYCTHUECKOM CUCTEMBI ITOABOAHOTO BuaeHUs. Mccmeno-
BaHMe MTPOBEACHO B MacIITaOHOI MOIEIN BOgOeMa, Pealu30BaHHOI B ONMBITOBOM GacceifHe. OOBbeKThl pa3Mellalnuch B 30HE
DpeHestss MOAEN MPOTSKEHHOM TMHEMHOM aKyCTUYECKOM PEIIeTKH, pealM30BaHHOM B BUIE IMHEIHO IIepeMEIaeMOro I1o 3a-
JIAHHOI mporpaMMe THAPOaKyCTHUECKOTO MPUEMHUKA. AKYCTUYECKAas «CBETUMOCThb» IMOABOIHBIX OOBEKTOB 00CCITeUYnBaliach
3a CYET OOMHOYHOIO aKyCTUYECKOIO MCTOYHMKA ITOACBETKM. M CIIONIb30BaHHBINA METOM JIOKAIM3ALMKU MTOABOAHBIX 00BEKTOB
OCHOBAH Ha y4eTe KPMBHU3HBI BOJTHOBOTO (OpoHTa B 30He DpeHes. AKycTHYeCKash «CBETUMOCTh» TOYKHM PACITOJIOXKEHUST P~
[10JIaraeéMoro 00bEKTa OMPENESUIACH ITyTEM MHTEIPUPOBAHUS IPOCTPAHCTBEHHO-BPEMEHHOTO I10JIsI CUTHAJIOB BIOJIb 00pasy-
OIINX, GOPMHUPYEMBIX C YUETOM 3aJePKeK BOJTHOBOIO (PpOHTA OTPAKEHHOTO OT 00beKTa curHaja. [TokaszaHa BO3MOXHOCTh
IIOCTPOEHMS aKyCTUYECKOI KAPTUHBI aKBATOPUU U JAIbHENIIETO PaCo3HAaBaHKsI 0ObEKTOB (OMMHOYHbINA, COCTABHOM, MHOXE-
CTBEHHBIIT), a TaK3Ke pas3iesieHrsl 00bEKTOB B COCTaBe I'PYIIIIbI B MOJI€ 3PEHUS T'MAPOAKYCTUUECKOM CUCTEMBbI ITOJBOIHOIO BUJIE-
Hust. [ToATBEpXKIEHO 9KCIIEPUMEHTAILHO YBEIMUEHE KOHTPACTA aKyCTUIECKOrO M300paXkeHHsI OObEKTOB 34 CYET HAKOILICHUS
SHEPTUU BOJHBI 10 BCEMY ITOJTIO CUTHAJIOB.

KiioueBbie ciioBa: KOrepeHTHad ruapoakyCcTuka, JIMHEHas aHTeHHast peueTKa, 30Ha (DpCHeI[H, IIPOCTPAHCTBEHHO-BPEMEHHOEC
I10JI€ CUTHaJIOB, KapThuHa aKYCTI/I'{ecKOﬁ «CBETUMOCTI»
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Experimental study of the possibilities of localizing underwater objects in the Fresnel Zone based
on the virtual linear antenna array modeling in a test tank
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Abstract

The procedure and results of constructing an acoustic map for water area containing single, multiple, and composite under-
water objects using an underwater hydroacoustic vision system are considered in the article. The study was conducted in a scale
model of a reservoir implemented in the test tank. The objects were located in the Fresnel zone of an extended linear acoustic array
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DKcnepuMeHTAIbHOE MCC/IeI0BAHNE BO3MOKHOCTEI JIOKAIM3al1U IOABOIHBIX 00beKTOB B 30He Dpenels ...
Experimental study of the possibilities of localizing underwater objects in the Fresnel Zone...

model implemented as a hydroacoustic receiver linearly movable according to a predetermined program. The acoustic reflectivity
of the underwater objects was ensured by a single acoustic illumination source. The method for localizing underwater objects is
based on wavefront curvature in the Fresnel zone. The acoustic reflectivity of the suspected object location was determined by
integrating the spatio-temporal signal field along generating line determined taking into account the delays of the signal wavefront
reflected from the object. The feasibility of constructing an acoustic map of the water area and subsequent objects recognition
(single, composite, multiple) as well as separating objects from group within the view field of the underwater hydroacoustic vision
system are demonstrated. An increase in the contrast of objects acoustic images due to the accumulation of wave energy across the
entire signal field has been experimentally confirmed.

Keywords: coherent hydroacoustics, linear antenna array, Fresnel zone, spatio-temporal signal field, acoustic reflectivity picture

1. Benenne

CpencTBa peruCTpaliiid M BU3yaIM3alliK B3aMHOTO pa3MEIIeHUsI TIOABOIHBIX 00BEKTOB BOCTPEOOBAHKI TP
OXpaHe 3alIUTHBIX 30H aKBATOPUIi, 0OOCIY>)KMBAHUN MAllIMH U MEXaHU3MOB pa3pabOTKU MOABOAHBIX MECTOPOXKAE-
HU ¥ MOHUTOPUHTE COCTOSTHUS MOPCKMX COOpyKeHMit. OTHONM M3 KOMIICKCHBIX 3a/1a4, pelIaeMbIX IIPU OCBeE-
IIEHUY TOIBOIHOM 0OCTAaHOBKM, SIBISIETCS (POPMUPOBAHME KAPTUHBI PACIIONOXEHUST TTOABOIHBIX 00BEKTOB [1].
OcHOBHBIE 11e7T1 (POPMUPOBAHNS KAPTUHBI TIOABOIHOM 00CTAHOBKY CHCTEMO MOIBOIHOTO BUICHUS:

— CO3JlaHV€ U BU3yaJM3alusl OOLIEi KapTUHbBI MOJBOIHON aKBaTOPUU B 30HE KOHTPOJIS;

— onpeesieHUe MPOCTPAHCTBEHHBIX KOOPAUHAT U (hOPMbI MOABOIHBIX 0ObEKTOB B 30HE KOHTPOJIS;

— dopmupoBaHme IMMPOBOTO MPEICTABICHUS aKyCTUUECKOI KApTUHBI B3aMMHOTO Pa3MEIICHMS TTOIBOIHBIX
00BEKTOB.

Hcroprueckn GYyHKIIUM BU3yaTIU3alIMN COCTOSTHUST aKBAaTOPUHM 00ECIICIYMBAINCH TEICBU3MOHHBIMI CHCTEMa-
MU TIOJBOJHOTO BuaeoHabmoneHus [2]. OmHako OBICTpOe 3aTyXaHMe CBETOBOIO M3JIyYeHUST B BOJHOI cpeie Be-
JIeT K OTPAaHUYEHHOCTHU Pa3MEPOB aHATM3UPYEMOI aKBaTOPUHU. YBEJIMUYEHME JATbHOCTH PETMCTPALIUM TTOJBOIHBIX
00BEKTOB JOCTUTAETCS 32 CUET MCIIOJb30BAHUS TUAPOAKYCTUUECKUX CPEICTB, MJIs KOTOPbIX XapaKTepeH 3HAuM-
TEJIbHO MEHBIIIUI YPOBEHb MPOCTPAHCTBEHHOTO 3aTyXaHUsI MPU paclpOCTpaHEHWU 3BYKOBBIX BOJIH B Boje. Ha oc-
HOBE TMIPOAKYCTUYECKUX MIPUHIIUIIOB CO3IaHbl CUCTEMbI 3BYKOBUIECHMUSI, KOTOPBIE SIBJISIIOTCS TUAPOJIOKATOPAMU
C BBICOKMM TIPOCTPAHCTBEHHBIM pa3pellleHNEM M TTO3BOJISTIOT ITPe00pa30BaTh aKyCTUUECKOe n300pakeHue B (pop-
M€ MPOCTPAHCTBEHHOTO paclipeaeieHus 3ByKOBOTO IaBJAECHUS B ONTUYECKOE U300paKeHUEe HA 9KpaHe MOHUTOpA
[3]. daxpHOCTD ACHCTBUST 3BYKOBM30POB CYIICCTBEHHO TIPEBBIIIACT ATBHOCTD IECTBUS TEICBU3UOHHBIX CUCTEM
BupeoHaomoneHus. OqHAaKO 3ByKOBU30PHl MMEIOT HIU3KOE YIJIOBOE pa3pellicHNe M HU3KOE pa3pellIeHNE 10 Jalb-
HOCTH, YTO HE MO3BOJISIET MPOU3BOAUTDH NETATbHYIO OLIEHKY MPOCTPAHCTBEHHBIX W TMHAMMUYECKUX MMapaMeTpOB
MOABOMHBIX OOBEKTOB B 30HE KOHTPOJISI.

Takme pacipocTpaHEeHHBIC TUAPOAKYCTHIECKIE YCTPOMCTBA, KAK MHOTOJIYUYEBBIC SXOJIOTHI [4], MMEIOIIIE BHI-
COKYIO pa3pelialolyio CIIOCOOHOCTD, TTO3BOJISIIOT (hDOPMUPOBATH M300pakeHNE THA AKBATOPUM U CTPYKTYPY TUAPO-
TEXHUYECKHUX COOPYKEHUI C BBICOKMM pa3pelieHUeM 1 ONPEAEIsiTh IPOCTPAHCTBEHHbBIE XapaKTEPUCTUKU AeTalei
oobekTa. Ho m3obpakeHmne hopMupyeTcsl myTeM MEXaHMISCKOTO TIEPEeMEIICHUST HOCUTEISI aHTCHHBI ¢ TTOCIIeIy-
OIIUM (hOPMHUPOBAHUEM M300pakeHUs HAa OCHOBE ITOCICIOBATCIIPHOCTH OTPAXKCHUM 30HIUPYIOIINX TUAPOAKY-
CTUYECKHX CUTHAIOB. TO €CTh PeXUM «pPeajbHOTO BpEeMEHW» MpPY MOABOAHOM HAOJIONEHUU C TTOMOIIBIO TaKUX
YCTPOMCTB HEBO3MOXKEH.

CoBpeMeHHasT UACOJOTUS MYJbTUCTATUUYECKUX TUIPOJOKAIIMOHHBIX CHUCTEM TOABOIHOIO HAaOIIOMCHUS
npeanojaraeT MCIojb30BaHUE HaOOpa MPOCTPAHCTBEHHO pacIpeleIeHHbIX TMAPOAKYCTUUYECKUX CTaHIIUM,
paboTamIiluX Kak B peXXnuMe npuemMa, Tak U B PeXUMe U3JIYyYeHUsI, KOTOPble MPOU3BOAST MOUCK, OOHApPYXKe-
HUe, KiIaccu(UKaAIUIO 1 OIpeaeieHrne KOOPIMHAT BHIOPAHHBIX KJIACCOB MOABOIHBIX OOBEKTOB U Iepemavy
MOJy4eHHBIX JaHHBIX B cUcTeMy yrpaBiieHus [5]. CucteMbl TOABOAHOIO HAOMIOAEHUS MTpeaHAa3HAYEHBI IS
OIMEpaTUBHOrO OOecIeyeHUs 3a1aHHOKW BEPOSITHOCTU OOHApYXXEeHMsI TTOJABOAHOI0 00beKTa 3aaHHOTrO Kjacca
MpU 3a1aHHOK BEPOSITHOCTU JIOXKHOK TPEBOTHU MPU HAXOXIAEHUU 0ObEKTa B OO0 TOUKE KOHTPOJUPYEMOIO
paiioHa [6]. Ho B yciioBHsIX MHOTOOJMKOBOCTH aKyCTUYECKHMX OTPAXKEHU OT ITOIBOIHBIX OOBEKTOB U SIBJIEHU I
TepeoTpakeHUs] 1 MHOTOTYYEBOCTH PAacIIpOCTPaHCHUS aKyCTHIECKMX BOJH B IIOJBOMTHOM cpeme 3amada dhop-
MUPOBaHUSI U BU3YyaIM3allMs KapTUHBI MOABOJIHON aKBAaTOPUM B 30HE KOHTPOJISI, MPEACTABASIETCS s 3TUX
cucTeM TpyaHopeanuzyemoil. Hajinuue MHOXecTBa OOBEKTOB B 30HE KOHTPOJISI YCIOXKHSET pelieHue 2TOM
3alayd MHOTOKPATHO.

I'mmpoakyctrdyeckass cMCTeMa TOIBOIHOTO BUIACHMS IHOJDKHA OOECIeUMTh OOHapyKeHHe, KiIacCU(PUKAIIIIO
¥ OIpeecHNe KOOPAMHAT ITOABONHBIX OOBEKTOB B aHAIM3UPYEMOI ITOIBOTHON O0OCTAaHOBKE M MpPEICTaBICHHUE

65



Illupokoe B.A., bBaxcenosa A.U., Muauu B.H.
Shirokov V.A., Bazhenova A.I., Milich V.N.

TOJTYYEHHBIX Pe3yJbTaTOB B BUAC aKyCTUUCCKON KAapTUHBI MOABOTHOW OOCTAHOBKH, YIOOHOI IUISI BU3YaJIbHOTO
BOCIIPUSITUSI ONIEPATOPOM, M B BUE LIM(MDPOBOTO MPEACTABICHUSI, KOTOPOE SIBISIETCS UCXOMHBIMU JTaHHBIMU TSI
PaboTHI KOMITBIOTEPHBIX CUCTEM KOHTPOJISI 30HBI HAOIIONCHNS B peabHOM MacIliTadbe BpeMeHMU.

MHbopMamust o COCTOSTHUY CcofepsKaHUs TTOABOIHOI aKBATOPUU MOXKET OBITh ITOJIyJIeHa ITyTeM PeTUCTPALINT
M MHTEpMpETalui COHOTPAMM — OJHOMEPHBIX TMIPOaKyCTUIECKUX CUTHAJIOB (B JaHHOM CJIy4ae — MacCHBa Mo-
cJIemoBaTeIbHO U3MEPEHHBIX 3HaYCHM I 3BYKOBOTO JaBJICHMS B TUAPOAKYCTUUECKOM curHajie). OmgHako, perucTpa-
M ¥ aHAJIN3 OTHOMEPHBIX COHOTPpAMM He TTO3BOJISIET OCYIIECTBIISITh PEKOHCTPYKIINIO COACPKaHUS BCeil aHAIM3H -
pyeMOii TTOIBOHOI aKBAaTOPUH C JIOKAJIM3alMeil BceX MOIBOAHBIX 00beKTOB. MI3BECTHHI UCCIeI0BaHNSI, KOTOPbIE
TIOKA3bIBAIOT TMEPCIEKTUBHOCTh MCIIOJb30BaHUS JIMHEMHON akycTudeckoit peretku (JIAP) mis noxamusanmu
U pacIio3HaBaHUS NOABOAHBIX 00BbeKTOB [7]. KpoMe Toro, ycTaHOBJIEHO, YTO MpUMeHeHUe MPoTskeHHOo JIAP npu
MCTOJIb30BaHUM Pa3HOCTHO-IAJIbHOMEPHOTO METO/Ia JIOKAJIM3AlUK KCTOYHUKOB OTPaKEHUST 3XOCUTHAJIOB TT03BO-
JISIET OCYILIECTBIISATh OIpene/ieHe KOOPAMHAT 3TUX UCTOYHUKOB TT0 KPMBU3HE BOJIHOBOTrO (hpoHTa [8—10]. B pabdo-
Te [11] paccMOTpEeHBI pe3yIbTaThl UCCICIOBAHUS BOIIPOCOB MCIIOJIB30BAHMSI BEPTUKAIBHBIX aHTCHH UIS OTIpeeie-
HUSI TaJIbHOCTHU M TJIYOMHBI KCTOYHUKOB aKyCTUYECKOTO OTPaKEHUSI.

I1o pesynbrataM ucciaenoBaHuii B padote [12] caenaH BBIBOA O TOM, UTO «YIPYrue KojaeOaHUsT BOJHOBO-
ro (BpeMeHHOr0) (ppoHTa CUTHAJIa TIPA PACIIPOCTPAHECHUN B HEOTHOPOTHOM M TOABIIKHOM cpele» MPUBOMST
K OTKJIOHEHMSIM B OLIEHKE KOOPJAMHAT IMOABOAHBIX O0BEKTOB IPU pacyeTax ¢ MCIOIb30BaHUEM TPEXDJIEMEHTHBIX
MPUEMHBIX CUCTEM, YTO BBI3BIBACT HEOOXOAUMOCTD UCITOJIb30BaHUSI MHOTO3JIeMeHTHBIX JIAP. OnHako mipu Ha-
JINYUU B aHAJIM3UPYEMOit TOIBOIHON aKBaTOPUH HE OJHOTO, @ MHOXECTBA O0BEKTOB, UCITOJIb30BaHNE B3aMMHOM
KOPPEJIIIIMOHHOK (DYyHKIIMU OTPaKEHHBIX CUTHAJOB UISI BCETO MHOXECTBa Map MCIOJb3YyeMbIX MPUEMHUKOB
JIAP B mensix ompenenaeHus pa3HOCTEil BpeMeH IPUXOAa 3THX CUTHAJIOB OT KaXKIOTro MCTOYHMKA CTAHOBUTCS
TPyAHOpeATU3yeMbIM |[§].

ABTOpaM CTaTby IMPEICTABISIETCS, YTO PEIIeHUEe 3aJa9M JOKAIU3alMi MHOITMX UCTOYHUKOB OTPaKEHHBIX 3XO-
CHUTHAJIOB T10 KPMBU3HE BOJTHOBOTO (PPOHTA MOJISI 3TUX UCTOYHUKOB MOXET OBITh TOCTUTHYTO CJICAYIOIIUMH ITyTSIMU:

— perucTpaius KapTHHBI BOJHOBBIX (D)POHTOB MHOXECTBA NICTOUHMUKOB OTPasKEHHBIX 3XOCUTHAJIOB B UCCIICIY-
€MOI1 akBaTopuu ¢ rmomolibio JIAP B Buae n3odpaxxeHust MpocTpaHCTBEHHO-BPEMEHHOTO TT0JISI CUTHAJIOB;

— Mpeobpa3oBaHNe N300pakeHNUs MPOCTPAHCTBEHHO-BPEMEHHOTO TIOJISI CUTHAJIOB B aKyCTUUYECKYIO KapTUHY
MCTOYHUKOB OTPaKeHHBIX 9XOCUTHAJIOB B MCCIICAYEeMOI TTOMBOIHOM aKBaTOPUU C TTOCTICAYIONICH BU3yaInu3alneit
3TOI KapThl JJIs1 oTiepaTopa.

Llenpio HacTOsIIEl pabOTHI SIBASCTCS MCCIIEIOBaHME BO3MOXKHOCTEH MeToma CHMH(pAa3HOTO CYMMMPOBAHMS
MIPOCTPAHCTBEHHO-BPEMEHHOTO TTOJIST OTPaXKEHHBIX OT 00OBEKTOB 3XOCUTHAIOB ¢ TToMoinbio JIAP B 30He ®peHens
JUTSI OLIEHKM aKyCTUYECKOM «CBETMMOCTH» BCEX TOYEK aHAJIM3MPYeMOMl MOJABOIHOM aKBATOPUU U TTOCIEAYIONIEiH
PEKOHCTPYKIIMU OOIIeil KapTUHBI TTOABOIHON 00CTAHOBKHU (B3aMMHOTO Pa3sMEICHUST TUAPOJOKAIIMOHHBIX 00b-
€KTOB) B 30HEe KOHTPOJIA. Perucrpaims mpocTpaHCTBEHHO-BPEMEHHOTO TI0JISI CUTHAJIOB OCYIIECTBIISIETCS C TIOMO-
b0 OMHOYHOTO HEHAIMPABJIEHHOTO MPUEMHHUKA, TTOC/IeI0BaTEIbHO TIEPEeMeIaeMOoro 110 TOPU30OHTAILHON TMHUN
B (pUKCHpOBaHHBIE TOYKU, MOJETUPYS TaKuM oopazoM JIAP. AKycTnueckasi «CBETUMOCTb» MOJBOIHBIX OOBEKTOB
obecrieynBaIach 3a CUeT OMMHOYHOTO NCTOYHUKA aKyCTUIECKOM MMOICBETKH.

2. BoinosiHeHue IKCICPUMEHTAJIbHBIX HCCJIeI0BAHUI

basa uccaenoBanmii — rupoaKyCTUYECKUI UCCIEN0BATEIbCKIIN KOMILIEKC (ajee — «KOMILJIEKC»), OIMMUCAH-
Heiit B [13, 14]. [TapameTpsl komiuiekca (pa3mepsl: 3 X 1,5 X 0,75 M, yactota curHasioB 1 MI'11) BeiOpaHsbl Wist
peain3aliii BO3MOXXHOCTH €r0 MCIOJIb30BaHUS B Ka4ecTBe MacITaOHON HATYpHOU MOJEIU peasibHOro Bogoema
B Macmtabe 1:100. OcHacTka 6acceliHa Mo3BoJsIeT KOH(MUTYPUPOBATH ISl TPOBEAEHUS 9KCTIEPUMEHTATbHBIX UC-
CJIENOBAHU JOCTATOYHO OOJIBIIOE PA3HOOOPA3Ue N3MEPUTENBHBIX CXEM U CLIEHAPUEB.

N3mepurenbHasi cxeMa OIBITOBOrO OacceitHa (puc. 1) B oMMChIBAEMOM HUCCIEIOBAHUM BKIIIOYAET UCTOUYHUK
WU3TYYEHUS] 30HIUPYIOLIETO UMITYJIbCA, M0JIe OOBEKTOB, U MPUEMHUK B BUAE BUPTYAJIbHON JTUHEWHON TUAPOAKY-
ctuueckoit peuetku (BJIAP). Mznyuyatenb u 00beKThI 3aKperjieHbl Ha TIyOMHE U3MEPEeHUI B MHAUBUIYaTIbHBIX
roziBecax Tak, YTo0bl 0OBEKThl HAXOAWIMCH B 30HE NEMCTBUS U3JTydaTess.

BJIAP peannzoBaHa B BUIE OMMHOYHOTO TMIPOAKYCTUIECKOTO TIPUEMHUKA, TIEPeMeIlaeMoro Mo JMHEHHOU
HarpaBJIsIOlIeil B CTapT-CTOMTHOM peXuMe, MpuYeM BeJM4YrHa Il1ara rnepeMelieHusi, KoJM4ecTBO 1IaroB v -
TEJIbHOCTD May3bl MEXTY U3MEPEHUSIMU 3a1aI0TCSI B CLIEHAPUM U3MEPEHU N, pealM30BaHHOM B yTPABJISIONIEM KOM-
netotepe. LIuki usMepeHuit, COCTOS NN U3 U3TyYeHUS 30HAUPYIOIIETO CUTHAJIA, PETUCTPALIMU OTPAXKEHHOTO CUT-
HaJla ¥ MOCJeIYIOIEero CABUra MpUeMHUKa Ha 3aJaHHbIi 111ar, MTOBTOPSIETCS 3aJaHHOE YKUCIIO pa3, 4To MO3BOJISIET
3aperucTPUPOBATh CUTHAIBI BO BCEX TOUKaxX (hMKCALMU MepeMeleHrs TPUEeMHUKA, U TaKUM 00pa3oM TMOJIyYUTh
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MaccuB cUrHaNIOB peanbHol JIAP. I1pu 5T0M Bo3MOXHO MoaeaupoBanue JIAP ¢ mpou3BOIbHEIM IIarOM pacroso-
>KEHUSI PUEMHBIX 3JIEeMeHTOB. TOYHasi MOBTOPSIEMOCTh U3MEPEHUIi B ITOCIEN0BATEIbHBIX MOJOXEHUSIX TPUEMHU-
Ka obecrieynBaeTcs BBeIeHEM B CUTHAJ CIIelIMalIbHOM METKU BpeMeHu [ 15].

y A
& BJIAP
Komnaxmuvie Q) Hozuyuu
06vexmol Quxcayuu

npuemMHuKa

. §cz
Oounounwiil

o0bvexm

/

2R 3
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0 ¥ Hznyyamens

Puc. 1. PaccraHoBKa KOMITOHEHTOB M3MEPUTEIbHONM CXeMbl (M3aydaresisi, OObeKTOB, MPHUEMHUKA
U CUCTEMBbI JINHEHOTO MepeMelleHUs) B ONbITOBOM OacceiiHe. bBykBamu o603HaueHbl: C1 — coctas-
Hoit 00bekT 1, C2 — cocTaBHOM 00BEKT 2

Fig. 1. Arrangement of the measuring circuit components (emitter, objects, receiver and linear displace-
ment system) in the test tank. The letters indicate: C1 — composite object 1, C2 — composite object 2

HnuHa u pacnionoxeHnue BJIAP B onbiToBOM GacceiiHe BbIOpaHbI TaK, YTOOBI 1O OCU Y 00BEKTHI HAXOAUIUCH
BOJIM3M cpenHeil yacTu 30HBI @penenst BJIAP, a kpuBr3Ha GppoHTa OTpaxkeHHOI BOHEI ObLIa OBl JOCTATOYHA TS
YCTOMYMBOTO OIpeneIcHUS TTOJI0XeHUs 00bheKTa 1o hopMme poHTa BoaHEL. [InmHa BJIAP B Hacrosimem mnccie-
noBaHUM cocTaBiseT S00 MM, pacCTOSTHUE OT JIMHUU TTepeMeIleHUs TPUEeMHUKA 10 TPYIIIbl 00bEKTOB COCTABIISECT
oT 850 MM 10 1050 mMMm.

KoMITOHEHTHI M3MepUTEIBHOM CXeMBI PACIIONIOXKEHBI TaK, YTOOBI TeHEPUPYEMBI M3TydaTesieM 30HIUPYIOIINA
CHUTHAJI TIPY CBOEM PacCIIPOCTPaHEHUU OTpaxKasicsi OT KaXIOro U3 OObEKTOB, U OTPaXkKeHHbIE 0ObEKTaAMU THUAPOAKY-
CTUYECKYE BOJHBI TTPOXONUIN ObI uepe3 obsacthb npoctpaHcTBa BJIAP. [1yOuHa rmorpyxeHust 00beKTOB, U3TydaTesist
¥ mprieMHUKa coctasisiia 300 M. [lInprHa muarpaMMBI HaITpaBJICHHOCTH U3JTydaTelisd M IPUeMHUKA B BEPTUKATLHOM
HampaBJIeHUM COCTaBJsIeT 11 rpamycoB, YTO MO3BOJIIET M30eXKaTh MOMEX, CBI3aHHBIX C ITEPEOTPAKEHNEM 3BYKOBBIX
BOJIH OT JTHA U TTOBEPXHOCTU BOMABI. 30HAUPYIOLINI THAPOAKYCTUUECKUIA CUTHAT B HACTOSIIIIEM UCCAETOBAaHUM CO3a-
eTcsl Toavueli Ha u3yJdaTesib KOpOTKOTO 1iyra KojebaHuii ¢ Hecylueid yacrotoit 1 MI' 1 rayccoBoii orubaronieii:

=

2
A-exp —l(t—ij /cs2 -sin(2nft), npu 0<t<—
U= 2 2F F, (1

0 HI/It>ﬁ
, 1Ip F

rae N — 4ucio nepuonos (B akcriepumente N = 8), F — vyactoTa curHana (F= 10° '), A — aMIIMTyIa cuTHaa,
0 = 3 (cpegHeKBaIpaTUYHOE OTKIIOHeHUe). [1pu TakMxX mapamMeTpax CUTHaja JJIMHA 1yra 30HAMPYIOIIEero CUrHaia
B Bojie (8 IUTMH BOJIH) COCTABJISIET OKOJIO 15 MM.

