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Abstract

Satellite remote sensing techniques offer a wealth of optical, infrared (IR), and radar images of the ocean surface, where we
can observe numerous elongated vortex structures known as filaments. These filaments become readily visible in the imagery due
to the presence of surfactant films and/or floating algae clusters on the sea’s surface. Given their elongated form, automated vortex
identification methods do not readily distinguish filaments from vortices. Nevertheless, both filaments and vortices exhibit notable
characteristics such as high relative vorticity and kinetic energy. The process by which vortices transform into filaments is a result
of their interaction with spatially non-uniform background currents. In this study, we apply the theoretical principles regarding the
stretching of mesoscale ocean vortices to real ocean conditions, inferred from altimeter data. The primary objective of this research
is to assess the proportion of mesoscale ocean vortices that undergo stretching to become filaments, consequently facilitating the
redistribution of energy from the mesoscale to the submesoscale. We provide a total assessment of the portion of the World Ocean’s
surface where mesoscale vortices undergo significant stretching. We present maps that indicate the geographical distribution of
regions where vortex stretching is not restricted and offer an interpretation of the findings. The reduction in the inherent energy of
vortices due to the stretching induced by the background flow is explained as a potential mechanism for energy transfer from the
vortex to the flow, possibly leading to the manifestation of the negative viscosity effect within this system.

Keywords: mesoscale vortices, filaments, elongation, ellipsoid, energy, negative viscosity
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TU3UPOBAHHBIX METONOB MAeHTUbUKaIMU. OTHAKO U (PUTAMEHTBI, U BUXPU XapaKTePU3YIOTCs BHICOKOI OTHOCUTENIBHOM 3aBUX-
PEHHOCTBIO M KWHETUYeCcKoii aHeprueii. Tpancdopmalivst BUxpeii B prsiaMeHThI 00yCc/IOB/IeHa B3aUMOIECTBUEM C HEOIHOPOI-
HbIMU (DOHOBBIMU TeUEHUSIMU. B 1aHHOM MccienoBaHM MPUMEHSIETCST TEOPETUUECKAsT MOMIENb PACTSIKEHUSI ME30MAaCIITaOHbBIX
OKeaHWYeCKNX BUXpeil K pealbHbIM TaHHBIM abTUMeTpuu. Llenb ucciaenoBaHuss — OLEHUTh TOJTI0 ME30MAaCIITaAOHBIX BUXPEA,
TPETEPIIEBAIONINX PACTSKEHUE U TPAaHCGHOPMUPYIOIIUXCS B (DMIAMEHTBI, YTO MPUBOAUT K TIEPEPaCIpeieIEHUI0 SHEPTUN C Me-
3omacuitaba Ha cyomezomaciuTad. OneHrBaeTcsi I100albHOE IPOCTPAHCTBEHHOE pacrpe/eieHre 001acTeil ¢ HeorpaHMYeHHBIM
U OTPAHUYEHHBIM PACTSIKEHNEM ME30MaCIITAOHBIX BUXPEil I MHTEPIPETUPYIOTCS TIOTyYeHHBIE Pe3yJIbTaThl. Y MEHbILICHUE SHEP-
MM BUXPeii 3a CYEeT paCTsKEHUST, BBI3BAHHOTO (DOHOBBIM ITOTOKOM, PACCMATPUBAETCsI KaK TOTeHIIMATbHBIN MEXaHU3M ITepeIaqr
SHEPTUU OT BUXPSI K TIOTOKY, YTO MOXET MPOSIBISITHCS B BUAe 2¢deKTa OTPULIATEIbHOI BA3KOCTHU.

KntoueBble cnoBa: me3oMacilTabHble BUXPH, (PUIAMEHTHI, BBITATUBAHUE, SJUTMIICOUT, DHEPTHSI, OTpULIaTeIbHAsI BI3KOCTh

1. Introduction

Mesoscale eddies play a vital role in horizontal and vertical water exchange, influence the spatial distribution
of oceanographic parameters, and have a substantial impact on bioproductivity [1]. The existence of ocean eddies,
such as those found in the Gulf Stream or Kuroshio, has been known to humanity for an extended period. However,
advancements in measurement technology have enabled both direct and indirect assessments of these formations in
the World Ocean only since the latter half of the 20th century. This progress occurred with the involvement of spe-
cialized research vessels equipped for the study of these phenomena. The true surge in the exploration of mesoscale
eddies began following scientific ocean experiments such as POLYGON-70 in the North Atlantic, MODE (Sargasso
Sea, 1973), POLYMODE (North Atlantic, 1977—1978), MESOPOLYGON (North Atlantic, 1985), and MEGA-
POLIGON (Pacific Ocean, 1987). These expeditions sparked widespread interest in the global scientific community
for both experimental and theoretical investigations of oceanic vortex formations with horizontal dimensions ranging
from a few tens of kilometers to 100—200 km.

Mesoscale eddies within the ocean play a pivotal role in transferring the energy of water movement and in shaping
the variability of hydrophysical and hydrochemical fields across the ocean’s scale spectrum [2]. With the discovery of
mesoscale eddies, the prior concept of the ocean as a relatively stable entity in space and time gave way to a new un-
derstanding. According to this perspective, the primary energy of sea water movement is concentrated within eddies,
rather than in the average circulation of the ocean.

Criteria and detection algorithms have been developed for eddies, which are considered closed formations. The
rapid advancement of remote sensing techniques, especially altimetry products, along with the increased computa-
tional capabilities, has spurred the rapid development of automated algorithms for detecting and tracking eddies. The
significance of these algorithms lies in their ability to shift from analyzing the areal characteristics of vortex processes,
such as vortex kinetic energy, to examining specific vortex parameters like radius, amplitude, orbital velocity, life-
time, and movement velocity.

Despite their diverse approaches, automated eddy identification and tracking methods can be categorized into
three general groups: physical, geometric, and hybrid [3]. In physical methods, criteria are directly derived from the
values of the initial field. Geometric methods, on the other hand, focus exclusively on the geometric characteristics of
isolines in the initial parameter when selecting vortices. Mixed algorithms, as the name suggests, differentiate vortices
based on both the physical values and geometric characteristics of the initial field.

However, the ability of all these methods to distinguish filaments within oceanographic fields is constrained,
primarily by the spatial resolution of the data, and secondly, algorithmically, as these algorithms typically don’t
differentiate elongated structures like filaments. This may explain the relatively lower interest of oceanographers in
filaments compared to eddies.

Filaments become discernible in optical, infrared, and radar images of the ocean surface owing to the presence
of surfactant films and/or floating algae on the sea surface (please refer to Fig. 1 for ocean filaments). Temperature
anomalies in filaments often serve as crucial mechanisms for generating light/dark patterns in radar images [4]. One
of the mechanisms contributing to filament formation is the transformation of vortices through stretching under the
influence of spatially non-uniform background flows when one of the horizontal scales becomes several times larger
than the other. For instance, this transformation of a vortex is illustrated in [5]. In their study, the authors analyzed
the evolution of a mesoscale eddy in the Lofoten Basin of the Norwegian Sea during April 3—24, 2012. Initially, a
vortex with a roughly circular shape undergoes deformation to the extent that its length becomes at least four times
greater than its width. This signifies the transformation of the vortex into a filament. During this process, the kinetic
energy decreases by a factor of three, the potential energy diminishes by an average of 1.7 times, and the overall en-
ergy of the vortex decreases by a factor of 2.3 [6].
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Fig. 1. Examples of filament occurrences in the White Sea, as observed in the Envisat ASAR
radar image taken on June 24, 2010, at 08:11. UTC. © ESA

Another instance of such a transformation can be observed in [7] (for the animation, please refer to https://link.
springer.com/article/10.1007/s00024-020-02647-1). The animation illustrates the process of filaments emerging
from initially circular eddies that encircle the quasi-permanent anticyclonic Lofoten eddy in the Norwegian Sea.

Based on in-field observations and principles of fluid dynamics, an oceanic vortex consists of two main compo-
nents: a central vortex core and a mass of seawater surrounding this core. The surrounding water also rotates in align-
ment with the core but at progressively slower speeds as it moves away from the core’s outer edge. The orbital velocity
in the core of the vortex increases as it moves away from the center of the core. It is maximal at the core boundary and
decreases outside the core. Inside the eddy’s core lies seawater that was trapped during the formation of the vortex,
characterized by significantly higher vorticity compared to the surrounding background flow. An apt comparison for
the core of a vortex is to imagine it as a “water-filled pocket.” The core of the vortex moves harmoniously with the
water in its immediate vicinity, which is why vortices have the capacity to transport water over considerable distances.
The core’s shape, usually delineated by its outer boundary, often experiences rotational changes, and the core itself
can undergo deformation [8§—12].

For ocean eddies with horizontal dimensions roughly equal to or larger than the inner Rossby deformation radi-
us, the concept of potential vorticity conservation remains valid. Put simply, when these eddies travel, the individual
particles inside them preserve their potential vorticity. This principle essentially reflects the conservation of angular
momentum for fluid particles within a layered, rotating ocean environment.

1.1. Historical background

In 1899, the Russian scientist S.A. Chaplygin published a paper that investigated how a two-dimensional Kirch-
hoff vortex is deformed when subjected to a constant shear flow [13] (see also in [14]). Subsequently, these stud-
ies were further advanced in the field of planar hydrodynamics by Kida [15]. Later, generalizations of Kirchhoff’s
solution were proposed for a two-dimensional elliptical vortex with a piecewise-constant vorticity distribution [16].
Additionally, an approximate analytical solution was derived, accurate up to second order in a small Rossby number
expansion, describing the shape of an arbitrarily oriented ellipsoid in an external flow with linear shear [17]. These
works were extended to three-dimensional vortices by V.V. Zhmur [18] and also [19, 20]. These works delve into the
dynamics of ellipsoidal vortices under various background conditions.
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1.2. Ellipsoidal approximation of mesoscale vortices

In our study, we will approximate vortices with a co-rotating core in the form of an ellipsoid with two horizontal
axes and one vertical axis. This is a more general form of vortex core than the traditional circular one. In the special
case where the horizontal semi-axes of the ellipsoid coincide, our vortices become axisymmetric. The approach with
ellipsoidal vortices allows us to investigate the deformation of vortices by external background flows. The problem
of the behavior of ellipsoidal vortices in background barotropic flows was formulated and partially solved in the
works [21, 22, 18], where it was shown that there are three regimes of behavior for such vortex cores. In two of these
regimes, the vortex remains localized in the horizontal plane, undergoing periodic limited shape oscillations, specif-
ically changes in the lengths of the horizontal semi-axes. In these regimes, the core shape rotates or oscillates around
the vertical axis.

When a vortex undergoes deformation, its boundary can display three distinct behaviors: rotation, nutation os-
cillations, and unbounded elongation. In the first two scenarios, the eddy retains its localized structure. However, in
the third case, one of its axes stretches infinitely while the other shrinks to zero. In the horizontal plane, such a vortex
takes on the appearance of a vortex filament.

1.3. Stretching of a mesoscale vortex

We define the stretching of a mesoscale vortex as the process in which it elongates in a manner where its length-
wise dimension becomes greater than its width. The behavior of a vortex varies depending on whether it is within a
barotropic background flow or a flow with vertical shear. In the presence of a background flow, and under specific
conditions, a vortex can be stretched into a filament as it undergoes deformation. When a vortex experiences stretch-
ing in the horizontal plane, meaning its length becomes greater relative to its width, the fluid motion generated by the
vortex weakens. From a physical standpoint, the scenario of unrestricted stretching signifies the vortex’s disintegra-
tion due to the flow. Of particular interest is when the vortex, while interacting with the flow, deforms and stretches
into a filament.

In these regimes, particle rotation within the core occurs either clockwise or counterclockwise, depending
on whether we are considering cyclonic or anticyclonic vortex formation. The evolution of the core shape does
not affect the direction of particle circulation within the core but does impact their magnitudes. The third, most
interesting evolution regime for vortices in currents is the unbounded stretching of vortices in the horizontal plane
by background flows. This behavior is accompanied by interesting hydrophysical phenomena, leading to the for-
mation of long and thin vortex structures in the horizontal plane. As they stretch, these structures gradually lose
their vortex properties: their circulation speeds decrease, both kinetic and potential energies diminish. According
to theory [23], energy decreases both within the vortex cores and in the outer zone surrounding the core. Energy
losses during vortex stretching have been confirmed by observational data [6, 24]. These energy losses are not re-
lated to friction. It is natural to expect that in geographical areas where vortices stretch, the energy lost by vortices
is returned to the background flow.

A rigorous mathematical substantiation of the vortex stretching mode is meticulously detailed in the works [19,
20, 12, 24]. This justification builds upon the theory of mesoscale quasi-geostrophic eddies characterized by potential
vorticity in the core, which takes the form of a deformable ellipsoid. Further advancements of these concepts can be
found in articles authored by David Dritschel and his students (e. g., [25—28] and related references).

When mesoscale vortices are stretched within a deforming flow background, one can expect energy transfer from
vortices to filaments, and subsequently, from mesoscale to submesoscale movements. This constitutes a direct energy
cascade, closely associated with the unbounded stretching of vortices into filaments. Theoretical calculations suggest
that significant elongation of the vortex core can lead to a reduction in vortex energy by 20—60 % [24]. Given that the
physical system comprises solely vortices and a flow, it is reasonable to anticipate that the “lost” vortex energy will
be redistributed back into the flow.

Returning to the concept of an ensemble of eddies as a manifestation of geophysical turbulence, where eddies
originate from the flow and subsequently engage in energetic interactions with it, this phenomenon of energy recov-
ery from turbulence within the flow is referred to as the reverse energy cascade, or alternatively known as the “nega-
tive viscosity phenomenon” [29].

2. Research Objectives

The primary objective of this study is to elucidate the physical conditions that lead to the transformation of eddies
into elongated filaments within the World Ocean. This transformation is driven by the influence of uniformly vortical
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background flows, which exhibit linearity in horizontal coordinates. Additionally, we aim to quantify the proportion
of mesoscale eddies undergoing this elongation process, ultimately facilitating the redistribution of energy from the
mesoscale to the submesoscale.

3. Basics of the theory

The foundational principles of ellipsoidal vortex theory are comprehensively outlined in various works (see the
reference list in [18]). In this approach, the change in the shape of vortex cores is associated with the deforming prop-
erties of large-scale currents, namely, the presence of a nonzero deformation coefficient in the currents. The alter-
ation of the vortex core shapes in response to the deforming properties of the currents is a key aspect in understanding
vortex evolution in hydrodynamic flows. Let’s delve into this thesis in more detail.

If the characteristic horizontal size of background barotropic flows noticeably exceeds the horizontal size of
vortex nuclei, then it is permissible to decompose the background flow field i, (x, y) = (ub (x, y), vy (x, y)) in Taylor’s
row in the vicinity of the vortex center (xy(?), yo(7)), where u,(x, y) and v,(x, y) are the background components of the
velocity field. In this case, we can limit to linear terms in horizontal coordinates:

”b(x’y) = ub(xo’y0)+el(x_xO)_Yl(y_yO)’

1
V[,(an’):Vb(x()»yo)+Y2(x_x0)_el(y_y0)‘ .

. . . . e Y1 ).
Here x and y are horizontal coordinates. The signs of the set of the coefficients (Yl el J in (1) are chosen for con-
2 T4

ou, Ov
venience reasons for further use. In this case, the incompressibility condition 8_b + 8_b =0 is done automatically by
X

y
default, and (y, +7v,) = rot i, (x,y) . The coefficients e, v,, y, will change when rotating the coordinate system (x, y).
However, there is always a coordinate system in which the coefficients y, and y, are equal, i. e. y; =Y, =7 . The coef-

Y1

e
ficient e, in the same coordinate system will take some value e. As a result, the matrix { ! J will take a simpler

Y2 —€

e — 1 ~
form (y Y] . The coefficient v = E’Wz”b (x,y ) is the angular velocity of rotation of the fluid particles of the back-

ground flow, and the coefficient e, called the deformation coefficient, is responsible for the deformation properties of
the background flow. Such flows are called flows with equal vorticity, in which the behavior of ellipsoidal vortices was
studied [21, 22, 18]. The properties of ellipsoidality and equal vorticity of background flows make it possible to write
out the main physical characteristics of vortices in the form of algebraic relations, which significantly simplifies the
study. In the absence of background flow, the vortex does not deform, and its shape (ellipsoid) rotates around a ver-
tical axis with a constant angular velocity. The particles in the core overtake the rotation of the shape. The presence
of a non-zero deformation coefficient e leads to a change in the shape of the core. At the same time, the vortex itself
moves as a whole with the speed of an undisturbed background flow. The presence of movement as a whole has noth-
ing to do with vortex deformation.

Then, we consider the barotropic flow i = (u,v,O) with the linear dependence of the flow velocity on the hori-
zontal coordinates:
u=uy+ex—yy

(@)

V=V, +yx—ey

ft:(u,v,O):{

Here u,, and v, are the flow velocity components in the vortex center x = 0, y = 0. In such a flow, the center of the
vortex moves, as a whole, with the speed of the external flow (i, v,) and simultaneously rotates and deforms. We are
only interested in the deformation component of the vortex evolution. The relations (2) include two flow parame-
ters, i. e. e and y. Both of them describe the inhomogeneity of the flow, i. e. the dependence of the flow on the coor-
dinates. The coordinate system for equations (2) is chosen in such a way that the coefficients for the y-component of
velocity (i. e. — 7y) and for the x-component of velocity (i. e. ) are the same in modulus, but opposite in sign, so
ou ov . . . .
e= ™ = ™ follows from the divergence-free flow (2). This type of coordinate system can always be derived from
X y
any other coordinate system with a vertical axis z, where the velocity vector has an arbitrary linear relationship with
the horizontal coordinates of the barotropic flow. This is achieved by rotating the coordinate system around the ver-
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tical axis z. Kida [15] employed what is commonly known as the “convenient” coordinate system when investigating
the evolution of the Kirchhoff vortex within the flow. The relevance of the chosen coordinate system to the general
case of an arbitrary coordinate system or the traditional coordinate system used in oceanography, where the x-axis
points East, the y-axis points North, and the z-axis is vertical, is clarified in Appendix III. In the case of barotropic
flow, the center of the vortex moves with the velocity of the external flow, converging at the center of the ellipsoid.
The vertical semi-axis (c) remains constant, while the horizontal axes undergo changes so that the product a(?) X b(r)
is preserved where a is the large semi-axis, b is the small semi-axis, and c is the vertical semi-axis of the ellipsoid.

The potential vorticity of the background flow in terms of flow parameters is 2y. The potential vorticity describes
different types of flows at different ratios of e and y. When |y| > |e| , the background flow is a movement along closed
current lines in the form of ellipses. When |y| = |e| , the background flow is a rectilinear flow with a shift. When |y| < |e|
, the current lines of the background flow are a set of hyperbolas.

The problem is reduced to the evolution in time of two horizontal semi-axes of the ellipsoid a(7) and b(?), i. e. to

a system of two differential equations for the ratio of the semi-axes € = b and orientation angle 6 of the larger hori-

zontal semi-axis of the ellipsoid a to the coordinate axis x (see please proofin [18]). In the general case, the variable
intrinsic angular velocity of rotation of the shape of the vortex core Q(g, K) depends on the horizontal elongation of

a . N ¢ .
the vortex core €= 5 and the parameter of the vertical oblateness of the vortex core K = 7ﬁ , where N is the
a

Vaisala-Brunt frequency, fis the Coriolis parameter, and c is the vertical semi-axis. The change in the core shape is a
result of the deformation coefficient e in the background flow (1). Physically, the deformation of the core shape is
attributed to the spatial non-uniformity or variability in the background flow, and o is the excess potential vorticity of
the vortex core over the potential vorticity 2y background flow (1). A discussion about potential vorticity is given in
Appendix 1.

When transitioning to dimensionless variables, it becomes evident that on the phase plane (g, sin260). The trajec-
tory of the integral curve, which describes the evolution of a vortex, is contingent on three dimensionless parameters:
v/e, /e and K. The advantage of utilizing a dimensionless set of variables y/e, 6/e, and K is as follows: y/e pertains
solely to the description or characterization of the background flow, /e shows the relative intensity of the vortex, and
K Is the geometric factor that describes the vertical flatness of the vortex core. Small values K < 1 correspond to thin
vortices, and large values K > 1 correspond to thick ones. When subjected to barotropic flow (1), the parameter K
remains constant, even as the vortex core undergoes deformation. The deformation of the core shape is a result of the
deformation coefficient “e” in the background flow (1), and it is also influenced physically by the spatial non-unifor-

mity of the background flow. When calculating the parameter ||, only the effect of the background flow (and the

exclusion of vortex dynamics) is considered. We used the smoothing of geostrophic velocity fields by the moving av-
erage method with a window of a width of 1° X 1°. A moving average smoothes the data by consolidating the spatial
data points into longer units of space (see please [30]).

For constant coefficients “¢” and “y,” the system of differential equations is solved using quadrature methods
[18]. As a result of this solution, it is derived that any integral curve in the parameter plane (e; sin2q) describes the
evolution of a specific vortex, contingent upon the background flow parameters “e” and “y,” the vertical oblateness
parameter of the vortex core “K,” and the integration constant “C,” subject to a physical constraint: |sir1 29| <l.A
rigorous mathematical derivation of the relevant formulas can be found in [18, 5, 31, 32]. It’s worth highlighting that
in this context, the plane (g; sin20) is the phase plane. In the context of the flow described by formula (1), there are
three possible behaviors for the shape of ellipsoidal vortices:

(1) Two periodic modes: These include the rotation mode and the mode where the core shape oscillates periodically.

(2) The mode of unlimited elongation of the core in the horizontal direction: This occurs under the influence of
uniformly vortexed linear flows in coordinates.

These behaviors are observed within the plane of study.

In the realm of ellipsoidal vortex theory, we utilize a previously established map depicting the theoretical be-
havior of vortices in barotropic flows, employing dimensionless coordinates for convenience. A key finding from
this map is the existence of a region denoting imminent vortex stretching, represented by the color purple. Rather
than delving into the theory itself, we rely on it, drawing upon [5, 31, 32]. The constancy of the parameter K for
each vortex enables us to investigate the presence of each of the three modes (rotation, nutation oscillations, and
unlimited extension) characterizing vortex behavior within the parameter plane. (y/e, o/e). Figure 2 shows for the
selected value K= 0.2 the structure of zones with different behavior of phase trajectories on the parameter plane (y/e,
o/e). According to the theory, the parameter K remains constant during the evolution of vortices in barotropic flows.
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However, it can vary from one vortex to another, and it may also change over time in response to fluctuations in the
Viisala-Brunt frequency. We have chosen a characteristic value of K as 0.2, which represents a typical value for the
majority of mesoscale vortices.

In the ocean, the characteristic value of the ratio N/fis approximately 20. The ratio of the vertical scale to the
horizontal scale for vortices is relatively small, typically around 0.01, which means that the product of 20 X 0.01
equals 0.2. If the horizontal dimensions of the vortices increase, the value of K becomes even smaller. Conversely,
decreasing the horizontal dimensions is associated with a reduction in vertical dimensions, but the overall value of K
remains in the order of 0.2.

y/e

-100 -80 -60 -40 -20 O 20 40 60 80 100
c/e

Fig. 2. In the parameter plane (c/e, y/e), there are three distinct modes of
behavior for vortices, and they are separated by four curves that originate
in pairs from specific points with K= 0.2 [5]

These modes are as follows:

Rotation Mode: Vortices primarily exhibit rotation behavior. This mode is represented by one of the three distinct
areas in the parameter plane.

Nutation Oscillation Mode: Vortices display nutation or oscillatory behavior. This mode is represented by another
distinct area in the parameter plane.

Unlimited Extension (Horizontal) Mode: Vortices elongate significantly in the horizontal direction. This mode is
the third distinct area in the parameter plane.

The four curves, which emerge in pairs from specific points, serve as boundaries or transitions between these
three modes. These curves define the regions where one mode transitions into another. The specific coordinates and
equations for these curves would be determined by the characteristics of the study and the equations governing vortex
behavior.

Three distinct areas are identified along the ordinate (vertical) axis, with each area having specific characteristics
or behaviors |y / e| > 1, there are only oscillatory and rotational modes (red color, the area extends to infinity); in the
area of |y / e| <1, all three modes are allowed, which are separated from each other by four curves emerging in pairs

from points (0; 1) and [i(gj ,* IJ.
€y

As a result, the strip |y / e| <1 is divided into three zones symmetrical concerning the origin:

* Inthe parameter plane, there is an external (green) region where all three modes of vortex behavior are allowed:
rotational, oscillatory, and elongating. This external green region encompasses the entire parameter space, indicating
that vortices within this area can exhibit any of the three modes of behavior without any specific restrictions.

* In the parameter plane, there is an intermediate (yellow) region where only two modes of vortex behavior are
allowed: oscillatory and unlimited stretching. Vortices within this yellow region can exhibit either oscillatory behavior
or unlimited stretching behavior, but rotational behavior is not observed in this zone.

« In the parameter plane, there is an internal (purple) region where only one mode of vortex behavior is allowed:
unlimited vortex core stretching. Vortices within this purple region predominantly exhibit the behavior of elongating
their core in an unlimited manner. Rotational and oscillatory behaviors are not observed within this zone.
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Qualitatively, this behavior can be explained as follows:

According to the equations describing the evolution of vortices in a flow (as presented in [18]), two key factors
influence the vortex shape:

(1) Intrinsic Rotation: The vortex shape inherently rotates on its own.

(2) External Flow Interaction: Additionally, the vortex shape is further twisted by the rotational component of
the external flow.

The elongation of the vortex is closely related to its rotation. For the vortex to elongate continuously, it requires
a significant reduction in the rotation of its shape. This reduction in rotation occurs when the signs of the potential
vorticity parameter (o) and the parameter (y) representing the external flow’s rotational component are different.

In other words, when o and y have opposite signs, they tend to counteract each other’s rotational effects, leading
to the elongation of the vortex core. This explains why the internal (purple) region in the parameter plane is associ-
ated with unlimited vortex core stretching since in this region, the signs of o and vy are such that they minimize the
rotation of the vortex’s shape, allowing for its elongation.

Indeed, when the signs of the potential vorticity parameter (o) and the parameter (y) representing the external
flow’s rotational component are the same, several key behaviors result:

(1) Independent Rotation: The vortex rotates independently, maintaining its intrinsic rotational characteristics.

(2) Additional Twisting by Flow: The vortex shape is additionally twisted by the external flow in the same direc-
tion, amplifying its rotation.

As a consequence of this behavior, vortices with the same signs of o and v tend to reinforce their rotational
tendencies, making it challenging for them to elongate indefinitely. This is why, in the parameter plane, points cor-
responding to vortices with the same sign of vorticity are situated in the rotation zone. This zone signifies that these
vortices maintain their rotation rather than elongate significantly.

Conversely, weaker vortices with different signs of o and y experience a different outcome. These vortices are
primarily stretched by the flow, leading to the formation of vortex filaments. Conversely, vortices with the same signs
of o and vy are not stretched significantly by deformation flows.

This phenomenon explains the presence of weaker, smaller vortices with opposite signs of vorticity in the vicin-
ity of larger, more intense eddies. The weaker vortices, when close to the intense vortex of the same sign, tend to be
drawn out into filaments due to their susceptibility to stretching by the flow. This behavior aligns with the observa-
tions and findings discussed in [7, 33—35].

Thus, when |y / e| <1, a stretching mode is allowed, but only a stretching mode exists in the zone colored in
purple in Fig. 2. Indeed, when the conditions align such that ¢ and y have certain relationships, primarily when they
differ in sign, a stretching mode becomes allowed. In the purple-shaded zone on Fig. 2, only this stretching mode is
observed, indicating that vortices in this region predominantly exhibit the behavior of stretching their cores.

The availability of real-world information about the current field in various regions of the World Ocean allows for
the empirical determination of which regime (rotation, oscillation, stretching, or a combination thereof) is realized in
specific areas. These empirical findings can provide valuable insights into the behavior of vortices in different oceanic
regions. Despite the fact that the presented theory relates to the parameter K = 0.2, these results can be extended to
other parameters of the vertical flatness of the vortex if the dimension theory is applied. More details are provided in
the Appendix II.

The results of this empirical analysis, which identify the dominant vortex behavior in various parts of the World
Ocean, are expected to be presented in one of the upcoming sections. These findings will contribute to a better un-
derstanding of mesoscale oceanic phenomena and their impact on ocean circulation and dynamics.