Ilepeyens u KOOPAUHATBI 00BEKTOB TTPUBEICHBI B Ta0OIUIIE, hoTOrpachusi X pa3MelleHUs B OTTLITOBOM Oacceii-
He Toka3aHa Ha puc. 2. KoHdurypauus pazmelleHust 00beKTOB ObLia COCTaBlIeHa TaK, YTOObI MPOBEPUTH CITOCOO-
HOCTh METOa pa3aeiisaTh OJIM3KOPACIIONOKEHHBIE KOMIIAKTHEIC 1 COCTaBHBIC OOBEKTHI IIPH PA3IMIHOM UX B3aIM-
HOM PacCHoJIOXKEHUU U COYCTAHUSIX.
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Puc. 2. ®ortorpacdust pparmeHTa 6acceifHa ¢ pa3MeIeHHBIMA 00bEKTaMU: COCTABHBIMU
(C1 u C2) u kxoMnakTHBIMU (OOMHOYHBINA — 11 v Tpu rpymmner — 1,2,3,4; 5,6,7; 8,9,10)

Fig. 2. Photo fragment of the tank with objects: composite (C1 and C2) and compact
(single — 11 and three groups — 1,2,3,4; 5,6,7; 8,9,10)

Tabauua
Table
Ilepeyenb 00bEKTOB, HCTIOIb3YEMbIX B HCCJIEIOBAHUH, C HX KOOPAMHATAMU H YCJIOBHBIMH 0003HAYEHUSAMHU
List of objects used in the study with its coordinates and symbols
Howmep Tun Koopnunara X, mm | KoopaunHara ¥, Mmm IMpumeuaHue
1 KOMITAaKTHBIIN 670 450 Ne 11, onHOUHBII
2 KOMMAaKTHBII 575 605 Ne 1, rpyrimal
3 KOMITaKTHBII 585 605 Ne 2, rpymmal
4 KOMITaKTHBII 605 605 Ne 3, rpymmal
5 KOMITaKTHBII 645 605 No 4, rpymnimal
6 KOMIAKTHBII 575 540 Ne 5, rpyrimma2
7 KOMITaKTHBII 585 540 Ne 6, rpyrma2
8 KOMITaKTHBII 605 540 Ne 7, rpynmna2
9 KOMIAKTHBII 575 505 No 8, rpymnma3
10 KOMIaKTHBII 585 505 Ne 9, rpymnma3
11 KOMITaKTHBII 605 505 Ne 10, rpyrma3
12 COCTaBHOI 560 620 06bekT C1 coctaBHOM
13 COCTaBHOM 750 450 0O6wexT C2 cocTaBHOM
Wznyuarenb Mbe30KEepaMUUECKUii 100 1280 US1000—-21A
BJIAP 1600 200...700 Iar nporpamMmmupyetcst

B xauecTBe KOMIAKTHBIX (OTHOOIMKOBBIX) 00BEKTOB UCITOIb30BaHbl TOHKUE MEIHbIC LIUIMHIPHI C TMaMETPOM
1/5 mWHBI 3BYyKOBOM BOJIHEI 30HAMPYIOIIETO UMITYIbCa (OMHOKMIIBHBIN MEIHBIN IpoBof ¢ anuameTpoM 0,31 MM,
TOIBEIICHHBIN BEPTUKATIBLHO K KPETJICHUSIM Ha 0aJTKaxX M HaTSTHYTHI BEeCOM CBMHITIOBOTO rpy3a). CocTaBHBIC (MHO-
ro0JIMKOBbBIE) OOBEKTHI MPEACTABIISIIN COOOM PSAAbI U3 4-X METATNTMYECKUX CPep KaKIblii, CKPETJIEHHBIX B IMHUIO,
MoABELICHHbBIE K KPETIJIEHUSIM Ha OajKax Ha TOHKYIO JJaBCaHOBY1O JiecKy nuameTpoM 0,08 MM ¢ mpeHeOpexuMo Ma-
JIOI OTpaXkaroIleit CIToCOOHOCTHIO IO CPaBHEHMIO ¢ 00beKTaMU. IrameTpsl cchep (22 1 13 MM 1T TIEpBOTO 1 BTOPOTO
00BbEKTa COOTBETCTBEHHO) MHOTOKPATHO TMPEBBIILIAIN JIMHY BOJIHBI, cocTaBasionlyio 1,48 MM njsg yacrotsl 1 MI.
JlmiHa cocTaBHBIX OOBEKTOB paBHA 95 1 52 MM.

JIns1 aHaym3a TTPOCTPaHCTBEHHOM pa3pelaoieii CliocCOOHOCTH OMMMCAaHHOM METOIMKYN U3MEPEHUST, TECTOBBIC
00beKThl No 1, No 2, No 3 11 Ne 4 6bl1u pa3MeltieHbl Ha pacctostHusx 10, 20 u 40 MM Ipyr OT Apyra COOTBETCTBEHHO.
Kpome Toro, misg aHanmm3a B3aMMOBIUSTHUS OTPaskeHHBIX BOJTH 00beKTHI N2 1, No 2, No 3 1 No 4 6b1tH ycTaHOBIICHBI
B 30HE TTPOXOKIEHUS TIepeoTpakeHHOM BOTHBI 00beKTa Cl, a 00beKT No 11 — B 30He aKyCTUYECKOM TeHU COCTaB-
Horo oobekTa C2.
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IIpouecc m3mMepeHus 3aKTI0YAETCS B IIMKIMYECKOM TTOBTOPEHUN TIPOLIEIYPhl TUAPOIOKAIIMOHHON MOACBETKU
00J1acTH pa3MelIeHUs TTOIBOAHBIX 0OBEKTOB KOPOTKMMHU (8 MKC) 30HIMPYIOIINMU UMITYyJIbCAMU C U3MEPEHUEM
U perucTpalmeit orpaXkeHHbIX 9XOCUTHAIIOB mprueMHUKOM BJIAP ¢ mocnenyommm maroBbiM repeMenieHueM rmpu-
€MHUKa BIOJIb TOPU30HTATLHOI ocu (puc. 1), uTo 3amaeTcs clieHapreM n3MepeHuit. Takum criocobom obecrieun-
BaeTCst MOJIEIMPOBaHUE MHOTO3JIeMeHTHOM JIAP ¢ BO3MOXHOCTBIO MPOrpaMMUPOBAHUST YMCIa U 11ara pacroyo-
XXKeHus npueMHukoB BJIAP.

Perucrpaiust oTpakeHHOTO OOBEKTOM 3XOCHUTHAIA TIPU TTOIIATOBOM IEpPEeMEIIeHNN TTPUEeMHUKA TTO3BOJISIET
WMUTUPOBATH PAOOTY MHOTORJIEMEHTHOI JTMHEWHOI TPUEMHON aHTeHHBI, TPUYEeM KOJTMYECTBO U PACIIOIOXKEeHUE
TMO3UIINI TTPUEMHMKA TIPU TIPOBEIEHUM KaXKIOTO U3MEPEHUSI MOXHO YCTaHABIMBATh MTPOTPAMMHBIM ITyTEM B CO-
OTBETCTBUU C TpebyeMoii koHdurypanueit mogenu JIAP. B HacTosiiiem vccienoBaHuy mar rnepeMenieHus Obut
YCTAHOBJIEH TTOCTOSTHHBIM Y PaBHBIM 2 MM, YMCJIO TIO3ULIMIT M OBbLIO ycTaHOBJIEHO paBHBIM 250.

3aperucTpupoBaHHbIE CUTHAJIBI, CBEJCHHBIE B €IMHBIN MacCUB, MOXHO pacCMaTpUBaTh KaK MPOCTPAHCTBEH-
HO-BPEMEHHOE I0Jie CUTHAJIOB Si(f), B KOTOPOM 1O ocH Y OTKJIaabIBaeTcs HoMep curHaia i = 1...M, a no ocu
X — BpeMmsi 3a[IEPKKM CUTHAJIA £; OT MOMEHTA U3JTYYEHHUS 10 MOMEHTa OLM(BPOBKK. Takoe MpOoCTPaHCTBEHHO-BPe-
MEHHOE TI0JIe CUTHAJIOB YIOOHO TPAaKTOBaTh KaK U300paXkeHue CrielnaabHOro Buaa. [1oaxom K aHaImu3y MaTpuliibl
MPOCTPAHCTBEHHO-BPEMEHHOTO TIOJISI KaK K aHaIM3y U300paXkeHUsT OTKPhIBAET BOZMOXKHOCTh IIPUMEHEHMUST aJiro-
pUTMOB IU(DPOBOIT 00pabOTKU N300paKEeHU T U pacIIO3HABAHUST BU3YaJIbHBIX 00Pa30B C UCIIOJIb30BaHUEM HEHPOH-
HBIX CeTeil U NCKYCCTBEHHOTO MHTEJIJIEKTA.

ITpumepsl TpoCTpaHCTBEHHO-BPEMEHHOTO TOJISI CUTHAJIA OTPAKEHUST OT KOMITAKTHOTO O0OBEKTa M OT COCTAaBHO-
ro 00BeKTa MoKa3aHbl Ha puc. 3 u 4. SIpKOCTh MMKCeNsT KapTUHBI TPOCTPAHCTBEHHO-BPEMEHHOTO ToJIs (puc. 3, a)
U BbICOTa TpeOHel (puc. 3, 6) COOTBETCTBYIOT 3HAYEHUIO CUTHAIA Si(7).

Kaxxnprit onuHOYHBI KOMIAKTHBIA 0O0BHEKT TTOPOXKIAET B M300PaKEHUU MPOCTPAHCTBEHHO-BPEMEHHOTO TIOJIST
MaTTepH XapaKTepHOi Turepboamieckoit hopmel (puc. 3). @opma nmaTTepHa OJHO3HAYHO OTPEIeNsIeTCsT Pacto-
JIOXKeHNEM 00beKTa, TPOCTPAHCTBEHHOU KOHMUTYpalreil cCXeMbl U3BMEPEHUIT 1 KOOPAMHATAMU TOUYEK PACITONIOXKe-
Hus npueMHuka BJIAP 1 ckopocTbio 3ByKa.

a) , a) 0 )

Puc. 3. @parMeHT NMpOCTPaHCTBEHHO-BPEMEHHOTO TM0JIsi KOMITAKTHOTO OAMHOYHOTro 00bekTa B 2d
oToOpaxkeHnH (a); BeIACIEHHAsI paMKoii 00JacThb mojist B 3d oTobpaxkeHuu (0)

Fig. 3. The spatio-temporal field fragment of the compact single object in 2D mapping (a); the area of
the field highlighted by a frame in 3D mapping (b)

CocraBHoii 00beKT, 00JIaTatoNINi pa3BUTOM (HOPMOIT OTpaXarolieil MOBEPXHOCTH M, COOTBETCTBEHHO MHO-
TOOJIMKOBOM CTPYKTYPOI OTpaKeHHOTO CUTHAJIA, TTOPOXKIAaeT 3HAUMUTEIbHO 00oJiee CIOXHBINM MAaTTepH B IMPOCTpaH-
CTBEHHO-BpeMEHHbIX KoopauHatax. [Ipumep ¢pparmMeHTa oTOOpaXKeHUsI COCTAaBHOTO O0ObEKTa B MPOCTPAHCTBEH-
HO-BPEMEHHOM M0JIe TTPUBENEeH Ha pUCYHKaX puc. 4, a u 0.
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Puc. 4. ®parMeHT NpoCcTpaHCTBEHHO-BPEMEHHOTO TI0JII COCTaBHOTO 00beKTa B 2d oToOpakeHnH (a); BhIIEICHHAS paMKO 00-
JacThb B 3d oToOpakeHuu (0)

Fig. 4. The spatio-temporal field fragment of the composite object in 2D display («@); the area highlighted by a frame in 3D display (b)

3. ITocTpoenue NoJsi AKYCTHYECKOi KAPTHHBI AKBATOPUH

CurHasbl, OTpaXXeHHBIE OT KaXkII0ro 00beKTa, (DOPMUPYIOT B IPOCTPAHCTBEHHO-BPEMEHHOM I10JI¢ UHIUBUILY -
aJIbHbIA naTTepH, (hopMa U MOJI0XKEeHNEe KOTOPOIro OAHO3HAUHO OMNPEAEIISIOT IMOJ0KEHE 00bEKTa B IIPOCTPAHCTBE
00beKkTOB. Tak Ha pUC. 5 cXeMaTUYeCKU TpeACTaBIeH MaTtTepH (B BUae (pOHTa BOJHBI) B TOJIE CUTHAIOB, IMO-
JIYYEHHBII B pe3yJIbTaTe OTPaXKeHUsI OT 00beKTa A. AMIUIMTYA CUTHaja IaTTepHa XapaKTepu3yeT aKyCTUYECKYIO
OTPaxKaloLIYI0 CIIOCOOHOCTh (DOPMUPYIOLIETO 3TOT NaTTepH 00beKTa. [109TOMY MacCUB JaHHBIX ITPOCTPAHCTBEH-
HO-BPEMEHHOTO TOJIST B MPOCTPAHCTBE CUTHAJIOB (HAIIpUMep, IoJIe CUTHAJIOB Ha PHC. 6) OTHO3HAYHO CBSI3aH C Kap-
TUHOI pacIioNIoXeHUs aKyCTUYECKU 3aMETHBIX OOBEKTOB B IIPOCTPAHCTBE aKBATOPUU.

g Ic 15
Tlone
CUSHATI08
Si(1)
15:] fe L
Obvexm

¥ DpoHm 601HbBL
3ape2ucmpuposanio2o
cueHana
Hznyuamens
0 x

(X5, Ys)

Puc. 5. ®opMupoBaHue MpoCTPaHCTBEHHO-BPEMEHHOIO I0JIsI CUTHAJIOB, MT0JIy4aeMOro B pe-

synbTare usmepenuii BJIAP. Byksamu o60o3HaueHsr: (X)), Y) — HauyaabHble KOOPIUHATHI JIU-

HEWHOTO MepeMelIeH s TIPUEeMHUKA; /g, - — BPEeMEHa MTPOXOXKIEHUS 3BYKOBOI1 BOJIHBI OT 00'b-

ekra (Touka A) 1o nonoxenuit npuemMuuka B u C; S(f) — U3MEpEHHBII CUTHAJ B TIOJIOXEHUHN
npueMHuka (X, Y)); (X, Y5) — KoopauHaThl nsmyyaress

Fig. 5. Obtaining of a spatio-temporal field of signals as a result of VLAR measurements. The

letters indicate: (X, Y¥;) — initial coordinates of the receiver linear movement; ¢, # — travel

times of the sound wave from the object (point 4) to receiver positions B and C; Si(f) — signal
measured at the receiver position (Xy, Y;); (X, Y5) — coordinates of the emitter
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\\\v \\l” ‘

Puc. 6. ®parMeHT IIPOCTPaHCTBEHHO-BPEMEHHOTI'O MOJIs1 CUTHAJIOB, ITOJyYeH-
Horo 1151 oJist o0bekToB 1...10, C1, mpencTtaBieHHbIX B Ta01. 1

Fig. 6. The spatio-temporal field fragment of signals obtained for the field
of objects 1...10, C1 presented in Table 1

ITpouecc hopMupoBaHUS MO AKYCTUYECKON KAPTUHBI aKBATOPUU O JAHHBIM MTPOCTPAHCTBEHHOTO BpEeMEH-
HOTO T10JIs1 CUTHAJIOB UCIONIb3yeT (hOKYCUPOBKY MOIIHOCTH BCETO TMOJISI CUTHAIOB B €IMHBIN KOHCOTUINPOBAH-
HBIIl CUTHAJI OCPEACTBOM y4yeTa 3a[epPXKKU BPEMEHU PACHPOCTPAHEHUSI CUTHaJIa OT 00bekTa 1o JuHuu BJIAP,
KOOPIMHATHI KOTOPOIi 3aaHbl yeioBUsIMU n3mepeHuii. [Ipumep dokycrpoBku npuseneH Ha puc. 7. @akTnuecku
9TO HaKaIlJIMBaIolllee CyMMUpoBaHue (hparMEHTOB OTPAKEHHOU BOJIHbI KOHKPETHOTO 00BEKTa U3 BCEX CUTHAJIOB
MPOCTPAHCTBEHHO-BPEMEHHOTO TOJIST C y4eTOM (ha3bl BOJHOBOTO (DPOHTA.

a) a)
S(1)
0,002 —
0,000 4
~0,002 v y
—0,004 i
t
0) b)
Puc. 7. IIpumepbl (OKYCUPOBKM MHOXKECTBA CUTHAJIOB: S@)
a — JIJI9 TOYKU ¢ TIPUCYTCTBUEM O0BEKTa; 6 — JJIT TOYKH, 0,002
B KOTOPOI1 00BEKT C aKyCTMUECKOIl «CBETUMOCTbIO» OTCYT-
CTBYET 0,0001
. . . . . —0,002
Fig. 7. Examples of focusing multiple signals: ¢ — for point
with the object; b — for point without object with acoustic ~ —0,004

reflectivity ' ' ' ' ot

BbrunciieHre moiHO#M KapTUHBI aKyCTUYECKOTO IOl IPOUCXOAMT ClIeAylomuM oopazom. DopMupyeTcst Ko-
opavHaTHasg cetka M X N mpocTpaHCTBa 00bEKTOB, IMOKpPbIBalOIIasi 00J1acTh HabmoaeHus. Kaxblit y3es ceTku
MOHO MHTEPIIPETUPOBATh KaK IIEHTP COOTBETCTBYIOIIETO TTUKCENST aKyCTUYECKOI KapTUuHBI (pazmMepoM M X N
nukceneit). s Kaxaoit TOUku (x,,, v,) KOOPAMHATHOMN CETKU JIeaeTCsl MPENIoNoXeHUe O MPUCYTCTBUM B Heii OT-
paxaroliero oobekra. PacueT BeJIMUMHBI 3a1ePXXKKM BpEMEHM MPUXO01a CUTHAIA, OTPaKEHHOIO OT 00beKTa B TOUKE
(x> ¥,), B i-it npuemHuK BJIAP BbinonHsercs o dopmyJe:

2 2 2 .
T =(\/(xm -X,) +(»,-Y) +\/(xm - X,) +(y, - (%, +z*L/K))2]/C, )
rae XS’ YS_ KOOpI[I/IHaTBI I/I3.T[y‘IaTeJ'IH, XO’ YO — Ha4dYaJIbHbIC KOOp,Z[I/IHaTBI HHHCﬁHO-HCpeMCHlaCMOI‘O HpI/ICMHI/IKa,

L — nnuna BJIAP, K — yucio BupTyanbHbIX IpueMHUKOB BJIAP (4uciio 1maroB nepemMeiieHust MpueMHMKa Mo KO-
opauHate Y), C — cKOpoCTh 3ByKa B BOJIE.
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B pesynbrare pokycupoBku U cH(}a3HOr0 CyMMUPOBaHUs (PParMeHTOB CUTHAIOB S;(f) 3alaHHOM JUIUTEJIbHO-
cru T COTIaCHO TIOyYEHHBIM 3a/IEPKKAM T,, ,, ; TOJIY4aeTCss KOHCONMIMPOBaHHbIN curHan U(Z, X,,, y,), MOIIHOCTb
KoToporo P(x,,, ¥,,) MOXET CIYXXUTb XapaKTEPUCTUKON aKyCTUUYECKON «CBETUMOCTU» TOYKH (X,,, V,) IPOCTPAHCTBA
O0OBEKTOB U SIPKOCTHIO COOTBETCTBYIOIIETO MTUKCENIST aKyCTUUECKOU KapTUHBI:

| I(N 2
P(x,.7,) :72 S (tn +1) | - (3)
=1\ i=1
BoinosHeHWe OMMCaHHON BBILIE MPOLIEAYPhl MIST KaXKA0H TOUKM CETKU MPOCTPAaHCTBA OOBEKTOB ITO3BOJISI-
€T MOJIyYUTh MAaCCUB NAaHHBIX, (POPMUPYEMBII OTIEIBHO B KaXKIOM IHUKCe/e, IIPeACTaBUMbIi B BUIE PAaCTPOBOTO
M300pakeHUs U XapaKTepHU3YIOIIN aKyCTUUECKYIO «CBETUMOCTB» TTOJIST 00beKTOB. Takas mporemypa He TpeOyeT
arnpuopHoit nHopMalu 00 00bEKTaX U UX PACIIOJOXEHUU U TTO3BOJISIET MOJIYYUTh OOIIYI0 KAPTUHY cpa3y s
BCETO M0JIS1 0ObEKTOB.
HanbHeiiass o0paboTKa MmojydaeMoro u300pakeHusl MPOU3BOAUTCS MeTomaMu LHU(PPOBOii 00padOTKU U30-
OpakeHUi1 B COOTBETCTBUU ¢ 3aaaueit. B taHHOM ciiydyae 00beKT MOXKET ObITh BblAEIEeH Ha N300paXkeHUU MTPOCTHIM
TMOPOTOBBIM MMPEOOPA30BAHUEM U BRIUMCICHUEM LIEHTPA TSOKECTH MOJy4aeMOoro IISITHA.

4. Pe3yabTaThl

DKCIeprMeHTaIbHasl TTPOBEpPKa BO3MOXKHOCTH BOCCTAHOBJICHUsSI aKyCTUUECKONM KapTUHBI PaCIIOJIOKEHMS
MHOXEeCTBA pa3JIMIHEIX 110 (hopMe U pa3MepaM 00BEKTOB ObLIa TIPOBEACHA C TTOMOIIBI0 pa3MEIIeHUS B aKBaTOPUH
13 0OBEKTOB, YCTAHOBJICHHBIX Ha pa3HOM PACCTOSTHUH IPYT OT Ipyra cOTacHO Tabiuiie. Pe3yabTaT BEIUMCICHMS
KapThl aKyCTUYECKOM «CBETUMOCTH», TIOJYYCHHBII Ha CeTKe | MM B IPOCTPaHCTBE OOBEKTOB, IOKa3aH Ha puc. 8.

Puc. 8. KaptuHa akycTUUYeCKON «CBETHUMOCTW» TOUEK aKBaTOPUM, BbIYMCICHHAs
IO pe3yjibTaTaM M3MEPEHMS TTPOCTPAHCTBEHHO-BPEMEHHOTO TOJISI CUTHAJIOB C OTTMCAH-
HOI BBIIIE€ PACCTAHOBKOI TECTOBBIX 00BEKTOB

Fig. 8. The acoustic reflectivity picture of points in the water area calculated based on the
results of measuring the spatio-temporal field of signals with the arrangement of test objects
described above

Ananu3 rpaduka sipkoctu (puc. 9, 6) n300paxkeHuss OAMHOYHBIX KOMITAKTHBIX 00beKTOB (Harpumep, Ne 1,
Ne 2, No 3 m Ne 4 B Tabnuiie U COOTBETCTBEHHO 1, 2, 3 1 4 Ha puc. 9, a) moKa3bIBaeT, YTO MOIEPEIHUK TTOJIyJae-
MOTO M300pakeHUs1 00BbEKTa MPU YKa3aHHBIX MapaMeTpaxX U3MEpPEeHUsT COCTaBIsIeT 3...5 MM, a caM OOBEKT JIETKO
0OHAapy:KMBAETCsI IOPOTOBLIM IIPeoOpa3oBaHUEM. YBEIMYEHHbIN (pparMeHT Ha puc. 9, a WUTIOCTPUPYET BHICOKOE
paspelleHre ¥ TMKCETbHYIO CTPYKTYPY TTOJTy4aeMOTO N300pakeHUsI.

Hanuuue B nmose 3peHust BJIAP MHOXXecTBa 00beKTOB MOPOXKAAET CIOXKHYIO KAPTUHY U3MEPSIEMOT0 OTpaskeH-
HOIO CUTHaja. AKyCTUYeCKME M300paxkKeHUsI KOMITAKTHBIX 00beKTOB 1, 2, 3 u 4, pacIoloXeHHBIX B HEIOCPe -
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CTBEHHOI OJIM30CTU OT 3HAYUTEIBbHO O0Jiee KPYMHOro coctaBHOro oobekta Cl, paspemaroTcs B JOCTATOYHON
CTETNeHN HECMOTPsI Ha 3HAUUTEJIbHOE MePeKPhITHUE MATTEPHOB. DTO MOATBEpXAAaeT rpaduK curHaia Ha puc. 9, 6,
MOCTPOeHHBIH 17151 ceueHust AB. PaccrosHust Mexny mukaMu sipKOCTH, KOTOPbIE COOTHECEHBI C 00beKTaMu 1, 2,
3, 4, COOTBETCTBYIOT YCTAHOBJIEHHBIM TP TUIAHUPOBAHUM dKcriepuMeHTa pacctossHusM (10 mm, 20 mwm, 40 Mm).
[upuna nukos coctansier 3—4 nukcens (3—4 MM npu ueHe nukcens 1 X 1 mm?).

a) a) 0) b)
¥, MM -
1,2F
1,0
605 0,6} 4
575 605 645 X, My 575 585 605 645 x um

Puc. 9. Akyctrieckast KapTuHa TPYIITBI 00BEKTOB (a) 1 rpaduk sipkoctu 1o ceueHunto AB (6). [Tuku SIpKOCTH, COOTBETCTBYIO-
e oobekTaM Ne 1, Ne 2, Ne 3 u Ne 4 pacniosioxkeHbl Ha pacctostHusx 10, 20 1 40 MM Apyr OT Apyra COOTBETCTBEHHO

Fig. 9. The acoustic picture of a group of objects (a) and brightness graph along AB (b). Brightness peaks corresponding to objects
No. 1, No. 2, No. 3 and No. 4 are located at distances of 10, 20 and 40 mm from each other, respectively

Kpome Toro, BHUMaTEIbHBIN aHAIN3 TTOJYIEeHHOTO aKyCTUYECKOT0 M300paXkKeHNsT COCTABHOTO (MHOTOOIMKO-
BOT0) 00BbEKTA TTOKA3bIBAET XOPOIIIYIO KOPPEIUPOBAHHOCTh aKyCTUUECKOTO N300paxkeHus ¢ (hOpMOii 00beKTa, YTO
wnTocTpupyetces puc. 10, roe mokasaH ¢pparMeHT aKyCTUUECKOM KapTUHBI, (POTO 00bEeKTa U HAJIOXKEHUE KOHTYpa
00BbEKTa Ha ero akKyCTUUeCcKoe N300paKeHue.

a) a)

Puc. 10. MmocTpaiusi BO3MOXHOCTH PEKOHCTPYKIINU (hOpMBI cOCTaBHOTO 00bekTa C1 110 ero aKyCTUUeCKOMY M300pakeHHIO:
a — aKyCTUYECKOe n300pakeHne 00bekTa; 6 — (hOoTo 00bEKTa; 6 — HAJIOXKEHUE KOHTYpa 00BbEKTa Ha aKyCTUIeCKOe M300paxke-
HUE

Fig. 10. Illustration of the possibility of reconstructing the composite object C1 shape based on its acoustic picture: a — acoustic
picture of the object; b — photo of the object; ¢ — overlay of the object’s outline on the acoustic picture

7151 5KCIIepUMEHTATbHOM OlleHKH 3G (EKTUBHOCTU MPOIETyphl HAKOTUICHUSI CUTHAIa, aMIUIMTYIa 30HIUPY-
JOIIIETO CUTHAJIa OblJIa YMEHBIIIEHA JO TAKOW BEJIMUMHEI, TIPH KOTOPOU MepeoTpaskeHHBIN TeCT-00heKTaAMU CUTHAI
CTAaHOBUJICSI BU3yaJbHO HE 3aMETEH Ha YPOBHE IIIYMOB U MTOMEX, ITOCJe YeT0 MPOMU3BOAMIOCH U3MEPEHUE U Pery-
CTpalus MIpOCTPaHCTBeHHO-BpeMeHHoro noiist. Ha puc. 11, a, 6 mokazaHbI hparMeHThI IPOCTPAHCTBEHHO-BPEMEH-
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HBIX TTOJIEHl CUTHAJIOB U OOBEKTOB PA3IMYHON OTpaXarolleil crmocooHoCcTr. BusyanbHblil aHaIU3 HE MO3BOJSIET
BBISIBUTh MHAWBUAYAJIbHBIN TATTEPH 7151 00beKTa Ha puc. 11, 6. OgHako B pe3yJibTaTe BBIUUCIUTENBHOMN MpoLEny-
pBI C HaKaruiMBaHWEeM (hparMeHTOB CUTHAJIOB, B3SIThIX C BBIYMCICHHBIMU 33ePKKaMU, TAHHBIN OOBEKT OTYETIINBO
UAEeHTU(PUIIMPYETCST Ha KapTe aKyCTUIEeCKO «CBETUMOCTH», UTO TIoKa3aHo Ha puc. 11, 6, e. Takum oGpazom, Tipo-
BEJIEHHOE MCCIIeI0BaHKEe TakXKe MOATBEPANIO 3 (PeKTUBHOCTh HAKOTLIEHUST (DParMeHTOB OTPAXKEHHOTO U3 KaXKIOH
KOHKPETHOI TOUKM MTPOCTPAHCTBA aKBATOPUU CUTHAJIA 11O BCEMY MTPOCTPAHCTBEHHO-BPEMEHHOMY TOJIIO0 CUTHAJA
C 1IeJIbI0 KOHIIEHTPAILIMY CUJIbI OTKJIMKA W OTAEJIEHUS] 9TOTO CUTHAJIA OT ITIYMOB U CUTHAJIOB U3 IPYTMX TOYEK aK-
BaTOpPUU. AHAIU3 IPKOCTH TOUYEK MPOCTPAHCTBA, T€ PACIIONAraIuCh TECT-OOBEKTHI, MOATBEPXKIAET BO3MOKXHOCTh
3HAYUTEJIbHOTO CHUKEHMUSI BIUSIHUS IIIyMOB U TTIOMEX Ha BO3MOXHOCTb aHAJIN3a aKyCTUYECKOU KapTUHBI.

a) a) 0) b)

Puc. 11. [IpocTpaHCTBEHHO-BpEeMEHHOE TIOJNIE OBYX DSIIOM DPACTIONIOXEHHBIX

OIMHOYHBIX 0OBEKTOB PA3IMUYHON OTpaxKatlleil crocoGHOCTH Ha (hOHE 1IYMOB

u niomex (a), (6); pparMeHT BBIYMCICHHON KapTUHBI aKyCTUIECKON «CBETUMO-
cti» (8) 1 3D rpaduk «CBETUMOCTH» IJIsI 3TOro hparMeHTa (e)

Fig. 11. Spatio-temporal field of two nearby single objects of different reflectivity
against a background of noise and interference (a), (b); fragment of the calculated
acoustic reflectivity picture (¢) and 3D brightness graph for this fragment (d)

5. 3akmouenne

DKCNEepUMEHTAIBLHO UCCIEA0BAH METO MOJIYYeHUsT aKyCTUYECKOM KapTUHBI TTOABOJHOIT 0OCTAHOBKU B OIThI-
TOBOM OacceifHe 1o pe3yabTaTaM U3MEPEeHUS ITPOCTPAHCTBEHHO-BPEMEHHOTO TTOJIST TTIePEOTPaKEHHBIX OT TECTOBO-
IO MHOXECTBa 00bEKTOB I'MAPOAKYCTUUECKUX CUTHAJIOB ¢ Mcnoab3oBaHuemM BIIAP.

CyTb MeTOa — TMOcJIeq0oBaTeIbHAsI TTPOBEPKa THIIOTE3 00 aKYCTUUYECKOI «CBETUMOCTH» BCEX TOUEK aHAIM3M-
PyeMoTo TTOIBOTHOTO IIPOCTPAHCTBA HE3aBUCUMO OT HAJIMUMS B 3TOM TOUKE OTpakalolero oobekra. O0mmas Kap-
THHA CKJIAABIBACTCS KaK pe3yIbTaT aHaI13a aKyCTHUECKHX «CBETUMOCTE» BCeX TOUEK aHATM3NPYEMOI ITOIBOTHOM
akBaTopuM. TakuM o6pa3zoM, OPMUPYETCS He MepeueHb OTpaXKalolnX OOBEKTOB, a N300pakeHUE aKyCTUICCKOI
KapTUHBI BCETO aHAJIM3UPYEMOTO TIPOCTPaHCTBa. TaKoi MTOAXOI TTO3BOJISICT aHATM3UPOBATh MOIBOIHYIO aKBaTO-
puio B 30He Ppenens BJIAP ¢ nmpakTiyeckn HeorpaHMYEHHBIM KOJIMYECTBOM MTPUCYTCTBYIOIIMX B 30HE KOHTPOJIST
00BEKTOB.
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ITpoBeneHHBIE B ONIBITOBOM 0acceiiHe u3MepeHrs MOATBEPAUIN BbICOKYIO TPOCTPAHCTBEHHYIO pa3pellalolylo
CMOCOOHOCTh METOAA, a TAKXKe MPOAEMOHCTPUPOBATIN BO3MOXHOCTh IMTPOCTPAHCTBEHHON PeKOHCTPYKLUU (POPMBbI
COCTaBHBIX MOJIBOIHBIX OOBEKTOB.

Kpome Toro, nokaszaH noTeHIMaI HAKOTIJIEHUS cofepKaTeIbHO MH(MOPMALIMOHHON COCTaBJIsIOIIEH 10 BCeMy
perucTpupyemMomMy MpoCTpPaHCTBEHHO-BPEMEHHOMY TI0JII0, UTO JIeJaeT MepCreKTUBHBIM yBeIWYeHHWEe Yrcia Mpu-
eMHUKOB JIAP ni1s BeIieieHUsT c/1labooTpakamolinX 00beKTOB Ha (DOHE TTOMEX.

PesyabTaThl UccaenoBaHus TIJIAaHUPYETCSl UCTIOAb30BaThCsl B MPOLIECCE CO3AAHUSI TUAPOAKYCTUYECKO CUCTE-
MbI TOIBOIHOTO BUAEHMSI.
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AHHOTAIMSA

Llenb HacTosIIIIETO MCCIeNOBaHUSI — pa3paboTKa MeToza pacuera KoadduiimeHTa 1udy3HOro oTpakeHus CBETa OT CUJIb-
HOTIOTJIONIAIONIEI Cpebl C pe3KOAHU30TPOITHBIM pPacCesiHUEM THIIa MOPCKOI BOIbI. AKTYaJlbHOCTb 3TOTO BOIIpOca 00YyCIOB-
JIeHa IIIMPOKUM MCIIONb30BaHeM KoddduimeHTta nuddy3Horo orpaxkeHust B 00paboTKe TaHHBIX CIIEKTPATbHBIX U3MEPEeHU I
SIPKOCTU OKeaHa. [IpemnaraeMblii METOI OCHOBAH Ha pasoXeHMU Ko3(duimeHTa oTpaXkeHus: B psil MO KPaTHOCTH paccesi-
HUST Ha OOJIBIION yroJ (TI0 CpaBHEHUIO C XapaKTePHBIM YITIOM OTHOKPATHOTO PACCEesTHMS), YTO SKBUBAJICHTHO Pa3JIOXKEHUIO
B PSII TIO OOPATHBIM CTETEeHSIM MoKa3aTeJIsl TorIoleHus. JI1s IepBbIX IBYX YJIEHOB Pa3IOXKEeHUS TTOJyYeHbI SIBHBIC BHIPAXKEHUSI.
TTepBbIii BOCIIPOU3BOAMT U3BECTHBII PE3YJILTAT MPUOJIVDKEHNST KBA3MOTHOKPATHOTO PACCesTHUSI, @ BTOPOid COOTBETCTBYET BKIIAILY
KBa3UIIByKPAaTHOT'O paccestHrs (MHOTOKPATHOTO MaJIOYTJIOBOTO pacCcestHUs 10, MEXIY 1 IOCJIe ABYX aKTOB PacCesTHUST Ha O0JIbIIOI
yro:x). [IpoBeneHo cpaBHeHUE HAMIEHHOTO aHATMTUIECKOTO PEIIeHMS C pe3yJIbTaTaMU YMCIIEHHOTO MHTETPUPOBAHUS yPaBHEHUS
nepeHoca Uil UHAUMKATpUChl XeHbU-I'puHCTEliHA, a TaKXKe [J1s1 ABYXWIEHHON MHAMKATpuchl XeHbu-I'puHCTEiiHA, MOoeIupylo-
el paccestHUe cBeTa B MOPCKoii Boge. [TokazaHo, 4To cyMMa BKJIaIOB KBa3MOTHOKPATHOTO M KBAa3MIBYKPATHOTO PACCESTHUIA
XOPOIIO ONMChIBaeT nuddepeHIINaTbHbBII KO3(GMUIIMEHT OTPaXXeHUS B IIMPOKOM IHAarna3oHe YIJIOB IMaJeHUS U HAOMIOACHUS.

KitioueBbie ci10Ba: IpKOCTH OKeaHa, KoahOUIIMEHT OTpaXeH!sI, ypaBHEHUE TIepeHOCa 3YYeHNsT, KBa3UIBYKPAaTHOE paccesiHue
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Analytical model for diffuse light reflection from an aqueous highly-forward-scattering medium
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Abstract

The aim of the present study is to develop a method for calculating the diffuse component of the bidirectional reflectance of
a strongly absorbing and highly-forward scattering medium like seawater. The relevance of this issue is due to the widespread use
of the bidirectional reflectance in the processing of ocean color measurements. Explicit expressions for the first two terms of the
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expansion are derived. The first term reproduces the well-known result of quasi-single-scattering approximation, and the second
corresponds to the contribution of quasi-double scattering (the small-angle multiple scattering before, between, and after two
events of large-angle scattering). To validate our analytical results, we carry out numerical integration of the radiative transfer
equation for the Henyey-Greenstein phase function, as well as for the two-term Henyey-Greenstein function that models light
scattering in seawater. It is shown that for optical parameters typical to seawater, the first two terms of the expansion (i. e. the sum
of quasi-single- and quasi-double-scattering contributions) prove to be sufficient to describe the bidirectional reflectance with
high accuracy over a wide range of illumination/viewing angles.

Keywords: Water-leaving radiance, BRDF, radiative transfer equation, quasi-double scattering

1. Benenue

HccnenoBanue nuddy3Horo orpaxkeHusI CBeTa OT MOPCKOI BOMIBI ITPUBIICKAET 3HAUUTEIBHBIN HHTEepecC 0J1aro-
Japsli pa3BUTHIO TEXHOJOTUM n3MepeHus 1iBeTa okeaHa [1—3]. CrnekTpanabHast SpKOCTbh BBIXOASIIETO U3 BOAbI U3-
JIY4EHUST COIEPXKUT MHDOPMAITNIO 0 (DU3MIECKUX U ONTUICCKUX CBOMCTBAX MOPCKOM BOMBI, M TIOSTOMY SIBIISICTCST
BakKHEMIIe onTUYeCcKOi XapaKTepUCTUKOM, MCITOIb3YeMOI 711 U3YYEHUST BEPXHETO CJI0s OKeaHa METOIaMu IUC-
TAaHIIMOHHOTO 30HAMpoBaHus [4—12].

OCHOBHO MHTepec MpencTaBisieT 3aBUCUMOCTb KoadduureHTa 1uddy3HOro oTpaxkeHus: OT ONTUYECKUX
napamMeTpoB MOPCKOU BOJbI (TTOKa3aTeseil paccessHUs 1 MOTIOIICHUS, UHAWKATPUCHI paccesiHus). [laHHas 3aBu-
CHMOCTb SIBJISIETCSI KJIFOUEBBIM 2JIEMEHTOM IIJIST PEIICHMST 0OpaTHOM 3agaul BOCCTAHOBICHUS (PU3MUECKUX U OIl-
TUYECKUX TTapaMeTpOB MOPCKOit Bonbl [2]. B coBpemMeHHbIX anroputMax [6—8, 10—14] koadduLimeHT oTpaskeHus
00BIYHO TTapaMeTPU3YeTCs TTOTYIMITUPUIECKOM (popmyiroii [15], comepKaieit moAroHOYHBIE TTapaMeTphl. DTH T1a-
paMeTpbl CaMU 3aBUCSIT OT YIJIOB OCBENICHUsI/HAOIIONEHUSI U MHIUKATPUCHI PACCESIHUSI, U OTPEAEISIOTCS MyTEM
MOATOHKY aHAJTMTUYECKOM (HhOPMYJIbI TIOJ Pe3YJIbTAThl YMCIEHHBIX PACYETOB MepeHoca usaydeHus [16].

XapakTep MHOTOKPAaTHOTO pacCesTHUSI CBETa B MOPCKOI BOMIE OMpenessseTcsl IByMsI OCHOBHBIMU (DaKTOpaMMu:
CUJIbHO BBITSIHYTOM Briepen MHAMKaTpucoit paccessuust (1 — g << 1, g — cpeaHuil KOCMHYC yIja OIHOKPaTHOTO
paccesTHHST) M CPaBHUTEIIHLHO CHIIBHBIM ITOTJIOIIEHUEM, TTPEIISITCTBYIOIINM M30TPOIM3aINN U3IIydeHMs 110 HaIlpaB-
JIEHMSIM U TIEPEXO/1Y K PEXUMY MPOCTPaHCTBEHHOM nrddy3nu (Mmokaszaresb MOrJIOIIEHUs @ MHOTO OOJIbIIIE TPaHC-
MOPTHOTrO nokasaresns paccesiuus by, [1]; b, = b(1 — g), Tne b — nokasarenb paccesiHus). B aTux ycioBusix oOpaTHO
paccestHHOE M3JIyd4eHre (OPMUPYETCs 3a CUET OTASIbHBIX, CPABHUTEIBHO PEIKUX aKTOB pacCesTHUST Ha OOJIbIIO
yroi. OCHOBHOI BKJIall B OTPaKE€HHBII MOTOK JAeT U3yYeHUe, UCTIbITaBIllee KBAa3MOJHOKPATHOE paccessHue, —
MaJIOYIJIOBO€ MHOTOKpPAaTHOE pacCesTHUE JI0 1 TTOC/Ie eMMHCTBEHHOTO aKTa pacCesTHUS B 3aHIONO IToTycdepy. AHa-
Jutrdeckas hopmya st KoadbduilmeHTa OTpakeHUsl B MTPUOJIMXKEHUU KBa31OAHOKPATHOTO paccesiHus Obljia Mo-
nmyueHa B padbote I'opmona [17] (cm. Takke [18—20]).

®opmyia ['oproHa onpeessieT Beayluii WieH pasioxkeHus: KoadUIIMeHTa OTpaXKeHUsI B Psif 110 MaJIoMy T1apa-
METPY — OTHOLLIEHUIO b,./a. Bce MOMBITKY BBIMTH 32 paMKU TPUOJIMXKEHUS KBA3UOAHOKPATHOTO PACCESIHUS U YTOU-
HUTH popmyny ['opaoHa [17] ocHOBaHBI Ha TOJYIMITMPUYECKUX TTapaMeTpU3alusaX Kod(pGUIIMeHTa OTpaXkKeHMsI,
KOTOpbI€ MOATOHSIOTCS IO, pe3yabTaThl YMCIEHHOTO MOAEIUPOBaHUS TepeHoca usnydyeHus [15, 21—-25]. B cBa3u
C 3TUM OCTaeTCs aKTyaJTbHOM 3a7a4a 0 pa3pabOTKe CTPOTOTO METOA PEIICHMST ypaBHEHUS TIepeHOCa N3TYICHUS IS
cuibHoMoromarouieit cpensl (b, << a < b), KOTopslii BOCpOon3BoaAN Obl pe3ynbTat ['opnoHa [17] B kauecTBe npu-
OJIMKEHUSI TEPBOTo MOPSsiIKa U MO3BOJISUT Obl BBIYUCISTD WIEHBI 00siee BbICOKOTO MopsiaKa (1o b,/a) 6e3 Kakux-1nbo
arpUOPHBIX MpeanojoxeHnit. PazpaboTka Takoro noaxonaa sBiasieTCsl OCHOBHOM 1I€JIbIO HallIei paboThI.

B Hacroseit pabote chopmyarpoBaH METOA BblUMCIeHUST KOadduliMeHTa oTpaxeHus: R B BUIE pa3ioxe-
HUS B PSII IO KPAaTHOCTU PacCesTHUSI Ha OOJBIION YyroJ (10 CpaBHEHMIO C XapaKTEPHBIM YIJIOM OTHOKPATHOTO
paccessHus1). C MaTeMaTUUYECKOM TOUKM 3pEHUST METOI 3aKJI0uaeTcsl B pa3JoXEeHUU PEIlIeHUs] YpaBHEHUS Tie-
peHOca U3IIyYyeHUsI 110 CTEIEHsIM MHTeTpaia CTOJKHOBeHuit [26, 27]. [IpennaraemMblii MOAXOI MO3BOJISIET IIPE/-
CTaBUTh KOG GHOULIMEHT OTpakeHUs B BUAE Pa3JIOKEHUs IO 0OpaTHBIM CTEIEHSIM IoKa3aTesisl MOIJIOIIEHUS 4.
[TapameTpoM pasyioxeHust SIBJsIeTCS OTHOLUEHUE b,/a. [ NepBbIX IBYX YJIEHOB PA3JI0XEHUs, T. €. 1Js BKIaJ0B
KBa3MOOHOKpaTHOro (~1/a) u kBasunBykpatHoro (~1/a%) paccesHus, NoJydeHbl IBHbIE BbIpaxeHus. I1epBblit
YJIeH pas3ioxkeHUs1 BOCIpou3BoauT opmyay 'opnoHa [17], BTopoii onpenensieT MICKOMYIO TTOTNpaBKy K Heli. st
TIPOBEPKHU TIOJYIYEHHBIX aHATUTUIECKUX PE3YIbTATOB MBI IIPOBEIU TIPSIMOE YMCICHHOE MHTETPUPOBAaHUE YpaB-
HEeHUsI MepeHoca U3IydeHus ¢ ucrnoyab3oBanueMm Koga DISORT, MoanduunpoBaHHOTO C Y4eTOM (PpeHEIEBCKO-
ro OTpakKeHUsI OT TPAHUIIBI paszesa Bo3myx/Boaa [28], u paccuntanu Koa(pOUIMEHT oTpaXeHus Il MHIUKA-
Tpuchkl XeHbU-I'puHcTeitHa. Takke MpoBeAeHBI pacueThl IJ1 MHAMKATPUCHI, MPEACTABISIONIEH CyTepIIO3UIINI0
IByX dyHKIMI XeHbU-puUHCTEiHA U MOAEIUpPYIOLIel paccessHUe cBeTa B Mopckoii Boae [29—31]. [Toka3zaHo,
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YTO TIepBBIC IBA YJIeHA ITOJYYEHHOTO psiaa (T. €. CyMMa BKJIaJoB KBa3MOMTHOKPATHOTO 1 KBa3MABYKPATHOIO pac-
CEeIHUIA) XOPOIIO OMUCKHIBAIOT THMdepeHIINATBHBIN KOIMOUILIMEHT OTpakeHNsT B ITMPOKOM JHMalla30He YIJIOB
naxeHus U HaOJTIOACHUS.

2. O0mue COOTHOIEHHUS

PaccmoTpuM oTpakeHue MK1pOKOro MOHOHATIPABIEHHOTO MyYKa CBETa OT BOJHOM CPEbl C CUIIBHBIM TOTJIO-
IIEHVEM U Pe3KOAHU30TPOITHBIM paccessHrueM. Cpena 3aHUMaeT MOTyTPOCTPaHCTBO Z > 0, 0Ch Z HaTIpaBJieHa BIITyOb
BOJIbI, BIOJIb BEKTOPa BHYTPEHHE HOpMaJIu K TOBEPXHOCTH N. SIPKOCTh U3JTyYeHUsI, MalalolIero Ha rpaHulLy cpe-
JIbl HOPMUPYEM Kak

1(z=-0,Q)=03(Q—-€), (£n) >0, (1)

e £ — eNMHUYHBI BEKTOP, OTPEE/SIONMIA HAMPABIeHUE PACIPOCTPAHEHUS U3yYeHus (L, = sinfcosy, 2, =
sinBsing, L, = cosb, 6 1 ¢ — MONAPHEIA U a3UMyTaNLHBIA yrIbD). JnddepeHumnansHeii Koadduument 1uddys-

HOT'0 OTpaXCHMA CBCTA ONPEACTIACTCA KaK OTHOIICHUEC APKOCTHU BBIXOAAIICTO M3 CPEAbI N3TYUYCHUA I(Z = —0, 9)
K ImajgaroumemMy Ha IMOBEPXHOCTDb BOALI ITIOTOKY:
RQ,Q) = 1(z=-0,Q) /1y, (Rn) <0, 2

(ng =€, =c0s0;). B ruapoonTuke NCrosb3yeTcs Takke KoahdULUeHT aspkocTu TR(L2, &), npencrapisommit
co00i1 OTHOLIEHUE SIPKOCTU BBIXOASIIETO U3 BOABI M3YYEHUS K BEJIUUMHE /T (T. €. K IPKOCTU U3JTy4eHusl, OTpa-
JKEHHOTO OT JJaAMOEpTOBCKOIT HeTIoTJIomIaioeil moBepxHoctn). SIpkocth /(7 = —0, ) cBsI3aHa ¢ IPKOCTHIO BOCXO-
JSIILIETO U3JTYYeHUS 1101 TOBEPXHOCTHIO BojIbl /(7 = +0, ) cooTHOmeHueM [1]:

I(z=-0,Q) =n""T;(Qn|)I(z =+0,8), (Qn) <0, (3)

[ae n — ToKasaTeNb npejoMieHus Boabl, Tp(n) =1-Rp(n), Ry(n) — dpeHeneBcknit KoapGUUMEHT OTPaKEHUS
OT MIOBEPXHOCTH BOJIBI TIPY MafCHUH CBETA CO CTOPOHbI BO3AyXa. EnnHMYHbI BekTop € B IpaBoii yacTy ypaBHe-
Hug (3) o0o3HavYaeT HalpaBIeHUEe pacIpOCTPaHEHs CBETOBOTO Jiyya B BOJIE, COOTBETCTBYIOIIEE HampaBleHUIo &2
PaCIPOCTPAHEHNSI BBILIEIIEr0 U3 BOABI JIyua, sin = sin® /n, p=q.

SApkoctb noa Boaoii (z > 0) yaoBaeTBOpsieT ypaBHEHUIO TIepeHOoca U3TyYeHUsI:

(ui+a+le(z,Q) = b[[dQ P 1z Q). @
0z

roe u=€ =cosd, ¢ u b — mokazareaM NMOMIOLIEHUS U paccesiHus Boabl, p(Q'Q) — mHaukarpuca (daszosast
(byHK1IMS) OMHOKPATHOIO paccesiHus. Bee BenuuuHel a, b, p, 1 3aBUCIT OT AJIMHBL BOJHBL A. ['paHUYHOE yCI0BUE
Ha TTOBEPXHOCTH BOIBI UMEET BUII:

1(z=40,Q) = @TF(HO)S(Q —f)o) + Rp (Qn)I(z =+0,Q-2n(Qn)), (RLn) >0, (5)
Ho

rae €, — HampasjeHUe PaclIpoCTpaHEeHUs MaAoLIEro Jlyya B Boje, [l = ,/nz -1+ ug / n, Ry — dpeHenesckuii
KO3 GUIIMEHT OTPaKeHUsI OT TPaHMIIbI pa3iesia BO3ayX/Boaa IpH MaIeHUH CBETa CO CTOPOHBI BOJIBL.

Koadbduuuent orpaxenust R(L2, §2,) ya100HO BbIpa3uTh, yepe3 KoahGUUUEHT 7, TpeACTaBISIOUINI co00i OT-
HOLIEHWE SIPKOCTU BOCXOSILETO U3TyYeHUsI K MajarolieMy MOTOKY MOoJ MTOBEPXHOCTHIO BOIbI (7 = +0):

r(Q,9) = 1(z2 =+0,9) /(1T (11y) ), (Qn) < 0. (6)
W3 ypaBHeHwuii (2), (3) u (6) HAXOAUM UCKOMOE COOTHOIIICHUE:!
RQ,Qy) = n Ty (o) T (uPr(€,), )

rae |M| = |Qn| — KOCHHYC yTJIa MEXIy HarpaBJieHueM HaOToneHsT §2 ¥ BHEIIIHEe it HOpMaJIbIo K TTOBEPXHOCTU MOPSI
(T. €. KOCUHYC 3¢HUTHOTO yIjia HAOJIONeHUS ).