4. Data and Methods

To achieve the objectives of the study, we rely on satellite altimetry data, which are compiled by merging mea-
surements from various altimetry missions, including Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2, Ja-
son-2, Jason-1, TOPEX/Poseidon, Envisat, GFO, ERS1/2. We utilized Sea Level Anomalies (SLA) and geostrophic
velocity components derived from dynamic topography data (ADT). These datasets were obtained from the Co-
pernicus Marine Environment Monitoring Service (CMEMS) portal (http://marine.copernicus.eu/). The data is a
comprehensive compilation of measurements from various altimetry missions, including missions such as Jason-3,
Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2, Jason-2, Jason-1, TOPEX/Poseidon, Envisat, GFO, and ERS1/2,
spanning from 1993 to the present.

This SLA data is a result of an interpolated dataset CMEMS with a spatial resolution of 0.25 degrees for both lat-
itude and longitude. The data is provided at a temporal interval of 1 day, as outlined in [36]. The most recent update
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of the dataset incorporates several improvements. These include the addition of a new sensor and atmospheric cor-
rections, recalibration of various altimeters, the integration of a new tide model, and an extension of the base period
for estimating mean sea level to 20 years, as documented in [37].

For this dataset, Sea Level Anomalies (SLAs) were computed relative to the Mean Sea Surface (MSS) data,
which is accessible through the Aviso+ portal (Archiving, Validation, and Interpretation of Satellite Oceanographic
Data, http://www.aviso.altimetry.fr/en/data/products/auxiliary-products/mss.html). The altimetry data covers the
period from 1993 to 2021. These enhancements and the utilization of the updated MSS data contribute to the accu-
racy and comprehensiveness of the dataset, making it valuable for various applications related to oceanography and
sea level analysis over this 28-year period.

In this work, we also use the data of the regional hydrodynamic model of the MITgcm (Massachusetts Institute of
Technology General Circulation Model) with a horizontal spatial resolution of about 4 km and 50 layers from 10 m in
thickness near the surface to 456 m near the bottom. A description of the model can be found in [38]. Oceanic bound-
ary conditions were taken from the optimal implementation of the global ECCO2 model, and the initial conditions
were taken from the World Ocean Atlas 2009 database. As forcing, the model uses atmospheric reanalysis data JRASS5
(Japanese 55-year Re-analysis).

In the context of studying the impact of background flow on vortices, an essential parameter is the dimensionless
number |y/e|, which characterizes the properties of background flow inhomogeneities. However, when attempting
to calculate |y/e| using altimetry data, where currents and vortices are intertwined, it becomes necessary to distin-
guish between the properties of currents and vortices. In this research paper, we employ a relatively straightforward
approach to address this issue. In the first step, we extract the values of the desired characteristics from the 0.25° al-
timetric data grid and place them onto a coarser 1° grid. This process results in the majority of vortices being filtered
out, as they fall into the coarser subgrid area. Nonetheless, some vortices still intersect with the nodes of the 1° grid,
introducing a degree of error into the analyzed flow. However, the averaging process smooths out the spatial inhomo-
geneities in the flow itself, making the real properties of the flows align more closely with the theoretical requirements
of large-scale flows. While it’s important to acknowledge that complete separation of flow fields from vortex fields
is not achievable through this method, it does significantly reduce the influence of vortices on the parameters y and
e. Consequently, it also diminishes the significance of vortex effects on the final parameter |y/e| characterizing the
background flow.

5. Results

Mesoscale vortices are one of the most common dynamic structures of the World Ocean, covering about 1/3 of
its area [1, 39]. In this section, we do not analyze the features of vortex formation in a particular region of the World
Ocean and its regional specifics considering various regions just as examples. We also do not analyze the spatial and
temporal variability caused by mesoscale vortices. We are interested in a property of vortices in the ocean that has not
been studied before, namely, the ability of vortices to stretch into filaments. We demonstrate this property for one
randomly selected date July 1, 2022. We believe that choosing a different date will not significantly change the esti-
mates obtained. We consider the property of vortices to elongation for the World Ocean and for individual regions,
the choice of which in this study also does not matter significantly.

We proceed to calculate the proportion of mesoscale eddies that undergo unlimited elongation into submeso-
scale filaments under the influence of a barotropic current in different regions of the World Ocean. For this analysis,
we shift to a geographical coordinate system where the x-axis is oriented to the east, and the y-axis is oriented to
the north. In Figure 3, we observe a patchy distribution across the World Ocean, with regions exhibiting properties
lv/e| > 1 (indicating that vortex stretching into filaments is not allowed) and properties |y/e| < 1 (representing the re-
gime of unrestricted vortex stretching).

This analysis seeks to quantify the prevalence of mesoscale eddies transitioning into submesoscale filaments in
various oceanic areas, shedding light on the geographical distribution of this phenomenon and its implications for
ocean dynamics.

Estimates of domain scales at latitudes around 30° North and South indicate that the characteristic size of the
i
e

“spots” is approximately 200 kilometers. Meanwhile, the size of the larger “spots” with a brown color [ > 1} is less

Y

< lj. It means that S_; — the integral areas of the regions corresponding to
e

than the size of large “spots” of blue[

the regime of unrestricted elongation of mesoscale vortices into filaments are greater than the areas of regions where
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Fig. 3. The geographical distribution of the parameter Y in the World Ocean was obtained from altimetry data

e

using spatial averaging via the moving average method with a window width of 1°. This data is dated July 1, 2022,

and it provides insights into how this parameter varies across different oceanic regions. In this representation, a

brown color is used to denote spots with a certain characteristic |y/e| > 1, indicating that vortex stretching into fila-

ments is prohibited. On the other hand, a blue color is employed for spots with a different characteristic y/e| < 1,

signifying that the regime of unlimited vortex stretching is taking place in those regions. These color distinctions
help visualize the distribution of vortex behavior in the World Ocean based on the specified criteria

elongation is prohibited. Indeed, our estimates demonstrate a specific ratio S, to the total surface area S of the World

S L . . . .
Ocean ?1 =0.60 . When we calculate the same ratio using altimeter data with a spatial resolution of 0.25 degrees, we
obtain % =0.66 . The ratio of the integral areas represented by the blue color S, and the areas of brown color S,

S ) .S . . . .
on a one-degree grid without averaging is —=L ~ 1.9, and it is —=L ~ 1.5 with spatial averaging. From the analysis, it
>1 >1
can be deduced that the integral area of the World Ocean domains where eddies can elongate is larger than the inte-
gral area of domains where elongation is prohibited. The estimated ratio of areas, both with and without field averag-
ing, is expressed as follows:

1.5<§

>1

<19, 3

0.60 <%<0.66. ()

It’s important to note that the maps (Fig. 3—5) are considered for a single date each and that the spatial smooth-
ing is applied individually for each date. To assess the seasonal variations and interannual variability in the spatial

e , we conducted analyses using appropriate time-averaging techniques for the period

e
spanning from 1993 to 2021. The results of these averaged calculations are presented in Tables 1 and 2, allowing us to
gain insights into the parameter’s behavior over this extended time frame.

Hence, the ratio of integral areas across various types of domains displays minimal variation from one season to
another. This consistency is maintained even during interannual fluctuations, as evidenced by the data presented in
Table 2.

distribution of the parameter
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Table 1
The seasonal variations in the ratios of integral areas corresponding to different types of domains
World Ocean Northwest Pacific Arabian Sea and the Bay of Bengal
Winter 1.49 0.60 1.73 0.63 1.18 0.54
Spring 1.49 0.60 1.68 0.63 1.43 0.59
Summer 1.48 0.60 1.65 0.62 1.77 0.64
Autumn 1.44 0.59 1.64 0.62 1.52 0.60
Table 2
The interannual variability in the ratios of integral areas corresponding to different types of domains
World Ocean Northwest Pacific Ocean Arabian Sea and the Bay of Bengal
1993 1.51 0.60 1.91 0.66 1.49 0.60
1994 1.49 0.60 1.92 0.66 1.52 0.60
1995 1.52 0.60 1.83 0.65 1.43 0.59
1996 1.48 0.60 1.75 0.64 1.43 0.59
1997 1.50 0.60 1.86 0.65 1.35 0.58
1998 1.54 0.61 1.97 0.66 1.39 0.58
1999 1.47 0.60 1.86 0.65 1.30 0.57
2000 1.48 0.60 1.99 0.67 1.47 0.60
2001 1.48 0.60 2.09 0.68 1.58 0.61
2002 1.49 0.60 1.83 0.65 1.45 0.59
2003 1.49 0.60 1.99 0.67 1.48 0.60
2004 1.49 0.60 1.85 0.65 1.34 0.57
2005 1.51 0.60 2.11 0.68 1.44 0.59
2006 1.49 0.60 1.96 0.66 1.31 0.57
2007 1.51 0.60 1.78 0.64 1.74 0.64
2008 1.50 0.60 1.73 0.63 1.27 0.56
2009 1.49 0.60 1.69 0.63 1.36 0.58
2010 1.48 0.60 1.62 0.62 1.63 0.62
2011 1.51 0.60 1.69 0.63 1.66 0.62
2012 1.50 0.60 1.71 0.63 1.57 0.61
2013 1.51 0.60 1.95 0.66 1.42 0.59
2014 1.48 0.60 2.08 0.68 1.49 0.60
2015 1.49 0.60 2.08 0.68 1.30 0.56
2016 1.50 0.60 1.65 0.62 1.46 0.59
2017 1.56 0.61 1.98 0.66 1.60 0.62
2018 1.50 0.60 1.66 0.62 1.40 0.58
2019 1.50 0.60 1.93 0.66 1.39 0.58
2020 1.49 0.60 1.90 0.65 1.43 0.59
2021 1.50 0.60 1.99 0.67 1.50 0.60
The averages calculated for the pe-
riod spanning from 1993 to 2021. 130 0.60 1.69 063 1.40 0.58

Figures 4—6 depict the spatial distributions of domains with distinct characteristics within specific regions of the
World Ocean. These figures prov1de visual 1ns1gh§s into how these properties vary across various oceanic areas. Table 1
depicts the seasonal variability of /a and <1 distributions for the World Ocean, Northwest Pacific, Arabi-

an Sea, and the Bay of Bengal individually. Table 2 demonstrates the interannual variability of S% and Sﬁ%
>1
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distributions for these basins. They reveal the insignificant seasonal and interannual variability inside every basin
because there are small differences in values of these characteristics. However, there are differences for the various
areas which is understandable since the intensity of the vortex dynamics varies for different areas. Figures 4 and 5
demonstrate these distributions for the chosen date (July 1, 2022) as well as for the different seasons which corre-
spond to the values in Table 1.
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Fig. 4. The geographical distribution of the parameter H for the Northwest Pacific was derived from altim-

etry data using spatial averaging via the moving average method with a window width of 1°. The top figure

presents the distribution for July 1, 2022, and the lower figures demonstrate the seasonal variability for

1993—2021. A brown color is indicative of spots with a specific characteristic |y/e| > 1, denoting that vortex

stretching into filaments is prohibited. Conversely, the blue color is used to designate spots with a different

characteristic |y/e| < 1, signifying that the regime of unlimited vortex stretching is occurring in those regions.

These color distinctions help visualize the distribution of vortex behavior within the Northwest Pacific
Ocean based on the specified criteria
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Fig. 5. The geographical distribution of the parameter H for the Arabian Sea and the Bay of Bengal of the Indian
e

Ocean was derived from altimetry data using spatial averaging via the moving average method with a window width
of 1°. The top figure presents the distribution for July 1, 2022, and the lower figures demonstrate the seasonal vari-
ability for 1993—2021. A brown color is indicative of spots with a specific characteristic [y/e| > 1, denoting that vortex
stretching into filaments is prohibited. Conversely, the blue color is used to designate spots with a different charac-
teristic |y/e| < 1, signifying that the regime of unlimited vortex stretching is occurring in those regions

It’s noteworthy that the ratio of integral domain areas S, (representing vortex stretching and other properties) to
the total area of the ocean (S) has exhibited remarkable stability, consistently remaining at 60 %. This finding implies
that mesoscale eddies in the ocean have the capacity to stretch, but the overall integral areas where this property is
observed remain relatively constant.

Therefore, we observe another conservation principle at play, which we refer to as the “law of conservation of the
integral area of the World Ocean,” where the ratio of integral domain areas to the total ocean area remains approx-
imately constant at 60 %. This signifies that regions in the World Ocean where mesoscale eddies can elongate into
vortex filaments maintain their overall integral area over time. Similarly, the integral area of regions where stretching
is prohibited remains conserved. Typically, these regions correspond to areas where quasi-stationary eddies are lo-
cated, such as the Lofoten Basin eddy (as discussed in [30, 40], or in areas where large rings are formed, such as the
Agulhas Current region (as observed in [41, 42]). This conservation phenomenon suggests that these regions with
specific eddy characteristics maintain their integral areas consistently over time.
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6. Discussion and Conclusion

Within mesoscale vortices, the field of relative vorticity tends to remain relatively uniform because the develop-
ment of filaments within the cores of these vortices is limited. While filaments can form outside the vortices, they
tend to dissipate quickly due to diffusion. As a result, dynamically active regions like the Agulhas, Gulf Stream, and
Kuroshio may contain areas with both filamentary structures and smoother features.

The question arises: do the regions |y/e| > 1 really identify the property of ocean dynamics, where there is a prohi-
bition of vortices to elongation? For this purpose, we compare the various characteristics characterizing the presence
of a vortex in a given area with standard parameters that are commonly used in vortex analysis. We are talking about
relative vorticity and the Okubo-Weiss parameter. The object of comparison is a quasi-permanent anticyclonic Lo-
foten vortex. A notable feature of the Lofoten anticyclone is that it has a topographic nature and is quasi-permanent.
This means that the vortex is constantly in approximately the same place.

The Lofoten Vortex is of great interest to researchers, being a unique natural laboratory for studying vortices in
nature. It is represented by a lens of warm salt water at a depth interval of 300—1000 m with a horizontal scale of about
60—80 km. According to glider data, the radius of the vortex core is 18 & 4 km [43]. The existence of a quasi-constant
anticyclonic Lofoten Vortex in the basin is confirmed by in situ measurements [11, 43—49], satellite data [30, 33,
50—52], and hydrodynamic modeling data [33, 38, 48, 53—58]. Its most probable location in the Lofoten Basin is
limited to 69°—70° N and 2°—5° E. The Lofoten Vortex is in continuous motion mainly along isobaths in a cyclonic
direction at a speed of 3—4 cm/s relative to the center of the basin. The maximum orbital velocities in the vortex are
50—70 cm/s.

Let’s focus on the stretching impact of the flow near the Lofoten anticyclone. In this context, “flow” encompass-
es the combined influence of the background flow and the flow generated by the Lofoten vortex itself. This combina-
tion of flows leads to the creation of elongated vortices in the vicinity of the Lofoten anticyclone. Figure 6a displays
the relative vorticity field in the mid-flow. In the depicted figure, the vortex core is characterized by a negative vor-
ticity on the order of —3x 1072 s~!, represented by the blue color. In the vicinity of the vortex, there are regions with
positive vorticity of a similar order, indicated by the brown color. The Rossby number in this area does not exceed
0.25 (with the Coriolis parameter f= 1.371x10~*s~! at 70° N). Furthermore, the analysis includes the calculation of
the strain rate or deformed flow field, following the Okubo-Weiss formulation (as described in [59, 60]). This addi-
tional analysis provides insights into the deformation characteristics of the flow field within this region (Fig. 6b):

2 2 2
v_ou_¢g (6_21_’_6_21} is the relative vorticity, s, :a_u_@ = _28 0h and s, =
ox? oy ox oy f oxoy

W =st+s2—C*, where (= =
ox oy f

2 2
= v, ou & Oh_oh are both normal (s,) and shear (s;) components, and /4 is the SLA. It’s observed that in
x oy flaxr o’

regions where relative vorticity predominates, the Okubo-Weiss parameter tends to be negative (W < 0). Conversely,
in areas where vortex movements within the currents are less pronounced, the Okubo-Weiss parameter tends to be
positive (W > 0). The Okubo-Weiss parameter is a valuable tool for identifying regions where the shear and normal
components of flow exceed the relative vorticity values. When this parameter is negative, it indicates that particle
rotation dominates in the fluid. Conversely, when it is positive, it suggests that shear and normal stress components
are dominant. Importantly, the Okubo-Weiss parameter can be negative for both cyclones and anticyclones, signify-
ing its utility in characterizing a range of oceanic phenomena.

It’s important to emphasize that Figures 6¢ and 6d illustrate the absence of stretching in the area where the core
of the Lofoten anticyclone is located. High vortex activity is observed in the Lofoten basin, while a wide variety of
vortex core shapes is observed — from almost round to strongly elongated horizontally or writhing filaments [33, 34,
40,42, 7, 50, 61]. The main feature of the Lofoten basin is the quasi-permanent anticyclonic Lofoten vortex, which is
depicted as a localized formation with limited deformations. Based on this observation, we assume that submesoscale
vortices located in the brown-shaded zones should exhibit similar behavior. Therefore, we conclude that unlimited
stretching of small vortices is permitted in the vicinity of the core, within a region approximately equivalent to the
diameter of the vortex’s core. In this region, vortices have the potential to transform into filaments.

When we compare Fig. 6, a and 6b with 6¢ and 6d, a clear pattern emerges. The brown regions in Fig. 6¢ and 6d
predominantly align with the areas occupied by large-scale vortex structures. In Fig. 6a, we can observe two distinct
vortices, one being an anticyclone and the other a cyclone. The center of the anticyclone, which is shown in blue in
Fig. 6a (negative relative vorticity) has coordinates 69.7° N, 3° E, and the center of the cyclone, which is shown in red
in Figure 6a (positive relative vorticity) has coordinates 70.3° N, 4.8° E. It is noteworthy that the cyclone and anticy-
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Fig. 6. The spatial distribution of various characteristics in the Lofoten Basin area on June 10, 2010, is depicted as follows: @ — the
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to MIT data. Brown color in ¢) and d) indicates areas, where stretching of vortices is prohibited, while blue color corresponds to
zones where vortices can be stretched

according

according to altimetry; d — the parameter

relative vorticity; b — the Okubo-Weiss parameter; ¢ — the parameter

clone regions show the areas in Figure 6¢ where stretching is vortex-prohibited. Remarkably, these vortices are also
prominently indicated in the Okubo-Weiss parameter field (Fig. 6b). The differences in the location of the regions in
Figures 6a and 6b are also understandable since the relative vorticity and the Okubo-Weiss parameter are calculated
using different formulas based on data with a spatial resolution of 0.25°. Additionally, let’s take into account the im-
portant fact that second-order differential derivatives are calculated to construct the distributions for £ and W.

The differences in Fig. 6¢ and 6d are determined by the fact that they are based on different datasets. Fig. 6¢ is
based on altimetric data with a spatial resolution of 0.25°, and Fig. 6d is based on data from a high-resolution hydro-
dynamic model MIT with a spatial resolution of 4 km. It would be very naive to expect a 100 % coincidence of the
patterns in the figures constructed using different datasets. On the whole, Fig. 6 reinforces the notion that these large-
scale vortices are unable to undergo stretching, as implied by brown-shaded areas in the parameter map (Fig. 6¢ and
6d). In other words, these stable vortexes are located in the areas where it is a prohibited vortex stretching.

In addition, there are natural limitations due to the framework of the basic theory. Recall that the theory de-
scribes barotropic flows with baroclinic vortices, which we approximate by ellipsoids. Of course, this is to a certain
extent a first approximation. In the real ocean, things are much more complicated.
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A fascinating new characteristic of the World Ocean’s eddies has been uncovered. It appears that, under the
influence of the deforming effects of large-scale currents, certain mesoscale eddies are undergoing stretching, trans-
forming into filaments. This investigation was conducted using GLORYS12V1 reanalysis data at a spatial resolution
of 1/12°, as documented in [5, 6, 31, 32]. However, it has been discovered that this property also applies to altimetric
data with a spatial resolution of 0.25°, showcasing the universality of this phenomenon across different datasets and
resolutions.

As previously established, there is a notable and consistent preservation of the ratio (approximately 60 %) be-
tween the total areas where the stretching of vortices into filaments is allowed and the areas where such stretching is
prohibited within the ocean. It is noteworthy that the integrated area of regions where vortices can stretch into fila-
ments predominates over other areas. This ratio remains consistent not only for the entire World Ocean but also for
specific oceanic regions, highlighting its universality across different scales of observation.

As vortices undergo stretching, the initial energy concentrated within their characteristic horizontal dimensions
is redistributed to smaller scales, roughly aligning with the horizontal width of the resulting filaments. This mecha-
nism represents one of the possible pathways for energy transfer from mesoscale formations to submesoscale motions.
This process can be seen as an example of how a portion of energy transitions from the mesoscale to the submesoscale.
This mechanism may be considered as the primary method of energy transfer between these scales, illustrating how
energy is effectively transferred from larger eddies to smaller-scale features in the ocean.

If we consider a collection of mesoscale eddies in the presence of a large-scale background flow as a geophysical
quasi-two-dimensional turbulence, such a system can also undergo a reverse energy redistribution process. In this
process, energy transfers from smaller scales to larger ones due to the merging of eddies. However, it’s essential to
note that merging occurs primarily when vortices are closely spaced. In the context of two-dimensional fluid dynam-
ics, the critical distance between the nearest boundary points of flat vortices is approximately 0.6 times the initial vor-
tex scale, as described in [62]. Nevertheless, it’s important to recognize that two-dimensional hydrodynamics offers
only a simplified representation of the actual behavior of ocean eddies, and the real dynamics can be more complex
and three-dimensional. In the context of three-dimensional hydrodynamics in the ocean, especially for thin eddies
(which make up the majority of baroclinic eddies in the ocean), the estimated critical distance for merging is relatively
small. In such cases, the merging process requires vortices to come very close to each other, almost making physical
contact, as detailed in [18]. This indicates that the dynamics of eddy merging in the ocean can be quite intricate and
may differ significantly from the simplified scenarios presented in two-dimensional fluid dynamics.

The process of vortices merging occurs quite rapidly. Therefore, within a collection of eddies, it’s expected that
closely positioned individual eddies will merge early in their development. Over time, the remaining localized vorti-
ces will interact with each other in a manner that resembles their behavior as point vortices. This interaction with the
background flow primarily affects the vortices and can result in a significant portion of them stretching into filaments.

During the initial phase of the evolution of an ensemble of vortices in the presence of a deforming flow, it’s rea-
sonable to anticipate energy transfer from vortices to filaments. However, the specific mechanisms of vortex energy
transfer across the spectrum of scales remain somewhat unclear. Nevertheless, based on the authors’ observations,
the process of vortices transforming into filaments seems to dominate over the process of vortices merging. This
ultimately leads to a comprehensive redistribution of vortex energy from the mesoscale to the submesoscale in the
oceanic dynamics.

The assessment of vortex energy has revealed an interesting pattern: as a vortex extends in length, its energy levels,
including kinetic energy, available potential energy, and the combined energy of both types, decrease concurrently
with the stretching of the vortex core. Theoretical calculations have indicated a substantial decrease in vortex energy
when the core undergoes significant elongation, ranging from 20 % to 60 %. These same investigations were applied
to the study of real eddies in the Lofoten Basin (as detailed in [24]), where both qualitative and quantitative alignment
with theoretical findings was demonstrated.

This raises a natural question: where does the energy lost during the elongation of the vortex go?

Considering that our physical system consists solely of a vortex and a flow, it’s reasonable to expect that the
vortex’s energy will be redistributed to the flow. In the context of an ensemble of eddies as a form of geophysical
turbulence, where eddies arise from a flow and subsequently engage in energetic interactions with it, the phenome-
non of energy being returned from turbulence to the flow is known as negative viscosity. This phenomenon is highly
intriguing and not yet fully understood. Interest in negative viscosity has grown since Victor Starr’s publication [29].

In the context of the research, it can be asserted that you have encountered the phenomenon of negative viscosi-
ty, and you are even able to identify areas on the map of the World Ocean where this negative viscosity is expected to
manifest itself. This suggests that the study contributes to a deeper understanding of the complex dynamics of energy
transfer and redistribution within the oceanic system.
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u

These areas can be characterized as domains with the property |-/ <1. All these zones are depicted in blue color
e

in Fig. 3—5, where the combined area of the identified negative viscosity zones is extensive, encompassing approxi-
mately 60—66 % of the total area of the World Ocean. However, it should be noted that many physical processes

Y

unresolved by || maps also can contribute to the sign of viscosity (e. g. instability of the mixed layer, frontal instabil-
e

ity, vortex instability, vortex interactions, etc.).

In our work, we neglected the interaction of vortices with vortices, leaving only the interaction of vortices with
background currents. Let’s try to understand at a qualitative level what new things should turn out if we take into
account this interaction. The following happens in the ensemble of interacting vortices. Closely spaced vortices of
the same name will merge, and weak vortices will stretch out into filaments. Larger vortex centers surrounded by
vortex filaments will appear in the considered ensemble. According to our theory, the size of vortices does not play
any role in the ability of vortices to stretch in background flows. Only the potential vorticity of the liquid in the core is
important. The background flow, acting on such an altered vortex field, will also pull part of the large vortex centers
into filaments. As a result, there will be more vortex filaments than in the case of a simple effect of flows on vortices.
The purpose of our work is to show that the conditions for the formation of filaments from vortices are formed in the
ocean. Taking into account the interaction of vortices with each other, these conditions will only intensify.

APPENDIX 1

. . C . . . + rot i
In the barotropic ocean, the term potential vorticity is used in the law of conservation of magnitude f—z ,

where H is the thickness of a homogeneous liquid layer. For a barotropic background flow rot_ii =2y . Here you re-
ally need to consider (f+ 2y). However, in our problem we consider a baroclinic ocean and baroclinic vortices, but

o fro

with a barotropic background flow. The potential vorticity in our case is different: o = roz u + a—Fa—w (y is the
4 c4

. . +rotu . . . L . -
current function) and does not match with sz neither in physics nor in dimension. Therefore, it is not neces-

sary to add fand rof i in this study.

APPENDIX I1

To analyze the behavior of vortices in the flow (1), we apply the theory of dimension. In the background flow
U= (u,v,O) , the coefficients e and y have the same dimension m~!. An ellipsoidal vortex, in addition to three geomet-
ric dimensions — the lengths of the semi—axes, has another dimensional parameter o which means excess of the po-
tential vorticity of the core over the potential vorticity of the background flow. The potential vorticity of the barotrop-

. . . . - 1 _ . . .
ic background flow o coincides with the relative vorticity y = 5’"0’1”/)(% y) . The dimensions of o and the relative

vorticity of the background flow also coincide.

Let’s return to the geometric parameters of the vortex core. Let us denote the sizes of the horizontal semi-axes of
the vortex core as a and b, and the size of the vertical half-axis is ¢. Note that the problem of the evolution of an ellip-
soidal core is studied at a constant the Vaisald-Brunt frequency N [25—28, 18, and references herein). The problem
of vortex evolution is formulated in a mathematical space where the vertical z-axis is stretched (N)/ftimes (f'is the
Coriolis parameter). As a result, in such a vertically stretched space, the horizontal half-axes a and b of the ellipsoid

. . . . . . N
remained the same, and the vertical half-axis stretched (N)/ftimes. Denote the stretched axis as ¢ =—c . In baro-

tropic flows (2), the vertical semi-axis ¢ does not change, and the horizontal semi-axis change so that their product
a(t) X b(t) is also preserved. In this formulation, the vortex core has three dimensional geometric parameters a, b and
¢ , from which two dimensionless geometric parameters of the vortex can be made, and they are the parameter of

C
Jab

each vortex does not change, while € changes with time. From a set of other dimensional parameters of the problem

horizontal elongation e=a/b and the parameter of vertical oblateness of the core K =

. The parameter K for
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e,vand o, it is also possible to compose two dimensionless parameters (y)/e and (c)/e, which do not change over time
for each vortex in its flow. There is another dimensionless parameter in the problem, i. e. the orientation angle of the
vortex 0 or the angle of rotation for the certainty of the semi-axis of the ellipsoid a with respect to the x-axis of a con-
venient coordinate system. In this formulation, it is possible to reduce the problem of the behavior of a vortex in a
barotropic flow to the problem of the evolution of two variables over time of the vortex parameters € and 6 depending
on the remaining dimensionless parameters (c)/e, (Y)/e and K. In the complete mathematical formulation of the
problem, we should add the initial conditions for € and 6, denote them ¢, and 6.