Huxe, nius MmonenupoBaHusi pe3KO aHU30TPOITHOTO PacCcesiHUSI B MOPCKOI BOJIE MbI MUCTIOb3yeM UHIUKATPUCY
XeHbu-I'puHcTeHIiHA:

l—g2
4n(1+ g2 —2gcos9)?’

pHG(COSS;g) = (8)
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(g — cpenHuUii KOCUHYC yrila OMHOKpaTHOro paccesiHust, 1 — g << 1), a Takke MHAMKATPUCY, TIPEICTABIISIONIYIO
co0oii cynepro3unimio nByx hbyHkuuit XeHbu-I'puHcreitna [29—31]:

p(c0s9) = (1-x)py(cos9,g) + X pyg(cos 9, g,), ®

TJie CPEeAHWI KOCUHYC g, < 0, a BeTmunHa g, 6am3Ka K ennHuue, | — g, << 1. [Ins1 3anaHHbIX 3HAaUEHUH g| U g,, Be-
COBOI1 MHOXUTENb X B hopmyJie (9) onpenensieT oTHoleHue b, /b, rne b, — KoahGULMEHT 0OpPaTHOTO paCCESTHUS:

4
b, =b I 2nsin 9p(cos 3)d 9. (10)
n/2
Yrnoseie 3aBucuMoctd (8) u (9) MMEIOT BBIpAXKEHHBIN MWK B HAIMpaBICHUM <«BIeped» C IIMPUHON ITOpsIKa
Y9~ 1 —g(umm 1 — g)). [TosTomy, 7151 paccMaTpuBaeMbIX MHIUKATPUC BeJIMUMHA 3 ~ | — g UMeeT CMBbICT Xapak-
TEPHOTO yIJIa OJHOKPATHOIO paccesiHus. B pexxrMe MHOTOKPAaTHOIO PacCesIHUS SIPKOCTh M3IyUYeHUsT U3MEHSIETCS
Ha Macirtabax MHOTO GoJtbIux 3 [26, 27].

3. Pa3jioxkeHne 0 KPATHOCTH paccesiHus Ha 00JIbIIOi yroJi

OcHOBHasI uzesl Halllero IMOAX0Ia 3aKJII0UaeTCs B IMMOCTPOCHHWM pEIIeHUs YpaBHEHUsS IMepeHoca M3TyICHMUS
B BUIIE Pa3I0XKEHUS MO CTEINEHsIM MHTerpajia CTOJIKHOBeHUl bonbiiMaHa. CrpynmupyeM BMECTe «yXOI» M «IIPU-
XOI» B MHTEIpajie YIIPYIMX CTOJIKHOBEHUI B ypaBHEHUH TIepeHoca (4):

(“%wjl(z,n) = b[[de pQQ)[ ()~ 1(z D] )

Ecnu He nHTepecoBaTbesl paccestHMEM Ha MpeaebHO Majible YIJIbl, COMOCTaBUMbIE C XapaKTEPHbBIM YIJIOM OJIHO-
KPaTHOTO paccessHusl 9 (T. €. CUUTaThb, YTO YroJ OTKJIOHEHMS OT HalpaBieHUs MaJaloLIero jJyya B BOLE MHOTO
6omb1Ie 9), TO BKJIAI B MHTErpasl OyAyT NaBaTh YIJbl PACCESIHUS, 3HAYUTEBHO MPEBbIIIAONIME yToa 3. B aTom
cJyJae SIpKOCTb PaCCeSIHHOIO U3TyYeHUsI OyIeT IMJIaBHOM (hyHKIMEH YIJIOB IO CpaBHEHUIO C MHAMKATPUCOI pacce-
sTHUS (YIJIOBas 3aBUCUMOCTD SIPKOCTH MMEET XapaKTePHBI MaciiTab MHOTO Gobimii 3, [26, 27]), ¥ BKJIag ot pac-
CesTHUS BITepell OKa3bIBaeTCsl MOJABJIEHHBIM OJ1aronapsi pa3HOCTH SIPKOCTe B MHTEeTpasie CTOJIKHOBEHUI B ypaB-
HeHuu (11). IToaTomy pasnoxkeHue SIPKOCTU B PsIa TIO CTEMEHSIM MHTErpaja CTOJKHOBEHUM MpeacTaBiseT co0oii
pas3jioKeHMe 110 KPaTHOCTU PacCesiHUs Ha «00JIbloii» yroi [26, 27].

Hcnonb3ys crannaptHyto npouenypy [32, 33] (paccmaTtpuBas npaByio yacTh ypaBHeHUs (11) kak HeomHOpoa-
HOCTb), 3anuiieM ypaBHeHue (11) B uHTerpanbHoii ¢opMe. C yueToM TpaHUUHOTO YCJIOBUS (5) MOMYYUM ClIenyIo-
11ee ypaBHEHME IJIk IPKOCTH M3IydeHUs o1 Bojoii (z > 0):

1(z,Q) = %TF ()32 - )e ™ 4+ RY (W) I(z =+0,Q - 2n(Qn))e ““/*n(u) +
0

. ﬁ i dz,ea(zz»/un(%f j [[aQ p@[1(z.Q)-1(z.Q)], (12)
0

rae n(x) — crynenyatas ¢pynkius Xesucaiiga (n = 1 mpux > 0 u = 0 ipu x < 0). Pemas ypaBuenue (12) metomom
MocJe0BaTeIbHbIX TPUOTMKEHUH, C YIETOM COOTHOLIEHUS (3), MOJIyYUM ClIeAylolliee pa3aoxeHue st Koadhbu-
yeHTa oTpaxkeHus (2):

RQ,0y) = T () T (up[ 7V 47+, (13)
0 b PO (14)
a Yy +|H|
2 ' pw r A r ' 2 A
" g +|u| e +|u| a) i (R + 1)+

TIE W = |;1|n(u’) + fon(—u"). @opmyinsl (13)—(15) npencrapigior codoii epBbie ABa WieHa pasnoxeHua R(L2, €2))
Mo oOpaTHBIM CTEIeHsIM MoKazaTess norjoueHus. Beipaxenus (14) u (15) onpenensitoT BKJIaAbl U3TyYEHUs, UC-
MBITABIIETO KBAa3WOAHOKPATHOE M KBa3WIBYKPATHOE paccesiHue, COOTBETCTBEHHO. IlepBblit WieH pasioxXeHus
RO coBmanmaet ¢ xopolo u3BectTHo dopmyoit [opnona [15], ecnu B 3HaMeHaTelle MTOCIeIHEN 3aMEHUTh CYMMY
a+byHaa.
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IIpemtoXeHHBII METO/I PellIeHUsT ypaBHEHUS MIepeHoca SIBJsIeTCs Monu(UKalreil CTaHAapPTHOTO Pa3IoXKeHUsT
B psiI 11O KpaTHOCTH paccestHus [33]. TlpencrasieHue SipKoCTU M3JTyUYeHUS B BUIIE Psijia 110 KPaTHOCTU PacCesTHUS
MpeACTaBisieT coboit pa3yoXeHe Mo CTENEeHsIM WHTErpajbHOro 4jeHa B ypaBHeHuU (4). B aToM ciydae uHTe-
rpajbHOE ypaBHEHUE JUISI SIPKOCTH 3aTTMCHIBAETCS B BUJIE:

1@4»=%”}mwan—ﬂmﬂ“mmw4¥mu@=+QQ—2momw*“mmmM+
0

Id ) —(a+b)(z— z)/un -7 Hdg'p(ﬂ’ﬂ)l(z',ﬂ')- (16)
"l "

Pewrenuie ypaBHeHue (16) METOIOM MOC/IEI0BATEBHBIX MPUOIMKEHNI JaET Pa3IokeHe SPKOCTU B P 110 CTe-
ITEHSIM BEPOSITHOCTH BBIKMBAHUS KBAaHTA ®), ®) = b/(a + b), 4TO COOTBETCTBYET Pa3I0KEHUIO B PsI/I IO KPATHOCTH
paccesHus. Bkian usaydeHust, UCIBITABLIETO UCTUHHOE 1-KPATHOE paccesiHue, B KOAG(MULIMEHT OTPaXXeHUSI UMe-
et Bun [33]:

R™ M= o F[ p@Q)] (17)

rne F, — nHTerpai, conepXallinii CBepTKy # MHAMKATPUC paccessHusl. HeTpynHo BuneTh, 4to ypaBHeHue (12) oT-
JMyaeTcs ot ypaBHeHUd (16) (Takke Kak 1 ypaBHeHue (11) oTimyaeTcs OoT ypaBHEHMs IepeHoca (4), 3alMcaHHoro
B TPaAULIMOHHOM (hopMe) 3aMeHOIi TToKa3aTelis SKCTUHKIIMY Ha MT0Ka3aTeb MOTJIOLIEHMS, a UHIUKATPUCHI pacce-
STHUST HA pa3HOCTh MHAWKATPUCHI U 3-(PYHKIIVU:

a+b—a, p(QQ) - p(Q'Q)-5(Q'-Q). (18)

CrnenoBateibHO, BhIpaKeHUE ISl BKJIA/Ia M3JTyYeHUSI, UCITBITABIIETO KBa3u-71-KPaTHOE paccesiHue OyaeT OTIYaTh-
cs ot (17) mums 3amenoit (18):

R™ — (b / a)" Fn[p(Q'Q) -3(Q' - Q)]' 4

Takum 06pa3oM, 3Has sIBHbII BUI hyHKIIMOHANA F),, o popmyre (19) MoxxHO paccunTaTh 000 YieH pa3ioxe-
HUSI [0 KPAaTHOCTHU pacCesiHKs Ha OOJIbLION yroil. SIBHbII BU MEPBLIX ABYX YIEHOB ONpEAe/iseTCsl BbIpaXKeHUSIMU
(13)—(15).

OTMEeTHUM, YTO M3JIOXKEHHbBIN BbIIIIE METOM B MPUOJMXKEHUU MaJIbIX YIJI0B ObLI MCIOJb30BaH [JIs1 pacyeTa pac-
TpelesieHUsT U3YYeHUsI B Y3KOM TTyYKe, pacripocTpaHsoneMcsi B MOpckoit Bone [26, 27]|. AHanoruuHasi unest
0 Pa3JIOKEHUU 10 KPAaTHOCTU PAcCesTHUsI Ha OOJIBIIION YTOJI JIEKUT B OCHOBE MPEICTAaBICHUS a3PO30JIbHOTO BKIIaaa
B SIPKOCTb aTMOC(Mephl B BUE Psa MO CTEMEHSIM ONTUYECKOM TOJIIMHBI a3p030J1s [34].

4. Pe3yabTaTbl YHCIEHHBIX PACYETOB

Jnsg Bepudukauny aHaauTudeckux BeipaxkeHuit (13)—(15) ObLIO MPOBEASHO YMCIEHHOE MHTErpUpOBaHUE
ypaBHeHUs niepeHoca (4) ¢ momoipio Koga DISORT, mognduiimpoBaHHOTO ¢ yueToM (hpeHEIECBCKOTO OTpaKe-
HUS OT MOBEPXHOCTU BOIBI [28] (OTHOCUTEIBbHO MOAUGbUKALIMIA METONa AUCKPETHBIX OPAUHAT B Clydyae pe3Ko
aHU30TPOITHOTO paccessHus cM. [35]). PaccesHue cBeTa MOpPCKOiT BOmOI MOAEIUPOBAIOCH ABYXUJICHHON MHIN-
Karpucoii XeHbu-I'puHcteitHa (9). beimn paccuuTaHbl 3aBUCUMOCTH KO3 PUIIMEHTa OTpakeHUS OT yIJia Ta-
neHust 0, mpu HAOJIIOJAEHUM B HAaUp, a TakKKe 3aBUCUMOCTh OT 3¢HUTHOIO yria HabmoneHus 0, (cosd, = |u)
MpU pa3IudHbIX yriaax nageHus. Huxke npuBeneHo cpaBHeHue dopmyi (13)—(15) ¢ pe3yabraTaMu YMCIEHHbBIX
pacyeToB.

4.1. Hnouxampuca Xenovu-Ipuncmeiina

Ha puc. 1 (a—d) mokazaHbl pe3yIbTaThl YMCICHHOTO pacueTa KoahGUIlMeHTa OTpaxkeHUs (2) M1 MHINKATPH-
cbl XeHbU-I'puHcTeliHa. Pacy€Thl ObLIM MTpOBEIeHBI ST IBYX 3HAUYEHUI CpeHEro KOCMHyca yrjia OJHOKPaTHOTO
paccesiHust, g = 0,9 u g = 0,95, u 1ByX 3HaUeHUI1 BEPOSITHOCTU BBKMBAHUS KBaHTa ®y = 0,7 u o, = 0,8. Ha pucyn-
Kax TakKe MOKa3aHbl OTIENbHO BKJIaJ KBa3UOIHOKpaTHoro paccessHus R(Y 1 cyMMma BKJIa0B KBa3MOLHOKPATHOIO
n kBasuasykparHoro paccesHus R(Y + R®| paccunrannsie o gpopmymnam (13)—(15).

PesynbraThl pacuera R + R? oueHb XOPOLIO COMIACYIOTCH C YUUCIEHHBIMU JaHHBIMU. TOUHOCTD AaHAIUTUYE-
CKOTO BBIPaXXCHUSI TEM BBIIIIE, YeM aHU30TPOITHEE pacCcesTHME U CUJIbHEe TTOIIONIeHNE, T. €. YeM MEHbIIIE OTHOIIIe-
HUeE b,,/a TPAaHCTIOPTHOTO MOKA3aTeJNsl pacCesiHUs K MoKa3aTeto noriouieHust. OTHocuTe bHas TIOTPEIIHOCTD BbI-
pakenust wist RO + R® BospacraeT ¢ yMeHbLICHHEM YIa paccestHus (T. . yIila MEeXIy HarnpaBieHusiMu @ 1 QO)
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Tewm He MeHee, B camoM HebaronpuaTHoM ciyvae, g = 0,9 u o, = 0,8 (b,/a = 0,4), oTHOCUTEILHAA IOTPELIHOCTh
coctasisieT MmeHee 10 % st yriioB f)ofl > 120° w gocturaet okoo 20 % st f)ofl ~90°. Ipug=0,95 unm v, =0,7
OTHOCUTEJIbHAS TIorpelIHocTh BeipaxeHus wist R(Y + R ne npessimaer 10 % Bo BceM paccMaTprBaeMoOM JHara-
30HE YIJIOB.
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Puc. 1. JuddepeHimanbHbiit KoaDOULIUEHT OTpaxkeHUs OT CPeibl ¢ MHAMKATPUCOM paccesiHusl XeHbu-[pruHCTelHaA Mo naH-

HBIM YKMCJICHHOIO MHTETPUPOBAHKS YpaBHEHNsI IIepeHOCa U3ydeHusl (CIUIOLIHbIE KPUBBIE), pacueTa 1o Gopmynam (13)—(15)

(TpuxoBble JMHUK) U 110 popmyne (20) (myHKTHUP). (@, 8) 3aBUCUMOCTb KO3(p(UIlMeHTa OTpaXKeHHUsI OT yIia MaaeHust pu

HabmoneHn B Hanup. (6, ¢) 3aBUCUMOCTb KOG UIMeHTa OTpaXKeHUsI OT 3¢ HUTHOTO YIIa HAOIIONEHNUS B IVIOCKOCTH ITAaIeHUSI,
yrox nagenust 60°. CpeqHuii KOCUHYC yIjla OMHOKpaTHOTO paccestHus (a, 6) g = 0,9, (s, 2) g = 0,95

Fig. 1. Bidirectional reflectance for a medium with the Henyey-Greenstein scattering phase function, based on numerical

integration of the radiative transfer equation (solid curves), calculation using formulas (13)—(15) (dashed lines), and using formula

(20) (dotted lines). (a, c¢) Dependence of the reflectance on the incidence angle for nadir observation. (b, d) Dependence of the

reflectance on the observation zenith angle in the plane of incidence, incidence angle 60°. Mean cosine of the single-scattering
angle (a, b) g=10,9, (¢, d) g=0,95

Kak BumHO 13 rpachMKoB, OTHOCUTEIbLHBIN BKJIAA KBAa3UIBYKPATHOTO pacCessHUsI BO3pacTaeT C yBeIMIeHUEM
OTHOILEHUS b,/a (T. e. Cc YMEHBLIEHUEM g WM YBETTUUEHUEM ). 17151 3HaueHuii g = 0,9 u o, = 0,8 BKi1a1 KBa3noI-
HOKPATHOTO pacCesTHUS B IPKOCTh OTPasKEHHOTO U3JIydeHUs cocTaBisieT okoio 70 % (cMm. puc. 1(a, 6)). OTMeTnM,
YTO JIJISI MHIUKATPpUCHl XeHbU- I pruHCTeiiHAa TPUOIMKEHNE KBa3MOIHOKPATHOTO pacCesTHUS Beeraa 1aéT 3aHKeH-
HOe 3HaueHue R, ¥ BKJIaJ KBa3UABYKPAaTHOTo paccessHus R?) oKa3bIBaeTCs MOJTOXKUTETBHBIM.

Hns naaukatpuchl XeHbu-I'puHCcTeitHA OblIa OOHApYyXkeHa MHTEpecHasi OCOOEHHOCTh: OTHOIIIEHUE BKJIAJI0B
KBa3UIBYKPATHOTO ¥ KBa3MOIHOKpaTHOTo paccesinug R2/RY) oueHp c1a60 3aBUCUT OT yIJIOB NafeHus U HabJIo-
JEHUSI U TIPOITOPIIMOHATBLHO OTHOIIEHHWIO TPAHCIIOPTHOTO ITOKa3aTeNsl paccessHUsI K TTOKa3aTeo TOTJIOIIEHMUS,
R®/RM = k b,/a (cMm. puc. 2). Takum 06pa3oMm, yrioBasi 3aBUCUMOCTb R(L2, €,) 6;113Ka K YIJIOBOii 3aBUCHMOCTH
BKJIa[a KBa3uomHOKpaTHOro paccesHust R1D(Q, Q)), v KoahdULMEHT OTpaXkeHUS MOXKHO alllPOKCUMUPOBATH CJie-
IYIOIIM TTPOCTHIM BbIPAXKCHUEM:
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b QG
RY0(Q,00) ~ Ty (ug Ty (2| 14 & 2 | 216 E20) 20)
a a) Hot |!»l|
rue 3HaueHue KoadduiimeHTa mpornopuroHaaIbHOCTH 0JM3KO K 1,2. TouHOCTh hopmy:asl (20) mpoMLTIIOCTpUpPOBa-
Ha Ha puc. 1.

0,=0°
1,44 E
S g === 4
Puc. 2. OTHOLIEHME BKJIA[OB KBAa3UIBYKPATHOTO U KBa3MOIHO- % \
KPaTHOIO paccestHus B KOD(MMUILUUEHT OTPaKEHUST IS MHINKA- 5\ 1,0+ 3
Tpuchl XeHbu-IpuHcreliHa (umpuxogvie kpugvie). CIIOIIHBIMU QI: 084 (a /bt )R- R“)) RV (a /b") R/RM
KPUBBIMM II0KA3aHA OTHOCHUTEIbHAS PA3HOCTb MEXIY UMCICH- e r
HBIM 3Ha4eHMEeM R M BKJIaIOM KBa3MOAHOKPATHOIO PacCesTHUS = 0,6 g=0,9 =0.8 - —g09 b
RM g enunnnax otHomieHus b,,/a. Qb 041 =09 ©=07 - — 095
. : - . o = —— =095 ©,=0.8
Fig. 2. Ratio of the contributions of quasi-double and quasi-sin- < 0,2- 0 ]
gle scattering to the reflectance for the Henyey-Greenstein phase 0.0 2=0,95 ©=0,7
function (dashed curves).. The solid curves show .the. relative dlff.er— 0 10 20 30 40 50 60 70 80
ence between the numerical value R and the quasi-single-scattering o
contribution RV, in units of the ratio b,,/a 6y

4.2. Mooeaupoganue ompaicenus om mMopckoil 600bt

B otnmuune ot mHIMKATpUChl XeHbU-I puHCTEliHA, MOHOTOHHO YOBIBAIOILIEH C YIJIOM pacCesiHUusl, «<MOPCKHE»
MHIMKATPUCHI MOTYT MMETh TUIATO WJIM JaXKe BO3pacTaTh BOJM3W HaIpaBlIeHUs «Ha3ad», YTO OOYCIOBIEHO pac-
CesTHMEM Ha MEJIKMX YacTHUIlaX, B3BEIIEHHBIX B MOPCKOI BOZIE, a TAKXKe PAJIEEBCKUM paccessHUeM B YMCTOM BOJIE.
B aTOoM pasmene MBI McclieqyeM, KaK yYBeIMUCHUE BEPOSITHOCTH OOPATHOTO PACCESTHUS TTOBIMSIET HA BEIMUMHY
BKJIAZIOB KBa3MOJHOKPATHOTIO M KBa3UIBYKPATHOTO paccessHUs. PaccessHre cBeTa B MOPCKOIf Bolie yIOOHO MOje-
JINPOBATh C TTIOMOIIbI0O MHAUKATPHUCHI (9), MpeACTaBISIONIei CO00i Cynepno3uIInio ABYX (PyHKIIMI XeHbu -1 puH-
creiiHa [29-31].

Ha puc. 3 npeacraBiaeHbl pe3yJibTaThl YMCICHHOTO pacyeTa KoahGUIIMEeHTa OTpaXkKeHMs, a TAKXKE Pe3yJIbTaThl
pacyeta o gopmynam (13)—(15), ans nanukatpucs (9) ¢ mapamerpamu g, = 0,94, g, = —0,25 1 MHOXUTETEM
X, uaMeHsommMmcs B nipefenax ot 0 go 0,1. 3HaueHus g, u g, BBIOpaHbl TAKUM 00pa3oM, 4TOObI MHAMKATpUCA
(9) (rmpm x = 0,04) Bocmpou3BoAMIIA OTHY 13 (ha30BBIX (PYHKIIMIT Mopes mjig BOAbI TIepBOro TUIIa (CM. puc. 3,
a). Kak BUIHO U3 prCyHKa, yBEIUUYECHUE BEPOSITHOCTA OOPATHOTO PacCesTHUSI IPUBOIUT K 3HAYNUTEIHBHOMY YBeE-
JMYEHUIO BKJIala KBa3MOAHOKPATHOro paccesaHus. [Ipu sHauenusx by/b > 0,02 Benuuuna R Haumnaer mpe-
BBIIIATh (B HalpaBJIeHUU TOYHO «Ha3ad») pe3yJbTaT YMCIEHHOTO pacyeTa (cM. puc. 3, 6). B aTom ciyyae Bkian
KBa3MOJHOKPATHOTO PacCessHUA 3aBbIIIAeT MCTUHHOE 3HaueHue R, 1 BKJIal KBa3UABYKpaTHOro paccesHus R?
CTAHOBUTCS OTpULIATEIbHBIM. [TpH HanbHeNIIeM YBEIMUEHNU OTHOIIEHUS b, /b BKIanx R ctaHOBUTCS OTpUIIa-
TEJBHBIM IIJISI BCEX YIJIOB (CM. pHC. 3, 2). YUeT BKJIaga KBa3uIBYKPaTHOTO pacCesTHUSI, KaK U paHee, 3HAYUTEIbHO
MOBBbILIAET TOYHOCTb AHAIUTUYECKOU hopMyJibl Ut KoadduumeHnTa orpaxenus. s 3HayeHuii oy = 0,7 u b, /b <
< 0,05, oTHOCHTEJIbHASI TOIPELIHOCTh aHAJTUTUYECKOM (DOPMYJIbI COCTaBJIsIeT MeHee S5 % JUIsl BCceX YIJIOB Iaje-
HUSI. MakcuMallbHast MOrPelIHOCTb (0K0J10 7 %) mocTuraeTcsl B OOpaTHOM HarpaBIeHUU MPU OTHOILIEHUU by /b =
= 0,08 (BecoBoii MHOXUTENb X = 0,1).

Kak nokaspiBaeT Halll aHaIU3, C yBeJMUEHUEM OTHOLUeHUs by,/b, 1Ji 3aJaHHOTO HanpaBieHusl HaboneHus/
OCBELIEHMs, BKJIAJ KBa3UABYKPAaTHOro paccessHus R? MOHOTOHHO yMEHbILIAETCs!, IEPEXOAUT Yepe3 HOJb U 3a-
TEM YMEHBIIAETCH, OCTaBAsACh OTPULIATENLHBIM (abcomoTHoe 3HaueHue |[R?)| ypennunsaercsa). [1pu onpenenieHHOM
3HaYeHUH b,/b BKIIa1 KBa3UIBYKPATHOTO PACCESHMs 0OpallaeTcs B HOJb, 1 ominure R(D ot R onpenensercs BKia-
JIoM 0oJiee BBICOKHMX TTOPSIIKOB paccestHysI Ha 60JIb1oit yroii. B aToM citydyae, ogHako, BKJIaa KBa3MOIHOKPATHOTO
paccesHna R HacTONBKO XOpOIIO anmpoKCUMUpPYET UCTUHHOE 3HadeHue R (cM. Kpusble wid x = 0,01 u 0,02
Ha puc. 3, 0, ), 4TO HET HEOOXONUMOCTHU YUUTBIBATH TPETUl WieH pasnoxeHus R, Takum o6pa3oM, ypaBHeHUs
(13)—(15) obecnieynBatoT xopoliee npuodanmxkeHue st koabduuueHTta orpakeHus R(L2, €,) A5l Bcex pealucTuy-
HBIX 3HaYE€HU OTHOLIEHUS by/b.
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Puc. 3. JuddepeHunanbHbiii KoaphUIIMEHT OTpakeHUsT OT Cpefbl ¢ IBYXWIEHHON WHauKatpucoit paccessaust (9): a —

NBYX4JIeHHas MHAUMKaTpuca paccessHus (9) ¢ mapametpamu g; = 0,94, g, = —0,25. LlITpuxoBoii TnHME MOKa3zaHa MHIKUKATpUCA

Mopens [9] mia 1rHE! BoaHEL 500 HM 1 KoHLIeHTpanuu xiaopodpumia 0,05 Mr M—3; 6—2 — Ko3(pOULMEHT OTPaXeHUs OT cpe-

JIbl C UHAMKATpUCOi paccessHus (9) 1Mo TaHHBIM YMCIEHHOTO MHTETPUPOBAHUST YPABHEHMSI MTepeHoca U3TydeHus (CIUIOIIHbIE

KpuBbIe) 1 pacyeta 1o dopmynam (13)—(15) (uTpuxoBele TMHNK). BeposTHOCTh BEDKMBaHUS KBaHTa o, = 0,7, HabmoneHue
B HaaAUp

Fig. 3. Bidirectional reflectance for a medium with the two-term scattering phase function (9): @ —Two-term scattering phase

function (9) with parameters g; = 0.94, g, = —0.25. The dashed line shows Morel’s phase function [9] for a wavelength of 500 nm

and a chlorophyll concentration of 0.05 mg m—3. b—d — bidirectional reflectance for a medium with the scattering phase function

(9), based on numerical integration of the radiative transfer equation (solid curves) and calculation using formulas (13)—(15)
(dashed lines). Single-scattering albedo w, = 0.7, nadir observation.