As a result, the problem of vortex behavior in the flow (2) can be considered on the plane of dimensionless
parameters ((c)/e, (y)/e) for a set of fixed values of K. Let’s choose the most characteristic value of the flatness pa-
rameter K = 0.2. Of course, other values of K may also occur, so additionally consider K = 0.1 and K = 0.3. When
the parameter K is changed, the boundaries separating zones with different behavior of vortices in the band |(y)/e|<1
change. Decreasing the parameter K will expand the boundaries of the purple zone in Figure 2. Options for changing
the boundaries of zones of different vortex behavior at different values of K are shown in Figure Al. The coefficient of
boundary expansion (or the coefficient of boundary recalculation for other values of K) is proposed in Figure A2. The
same conversion factor is valid for the boundaries between the yellow and purple zones. Thus, the boundaries in Fig-
ure 2 are self-similar, i. e. they are obtained from each other by stretching or compressing the scale of the horizontal
axis (0)/e. From K= (0.2, we can obtain these boundaries for other values of K.

1.2Y

0.8
0.6
0.4
0.2

0
—0.2
—0.4
—0.6
—0.8
-1
—1.2
—200 —150 —100 -50 0 50 100 150 20

Fig. Al. The nature of the change in the boundaries of zones of different behavior of vortices at
different values K= 0.1, 0.2, 0.3 in the plane of dimensionless characteristics ((c)/e, (Y)/e)

N W 1NN
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0 K
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Fig. A2. The scaling factor L of the boundaries of the regions of different behavior of vortices
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APPENDIX 111

The famous scientist Kirchhoff [63] mathematically formulated and solved the problem of the behavior of a vor-
tex in the form of an elliptical equal-vortex region in a medium at rest at infinity for the case of an ideal fluid. Such a
vortex is called a Kirchhoff vortex and is an exact solution of the Euler equations for the case of plane hydrodynamics
of an ideal fluid. According to Kirchhoff, the behavior of an elliptical equal-vortex region was reduced to the rotation
of the ellipse (rotation of the shape of the vortex core) with a constant angular velocity without changing the lengths
of the ellipse axes. The fluid particles inside the elliptical vortex core overtake the rotation of the shape. The center
of the vortex stands still. All hydrophysical fields are continuous. In particular, the velocity field is continuous, but
the derivatives of the tangential velocity normal to the vortex boundary break at the boundary itself, therefore the
vorticity changes abruptly, which is included in the formulation of the problem. The speed inside the ellipse increases
from the center to the boundary of the ellipse, and it decreases outside the ellipse with asymptotic behavior 1/R at
large distances R. The next generation of researchers solved the problem of the evolution of the Kirchhoff vortex in
background flows.

The next generation of researchers solved the problem of the evolution of the Kirchhoff vortex in background
flows. The Japanese hydrodynamicist Kida [15], who described the behavior of the Kirchhoff vortex in equally vortex
flows of plane hydrodynamics, coped with this problem most successfully. Equally swirling flows were not chosen by
Kida by chance. Only in such flows will the vortex, being elliptical at the initial moment, remain elliptical further.
But at the same time, the elliptical vortex core moves as a whole along the flow at the speed of the background flow at
the center of the vortex. In this case, the core can rotate, and deform with rotating, remaining an ellipse. Kid’s work
gave rise to a huge number of theoretical, laboratory, and numerical studies on the evolution of Kirchhoff vortices in
the flows.

Let’s take a closer look at the background currents that Kida used. These are flat incompressible flows with veloc-
ities linearly dependent on coordinates

U=uy+ex—y,y, (Al
V=V +7,Xx—ey.

3nech (x, y) — MPOU3BOJIbHAS CUCTEMA OPTOTOHATBHBIX KOOPIWHATSIL; Uy, V), €, ¥, Y2 KOHCTAHTBI, TPUBS3aHHBIC
K BBIOpaHHOI cucTteme KoopmuHatr. [Ipy mM3MeHeHMM CUCTEeMBbl KOOpAWHAT, HampuMep, MpPU ITOBOPOTE, BCE
yKa3aHHbIE KOHCTAHTBI U, Vy, €, Y1, Ya-

Here (x, y) is an arbitrary system of orthogonal coordinates; u,, v, e, ;, ¥, are the constants tied to the selected
coordinate system. When changing the coordinate system, for example, when rotating, all specified constants uy, v,
e, V1, Yo Will change. However, a number of properties should be preserved. For example, the linear dependence (Al)
on coordinates will be preserved in any coordinate system. Further, in any system, the coefficient e for x in the first
equation and the coefficient e for y in the second equation must be identical in magnitude but have different signs.
However, the coefficient e will change when changing the coordinate system. Finally, it follows from the equality

ov 0 . . . .
YV, = a—v - a—u that the sum of the coefficients g, + g, is the same in any coordinate system. Further, by a parallel
X oy
shift, you can always select a coordinate system in which u, = v, = 0. In this coordinate system:
u=ex—vy,y
{ 11 (A2)
V=7,x—ey.

Let’s consider two coordinate systems: the old (x, y) and a new (%, y) . In the new coordinate system, the property of
linearity will be preserved:

~ (A3)

Naturally, e and é differ from each other, but y, +y, = 2y = rot_ii. Let the new system be turned to the old one at an

angle a. Then the coefficients e, y;, v, and é, ¥,,y, are related by the relations

¢, = e, cos2a. —%(yl —7,)sin2a

- . 1 1
7 =¢ sm2a+5(y1 +y2)+5(y1 —yz)cos2ot, (A4)
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- . 1 1
7, =—¢ sm2(x+5(y, +y2)_5(YI —7,)cos2a

Statement: you can always choose such a coordinate system (find the angle of rotation a), wherein ¥, =y, =y. In
this case

e, sin2o +%(y1 +y2) +%(y1 —y2)cos2a =—e,;sin2a +%(y1 +y2)—%(y1 —yz)COSZOL,

e, sin2a +%(Y1 —7,)c0s2a =0,

tg2o = NV
2e,

In the new coordinate system

|
7 =9, =7 =5(V1 +7,),

~ 1
é =.le’ +Z(y1 -1,).

For uniformity, we denote € = ¢, . Thus, with a linear dependence of the speed of flat currents on coordinates, it is
always possible to select a coordinate system in which the speed field looks like this:

u=ex—yy
v=yx—éy
Now let us explain why, following Kida, we consider such a coordinate system convenient. The point is this. If we

worked with the old coordinate system, in which the velocity field would be given by relations (A2), then the equa-
tions for the evolution of the parameters of an elliptical vortex look as follows

a :—b{e 0820 —%(yl - yz)sinZB} ,

b :a[e c0s20 _%(‘h —yz)sinZG} ,

0=0(a b)+l(y +y )—M e sin26+l(y —7,) cos20
’ ) 1 2 612 — bz 2 1 2 .
Here a and b are the values of the horizontal semi-axes of the ellipse and 6 is the orientation angle of the vortex core
in this coordinate system (the angle between axis a and the positive direction of axis x). Q(a, b) is the own angular
velocity of rotation of the ellipse in the absence of external flow:

€ a
£=—

2° :
(8 + 1) b
Here o is the excess of the vortex core vorticity over the vorticity of the external flow. Note that the deformation of
the semi-axes of the ellipse @ and b in this coordinate system depends on all parameters of the external flow e, v, v,.
If we move to a convenient coordinate system proposed by Kida, then the same velocity field in it is presented as

Q(a,b)=0

i=ex—7yy
V=9x—éy’
and the evolution equations for the same vortex for a, b, and orientation angle 6 look much simpler:

a=—bé cos20,

b=aé cos20,
2 2
0=0(a,b)+7 -5 +22 & sin26.
a —_—

Here 6 is the angle of orientation of the vortex in the new coordinate system.
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When described in a convenient Kida’s coordinate system, only one parameter € of the external flow is respon-
sible for the vortex deformation, calculated in the above convenient coordinate system. That is why € is called the
deformation coefficient. In the general case, the coordinate system, which is convenient for studying the behavior of
elliptical vortices in external flows, differs from the standard coordinate system for geophysicists, where the x-axis is
directed to the East. To understand how vortices behave in the flows, we need to know only two flow parameters from
a convenient coordinate system: the deformation coefficient € and the vertical component of the background flow

oo~ _ . . .
vorticity y = Erotzu, which generally does not depend on the choice of the coordinate system. Therefore, the only

parameter we need from a convenient coordinate system is the deformation coefficient ¢ .

An equally swirling horizontal flow, independent of the vertical coordinate, has its name in oceanology — baro-
tropic flow. When studying three-dimensional ellipsoidal vortices in barotropic flows, a convenient coordinate sys-
tem coincides with Kida’s coordinate system, and the behavior of the vortex characteristics differs only in the form of
the function Q(a, b), which in the case of ellipsoidal vortices will be more complex and will additionally depend on
the size of the vertical semi-axis c.

Let’s return to the flow field in the convenient Kida’s coordinate system:

i=eéex—7yy

V=YX —éy
Further, we will work only in this coordinate system, so to simplify the recording we will discard the “tilde” sign on
all letters

u=ex—yy
v=yx—ey

oy oy

Moving on to the stream function y(a, b), we get u = v y=———,and
y

oy

—=ex —
oy vy
X

The solution to this system of equations

\I/(x,y) = —%y(xz + y2)+ exy+C,

where C is the integration constant. Stream function isolines \y(x, y) = const in the stationary case coincide with the
trajectories of particles. Therefore, the set of lines

—%y(xz + y2> +exy = const

represents a set of trajectories of particles of equally swirling flows. Flows with different values e and y describe com-
pletely the entire variety of equally swirling barotropic flows. The quadratic dependence of the trajectory equations
indicates that the trajectories of motion can be hyperbolas and ellipses and, in the frequent case, plane-parallel flow
with a constant velocity shift. An ellipsoidal vortex placed in an equally swirling barotropic flow will move as a whole
with the speed of the background flow at its center. Simultaneously with the movement of the vortex as a whole, the

Y

e
out. The inequality |y/e| > 1 is a necessary condition for prohibiting the stretching of vortices. Everything that has been

said is presented in detail, starting from [63] for two-dimensional hydrodynamics and also [5, 21, 22, 18].

vortex is subjected to the deforming influence of the background flow, so vortices in the flows with |-/ <1 can stretch
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AHHOTaNUsA

MHorouncieHHbIe 00001IeHUSI, OCHOBAaHHbIC HA HATYPHBIX MCCIIENOBAHUSIX, TTOKA3bIBAIOT, YTO MPOCTPAHCTBEHHO-BpE-
MeHHOe TOKphITHE JIaT0XKCKOTo 03epa TaHHBIMU HAOTIONCHUIT HEIOCTATOUHO TSI HAEXXHON KOJTMIECTBEHHOM OLIEHKN MEXTO-
JOBOI M3MEHUMBOCTHU XapaKTePUCTHUK U OMOTEOXMMUUECKUX MIOTOKOB B 9KOCKCTEMe o3epa. B HacTosiiieit paboTte npecrasiie-
HBI OLIEHKH MEXTOIOBOI TMHAMUKY OCHOBHBIX XapaKTePUCTUK 3KOCHCTEMbI I OMOT€OXMMUYECKUX TIOTOKOB B 03epe B ITEPUO]
¢ 1980 o 2020 rT., TTOTy4eHHBIE C TIOMOIIIBIO BepU(PUIIMPOBAHHON TPEXMEPHOIT IKO-TUIPOIMHAMUYEeCKO Mozenu Jlamoxkckoro
o3epa. BeisiBIIeHbI 0COOEHHOCTH peakliiy 9KOCUCTEMbI 03epa Ha CHUXKeHUe BHelllHel hochopHoit Harpy3ku Ha 39 % B TeueHue
HCCIIeyeMOTO TIepUojia, KOTOPOe COMPOBOXKIAETCSI CHUXKEHUEM GUOMACCHI U MEPBUYHOM MPOAYKIIMY (GPUTOTUIAHKTOHA TOJIBKO
Ha 30 %. OCHOBHBIM MEXaHU3MOM, OOBSICHSIIOLIMM YKa3aHHYIO PEaKLIMI0 9KOCUCTEMbI BOIOEMA, SIBIISIETCSI YBEJTMUEHUE CKOPO-
CTU PEUMKIIMHTA 32 CUET YBEJIMUCHUS TEMITEPATYPbI BOJIbI B (DOTUUYECKOM CJIO€ B BET€TATUBHBIIA MTepHO, 00YCIOBJICHHOTO U3Me-
HeHueM Kimmara. OueHeHo BpeMsi obopota ocdopa B 03epe, KOTOpoe COCTaBUIO MPUMEPHO 5,4 rofa Uit paccMaTpUBaeMoro
nepuona BpemeHu 1980—2020 rr.

KioueBbie cioBa: MeXronoBasi UISMEHYMBOCTh, 9KOCHCTEMA, OMOTEOXMMHUUYECKIE TTIOTOKM, MaTeMaTHYeCKOe MOIEIMPOBAHNIE,
Jlanoxckoe o3epo

UDC551.465

©A. V. Isaev*, V. A. Ryabchenko, 2024

Shirshov Institute of Oceanology, Russian Academy of Sciences, 36 Nakhimovsky Prosp., Moscow 117997, Russia
*isaev1975@gmail.com

MODEL ESTIMATES OF INTERANNUAL VARIABILITY OF THE LAKE LADOGA
ECOSYSTEM CHARACTERISTICS IN THE PERIOD FROM 1980 TO 2020

Received 19.09.2024, Revised 12.11.2024, Accepted 16.11.2024

Abstract

Numerous generalizations based on field studies show that the spatiotemporal coverage of Lake Ladoga with observational
data is insufficient for a reliable quantitative assessment of the interannual variability of the characteristics and biogeochemical
fluxes in the lake ecosystem. This paper presents estimates of the interannual dynamics of the main ecosystem characteristics and
biogeochemical fluxes in the lake for the period from 1980 to 2020, obtained using a verified three-dimensional eco-hydrodynamic
model of Lake Ladoga. The features of the lake ecosystem response to a 39 % decrease in the external phosphorus load during the
study period, which is accompanied by a decrease in phytoplankton biomass and primary production by only 30 %, are revealed.
The main mechanism explaining this response of the reservoir ecosystem is an increase in the recycling rate due to an increase in
water temperature in the photic layer during the growing season, caused by climate change. The phosphorus turnover time in the
lake was estimated to be approximately 5.4 years for the considered period of 1980—2020.
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MonenbHble OeHKH MeXKI010BOii N3MEHYMBOCTH XaPAKTEPUCTHK KocucTeMbl JIamoxkckoro o3epa B mepuoa ¢ 1980 mo 2020 roapt
Model estimates of interannual variability of the Lake Ladoga ecosystem characteristics in the period from 1980 to 2020

1. Beenenue

Jlagoxxckoe 03epo SIBISIETCS caMbIM OOJIBIINM CTPAaTU(UIIMPOBAHHBIM 03¢pOM EBpOITBI pacIiooXXeHHOM Ha
Cesepo-3anazne Poccuu B 6opeanbHoii 30He. [11omans BOIHOTO 3epKaia o3epa cocTabiseT 17680 kM2, a 06beM
848 kM3 [1]. AkBatopus JIagoxcKoro o3epa SIBISIETCsl BaXHeIuM BogHbIM pecypcoM Cesepo-3anana Poccun,
MMEIOINM HCKITIOUNTEbHOE HapOTHO-XO3SIMCTBEHHOE 3HaueHUe. BomHbIC pecypchl 03epa MCITONIB3YIOTCS Kak
WCTOYHUK MUTheBOro cHaoxeHusi CaHkT-IletepOypra u JIeHuHIrpaackoil 06gacT, Tak U OOECIeYeHuss MHOTO-
YUCJIEHHBIX TTPOMBIIIEHHBIX NpeanpusTuii [2, 3]. Bo MHoromM skocucrema Jlamoxckoro o3epa yHUKaabHa B CUITY
CBOETO PACIIONIOXEHUS B CEBEPHBIX IIMpoTax. [loaToMy nccienoBaHne MTMHAMUKY 9KOCUCTEMBI 03epa TPU aHTPO-
TTOTEHHOM BO3JEHCTBUM B YCIOBUSIX MI3MEHEHUsI KJIMMaTa sIBJISIETCSl BaXKHOI HayYHOM 3amaueil, MEIoleil colu-
aJIbHO-3KOHOMUYECKOE MPUSIOKEHUE.

K HacTosiiieMy MOMEHTY BBHITIOJTHEHO JOCTAaTOYHO MHOTO HMCCJICIOBAaHMIT M3MEHUMBOCTU 3KOCHCTEeMBbI Jla-
JIO’KCKOTO 03epa, OCHOBAaHHBIX Ha TAHHBIX HATYPHBIX 1 JUCTAHIIMOHHBIX U3MepeHuii [2, 4—7]. B pesyiabTare aTnx
HUCCJIeIOBaHUI MOJYYeHbl OLIEHKU peaklUU KOCUCTEMbl HA M3MEHEHUs MOCTYIUIEHUSI OMOTEHHBIX 2JIEMEHTOB
1 u3MeHeHus Kiuumata. O000IeHe STUX MCCIeIOBaHNM MOAPOOHO M3JIOXKEHO B HelaBHell MoHorpadum [2].
OpmHako, B CUJTy METOAMYECKUX U OPTaHU3alIMOHHBIX OTPAaHUYEHU ITPY BBITTOJTHEHUM HATYPHBIX MCCIIEIOBAHUI,
MPOCTPAHCTBEHHO-BPEMEHHOE MOKPbITHE JAHHBIMU aKBaTOPUM 03epa HEAOCTATOYHO /11 KOJTMYECTBEHHOIO OIU-
CaHMSI CIOXKHBIX MHOTO(AKTOPHBIX B3aMMOJICHCTBUI U ITOTOKOB B 03¢PHOI 9KOCUCTEME.

OmHUM 13 BO3MOXHBIX CITOCOOOB BOCITOJTHUTD MTPOOETbI B U3yYEeHUM TUHAMUKN 3KOCUCTEMBI 03epa, CBSI3aH-
HbI€ C OTPAHUYEHHOCTbIO HATYPHBIX MCCIENOBAaHMIA, SIBISIETCS MaTeMaTHyeckoe MoaeaupoBaHue. B mpoiiuibie
TOJIbI OBLIIO pa3padboTaHO HECKOIBKO Momeeii JIamoxckoro o3epa [§—12], ¢ TOMOIIBIO KOTOPHIX OBUTH BHITIOJTHEHBI
pa3IMYHbIE OLIEHKU PeaKIIMi 9KOCUCTEMbI Ha UBMEHUYMBOCTh BHEIITHUX BO3/IeicTBUi. OmHAKO U3-3a OrpaHUYEHU I
Mojeneit He Oblaa MpocjeXeHa JMHAMKKA MEXTOIOBOM M3MEHYMBOCTU 9KOCUCTEMBI C YUETOM MEXTOIOBOI 13-
MEHYMBOCTH BHEIITHUX BO3ICHCTBUIA U IIPOLIECCOB HAa TPaHMIIe pa3/ielia Boga — JOHHBIC OTJIOKEHMS.

B nameii HegaBHell pa6ote [13] Obula MpeAcTaBieHa TpeXMepHash MOMEeIb 9KocucTeMbl JIamoXCcKoro o3epa
C yu4eToM OEHTOCHOIO CJIOsl, KOTOpas IoKaszaja XOpollliee COOTBETCTBHUE MEXIy pe3yJbTaTaMu MOIEIMPOBAHUS
¥ TaHHBIMM HaOJTIONCHMIA, YTO TTO3BOJISICT MCITOIb30BaTh ¢€ IS OIICHKM MEXXTOIOBOI TMHAMUKNA OCHOBHBIX KO-
CHCTEMHBIX XapaKTepPUCTUK Y OMOT€OXMMHUYECKUX TTIOTOKOB.

7151 BOCTIOJTHEHMSI HETTOJTHOTHI B OLIEHKE TMHAMUKHU 3KOCUCTEMbI JIagoXCcKOro o3epa no AaHHbIM HAaTyPHBIX
HaOJIIOIEHNN B HACTOSIIEH pabOTe BBHIMOJHEH aHAIM3 CMOICIMPOBAHHONM MEXTOMOBONM TUWHAMUKM CONCPKAHUS
1 TTIOTOKOB hocopa, a Takke OMOMACChl U TIEPBUYHON TTPOAYKIIMY (DUTOIIIAaHKTOHA.

2. MarepuaJjbl 1 METOIbI

MexromoBast U3MEHUMBOCTb 93KOCHCTEMBI JIamoXXCKOro o3epa ObUIa pacCydTaHa C UCIIOJIb30BaHUEM TPEeXMEpP-
HOI 3KO-TUAPOJMHAMUYECKON MOJEIU, MOAPOOHOE OMcaHue KOTopoii nmpuBeaeHo B [13]. Bkpatiie nepeuncianm
OCHOBHBIE OCOOEHHOCTH 3TOit Moaenu. OHa BKJIIOYaeT B ce0s1 1Ba MOMYJIsl: TUAPOIMHAMUYECKUIA U OMOreOXUMU-
yeckuil. [ mapoamHaMuyecKrii MOIYJIb OCHOBAH Ha MOJIE/IN OOIIei UPKyIsuuy MaccadyyceTcKoro yHuBepcruTeTa
MITgcm [14, 15], koTOopasi, TOMUMO CUCTEMBI YPABHEHUI TUAPOTEPMOAUHAMUKU BOMOEMA, BKITIOYAET MOAYJIU
MOJEIMPOBaHUS JEISTHOTO IMTOKPOBA, U PEIIeHUs ypaBHEHUM anBeKIUn-Iuddy31Mu HEKOHCepBaTUBHOM MPUMeECH,
HEOOXOIMMBIC IJIS peaTn3allii MOJASIN OMOTEOXNMMUIECKIX IIUKIIOB. broreoxmmMuyeckuii MOIyJIb OIMCHIBAET OC-
HOBHbIE OMOTEOXUMUYECKHE TIPOLIECCHl IMKJIOB MUHEPAJIbHOTO, B3BEIIEHHOTO U PACTBOPEHHOTO OPraHNYeCKOro
azora 1 docdopa, a TakKe paCTBOPEHHOTO KHCI0POoJa, C YUeTOM NMHAMUKHU a3oTa U docdopa B TOHHBIX OTJIO-
XKeHMsIX. Mojenb OMOoreOXMMMYECKNX IIUKJIIOB ocHOoBaHAa Ha Moneau SPBEM, pa3paboranHoit nia bantuiickoro
Mopsi [16], KoTopasi B JajibHelIIeM yCIenHo npuMeHsiaach aist OHexckoro u Jlamoskckoro o3ep [13, 17, 18]. Be-
pubuKalys COBMECTHOM 3KO-TUAPOAMHAMMUYECKOM MOIEIU IO JaHHBIM HATYpPHbBIX HAOIIONeHW Obli1a TpoBeneHa
B [13] n okazanach ycnemiHoii. [Ipu BeITTOJTHEHUN 00CYKIaeMbIX 3/1ech pacueToB Ha repuon 1980—2020 rr. B Ka-
YeCTBE TPAHUYHBIX YCJIOBUI [UTSI TUAPOIMHAMUIECKUX XapaKTEPUCTUK 3aaBaICh TMOJIsl aTMOC(HEPHOTO BO3IeH-
cTBUS U3 apxuBa peaHanuza ERA-5 (https://www.ecmwf.int) 1 pedHoOIi CTOK IO JaHHBIM HATYPHBIX HAOIIONEHUI
[1, 2]. 'pannuHbIe ycIOBUS, 0OyCIaBIMBaOIINE TTOCTYIJIEHNE BEIlIeCTBA B 9KOCUCTEMY, BKITIOYAIU TTOCTYILJICHUE
OUOTeHHBIX 2JIEMEHTOB (a30Ta U pocdopa) ¢ peuHbIM CTOKOM U UX BblNaaeHue u3 atmocdepsl [1, 2]. 'paHuuHBIMU
YCJIOBUSIMH, OOECIIeUrBAIOIIMMU BhIBOJ BEILIECTBA 3a TPAHULIBI MOACIUPYEMOIt CUCTEMbI, ObUTM BEIHOC CO CTOKOM
p. HeBa 1 3axopoHeHne OMOTEHHBIX JIEMEHTOB B TOHHBIX OTJI0XCHUSIX.

TToapobHoe omucaHue 3agaBaeMoOil HArpy3ku OMOTeHHBIMU 2jeMeHTaMu (a3o0ToM U ¢GochopoM) Ha 03epo
naHo B paboTe [12]. MexronoBast U”3BMEHUMBOCTb MOCTYILIEHUsI ob1ero docdopa B JIamoxkckoe 03epo U3 BHEIIHUX
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Puc. 1. MexronoBast ”BMeHYMBOCTH 00111eTO (hocdopa, TTOCTYIMAIONIETO U3 BHEITHUX
HMCTOYHUKOB B Jlanoxckoro o3epo

Fig. 1. Interannual variability of the annual input of total phosphorus from external
sources to Lake Ladoga

KMCTOYHUKOB IIPUBOAMUTCS HA PUCYHKe 1. MexXromoByo M3MEHYMBOCTh MOCTYILIEHUs 0011ero docdopa B Jlamox-
ckoe 03epo B ucciaeayemblii mepuoa 1980—2020 rr. MOXHO pa3neauTh Ha 3 BpeMEHHBIX MHTepBajia: 1) mepuon
1980—1992 rT. ¢ BBICOKOI1 BHEIIIHEN HArpy3Koii, Isi KOTOPOIo CpeaHssl rogoBasi Harpy3ka cocrapisiia 5900 ToHH
(docdopa, 2) nmepuon pe3KOro CokpalleHUsl Harpy3kKu, KOTopblii HaOmogancs ¢ 1993 mo 1996 rr., u 3) mepuon
1996—2020 rr., 1151 KOTOPOTO CpeaHee rogoBoe mocryrieHue gocdopa cocrapisio 3350 ToHH docdopa.