5. O6cyxnenne

Jist pelieHUst OOpaTHOM 3a1a4y BaXKHEIIMM SIBJISIETCS BOIIPOC O TOM, HACKOJIBKO YYBCTBUTEJICH KO3 dUIIM-
eHT OTpaXkeHMS K (hopMe MHINKATPUCH pACCESTHUS MOPCKOM BOABI, 1 HACKOJIBKO TOYHO MOXHO €TO OIPEACINTh
C TIOMOIIIbIO €IMHCTBEHHOTO MapamMeTpa — MoKa3aTesisi 00paTHOro paccesiHust by, [1], mpeacTaBasitonero uHre-
IpajibHYI0 XapaKTePUCTUKY MHAUKATPUCHI paccessHust. OTHOCUTENIBHO 3TOr0 BOIPOCA CYILECTBYET ABE MO3ULIUH,
a UMEHHO, 4TO (hopMa MHAMKATPUCHI MMEET pellaloliee BINSHIE Ha KO3(h(PUIIMEHT OTpaxkeHUs (ITOrPeIIHOCTh
moxet gocturath 200 % [30]) u BTopasi, 4To IMpU OIPeaeIeHHbIX YIJIaX OCBEIIeHWs/HAOMI0ACHUS BIUSHUE UHIM-
KaTpMCchl Ha 3HaYeHMe KO3(hGUILMEHTa OTPAXKEHMS MOXET ObITh HE CTOJIb 3HAYMTENbHBIM [15, 36]. I[TosyueHHbBIE
B Haleil padboTe pe3yabTaThl Jaf0T OTBET Ha 3TOT BOIIPOC.

Kak crienyer u3 Halliero aHaiau3a, IIaBHbI BKJIa1 B KOA(MOUIIMEHT OTpaxkeHUsI 1aeT ITePBbIil WieH pas3ioXKeHUsI
RM 1o crenensam b/a (cm. dopmyry (14)). Jlns 3HaUEHMIA ONTUYECKHMX TTAPAMETPOB, TUITMYHBIX Ui MOPCKOM
BOJIBI, OTHOCUTENIBbHAA orpenrHocTh R cocrapnser nopsaka 20—25 % winn menbiue. [lockonbky R mpsamo mpo-
MOPLIMOHAJIEH MHAUKATPUCE PACCESTHUS p(f),f)o), MMEHHO MHAMKATPHUCAa SBJISIETCS IJIaBHBIM (DAKTOPOM, OTIpe/e-
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JISTIOIINM KO3(G(PUIIMEHT OTpaskeHUS IJIs 3aJaHHBIX YIJII0B OCBEIIeHUsI/HabmoneHus. [1ponyumiocTprupyeM 3To ciie-
nyromuM pacyetoM. Crenyst uaee padotsl [30], Mbl CpaBHUIM KOI(PPUIIMEHTHI OTPaXKEHUS AJIs1 TPeX pasainyHbIX
MHIMKATpUC paccessHud (9), UMEIoLLMX OOMHAKOBOE OTHOLLEHUE by, /b. PacyeTbl ObLIM MPOBEAEHBI U181 IBYXUJIEH-
HOW MHIMKaTpuckl XeHbU-I prHCTelHA (9) ¢ mapameTrpamu (g, g&,) paBHbMu g; = 0,9, g, = 0; g, = 0,95, g, =0
ng, =0,95, g, =—0,25. BecoBoiif MHOXUTENb MOAOUPANCS TaK, YTOOBI Y BCEX MHIUKATPUC OTHOLIEHUE by,/b paBHSI-
Joch ~0,023. PesynbTaThl pacueToB MTOKa3aHbI Ha puc. 4, a. Kak cnenyeT u3 rpadmkoB, pa3inyue B 3HAUSHUSIX KO-
a¢dUIMEeHTa OTpaXkKeHNST OKa3bIBACTCSI BEChMa CYIIECTBEHHBIM (MAaKCHUMAaIbHOE Pa3IMUKe COCTABIISICT IIPUMEPHO
45 %). B To 3Xe BpeMsI, ecIi TTono0paTh Y 3TUX MHINKATPUC BECOBOI MHOXKMUTEb TaK, YTOOBI COBITAIAIN 3HAYCHUS
caMHUX MHIMKATPHUC B 3aJaHHOM HaIlpaBJeHUHU, TO pa3indue B KOIDOUIIMEHTAX OTPaKeHUs CTAaHOBUTCS CYIIe-
cTBeHHO MeHbIe. Ha puc. 4, 6 Toka3aHbl pe3yJIbTaThl pacueThl IJIsT ABYXYICHHOI MHINKATPUCHI XeHbH-I prH-
cteiiHa (9) ¢ TeMU e TpeMst HabopaMu CpeTHUX KOCUHYCOB (g, g&,), HO C OJMHAKOBBIM 3HAUeHUEeM MHIUKATPUCHI
B HalpaBJieHWHM TOYHO Ha3ax, p, = p(180°) = 0,005. Kak BuIHO 13 prcyHKa, MaKCMMalbHOE pa3inyue Koadduim-
€HTOB OTPaXEHUSI B HAIIPABJIEHUU TOYHO HAa3a YMEHBLINJIOCH ITOYTH B Tpu pasa (¢ 45 % 1o 17 % mexmy HUXHei
U BepXHeil KpUBbIMU Mpu 0, = (0°; MPpU 5TOM 3aMETHO BO3POCJIO pa3iuyuue IJisl APYTUX HAMPaBAeHUI OCBEIICHUS).

a) a) 6) b)
107 by/b = 0,023 10° p, = 0,005
5,5 T T T T T T T T T T T T T T T

N ~
6 g,=095 g=-025]
/
3,0 T T T T T T T T 5 T T T T T T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
o
0,,° 0,

Puc. 4. KoadduuneHTt orpakeHus r Ui Tpex pa3InyHbIX UHIMKATpUC (9), nMerolunx (a) oqMHaKoBoe OTHOILeHue by/b; (6)

onHo U To xe 3HaueHue p(180°). BepossTHOCTh BbIKMBaHUS KBaHTa o) = 0,7, HabmoneHue B Hanup. Pe3ynasraTsl 4yMcaeHHOTO

MHTETPUPOBAaHMS yPaBHEHUS TIEPEHOCA MTOKA3aHbl CIUIOLIHBIMU JIMHUAMU, pe3yasTaThl pacueta X1 + A2 no ¢popmynam (14),
(15) — IWITPUXOBBIMU

Fig. 4. Reflection coefficient r for three different scattering phase functions (9) having (a) the same ratio b,/b; (b) the same value
of p(180°). Single-scattering albedo w, = 0.7, nadir observation. Results of numerical integration of the radiative transfer equation
are shown by solid lines, results of calculation of A + #2 using formulas (14), (15) — by dashed lines

Taxum 06pa3om, raBHBIM (PAKTOPOM, ONpPeeNAoMNM KO3(DOUIMEHT OTpakeHUs, ABIAETCA 3HAYEHNE UHIIM -
KATPUCBI PACCESTHUS Ha yroJjl flf)o, COOTBETCTBYIOIINI HAMpaBJIEHUSIM OCBEIIICHUST U HabmoaeHus. bojee TouHoe
orpenesieHre KoadduimeHTa R TpedyeT yuyera cleayolero wieHa pasioxeHus (15), 11 pacyeTa KOTOPOro Heo0-
XOAMMO 3HAHME MHIMKATPUCHI PACCESIHUS BO BCeM auaria3zoHe yrioB. CymMma BKJIaa0B KBa3MOIHOKPATHOTO U KBa-
3UABYKPATHOI'O PACCESTHUIA, KaK U MpeX/e, 00eCIeunBAET BBICOKYIO TOYHOCTD pacueTa Koo dULeHTa OTPaKeHUS
(cM. IITpUXOBBIE KpUBBIE Ha pUC. 4, a U 0).

6. 3akmoueHue

B HacToseli pabote pa3BUT METOJ MOCAeA0BATEIbHbBIX MPUOIMKEHUI I pellleHUs] ypaBHEHUs TlepeHoca
B CHJIBHOIIOLJIOIIAIOLIEH cpee TUIIa MOPCKOI BObI, OCHOBAHHbII Ha Pa3JIOXKEHUU SIPKOCTH B DIl [10 KPATHOCTHU
paccestHUsT Ha «0oJIbIIOi» (TI0 CPaBHEHUIO C YIJIOM OJTHOKPATHOTO paccesiHusT) yroj. MeTom To3BoJIsieT mpecTa-
BUTb SIPKOCTb BBIXOASILETO M3 BOAbI U3TYYSHUS B BUAE OBICTPO CXOISIIETOCs psida MO OOpaTHBIM CTEIEHSIM MOo-
KazareJisl IOIJIOIIEHMSI, U TEM CaMbIM PacCUYMTaTh KO3GMMULIMEHT OTPAKEHUS AaHATUTUYECKH, C KOHTPOJIUPYEMOI
TOYHOCTEIO. JIJISI TIEPBBIX IBYX YICHOB PSIIa TOJIYUYCHBI SIBHBIC BBIPAXKCHUSI, YTOUHSIONINE U3BECTHERINA PE3yJIbTAT
KBa3MOJHOKpATHOIO MpuoauxkeHus. g Bepudukauuy moaydyeHHbIX aHATUTUUYECKUX (pOpMYJT ObLJIO MPOBEAECHO
YUCIeHHOE UHTErPUPOBaHKUE YpaBHEHUsI repeHoca ¢ momoiibio koga DISORT mis mHAMKaTpUChl, MOAECIUPYIO-
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IIei paccessHEe cBeTa B MOpCKoii Boge. CpaBHEHHE ¢ pe3yIbTaTaMU YMCIICHHOTO pacdeTa IToKa3aio, YTO MOJIyJeH-
HOE aHAJTUTHYECKOE BhIPAsKEHNE XOPOIIIO OIMUCHIBAaeT Au(depeHIMaTbHBIN KO3(hGUIIMEHT OTPAKEHUS B ITUPOKOM
IUarna3oHe YIJI0B MaaeHUS U HAOMIOAeHUsI, YTO MOXKET OBITD IOJIE3HO TIPU PEIICHUU 00paTHOM 3agaum — BOCCTa-
HOBJICHUM ONITUYECKUX TTapaMeTPOB MOPCKOM BOIBI M3 TaHHBIX HATYPHBIX N3MEPEHUIA.
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AHHOTAIMSA

CKaHUPYIOIINI TUIIEPCIEKTPOMETP — 3TO MPUOOP, KOTOPHIN OMHOBPEMEHHO PETUCTPUPYET U3TYUSHUE B COTHSIX
Y3KUX CIIEKTPAIBHBIX KaHAJIOB. [1py M3y4eHNH TTOBEPXHOCTH BOIBI OH OOBIYHO ITPUMEHSIETCST UTS OTIpeIeIeHUS KOH-
LIEHTpaLUit TpuMeceit 1 oOHapyXeHUs He(TSIHBIX IJICHOK. B To e BpeMs 11 U3MepeHHsI XapaKTeprUCTUK MOPCKO-
ro BOJIHEHUSI ONTUYECKHE METO/bI, KaK MPaBUJIO, TPEOYIOT KOHTAKTHOI KaJTuOPOBKY WM PabOTaIOT TOJbKO B 30HE
coiHevyHoro 6imka. B HacTos1eit paboTe 1oka3aHo, YTO CKAaHUPYIOLUIA TUTIEPCIIEKTPOMETP MOXKET ObITh TOTTOJTHU-
TeJIbHO MCITOJIb30BaH ISl AMarHOCTUKU BOJTHEHUSI TIPY pacCesTHHOM OCBellleHUU Heba, TpUUYeM CrieKTpaibHbI KaHa
npurbopa MO3BOJISIET OMHOBPEMEHHO BBISIBIISIT 3arPSI3HEHUST TIOBEPXHOCTH, BIIMSIIOIINE HA BOJTHEHUE.

O0paboTKa BHITIOJTHEHA T10 JAHHBIM HATYPHBIX 3KCIIEPUMEHTOB B HECKOJBKUX aKBaTopusx — Ha p. Oka
u B YepHOM Mope. YKIIOHBI MOBEPXHOCTU BOCCTAHABIMBAIOTCS MO OTHOCUTENBHBIM (DIIYKTyalldsiM CIIEKTPaJIbHO
SIPKOCTH, YTO 0OecreuyrBaeT MnojiydueHue Mx aOCOMIOTHBIX 3HAUYeHU I 6€3 KOHTAKTHBIX UBMEPEHUI U KOMITIEHCUPY-
€T BIMSIHUE CMEKTPaJbHBIX MPoBaaoB. CrieKTpalbHbIN aHAJIM3 MO3BOJIWI Pa3leIUTh BETPOBbIC BOJHbBI U CIUKH,
a Tak>Ke OLIEHUTh CKOPOCTb TeueHus . [1pu aHaam3e TMCTorpaMM YKJIOHOB Ha Pa3HbIX PACCTOSIHUSIX OT HaOt0AaTe s
BBISIBJIEH 3((PEKT 3aTeHEHUsI CKJIOHOB BOJIH. B paboTe nmpenioxkeHbl 1BE MOIEIN BOCCTAHOBJIEHUS YKIIOHOB, BKITIO-
yasi HOBYIO YTOYHEHHYIO MOJIE/Ib, YUMTHIBAIOIIYIO TPAIMEHT SIPKOCTU Heba. DTa YTOUHEeHHasi MOJIe)ib 1aeT CIEeKTpP
BOJIHEHMUSI, COITTACYIOLIMIICS ¢ MTaHHBIMU KOHTaKTHOTO BOJIHOTpada.

MeTonuka repcrieKTuBHa 151 KOMITJIEKCHOTO MOHUTOPUHIA aKBaTOPUiA, BKJItoUYasi OOHapyXeHue MIEHOK Mo-
BEPXHOCTHO-AaKTUBHBIX BEIIIECTB.

KunioueBbie ciioBa: CKaHUPYIOIIUI TUIIEPCIIEKTPOMETP, MPOCTPAHCTBEHHO-BPEMEHHbIE U300paXkeHusl BOAHOI MOBEPXHOCTH,
BOJTHBI, YKJIOHBI BOJIH, CIICKTP BOJIHCHUS, HATYPHBIC UCCIICIOBAHUS
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Abstract

A scanning hyperspectrometer is an instrument that simultaneously records radiation in hundreds of narrow spectral chan-
nels. When studying the water surface, it is commonly used to determine impurity concentrations and detect oil films. At the same
time, optical methods for measuring sea wave characteristics usually require contact calibration or operate only in the sun-glitter
zone. This study demonstrates that a scanning hyperspectrometer can be additionally used for wave diagnostics under diffuse sky
illumination, with its spectral channel enabling simultaneous detection of surface pollutants that affect wave dynamics.
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PekoHcTpyKuusi npouiisi yKIIOHOB BOJHO# MOBEPXHOCTH C MOMOMIBIO CKAHHPYIOIET0 TMIEPCHEKTPOMETPA: HATYPHbIE SKCIIEPUMEHTBI
Reconstruction of the water surface slope profile using a scanning hyperspectrometer: field experiments

Processing was performed on field data from the Oka River and the Black Sea. Surface slopes are retrieved from relative fluc-
tuations of spectral radiance, which provides absolute slope values without contact measurements and compensates for spectral
absorption features. Spectral analysis allowed separation of wind waves and slicks, as well as estimation of current velocity. Analysis
of slope histograms at different distances from the observer revealed the wave-slope shadowing effect. Two slope retrieval models
are proposed, including a new refined model that accounts for sky brightness gradients. This refined model yields a wave spectrum
consistent with contact wave-gauge data.

The technique is promising for integrated monitoring of water areas, including the detection of surfactant films.

Keywords: push-broom hyperspectrometer, spatio-temporal images of the water surface, surface waves, wave slopes, wave spec-
trum, field measurements

1. Benenne

T'unepcriekTpajibHasi ChbeMKa IIUPOKO MCIIOJIb3YeTCsl B 3aJadax JMCTaHLIMOHHOIO 30HAMPOBAaHMSI OKeaHa
U MPUOPEXKHBIX aKBATOPUI — OT OLIEHKM KOHLEHTPALIMU ONTUYECKM aKTUBHBIX KOMIIOHEHTOB BOJbI 10 KapTH-
POBaHMS JOHHBIX CTPYKTYP M OOHAPY:KEHUS 3arpsI3HECHUIA; IIPUMEPOM CIICIIMATM3MPOBAHHOI aIlmapaTypsl TAKOTO
pona ciyxkut Kocmmueckuii tunepcriekrpometp HICO (Hyperspectral Imager for the Coastal Ocean) [1]. Bmecte
C TEM ONTUYECKUE METOAbl TPAAULIMOHHO MTPUMEHSIIOTCS W TSI U3MEPEHUST XapaKTepUCTUK MOPCKOTO BOJTHEHUS:
BOCCTaHOBJICHME CTAaTUCTUKM YKJIOHOB I10 M300paKeHUSIM COJTHEUHOTO OJIMKAa BOCXOIUT K KJIAaCCHMYECKOM padore
Kokca 1 Manka [2]. CyliecTBYIOT METOIBI IUCTAHIIMOHHOTO OIPEACICHUS CIIEKTPOB ITOBEPXHOCTHOTO BOJTHEHUS
10 BUIEOCHhEMKE B €CTECTBEHHOM cBeTe [3, 4], omHaKoO ISl epexoaa OT OTHOCUTEIbHBIX 3HaUEHU I SPKOCTU K a0-
COJIIOTHBIM XapaKTepUCTUKaM BOJIHCHMSI B HUX TpeOyeTcs IMpUBJIcUYCHNE TaHHBIX KOHTAKTHBIX M3MepeHMi. B oT-
JINYKMe OT 3TUX MOJAX0J0B, MpeajaraeMblii B HACTOSIIEH paboTe METO/I ITO3BOJISIET MOJIyYyaTh aOCOMIOTHBIE 3HAYEHUS
YKJIOHOB ITOBEPXHOCTH HEMOCPEACTBEHHO U3 ONTUYECKUX JaHHBIX, 0€3 TOMOJTHUTEIbHON KaIMOPOBKU.

T'imepcrieKTpoMeTphI TPUMEHSIIOTCS TSI UCCIICIOBAHMS XapaKTePUCTHK IUICHOK He(DTH Ha BOMHOM TTOBEPXHOCTH,
B YACTHOCTH, JJIs1 OMPENe/IEHUs] TOJLIMHBI 1051 HeTU B HEPTSIHBIX pa3/iMBax Ha MOPCKOI IoBepxHocTH [5, 6]. st
BBISIBJICHUST HEPTSIHbBIX CIMKOB MCIIONb3YIOTCSI PAIMOJIOKAIIMOHHbBIE METO/IbI, KOTIA CIMKU XapaKTePU3YIOTCSI YMEHb-
IIEHNEM PaIrOJIOKAIIMOHHOTO KOHTPACTA M3-3a «BHITTIAXKUBAHUS» BOJTHEHMS B 30He CTMKOB. OMHAKO aHAJIOTMYHBIC
KOHTPACThl MOTYT HAaOII0AAaThCSl B 30HAX YMEHBILIEHMS BETpa WM aflBeJUIMHIA, YTO 3aTPYAHSIET KiaccupUKalno Cu-
KOB. B aTux cityyasix mpuBjieKaloT ONTUYECKUE TUIepPCIeKTpaibHble METO/bI, MO3BOJISIONIME ONPENeIsITh TUIl (He-
SMYJIBIMpOBaHHAS He(PTh, HEDTSIHAS SMYJIbCHSI) M TOMIIUHY CJI0sT HeTh. ONTUIeCKIe METOIBI 3aBUCAT OT OCBEIIIe-
HUsI TOBEPXHOCTU MODPSI: pacCesTHHbIN cBeT Heba uiu cosHie. [Tpu HabMoneHH B COTHEYHBIX OJ1MKax n300paxkeHne
Ppa30MBaIOT Ha MEPEKPHIBAIOIIMECST CKOIB3SIIME OKHA U TSI KaXKI0ro MoaA0MPaloT CBOM aJIrOPUTM aHau3a [6, 7].

CrnemyeT OTMETUTh MYJIBTUCIICKTPAIbHBIC MOJSIPUMETPUUECKIE METONBl PEKOHCTPYKIIMU pacTpeaeICHMS
YKJIOHOB MOPCKMX MOBEPXHOCTHBIX BOJIH [8].

TpagulIMOHHO TUIEPCIEKTPOMETPbI MCIOJB3YIOTCS ISl OMpeneeHUs] KOHLIEHTPaUU €CTeCTBEHHBIX MpPU-
Meceil B Bogax BOIOEMOB ITyTEM BBITIOJIHEHUST HATYPHBIX M3MEPEHMI KO3 GbUIIMeHTa IPKOCTA BOITHOM TOJIIN
B OMpeeIeHHOM CIIEKTpaJbHOM UHTepBaje [9].

B naHHoOIt paboTe MCMob3yeTCsl TaK Ha3blBa€Mblii CKaHUPYIOLIUI (push-broom) runepcnekTpoMeTp, MO3BO-
JISTIOIIMH TTOJTy9aTh MHMOPMAIINIO O CITIEKTPE U3IyUYCHUS 1 O IIPOCTPAHCTBEHHOM pacIIpeeICHUN SIPKOCTH ITOBEPX-
HocTH Mopsl. TakuM 00pa3oM, TTOSBISIETCS BO3MOXKXHOCTh COBMEIICHUS PA3TAIHBIX IIPUHILIMITOB TUCTAHIIMOHHOTO
30HIMPOBAHUS BOIHOI MOBEPXHOCTU B OJHOM U TOI e 00JIaCTU BOIHOI MOBEPXHOCTU B OJUH U TOT K& MOMEHT
BPEMEHM: TUIIEPCIICKTPATbHBIC METOIBI M TUCTAHIIMOHHAST PETUCTPALINS CTATUCTUIECKUX XapaKTEPUCTHUK BOJTHE-
Hus. Takoe coBMeIlleHNe TTOBBIIIAET BEPOSITHOCTh JUATHOCTUKM aHOMAJIMIT Ha BOXHOI ITOBEPXHOCTH.

JuarHocTvKa BOJHEHUS BBIMOJHSIETCS BHE 30HbI OJIMKOB, IPU PAaCCESTHHOM OCBEILIEHMM Heba, a CIeKTpasib-
HBIC BO3MOXHOCTH TUIIEPCIICKTPOMETPA MCITOIB3YIOTCS IJIST pa3de/IeHUs] BOJTHOBBIX M HEBOJTHOBBIX OOpa3oBaHMit
(CIMKOB, TIJIEHOK MOBEPXHOCTHO-aKTUBHBIX BelllecTB (ITAB) u 11st KoMmeHcaluuu CreKTpaabHbIX 0COOEHHOCTE
apkocTH (rosioc @payHrodepa ¥ MoJoChl MOMIOLIEHWS BOIbI).

Llens paboThl — MOKa3aTh BO3MOXKHOCTD TMarHOCTUKY BOJTHEHHUSI BOTHOM ITOBEPXHOCTH C TIOMOIIBIO CKAaHUPY-
FOIIIETO TUIIEPCIIEKTPOMETPA U COITOCTABUTD CTATUCTUYCCKIE XapaKTEPUCTUKN BOJTHEHHUS, TIOJTYICHHBIC B pa3Ind-
HBIX CIIEKTPAJbHBIX AWAMa30HaX U B Pa3JIMUHBIX aKBATOPUSIX.

2. O0opynoBaHue 1 YCJIOBHSI HATYPHBIX IKCIIEPUMEHTOB

CKaHUPYIOLIMIA THIIEPCIIEKTPOMETP UMEET «HOXEBYIO» JMarpaMMy HallpaBieHHOCTH (puc. 1) U perucTpupyer
M300pakeH!Us B KOOPAMHATAX YTOJI JIyda CBeTa B IpelnesiaX IruarpaMMbl HaIllpaBJIeHHOCTH — JJTMHA BOJIHBI CBETa
(puc. 2). B Tabnuie naHbl OCHOBHBIE TEXHUYECKUE XapaKTepUCTUKM 3TOTO Mpuodopa.
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Puc. 1. Cxema HaOt0eHUS BOAHOM MTOBEPXHOCTU

Fig. 1. Water surface observation scheme

Tabauua
Table
OcHOBHbIE TEXHHYECKHE XapaKTePUCTHKH UCIOJb30BAHHOTO TUIIEPCIEKTPOMETPA
Technical specifications of the hyperspectrometer
TTapametp 3HauyeHue
Tun npudopa ckaHupytommii (push-broom) runepcriekrpomerp ATN1010 OPTOSKY PHOTONICS INC
YrioBoe 1oJjie 3peHust 15°
YacToTa KanpoB 1o 120 kaap/c
CrnieKTpaJibHbIii 11ara3oH 380—1000 HM
CriekTpajibHOE pa3pelieHne 1,3 Hm
Paspeluenue nerekropa 1920 cnekrpasnbHbIX TOUeK X 1200 MpoCTpaHCTBEHHBIX TOYEK
Bec 545r

ITpu HaKJIOHHOM HaOJIOACHUM BOIHOI ITOBEPXHOCTH C Oepera, MOcTa WM oKeaHorpaduieckoil miaThopMbl
(puc. 1) moJie 3peHUs TUIIEPCIIEKTPOMETPa Ha TTIOBEPXHOCTH OYAET MPEACTABISATh COO0M Y3KYIO IMHUIO, OPUEHTU-
POBaHHYIO B HAIIpaBJICHUN HAOJIOICHNS.

O06paboTKa JaHHBIX TUIIEPCIIEKTPOMETPA ITPOU3BOAMIIACH C TIOMOLLBIO MTakeTa nmporpamm [15, 16], mossossio-
IIMX TOJIy4aTh CIIeKTpaIbHbIE TPOCTPAaHCTBEHHO-BpeMeHHBIe n300paxkeHus (I1BHU) Mopckoii MOBepXHOCTH B KO-
OpIMHATAX PACCTOSHME B ITOJIC 3pEHMS HA TTOBEPXHOCTH — BPEMSI B Pa3IMIHBIX YIaCTKaX ONTUUYECKOTO CIIEKTpa
B nuamnaszoHe oT 380 HM go 1000 HMm ¢ paspewmieHueM 1,3 HM (puc. 5). Takoii runepcnekKTpoMeTp MpeacTaBiseT
c00011 crieKTpaJIbHBII aHAJIOT JIMHENKU (DOTOIIPUEMHMKOB M MOXKET MCTIOJIb30BaThCS IS IMarHOCTUKY BOJTHEHUS
BOJHOIT TIOBEPXHOCTH HA OCHOBE TIPUHIIUIIOB, pa3pabOTaHHBIX /ISl JIMHENKHU poTtorpueMHuKoB [11—14], B yacT-
HOCTH, JUII perucTpalu pejibeda yKIOHOB BOJH, CTATUCTMUECKUX XapaKTEPUCTUK BOJTHEHMUSI, TIPOCTPAHCTBEH-
HO-BPEMEHHOTO CIIEKTpa YKJIOHOB BOJH U CIIEKTpa BO3BBIILICHUIA BOJIH.