3. PesyabTatbl H 00CYKIEHUSA
3.1. Mexceodosas usmeH1ugocms memnepamypol

TeMmepaTypa sIBJSIETCSI OMHOM U3 BaXKHEMIIMX THAPOMU3NUECKUX XapaKTePUCTUK, KOTOpas 00ycaaBIuBaeT
M3MEHUYMBOCTb B IPOCTPAHCTBE UM BPEMEHU OMOreOXMMUYECKUX XapakTepucTuk. [loaTomy, mpenBapsisi aHalIn3
MPOCTPAHCTBEHHO-BPEMEHHON M3MEHYMBOCTH OMOTCOXMMUYECKUX XapaKTePHUCTUK, PaCCMOTPUM MEXTOIOBYIO
M3MEHYMBOCTb KaK CPeIHEromnoBoii, OCpeAHEHHOI 10 BCeMY 00bEMY 03epa, TaK M CpelHell 3a BereTaTUBHBIN Tie-
puon (Maii—OKTSI0pb), OCPETHEHHOM TT0 (POTUICCKOMY CIIOIO, TEMITepaTyphl BoAbI (puc. 2). MexXromoBas M3MeH-
YUBOCTh OOEHX 3TUX XapaKTePUCTHK 3a TIEPUOJ UCCIIeIOBaHNIT NMeeT BhIpaXKeHHbBIN TPEeHI Ha MOBBIIIeHne. PocT
CPEeIHEro0BOI TeMIIepaTyphbl BCEro 03epa 3a BeCh paccMaTpuBaeMblii mepuos coctasisier 0,76 °C, B To BpeMst Kak
MOBBILIECHUE CPEAHEN TeMITepaTyphbl (POTUYECKOTO CJIOS B JIETHUI IIEPUOL 0KA3aj10Ch paBHbIM 1,5 °C, T. e. mpumep-
HO B 2 pa3a 0oJbliie. Jpyrumu ciioBaMu, peakiust (QOTHIECKOro CJIOsT 03epa Ha M3MEHEHMs KJIMMaTa oKasajlach
ropaszo 0OJIbllle peaKLM1 ero rIyOMHHBIX CJIOEB.
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Puc. 2. MexronoBasi USMEHYMBOCTh CPEIHETONOBOI, OCPEIHEHHOI 1O BCeMy 00BbeMY
o3epa (1), u cpenHeit 3a BereTaTUBHBIIN Mepuo (Maii—OKTSIOpb), OCPENHEHHOM 1Mo PoTH-
YyecKoMY c¢Jio1o (2), TeMIiepaTypbl BOIbI 0 pe3yJibraTaM MOJASIMPOBAHMS

Fig. 2. Interannual variability of the average annual temperature, averaged over the entire
volume of'the lake (1), and the average temperature for the growing season (May—October),
averaged over the photic layer (2), of the water according to the results of modeling
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3.2, Bpemelmaﬂ UIMEHHUBOCHb OU02EOXUMUHECKUX Xapakmepucmuk

OCHOBHBIMU OMOTEOXUMUYECKUMU TTapaMeTpaMU, KOTOPBIE XapaKTePU3YIOT U3MEHUYNBOCTh COCTOSTHUSI KO-
CHCTEMBbI BOTHOTO OOBEKTA, SIBJISTFOTCSI OmoMacca (pUTOIIAaHKTOHA M eT0 IMepBUYHAS TTPOIYKIINS, a TAKXKe OMOTeH-
HbIE 3JIEMEHTHI, JMMUTUPYIOLIME TPOU3BOICTBO OPraHUYECKOIo BelIeCTBa B Ipoliecce (hOTOCMHTE3a, T. €. B cllyyae
dochopHOIT TMMUTALINN, CYILIEeCTBYIOMIeH B JIamoskckKoMm o3epe, — 3T0 pasindHble popMbl pocdopa. CyrouHas
JMHaAMKKa OCpeIHEHHbIX MO 00beMy o3epa ob1ero pocdopa u pocdartos, a TakKe OMOMACCHI U TIEPBUYHOI MPO-
IyKIUY GUTOIIaHKTOHA B (poTUUECKOM ciioe B ucciaenyeMblii mepuon 1980—2020 rr. mpencrasieHa Ha puc. 3. 3a-
METUM, YTO YUCTast IEPBUYHAS MPOIYKIINUSI TUATOMOBOTO U HE-AUATOMOBOTO (DUTOIIAHKTOHA, CMOAETNPOBAHHAS
B eIMHUIIAX Beca a30Ta, ObUIa MepeBefeHa B eAMHNLL Beca yriepona ¢ Koagduuumentom 5,7 mr C mr—! N. Dtot
KO3 @UIIMEHT pacCuMTaH Ha OCHOBAHUM IPEAIOJIO0XEHHUs] O TOM, YTO KJIACCUYECKOE MOJISIPHOE COOTHOILIEHUE
Pendpunmga C: N: P=106: 16 :1 cipaBejiuBO U 11 IPECHOBOAHOTO (DUTOIIAHKTOHA, BKJII0YAasi bopeabHbIe 03epa
[19—23]. buomacca TMaTOMOBOTO U He-IMATOMOBOTO (PUTOIJIAaHKTOHA, CMOACIMPOBAaHHAS B a30THBIX eIMHUIIAX,
ObLIa TepecyuTaHa B €IMHUIBI ChIPOTO Beca, Mpearoiaras, 4YTo coaepXaHue a3oTa COCTaBJsIeT COOTBETCTBEHHO
0,5% u 1 % ot 6broMacchl IMATOMOBBIX U HE-AMATOMOBBIX Bogopocieii [20, 24].
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Puc. 3. BocripousBeneHHasi cpeiHeCyTOYHas AMHaMUKa OCPETHEHHBIX TT0 00b-

emy o3epa obiero dochopa u dochatoB (a), ocpenHEHHOMH MO (HOTUUYECKO-

My CJIOI0 OGMomacchl (DUTOIJIAHKTOHA (6) U MHTErpaibHOI (1Mo (hoTuuecKomy
CJI010) TIepBUYHOM npoaykiuu (8) B iepuox 1980—2020 rr.

Fig. 3. Simulated long-term dynamics of lake volume-averaged total phosphorus
and phosphates (a), photic layer-averaged phytoplankton biomass (b) and inte-
gral (photic layer) primary production (c) in the period 1980—2020
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BocnpousBeneHHass MeXrofoBasi UBMEHYMBOCTb cofepxaHus obiero dbocdopa u MuHepaibHoOro gocdopa
B BOJHOIi cpelie 03epa OTpaxkaeT JMHAMUKY BHEIIHEe OMOreHHOI Harpy3ku (puc. 3 u puc. 1), XOTS U CIBUHYTO
1Mo BpeMeHU. MoXHO BbIAeaNTh nepron ¢ 1980 mo 1995 rr. ¢ BBICOKOI cpenHero10Boi KOHILIEHTpalkeil oo1ero
docdopa (25,8 = 1,16 mr/m?), nepuon eé cHmkenus B 1995—2003 rr. u nepuon 2003—2020 rT., Ik KOTOPOTO Xa-
paKTepHa HU3Kasl cpeaHeronosas KoHuenTpauus (16,3 £ 0,87 Mr/m?). BocrpousBeieHHOE CPeHEr0I0BOE COIEP-
’KaHue MUHepaabHOro gocdopa a1 nepuona ¢ 1980 mo 1995 rr. cocrasnsier 12,59 + 1,84 mr/M3, a i nepuona
¢ 2003 o 2020 rr. — 7,56 £ 1,34 mr/M>. B nanbHejinem aHanuse 6yIeT paccMaTpUBAThLCSl UMEHHO TaKOE JIeJIeHUe
HCCIIeIyeMOoro Tieproaa Ha 3 MHTepBaja: BRICOKOI, TPOMEXYTOYHOM 1 HU3KOIT Harpy3kKu. Takum o0pa3oM, CHH-
JKeHUe comepkaHusa ¢ocdopa B Bomax JIamoxKCcKOro o3epa MexXIy IepruoIaMi BBICOKOI 1 HU3KOM OMOTEHHOIT Ha-
IPY3KU cocTaBiisieT 0Koto 40 % Kak ajist 0011ero, Tak U IUIsl MUHepaibHOro Gocdopa. OTMETUM BpeMEHHOM CIABUT
B 3—4 roya MeXIy HayaJloM CHUKEHUsI BHEITHE Harpy3Ky M HayaJloM CHIDKEHMS cofepxkaHust hocdopa B o3epe.
Huxe 6ynet naHo 00bsICHEHHE 9TOMY BPDEMEHHOMY CIBUTY.

CpaBHUM pacCUuMTaHHbIC 3HAUYCHUS O0IIET0 U MUHEpaIbHOTO ocopa ¢ TaHHBIMU MHOTOJIETHUX HaOII0e-
Huit Jlagoxckoro o3epa ¢ 1976 mo 2019 rr. B 6e3n€aHblil ieproa, 06001EeHHbIMY B [2, cM. puc. 8.4.8]. CoriacHo
9TOlf MOHOTpaduu, MUamnazoH U3MEHYMBOCTU KOHIIEHTpauu odiero dhocdopa B mepuon ¢ 1981 mo 1984 rr. co-
crapseT ot 23—24 mr/m>, a B nepuon ¢ 1988 mo 1992 rr. 21—22 mr/m3. MonenbHas cpeaHsis (3a 6e31E bl IepUo
¢ Mad TI0 OKTS0pb) KOHIIEHTpanus obuiero ¢pocdopa cocrasnser 25,26 + 0,91 mr/v3 B mepuon 1980—1992 rr. [pu
HU3KOI1 BHELIHEH OMOTeHHOI1 Harpys3ke Hab/ronaeMas KOHLeHTpauus oduero ¢pocdopa cocrasnsger 11—13mr/m3
B cpenHeM 3a 2003—2010 IT., B To BpeMs KakK 10 pe3yJbTaTaM MOAEJUPOBAaHUA oHa paBHa 16,28 + 0,71 mr/m3
B CPEIHEM 32 TOT XXe nepuoa. TakuM 00pa3oM, BOCIIPpOU3BeIeHHAsI KOHIIEHTpalus obiero pochopa Ha mMpoTsiKe-
HUU BCETO UCCJIELYEMOTro IIEPUO/IA IPEBLILIAET OLEHKM I10 JaHHBIM HAaOMIOgeHUI Ha 3—5 Mr/M>.

WN3MeHeHUsT KOHIIEHTpalUu MUHepalIbHOro ocdopa aHaJIOTMYHBI M3MeHeHUsIM obuiero ¢ocdopa. Cpen-
HSISI MHOTOJICTHSISI KOHLIEHTpaIysl ¢ocdaToB B O¢3IEMHBINA TIEPUO TT0 pe3yIbTaTaM MOACIMPOBAHMS COCTABISICT
11,01 = 1,19 mr/m3? B 1980—1995 rr. 11 6,49 + 0,61 mMr/m? B 2003—2020 rr. OLeHKHU, IpUBEAEHHbIE B [2, cM pasen 8]
TOKAa3bIBAOT, YTO B IIEPMOJ BEICOKOM BHEIITHEM HArpy3K1 KOHIICHTpAIMs MUHEpaIbHOTO hocdopa B BOTHOM cpee
o3epa cocrapisia 8—13 mr/m3, Torma Kak B mepuos Hu3koii Harpysku (¢ 2003 mo 2020 rr.) — 2—6 mr/m>.

Bocnipon3sBeaeHHast 1oJArocpoYHasi TMHaMKUKa 6MoMacchl (PUTOIUIAHKTOHA YCTOMYMBO BOCIIPOM3BOIUT XapaK-
TEPHYIO CE30HHYIO0 3aKOHOMEPHOCTh: CUJIbHOE BeCEHHEE LIBeTeHHE (DUTOTUIAHKTOHA, TTepexosiiee B JETHIO KBa-
3KCTallMOHapHYIO (ha3y, 3a KOTOPOIi clieayeT ciadoe oceHHee LiBeTeHue (puc. 3). YTo KacaeTcsl MeXXTonoBoOM fuHa-
MUKU 0MoMacchl (DUTOTUIAHKTOHA, OTMETUM TPU OITMCAHHBIX BBIIIE BPEMEHHBIX MHTEPBaja ¢ pa3HBIM XapaKTepoM
M3MEHYMBOCTH, Ha KOTOPHIX, B OTJINYKE OT (hocdopa, U3MEHEHMST OMOMAaCChI (PUTOITIAaHKTOHA BEIPaXKeHBI HE CTOJIb
sapko. OlLeHKN CpeTHUX 110 aKBaTOPUM 03epa 3HAUCHMIT pacCUIMTaHHOI 6moMacchl (PUTOIIAHKTOHA TTOKA3hIBAIOT,
yro mag neproma 1980—1995 rr. cpemgHsist OrMomacca B BEereTaTUBHBINM Teproa (Maii-OKTSI0ph) cocTasiser 1,5
+ 0,7 r/M3, a g nepuona 2003—2020 rr. 0,8 £ 0,5 r/M3. MakcuMaIbHbIE 3HaYeHUS OMOMACCHI B TIEpHOL] BECEHHETO
LBETEHUS TMATOMOBLIX BOAOPOCIIEH JOCTUTAIOT 4—4,5 r/M? B 1epBbIii 13 0003HAYEHHBIX BPEMEHHBIX MHTEPBAJIOB
n 2—3 r/M? — Bo BTOpOii (puc. 3).

CoracHo [6], buomacca uToIIaHKTOHa B 03epe B rieprof ¢ 1992 o 2009 rr. u3MeHs1ach B Auara3oHe ot 1,2
10 1,9 r/mM3. MakcuMmaibHble 3Ha4eHUs 6MoMacchl PUTOIIAHKTOHA, U3MEPEHHBIE HA OT/EIbHBIX CTAHLIMAX, MOIJIL
JOCTUraTh 3HAYEHUI1 B AMana3oHe oT 3,5 10 9,9 r/M3. O6061IeHe TAHHBIX HATYPHBIX U3MEPEHU Il 6uoMacchl PUTO-
TUTAHKTOHA JIJIST MIOJIsI-aBrycTa B miepron ¢ 1992 mo 2019 ., mpencraBieHHoe B [2, cM. pa3mel 9] moKa3bsIBaeT, 4TO
B JaHHBII IepUOI He HAOIIOMaeTCs BRIPAXKEHHOTO TPEeHIa B MEXKTOAOBOM M3MEHUYMBOCTH OMOMACCHI (PUTOIIIaH-
KTOHA, IIPUYEM XapaKTePHBIE 3HaYe€HUs O6MoMacchl cocTassaioT oT 0,8 1o 1,5 r/M3, nocturas B OTAEIbHBIE TOIBI
2,5 1/M>. B TO Xe BpeMs B MEPUOJL BECEHHETO 1[BETeHNs OroMacca (PUTOIUIAHKTOHA B Pa3IMYHBIX paiioHax o3epa
HaxoausIach B auanasoHe ot 1,0 1o 3,5 r/m3.

CMopenupoBaHHasl epBUYHAS MPOAYKLIMS (DUTOIUIAHKTOHA B 1I€JIOM TTOBTOPSIET CE30HHBIE M MEXTOIOBbIE
0COOEHHOCTH, OMMCAaHHBIC Mg OMoMacchl (bUTOIUIAHKTOHA. BocrmpousBeneHHbIE YPOBHU TEPBUYHON IPOIYK-
LUM U3MEHsIOTCS B nuanasoHe 550—850 mrC/m2/cyT, JOCTUTrasl B OTAEJIbHbIE IOAbl MAKCUMAJIbHbBIX 3HAUEHU
1000—1200 mMrC/m2/cyt, mis nepuopa 1980—1995 rr. u ymensiatorcs g0 250—500 mrC/m%/cyT st nepuona
2003—2020 rr. Tak, B padote [4] oTmeuaetcst, uto B iepuof ¢ 1978 mo 1989 rr. 3HaueHus IEpBUYHON MTPOTYKIIUYT
B JIETHUI Tiepron Haxoawinch B auanazone 150—1100 mrC/m%/cyt. Ouenku cpenneii 3a nepuon 1993—2003 rr.
NepBUYHOI IPOLYKLIMH, ITpeacTaBieHHble B [ 1], coctasnsior 400 mrC/m2/cyr.

ITonBoas UTOr pacCCMOTPEHUIO MEXKTOA0BOI AMHAMUKM OMOMacChl (GPUTOIJIAHKTOHA U IEPBUYHOM MPOAYKIIUU,
MOXHO cIieJaTh BBIBO, YTO, YUYMThIBash OrpaHMUYEHHOE MPOCTPAaHCTBEHHO-BPEMEHHOE MTOKPBITHE aKBATOPUU 03€-
pa JTaHHBIMU HaTYPHBIX HAOJIIOAECHU, MOIEIb TOCTATOYHO XOPOIIIO BOCIIPOU3BOIUT MEXTOIOBYIO TMHAMUKY KakK
O6romacchl (PUTOTIAHKTOHA, TaK U MEPBUYHOMN MPOAYKLIMU.
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3.3. Hpocmpancmeennaﬂ UIMEHHUBOCHb OUO02EOXUMUHECKUX Xapakmepucmuk

CpaBHEHHE CPeTHEMHOTOJICTHUX TTOJICii 3a TIEPUOIBI C BHICOKOM M HM3KOM BHEIIHEl OMOTEHHOI HArpy3Koi
TOKa3aJI1, YTO 3HAYNMBIX Pa3IMIUil B TPOCTPAHCTBEHHOM pacIpeneIcHIN OMOTeOXUMHMIECKIX XapaKTEPUCTHUK He
HaOomaeTcsl. B ¢BsI3u ¢ 3TUM omnmcaHne 0COOEHHOCTEH IMMPOCTPAaHCTBEHHOTO pacIIpeaeIeHUsI OMOTCOXUMMIECKIX
XapaKTepUCTUK BBITIOJIHEHO C MCITOJIb30BAaHUEM OCPEIHEHHBIX 3a Bech mepuon momenupoBanus (1980—2020 rr.)
3HaUYCHU 3TUX XapaKTeprucTuK. Ha puc. 4 mpencraBieHbl 3MMHSIS (allpeiib) KOHIICHTPAIINsI MUHEPaJIbHOTO (poc-
dopa, cpenHsIsI 32 BereTaTUBHBINM TTeprof (Maii—OKTSIOpb) 6moMacca (hMTOIUIAHKTOHA 1 TOI0Bast TIEpPBUYHAST IIPO-
JIYKIIUS AMATOMOBBIX U HE-TUAaTOMOBBIX BOJOPOCIIEHA.

B pacnpenenenuu hochatoB B GOTUIECKOM CIIOE B aIlpesiec OTMEUAIOTCS CIISAYIOIINEe OCHOBHBIC OCOOCHHOCTH.
OCHOBHBIMM peKaMu, BIlafaoiuMu B JIagokcKoe 03epo 1 CO CTOKOM KOTOpPBIX Ioctynaet ot 60 10 80 % dhocdop-
HOIi HarpysKku, siBisiiotcs Bosxos, CBupb, Csch 1 Byokca. [ToaToMy MakcMMalibHbIe KOHLIEHTpaluu 25—30 mr/m>
HabmonaoTcsa B BoixoBckoii 1 CBUpCKOit rybax, a Takke B paiioHe BrtageHus peku Byokca. KonuenTtpauuu goc-
(batos B 11anasoHe 15—20 Mr/M> 0TMeYaloTCs TAKKe BI0JIb BOCTOYHOTO 106epeXbsl 03epa [10 HANPaBIeHUIO Ha ce-
Bep oT CBUPCKOI TyOBI, YTO OOYCIIOBICHO BIMSHUEM PEUHOTO CTOKA. 3a MpeaeaaMy 30H MHTCHCUBHOTO BIIMSTHUS
PEYHOTO CTOKA CPEeAHEMHOTOJICTHSISI KOHIIEHTpaus (pocdaToB B eproa MaKCUMAIbHOTO 3UMHETO HaKOTUICHUS
U3MEHSIETCsl B AMana3oHe oT 8 10 15 mMr/m3.

OCc00EeHHOCTH TIPOCTPAHCTBEHHOI M3MEHUYMBOCTU CPEITHEMHOTOJIETHE OMOMacChl (PUTOTUTAHKTOHA B BEeTeTa-
TUBHBII IIEpHOI B OCHOBHOM OITPEIEIISIIOTCS pacpeaesieHueM 3UMHIX 3aIl1acoB MIUHEpaJIbHOTO (hocdopa (puc. 4, 6).
MaxkcuManbHble 3HaYeHUs1 GuoMacchl, cocTasistiorue 8—10 /M3, mpuxonsrcs Ha pailoHbl MAKCUMAJIbHBIX KOHLIEH-
Tpamuii 3SMMHKX (pochaToB, TOCKOIBKY B HAX B T€UEHNE BCETO BETETATHBHOTO IIEPHO/IA CYIIIECTBYET TOCTATOYHO MH-
TEHCHBHBII TTPUTOK TOCTYITHBIX 15T (PUTOIIAHKTOHA OMOTEHHBIX 3JIEMEHTOB, TIOCTYITAIOIINX C BOTAMU BITATAFOIINX
pek. Ha ocranpHOiT akBaTOpUM 03epa CPeIHEMHOTOJICTHSST OromMacca (PUTOTUTAHKTOHA M3MEHSIeTCS B AMAIla30He
0,5—1 r/M> B LIeHTpaIbHOI U ceBepHOIt yacTsx o3epa, u 1,5—2,0 r/M> — B Bosxosckoii 1 CBUpCKOii Tydax, Iie elle
OIIIYIIIAeTCS BIVSIHIE TTOCTYHAIOIINX C BOTOCOOpa OMOTeHHBIX 2JIEMEHTOB.

BocmponsBeneHHBIE 0COOCHHOCTH TTPOCTPAHCTBEHHOTO pacltipeneeHus ¢hocdaTroB 1 OmoMacchl (GUTOILIAHKTO-
Ha, JOCTaTOYHO XOPOIIIO COTJIACYIOTCSI C MPEACTABICHUSIMUA O ITPOCTPAHCTBEHHON M3MEHYMBOCTH STHUX XapaKTepH-
CTUK 3KOCHCTeMBI JIamoXKCKOro o3epa, IolydeHHBIMU Ha OCHOBE JaHHBIX SKCIIEPUMEHTATbHBIX UCCIICIOBaHNIA [2].

®urormaHkToH B JIamoKCKOM 03epe MPeACTaBlICH pa3IMYHBIMM BUIAMU TMATOMOBBIX M HE-IMaTOMOBBIX BO-
nmopocieit. OCHOBHOI 0COOCHHOCTBIO CE30HHOM CYKIleCCHU (DUTOIIAHKTOHA SIBIIIETCS TO, UTO BECEHHEE IIBETCHUE
B OCHOBHOM OITPENEISIETCS XOJIOMOTIOOMBBIMU TMAaTOMOBBIMI BOIOPOCIISIMH, B TO BPeMsI KaK TTO3THE BECHOM 1 Jie-
TOM TOMUHUPYIOT He-IMaTOMOBBIe Bogopocu [2]. JIms aHamm3a 0cOOeHHOCTEI TTPOCTPaHCTBEHHOI N3MEHINBOCTH
MAaTOMOBBIX M HE-TMAaTOMOBBIX BOIOPOCIIEH OBLIH MOCTPOSHBI KAPTHI TOMOBOI IMTEPBUYHOM MPOXYKIIUN, OCPETHEH-
Hble 3a niepuon ¢ 1980 mo 2020 rr. ITogoOpath TTepuoabl OCPEAHEHMS BHYTPY TOAOBOTO IUKJIA JIsT 00Jiee TOUHOTO
TIPeACTaBJICHUST CPEIHEMHOTOJIETHETO pacTIpeaeSIeHUST OTIEIbHBIX TPYIIT (DUTOIIAHKTOHA HE TIPEICTABISICTCS BO3-
MOKHBIM. DTO CBSI3aHO C TeM, UTO BpeMsI Hauajla BeTeTaTUBHOTO MepHUOAa OIPEIeIsieTCs BpeMEHAMM NCUE3HOBCHUS
JIEISTHOTO TTOKPOBA M MPOXOXKIACHUS TepMOOapa, KOTOPBIE XapaKTepU3YIOTCST CHITBHOM MEXKTOIOBOI N3MEHUYNBOCTHIO.

IIpencraBreHHBIe Ha pUC. 4, 6—e TOMOBBIC MHTETPAIBI IIEPBUIHON MPOAYKIINHM TTOKA3bIBAIOT, YTO OCHOBHOM
BKJIaJ, B CYMMapHYIO TOZOBYIO ITPOMYKIIMIO BHOCUT HE-IMATOMOBBIM IIJIAaHKTOH. MakcuMasbHbIe 3HAYEHUS TO-
10Boii epr4HOM npoxykunu 300—400 rC/m?/ron He-AMaTOMOBBLIX BOIOPOCIEH OTMEUAIOTCA B PaiioOHax ¢ Mak-
CHMaJIbHOU OMoMaccoli, MprYeM B IIEHTPAaJTbHOM U CEBEPHOM paifoHaX 03epa TOomoBasl IepBUYHAST ITPOIYKIIUS
He-I1MaTOMOBOro (PMTOIUIAHKTOHA cocTasisieT oT 15 no 25 rC/m2/roa. TonoBble 3HaueHUs BOCIPOU3BEIEHHOM
MepBUYHOl MPOAYKLIMU TMATOMOBOIO ILIAHKTOHA U3MEHSIOTCS B [uanasoHe ot 5 1o 20 rC/m%/rox. Ipu 3ToM ero
MUHHUMAJIbHBIC 3HaUCHHUS HAOJIOMAIOTCS BIOJIb FOXKHOTO M BOCTOYHOTO ITOOEPEXbs, a MAKCUMAJIbHbIE — B IIEH-
TPaJIbHOU M CeBEPHOIT YaCTAX 03epa. DTy 0COOCHHOCTh MOXKHO OOBSICHUTD TEM, YTO B MEJTKOBOIHBIX I0JKHBIX 1 BOC-
TOYHBIX IMTPUOPEKHBIX paifoHaX IMOCJIe Hadyalla BeTeTaTUBHOTO MePHOoIa JOCTATOYHO OBICTPO MPOUCXOIUT IIPOTPEB
(oTrIecKOro Cios, KOTOPBIN MIPUBOIUT K CMEHE BUIOBOIO COCTaBa (PUTOIJIAHKTOHA C JMATOMOBOTO Ha He-Iua-
TOMOBBI. B T7IyOOKOBOIHBIX LIEHTPAJTBEHOM M CEBEPHOM paiioHAX ITPOTPEB MTPOUCXOIUT 3HAYUTEIIBHO MOJIBIIE, UYTO
TMPUBOINUT K YBEJIMUECHUIO TIepHOIa IIBETCHUS TMATOMOBBIX BOIOPOCIEH, TIPOIOIKAIOIIETOCs OT MOMEHTa HaJdajia
IBETCHMST 1O MOMEHTA TOCTUKCHMS ONTUMAJIbHOM IS aKTUBHOTO Pa3BUTHSI HE-IMAaTOMOBOTO (hMTOIUIAHKTOHA
TeMrepaTypsl. AHAJIU3 TIPOCTPAHCTBEHHONW M3MEHYMBOCTH TIEPBUYHOI MTPOMYKIIMK ST TIEPHOIOB C Pa3IMIHOI
BHELIHEH OMOTeHHOM HArPy3KOi He BBISIBMJI KAY€CTBEHHBIX Pa3IMUMii MEXIY IMPOCTPAHCTBEHHBIMU pacIipeaesie-
HUSIMU TIEPBUIHON TTPOIYKIINN B Pa3HbIC TIEPUOIHI.

3.4. buozeoxumuueckue nomoxu

EnuHcTBeHHas olieHKa CPECAHETOOOBbBIX OMOTreOXMMMNYECKUX ITIOTOKOB, M3BCCTHAaA aBTOpaM HAaCTOSIIEH pa6o—
Tbl U3 OHY6I[I/IKOBaHHI)IX I/ICCHCILOBaHI/Iﬁ, — 3TO OIICHKa IO MHOTOJICTHUM JaHHBIM CpCI[HCﬁ TrOA0BOM HCpBH‘{HOﬁ
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Fig. 4. Average long-term (1980—2020) distribution of winter concentration (mg/m?) of mineral phos-
phorus (April) in the photic layer (@), average phytoplankton biomass for the growing season (May—
October) (g/m?) (b), annual primary production (g C/m2/year) of diatoms (c) and non-diatoms (d)

MPOAYKLIMK 03epa B nramna3one 259—1568 teic. T C, oTHOCAmasACsa K KoHiry 1970-x rr. [2]. BocmonHsist 3TOT Iipodet
B MCCJIEIOBAHUSIX COCTOSTHUS KOCUCTEMBI JIanosKCcKOro o3epa, paCCMOTPUM OLIEHKU CPEHETOIOBBIX OMOT€OXUMMU-
YeCKUX IMOTOKOB (hochopa, BKIOUAS MEPBUYHYIO TPOAYKIIMIO, B Pa3HbIe MEPUOIbI BPEMEHU, KOTOPhIE TTOTYUYEeHBI
10 pe3yJibTaTaM MOAEIMPOBaHUs U IipeAcTaBlieHbl B Taoi. 1. CornacHo Tab. 1, cpennss 3a nmepuon 1980—2020 rr.
roxoBas epBuuHas npoaykius coctapisieT 1021 = 208 teic. T C B roa, npudeM 20-TH MPOLIEHTHOE CTaHIAPTHOE
OTKJIOHEHME CBUIIETEILCTBYET O 3HAYMTEIbHOM MEXKTOI0BOI U3MEHYMBOCTH, KOTOpasi 00yCIaBIMBaeTCs U3MEHUM-
BOCTBIO BHEIITHUX YCJIOBUI, TIPEXKIE BCETO, TEMIIEPATypPhl BOABL. 3aMETUM, UTO CPEIHSIS TOIOBas TIEpBUIHASI TIPO-
IOYKIIVs B coBpeMeHHbIi riepron (2003—2020 rr.) ¢ HU3KOM BHEIITHEH HArpy3KK cHU3MIach Ha 30 % 1o cpaBHEHUIO
¢ nepuonoM BbeIcoKoi Harpy3ku (1980—1995 rr.), HecMOTpsl Ha TO, UTO CPEeIHEroAoBoe MOoCTyIieHue docdopa
B 03ep0, OCPETHEHHOE 3a aHAJIOTMYHBIE MIePUO/IbI, COKpATHUIOCh Ha 39 %. JlpyruMu cioBaMU, CHYDKEHYE BHEIITHEH
Harpy3Ky He TPUBEJIO K MPOIMOPIIMOHATBHOMY CHUKEHWIO TIPOAYKTUBHOCTH BogoeMa. I1psiMoro rmoaTBepKaeHust
9TOM 3aKOHOMEPHOCTU B JIMTepaType HaliTU He yaaaoch. OmHAKO KOCBEHHO OHa MOATBEpXKAAaeTCs TeM (hakToM,
YTO COMIACHO [2, 4, 6], Kakue-11u00 TpeHIbl B MEXKTOIOBOM U3MEHUMBOCTU OMOMACChl (DUTOIUIAHKTOHA, a, 3HAYMT,
W MIEPBUYHON MPOAYKIIUU, B HOTUYECKOM CJI0e 03epa JeToM i reproaa ¢ koHua 1970-x mo 2019 rr., korga mpo-
M30IIJI0 CUJIbHOE CHMXKEHUE BHEIIIHEN Harpy3Ku, OTCYTCTBYIOT.