B Hacrosmieit padboTe UCITOIb30BaHbl JaHHBIC IBYX HATYPHBIX 9KCIIEPUMEHTOB:

— p. Oka, r. HuxxHwuii HoBropoa. Perucrtpaliiyst BoIloHeHa ¢ MOCTa B aBrycTe; HarpaBjJeHUe HAOIIOAeHUS —
BIIOJIb TEYEHMSI; 3 HUTHBII yrojl Bu3upoBaHus 6 = 70°, BeicoTa mpubopa Hag Boaoit H = 32 m.

— Yepraoe mope, n. Kamusenu. BoHeHMe perncTprpoBaioch ¢ oKeaHOTrpaduuecKoil mraThopMEl; BBICOTA
YCTaHOBKM Haj ypoBHeM Mopst H = 13 M [14]; 3eHUTHBII yroa BusupoBaHus 0 = 45°. B kauecTBe 1OMOJTHUTETBLHOTO
CpeACTBa KOHTPOJIST UCTIOIB30BaJICS CTPYHHBIN BoTHOTrpad.

3. CnekTpasibHble 0COOEHHOCTH PETUCTPUPYEMOTO M3 TydeHHsT

B cniektpe usinydeHust Heba IPUCYTCTBYIOT TaK Ha3biBaeMble mojiockl PpayHrodepa — IMOJIOCHI MOTTOICHUS
W3JTy4eHUsI B CTIEKTPE COJIHIIA. B Kampe cKaHUPYIOIIEro TUIIePCIIEKTPOMETpPa CIieKTpaibHbIe mosockl @payHrode-
pa «IIpeBpallaloTcs» B BEpTUKAIbHbIE TToJIock (purc. 2). Ha puc. 2 npuBeneH npuMep Kajapa rMnepcrnekTpoMerpa
MpU HAOIIONEHUU SICHOTO He0a, 3HaYeHUSI CTIEKTPa — B YCIOBHBIX eAMHUIAX. AHAJIOTUYHbIE TTOJIOCHI TPUCYTCTBY-
10T B CTIEKTpaX U3JTy4YeHUST BOJOEMOB.
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Reconstruction of the water surface slope profile using a scanning hyperspectrometer: field experiments
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Puc. 2. Kanp runepcniekrpomerpa, sicHoe He6o. [1o BepTuKaam — yroj jyya cBeTa B Ipele-
JlaX TOJIST 3peHUsI, TI0O TOPU30HTAIN — JJIMHA BOJHBI CBETa, 3HAUEHUSI CTIEKTPAa — B YCIOBHBIX
eNUHULIAX

Fig. 2. Hyper-spectrometer frame (top), clear sky. Vertically, the angle of the light beam within
the field of view; horizontally, the wavelength of the light; the spectrum values are represented
in conventional colors

Ha puc. 3 npuBeneHbl CIieKTphl M3JIy4eHUsT HeOa MPU Pa3HbIX METEOYCIOBUSIX, MOJYyYeHHbIE IIPU HabIIo/Ie-
HUU Heba ¢ MOMOILBIO rUIepcieKTpoMeTpa. YacTtora KaapoB ruIepcieKTpoMeTpa mpu 3anucu coctasisuia 10 I,
CIEKTPHI yepeaHsumuch o 10-ti Kagpam. Ha criekTpax rmpu orpee/IeHHBIX 3HAaUeHUSIX JUTMHBI BOJTHBI CBETa BUIHEI
noJiockl nomioieHns @payHrodepa 1 1mojoca MorjaoleHns BOASHOrO rmapa B paitoHe 700 HM.
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Puc. 3. [Ipumep criekTpoB u3JydyeHust HeOa, MojydeHHbIX Ha [OpbKOBCKOM MoOpe Mnpu
sicHOM Hebe (cunss aunus) u B Hiokaem HoBropome mpu criionrHoit ob6aaqHocTH (kpac-
Has AUHUS)

Fig. 3. An example of sky emission spectra obtained at the Gorky Sea under clear skies
(blue line) and in Nizhny Novgorod under continuous cloud cover (red line)

Hs1 mocnenyromeilt o6padoTKM pa3padboTaHa MporpamMMa il BBIIEJICHUST MAJIOKOHTPACTHBIX BePTUKAJIBHBIX
nojioc @payHrodepa Ha Kampax runepcrekrpomerpa (puc. 4). BHu3y puc. 4 mpuBeneHbI KOTOBBIC 0003HAYCHUS
HEKOTOPBIX OCHOBHBIX TToJioc @payHrodepa.

Haynnuue criekTpajbHBIX MMPOBAJOB, 00YCIOBICHHBIX NojiocamMu ®PpayHrodepa M IMOIJIOMIEHUEM BOISIHOTO
napa, TpedyeT ocoboro roaxoaa K oopadoTke: ucnonb3yeMasi B paboTe METOAMKA ONUpaETCs He Ha aOCOIIOTHBIE
3HAYCHUS SIPKOCTH, a Ha €€ OTHOCUTENIbHBIC (DITYKTYAIIMU, YTO 00CCIIEYNBACT YCTOMUMBOCTD aJITOPUTMA K yKa3aH-
HBIM CIIEKTPAJIBHBIM OCOOECHHOCTSIM (TIOAPOOHEE CM. T1. 4).
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Puc. 4. [Tonock @payHrodepa u mosoca MOMIOLICHUS BObI, BbIICICHHbIC HA Kalpe TUIep-
cniektpomerpa. CriioniHasi 001a4HOCTb, CIIEKTP KPACHOTO 11BETa Ha puC. 3.

Fig. 4. Fraunhofer bands and water absorption band highlighted in the hyperspectrometer
frame. Overcast, red-colored spectrum in Fig. 3

4. MeToMKa BOCCTAHOBJIEHUS XapaKTePUCTUK BOJIHEHNUS
4.1 bazosas modeab 60cCIMAH0BACHUA YKAOHOB

B Hammx npenpiaynmx padorax [ 14—16] n3noxeH OpUTMHAIBHBIN CIIOCO0 BOCCTAHOBIIEHUS YKIIOHOB ITOBEPX-
HocTu Mops 1 dhopmupoBanust [1BU ykinoHoB moBepxHOCcTH MOPS («pebeda» yKiIoHOB BosH) 1mo [IBU moBepx-
HOCTH MODSI, TIOJTYYCHHBIM C TTOMOIIBIO TUHEHKN (POTOTIPUEMHUKOB TP pacCesTHHOM HeOECHOM OCBEIICHUU BHE
30HBI COJIHEYHBIX OJIMKOB.

KiroueBasi 0cOGEHHOCTD CIIOCO0a — €ro He3aBUCUMOCTD OT CIIEKTPAJIbHOM SIPKOCTY BOAHOM MOBEPXHOCTHU, TaK
KaK B HeM (DOPMUPYIOTCS OTHOCUTETbHBIC (DIYKTYALIMH CIIEKTPAIBHOM SIPKOCTH (MJIU CIIEKTPaIBHBIN KO3(DGUITUEHT
SIPKOCTH), YTO JIOJDKHO KOMITEHCHPOBATh U3MEHEHUST CIIEKTPaIbHOM IpKOCTU BO PpayHrohepoBbIX CIIEKTPaTbHBIX
JIMHMSIX U TI0JI0CE IMOIJIOLIEHMsI BOJbI B CIIEKTpe BogoeMa. B majbHeiileM TepMUH «CIEKTPaIbHbIii» 03HAYAET SIp-
KOCTh MOBEPXHOCTH BOJOEMa IJIsI OIPEAeJICHHOTO 3HAYeHUs [UIMHBI BOJIHBI CBETA B CITEKTpE M3JIyYCHMS] BOIOEMa
(W1 MHTETpaIbHOE 3HAYeHUE CIIEKTpa SIPKOCTH BOIOEMa B IIpelieiax 3alaHHOr0 MHTepBaJla JJIMH BOJIH CBETa).

ITpyHLKI BOCCTAHOBJIEHUSI YKJIOHOB BOJIH 3aKJII0YAETCsI B CACIYIOIIEM: B KaXI0M TOYKE MOBEPXHOCTU MOPSI
bopmupyeTcs He 3aBUCSIINI OT IPKOCTU Oe3pa3MepHbBIM CUTHAT S (OTHOCUTEIbHBIC (hIYKTYallMU CIIEKTPATbHOMN
sIpKOCTU Mopst 1(1)), Tie 1 — BEKTOP YKJIOHOB BOJIH), KOTOPBIN B MPUOIMXKEHUN JIMHEHHOI 3aBUCUMOCTH SIPDKOCTH
IOBEPXHOCTU MOPSI OT YKJIOHOB BOJIH OY[IET paBeH:

S=1I(m)/1y-1=n(VI/I), 1

rne /) — cpenHsisi creKTpajibHas SpPKOCTh MOBEpXHOCTU Mopsi. B hopmyre (1) mepea MCKOMBIM BEKTOPOM YKJIO-
HOB BOJIH 1 HaxoauTcs 6e3pa3mepHblil koadduumeHT (VI/1)), KOTOpbIii HE 3aBUCUT OT IapaMeTPOB ONTUYECKOTO
MpUeMHUKa (IrarpaMMbl HAaIpaBJIeHHOCTH, ONITUYECKOTO (DUIIbTpa), YCWICHUST CUTHAJA U T. [I. U 3aBUCUT OT Tpa-
nveHTa Koadduimernra orpaxkenuss @peness F, T. €. OT OJIPU3aLMKU PETUCTPUPYEMOTO U3JTYYSHUS U OT YIJIOBOM
3aBUCUMOCTH CTIEKTPATIbHOM SIPKOCTH Heba [y,

ITpy HaKJIOHHOM BU3UPOBAHUU YKJIOHBI BOJIH B HAIllpaBI€eHUM BUUPOBAHUS 1); OYAyT BBIPAXaThCs Y€PE3 OTHO-
cUTesibHbIe (PIyKTyaluu sipKkoctu opmysoit [13—15]:

M, =S8/ ksing, ()
rae © — 3eHUTHBII yroJ HaboaeHus, k(0) — 6e3pa3MepHbIii OTHOCUTEIbHBINM ONTUYECKNI KOHTPACT YKJIOHOB BOJIH:
k = F'(cos0) / F(cos0) + 2ls'ky (cos0) / 1, (cosb), 3)

rae F — koadduunent orpaxenuss Dpenens, Iy, (Cosd) — APKOCTL 3epPKATBHOTO yyacTka Heba. Boipaxenue mis
ko3 duimenTa OpeHelist U3BECTHO U 3aBUCHUT OT TONSPU3ALIMN PETUCTPUPYEMOTO CBeTa, OTHOLIEHUE 21y, (cos0)/
1, (c0s0) MOXHO B3sITh U3 MOJICJIbHOTO BHIPKEHUSI 1S IPKOCTH HEOA, JIMOO ONpeeNuTh 1o (POTOCHUMKY Heba.
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Reconstruction of the water surface slope profile using a scanning hyperspectrometer: field experiments

OtHocuTeNbHas ITpou3BoaHas KoadduiirneHTa GpeHes Mpu HaKJIOHHOM BU3UPOBaHUY BOTHOI ITOBEPXHOCTH
B IMarna3oHe 3eHUTHBIX yIriioB HabmoaeHus 60—80° [12] B HECKOJIBKO pa3 00JIblle OTHOCUTEILHOM TTPON3BOIHOMN
VIJIOBOM 3aBUCUMOCTHU SIPKOCTH 0e300J1auHOro Heba, TakK YTO KOHTPACT BOJH B IEPBOM IPUOIMXKEHUN HEe OyAeT
3aBHCETh OT YCJIIOBUIT OCBEIIIEHUS HEOOM:

N =S8/ k;sinb,

k, = F'(cos®) / F(cos0), 4)

rae k; — ONTUYECKUI KOHTPACT YKIIOHOB BOJIH, 00yCIOBIIeHHbIN KoadhduimeHTom DpeHens, 6e3 yueTa rpaareHTa
SIPKOCTHU Heba. 3aBUCUMOCTH k| OT O U1 pa3IMuHO MosIsipu3aliuy cBeTa puBeaeHbI B padoTax [ 14]. B uactHOCTH,
JUTST HETIOJISIPU30BAHHOTO CBETa (B Cilyyae TacMypHOTO Heba) TTpU HAKJIOHHBIX YIJ1aX HaOMI0eHUs k| TTOYTH HE 3a-
BUCUT OT O 1 €ro MOKHO OLIEHUTH KakK k| = 5.

4.2. Ymounennas mooeas ¢ yuemom epaduenma sapkocmu neba

bazoBas monensb (3), (4) He TpeOyeT 3HaHUsI AOCOJIOTHBIX 3HAYEHU I IPKOCTU Heba v TapaMeTPOB ONTUYECKOTO
MPpUEeMHUKa, MTOCKOJIbKY B (hopMyJIax (hUTYPUPYIOT TOJIBKO OTHOCUTEbHbIE BEIMYMHBI, HO HYXXIaeTcsl B MH(pOopMa-
11U 0 KO3 GULKMEeHTe OTpaXkKeHUsI CBeTa U 00 YIJIOBOM paclpeae/ieHUU SipKocTh Heba. B ob1uem ciiyyae ast onpe-
JIJIEHUST OTHOCUTEJIBHOTO ONTUYECKOTO KOHTpAcTa YKJIOHOB BOJTH kK HEOOXOIMMO YIUTHIBaTh MapaMeTpbl CToKca
OTpaXkeHHOTO M3JTy4eHUsT Heba, YTo SIBJIIeTCS CJIOKHOM 3a1aueid.

B pa6ore [15] npeaioxeH HOBBII CITOCOO OLIEHMBAHMSI ONITUYECKOTO KOHTpAcTa YKJIOHOB BOJIH kK, OCHOBaHHbI A
Ha OTpeeIeHUY OTHOCUTETBHOTO IPpaJieHTa CPeIHEN SPKOCTHU MOBEPXHOCTU MOPsI /; IO 3eHUTHOMY YIJTy HaOJI10-
neHust 6. OTHOCUTEIbHBIN IPaAueHT CpeaHEeN SIPKOCTU MOBEPXHOCTU MOPSI UMEET BUII:

dl, / 1, = k,sin0do,
ky = F'(cos0) / F(cosb) + Is'ky (cos0) / 1, (cosb), ®)

rae ky — yTOUHEHHOE 3HaUeHKe ONTUYECKOro KOHTPACTA YKJIOHOB BOJIH C Y4€TOM OTHOCUTEJLHOTO IpaiueHTa SIp-
KOCTU HeOa.

JIaHHBI CIOCOO SIBISIETCS «CAMOCOIIACOBAHHBIM»: OH HE TpeOyeT MPUBJICYEHUST TOTOTHUTEIbHBIX TaHHBIX,
1 HeoOXoaMMast JUIsl BOCCTAaHOBJICHUS pesibeha MOPCKOI TOBEPXHOCTH M CIIEKTPAJIbHBIX XapaKTePUCTUK BOJTHEHMS
nHdOpMaLIMs U3BJIEKAETCSI M3 IPpaJeHTa SIPKOCTH MOBEPXHOCTU MOpsi. Kak M3BeCTHO, ITpY BOCCTAHOBJICHUHU CIIEK-
Tpa BOJHEHUS B 30HE COJIHEYHBIX OJIMKOB MCITONb3YETCS IPaIUeHT SIPKOCTU COJTHEUHOro Oynka [17], omHako oT-
CYTCTBYIOT pabOTBI IT0 BOCCTAHOBJICHUIO CIIEKTPOB BOJIHEHUSI C TIOMOILIbIO IPaAUEHTa SIPKOCTU ITOBEPXHOCTU MOPSI
MPU OCBEIICHUU TTOBEPXHOCTU MOPSI pacCesTHHBIM CBETOM Heoa.

5. Pe3ynbTathl u 00CyKIeHHE

5.1. Pazoeaenue 60.1H08bIX U HEGO.IHOBBIX 00HOPOOHOCHEI

Kpome BosiH, Ha BOIHOM MOBEPXHOCTU MOTYT MPUCYTCTBOBATh TAKUE «00pa30BaHUS», KaK CJebl CYIOB, 00-
pYLIEHUs BOJIH, IPYMIIOBas CTPYKTYypa BOJIH, CIUKW, OOYCIOBJIEHHBIC 3arpsI3HEHUSIMUA Ha BOIHOI MOBEPXHOCTHU
(mnenkamu [TAB). OTu «06pa3zoBaHUsi» MOXKHO «pa3neuTh» C TOMOIIbIO ClieKTpaibHOro aHanusa [1BU npu ycio-
BUU, YTO BOJIHBI TOAYUHSIOTCS AUCTIEPCUOHHOMY COOTHOIIIEHUIO [ 14].

Ha I1BU, 3aperucTpupoBaHHBIX TUIIEPCIIEKTPOMETPOM ¢ MOcTa Ha peke Oke (puc. 5), Hapsioy ¢ BETPOBBIMU
BOJIHAMU OTYETJIMBO BUAHBI IBUXYLIMECS TMOJOCHl — CIWKU, OOYCIOBICHHbBIC 3aTPSI3HEHUSIMU HA TTOBEPXHOCTHU
peKU. YKIIOHBI B HAlPaBJIEHUM BU3MPOBAHUS 1 (LIBETOBAsI IKaJa) BBIYMCIISUIMCH TTO TPUOIMXKEeHHOM hopmyrie (4)
npu JutnHe BoHbI cBeTa 451 HM. [TpuseneHno [1BU 6e3 ucrnipapieHus MepCcneKTUBHBIX UCKaXEHUIA.

KoHTpacThl CIMKOB pacTyT, a KOHTPACTHI BOJIH MAAAlOT C yBEJIMYEHUEM 36 HUTHOTO YIjia HaOMoneH s (YMEHb-
IIEHUEM YTIJla CKOJIbXXeHMsT) 3a cueT addekTa 3aTeHeHrs BojH. Ha puc. 5 ¢ paccTosiHMeM yBeTUUMBAETCS KOHTPACT
JNBUXYIIUXCS MOJOC (CTUKOB), 0OYCIOBICHHBIX 3arPsSI3HEHUSIMU Ha TTOBEPXHOCTU peKu. CIUKU IBUXKYTCS MO Te-
YEHUIO PeKU, a BETep MyeT HaBCTpeuy TEUEHUIO, TaK YTO BETPOBBIC BOJHBI C TPYIIOBON CTPYKTYPOU NBUXKYTCS
HaBCTpeuy TeYEHUIO Ha Habmonaress. [1o mosocaMm CIMKOB MOXHO OLIEHUTh CKOPOCTh TEYEHUST PEKU, KOTOpast
cocraBmia 0,8 M/c. DTo 3HaYeHNE CKOPOCTH TEUCHUSI HAXOIUTCS B COOTBETCTBMM C HAOJIOAaeMOI B aBIyCTe CKO-
poctu TeuyeHus peku Oka.
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Puc. 5. [IBU yki1oHOB BOIH BOIHOI MOoBepXHOCTU. [1o BepTUKaIbHOII OCU OTJIOXe-

HO pacCTOSIHUE OT MeCTa YCTAaHOBKM TMIEPCIEKTPOMETpPa (BIOJb PEKHM OT MOCTA),

M0 TOPU3OHTAJIbHOM OCU — BpeMsl. BenurHa yKJIOHOB BOJIH B paiiaHax oToOpaxkaeTr-
¢S B LIBETOBOM 1IKaJie cripasa. [IyiiHa BOJHBI cBeTa 451 HM

Fig. 5. Spectral spatial and temporal image of the slopes of the water surface waves. The

vertical axis shows the distance from the location of the hyperspectrometer (along the

river from the bridge), and the horizontal axis shows the time. The magnitude of the

wave slopes in radians is displayed on the color scale on the right. The light wavelength
is 451 nm

5.2. Cmamucmuueckue xapaxmepucmuku yKA0H08 U 3hghexm 3amenenus

Ha puc. 6 npuBeneHbl THCTOIPAMMBI YKJIOHOB BOJIH B LIBETOBOM ILIKAJI€ B 3aBUCUMOCTH OT PACCTOSIHUSI OT MO-
cra. 'mcrorpammbl Beruucisuiuch o [BU (puc. 5) «moctpouHo», T. e. mo BpemeHu. C paccTOsSIHUEM OT MOCTa
TUCTOTpaMMa CYKaeTCsI, 9YTO CBSI3aHO C YBEIMYCHUEM OTHOCUTEIBHOTO BKIAIa JUIMHHBIX BOJH M3-3a pac(OKYyCH-
POBKHM M300pakeHUSI KOPOTKUX BOJIH M 3aTCHEHUSI.
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Puc. 6. ImcrorpaMmbl YKJIOHOB BOJIH B I[BETOBOM IlIKaje B 3aBUCMMOCTHU
OT PacCTOSTHUS OT MocTa. JITHa BOJIHBI cBeTa 451 HM

Fig. 6. Histograms of wave slopes on a color scale depending on the distance
from the bridge. Light wavelength of 451 nm

Ha puc. 7 npuBeneHbl TMCTOrPaMMbl BUAMMBIX YKJIOHOB BOJIH JUISl pACCTOSIHUI OT MocTa 60 M (CUHSIsSI KpUBasi)
n 80 M (KpacHast KpuBasi), Ilie KOHTPACTHI CIMKOB €Il¢ MaJIbl OTHOCUTEIbHO KOHTPACTOB YKIIOHOB BOJIH U JJIMHEI
BosIHBI cBeTa 451,08 HM 1 515,7 HM. MakcUMyM TUCTOTpaMM CABUHYT OT HYJIEBOI'O YKJIOHA B CTOPOHY OTpUIIATE I b-
HbBIX YKJIOHOB, YTO MOKET ObITb CBSI3aHO C TEYCHUEM PEKM.
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JI1st cpaBHEHMS HA pUC. 8 TIPUBEACHBI TUCTOTPAMMbBI BUIMMBIX YKJIOHOB BOJTH JIJIST IBYX PAcCTOSTHUI OT OKea-
Horpaduyeckoit miardopmel 40 M (cuHuit rpacduk) u 100 M (kpacHblit rpacduk). ['McTorpaMMbl MOJYYEHBI € MO-
MOIIIBIO IMHEHKHU poTonmpreMHKoB. YepHoe Mope, 1. KamuBeau, BbIcOTa OKeaHOTrpaduIecKoi miaThopMbl Haf
ypoBHeM Mopst coctasisiia 13 m [14].
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Puc. 7. TuctorpaMMbl YKJIOHOB BOJIH [UIs pacCcTOosHUI oT Mocta 60 M (cunsas kpusas) v 80 M (kpachas
kpueas). lnnHa BosHbI cBeta 451,08 HM 1 515,7 HM

Fig. 7. Histograms of wave slopes for distances from the bridge of 60 m (blue curve) and 80 m (red curve).
Light wavelength of 451,08 nm and 515,7 nm
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Puc. 8. [McTorpaMMbl BUTUMBIX YKIIOHOB BOJTH JIJISI IBYX PACCTOSTHUI OT TTAT-
dopmbl B 40 M (cunsas kpusas) n 100 M (kpacuas kpusas). OkeaHorpadpuyeckasi
miatdopma, 1. Kamusenu, YepHoe mope

Fig. 8. Histograms of visible wave slopes for two distances from the platform:
40 m (blue graph) and 100 m (red graph). Oceanographic platform, Katsiveli,
Black Sea

T'uctorpaMmbl Ha puc. 7 U 8 BRIUMCIISIMCH MO TIpUOJIMXKEeHHOM opmyie (4). Y rucrorpaMm Ha puc. 7 u 8 ajs
OOJIBIIIOTO PACCTOSIHUS OT ONTUYECKOTO MPUEMHUKA (711 MaJIbIX YTJI0B CKOJIbXKEHMST) YMEHBIIACTCS JOJISI OTPH-
HaTeJbHBIX YKJIOHOB BOJIH, T. €. YKJIOHOB, OOpAIlleHHBIX «OT HAOJI0IATENs», M, COOTBETCTBEHHO, YBEITMIMNBAETCS
KOJIMUECTBO MaJIbIX YKJIOHOB BOJIH, UTO CBSI3aHO C SIBJIEHUEM 3aT€HEHUSI CKJIOHOB BOJIH MpPU CKOJB3SIIUX YIJIax
HaOOEHNS.

3HaYeHUs YKIIOHOB BOJIH, THCTOTPaMMBI YKIIOHOB BOJIH, BBIYMCIICHHBIC 1O (hopmyite (4) 1T pa3InIHBIX aK-
BaTOPUiA, pa3IMUHBIX YCJIOBUI OCBEILIEHUS] U Pa3HbIX JJIWH BOJH ONTUYECKOrO M3JIy4YeHUs, OYeHb OJM3KU, YTO
CBUIIETEJILCTBYET O MPUMEHUMOCTU MOAEHM (4) ISl OLICHKU 3HAYEHU I YKIIOHOB BOJIH.
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5.3. Baaudauus memoouxu: ymo4HeHHAs1 M00eAb U CPAGHEHUE C B0AHOZPAPOM

B [18] mpencTaBineHBI pe3yJIbTaThl alipodauu pa3padoTaHHOTo criocoba Ha mpuMmepe [1BU mopckoii moBepx-
HOCTHU MpU MacMypHoM Hebe (okeaHorpaduyeckas miardopma, n. Kamusenu, YepHoe Mmope). Kak nsBectHo, sip-
KOCTb ITaCMYPHOTO Heba YObIBAaeT K TOPU30HTY, YTO YMEHbIIAET ONTUYECKUIT KOHTpACT BOJH. COOTBETCTBEHHO,
YTOYHEHHOE 3HaYeHMe ONTUYECKOTr0 KOHTPACTa YKJIOHOB BOJIH 7151 TACMYPHOTO Heba k, = 4 TOJKHO ObITh MEHBLLIE
ONTUYECKOT0 KOHTpAcTa BOJIH k| = 5, BBIUUCIEHHOTO o hopmyJie (4) 6e3 yueTta rpagueHTa SipKocTH Heba.

Ha puc. 9 npuBeneHbsl CreKTpbl BO3BBILIEHUI BOJH ISl ONTUYECKOrO KOHTPAcTa YKJIOHOB BOJH k; = 5,
YTOYHEHHOI0 ONTUYECKOr0 KOHTpAcTa YKJIOHOB BOJH Kk, = 4 (JeBblil rpaduK) U COOTBETCTBYIOLIMI CHEKTp
BO3BBIIICHUIA, 3aperuCTPUPOBAHHEIN BoJIHOrpacdoM (ImpaBblii Tpaduk). CIIeKTp BO3BBIIICHUI BOJH BBIUKMCICH
no I1BU yknoHoB BoH no Metoauke pador [14, 15]. CriekTp BO3BbILIEHW BOJH ISl YTOYHEHHOTO ONMTUYECKOTO
KOHTpAacTa BOJH IO aMIUIMTYAE COOTBETCTBYET CIEKTPY BOJHOTrpada, 4TO CBUIETEIBCTBYET 00 YBEIMYCHUU
TOYHOCTH BOCCTAHOBJICHUS YKIIOHOB BOJTH.
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Puc. 9. CriekTp BO3BbILIEHUI BOJIH, BHIYMCICHHBII 110 METOIMKE U3 padboThI [ 14] IJ1s1 ONITUYECKOTO
KOHTPACTa yKJIOHOB BOJIH k| =5 M ONTUYECKOT0 KOHTPACTa YKIOHOB BOJIH K, =4, M COOTBETCTBYIOILIN A
CIIEKTpP BO3BBILICHUI, 3apErMCTPUPOBAHHBINM BoHOTrpadoM (cnpasa)

Fig. 9. The wave height spectrum calculated according to the method of work [14] for the optical
contrast of wave slopes = 5 and the optical contrast of wave slopes = 4, and the corresponding wave
height spectrum recorded by the wave gage (on the right)

Takum 06pa3oM, MOTPEIIHOCTb B BHIUMCICHUHU YKJIOHOB BOJIH MO TIPUOIMKEHHOH (hopmyie (4) MOXHO TIpo-
rHO3MpoOBaTh B paitoHe 20—30 %.

CrnienmyeT y4ecTb, UTo arpodaiius mpeagokeHHOTO MeTo1a MPOBOAMIIACH JIs TACMYPHOTO Heba, CBET KOTOPOTO
HemnoJisipu30BaH. B ob1iem citydae sipkocThb cBeTa Heba YacTUYHO TOJISIPU30BaHa U Hal0 UCTIOJb30BaTh MapaMeTphbl
CToOKCca 1151 ONMcaHusl OTPaXKeHUsT CBeTa B3BOJTHOBAHHOM BOJHOI IMMOBEPXHOCTHIO [8]. OmHAKO OInrcaHHas METO-
JIMKa BOCCTAHOBJICHUS XapaKTEPUCTHUK BOJHEHUS 110 U300PaKEHUIO TOBEPXHOCTU MOPSI MOXET OBbITh IPUMEHMMA
NP YyCTAaHOBKE Ha 0OBEKTUB TUTIEPCIIEKTPOMETPA TOJISIPOUIA.

6. 3akiouenue

B paGore paccMOTpeHO HOBOE IPUMEHEHME CKAHUPYIOLLIErO TUIIEPCIIEKTPOMETPa JUIsl AMArHOCTUKY BOJHEHUSI
BOIHOI TTOBepXHOCTH. [T0 HATYpHBIM JaHHBIM, MOJYYEHHBIM ITPY HaKJIOHHOM HaOI0ACHNM, 00paboTaH SIPKOCT-
HbII CUTHAJ C Y3KOM JIMHUK Ha IIOBEPXHOCTHU BOJBI U C(POPMUPOBAHBI CIIEKTPaIbHbIE IIPOCTPAHCTBEHHO-BPEMEH-
Hble M300paXeHUsI B KOOPAMHATAX «PACCTOSIHUE — BPEMSI» [JISI Pa3IMYHBIX YY4ACTKOB ONTUYECKOIO AMAIa30Ha.
DTO TMO3BOJMIO BOCCTAHOBHUTH peiibe(d YKIIOHOB BOJIH, WX CTAaTUCTMYECKHE XapaKTePUCTHKH, IMPOCTPAHCTBEH-
HO-BPEMEHHOI CIIEKTP YKJIOHOB U CIIEKTP BO3BBILLIEHMIT BOJIH.

Bricokoe criekTpalibHOE pa3pelreHue rurepcrnekrpomerpa (1,3 aM B quammasone 380—1000 HM) obecriedynBaeT
JIBa KJTIOUEBBIX TTPEUMYIIECTBA. BO-TIepBbBIX, TTOSBIISIETCS BO3MOXKHOCTD BEIOMPATH IJIST 00pabOTKM CIIEKTpaIbHbIC
KaHaJibl, CBOOOIHBIE OT 10JI0C TorjoieHust dpayHrodepa 1 BOASHOIO Mapa, JIM0O0 UCII0Ib30BaTh OTHOCUTEIbHbIE
daykryauun spkoctu 0l/1, KOTOpble aBTOMAaTUYECKU KOMIIEHCUPYIOT 3TU CIIEKTPaJbHbIE IIPOBAJIbI, TOCKOJIbKY
TIOCTOSTHHOE 3aHIDKEHME SIPKOCTH COKpaIllaeTcsd TIpU IeJeHNM (PIyKTyallld Ha cpeaHee 3HadyeHue. Bo-BTOpHIX,
CIIEKTPaJIbHOE Pa3/IoKeHME ITO3BOJISIET OTCIICKMBATh MOBEACHUE BOJHEHUSI B PA3JIMYHBIX y4aCTKAX ONTUYECKOTO
JMara3oHa U CpaBHUBATh pe3yabTaThl. ba3oBast MOeIb BOCCTAHOBIEHUS YKIIOHOB OCHOBAaHA Ha aHAJIM3€ OTHOCH-
TEJBHBIX (DIIYKTYaIWii CIIEKTPAIbHOM SIPKOCTH TTOBEPXHOCTH U MPEITojIaraeT IMTOCTOSTHHBIA ONTHYECKII KOHTPACT
(k = 5 nist HemoJISIPM30BAaHHOTO CBETA), HE 3aBUCSIIMIA OT YCJIIOBUI OCBEIIEHHUs. DTa MOMIEIb 00ecieurnBaeT IOy~
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YeHMe aOCOIOTHBIX 3HAYCHMI YKIIOHOB 0e3 KOHTAaKTHOM KanndpoBKu. Hapsimy ¢ 6a30Boif Momebio IIpenioXeHa
HOBasi yTOYHEHHas1 MOJIeIb, YUUTHIBAIOIIAsI TPAIMEHT SIPKOCTH Heba 1o 3eHUTHOMY YTy HaOmoneHus. B otinuue
OT 0a30BOI1, yTOUHEHHAST MOJIEJIb SIBJIICTCSI CAMOCOTJIACOBAHHOM: ONTUYECKUI KOHTPACT OMPEaeIsieTCs] HeIOCpe-
CTBEHHO U3 IpafleHTa CpeaHEe SpKOCTH MOBEPXHOCTH, Oe3 IMPUBJICUCHUS BHEITHNUX JaHHBIX O IPKOCTH Heba.

O6paboTKa JaHHBIX HATYPHBIX 9KCITEPUMEHTOB, BBITTOJTHEHHBIX Ha peke Oka 1 B UepHOM Mope MpH pa3TnIHbIX
yIJIax HaOJIIONCHMSI, YCIOBUSIX OCBEIICHUS M JUTMHAX BOJIH, TIO3BOJIMJIA BBISIBUTH PSII 3aKOHOMEPHOCTEH. 3aperu-
CTPUPOBAH CABUT MAKCHMMyMa T'MCTOTPaMM YKJIOHOB BOJIH B CTOPOHY OTPHIIATEIbHBIX 3HAYCHMI, 00YCIOBICHHBIM
TeyeHueM peku. O6HapyxeH 3(DheKT 3aTeHeHUST CKJIOHOB BOJIH TP CKOJIB3SIIIIMX yTIJIaX HAOTIOACHUS: Ha OOJIbIITNX
PACCTOSTHUSIX OT MPUOOPA T’MCTOTPAMMBI YKIIOHOB CYXKArOTCSI, TOJIST OTPUIIATEIbHBIX YKIOHOB YMEHBIIIAeTCs, a KO-
JIMYECTBO MAJIbIX YKIIOHOB Bo3pacTaeT. [IpmMedaTeTbHO, YTO 3HAUYCHUS YKIIOHOB 1 (DOpMa TMCTOTpaMM, BOCCTa-
HOBJIEHHBIE [IJIS1 pa3JIMYHBIX aKBATOPUIA, YCIOBUIA OCBEILIEHUS Y JUIMH BOJTH ONTUYECKOTO THUara30oHa, OKa3bIBatoT-
cs1 OJIM3KM MEXKIy cO00i. DTa TMTOBTOPSIEMOCTh PEe3yJbTaTOB B CYIIECTBEHHO Pa3IMYHBIX YCIOBUSIX MTOATBEPXKIACT
JMIOCTOBEPHOCTD TTPEIJIOKEHHOTO IMOIX0Aa U YHUBEPCATBHOCTh UCITOIb3yeMbIX MOJICIICHA.

CrieKkTpaibHbIil aHAJIU3 MPOCTPAHCTBEHHO-BPEMEHHBIX M300PaKeHMIT MMO3BOJIMJI Pa3Ie/IUTh BOJHOBBIE U He-
BOJIHOBBIC 00pa30BaHUs Ha BOAHON MOBepXHOCTU. B yacTHOCTH, Ha peke OKa OTYETIIMBO HAOIIOMAINCH JBIXKY-
IIHMeCsT TTOJIOCHI — CIIMKHU, OOYCIIOBJICHHBIC 3arpSA3HCHUSIMU TTOBEPXHOCTH IIJICHKAMU TTOBEPXHOCTHO-AKTUBHBIX
BeiecTB. [1o cKOpoCTsIM TepeMelieHrs CJIMKOB OLieHeHa CKOPOCTh TeYeHUST PeKM, COTJIacyIolasicsl ¢ TaHHbBIMU
npsIMBIX HaOmoneHuit. [TomydyeHHbIE pe3yabTaThl MTOKa3bIBAIOT, YTO IMPEMIOXKEeHHAasT MOIUMUKAIIUS TUTIePCIICK-
TpoMeTpa TepCHeKTUBHA U 3ada4 KOMIDIEKCHOTO MOHUTOPWHTAa MOPCKHMX aKBaTOPUil: OOHapy:KeHNE TOHKUX
IUIEHOK TTOBEPXHOCTHO-aKTUBHBIX BEILIECTB MOXKET OCYIIECTBISITHCS OMHOBPEMEHHO T10 CITEKTPaIbHOMY KOHTpa-
CTY U IT0 aHOMAJIMSIM BOJIHEHUST — <«BBINIAXKMBAHUIO» B 30HE CJIUKOB.
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Abstract

The beaching of large patches of natural and anthropogenic debris following storm events is a phenomenon observed along
numerous marine shorelines. Today, such wash-outs are becoming increasingly contaminated with plastic litter, which poses a
significant threat to coastal ecosystems. A 22-month continuous video sequence, recorded by an autonomous stationary camera,
allowed the observation the wash-outs on the northern shore of the Sambian Peninsula (the Baltic Sea). Hydrophysical and
meteorological variables from reanalysis data are analyzed to predict the timing of marine litter beaching using machine learning
models. The performance of multiple machine learning models was evaluated to assess their ability to predict the time at which
marine litter would be beached on the shore. The accuracy of artificial neural network, random forest classifier and gradient
boosting classifier of machine learning models are compared. The random forest classifier model (83.4 = 7.6 % for F1-score) and
the artificial neural network model (81.7 & 3.9 % for F1-score) appear to be the most efficient models for predicting the wash-out
formation and beaching. Sea level, wave direction and steepness are the most significant parameters in training models.

Keywords: marine litter, artificial intelligence, neural networks, machine learning, Baltic Sea, autonomous camera, meteorological
and hydrophysical conditions
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Ol.leHKa Bd)d)eKT]/lBHOCTI/l Mojesieil MAIIMHHOTO Oﬁy‘lel-[l/lﬂ JJIA IPOrHO3UPOBAHUSA BblﬁpOCOB MOPCKOIro
MYycopa Ha 66[)61‘: UCNOJIb30BAHKE ABTOHOMHOM BHACOKAMEPbI U JAHHBIX peaHa/In3a

Cratbsa nocrynuia B pegakunio 10.11.2025, mocae nopadotku 12.05.2026, npunsrta B neyatsb 20.06.2026

AHHOTAIHUSA

BoiOpochl Ha Geper KPYITHBIX IISTEH OPraHUYECKOrO U aHTPOITOTEHHOTO MyCOpa ITOCjIe IITOPMOBBIX COOBITHI — SIBJIICHHE,
KOTOpOE YacTo HabJonaeTcs BIoJdb MOPCKOI OeperoBoii MnHuM. B Takux BeIOpocax Bce 0oJblie HaOMI0aaeTCs MIaCTUKOBBII
MYCOP, YTO TIPEICTABISCT 3HAUMTEIbHYIO YIPO3y IJIsT TPUOPEKHBIX KocucTeM. HerpephiBHas BUIEOCheMKa JTUTETbHOCTHIO
22 Mecs1a, caeJaHHas C TOMOIIbIO aBTOHOMHOI CTallMOHAPHOI KaMephbl, MO3BOJIMIIa HAOII01aTh BEIOPOCHI HA CEBEPHOM Mobe-
pexne Cambuiickoro nosyoctposa (bantuiickoe Mmope). AHATU3UPOBAIUCH TUAPO(PU3NUECKIE U METEOPOJIOTUYECKUE ITapaMe-
TPBI U3 TaHHBIX peaHaaIn3a Al TPOTHO3UPOBAHMSI BHIOPOCOB MOPCKOIO MyCOpa ¢ UCMOJb30BaHUEM MoJe/ieid MalllMHHOTO 00-
yueHusl. bbuta olleHeHa TTPOU3BONUTETLHOCTh HECKOIBKIX MOJIeNIeil MAaIlTMHHOTO OOYYeHWMsI IJIs1 TPOTHO3WPOBAHUS BpEMEHH,
B KOTOpO€ MOPCKOI1 Mycop OyaeT BbiOpolleH Ha 6eper. CpaBHMBajach TOYHOCTh MOJENIE UCKYCCTBEHHOI HEMPOHHOI ceTH,
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TPOTHO3MPOBAHMSI BHIOPOCOB MOPCKOTO Mycopa Ha Geper: UCIIOJIb30BaHNe aBTOHOMHOI BUIeOKaMephl U TaHHBIX peaHanu3a //
DyHnaMeHTabHAsI U npUKIaaHas ruapodusuka. 2026. T. 19, Ne 2. C. 102—116. EDN TSNWKG
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KJ1accu(ukaTopa cayJaitHoro Jjieca M Kiaccudukaropa rpaIueHTHOTO ycuaeHusl. Mojenb Kiiaccudukaropa ciydyaifHOro jieca
(83,4 = 7,6 % nnst metpuku F1) u Monesnb MCKycCTBeHHOM HelipoHHoM cetn (81,7 + 3,9 % mns metpuku F1) mpencrasisitorest
Haun6oJee 3 GhEeKTUBHBIMU MOIEISIMU [UISI IPOTHO3UPOBAHMSI BHIOpOCAa MOPCKOTO Mycopa Ha Oeper. YpoBeHb MOpSsI, HampaBJie-
HUE ¥ KPyTH3HA BOJTHBI OKa3aJlMCh Hanbojiee 3HAUMMBIMU TTapaMeTpaMiu B paCCMaTPUBAEMbIX MOIEISX MAILIMHHOTO OOYyUEHMSI.

KioueBbie cioBa: MOpPCKOiT Mycop, MCKYCCTBEHHBII MHTEIJICKT, HEMPOHHBIC CETH, MallIMHHOE oOydeHue, bantuiickoe mope,
aBTOHOMHasI KaMepa, METCOpOJIOTMIecKe U TUAPO(U3NIeCcKHe apaMeTphl

1. Introduction

Atrtificial intelligence (Al) in general and machine learning (ML) in particular are a relatively new tools for pre-
dicting various natural phenomena [1—4]. With technological progress and increase in the central processing unit
(CPU) power and memory, Al tools are becoming more and more efficient. Freely available sets of meteorological
and hydrophysical data make it possible to train AI models to predict certain features of various natural phenomena
in marine environments.

ML is one of the tools of Al, built on the notion that computer systems are able to learn from data, identify
patterns and make decisions with no or minimal human intervention. In the Earth sciences, recent works use ML
methods to predict, classify, and cluster the research data. In particular, ML algorithms are efficient for computer
vision. Examples include identification of vortices on satellite images [5,6] and determining the type of clouds from
ground-based photographs [7—9]. ML models were also applied to predict risk states of rip current [1], detect the
upwelling [10] and thunderstorms [11].

An increase in the production of synthetic polymers in the 80—90s caused contamination of oceans with anthro-
pogenic plastic litter [12]. This is one of the causes for the formation of the Great Pacific Garbage Patch, for exam-
ple. According to model data [13, 14], at least 77 % of positively buoyant marine plastic litter is accumulated on the
beaches and in the sea coastal zone.

Marine litter in coastal zones has become a serious problem that needs to be controlled [12]. Many studies are
devoted to the assessment of contamination of coastal zones with marine litter [ 15—17]. The utilisation of machine
learning (ML) as a tool for predicting the movement and fate of marine litter is predicated on the recognition that
the hydrophysical complexity of coastal zone dynamics renders traditional hydrophysical numerical modelling
impractical. This phenomenon can be attributed to the fact that marine debris fragments exhibit a range of sizes,
shapes, buoyancies, and other specific characteristics. Commonly used various ML models include simple linear
regression and decision trees [18], more complex and flexible artificial neural networks (ANNs) [19], convolu-
tional neural networks (CNNs) [20,21], and other models. The choice of the particular model depends on the
problem under investigation. For example, in order to evaluate the impact of environmental conditions on the
distribution of marine litter, a self-organizing map was used, while the Multilayer Perceptron (MLP) model was
applied to estimate the amount of marine litter [19]. Using Lagrangian models with neural networks is convenient
to predict the movement of plastic particles in water [22]. To support modelling efforts, marine litter identification
is nowadays performed using the latest technical means, such as unmanned aerial vehicles or drones to survey the
area [23—25]. Autonomous cameras are also used to identify marine litter and wash-out of organic material on the
beach or water surface [26].

The wash-out of organic material is an important source of coastal pollution. Beaching of natural organic mate-
rials is observed at many coasts of the World Ocean, for example, in the Baltic Sea [27, 28], Mediterranean Sea [29],
and Australia [30, 31]. According to the UNEP definition, only the material of anthropogenic origin is considered
as marine litter [12]. However, observations confirm that the marine litter is massively beached with a large amount
of biota in the form of patches are also known as beach-cast wrack patch (BCWP) [32]. The number of litter items
within the algae is shown to be an order of magnitude higher than that on the sand around and in the swash zone [32,
33]. This fact additionally supports the need for timely cleaning of the beaches and the predicting of the appearance
of wash-outs, respectively.

A model based on an ANN has been proposed already as predicting tool for such problems [34]. However, the
accuracy of this model has not been evaluated. The objectives of this study are to: (i) analyse the images from the
autonomous camera to confirm whether marine litter has been washed ashore; (ii) train ML models to predict the
formation and beaching of marine litter, based on in situ observations from an autonomous video camera and simul-
taneously observed meteorological and hydrophysical conditions in the open sea. Evaluate the performance of the
trained models using ML metrics; and (iii) evaluate the importance of specific variables used for each of the trained
models. Therefore, it is possible to determine which meteorological and hydrophysical parameters have the greatest
impact on the formation of wash-outs.
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2. Materials and Methods
2.1. Study area

The study area is located in the southeastern part of the Baltic Sea on the northern shore of the Sambian Penin-
sula (sometimes also referred to as the Sambia Peninsula), 6 km east of Cape Gvardeyskiy (54.963° N, 20.27° E) and
10 km west of the root of the Curonian Spit (see Fig. 1). Several settlements are located along this coastline, the most
prominent of which is Zelenogradsk. In different parts of the shoreline, construction of recreational and residential
facilities is actively carried out, as well as shore protection, for example, in the city of Svetlogorsk and in the area of
the village of Kulikovo (between Cape Gvardeisky and Zelenogradsk). The northern shore of the Sambian Peninsula
is the main destination for the region’s tourist activity. This confirms the need to keep the beaches clean of both an-
thropogenic and natural debris.

In the southeastern part of the Baltic Sea, cases of wash-outs of marine litter are regularly observed, which is
confirmed by observational data [35, 36]. The observed wash-out patches are typically up to 50—300 meters long
and up to 2—6 meters wide (maximum up to 1000—1500 meters long and up to 12—16 meters wide). They are usually
located on the water line, partially covering a section of the beach and consist of organic material (algae, wooden
sticks, leaves, branches and tree bark, roots and stems of terrestrial grasses, pine needles, tree seeds, bird feathers,
carcasses of fish, shrimps, mussel shells, Balanus barnacles, chitinous shells, jelly fish, etc.) mixed with fragments of
anthropogenic litter. The composition of the patches directly depends on the season and the preceding meteorolog-
ical situation. In winter and spring, the patches are dominated by Furcellaria lumbricalis (and, to a lesser extent, red
algae Polysiphonia). Green algae Cladofora glomerata, Cladophora rupestris, Ulva prolifera, Ulva intestinalis, etc., are
predominantly observed in summer. These types of algae can accumulate marine litter, including microplastics [37].
For study area the largest wash-outs are observed after storms with prevailing westerly winds and wave directions
that change to northerly as the storm subsides [38]. Under similar meteorological and hydrophysical conditions, the
appearance of wash-outs on the beach can be observed at varying times and in different locations. It is evident that
the location and time of wash-out appearance are influenced by a combination of meteorological and hydrophysical
factors. These factors change over time and interact with each other as the storm develops and subsides.

20.34 20.42 20.50

Baltic Sea /.
Y

o (-\\Q(\
Baltic Sea c,\)‘(’%@\
A0
"Zelenogradsk
2 Cape Gvardeyskiy
‘ The location of the camera
Kulikovo g Copernicus reanalysis data
g a A 0 1 2 3 km
Sambian Peninsula ——

Fig. 1. Study area: northern shore of the Sambian Peninsula. The location of the camera, the largest
cities and bathymetry contours are marked. Red hatching highlights the grid cells of reanalysis models
used for wind, current, and wave data

The autonomous camera “Filin-300 4G” was used to evaluate the frequency and causes of marine litter wash-out.
The camera was installed in the area of the village of Kulikovo (54°56.227° N, 20°21.914’ E; Fig. 1). The camera func-
tions in semi-automatic mode, capturing images at hourly intervals (Fig. 2). In manual mode, the camera operation

104



OYHIAMEHTAJIbHASA u [TPUKIIATHAA THIPODU3IHKA. 2026. T. 19, Ne 2
FUNDAMENTAL and APPLIED HYDROPHYSICS. 2026. Vol. 19, No. 2

time was adjusted according to the length of daylight in different seasons, from 8 images per day in winter to 19 images
per day in summer. The camera has been installed to provide a 120° field of view and is oriented west at an angle relative
to the coastline in order to view the state of the coastline (an area covering approximately 150 m) and the sea. The data
collection period was from February 2023 to November 2024, resulting in a video sequence covering a 22-month period.

a) b)

Fig. 2. The phenomenon of wash-out observed from autonomous video camera: a — 29 November 2023; b — 6 April 2023. The
areas designated as wash-out zones are highlighted by red ovals

Meteorological and hydrological data were collected from an area located 8 km from where the camera was
installed, between the 20 and 30 m isobaths (Fig. 1). This point is located on the marine boundary of the coastal zone,
where surface waves have not yet been significantly altered by their interaction with the seabed. This enabled us to
avoid the significant errors in the reanalysis data that are associated with an inability to adequately account for wave
transformation and breaking processes as they approach the shore. Wind speed data were also collected from the same
location, but with a coarser resolution. Furthermore, the coastal zone up to the outer boundary is the usual location for
the growth of the algae Furcellaria lumbricalis [39], which is frequently observed in the wash out and may be related to
the accumulation of marine litter [32].

2.2. Input data for ML-models

‘Wash-out formation occurs under certain environmental conditions that change over time. As demonstrated in pre-
vious studies, wind speed and direction, wave parameters [38, 40], Stokes drift [41], and sea level [42] are important for
the transport of marine litter to the beach. The continuous time series was constructed with a resolution of 1 hour for 22
months (from the 01 of February 2023 to the 30 of November 2024, N = 16.056) for meteorological and hydrophysical
variables, which were then used to train models. All variables used for training models are shown in Table 1.

Variables 1—7 were taken from the Copernicus Marine Service. Components U and V of wind speed data were used
from the Global Ocean Hourly Sea Surface Wind and Stress from Scatterometer and Model with spatial resolution of
0.125° x 0.125° [43]. Wave variables with spatial resolution of 2 X 2 km from the Baltic Sea Wave Hindcast product
which is based on the WAM wave model and surface forcing from the ECMWEF’s ERAS reanalysis products[44]. The
sea levels were taken from the Baltic Sea Physics Analysis and Forecast [45]. The spatial resolution is also 2 X 2 km.

Table 1
Description of variables used

No Variable name Unit Max value Min value Mean STD
1 Wind speed (U component) m/s 18.4 —14.84 1.81 5.48
2 Wind speed (V component) m/s 13.78 —14.18 0.22 4.18
3 Significant wave height m 5.51 0.02 0.83 0.72
4 Mean wave direction cos(a) 1 -1 0.46 0.52
5 Stokes drift (U component) m/s 0.43 —0.32 0.03 0.09
6 Stokes drift (V component) m/s 0.21 —0.26 —0.01 0.06
7 Sea level m 0.62 —0.56 —0.048 0.18
8 Wave steepness — 0.033 0.0014 0.0086 0.0031
9 | Wave length m 117.9 10.37 32.16 18.57
10 | Period s 8.42 0.74 2.3 1.33
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To calculate the steepness of a wave, its wavelength must be determined. The wave length was calculated using
shallow-water approach [46]:

r=T g’sth’ (1)

where T'— wave period, g — acceleration due to gravity, H,, — significant wave height. Then the wave steepness is
calculated as the ratio of the height of the significant wave to the wavelength:

%=§%L 2
The original data has a high resolution of 1 hour, which have negatively effect on the training process for ML
models due to noise [47]. In this study, the Kalman filter was used as a data filtration mechanism. The Kalman filter
provides an optimal estimation in terms of minimum mean squared error for linear filters of non-stationary stochastic
processes [48].
In order to effectively train the model, it is necessary to transform the data into a uniform format after imple-
menting the filter. In this paper, the data standardisation algorithm (Eq. 3) is used, i. e. for each variable, the mean is
set to zero and the standard deviation is set to one:

g=XH 3)

where x — original value, u — mean value, 0 — standard deviation.