H71s1 00bSICHEHUST YKa3aHHOM 3aKOHOMEPHOCTH, PACCMOTPUM CpeIHUE TOIOBBIC TTOTOKM (hocdopa, KOTOPhIe
st bochop-TMMUTUPOBAHHOTO BOJOEMA UTPAIOT OMPENEISIONIYI0 POJIb B YCTAHOBJIEHUU €r0 YPOBHS MPOAYK-
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TUBHOCTHA. MUHepalbHBIN pochop B Bume GochaToB IMOCTyIaeT B BOTHYIO KOJOHKY U3 CICAYIOIINX NCTOUHUKOB:
MpSIMOe MOCTYIIJICHHE C PEYHBIM CTOKOM, 3a CYET PELMKIIMHTA B BOTHOM KOJIOHKE, KOTOPBII BKITIOYAeT SKCKPELINIO
300IJIJAHKTOHA M MUHEpaJIM3alMI0 OPraHMYeCKOro BEIIECTBA, a TAKXKe 32 CYET BbIXOAA U3 JTOHHBIX OTJIOXEHMIA.
DKCKpelrs 300IUIAHKTOHA ¥ MAHEPaIN3allis OPTAaHMIECKOTO BEIlleCTBAa 3aBUCIT OT TeMITepaTyphl BOIBI U ITapa-
METPU3YIOTCS KCIIOHEHIIMANbHOI (yHKIMel Buna a exp(b T), rie a — ckopocTb rpouecca (cyt ') mpu 0 °C, b —
koadduuueHt npu temrneparype (°C1), T— temneparypa (°C) Boabl.

HanHble Ta01. 1 TO3BOJISIOT OLIEHUTh OTHOCUTEIBHBIN BKJIAI Pa3IMIHBIX ICTOYHUKOB MIUHEPaIbHOTO (hocdo-
pa B hopMHUpOBaHKE TTEPBUYHOM MTPOAYKIMK (PUTOIIAHKTOHA. B IIeJToM IIjIT BCero paccMaTprBaeMoro reproa
1980—2020 rT., BKJ1aa peYHOTO CTOKA B 00CCIICYCHU Y MOTPEOHOCTEH B hocdaTax Mpu MPOU3BOICTBE OPTaHUIECKO-
IO BELIECTBA COCTABISIET 8 % OT 00LIEro NoTpedaeHUS, TOCTYIUIEHUE U3 JOHHBIX OTJIOXKEHUI COITOCTABUMO C IO-
CTYIIEHMEM M3 peK 1 cocTtasisieT 10 %. OcHOBHOI BKIan B obecrieueHre pochataMu BHOCUT ITPOILIECC BHYTPEH-
HETo peLIMKJIMHTa, KOTOPKI cocTaBisieT 82 %. [1pu aToMm 33 % obGecriedynBaeTcsI 3a CUET IKCKPELIMU 300IIaHKTOHA,
a49 % 3a cueT MUHEpaIM3alui, B KOTOPYIO BKJIIOUEHA MUHEPAIM3aLIMs OPTAHUYECKOTrO BEIECTBa, ITOCTYIAIOLIETO
¢ peyHBIM cTOKOM. ComnocTasJisist MOTOKM (hocdopa B IEPUOIbI C BEICOKOI M HU3KOI BHEIITHE! OMOTeHHOI Harpy3-
KOI1, MOXHO OLIEHUTb, YTO YMEHbIIIEHKE BHYTPEHHETO PELIMKJIMHIA COCTaBJIsIeT 0KOJIO 32 %, 4TO IOYTH COBIAIAET
C YMEHbLIEHUEM NIEPBUYHOI npoayKuuu. OCHOBHOI MPUYMHON OMMCAHHBIX U3MEHEHMI B 9KOCUCTEME, [10-BU-
IUMOMY, SIBIISICTCSI YBEJIWYEHHE TeMITepaTypbl BoAbl. [Ipy MOBBIIIEHUH TeMIIEpaTyphbl MTPOUCXOIUT YBEIMYECHUE
CKOPOCTH 3KCKPELIMU 300IJIAHKTOHA Y CKOPOCTH MUHEpaJIM3alMi OPraHMYeCKOro BEIleCTBa, U, KaK CJIeICTBUE,
YBEJIMUMBAETCSI CKOPOCTh 000paurBaeMocTH hocdopa B CUCTEME, YTO IIPUBOAMT K MEHbBILIEMY CHIKEHUIO IIEPBUY-
HO TPOIYKIIMY 1 OMOMACcChl (PUTOTUTAHKTOHA ITO CPaBHEHWIO CO CHIDKEHMEM BHELITHe (hochOpHOI HATPY3KHU.

3.5. Ouenxa epemenu obopoma oduezo ghocghopa 6 6odax ozepa

Hns1 oleHKH BpeMeHHM obopoTta docdopa B 03epe BocmosbdyeMcs caenytonieii ¢hopmynoit: T = C V/F, toe
T = Bpems 060poTa pocdopa (roxnsr), C — cpenHsas KoHIeHTpauus dpocdopa B o3epe (MI/M>), B KayecTBe KOTOPOIA
OOBIYHO MCIIOJIb3YeTCsl KOHLIeHTpalusl ¢occopa B Mepruoa MaKCMMaJIbHOTO 3MMHET0 HaKOIUIeHUsI, V — 00bEM
o3epa (kM°) 1 F — noctyruieHue docdopa B 03epo (ToHHbI B roft). CoriacHo pesy/bsTatam pacueros, C = 26 (Mr/m3)
u F=4271 Tonn P/rox B cpennem mis nepuona 1980—2020 rr.; 00bEM (B COOTBETCTBUU C PACUETHOI ceTKoi) V =
= 890 km>. B pesysbTaTe MojyyaeM, 4yTo cKopocTh 06opoTta (ocdopa B JIagoKCcKOM 03epe cocTaBsia IPUMEPHO
5.4 rona nis nepuona 1980—2020 rr.

Tabauya 1
Table 1

CpeaHue ronoBbie GHOreOXMMHUYECKHE MIOTOKH B 9KocucTeMe JIa0KCKOro 03epa, ocperHeHHbIe
32 pasjin4Hbie mepHobl (M0 Pe3y/IbTaTaM MOJAETUPOBAHMS)

Average annual biogeochemical flows in the ecosystem of Lake Ladoga, averaged over different periods
(based on modeling results)

Tonsr
1980—2020 1980—1995 2003—-2020
TlepBuuHas npoaykuus (CTaHIaPTHOE OTKJIOHeHue), Thic. T C/rox 1021 (208) 1265 (119) 878 (109)
TTotoku docdopa, TonH P/ron

notpedseHue dhocdopa pUTONIaHKTOHOM 25601 31694 21993
BHYTPEHHMIT pELMKIMHT 21202 26718 18286
6m. .

IKCKpeyus 300n1aHKMoHaA 8547 10992 7455
MUHEpAAU3auus 12655 15726 10832
BBIXOJl M3 JOHHBIX OTJIOXKEHU I 2601 2798 2354

[MocTyrieHue 13 BHEIIHUX UCTOYHUKOB

Oo61wmit pochop 4271 5609 3436
B TOM YMCJIe, MUHEPAIbHBII hochop 2137 2805 1719
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Kak 6b110 cKa3aHO BbILE, CYLIECTBYET BpEMEHHOI CABUT Ha 3—4 roga MeXay HauyajaoM CHIKEHUEM BHELIHEN
Harpy3Ky M HavyaJlOM CHVKEHUSI KOHILEHTpauu docdopa B o3epe. [Ipu cokpallleHNM BHEIIHE Harpy3Ku, Bpe-
MsI IIPMCIIOCOOJIEHUST 03epa K HOBBIM Harpy3kam OyIeT OIpeneisaThCsl CKOPOCThIO BbIBOMA 3a MPEIEIbl CUCTEMbI
HAKOTUICHHBIX TTOJ BO3[EeiiCTBMEM MOBHIIIICHHOI HAarpy3KM 3aIlacoB OMOTEHHBIX 3JIEMEHTOB, KOTOPOE OIIpEIes-
eTCsI BpeMeHeM MX 00opoTa. B pe3ysibrate BO3HMKAET YKa3aHHBI BPeMEHHOM CIBUT MEXKIY HAYaJIOM CHVKECHUS
dochopHOIT Harpy3KM 1 HAYAJIOM CHIKEHUS cofepxkaHus pocdopa B o3epe.

4. 3akouyenue

AHAaJIN3 IIPOCTPAHCTBEHHO-BPEMEHHOM M3MEHUMBOCTH CMOJIEIMPOBAHHBIX OCHOBHBIX XapaKTePUCTUK 9KOCH-
CTEMBI 1 OMOTEOXMMMIECKIX ITOTOKOB JIamoXXCKOro 03epa IO3BOJIMII OLIEHUTh MEXTOIOBYIO MI3MEHUYMBOCTh COMIEP-
*xaHus docdopa, OomMacchl M MepBUYHON MponyKiuu dhuTtoruiaHkToHa B epuoa 1980—2020 rr. [TokazaHo, yTO
IIpY YMEHBIIEHUH BHEIIHETo mocTyIuieHus: docdopa Ha 39 % B nepuon 2003—2020 IT. 110 CpaBHEHUIO C TIEPUO-
qoM 1980—1995 rr. cpeaHeronoBoii ypoBeHb IEPBUYHOM MPOAYKLIMU CHU3WICS MeHblle, Ha 30 %, 4To sBiIsgeTcs
CJIEICTBUEM YCKOPEHHS, 3a CUET YBEJIMUEHMS] TeMIIepaTypbl BOIbI, BHYTPEHHUX OMOreOXUMHUUYECKUX TTPOLIECCOB,
OTBEYAIOIINX 3a KPYTOBOPOT hoccopa (IKCKpeIrsl 300TUTAHKTOHA M MUHEpaIM3allisl OpraHUYeCKOro BEIleCcTBa).

Ha ocHoOBe pe3ysIbTaToOB MOICIMPOBAHUS OLIEHEHO BpeMsl 00opoTa (pocdopa B 03epe, KOTOPOE COCTABUIIO TIPH-
MepHoO 5,4 rona aJist paccmarpuBaemoro repuoaa BpeMeHu 1980—2020 rr. Drta oligHKa 00bSICHSIET BpeMEHHOI CABUT
MEXIy HayaJOM CHIDKEHMS BHEIIHe# (hochOopHOIt Harpy3KM 1 CHIDKEHHMEM cofepxkaHus pocchopa B Bomax o3epa.

HecMoTpst Ha TOCTaTOYHO XOPOIIlee COBITaicHNE PEe3yIbTaTOB MOIEIUPOBAHUS C TaHHBIMU HAOTIONCHMIA, He-
00X0IMMO JlajTbHelIee YCOBEPIIEHCTBOBAHME MOJIEIN KaK ITyTEM YTOUHEHU ST MEXTOJ0BOM 1 CE30HHOI AMHAMUKH
BHEIITHUX OMOTEHHBIX MOCTYIICHU, TaK W IIOCPEIACTBOM 00Jice TOHKOM HACTPOMKHN MOJETbHBIX KOI(DDOUIIMEHTOB.
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AHHOTaUUsA

B pabote mpencraBieHb! pe3y/IbTaThl aHATM3a MHOTOJIETHETO MacCuBa HaOMIONEHUI 32 TIPOCTPAHCTBEHHO-BPEMEHHOI U3MEH-
YUBOCTBIO XapaKTEPUCTUK CyOMe30MacITabHbIX BUXpeil Ha akBaTopuK JIanoKcKoro o3epa 1o paarooKallMOHHBIM N300paXkeH! -
aM. B kauecTBe MCXOMHBIX JTaHHBIX MCIIONB30BAINCh 6ojice 3500 BRICOKOpa3pelIatoIIMX CITyTHUKOBBIX CHUMKOB Sentinel-1A/B 3a
niepuo ¢ stHBapst 2016 o nekadpb 2022 r. [1pencrapiaeHbl 0000IEHHBIE KapThl TOBTOPSIEMOCTH CyOME30MacCIITaOHBIX CTPYKTYP Ha
aKBaTOPUU 03epa 3a TOM U TI0 ce30HaM. [1oTydeHbI cpeTHeroMoBhIe U CE30HHBIE OLIEHKU N3MEHUYUBOCTHU CPEIHUX TUAMETPOB BUX-
peii B LesioM 1 ¢ yyetoM Tumna BpauieHus. [lokasaHo, uTo cyomMe3omMaciuTaOHble BUXPU SIBJISIIOTCS] pACTIPOCTPAHEHHBIM SIBJIEHUEM
Ha BCeil akBaTOpUM 03epa B TIEPUOJ, PA3BUTHUS TIPSIMOI TEPMUUECKOI CTPATU(MUKAITNY U TIPUCYTCTBUS TIPUTIOBEPXHOCTHOTO TTHK-
HOKJIMHA. Yallie BCero perucTpupoBIMCh LIMKJIOHUYECKUE CTPYKTYPBI pa3MepaMu 10 3 KM, UTO He MPEBBIIIAET OLIEHOK CPETHEro
pamunyca nedopmarmn Poccou mist Jlamoxkckoro o3epa. Buxpu gaiie Bcero oTMeuasinch K ceBepy oT 0-Ba Bamaam. 3HaunTenbHOM
MEXTOIOBOI U3MEHYMBOCTHU B MX XapaKTEPUCTUKAX HE MPOCIEKUBATOCH, OHU ObLIU OJIM3KU K CPETHUM MHOTOJIETHUM. BbIsiBlIeHO
HaJIMuue BbIPAKEHHOW BHYTPUTOMOBON M3MEHUMBOCTH XapaKTEePUCTUK CyOME30MacIITaOHBIX CTPYKTYP KaK B 9acTOTe W MeCTax
BCTPEYaeMOCTH, TaK U B MEHbILIE} CTENeHU B UX pa3Mepax. YCTaHOBJIEHO, UTO Haubosee 4acTo BUXPU HAOMIONAINChH B paiioHax
¢ rmyouHamu 50—100 M, BOM3M o61acteit pOHTATLHBIX 30H Pa3IMIHOTO TeHe3nca. Ha oTienbHbIX mpuMepax ToKa3aHo, UTo Hey-
CTOMYMBOCTB B 00J1aCTH (DPOHTATTBHBIX 30H B JIanoKckoM 03epe MOXKET ObITh OHON U3 JOMUHUPYIOLIMX PUUMH MOSIBIECHUST TPYTIT
MAaJTBIX BUXPEl B YCIIOBUSIX, KOTna Tororpadnieckue 3G heKThl 1 BIMSHIAE BeTpa He TOJDKHBI OBITH CYIIIECTBEHHBIMI.

KiroueBbie c10Ba: cyomMe3oMaciiTad, BUXpU, MOHUTOPUHT, CITyTHUKOBBIE PAINOIOKAIIMOHHBIC N300pakeHHSI, CTAaTUCTUICCKIE
XapaKTepUCTUKU BUXPEBbIX 00pa3oBaHuii, Jlanoxckoe o3epo
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Abstract

This study presents the results of the analysis of a long-term dataset of observations on the spatial-temporal variability of
submesoscale eddy characteristics in Lake Ladoga using radar imagery. The initial data consisted of more than 3500 high-reso-
lution Sentinel-1A/B satellite images for the period from January 2016 to December 2022. Generalized maps of the occurrence
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of submesoscale structures on the lake’s waters for the year and by seasons are presented. Average annual and seasonal estimates
of the variability of the mean diameters of eddies with different type of rotation were obtained. It was shown that submesoscale
structures are a common phenomenon throughout the lake during the period of direct thermal stratification and the presence
of a near-surface pycnocline. Cyclonic structures with sizes up to 3 km were most frequently registered, which does not exceed
the estimates of the average Rossby deformation radius for Lake Ladoga. Eddies were most often observed north of Valaam
Island. No significant interannual variability in their characteristics was found; they were close to the average multi-year values.
A pronounced intrayear variability in the characteristics of submesoscale structures was revealed, both in frequency and loca-
tions, and to a lesser extent in their sizes. It was established that eddies were most frequently observed in areas with depths of
50—100 meters, near frontal zones of different genesis. In specific cases, the instability in frontal zones in Lake Ladoga appears
to be a dominant factor in the formation of small eddy groups, especially in the absence of significant topographic effects or
wind influence.

Keywords: submesoscale, eddies, monitoring, satellite radar images, statistical characteristics of eddy formations, Lake Ladoga

1. Benenne

B KpyIHBIX 03epax, UMEIOIINX XapaKTepHbIIl pa3Mep MOpsIKa NECATKOB U COTeH KUJIOMETPOB, T. €. OOJIbIIIe
olieHOK panuyca nedopmauuu PoccOu, KpyroBopoThl Maciutada OacceitHa (Me3omaciuTaOHbIE) TMpeodagaloT
B HUPKYJISIIIUA W UTPAIOT KITIOYEBYIO POJIb B TOPU30HTATILHOM M BEPTUKAIBHOM pacIipefeIeHUN (U3NIeCKIX, X1~
MUWYECKUX ¥ OMOJIOTUYECKHX ITapaMeTPOB 110 BceMy BomoeMy. OHU (hOPMUPYIOTCS IO BIUSHUEM BeTpa, TEPMOIH-
HaMMUYecKoro obMeHa, CToka pek, a MoaubuirpyoTcs cuiaoit Kopuoinuca, ocoOeHHOCTSIMU peibeda THa U MoJI0-
XKeHueM beperos [1, 2].

Kpome Me3oMacitabHO# UPKYJISIIMY B 03epaxX YaCTO BOZHUKAIOT BUXPU MEHBIIIETO MaciiTadba (0T COTEH Me-
TPOB 10 €AMHUIL KUJTIOMETPOB), BIUsIHUE cuiibl Koprosuca Ha KOTOpbIe HE SIBJSIETCS TTOJTHOCThIO OIPEACISIIOIINM
[3]. OHu oTHOCATCS K CyOMe3oMacIITaOHOMY MHTEPBaJly U3MEHUMBOCTHU TUAPOGU3NIECKUX TToJieit [4]. BuxpeBbie
CTPYKTYPBI JAHHOTO pa3Mepa He ONMMCHIBAIOTCS LIEIMKOM ITOJOKEHUSIMU KBa3UT€OCTPODUIECKOTO TTPUOTMKEHNS
U B TO XK€ BpeMsl He SIBJISIIOTCSI B ITOJTHOM Mepe M30TPOITHO TPEXMEPHBIMU, HETUAPOCTATUUECKUMU TTPOLIECCAMMU.
OHM UMEIOT XapaKTepPHOE BPEeMsI CYIIIECTBOBAHMS OT YaCOB A0 CYTOK. CUMTACTCSI, YTO CyOMe30MacCIITaOHbIC BUXPH
XapaKTepu3YIOTCSl 3HAUUTETbHOI BEPTUKAIBHO CKOPOCTHIO, TTO3TOMY UTPAIOT BaXkKHYIO POJIb B OCOOEHHOCTSIX JIO-
KaJIbHOTO BEPTUKAJBbHOIO Y TOPU30HTAJILHOTO TepeMeliuBaHus [4, 5]. AHaNIU3 CyTHUKOBBIX M300paXKeHUIi ¢ BbI-
COKMM IIPOCTPAHCTBEHHBIM pa3pelleHrueM (ONTHYeCKMEe CHUMKHU W pamuojioKalnoHHbIe n3oopaxkeHus: (PJIN))
TI03BOJIWJI CAEJIaTh OYEBUIHBIM BEIBOI O PACTIPOCTPAHEHHOCTU MAaJIBIX (CyOME30MacCIITaOHBIX) CTPYKTYP BO MHOTHX
osepax: o3epo Bepxnee (CeBepHast Amepuka) [6], Ckagapckoe o3epo B UepHoropuu/AnbGanuu [7], Jlamoxckoe
n OnHexckoe o3epa B Poccuu [8—10], 2KerneBckoe o3epo B LlIBeitapun [11], CeBan B Apmenun [12]. Ho crour
OTMETHUTD, YTO B OOJIBIITMHCTBE CJIyYaeB MpeCTaBIeHHbIE NCCIeNOBAaHNS OCHOBBIBAIOTCS HA PACCMOTPEHUM HE3Ha-
YUTEJIBHOTO YMCIIa MPOSIBJICHUI BUXPEBBIX CTPYKTYD.

CuuTaeTcs, 4TO B paifoHaX 9acTOit TOBTOPSIEMOCTH CYOME30MAacCIITaOHbIC CTPYKTYPHI OKA3bIBAIOT BIMSIHUE HE
TOJIBKO Ha AMHAMMKY BOJ, HO M Ha OMOT€OXMMUUYECKUE TTPOIIECCHl M, COOTBETCTBEHHO, OMOJIOTUYECKYIO TIPOIYK-
TUBHOCTb [5] KaK B MOPSIX, TaK U B KPYITHBIX BogoeMax. B pesynbraTe nHpopMauus o paitoHax 4aCcTOM perucTpaluu
cyOMe30MacCIITaOHBIX BUXPEil, X CE30HHON M MEXTOIOBOM M3MEHYMBOCTU BaxKHA IUIST YIIYOJICHUST TIOHMMAHUS
JTUHAMUYECKUX W OMOJOTUYECKUX TTPOIIECCOB, IMPOTEKAIOIINX B 03epax. DTOT BOIPOC BeCbMa aKTyajeH, TaK Kak
M3MEHEeHUs KJMMaTta M Bo3pacTarolasi aHTpOIOreHHasl Harpy3kKa MOXeT MPUBECTU K 3BTPODUKALIMU MHOTUX 03ED
Poccuu [1], B Tom yncie, Jlamoxckoro o3zepa. 3HaueHUe JIamoKCKOro o3epa ompenessseTcsl TeM, UTO OHO SIBIISICTCS
OCHOBHBIM MCTOYHHUKOM BOJIOCHA0OXEHHsI OTHOTO M3 KpyIHeimx roponoB Poccuu — Cankr-Ilerepoypra. Cripo-
THO3MPOBAaTh Pa3BUTHUE MPOLECcCOB B JIanoxkCKOM 03epe MOXHO Ha OCHOBE BUXpepa3pellaloliuX THAPOIMHAMUYE-
CKHUX MOJeJieit BRICOKOTO ITPOCTPAaHCTBEHHOTO paspemnreHus [13]. OmHako ux pa3BUTHE HEBO3MOXHO 0€3 HATUIUs
obecriedeHHOI MHOTOJIeTHEW MHGMOPMAIIMOHHON 6a3bl O MPOSIBICHUSIX CyOMe30MaclITaOHbIX BUXPEl B TeYeHUE
BCEro roia Ha akBaTOpPUM 03epa.

OmHuM 13 HamboJlee MAacIITAOHBIX IT0 MCIIOJIB30BAHHOMY MaTepHaly IJIS MCCICIOBaHUMN IIPOSIBICHUM CyO-
Me3omaciTabHbIX BUxpeit B JIamoxkckoM o3epe siBisieTcs: padoTa [9], B KoTopoit Ha ocHoBe aHanu3a 1023 PJIN,
MOKPBIBAIOIIMX aKBaTOpuIo JIagoxckoro o3epa, 3a Maii-okTsi6pb 2019—2022 rr. 6bLI10 AeTeKTUpoBaHO 496 BUXpe-
BBIX CTpYKTyp. Cpean HUX OTMEUYaIrCh KaK OTASIbHBIC BUXPU, TaK U TUITOIbHBIC CTPYKTYPHI, a TAKXKE BUXPEBHIC
nopoxku. CpeqHU AuaMeTp BUXPEi cocTaBUII 2 KM, UTO He MPEBbIIIaeT 0apoOKJIMHHOTO paauyca Poccou, pazmep
KoTtoporo B JIagoxxckoMm o3epe KoJieoercs oT 2 10 5 kM [14]. LHuknonnueckuii tun BpatueHust umenn 80 % ctpyk-
Typ. Yalie Bcero BUXpH PETUCTPUPOBAIKCH B 03¢pe B TICPUO PA3BUTHS YCTOMUMBOI CTpaTU(UKAIINN. SHAYNTEIIb-
HOE YMCJIO BUXPEeil, OTMeYaeMoe BO BpeMsi aKTUBHOTO JIBVDKEHUST TepMOOapa B Mae-1ioJie, TO3BOJINIO 000CHOBATh
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Cyome3omacmTadoHble BUXpH B JIa10:KCKOM 03epe 0 IaHHBIM PATHOJOKAIMOHHBIX N300pazkenuii Sentinel-1...
Submesoscale eddies in Lake Ladoga based on Sentinel-1 radar images from January...

TIPEIIOI0XKEHNE O TOM, UTO OHM OKa3bIBAIOT 3HAUMTENIbHOE BIMSHIE Ha OOMEH MEXKIY TeIUIOAKTUBHOU W TEIIIO-
MHEPTHOI 00JIaCTSIMM 03epa Iaxke B YCJIOBUSX cJ1a0bIX BeTpoB. OIHAKO JaHHOE UCClIe0BaHME HEe OXBaThIBaeT XO-
JIOIHYIO YacCThb TO/Ia, a MOJyYEeHHbIE CTATUCTUYECKUE OLIEHKHU CPEIHEMECSYHON N3MEHYMBOCTH OCHOBBIBAIOTCS Ha
CPaBHUTEJIEHO HEOOIBIINX CTATUCTUYECKUX BBIOOPKAX W HE MOTYT CIYKUTH TOCTOBEPHBIM OCHOBAaHHMEM JUIST CO-
BEPIIEHCTBOBAHMSI CYIIECTBYIOIIMX TMAPOIMHAMUIECKUX MOJIE/Iei o3epa.

[TosToMy LieJib paboThI — MpeACTaBICHUE IIEPBBIX PE3YJIbTATOB 000O0IIAIOIIETO aHAIM3a U3MEHYMBOCTH XapaK-
TepUCTUK CyOMe30MAacCIITAOHBIX BUXpel Ha aKkBaTOpHH JIamoXKCKOTro o3epa 1o paaroIOKAIIMOHHBIM N300paXkKeH-
M 3a TIEPMOJ € STHBaps 1o nekadpb 2016—2022 rr.

2. MarepuaJjbl 1 METOIbI

Hns1 uccaenoBaHUsl MOBEPXHOCTHBIX MPOSIBICHUI CyOMe30MacIITaOHbIX BUXPEBBIX CTPYKTYP Ha aKBaTOPUU
Jlagoxxckoro o3epa HMCIOIb30BAIMCh CIIYTHUKOBBIC NaHHBIC PAIMOJIOKATOPOB C CHMHTE3MPOBAHHON amepTypoid
co crytHUKoB Sentinel-1 A/B. Bcero ¢ sHBapst o nekabpb 2016—2022 rr. 66110 MpoaHaiuzupoaHo 3552 PJIU
B C-nmmnamna3oHe u pexumax cbemku Interferometric Wide (IW) ¢ paspemenuem 20 M 1 IIMPUHOI TTOJIOCHI 0030pa
250 xm u Extra-Wide Swath (EW) ¢ pa3pemeruem 40 M 1 mmmpuHoit moyiockl o63opa 400 kM. Pacnipenenenue nzo-
OpakeHWuil Mo aKBAaTOPUH 32 BECh pacCMaTPUBaeMblii TIEPUOL TIPEICTABIeHO Ha puc. 1, a. MakcuManbHOE ITOKPHI-
TUE OTMEYaeTCs B MOJ0CE B LIEHTpaJIbHOI yacTu 6acceiiHa ¢ konudectBoM oT 1500 1o 1700 uzodpaxkeHuii. MeHblle
BCEro MOKphITa 00JIaCTh BOCTOYHO YaCTH 03epa, Ha BeCh MEPUOJ, KOTOPOTO TTpuxoauTces He 6onee 800 n3obpake-
Huii. B cpenHem 3a ron Ha akBaTopuio o3epa rpuxoamiock 507 cHuMKoB. HanmeHnee obecriede HHBIMU OTMEYAIOTCS
2016 1 2022 rr., Korga 4yuciio u3odpaxeHuii cocraBuio okosto 300 3a kaxabiii roa. C 2017 mo 2021 Ha Kaxablil rof
MPUIIUIOCH TIOYTH B ABa pa3a 00JIbIle N300pakeHUt. B MecsIl B cpeqHeM KOJIMUECTBO CITyTHUKOBBIX M300paXkeHUit
coctaBuiio 296 mT. HaumeHee obecriedeHHBIM MecsilieM sIBJIsieTcsl MioHb — Beero 264 PJIV, B To BpeMs Kak Mak-
cumyM PJIN npuxoautcsa Ha nekadbpb — 340 wiT.

Perucrpanus Buxpeit Ha PJIW BhITIONHSIIaCh HA OCHOBE MeTOAa, TTOAPOOHO MpeICcTaBIeHHOro B padboTtax [15,
16]. B mporpammuom obecriedeHur SNAP HauajabHble M300pakeHUsT ObUIM OTKAJIMOPOBAHBI U CIJIAXKEHBI JIst
YMEHbILIEHUS IIYMOB ¢ moMolibio ¢punbtpa JIu [17]. 3atem Ha KaxxaoM otaeasHoM PJIU (puc. 1, 6) BpyuHylo Ha-
XOIWUJNCH 3aKPyYEHHBIE B IyTM TEMHbIE KOHTPACTHBIC TOJIOCH (OTHOCUTENBHO (pOHA), KOTOPhIe 00pa30BaIuCh

60,5°

300 31° 32° Bg. 33°

Puc. 1. Kapra nokpeitust PJIN (a) u dparment PJIN Sentinel-1 ot 07.08.2019 15:24 UTC (6) ¢ npo-

SIBICHMEM BUXDPS M WITOCcTpauueit Mmeronuku. Lludpamu Ha a 0603HaveHbI: | — ocTpoB Bamaawm,

2 — oyxra Ilerpokpenoctb, 3 — CBupckas ryda, 4 — BoaxoBckast ryda, 5 — ycTthe peku Bosxos,
6 — yctbe peku Csich, 7 — ycTbe peku CBUpb, & — ycThe peku OnoHKa

Fig. 1. Radar coverage map (a) and a fragment of Sentinel-1 radar imagefrom 07.08.2019 15:24 UTC

(b) with manifestation of eddy and an illustration of the methodology. The numbers in a indicate:

1— Valaam Island, 2 — Petrokrepost Bay, 3 — Svirskaya Bay, 4 — Volkhov Bay, 5 — mouth of the Volk-
hov River, 6 — mouth of the Syas River, 7— mouth of the Svir River, § — mouth of the Olonka River
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3a CYET HAKOIUIEHUS MOBEPXHOCTHBIX IJIEHOK B 00JIACTSIX KOHBEPIeHIIMU MOBEPXHOCTHBIX TeueHuit [18, 19]. Ecnu
JNaHHbIE MPOSIBJICHUSI MOXHO OBbLTO BMUCATh B JIIUIC, TO €r0 MPUHUMAIIU 32 TIPOSIBIIEHUE BUXPEBOU CTPYKTYPHI.
LleHTp BbIAEICHHON HA paarOI0KAIMOHHOM N300pakeHUU CITMPaIU MPUHUMAJICS 3a LIEHTP BUXPEBOM CTPYKTYPHI
(«II» Ha puc. 1, 6). Tun 3aKpyTKU BUXPEBOU CTPYKTYphl (LHUKIOHMYEeCKUEe — Cn U aHTULIMKIOHUYECKUE — Ac)
OIpeesisUIcsl Ha M300pakKeHUM BU3YaJbHO II0 HaIlpaBJICHUWIO 3aKPYTKU CIIMpaId, a CPSAHUMN TUaMETp paccyu-
ThIBajica B cpene MathWorks © Matlab Ha OCHOBe IIMH IBYX KBa3UIIEPIICHANKYISAPHBIX oceil («I1» m «[12» Ha
puc. 1, 6), KOTopbie IIPOBOMWINCH Yepe3 IIEHTP BBIICICHHOI CTPYKTYPHI M 3aKaHUYMBAJIMCh HAa HaboJIee yuajieH-
HOI TeMHO#1 criupanbHOi TMHUW. CTOUT YYUTHIBATh, YTO JTAHHBIM METOJ MACHTU(MUKAIINNA TPAaHUILL BBIIETSIEMbIX
BUXPEBBIX CTPYKTYP UMEET BECOMYIO 0JII0 CYOBEKTUBHOCTU, TEM HE MEHEE Ha ero OCHOBE YIaJl0Ch TPOaHATU3UPO-
BaTh CBOMCTBA 1 PACIPOCTPAHEHHOCTh MOBEPXHOCTHBIX MTPOSIBIICHUI BUXpeit 1711 pa3nIuyHbIX Mopeit ApKTUKM [15,
16, 20] u OHexckoro u Jlagoxckoro o3ep [9, 10].

JormoTHUTeIbHO TIPUBIICKAICh M300paXkeHNsT CKaHEPOB 1IBeTa cimyTHUKa Sentinel-2A/B MSI ¢ mpocTtpaH-
cTBeHHBbIM paspetienrieM 10 M. LlBeTHbIe M300pakeHUsI MCTIOIB30BATMCH B TIEPUOJ MAJIO00JIaYHOM TTOTOABI 3a
JaThl, 6nusKkue 1o BpeMeHu K PJIV mpu HaIMUMU HECKOJIBKUX BUXPEBBIX MPOsBACHUN. IJIs1 OLIEHKU TeMrmeparty-
DbI IOBEPXHOCTHU B 30HE MPOSIBJICHUI BUXPEll MpUBJIEKaIUCh NaHHbIe criekTpopaauomeTpoB MODIS cnyTHuKOB
Aqua/Terra, a Taxke usmepenus paguomerpa VIIRS, padoratoiiero B Y®, MK 1 BuauMoM auamna3oHe CIyTHHUKA
Suomi NPP ¢ ypoBHem obOpaboTrku L2 3a maTel, oOIIMe M1l ONTUYECKUX M PaaddOJOKAIIMOHHBIX U300pakeHUH.
[IpocTpaHCTBEHHOE pa3pelIieHe CITyTHUKOBBIX JaHHBIX TEMIIEPAaTyphl COCTaBUIIO OKoIo 1 KM. Permcrparms mpo-
SBJICHU BUXpPeil M MX XapaKTePUCTUK Ha N300paskeHUAX ontrndeckoro 1 MK -mramnasona mpoBoamuiiach aHAIOTUd-
Ho peructpanuu Buxpeit Ha PJIN. Bcero 66110 mogo6paHo 17 COBMECTHBIX CTYTHUKOBBIX CLIEH, KOTAa OTMEYaIUCh
BUXPEBbIE CTPYKTYPhI B MAJIOOOJIAUHYIO TTOTOIy, MPU 3TOM pa3Hulia Bo BpemMeHu mexny PJIN, ontuueckum u UK
M300paxKeHUsIMU ObL1a He OoJiee HECKOJBbKUX YacoB.

I aHanm3a KIMMaTUIeCKUX YCI0BUM B JIamoXXCKOM o3epe 3a TMOCenHNe ASCATUICTUS TIPUBICKAINUCh pe-
3yJIbTaThl PACUETOB TUAPOTepMOINHAMIYECKOM Momenu [ 13]. Pe3yabraTsl BKITIoUaan B ceOsl CpeTHECYTOYHBIE 3HA-
YEeHUS TeMIEePaTypbl U KOHLEHTPALIUU JenssHoro nokposa 3a nepuopa 1980—2020 rr. Ha ux ocHoBe ObLIHM MTOTyYe-
HBI CPETHEMHOTOJIETHUE CE30HHBIE TTpoUIIM TeMrepaTyphl 1jis JIamoxkckoro o3epa B nuanazoHe riryouH 0—100 m
M OLIEHKU TIJIOIIaAM JIEASTHOTO MOKPOBA 3a Kaxblii Mecsll. JIJIsi aHaau3a BETPOBBIX YCIOBUM 3a paccMaTpUBaeMblit
MEPUOJI Y TTOJTyYEHUS KIIMMATOJIOTUK UCTIONb30BAIUCH JaHHbIe peaHain3a ERAS! ¢ mpocTpaHcTBEHHBIM paspeliie-
Huem 0,25 X 0,25°.

3. Pe3yabTaTsl

3.1. Obwmas xapaxmepucmuxa

B pesynbrate o6padoTku PJIU ¢ sHBapst 1o gekaopb 2016—2022 rr. 66110 3aperucTpupoBaHo 867 MOBEPXHOCT-
HBIX MPOSIBJICHUI MaJbIX BUXPEBBIX CTPYKTYP. M3 HUX 698 GbLIM ¢ IIMKIOHUYECKUM TUTIOM BpalleHus u 169 —
C aHTULMKIOHWYECKUM. JIeTEKTUPOBAINCH IIPEUMYIIIECTBEHHO OTIEIbHBIC BUXPH, peKe TPUOOBUIHEBIC CTPYKTYPHI
WJIM BUXPEBbBIE TOPOXKH.

Masble BUXpM BCTpedaluch Ha Bceil akBaTopuu o3epa (puc. 2, a), HO Yallle BCero ceBepHee ocTpoBa Banaam
B 00J1aCTH C XOPOILIO BbIpaXXEHHBIMU TeperagaMu riayouH. [1pu 3ToM B 1ie1oM B 03epe B MPUOPEXHBIX MEJIKOBO-
JHBIX pailoHax ¢ riryouHamu 10 20 M ObLIO 3aperuCTPUPOBaHO 166 IposiBIeHMI BUXPEil, HAa aKBATOPUSIX C OOJIbIIIM -
mu mryounamu 20—50 M — 211 u 50—100 m — 316, a Hax rIy0OKOBOAHOM YacThio (r1youHEI 6o1ee 100 M) — 174.
CoorBeTcTBEHHO OoJiee 60 % Buxpeil OOHAPYKUBAIOTCS B 00JIACTU Pa3BUTHSI MHTEHCHBHOTO BOJOOOMEHA MEXIY
JIMTOPaJIbHOI 30HOM U TJTyOOKOBOIHOM YacThlO 03epa.

HuameTpsl 3aperucTpupoBaHHbBIX BUXpell BapbupoBaiuch oT 0,2 1o 13,5 kM, Npu cpenHeM 3HaueHUU 2,1 KM
Kak ISl aHTULIMKJIOHMYECKUX, TaK U LIMKJIOHUYECKUX CTpYKTYp. Yaiie Bcero (0koso 70 % ciydaeB) perucTpupo-
BaJIMCh CTPYKTYPHI arameTpoM oT 200 MeTpoB 10 2 KM (puc. 2, 6). KpymHsle Buxpu (bosee 5 KM) IIpEeUMYIIICCTBEH-
HO OTMEYaIMCh B BOCTOUHOI YacTH o3epa B obJacTsx, 0Ju3kux paitoHaM BnageHus pek OnonHka, CBupb, Cschb,
Bosxos. Bo Bcex paccmaTpuBaeMbIX MHTEPBaIaX U3MEHUYMBOCTUA KOJIMYECTBO LIMKJIOHUYECKUX BUXpeil B 4—6 pa3
MPEBBIIIANIO0 YUCIO aHTULIUKIOHNYeCKHUX. OKoJ10 93 % TposiBICHUI MM AUaMeTp 10 S5 KM (TpaHuila BepXHei
OLIEHKM OapoKJIMHHOro paguyca Poccou mist Jlagoxckoro o3epa), UTo TOBOPUT 00 MX MPUHAIIEXKHOCTH K cyOMe-
30MaCIITaAOHOMY MHTEPBATY U3MEHUMBOCTH THAPOGU3NICCKIX MOJICH.

Uhttps://cds.climate.copernicus.eu (1ara oopawenus: 15.09.2023)
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Cyome3oMacmTadHbie BUXpH B JIa103KCKOM 03€epe 10 JAHHBIM PAIM0JIOKAIMOHHBIX H300paxkenuii Sentinel-1...

Submesoscale eddies in Lake Ladoga based on Sentinel-1 radar images from January...
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Puc. 2. [IpocTpaHcTBeHHOE pacTipelieieHue IICHTPOB BUXpell (a) Ha KapTe IyOWH U THCTOTpaMMa
ux nuaMeTpoB (6) 3a 2016—2022 r. Temublit uBeT — Cn, CBeTIbIA — Ac

Fig. 2. Spatial distribution of eddy centers (a) on the depth map and a histogram of their diameters
(b) for 2016—2022. Dark color — Cn, light — Ac

3.2. Mexczo0oeas uzmenuugocmo

CratucTuyeckue mapaMeTpbl XapakKTepUCTUK 3aperiCTPUPOBAHHBIX MPOSBICHUI CyOMe30MacIITaOHbIX CTPYK-
TYp IO TOIaM IpeacTaBieHbl B Ta0ur. 1. B 2016 r. HaGmonanuch TOIbKO OOMHOYHBIE BUXPH, OOJIBIIIAS YACTh U3 KOTO-
pbIx ObUTa B ceBepHOii yacTu o3epa. B 2017—2021 r. mpu 6071ee BbICOKOI 06ecrneyeHHOCTH CHUMKAMU BUXPU IETEKTU -
poBaIMCh 110 Beeit akBaTopru. OmHako B LieHTpaibHOM yacTy B 2018 11 2020 rr. perucTpupoBairich TOJBKO OTAEIbHbIE
BuXpH, a B 2021 I. CTPYKTYphI OBLIN COCPEAOTOUYCHBI MPEUMYIIIECTBEHHO B IICHTPAILHOM M CEBEPHOI YacTsIX 03epa.
B 2022 Buxpu oTMeuanuch B OCHOBHOM B LIEHTPaJIbHOM YacTU 03epa U K ceBepy OT 0-Ba Banaam.

He3zaBrucuMo oT roga KoJM4ecTBO MPOSIBICHUM BUXPEll IMKJIOHMYECKOTO BpallleHUs BCerna Mnpeoodianaio Hal
KOJIMYECTBOM aHTHIIMKIOHMYECKNX CTPYKTYp. B cpemHeM 3a paccMaTpuBaeMBIN MepHO IMKIOHBI BCTPEYAINCH
npuMepHo B 4 pa3a vaiiie. I3MeHUMBOCTb B OLIEHKAX CPEIHUX TMaMETPOB CyOMe30MacIlITaOHbIX BUXPEU 3a rof 1St
nepuona xopoiio obecrieueHHoro PJIN (2017—2021 rr.) He npeBsbimana 900 M. YcToiYMBOro pasinyusi B CpeIHUX
IHaMeTpax MUKIOHMISCKUX U aHTUIIMKIOHUYECKNX CyOMe30MacIITaOHBIX BUXPeil B MEXXKTOIOBOM MHTEpBaJIe He
MPOCIEKUBAIOCH.

Tabauuya 1
Table 1
CraTtucruyeckue napamMeTpsl XapaKTePUCTHK CyOMe30MaclITa0HbIX BUXPEii 10 roiam
Statistical parameters of submesoscale eddy characteristics by years
Ton KonyecTBo BUXPEBBIX CTPYKTYP, IIIT. JunameTp, KM Kosmsectso P
Cn Ac Bce Cn Ac Bce

2016 20 10 30 2,0 1,2 1,7 278
2017 152 40 192 2,1 2,7 2,2 596
2018 91 19 110 2,5 1,8 2,4 618
2019 118 33 151 2,0 2,3 2,1 592
2020 103 21 124 2,5 2,7 2,6 576
2021 144 34 178 1,7 1,4 1,7 589
2022 70 12 82 1,4 1,4 1,4 303
Hroro 698 169 867 2,1 2,1 2,1 3552
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3.3. Buympuzoodosas (ce3onnas) usmenHuugocntv

OCcoOEHHOCTHU CE30HHOM M3MEHYMBOCTH PACTIPEaSICHUS TIPOSIBIICHUM BUXpEl Ha aKBaTOpUHU 1 (DOHOBOI Tep-
MMYECKO# cTpaThrKalMy BOA TMpeAcTaBieHbl Ha puc. 3. CTaTUCTUYECKHE OLIEHKM XapaKTEePUCTUK BUXPEBBIX
CTPYKTYp IaHbI B Ta0j1. 2. CTOUT cpa3y OTMETUTh, YTO IUISI BCEX pacCMaTPUBaeMbIX CE30HOB CTaTUCTHUYECKas obe-
cneyeHHocTh PJIM moctatouHo BhICOKa 1 He onyckaeTcst Huxke 820 n3o0paxkeHuit 3a Ce30H.

B 3umHmii ce3on (puc. 3, a, d), Korna HabIomaeTcs oopaTHas cTpaTU(UKALUS IO TeMIIepaType W OOJIbIIast
YacTh aKBaTOPUHU, KaK TPaBUJIO, TIOKPBIBAETCS JIBAOM, OTMEUAIOTCSI TOJIBKO OTIEIbHbIE BUXPU, PETUCTPUPYEMbIE
OKOJIO OaTUMETPUUYECKUX HEPOBHOCTEM aHA. [1pr 3TOM MaKCHMMaIbHOE KOJIMYECTBO BUXpEM (DMKCUPYETCS B TIPH-
OpeXHOI MEJIKOBOJHOI 30HE.

B Becennuii ce3oH (puc. 3, 6, d), Koraa mociie BCKPBITUS OTO JIbla (ampeib-Mait) BOabl 03epa HAYMHAIOT MHTEH-
CUBHO ITPOTpeBaThCs Y TMOBEPXHOCTH, YUCIIO BUXPEi BO3pacTaeT Ha MOPSIIOK IO CPAaBHEHUIO C 3MMHUM TIEPHOIOM,
OTMEUalOTCs TPYIIIIBI BUXPEil M BUXPEBBIE TOPOKKU. MaKCMMaIbHOE KOJIMYECTBO BUXPE OTMEUaeTCs B IIEPEXOIHOM
30HE MEXIy MEJIKOBOJIHBIMU U INTYOOKOBOAHBIMU pailoHamu. [Tpu 3TOM B cpeHeM BECHOI OTMEUaloTCs BUXPU MEHb-
IIIero pa3Mepa, 9YeM B IPYTHe Ce30HBI, YTO MOXET OBITh CBSI3aHO B OCHOBHOM C MX (POPMHPOBAHUEM B JOCTATOYHO
y3KOii obsacTu TepMuueckoro 6apa [9, 21]. Euie onHoOit 0COOEHHOCTBIO BECEHHETO Ce30Ha SIBJISIETCS TTOUTU CeMU-
KpaTHOE TIPEBBIIICHNE YaCTOTHI PETUCTPALINY LIMKJIOHUYECKUX CTPYKTYP O CPABHEHUIO C AaHTUITMKJIIOHMYECKMM.

JleToM, Koraa Ha Bceit akBaTOpUHM 03epa Tocie IPOXOKACHUST TEPMUYECKOTo 6apa (hopMupyeTcs IpsiMasi CTpa-
TUhUKAIYS 110 TeMmIepaType (puc. 3, 6, e), BUXpHU BCTPEYAINCH Yallle YeM BO BCE IPYTUE CE30HBI BMECTE B3STHIC.
[ToBbIlIeHrEe BUXPEBOI aKTUBHOCTHU ITPOMCXOIUT Ha TIMKE CE30HHOTO TTPOrpeBa BEPXHETO CJIOST B YCJIOBUSIX (hop-
MUPOBaHUS IIPUITOBEPXHOCTHOTO MMKHOKIIMHA Ha Bcel akBaropuu Jlamoxkckoro ozepa. [Ipu aTom cydmezomac-
mTabHbIe CTPYKTYPhl UMEIOT MAaKCMMaJIbHO Pa3HOOOpa3HbIe TIPOSBICHUST M PeTUCTPUPYIOTCS Ha BCeil aKBaTOPUU
o3epa, HO peryjIsipHee BCero K ceBepy OT 0-Ba Bamaam. MakcumanbHOE YMCIO MPOSIBICHUI CTPYKTYP OTMEUYaeTCs
Han myonHamu 50—100 M. TTo cpaBHEHMIO C APYTMMY CE30HAMMU JIETOM YBEJIMYMBAIOTCS U CPEHUE TUAMETPhI pe-
TUCTPUPYEMBIX BUXPEBBIX CTPYKTYP.

B oceHHMIt ce30H B Mepuo/ BhIXOJAaXXMBaHUSI TepMUUecKasl cTpaTuduKalus ocjiadeBaeT (puc. 3, e, €), YUCI0
BUXpEli COKpalllaeTcsl IpMMEpHO B Ba pa3a 10 CPaBHEHMIO C JIETHUM ce30HOM. Ho OHU mo-npexxHeMy BCTpedaroT-
Cs1 Ha BCEil aKBaTOPUM OT MTPUOPEKHBIX paliOHOB 10 TIIyOOKOBOIHOM YacTH, M MaKCUMaJIbHasl KX TIOBTOPSIEMOCTh
TIPUXOIMUTCS Ha TOT Xe MHTepBaJ IIyOWH, 4To 1 JieToM. Kak 1 BeCHOI, yBeIMYNBACTCSI YaCTOTAa BCTPEIAEMOCTH
IUKJIOHUYECKUX CTPYKTYP TI0 CPAaBHEHUIO C aHTULIMKJIOHUYECKUMHU.

B kaxkmplil oToebHBINA ce30H (Tab. 2) IMKIOHMYECKUE CTPYKTYPBI BCTPEUAIUCh Yallle aHTULIMKIIOHUIECKUX.
3HauuTeNIbHOE TIpeodIaaHe IMKJIOHNIECKHUX CTPYKTYp Hanboee ObII0 BRIPaKeHO BECHOM U OceHblo. B reTHMiA
CE30H C pa3BUTUEM CTpaTU(UKAIINN Yallle OTMEYAINCH 00JIee KPYITHbIC BUXPHU KaK CPear IIMKIOHOB, TaK U CPEIH
AHTULMKIIOHOB. [1p1 53TOM UeTKOit 0COOEHHOCTU, XapaKTEepHOI1 ISl pa3HbIX Mopeii [19, 22], Koraa cpeaHuii nua-
METp aHTUIIMKIIOHOB OOJIbIIIe — HE IIPOCICKUBAIOCH.

3a UCKIIIOUEHWEM 3MMHETO Ce30Ha MaKCUMaJbHOE KOJIMYECTBO PacCMaTPUBAEMbIX ITPOSIBICHUI TTPOCIIEKU -
Basioch Hap ramyomHamu 50—100 M, TO3TOMY MOXKHO T0JIaraTh, 4YTO CyOMe30MacIITaOHbIe BUXPU UTPAIOT BaXKHYIO
poJIb B OOMEHEe MeXITY MEeJIKOBOTHBIMU 1 TITyOOKOBOIHBIMU O0JIACTSIMU 03epa.

H71s1 IposiCHEHNST IPUYMH CTOJIb 3HAYUTEIPHOI CE30HHON M3MEHUYMBOCTH KOJIMYECTBA IIOBEPXHOCTHBIX MPO-
SIBJICHUI BUXpeid ObLIN IeTaIM3MPOBAHbI JaHHBIE O BCTPEUYaEMOCTH BUXPEBBIX CTPYKTYP, TIPUBJICUEHBI TaHHBIE 110
TIPUBOIHOMY BETPY U ILIOIIAIM JIAOBOTO TTOKPOBA, T. K. OHU SBJISIOTCS BAXKHEHIITIMU TTapaMeTpaMU, BIUSIOIINM
Ha MposiBJIeHUsT BUXpeBbIX MpolieccoB Ha PJIN (cM. Tab. 3).

KommyecTBo 3aperncTprpoOBaHHBIX BUXPEBBIX CTPYKTYP B pa3bl MEHSIETCS IO MecsiiaM. Boimessercst 1Ba BbI-
PaXEHHBIX IEPUOA: C Masi IO CEHTSIOPb, KOTIa B MeCsII OTMEYAETCsl 3HAUUTEeIbHOE YMCI0 MposiBiaeHuH (> 100 T,
B MeCSIII), U C HOSIOPS TI0 MapT, KOTrma BUXPHW Ha akBaTopuM JIamoXKCKOTo 03epa periucTpUPYIOTCS SMU30INICCKI
(< 10 wT. B Mecsiir). Anipesib U OKTSIOPb SIBJISIIOTCS MEPEXOIHBIMU MeCSIlaMU MEXIy NaHHbIMU Tepuonamu. [le-
PUOI 3HAYMTEILHOIO KOJMUECTBA BUXPEil MPaKTUIECKN COBIAMACT OUMIICHNEM aKBAaTOPUH OTO JIbIa U C BECEH-
He-JIETHUM ociiabjeHneM BeTpoB. Kpome Toro, it 3TOro mepuoaa XapakTepHo IPUCYTCTBUE MPSIMOi TepMuye-
CKOI1f cTpatrduKaly Ha O0JIbIIEi YacTh akBaTOpuM 03epa. COOTBETCTBEHHO CyOMe30MaCIITaAOHBIC BUXPH JTYYIIIe
pPa3BUBAIOTCS B TOHKOM ITPUITOBEPXHOCTHOM MUKHOKIIMHE, HabaogaeMoM B JIagoskcKoM o3epe ¢ Mast IO OKTSIOpb.
MaxkcuManbHOe KOJTUYECTBO BUXPEBBIX CTPYKTYP PETUCTPUPYETCS B UIOJIE IIPU CaMbIX ClIa0bIX BeTpaX. BeposiTHO,
B Ka4eCTBE OCHOBHBIX MEXaHW3MOB OTBETCTBEHHBIX 3a T'€HEpallMIo BUXPEl B YCIOBUSIX OCIA0JeHMS ITPOCTPaH-
CTBEHHO-HEOTHOPOIHOTO BETPOBOTO BO3IEMCTBUS BBICTYHAIOT: TOITOrpacuueckue 3(pdeKTsl Ipu 00TeKaHUN He-
POBHOCTEI MHA, OEPErOB M OCTPOBOB; a TAKXKe OAPOKJIMHHASI K 0APOTPOITHAS HEYCTOMYMBOCTh B 00J1aCTU (hPOH-
TaJIbHBIX 30H Pa3/IMYHOTO MpoucxoxaeHust. TakuMm oOpazom cyOme3omaciuTaObHble BUXPU UTPAIOT BaXKHYIO POJIb
B OOMEHe MeXly pa3IMualoluMUCs 10 cTpaTUhUKAIIMY U TITyOnHEe 001acTSIMI 03€pa B YCIIOBUSIX CJTA0BIX BETPOB.