A stationary video camera is useful for observing the wash-out of marine litter on the beach. The camera can record
the exact time of wash-out appears on the beach, with a accuracy of up to one hour. However, the process of wash-out
takes a long time. It usually happens after storms, in the fading phase [38]. Therefore, a period of time was used to make
predictions, not just one specific point in time. In this study, the period of 24 hours prior to beaching will be used for
the purpose of predicting T=[tl._24, Liags e b ], where 7, point of time series from the 01 of February 2023 to the 30 of
November 2024, N = 16.056. It is therefore that the target variable will be ¥ =[y1, Vaseon ¥ N] (Fig. 3, eq. 4):

Lift,eT
Vi =

0,if t, T’ @)

a)

T ti| t2 | ts
vioflo o = 0o 0 1]1]

Fig. 3 Definition of the target variable based on images obtained from an autonomous camera: ¢ — the image was taken
24 hours before the observed wash-out on the beach (beginning of the wash-out formation under storm conditions);
b — the wash-out was recorded by a camera on the beach (see red arrow)

2.3. Model description

This study presents a solution to the binary classification problem for predicting the target variable. This problem
involves predicting the probability of an event occurring based on the values of a set of features. Two types of ML
models were used. These are neural network model (ANN) and ensemble methods Random Forest classifier (RFC)
and Gradient Boosting classifier (GBC) (Fig. 4). ANN, or multi-layer perceptron (MLP), has a three-layer structure
(an input layer, a hidden layer, and an output layer). It is shown that ANN models are suitable for predicting the fu-
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ture based on previous data [49, 50]. For the RFC and GBC, the main idea is to train a set of identical Decision Tree
(DT) models on different samples [51, 52]. The RFC and GBC models have been demonstrated to be applicable to a
wide range of problems and are in use within a variety of scientific fields, including but not limited to environmental
[53], geophysical sciences [54], and medicine [55].

a) b)
I Input features ‘ Input features Weighted data Weighted data
Tree 1 / Tree 2 h‘ Treel .................. e Tree k """""""""
prediction predlimon prediction prediction prediction prediction
result by \
o ) ensemble
majority voting prediction

Fig. 4. ML model architectures: @ — RFC model, where / is
depth of tree; b — GBC model; ¢ — ANN with three-layer
structure, where @ is Swish activation function for hidden

layer and o is sigmoid activation function for output layer Input layer Hidden layer Output layer

In this study the ANN model uses 2 hidden layers (120 and 60 neurons, respectively) with the Swish activation
function (5):

1
1+e”

P=x—. (5)
This expression of the activation function was developed by Ramachandran et al. (2017). It is commonly used in deep
learning networks. It has a Y-axis limit for negative X values, but does not zero out negative values like, e. g., the rec-
tified linear activation function or ReLU function. As a result, weights will not reset and all input features participate
in the training.

For the output layer, the sigmoid activation function (6) was used, which is the standard within the framework
of the binary classification problem:

1
o=
I+e”

. ©)

This function permits to get a value in the output layer in the range [0;1] or the probability of falling into class 1. The
principle of operation is reduced to the following logic: the larger the number at the input of the neuron, the closer
the output will be to 1. This approach is mainly used for networks where the probability needs to be predicted. The
differentiability of the function (6) permits to prevent jumps in the output values and provides a smoother gradient.
The binary crossentropy (BCE) function (7), which quantifies the discrepancy between the true labels and the
predicted probabilities, was employed as the loss function during the training of the ANN model. When the predicted
probability is proximate to the actual label, the BCE value is minimal, indicating an excellent prediction.

N
BCE = —%Z[y,- log(p;)+(1-y;)log(1-p;) ] ?
i=1

The Adam optimizer (Adaptive Moment Estimation) was employed to minimize the loss function [56].

The number of epochs for training the ANN model was determined to be 30, a decision that was made based on
the findings of the experimental run of the model. It was observed that an increase in the number of epochs did not
result in a significant reduction in the loss function during the training process (Fig. 5).
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Fig. 5. The change in the loss function for the training and validation samples when

training the ANN model for 100 epochs. The green dashed line indicates the 30-epoch
threshold

For ensemble models the most salient hyperparameters are the tree depth, the number of leaves, and the number
of decision trees in the forest, amongst others. The selection of optimal parameters was made by enumeration from
the hyperparameter space with RandomizedSearchCV class in the Sklearn library [57]. Results of best hyperparame-
ters for top 5 mean test score for each model are presented in Tables 2 and 3.

Table 2
Rang of best 5 hyperparameters for RFC model
Rank test score Number of decision trees Min samples split Min samples leaf Max depth Mean test score
1 300 11 1 14 0.8314
2 600 11 1 10 0.8007
3 1000 6 6 11 0.7580
4 400 22 1 10 0.7450
5 1000 11 6 10 0.7402
Table 3
Rang of best 5 hyperparameters for GBC model
Rank test score number of decision trees Min samples split Min samples leaf | Max depth Mean test score
1 600 39 1 13 0.8453
2 400 44 1 10 0.8451
3 200 44 6 14 0.8451
4 600 17 1 8 0.8450
5 700 39 6 7 0.8450

2.4. Evaluation metrics and the loss function

To assess the efficiency of predictive models, several evaluation metrics were used. The F1-score was used as the
main evaluation metric because the set of available data is not balanced. To get the F1-score, additional metrics such
as the Precision (8) and the Recall (9) were calculated:
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TP
Recall = —
U TTP N ®

where TP denotes true positive decision, TN — true negative decision, FP — false positive decision; FN — false
negative decision.

The F1-score is the harmonic mean between the Precision and the Recall (10). It tends to zero if either the Pre-
cision or the Recall tend to zero, and is expressed as

_ , Precision x Recall
Precision + Recall’

F1 (10)
where [ is the balancing coefficient. In this work, a balanced F1-measure was used, where 3 = 1.

The standard classification metric, Accuracy, was not utilised as a means to evaluate the performance of the
models. This metric is intended to describe the overall prediction accuracy of the model for all classes; that is to say,
it is the ratio of all correct predictions to the total number of all predicted samples. In certain problems, accuracy may
not be informative, particularly in problems with imbalanced classes, as is the case in this work.

3. Results

3.1. Analyzing images from an autonomous camera

The total number of processed and analysed images was 9,484, and the total storage volume was 27.6 GB. The
subsequent image analysis revealed 19 cases of wash-out. The highest frequency of such cases was observed in the
autumn-winter period, accounting for 52 % of the total, which coincided with the peak of storm intensity in the
south-eastern Baltic Sea. These wash-outs occurred after storms, at a time when wave height and sea level were
both decreasing. According to the Copernicus reanalysis, the significant wave height at which marine litter was ob-
served, was 0.4 m. The duration of the presence of marine litter patches on the beach varied from 1 to 7 days (average
3.4 £ 1.9), dependent on the conditions under which the wash-outs occurred (i. e., wind, waves, sea level).

Spring Summer

Winter

48%
~__Autumn

Fig. 6. The number of wash-outs recorded by the autonomous camera
for the 22-month period from 1 February 2023 to 30 November 2024,
categorised by season

3.2. Prediction efficiency of the tested models

Over a 22-month period, 19 wash-outs were detected by the camera in the study area. This is no more than 3 % of
positive class values for the target variable, which is a strong imbalance. In order to efficiently train models with im-
balanced class distributions, a balance improvement was implemented. In this study, the data is pre-processed using
the ADASYN (Adaptive Synthetic Sampling) method as a data augmentation technique to address class imbalance
[58]. This method introduces nonlinearity into a sample dataset by generating synthetic examples that fall between
existing minority examples and their k-nearest neighbours from the majority class. These synthetic examples are then
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generated according to the density distribution of the minority class in the feature space, which captures the underly-
ing nonlinear relationship between the minority and majority classes [59]. The ADASYN method was applied to the
training data but not utilised for the validation and test data.

10 time series of features (N = 16,056) were employed to train the ML models. At each time step #;, a set of vari-

ables, designated as X; = [x,.l,x,.z,. s x}o ], corresponds to a target variable, y; (see Table 4).
Table 4
Features for train ML model
Time Features Target
T X! X2 X X X Xt X X8 X X10 Y
1 2 3 4 5 6 7 8 9 10
L X X X X X X X X X X Vi
1 2 3 4 5 6 7 8 9 10
153 X, X X X, X X, X, X, X, X, Y2
1 2 3 4 5 6 7 8 9 10
Iy Xy Xy Xy Xy Xy Xy Xy Xy Xy Xy YN

For training, 70 % of all dataset were randomly selected and then the ADASYN algorithm was applied. The re-
maining 30 % were used as a testing dataset (Fig. 3). Following the execution of 10 iterations of each model, trained
on disparate training data generated by the bootstrap method, it was ascertained that the RFC model demonstrated
the most optimal result for the F1-score metrics of the predicting target values 83.4 £ 7.6 % (Table 3). The model
RFC demonstrated the most favourable outcomes in terms of a Precision rate of 82.9 + 13 %. The other models
showed lower F1-score and Precision metric. The findings of the neural network model demonstrated outcomes that
closely approximated those of the RF model, exhibiting an F1 score of 81.7 & 3.9 %. However, the Precision of the
latter is 10 % lower. The model GBC exhibited the most deficient outcomes with regard to Precision (70 & 14.9 %)
and the F1-score (74.3 = 10.7 %). Concurrently, this model demonstrated the highest of the recall 98.2 = 1 %. All
results obtained are summarized in Table 5.

Table 5
Model prediction accuracy comparison for class “1”
Precision Recall F1-score
Type of model
Mean STD Mean STD Mean STD
ANN 0.729 0.063 0.937 0.045 0.817 0.039
RFC 0.829 0.13 0.853 0.045 0.834 0.076
GBC 0.7 0.149 0.982 0.01 0.743 0.107

It should be noted that F1-score for the RFC model is higher than for other models. Based on this, it can be
concluded that the RFC model is more effective for solving the problem of predicting the period of time of wash-outs.

Furthermore, an analysis of the training results of three ML models resulted in the creation of a confusion matrix
(Fig. 7). As is evident, the ANN model is more prone to a type I error or a false-positive classification outcome, while
RFC model, in contrast, is more susceptible to a type Il error or a false-negative outcome. The GBC model was more
balanced, but it was less accurate in terms of the Precision and F1-score metrics.

3.3. Relative importance of features used

A salient aspect of the ML models pertains to the capacity to ascertain the significance of the features em-
ployed for learning purposes. That is to say, the features that exert the most substantial influence on the model’s
outcome. This is of particular significance in the context of understanding and predicting natural phenomena,
such as wash-outs. In earlier research [38], visual and correlation analysis indicated that significant wave height
and wave direction are among the most salient features in the given problem. Following a thorough examination
of the input data pertaining to both the RFC and GBC models, it has been determined that sea level and wave
direction are, in fact, pivotal features (see Fig. 8). It is also important to note the steepness. In the RFC model,
this parameter was assigned a ranking of fourth in terms of importance. For the GBC model, it was assigned a
ranking of second. The significance of this parameter has previously been confirmed only experimentally. Con-
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trary to expectations, wind speed (U and V component) in the open-sea area appeared to be much less important

for the wash-out formation. This suggests that meteorological open-sea environmental parameters are necessary
but not sufficient conditions.
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Fig. 7. Confusion matrix for summarizes the performance of a
classification algorithm: a —ANN; b — RFC; ¢ — GBC Predicted label
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4. Discussion

The models used in this work have different architectures. Each model has its own hyperparameters, whose values
are set before running the training process. Therefore, finding the optimal hyperparameters based on the input data
increases the efficiency of the model prediction [60]. ANN models have several advantages over other ML models: (i)
these are self-learning models, the operation of which practically does not require the user intervention; (ii) they have
universal approximators that allow approximating any continuous function with acceptable accuracy; (iii) they are
non-linear models, which makes it possible to effectively solve classification problems even in the absence of linear
separability of classes. The main difference of GBC from RFC is that simple models fit the data sequentially, i. e.,
each next model will correct the errors of the previous one. The result of the GBC is the weighted average sum of the
results of the models. It is imperative to ascertain the optimal values for all parameters. For instance, a deeper tree has
been shown to yield favourable outcomes and to accumulate a substantial amount of information regarding the train-
ing data. However, its generalization ability to test data is often limited. This is also known as overfitting the model.

Predicting the wash-out on beaches is an important and difficult task. Approaches used to solve it can be very
different. For example, predicting the location of accumulation of marine litter on the beach was carried out by Haar
et. al based on the geomorphological features of the coastal line [61]. They suggested a parsimonious model scoring
sites on a scale of 1—5 based on the shore slope and shape. ML models were also used for this task. Significant progress
has been made by Kaandorp et.al who used a random forest regression model to show which environmental variables
play an important role in the process of stranding and to study the variability in the concentration of marine litter [62].
In particular, tidal phenomena were shown to be one of the most important parameters. Also in the top 10 parameters
was the currents direction. This parameter was used in this study, but its role was not significant for the GBC and the
RFC models. Another approach, based on Bayesian networks to predict the accumulation of marine litter on several
beaches, was proposed for the southeast shore of the Bay of Biscay [15]. The resulting model achieved an average pre-
diction accuracy of 65.3+£6.4 %. It was noted that river runoff, precipitation, wind and waves are the most significant
predictors and likely factors for the accumulation of marine litter on the beaches in that area. The results obtained in
the present study demonstrate some agreement with those of previous studies. It was recognised that waves and sea
level were the most significant factors in the formation of wash-outs. During the period of fade of a storm, the surge
effect naturally diminishes, causing sea levels to fall.

In contrast to previous investigations, we aimed at studying wash-outs of marine litter together with biota (algae,
wooden sticks, etc.). Numerous observations in the study area show that large amount of anthropogenic litter (more
than 70 % is plastic) is contained in the beached patches of natural organic material. The level of contamination with
objects (> 1 cm) of anthropogenic origin in large patches of general marine litter is up to two orders of magnitude larg-
er than that observed in areas outside these patches [32, 33]. Massive wash-outs of algae on the beach have also been
previously studied in the Mediterranean Sea [30] and the coast of Australia [31]. However, evaluations of the content
of marine litter in them have not been made and require additional research in these regions. Using reanalysis data as
input parameters in this study is necessary, as there are currently no numerical models that can accurately reproduce
the physical processes occurring in the coastal zone during storm events. This study has two potential limitations: the
lack of reliable reanalysis data near the shore and the lack of information on the bottom topography. Wave parameters
were collected at the outer boundary of the coastal zone in this study. These parameters are a key factor in determin-
ing the hydrodynamic processes within the zone. Therefore, wind wave data were collected offshore. Several studies
confirm the interaction between the open sea and the coastal zone [63, 64]. Therefore, the results of this study further
confirm that the physical processes occurring in the coastal zone that directly influence marine litter wash-outs can
be statistically captured by ML models. Nevertheless, the physical processes themselves were not described.

One of the main problems for ML models of environmental processes is the need for relatively large and con-
sistent datasets. For this study, a larger number of observed cases of beaching would also be desirable, allowing for
better prediction accuracies of the examined models. However, even on a continuous time series of 22 months, the
number of wash-outs was not especially high in the study area. Increasing the study area could lead to increased
model accuracy due to a larger number of observed wash-outs. But even with limited observation data, an important
outcome of the performed analysis is the evaluation of the importance of the chosen variables (feature description)
for the models.

Another problem with ML models is the range of input parameters used for training. In this study, a 22-month
time series was used, covering the full seasonal cycle (autumn and winter storms accompanied by high sea levels, and
spring and summer with predominantly calm weather conditions). However, not all possible extreme values were
considered. If a value outside this range is received, the model’s forecast will be considered unreliable. To avoid this,
additional training runs are required.
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The models presented in this study have been trained to predict washout periods only within the study area. For
increasing the geographic prediction accuracy, the most promising step could be the application of the model with multi-
class classification. The division of the study area into more classes would increase the geographical accuracy of predict-
ing. However, much more target data is needed for multiclass classification, providing enough observational data for each
class. Regular monitoring of even a small study area is very costly and requires a lot of human resources. One possible
solution is to install additional autonomous cameras. However, this would be time-consuming due to the need to service
these cameras and analyze the images. A potential alternative solution to this problem is to use volunteers and citizen sci-
ence initiatives. This method of data collection is actively used in various regions [65]. Also, for multiclass classification,
more measurement points of features along the study area should be taken. This will inevitably lead to an increase in the
number of features, which means that it will be necessary to make an additional selection of relevant features.

Applying the trained models in this study to other locations is also not straightforward. Various data sources, as
well as various conditions in a particular region, do not allow unifying the necessary and sufficient parameters to cre-
ate a single universal system of predicting. Adding the ability to predict both time and location will be a step forward
to create a single model for different regions.

5. Conclusions

The results obtained in this work show the complexity of predicting of the phenomenon of marine litter wash-
out onto the sea shore. It is evident from the findings that all three models demonstrated satisfactory results, with a
prediction accuracy rating of over 74 %, as determined by the F1 score metric. It is demonstrated experimentally
that optimal for the considered phenomenon is the RFC model. The features that are most significant in training are
highlighted, namely, sea level, wave direction and steepness.

The ANN and the RFC models showed similar efficiency results. The RFC model wins in learning rate speed and
interpretability. Still, a more flexible ANN model is proposed for further use. Based on the ANN model, it is recommend-
ed to build a software package for the operational predicting the wash-outs of the marine litter. Introduction of such a kit
should help the municipal authorities to respond as quickly as possible and remove marine litter from the beach.
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K 90-neruro I'ennaguga Crenanosnya MaJiblKHA

26 despais 2026 r. ucronHsiercs 90 JIeT co IHS PpOKIEHUsS JOKTOPa
TEXHUYECKUX HayK, mpodeccopa ['eHHaauss CtenmaHoBrya MasblllKUHa.

I'.C. ManbIlIKuH SIBJISIETCSI OCHOBOIOJIOKHUKOM M OSCCMEHHBIM
JIAePOM HAyIHOTO HaIIpaBICHUS B OTCUCCTBEHHOM THAPOAKyCTUKE, CBSI-
3aHHOTO C pa3pabOTKOil METOIOB 1 AJITOPUTMOB agalTUBHOM MIPOCTpaH-
CTBEHHOI1 00pabOTKM MH(MOPMALINK C BBIXOIA AaHTEHHBIX PEIIETOK.

B 1960 rony I'ernamanit CrermaHoOBUY ¢ OTIMYMEM 3aKOHYWIT JIeHWH-
rpaackuii KopabiectpoutebHblid HHCTUTYT (JIKM). B 1965 1., Gyayun
acniupanTom JIKW, sammtun kanmunatckyto nuccepranuio. C 1965
1o 1969 rr. pa6oran accucrentom B JIKU. B 1969 r. I'.C. Masnblknna
npuriaacwiv Ha padoty B 14-it HUM Boenno-Mopckoro dioTa.

B 510 BpeMsa B cTpaHe HayajoCh CO3daHUE TUAPOAKYCTUUYECKHUX
KOMITIEKCOB TIOOBOTHBIX JIOIOK, OTIMYAIOIINXCS OT CYIIIECTBOBABIINX
B TO BpeMsI TUIPOAKYCTUIECKMX CTAHIINI 3HAYMTEILHO OOJIBIINM SHEp-
TeTUYECKUM MMOTEHLIMAJIOM U COOTBETCTBEHHO OOJIBIIICH 1aTbHOCTbIO OOHAPYXKEHUST TTOIBOAHBIX M HATBOIHBIX 1IEJICH.
B cBs131 ¢ 3TMIM OCTpO BeTalia ImpodiieMa 00HapYKeHHST MAJIOIITYMHBIX 1IeJIeH B YCIIOBHSIX OOJIBIIIOTO YMC/Ia MEIIIAFOIIIIX
CUJIbHO LIYMSIIIUX 1ieJieit. BbITo M3BECTHO, YTO OCHOBHBIM ITyTEM pELIEHUS 3TOI MPOOJIeMbl SIBJISIETCS pa3padoTKa
aIaNTUBHBIX AJITOPUTMOB ITPOCTPAHCTBEHHOI 00pabOTKM MH(MOPMAIIMI Ha BEIXOIE MHOTO3JIEMEHTHBIX aHTEHHBIX pe-
meérok. I'.C. ManbIlIKKUH ObLI MEPBBIM B HallIel CTpaHe, KTO 3aHSJICS 3TUM BaXKHBIM HayuyHBIM HampaBieHueM. Eie
B Havasre 1970-X IT. 110 ero MHUIIMATUBE OB IIPOBEIEH IINKIT SKCIICPIMEHTATBHBIX MCCIICIOBAHMI BIVSTHUS XapaKTe-
PUICTUK aHTEHH 1 UX pa3MelleHUs] Ha HocuTelle Ha 3(hDEeKTUBHOCTD alaNTUBHBIX aJITOPUTMOB. Pe3yabTaThl 3TUX UC-
CJIeIOBaHUI MIOKA3aJI1, YTO IIPUMEHUTEIHHO K 3a1a9aM THAPOAKYCTUKH TEOPHSI U IIPAKTUKA TIOCTPOCHMST aTalITUBHBIX
JITOPUTMOB JOJKHBI CTPOUTHCSI HA OCHOBE MOJIEJIei MeIIalolIX CUTHAJIOB B YCJIOBUSIX MHOTOJTyY€BOI'0 pacipocTpa-
HEHUS C pacCesTHUEM, UTO TTOCTYKIIIO OCHOBOM TaTbHEHIIINX MCCIICIOBAHMI B 3TOM HAITpaBICHUM.

B 1984 r. oH ycneurHo 3aiuThI JOKTOPCKYIO TUCCePTalMIo, B KOTOPOIi MpeacTaBUI HOBBIH MOAXOM K TTPOEK-
THUPOBAHMIO TUAPOAKYCTHIECKIX KOMIUIEKCOB 1 TIPMBEIT pa3pab0TaHHBIC MM aTallTUBHBIC aITOPUTMBI TTOAABICHMS
JIOKaJbHBIX TTOMeX (TaK Ha3bIBaeMbl€ aJITOPUTMbI KOMIIEHCAILIMOHHOI'O TUIIA IO BBIXOLY C(POPMUPOBAHHBIX MPO-
CTpPaHCTBeHHBIX KaHaIOB). B 1991 r1o emy nprcBowIm yaeHoe 3BaHUe TIpodeccopa.

B 1980-¢ rr. I'.C. ManbllIKUH HapsIIy ¢ HAy4YHOM pabOTOM YMTaeT Kypc JEKILUI M0 ONTUMAIbHOMN U afanTUBHOMK
00paboTKe ruapoaKycTuIecKoit nHdopmauu B MHCTUTYTE TTOBBIILIEHUST KBAIM(PUKALMY PaOOTHUKOB MUHCYIIpo-
Ma. DTOT Kypc MpOCaylIaIM MHOTUE CHEeLUaTUCThI-TUAPOAKYCTUKU U3 pa3IMUHbIX OopraHusainuit MuHcynmnpoma
n BMO®. 111 HEKOTOPBIX M3 HUX OHU CTAJIM TOJTYKOM TSI Hadaia HayIHOU IeITeIbHOCTH B HOBOM HaIIpaBJICHUM.

C 1987-ro o 1994 rr. I'.C. MansiiukuH padotan B LIHUUN «'maponpudop», rae co3man CUCTEMbl CaMOHaBeE-
nenus topred. C 1994 r. on tpyaurcs B l'ocHUUW npuknagHeix mpobiaem. B 2006 r. ero mpuriamaioT Ha paboTy
B LIHUU «Bnextponprubdop» BoO BHOBb CO3IaHHOE MOoApa3AeeHre TMAPOaKyCTUKM, TIe, KpoMe 3aHSTUSI HAyYHOI
paboToii, OH 00yJaeT CBOMX MOJIOABIX KOJIIET IIPEMYIPOCTSIM THAPOAKYCTUKHA.

ITox ero pykoBoactBom B 2012—2013 rr. BeimosHeHa HUP, B koTopoii pazpaboTaHo HOBOE TTOKOJIEHUE aJiro-
PUTMOB MPOCTPAHCTBEHHOIT 00PaOOTKM TMAPOAKYCTUUCCKNX CUTHAJIOB, TIOJIYYUBIINX aBTOPCKOE Ha3BaHME «ObI-
CTPBIX MPOEKIIMOHHBIX aJITOPUTMOB». Pa3zpaboTaHHbIE aJirTOPUTMBI YCIIEIIHO BHEAPSIIOTCS B pa3padaThiBacMylo
TUAPOAKYCTUUCCKYIO TEXHUKY.

B 2009—2011 rr. u3 nmeyaTu BbIlLIa AByXToMHast MoHorpadus I'.C. MajibikuHa «OnTuManbHble U aJanTHB-
HBIE METOABI 00PaOOTKIM THAPOAKYCTUICCKIX CUTHATIOB». MOHOTpadusI CONePsKUT ITMPOKUIA KPYT B3aMMOCBSI3aH-
HBIX BOIIPOCOB, OTHOCSIIIMXCSI K METOAAM aHaJIM3a U CMHTe3a NMPUEMHbBIX TPAKTOB TMIPOAKYCTUUECKUX CUCTEM.
B 2022 r. MoHOTpadusa momorHmwIachk 3-M ToMoM «Kiaccnmueckne 1 OBICTpEIC TTPOSKIIMOHHBIC aTallTUBHBIC aJiro-
PUTMBI B TUIPOAKYCTUKE».

OTIMINTETLHOIT 0COOEHHOCTHI0 MOHOTPA(MH, BBIICISIONICH ¢ M3 KHUT 110 TUAPOAKYCTHKE, SBIISIETCS TO, YTO
aBTOP ITOKAa3bIBaET, KaK CIOXKHbBIC (PU3MUECKHE MOMEIN PaCIIPOCTPpaHEHMS THAPOAKyCTUYECKOTO CUTHAJIa B pealbHOM
BOJTHOBOJIE TIPEBPAIIAIOTCS B MaTeMaTHUCCKIE MOJIEIH, KOTOPBIE, B CBOIO OYePeIb, CTAHOBSITCSI OCHOBOM JIJIST CUHTE3a
ONTUMAJTbHBIX U aTaNITUBHBIX aJITOPUTMOB 00Pa0OTKU MH(pOPMaLK B MPMEMHBIX TPAKTaX TUAPOAKYCTUUECKUX CUCTEM.

B Hacrostmmee Bpemst I'.C. MabImkH padoTaeT Hal MPaKTUYECKOM pean3aleii HOBBIX METOIOB agallTHB-
HOI1 MPOCTPaHCTBEHHOI 00pabOTKU CUTHAIOB, OMIMCAHHBIX B ITOCIEIHEM TOME €ro MOHOrpaduu.

Jlopoeoii I'ennaduii Cmenanosuy, mot, Bawu yueHuku u koaseeu, nozopaeasem Bac c robunreem u yceaaem Bam 0o6-
D020 300p08bsI, HOBLIX MBOPHECKUX YCNEX08 U CeMeliH020 01a20Nn0AyUUs.
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