48



Cyome3omacmTadoHble BUXpH B JIa10:KCKOM 03epe 0 IaHHBIM PATHOJOKAIMOHHBIX N300pazkenuii Sentinel-1...
Submesoscale eddies in Lake Ladoga based on Sentinel-1 radar images from January...
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Puc. 3. Pacnipenenenue monoxeHuii HEHTPOB (YEPHBIC TOYKU — LIMKIOHBI, OeJIble — aHTUIIMKIIO-
HbI) BUXPEBBIX CTPYKTYP IO ce€30HaM (@ — neKabpb-(eBpaib, 6 — MapT-Maii, 8 — UIOHb-aBIYCT,
2 — CeHTAOPb-HOSI0pPb) U MPOGWIN TEMIIEPATYPhI TI0 KIMMATUYECKUM JaHHBIM, OCPETHEHHBIM
s Beeit akBaropuu Jlagoxkckoro ozepa ot 0 go 100 M, 3a 3MMHUI Nepuoa — CUHUIM LIBET U 3a
BECeHHUIT — 3eJieHbli (d), 3a JIETHUI — KpacHBI M 32 OCEHHUI — KeJThIit (e)

Fig. 3. Distribution of the positions of the centers (black dots — cyclones, white — anticyclones) of

eddy structures by season (¢ — December-February, b — March-May, ¢ — June-August, d — Sep-

tember-November) and temperature profiles according to climate data averaged for the entire water

area of Lake Ladoga from 0 to 100 m, for the winter period — blue and for the spring — green (e),
for the summer — red and for the autumn — yellow (f)
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Tabaruya 2

Table 2

CraTucTyeckue napaMeTpbl XapaKTEepUCTUK Cy6M630MaCl.[lT36HHX anpep”l 1o ce3oHam

Statistical parameters of submesoscale eddy characteristics by seasons

KomuectBo Buxpe-
BBIX CTPYKTYD, IIT

Juamerp, KM

KonnuecTBO BUXPEBBIX
CTPYKTYP IO TIyOMHaM

Ce30H Konuuecrso PJIU, it 0207 20—50
Bcero (Cn/Ac) Cpennuii st Beex (Cn/Ac) 5 O—;O 0//1 0 O_— ) 5/0 “
3uma (nekadpb—deBpab) 938 23 (15/8) 1,6 (1,9/1,1) 8/9/1/5
BecHa (MapT—mait) 896 153 (134/19) 1,5(1,4/1,8) 21/34/78 /20
Jleto (MIOHB—ABIYCT) 821 467 (362/105) 2,4 (2,4/2,2) 106 / 119 / 142 /100
OceHb (CeHTSIOPb—HOSIOPb) 897 224 (187/37) 1,9 (1,9/2,0) 31/49/95/49

Tabauya 3
Table 3

KonmuecTBo 3aperncTpupoBaHHBIX BUXPEBBIX CTPYKTYP U KJIMMATHYECKHE XaPAKTEPUCTHK CKOPOCTH BETpa,
IUIOMIA/IM JIEASTHOTO MIOKPOBA 10 Mecsauam

Number of registered eddy structures and climatic characteristics of wind speed, ice cover area by month

TMapameTp/mecsin 1 2 3 4 5 6 7 8 9 10 11 12
KomnuuecTBo BUXpeBbIX CTPYKTYP, ILT. 6 9 6 24 123 140 | 187 | 140 | 152 65 7 8
CpelnHsist CKOPOCTb BeTpa, M/c 4,8 4,5 43 3,9 3,8 3,7 3,5 3,9 4,5 4.9 5,2 5,3
[Mnowank JeISHOro MOKpPOBa, KM2 10125 | 15133 | 14830 | 8000 188 0,6 211 | 2757

B xauecTBe KOHKPETHOTO ITpUMepa 0OMeHa BoJaMU 3a CYET BUXPEBBIX CTPYKTYP MEXKITy pa3ieJeHHBIMU TEPMU-
yecKUM (PpOHTOM OOJIACTSIMU BOIOeMa MpUBeaeM Moa0opKy KapT 3a 7 aBrycra 2019 r. (puc. 4).

b)

Puc. 4. [MpocTpaHcTBeHHOE pacripeesieHre oI TeMIlepaTyphbl ITOBEPXHOCTH MOpsT Suomi
NPP VIIRS07.08.2019 (09:42 UTC) B ceBepo-BocTouHOI1 yacTu Jlanoxckoro o3epa (a), yep-
HBIM TPSIMOYTOJIBHUKOM TT0Ka3aHO TOJIoKeHNe (DParMeHTOB CITyTHUKOBBIX JAHHBIX 32 Ty Xe
naTy: udobpaxeHus B BuasnMoM auamnasone Sentinel-2 (09:20 UTC) (6), pannonokalimiOHHOTO
n3o6paxenus Sentinel-1 (15:24 UTC) (). Kpyramn 0603Ha4eHBI MeCTa ITPOSIBICHUI BUXPEIA,
CTpeNIoYKaMU — COOTBETCTBUE BUXPEi HA Pa3HbIX M300pakeHUSIX

Fig. 4. Spatial distribution of the Suomi NPP VIIRS sea surface temperature field on 07.08.2019
(09:42 UTC) in the northeastern part of Lake Ladoga (a), the black rectangle shows the position
of satellite data fragments for the same date: Sentinel-2 image (09:20 UTC) (b), Sentinel-1 radar
image (15:24 UTC) (c). Circles indicate the locations of eddy manifestations, arrows indicate the
correspondence of eddies in different images
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[Ton BmustTHIEM BO3IECTBUS B IIpEABIAYIIINE ABA THS CEBEPO-3allafHBIX BETPOB CO CpeaHEe CKOPOCThIO 4 M/c Ha
aKkBaTOpUU o3epa chopMUpoBaIach JOKaIbHasi (DpOHTabHAsI 30Ha, pa3esiolias Terible BOAbI Ha I0re U XOJI0/I-
HBIC Ha ceBepe, IMPU 3TOM aKIICHTHPYeM BHUMaH1Ee Ha 00JIaCTH, ITOKPHITOM JTaHHBIMU BCEX CITYTHUKOBBIX CEHCOPOB
¥ BBIICICHHOI YepHBIM IIPSIMOYTOJIBHUKOM Ha puc. 4, a. OTMETUM, YTO paccMaTprBaeMasi 00J1aCTh ITOBBIIIIEHHBIX
TePMUYECKUX TPAIUEHTOB cchopMUpOBaach Hal IIyoruHaMu oKojio S0 M. B 3TOT AeHb B yCIOBUSIX MaJIOBETPEHOM
TIOTONIBI CO CTOPOHBI XOJIOMHOM YaCTH BBRICOKOIPAANEHTHON TeMIepaTypHOI 30HbI Ha OTHOCUTEILHO HEOOIbIIIOM
yJacTKe OBLIM 3apeTMCTPUPOBAHBI TPU IIMKIOHMYECKNE BUXPEBBIC CTPYKTYphl. OHU MMEIU OTUaMeTp oT 3,5 mo
5,5 KM ¥ IBUTAJIUCH (CYAs MO CMEIIEHUIO MOJOXEHWI BUXpeil Ha ONTUYECKOM M PaaioJIOKAlIlMOHHOM CHMMKAX)
B HaIlpaBJeHUH K LICHTPY o3epa U3 00JacT PPOHTAIbHOI 30HBI. OTMETHUM, UTO B CBSI3U C MaJbIMU pa3MepaMu
BUXpE pernCTPUPOBATh UX B MOJIe IIOBEPXHOCTHOM TeMITepaTyphl ITO CITyTHUKOBBIM JTaHHBIM TIPEICTaBUIIOCH 3a-
TPYIHUTEIbHBIM.

Cxoxx1e KapTUHBI CYIIeCTBOBaHUS TTPOSBICHWI TPYMIT MaibiX Buxpeil Ha PJIW BOIM3M BBICOKO IpaTMeHTHBIX
30H, OTMEUYAEMBbIX B TI0JIe TEMIIEPATypPhl TOBEPXHOCTH, HAOTIONATUCH B 9 M3 pacCMOTpeHHBbIX 17 citydaeB 1isl KO-
TOPBIX ObLIU MOA0OpPaHbl KOMIO3UTHBIE CLEHBI. DTO MO3BOJISIET MOJTaTh, YTO TeHepalus cyoOMe30MaclITaOHbIX
CTPYKTYP B 00JIaCTU (DPOHTAJILHBIX 30H 3a CUET OAaPOKIMHHBIX 3((HEKTOB MOXKET OBITh BeChbMa PacpoOCTPaHEHHBIM
SBJICHUEM, YIET KOTOPOTO HEOOXOIMM IIPH BBICOKOpa3pelIaoIieM MOISINPOBAHNN OMOTEOXUMIUICCKIX IINKIIOB
Jlanoxckoro o3epa.

4. 3akmouenue

B pabGote Ha oCcHOBE aHajM3a apXvMBa PaaMOJOKAIIMOHHBIX M300pakeHWil BHICOKOTo pa3pelineHus 3a 2016—
2022 rr. ObUTa OlLieHEHAa MHOTOJIETHSISA M Ce30HHAs M3MEHUYMBOCTb XapaKTEPUCTUK MOBEPXHOCTHBIX MPOSIBICHUIA
MaJibIX BUXpeil Ha akBaTopuu Jlagoxkckoro o3epa. Beero 6puto 3apervctpupoBaHo 6osee 876 MpOsIBICHUN BUX-
PEBBIX CTPYKTYP CO CPEIHUM AUAMETPOM OKOJIO 2 KM, UYTO OJIM3KO K KJIMMATUYECKHUM OLIeHKaM 0apOKJIMHHOTO
panuyca Poccou mist paccMarpuBaeMoro pernoHa. OHM Kak IPaBWJIO BCTPEYAIOTCS B BUIE ONMHOYHBIX BUXPE,
pexe B Buie rpynil. LIMKIOHBI BCcTpedanuch MpUMEpHO B 4 pasa yallle aHTUIIMKIOHOB, HO CPEIHUE OLIEHKU MX
NaMETPOB OMHAKOBBI.

BrimorHeHHOE 000011IeHIE TTOKA3aJI0, YTO CYyOME30MacCIITAOHBIE CTPYKTYPHI SIBIISTIOTCST PACTIPOCTPAHEHHBIM SIB-
JIEHVEM Ha Bceil akBaTopuu o3epa. Bo Bce rozibl BUXpH yallle BCETO OTMEUAINCh K ceBepy OT o-Ba Bajaam. 3Hauu-
TEJbHOI MEXIoJoBON M3MEHUMBOCTU B MX XapaKTePUCTUKAX HE MPOCJIEKUBAIOCh, OHU ObLIU OJM3KU K CPeIHUM
MHOToJIeTHUM. B To e Bpemst HabmoaeTcst BbIpaxKeHHBIM BHYTPUTOMOBOI (CE30HHBIN) X0 XapaKTepUCTUK CyOMe-
30MacCIITa0HBIX CTPYKTYP, KaK B YaCTOTE M MECTaX BCTPEUaeMOCTH, TaK U, B MEHbIIIEl CTETIEH!, B X pa3Mepax. YcTa-
HOBJICHO, UTO Ha aKBaTOPMM 03epa Majible BUXpu (6oJjiee ueM B 60 % ciiyyaeB) perucTpupOBaIKCh B IEPUO Pa3BUTHS
TIPSIMOIT TEPMUYECKOI CTpaTH(hUKALIMHI 1 IIPUCYTCTBUS IIPUITOBEPXHOCTHOTO MMKHOKIMHA. [1pn 2TOM OHM Hanboee
yacTo Habmogamch B oosactu nryouHamu 50—100 M, BOIM3M obaacTeil PpOHTATBHBIX 30H Pa3IMYHOTO TeHe3uca.
B 3uMHuit nepuon u3-3a HaJIMYKS JIETOBOI0 MOKPOBa KOJIUYECTBO PETUCTPUPYEMBIX BUXPEN CHUXKAIOCH Ha MOPSITOK.

B HameMm uccienoBaHUM MOATBEPKIECHBI pe3yabTaTh [9, 21], 4YTO HEYCTOMYMBOCTD B 00J1aCTH (PPOHTATBHBIX 30H
B JIajmoXcKoM 03epe MOXKXET ObITh OHOI U3 TOMUHUPYIONINX MIPUIWH TIOSIBICHUSI TPYTIIT MAJIBIX BUXPEN B YCIOBUSIX,
Koraa Tornorpaduyeckue 3hdeKThl U BIUSHUE BETPa HE TOJKHbBI ObITh CYLIECTBEHHBIMU. MOXHO Ioj1araTh, 4YTO Mo,
WX BIMSTHAEM MOXET (POPMUPOBATHCS 3HAYMMBbIM TOPU30HTAJIBHBIN MIEpeHOC TeTlIa U3 MPUOPEXKHOM TeIIOAKTUBHOMN
30HBI K 00J1aCTH TepMoOapa 0 HeJOOLIEHKEe KOTOPOro ynoMuHanoch B [23]. Takoii mpoiiecc MOXeT MPUBOIUTH TaK
ke K 9 (heKTUBHOMY MepeHocy Boa yepe3 TepModap ((OpoHT) 1, COOTBETCTBEHHO, 3HAYMMO BJIUSITh HA OCOOEHHOCTU
BEPTUKAIBHOTO Y TOPU3OHTATBHOTO pacIipeaeIeHIs OMOXMMUYECKIX MTapaMeTPOB Ha JIOKAIBbHBIX aKBATOPHSIX.

IIpencraBieHHbIe Pe3yIbTATHl PAOOTHI MOTYT CTaTh OCHOBOM JUTSI BAIMAAIIMN BHICOKOPA3PEIIaloIINX TUIPOIH -
HaMMUYeckux Mojesieit JIamoxxckoro o3epa B yacTu cyoMe3oMaciiTabHOI BUXpeBOii TUHAMUKM, CO31aBaAEMBbIX IS
MPOBEICHUS MPOTHOCTUYECKUX OLIEHOK OYAYIIIETO COCTOSTHUS 03epa.
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YNCJIEHHOE N1 PUBNYECKOE MOJEJIUPOBAHUE 'EHEPAIIMN 11 DBOJIOLINN
BUXPEBBIX KOJIEIL B KPYITHOMACIITABHOM I'MIPO®U3NYECKOM BACCEMHE

Cratbs noctynuia B pegakiuuio 22.10.2024, nocae nopadotku 12.11.2024, npunsita B neyats 15.11.2024

Annoranus

Cratbsl MMOCBSILEHA MCCIENOBAHMIM IIPOLIecca TeHepaluyd U dBOJIOLUUN BUXPEBBIX KOJEL, (POPMUPYIOIIMXCS B BOTHOM
cpenie TIpy BBIOpOCE CTPYM BOIBI B 3aTOTUIEHHBIN 00beM. [IpencraBieHsl pacyéTHbIE JaHHBIE 110 M3BECTHBIM U3 JTUTEPATYPHI
COOTHOIIECHUAM, a TaKKe Pe3yabTaThl MOACIMPOBAHUS IO BHOBb CO3MaHHOI MeToauKe. OGOCHOBaHbI XapaKTepHUCTUKU TeHe-
patopa BUXPEBBIX KOJIEII B COCTaBe MOAEIMPYIOIIErO CTEHIA, CO3JaHHOIO Ha 6a3e KpyImHOMACIITAaOHOTO TMAPOPU3NIECKOTO
GacceitHa. DKCepMMEHTaIbHbBIC MUCCIIEIOBAHNS TTPOBOIMIINCH B YCIOBUSIX TEMIIEPATypHOU CTpaTU(PUKALIUKU CPEIbl U C pa3-
HULEH TeMIIepaTyp BOIBI CTPYU U OacceitHa. Pe3yibraThl 9KCIIEPUMEHTOB 110 (POPMUPOBAHUIO M IBMKEHUIO BUXPEBBIX KOJIEL]
YIOBJIETBOPUTEIBHO COOTBETCTBYIOT paCcueTHBIM HaHHBIM. [1pu 9TOM BiusiHue chopMupoBaHHOI B OacceiiHe CTpaTu@UKALIMKT
Ha XapaKTepUCTUKN BUXPEBBIX KOJIEI] OKa3aJl0Ch HE3HAYMTEIbHBIM. BBISIBIIEHO CyllIeCTBEHHOE BIMsSHKUE O0e3pa3MepHOil TIJTUHBI
CTPYY Ha OCHOBHbIE XapaKTePUCTUKH BUXPEBBIX KOJIEII M Pa3HULIBI MEXIY TEMIIEPATypOii BOAbI Ha TOPU30OHTE MX (POPMUPOBaA-
HUS U TEMIIEPATypOil CTPY! Ha TPACKTOPHIO IBUKCHUS KOJIELI.

Kimouesbie cioBa: BuxpeBble KOJbIIa, BUXPEBast AMHAMUKA, CTPYH, (PU3NMUECKUIT SKCTIEpUMEHT
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Abstract

The article focuses on the study of vortex ring generation and evolution in aquatic environments resulting from the discharge
of a water jet into a flooded volume. It presents computational data based on well-known relationships from the literature, as
well as results from simulations using a newly developed methodology. The characteristics of the vortex ring generator within
the experimental setup, created using a large-scale hydrophysical water tank, are justified. Experimental studies were conducted
under conditions of thermal stratification of the medium, with a temperature difference between the water jet and the tank. The
experimental results on vortex ring formation and motion show good agreement with the computational data. The influence of
the thermal stratification in the water tank on the vortex ring characteristics was found to be negligible. A significant effect of the
dimensionless jet length on the key characteristics of the vortex rings was observed, along with the temperature differences between
the water layer at the formation horizon and the jet, impacting the rings’ trajectory.

Keywords: vortex rings, vortex dynamics, jets, physical experiment
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1. Beenenue

BuxpeBbie KoJblia, pacIipoCTpaHSIIOIIECs B BOIE WIIM aTMocdepe, IMPEaCTaBIIsSIOT COO0M MHTEPECHBIN (hU3K-
yeckuii peHoMeH [1—3]. byayuu cdopMUpoBaHHBIMU C TOMOILIbLIO CHELMATbHOIO YCTPOMCTBA (reHepaTopa), BUX-
peBbIe KoJiblla c1abo B3aMMOJEHCTBYIOT C OKpYKalollleil cpenoii, CyIIeCTBYIOT B TEYEHUU TOCTaTOUHO MPOIOJIKU-
TeJIbHOTO BPEMEHH, U, TIepeMelasich B IPOCTPAHCTBE, B 1IEJIOM COXPAHSIIOT CBOIO (hopMy U pa3Mmepsl. Jlerpamarius
KOJIell, B OCHOBHOM, OOYyCJIOBJIMBAETCSI BA3KOU nuUccunanueil, B3auMOJECTBUEM C TBEPAbIMU MpErpagaMu Win
rpaHulieii pasaena cpel. Buxpesbie Konblua [4—14] u cMexXHbIe BOMPOCHI [15—22] HEOAHOKPATHO SIBASIUCH Mpe/-
METOM UCCJICIOBAaHMS M 00CYXIeHus. [ TpakKTUIECKOTO NCIIOIb30BaHUSI BUXPEBBIE KOJIbIIA M BUXPU UCCIIECI0-
BaJlnCh |3, 15, 23—26], HanpuMep, B MUHTepecax MOBbIILIEHUS 3(G(MEKTUBHOCTH MOJAYK ra3000pa3sHOro U KUIKOIo
OTHeracuTelisl B 00J1acTh TOPEHUs MPU MOXKapax.

B HacTosmeil paboTe YMCIEHHO U SKCIIEPUMEHTATIBHO UCCIEAYIOTCS MPOLECCHI TEHEPALIMUA U SBOJIIOLIUU BUX-
peBbix kouell (BK), ¢popmupyembix rpu BeIOpoce CTpyu BOJbI B 3aTOTUIEHHBII 00BEM Uepe3 KPyrjioe OTBEPCTUE
3agaHHoro panguyca. OCOOEHHOCTbBIO HACTOSIILIETO MCCIeAOBAHUS SIBJISIETCSI TO, UTO SKCIIEPUMEHTHI TTPOBOAMIUCH
B KpyIIHOMACIITaOHOM Truapodu3nueckoM OacceiiHe (0OJMLIOBKA M3 HEpXKaBeolllei cTalu, JIMHa 6 M, IIKpUHA
2 M, iybuHa 2 M, 6acceiftH 060pydoBaH TpeMs rPpyNIaMu TEIIO0OMEHHUKOB, MO3BOISIONIMX c(hOPMUPOBATH 3a-
JNaHHOE pachpeaeieHe TeMIlepaTypbl BOAbI MO MIyOMHE) B YCIOBUSIX BbIPAXKEHHOM CTpaTUdUKALIMU MIPU BEPTU-
KaJIbHOM TeMIiepaTypHoM TpaaueHTe 6ojee 10 °C/M.

2. OcHOBHBIE pacC4y€THbIC COOTHOIICHHUA U PE3YJIbTATHI YUCJTCHHOIO MOACIMPOBAHUA

Ilo nanHbIM pabor [4, 5, 6, 7, 23—26] npakTUYeCKU BCE OCHOBHBIE XapaKTEPUCTUKMU BUXPEBOrO KOJIbLIA, TAKKE
Kak ero paguyc, UMPKYJISILMS, UMITYJIbC U CKOPOCTb 3aBUCST OT TPeX MapaMeTpoB, CBsI3aHHbIX ¢ reHepauneilt BK.
DTO NPOIOIKUTEIBHOCTD TEHEPUPYIOIIETO UMITyJThca 7(c), XapakTepHasi CKOPOCTb UCTEUEHUSI CTPYU U3 OTBEPCTHUS
reHepauuu V;, (M/c) 1 panuyc oTBepcTus reHepauuu Ry(m). JaHHble TapaMeTpbl MOTYT ObITh OObEAMHEHBI B O€3-

Vo T

pa3sMepHBIi1 KOMIUIEKC, KOTOPBIil Ha3bIBaeTCs Ge3pa3MepHast IINHA CTpYH L = , BEIOpachIBa€MOM U3 KPYTJIO-

rO COIJIa B 3aTOMJIEHHBII 00beM [23—26]. [Tpu pacueTe mapaMeTpOB BUXPEBBIX KOJIEI] TAKKE UCIOIb3YeTCsT YMCIIO

. Vo Ry .
Peiinonbaca Re =———, noctpoeHHOe Mo paguycy oTBepcTust Ry (v — K03bOUIMEHT KNHEMAaTUUECKOI BSI3KO-
v

CTH BOZIBL, M%/C).
B cootBetcTBIU € [23, 24] XapaKTepUCTUKM BUXPEBBIX KOJIEI] PACCYUTHIBAIOTCS TIO (DOPMYJIaM:

Oe3pasMepHast [JuIMHa A TTyTH (POPMUPOBAHUS KOJIbIIA,
X:a-ln[ch(c-Z)J, (1)
rae a=2,424uc=0,1695.

Oe3pasMepHbIii R M pa3MepHbIil R(M) pagnyc Koblia
R=1,0+0,125-L-0,25-1; R=R-R,, )

OespasMepHas [ M pasmepHas I (M2/c) LMPKy/IsLus
[=0,4+0,5-L-3T=T-R,-V,. 3)

PaccunTeiBaeTcst 6e3pasmMepHbIii 4 1 pa3MepHBIil A(M) pamnyc Topa:

rae | — JIMHa MyTH XUIKOCTH B corlie, M (B pacdete U akcriepumenTte 0,005 m); B = 3,234; b =522z=V, - f;

te[0;T] :é. CKOpOCTb MepeMelleH sl BUXPEBOTO KOJIbLIA:

y-T 8- R) 1
- 11 _L
LR n( A ) 40 ®)

roe v = 0,75 — 6e3pa3mMepHblii KOaDULIMEHT, onpeaeasieMblii U3 onbiTa [24].
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Maky/bTaTUBHO OMpeIeNsieTcsl TaKxKe 6e3pa3MepHblit W 1 pasMepHblit W(KrXM/c) UMITYJIbC BUXPEBOTO KOJIb-
11a, ero 6e3pasmepHast £ u pazmepHas E (Ix) sHeprus [24]:

W=L-085% W=W-np-R -V

N 8-R) 7 -
E=—R-T?|In|==|-2|; E=E-n-p-R -V} (6)
2. A ) 4
HpI/IBCﬂCHHbIe BBIIIIC 3aBUCUMOCTU HE OTBEYAIOT HAa BOIIPOC 00 U3MeHeHU!U mapaMeTpoOB BUXPEBBIX KOJICLL BO
BpeMeHH (10 MyTH IBUXKEHMUSI) 3a CUET BI3KOW quccumnanuu. KpoMe Toro, He sicEH KpUTEPUiA onipeneieHus paau-
ycCa Topa. HOSTOMY HMXKE pacCMaTpuBacTCAd YUCJICHHAA MOACIIb, YUYUTbhIBAIoLiad IMOTEPH Ha BA3KYIO IMCCUITALIMIO
1 MMO3BOJIAIONIasA MOCTPOUTD TPACKTOPUU HaCTUL KUJIKOCTHU.
Ilo pyviHe MyTH XXUIKOCTH B coruie / (WIv Mo TOJIIUHE NepeIHell CTEHKU reHepaTopa, pACCMOTPEHHOTO HIXE)

. n Vol .
MOXET OBITh IMOCTPOeHO uncio PeitHonbaca Re< ) =0 _ KoTopoe IJIsl yCIOBHIA SKCIIepUMeHTa 613Ko K 103, uto
v

TMO3BOJISIET MPEAIoaaraTb OTCYTCTBME BBICOKOYACTOTHBIX TYPOYJIEHTHBIX (DIyKTyalllil TPy TOPMOXKEHUU MOTOKa
B COILIE.

B pamkax mocTpoeHus pacyeTHO METOAMKM JUIsI KOOPAMHATHI ¥ OT Kpasi OTBEpCTUSI K LIeHTpY (puc. 11) B Ha-
MpaBJIeHUU HOPMAJTbHOM K TTOTOKY PacCMaTPUBAETCS DJIEMEHTAPHbIN 00beM KUIKOCTH, MPEACTaBISIONINI CO00it
TOHKOCTEHHBII UMJIMHIP € JJIMHOH S (paBHOI pa3MepHOil ATMHE CTPyU), paauycoM Ry, — y U MajIoii TOJILIUHOM J.
Hanee unrepsain [0, Ry] pazousaincst Ha 500 oTpe3koB mmpuHoii 6. Ha anemMeHTapHBIi 006eM B MOMEHT BPEMEHH ¢

NIeMCTBYET BSI3KOE YCUJINE
8/ f)=uly-3/. }

7151 CKOPOCTHU KaxKIOTO IIPOCTPAHCTBEHHOTO CJIOS 3aITCHIBAIOTCSI OOBIKHOBEHHBIC MM (hepeHIINAIBHEIC YpaB-

HEHUSI:
d _ _9d
dulya)_F(ya)_ [0+ 31 -uly-331)] "
= =V-
dt m(y) 52
¢ HavaJbHBIM yciioBueM u(y, 0), KoTopoe ornpeaeisieTcsl CKOPOCTHBIM MpoduiieM, MOCTPOSHHBIM JIJIS HYJIEBOTO
3HaYeHUS MPOJOJbHONM KOOPAMHATHI X (HApY>KHBII Kpail OTBEpPCTHS).
Brie

F(y,t)=p-

m(y)=p-2-m-(Ry~)-3-5;

p — IJIOTHOCTb BOABI, KI/M%; 1L — KO2(hGULMEHT JMHAMUYECKO BA3KoCcTH, [la x ¢; v — Koa(hHULUMeHT 1uHaMu-
4ecKoil BSI3KOCTH, M2/C.

ITpu aTOM He Bxoasiuas B (8) BeJMunHa Ry COBMECTHO C HAuaIbHOW CKOPOCTBIO CTPYU YUUTBIBAETCS MPU 3a1a-
HUM HavyaJbHOTO MPOoduUisi CKOPOCTH MO ToInepeyHoil koopauHate y (u(y, 0)), a BeIMuKrHa S, OnsITh K& COBMECTHO
C HaYaJIbHOM CKOPOCTBIO CTPYH OIIpeAeIIsieT BpeMsI MHTeTprupoBaHus (8).

ITo pa3paboTaHHOI METONMKE PACCUNTHIBATIMCH 3aBUXPEHHOCTh TeUeHUSI (KaK BETMUYMHA POTOPA CKOPOCTH C TOU-
du(y,1) l_du(y,t)

d

HOCTBIO 10 3Haka) ((y,7)= 2 d
y

, yrjioBad CKOpPOCTb ITOTOKa (D(y,t) = 1 yroj moBOpOTa ITIOTOKa

y(y.1)= j.m(y,r)dr.

B 1ByMEepHOM NPUGIKEHNH HAaualo KOOPAMHAT BLIOUpAeTCs MPOU3BOJIbHAS TOUYKA Ha Kpalo oTBepcTys. Och
y HanpaBJieHa K LIEHTPY OTBEPCTHS B TJIOCKOCTH CTeHKU. OCh X HOpPMaJIbHA K MIIOCKOCTH CTEeHKH. Eciin BBeCTH oCh
7, 06pasyIoILYIO C YITOMSHYTBIMHU OCSIMHU TIPAaBYIO TPOIKY, TO BEKTOP POTOP CKOPOCTH Oy/eT HaNpaBJieH BO0JIb 3TOi
du(yt) ~ dv(y.t)

dy dx

BOJHAs CKOPOCTH MOTOKA B TIONEPEYHOM HaNpaBIeHUU 3HAYUTEIBHO TIPEBOCXONUT O BEIMUMHE TTPOU3BOIHYIO
B MPOJI0JILHOM HampaBIeHUN.

TTpoeKIMU CKOPOCTH Ha KOOPAMHATHbIE HATIPABJIEHUA X (BIOJIb IIOTOKA [0 OCY F€HEPATOPA) M Y M KOOPIMHATHI
yacTull X U Y onpeaensiorcs U3 COOTHOLIEHUI

OCH, a €ro BeJIM4YnHa COCTaBUT . HpeﬂnonaraeTc;{ 1 JOITyCKaeTCA, YTO BOJIM3U OTBEPCTUSA IIPOU3-
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u, (y,1)= u(y,t)-cos[w(y,t)]; u, (y.1)= u(y,t)~sin[w(y,t)]; 9)
t 1
X(y.t)= qu (y,1)dv, Y(p,1)= .[uy (y,7)d.
0 0

TpaekTopun 4yacTull, B 3aBUCUMOCTH OT YKa3aHHOI Ha rpacdukax KOOpAWHAThl Y , OTHECEHHO K paguycy
OTBEPCTHSI, TIPEICTABICHBI Ha puC. 1.

I'padhrku moOKa3bIBAIOT, YTO YeM OJIMIKE YACTULIBI TTOTOKA K CTEHKE reHepaTopa, TeM 0oJiee 3aKpydyeHa TpaeK-
TOPUSI UX JBUKEHUS.

Ha pwuc. 2 misg nByx mociemoBaTeIbHBIX MOMEHTOB BpeMeH! (1 ¢ — KpacHBIN LBET M 2,5 ¢ — CHHUIA 1IBET)
MPUBEAEHBI 3aBUCMMOCTU MTPOEKIIMKM CKOPOCTU Ha MOMEPEYHOe HaMpaBieHe OT O0e3pa3MepHOl KOOPAUHATHL ) .
OueBUIHO, YTO KOOPAMHATAM Tlepexoia OCHMIIMPYIOIIUX YIaCTKOB IpachuKOB K MOHOTOHHBIM (TOUKU «A» U «C»)
COOTBETCTBYIOT paanlyChl TOPOB, a KOOpAMHATAM, TIE TOCTUTAIOTCS MaKCHMMAaJIbHBIC CKOPOCTHU B ITOMEPEYHOM Ha-
MpaBJIeHUU — paJuycaM BUXPEBOTo KoJjblia (6e3 yueta paauyca oTBepctusi, Touku «B» u «D»). I'paduku wo-
CTPUPYIOT HAOII0AAEMYIO B OIBITE SBOIIOLIMIO BUXPEBBIX KOJIEII.

0,5

0 i -
—1 0 I yw™m

Puc. 1. TpaekTopuu 4acTull B 3aBUCUMOCTH OT 6€3pa3MepHOTro pac-

CTOSTHUSI Y OT Kpast OTBEPCTUS K LICHTPY, 0003HAUYEHHOTO LIdpa-
MU Ha rpaduke

Fig. 1. Particle trajectories as a function of the dimensionless dis-

tance Y from the edge of the hole to the center, indicated by the
numbers on the graph

0,71
0,62
0,53
0,44
0,35
0,26
0,17
0,08
0,01

—0,1
0

0,2 0,4 0,6 0,8 _1
y

Puc. 2. 3aBUCUMOCTH TIPOEKIINN CKOPOCTH Ha TIOMEPEYHOE HATIPaBIeHUE OT 0€3pa3MePHOI KOOPIAUHATEL

Fig. 2. Dependences of the velocity projection on the transverse direction on the dimensionless coordinate y
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Jins pazmepHbix ajiuH ctpyu 0,05, 0,1, 0,5 u 1 M (4TO COOTBETCTBYET, 1Sl Ry = 75 MM, O6e3pa3MepHbIM JIMHAM

ctpyu 1,33,2,67, 13,3 1 26,7) mOCTpOEHBI 3aBUCUMOCTH O€3pa3MEPHOrO paauryca Topa (Z =4 Ro) U 6e3pa3MepHO-

ro paauMyca KoJjbla (E =R Ro) OT BPEMEHHM, MIPUBEICHHBIC Ha pUC. 3 1 4 COOTBeTCTBeHHO. Llndpamu 0603HaUeHBI

pa3MepHbIC JUTMHEI CTPYA.

CrielyeT OTMETHUTD, YTO Il OOJIBIINX UTMH CTPYM HACHIIIIEHNSI BO BpEMEHU He TTPOMCXOIUT, U Oe3pa3MepHbIii
paguyc Topa CTAHOBUTCS OM3KUM K 1/2 (OTMEeUeHHasl 3JUTMIICOM Ha pHc. 3 00J1aCTh) — BUXPEBOE KOJIBIIO pa3py-
maeTcsl.

0,6 ~

A
0,5 1
04 /0,5
0,3

0,1

0,2
0,1 4 0,05

0 T T T T T T T 1

0 0,5 1 1,5 2 2,5 3, 3,5 4 4,5 ‘e 5

Puc. 3. 3aBucumMoctu 6e3pa3MepHOro paauyca Topa OT BpeMeHU

Fig. 3. Dependence of the dimensionless torus radius on time

0 0,5 1 1,5 2 2,5 3, 3,5 4 4,5 5

Puc. 4. 3aBucruMocTu 6e3pa3MepHOro paanyca BUXPEBOTO KOJIblia OT BpeMEHHU

Fig. 4. Dependence of the dimensionless vortex ring radius on time
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Hamnporus, yepe3 2—3 ceKyHIbl BHE 3aBUCUMOCTHU OT JJIMHBI CTpyu st pannyca BK mpoucxonut Hachiie-
HUEe — paauyc KoJiblia MPaKTUYeCKU He U3MEHSIETCsI 10 ero pacmnania.

I'paduxm 3aBUCHMMOCTEl Oe3pa3sMepHOI 3aBUXPEHHOCTH OT BpeMeHU (IIsl pasMepHOU MIuHBL ctpyn 0,1 M)
npuseneHbl Ha puc. 5. Hudpamu o6o3HaueHO 6e3pa3MepHOe PacCTOSTHUE OT Kpast OTBEPCTUS K OcU CTpyu. ['padu-
KU AeMOHCTpUPYIOT Aerpananuio BK, obycioBieHHY0, B OCHOBHOM, BSI3KOI IMCCUMNALUEHA.

0 10 20 tc

0,1 1

0,01 1

1x1073 1

1x107* 1

1x1073 1

1x10~6 -
x 0,8 0,6 0,4 0,2

Puc. 5. 3aBucuMocTb 6e3pa3MepHOI 3aBUXPEHHOCTH OT BPEMEHU

Fig. 5. Dependence of the dimensionless vorticity on time

3. KoHCTpyKIMs reHepaTopa BUXPEBbIX KOJIEI]

J1j1s1 reHepaliiy BUXPEBBIX KOJel B BoAe OyIeT MCIIOIb30BaH TeHEepaToOp TUIIA «CTEHKA ¢ OTBepcTUeM» [4, 6],
KOTOPBIi 1T03BOJIsIeT (hOPMUPOBATH KOJIbIIa ¢ HanboJiee BBICOKO MHTEHCUBHOCTBIO BUXPEBOTO IBUKEHUSI, CKOPO-
CTBIO U JAJIBHOCTBIO pacripocTpaHeHust. OOLIMIi BUI TAKOTO reHepaTopa MpeAcTaBlIeH Ha puc. 6. 3amaya COCTOUT
B OIpele/IeHNHU IapaMeTpoB reHeparopa (CKOPOCTh IOTOKA, BpeMsl (POpMUPOBAHUSI CTPYU U PAagUyC OTBEPCTUS)
U TIoa00pe KOHCTPYKIIMM, obecreurBarolieil HagesxxHoe GopMu-
pOBaHKME BUXPEBBIX KOJIELI.

3allycK reHeparopa TUIIAa «CTEHKA C OTBEPCTHEM» BO3MOXKEH
TpeMs criocodamu:

— OBICTPBIM M3MEHEHMEM 3aIiperpagHoro oobeéMa (A Ha puc. 6)
reHepaTopa, HallpuMep 3a CYeT epeMelleHMs IOPILIHS;

— BO30yXXJIeHreM KoJiebaHUi ynpyroit MeMOpaHbl, pa3naens-
IOIIIei 3aMperpaaHbliii 00bEM;

— MMITYJIbCHBIM IIOABOJOM HEKOTOPOI'0 00beMa BObI IO 13-
OBITOYHBIM JIABJIEHUEM B 3aMperpaaHoe MpOCTPaHCTBO.

Puc. 6. BapuanT renepatopa BUXpEBbIX KOJEIl THUTIA
«CTEHKa C OTBEPCTUEM»

S Fig. 6. Vortex ring generator variant of the “wall with a hole” type
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B mocnenHnem ciydae K Kamepe reHeparopa JiabopaTOpPHOTO CTEH/Aa MPUCOESTUHSIETCST JIEKTPOMEXaHNUECKU A
KJ1aIaH, KOTOPbIN 1 TOJKeH 00ecrieyrnBaTh UMIYIbCHBIM MacCOMOIBO BOBI 7151 00ecredyeHus HeCTallMOHAPHOTO
HUCTEUYCHUSI U3 OTBEPCTUSI U (POPMUPOBAHUST BUXPEBOTO KOJIbIIA.

Bpewmst popmupoBanust ctpyn 7 MOXKHO OTpeeuTh, UMest TTaCTIOPTHOE 3HaYeHUe BPeMEeHU cpabaThiBaHUS KJla-
naHa. /17 BeIOpaHHOrO BapuaHTa KjarnaHa oHo coctanisieT 0,05 ¢. s uukiia «OTKphITUE + 3aKPbITUE», KOTOPbIii
MPUMEHSIETCS B CTyyae reHepaliuy BUXPEBOTO KOJblia, CIIEAYET YABOEHHOE BpeMsi cpabaThiBaHusl, TO ecTh 0,1 c.

g mepBoHavYaJabHO MPUHSTOTO ISl pacyeTa paauyca oTBepctus 12,7 MM (mroiimMoBasi Tpyba) 6e3pazMepHast
JUTMHA CTPYU cocTaBUT MpruMepHOo 300 1 5To 3HaUEHUE JIEKUT JaJIeKo 3a MpeaeiaMy n11ana3oHa, rae BO3MOoXHa re-
Hepalus yCTOMYMBBIX BUXPEBBIX KoJiell. B paboTax [23—26] akcrieprMeHThI ¢ BO3AYIITHBIMUA BUXPEBBIMU KOJIbIIAMU
MPOBOIMIIKCH 10 3HaUYeHMi L He mpesbimaonux 20, a B paGoTax [8—14] ykasaHHas 6e3pa3MepHast [JUIMHA He T1pe-
BbIlLIAJIa eAMHULL. Bosblas JiMHa CTpyu NMPENSITCTBYET JIOKaIu3aluu 00JacTU CBOpauMBaHUs MTOTOKA B BUXPEBOE
koublio. [TporcxoauT pacTskeHue U pa3pyllieHue 3Toil 00JacTH, YTO JesiaeT 00pa3oBaHUE BUXPEBOI CTPYKTYpPbI
HEBO3MOXHBIM. YKa3aHHbIE 00CTOSITE/ICTBA WITIOCTPUPYIOTCS 3aBICHMOCTBIO Ge3pa3MepHOro paamyca Topa A
OT Ge3pa3MepHOil IIMHBI CTpyU L , MpeacTaBieHHoit Ha puc. 7. IIpeaenbHbIM, O4eBUIHO, ABIsIETCS Ge3pazMep-
HBII paguyc Topa, paBHbIi 0,5.

JIist co3maHust TeHEPUPYIOIIEH CTPYW MEHBIIEH MPOTSKEHHOCTH HEOOXOIMMO MOIU(UIIMPOBATH TTapaMETPhI
reHepaLyi, BXOMSIINE B BbipaxeHue wist L . CHuxeHne L GymeT MpOMCXOMUTh NMPU YMEHbLICHUH BpeMeHH T
U cKopocTU Vj, a Takxke npu yBeianueHuu R,. CHukeHue T HEBO3MOXHO B CUJIy TEXHUYECKMX OTPaHUYEHMI Ha
ObICTpOJeiiCTBUE KJlamnaHa, a V) 3aBUCUT OT JaBJIeHUsI Ha BXOJ/Ie B pabouylo KaMepy reHeparopa u paguyca R,. Oue-
BUIIHO, YTO XapaKTep 3aBUCUMOCTH V|, OT R, TakoB, uTO Mpu pocte R, cKopocTs V;, Oyaet naaars. Takum odpazom,
YMEHBIICHNE Ge3pasMepHOil IUTMHBL CTPYH L BO3MOXHO TOJIBKO IyTeM YBEIMYCHHUs paiyca R, oTHOCHUTENBHO
paHee TIpuHATOrO B pacuete Ry = 12,7 mm. Insa Ry = 0,0375 m Ge3pasmepHast IJIMHA CTPYM OKa3bIBAETCS OIM3KOMN
Kk 10. Ha puc. 8—10 nist aTOr0 ciaydas npeacTaBieHbl pacipeneeHUs MOAYJIsl CKOPOCTH s TpeX MOMEHTOB Bpeme-
HU, COOTBETCTBYIOIIMX 3Ty FeHepaliiy BUXPEBOTO KOJIbIla M HauaIbHO (hase ero nuzkeHusl. JlaHHbIE MOTy4eHbl
MpY MOJAEJIMPOBAHUU C UCTIoab30BaHKeM maketa “Fluent” (c yuetom [27, 28]) mis MakeTa, MpeacTaBIEHHOTO Ha
puc. 11. TTonydyeHHbIE pe3yabTaThl MOATBEPKAAIOT PAOOTOCTIOCOOHOCTD MpeAIokKeHHON KoHdurypaimu. OHa ooe-
CTIEYMBAET MOJyYeHUE YCTOMUNUBBIX BUXPEBBIX KOJIEI C YIOBIETBOPUTEIbHON TMHAMUKON 3aKPYTKHU TTOTOKA U OT-
PBIBOM BUXPEBOI CTPYKTYPHI C TIEPEX0I0M B (Da3y NBUKEHMUSI.

PesynbraThl pacyera MokasblBaloT HEOOXOAMMOCTb B HEKOTOPBIX BHYTPEHHUX KOHCTPYKTHMBHBIX dJIEMEHTAaX,
KOTOpPBIE€ CITIOCOOHBI 00ECTIEUUTh OOJIBIIYI0O PABHOMEPHOCTD TOJISI CKOPOCTU U, COOTBETCTBEHHO, TIOHU3UTh MaK-
CUMaJIbHOE €€ 3HauYeHUeE, Mepesl TeM Kak MOTOK MOJOMIET K OTBEPCTHIO, obecrieunBaloiiemMy reHepaiuio. [ToHu-
>KEHUE CKOPOCTU MOXET ObITh JOCTUTHYTO IyTeM IUIABHOTO YBEJIUYEHUS MTOMEPEYHOro ceuyeHus: Kamepbl. OqHaKo
B BUJLYy TOCTaTOYHO OOJIBIIIOTO OTHOILIEHUS TIJIOIIAACH cedeHrsl KaraHa U OTBEPCTUSI TeHEePAllUU MPOTSIKEHHOCTh
TEePEXOTHOTO YYacTKa MIaBHOTO M3MEHEHUSI CKOPOCTU OY/IeT BeIMKa. DTO CYIIECTBEHHO CHIKAET KOMITAKTHOCTh
YCTPOICTBA U MOBbILIAET TMAPaBIMYECKUE MOTepU. TeM He MeHee 3TOT COCOO MOXKET ObITh UCITOJb30BaH B COYE-
TaHUU C IPYTUMU MEPAMU.
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/
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0,6 /

0,4 /
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Puc. 7. 3aBucumocTs 6€3pa3MepHOTO paauyca Topa OT 6e3pa3MepHOi IITUHBI CTPyU

Fig. 7. Dependence of the dimensionless torus radius on the dimensionless jet length
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HpyruM BO3MOXKXHBIM BapUAHTOM CHIDKEHUSI CKOPOCTH SIBJIICTCS MCITOJb30BaHME Ae(IICKTOPOB WX TTepero-
POJIOK, KOTOPbIE YBOISIT MOTOK OT OCU K mepucdepuu, rie MPoXoaHoe cedeHre MMeeT OOJIbIIYIO TUIoIaab. DTO
MPUBOAUT K 3HAUUTETBHOMY TTaJICHUIO CKOPOCTH Ha yJaCTKe HEOOJBIIION 0CeBOit MPOTSKEHHOCTH. J1JIsT pereHust
po06IeMbI 00ecTIcUeHUST PABHOMEPHOCTH TTIOJISI CKOPOCTH B TIOTIEPEYHOM CEUYCHUHU TeHepaTopa Iepel BEIXOTHBIM
OTBEPCTHEM ObLI MPEIJIOKEH BApUAHT C coueTaHueM NedIeKTOPHBIX 3JIEMEHTOB M yJacTKa IJIaBHOTO YBEJIMYEHMS
TUIOIIAIY TTOTIEPEYHOTO CEUCHMUSI.

OcecMMMETpUYHBII BapHaHT KOH(MUTYPALIMN MOXET OBITh M3MEHEH. B yacTHOCTH, BO3MOXEH OOKOBOI IO~
Boa 1notoka. [1pu aToM KoHburypamus aedaeKTopoB TakxkKe MOXeT MOIU(DUIIMPOBATLCS U MPEACTABIATh COOOM
Ha0O0p TJIOCKUX MIEPETOPOIOK, CO3MAIOIINX JAOMPUHTHYIO CTPYKTYPY.

006 1,2 1,8 2,43,03,64,24,85,46,06,6

Puc. 8. Pacnipenenenue momysnst ckopoctu (M/c) B MOMEHT BpeMeHu ¢ = (0,05 ¢

Fig. 8. Distribution of velocity magnitude (m/s) at time 7= 0.05 s

- A i
006 1,2 1.8 2,4 3,0 3,6 4,2 4,854 6,0 6,6

Puc. 9. Pacnipenenenue momyins ckopoctu (M/c) B MOMeEHT BpemeHu ¢ = 0,1 ¢

Fig. 9. Distribution of velocity magnitude (m/s) at time = 0.1 s

-
006 12 1,8 24 3,0 3,6 4,2 48 54 6,0 6,6

Puc. 10. Pacnipenenenue MomyJst CKOpocTu (M/c) B MOMEHT BpemeHu £ = 0,3 ¢

Fig. 10. Distribution of velocity magnitude (m/s) at timet=0.3s
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DKcrnepuMeHTHI TTPOBOAWINCH B KpyImTHOMacITabHoM rugpodusndeckom dacceitne CI16 @O PAH. B ka-
YeCTBE OKOHEUHOI0 YCTPOMCTBA CTeHAAa MCIOJb30BaJICSI paCCMOTPEHHBIN Bbile reHepatop BK, acku3 kotoporo
npeacTaBieH Ha puc. 11. BHenrHuMit Bum reHepaTopa rokasaH Ha puc. 12.

CreHmoBoe 00OpyIOBaHUE BKIIOYACT BO3MYIIHBIM KOMIIPECCOP, aKKyMYJISITOP CXaToOro BO3IyXa, €eMKOCTh
C rpaHuUleil pa3iesia BOAbI U BO3IyXa C HAIAYBOM BO3AYIIHOUN YacTu U (pOpMUPOBaHUS MTOBBILIEHHOTO NaBJICHUS
B MarucTpajiv mogadu BoJbl (ObITOBOI TMAPOAKKYMYJISITOD [IJ1sI MHAMBUAYAJbHBIX CUCTEM BogocHabxeHus ). Mcxo-
IS 3 BOBMOKHOCTEe# KoMIipeccopa ObITr 1ojo00paHbl TpyOOTIPOBOIBI M apMaTypa TTPOXOAHBIM ceUeHUeEM 25,4 MM.
HaBiieHue, KOTOpoe MOXeT 00eCreuuTh KOMIIPECCOP COCTABIISIET 8 aTM.

HcrnonHuTeIbHBIM 3JIEMEHTOM, 00eCTeUnBaIONIMM T10ja4y BOIHOTO UMITYJIbca ISl (hOPMUPOBAHUST BUXPEIA,
SIBJISIETCST paHee YIOMSIHYTBIN ObICTPONEUCTBYIONINE 2JIEKTPOMAarHUTHBIN KilarnaH. YTpaBlieHre ObICTPOACCTBY-
IOIIUM 3JIEKTPOMATHUTHBIM KJIallaHOM MPOU3BOIUTCS TPOrPaMMUPYEMBbIM 3JI€KTPOHHBIM OJIOKOM.

LN

|

[

Puc. 11. Ocku3 reHeparopa BUXPEBbIX CTPYKTYpP. Ry — paauyc oTBepcTus B CTeHKe. B kauecTse

HavaJila KOOpAMHAT BBIOMpaeTcsl MPpOM3BOJIbHAS TOYKa Ha Kpaio oTBepcTusi. Och y HampabiieHa

K LIEHTPY OTBEPCTUS B INIOCKOCTU CTeHKU. OCh X HOpMaibHA K TIOCKOCTU CTEHKU. U U V — TIPO-
€KUY CKOPOCTH Ha COOTBETCTBYIOLINE KOOPAUHATHBIE HAIIPaBIECHMSI (X U Y)

Fig. 11. Schematics of the vortex structure generator. Ry is the radius of the hole in the wall. An

arbitrary point on the edge of the hole is selected as the origin. The y axis is directed towards the

center of the hole in the wall plane. The x-axis is normal to the wall plane. # and v are projections of
velocity to the corresponding coordinate directions (x and y)

Puc. 12. BHemHuii BUI reHepaTopa BUXPEBBIX CTPYKTYP

Fig. 12. External view of the vortex structure generator
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4. Pe3yJILTaT]:I HCHBITAHUA MAaKeTa reHepaTopa BUXPEBbIX KOJIEIL

B mione-urone 2024 roga BHITTOJIHEHBI UCITBITAaHUS MakeTa reHepaTopa BK Ha onbITHOM cTeHzIe B KpyITHOMAC-
mrtabHoM runpodusmdeckom dacceitne CII6dD MO PAH u mpoBeneHbI aKcriepruMeHTaIbHbIE UCCIIEIOBAHUS.

IlepBOoHaYanbHO BU3yaJIM3allUsl BUXPEBBIX KOJEI OCYIIECTBIsIACh TUIAPOJU3HBIM Ta30M, HO B CBSI3U C TEM,
YTO MYy3BIPHKY Ta3a HAMHOTO KPYITHEE P3JIEEBCKOTO IMpeneia 1 OBICTPO BCIUIBIBAIOT HA TTIOBEPXHOCTh, B 9KCIIE-
puMeHTax 2024 roga Bu3yajusaliys Mpou3BOAKIACh IyTeM 100aBIeHUs B BOAY FreHepaTopa pacTBopa MUIIEBOrO
KpacuTeJs.

B Gacceiine co3maBanachk TeMmIiepaTypHasi CTpaTU(UKAIIASI — TUITMIHAST 3aBUCUMOCTh TeMrepatypsl (O, °C)
oT ryounsl (H, M) npuBeaeHa Ha puc. 13. Boiusu ocu pacripoctpaHeHus Buxpeii Ha riryouHe 0.8—1 M rpagueHT
TeMrepaTypbl cocTaBisia 12—14 °C/m.

Ha puc. 14—19 npuBeneHbl TUIIMYHBIC CUTYallMu (hopMUpoBaHUs U pacripocTpaHeHuss BK. B wactHoctu, Ha
puc. 14 ipencTaBieHO BUXPEBOE KOJIBIIO, TTOJyYeHHOE ITPY CPaBHUTEbHO MaJloit 6e3pa3MepHOil IJTMHE CTPYU TN -
He cTpyu (mopsaka 3.5). Bo3pacT konblia — nopsiaka 2,5—3 ¢. Ha puc. 15 BK nmonydyeHo u3 ctpyu ¢ 6e3pazMepHoit
JuiHoI okosio 10. Bospact konbua ToT xxe. Ha puc. 16 npeacrasieHo BK, monydeHHoe 13 cTpyu ¢ 6e3pa3MepHOit
JUIMHOM mopsiaka 16. CHUMOK cresiaH npubansutenbHo yepe3 0,5—1 ¢ mocie popmuposanust BK. Ha puc. 17
noka3zaHo BK, mosrydeHHOM 13 OTHOCUTENIBHO JUIMHHOM CTpYH TEIION BOIBI, TPUYEM apXUMEIOBbI CUJIBI B CTpa-
TUDUIMPOBAHHOM cpeie 00YCIOBWIN BCIUIBITUE U HEKOTOPHI pa3BopoT BK B BepTukanbHOit miockocTu. boee
OBICTPBIM OKA3bIBAETCS BCILIBITHE KOJIbIIA, C(POPMUPOBAHHOTO U3 BOJBI CO 3HAYNTEIBHBIM COIEPXKAaHUEM BO3IyXa
(puc. 18). Ha puc. 19 noka3aH mpoiiecc pa3pylieHUs KoJblia HEIMOCPEACTBEHHO MPU ero hopmMupoBaHuu (6e3pas-
MepHas mHa ctpyu > 20).

ITo pesynbrataMm 0OpabOTKM BUAEO3AMTUCH OTPEIESUIMCH PAINyChl BUXPEBBIX KoJiell U TopoB. OlieHUBaniach
onIrMbKa U3MEpPEeHUs pa3MepoB KoJblla M Topa, paBHas + 0,5 cM.

3aBUCUMOCTb Oe3pa3MepHOro paanyca Kojblia OT 0e3pa3MepHOii JIMHBI cTpyH, hopmupyiomeit BK, npuse-
neHa Ha puc. 20. YepHbIM 1IBETOM 0003HAYEHBI JAaHHBIE OIbBITA C YYETOM OLIMOOK U3MepeHus (KBajpaT U BEPTU-
KajbHble TUHUM). Lludpamu, o3HaYarouMu BpeMs B CEKyHIax OT MOMEHTa (hOpMUPOBaHUS KOJIblIa, 0003HAYEHbI
rpacuKu, TOCTPOCHHBIE M0 TaHHBIM MoaeapoBaHus (puc. 3 u 4). 3HaKOM «=» 0003Ha4YeH rpacuK, TOCTPOCHHBII
o JaHHbIM pador [1, 2]. CooTBeTCTBYIOIIAs1 3aBUCUMOCTh O€3pa3MepHOro pajuyca Topa oT 6e3pa3MepHOii JJIUHBI
ctpyu, popmupytoiieii BK, mpuBenena Ha puc. 21 ¢ TeMu ke 0003HaUEHUSIMU.

Ha puc. 22 moka3zaHbl 3aBUCUMOCTH yIJIa pa3BOPOTa BUXPEBOTO KOJIbIIa B BEPTUKAIBHON MIIOCKOCTU B CTPATH -
(uumMpoBaHHOI cpene OT MpoaoJibHOM KoopauHathl. Lludpamu Ha rpadukax odo3HaueHa Oe3pazMepHas J1arHa
ctpyu. [IpsMOyroibHUKOM OTMeueHa HabaogaeMasl B 9KCIIepMMeHTaxX 00J1acTh 3HAUCHU YIJIOB pa3BOpoTa.

15 17 19 21 23 25 27 ©,°C
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Puc. 13. TunmuHas 3aBucuMOCThL TemriepaTypsl (O, °C) oT TiIyOMHBI
(H, M) B ruapodusnueckom dacceiiHe

Fig. 13. Typical dependence of temperature (0, °C) on depth (H, m) in the
hydrophysical water tank
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Puc. 14. BK, monyyeHHoe mipu 6e3pa3MepHOit IIH- Puc. 15. BK, nonydyeHHoe nipu 6e3pa3mMepHoOit
He CTpyM 0KoJIo 3,5. IJTMHE CTpyu okoJio 10.
Fig. 14. Vortex structure (VS) obtained at a dimen- Fig. 15. Vortex structure (VS) obtained at a di-
sionless jet length of approximately 3.5 mensionless jet length of approximately 10

Puc. 16. BK, nonyyeHHoe npu 0e3pa3mMepHOit Puc. 17. BK u3 «Temuioii» cTpyu ¢ 3aXBaTOM BO3ayXa
JUTMHE CTPYH OKOJIo 16
Fig. 17. Vortex structure from a “warm” jet with air
Fig. 16. Vortex structure (VS) obtained at a di- entrainment
mensionless jet length of approximately 16

Puc. 18. BK u3 cuiibHO asprpoBaHHOI CTpyr Puc. 19. Paszpymienue BK nipu 60s1b1110i1 1yiHE cTpyn

Fig. 18. Vortex structure from a highly aerated jet Fig. 19. Destruction of the vortex structure at a large jet length

65



Monaxoe P.IO., Poduonos A.A., Kanpanoe H.E., llInuses H.H., flkosuyx M.C.
Monakhov R.Yu., Rodionov A.A., Kapranov I.Ye., Shpilev N.N., Yakovchuk M.S.

R

1,8 ’-'—3,’———_—____
:%"—_—'#‘_———_

16 ] 25

%————-"ﬁ 3

W

ol
|

Puc. 20. 3aBucumocTb 6e3pa3MepHOro pajuyca KoJjiblia OT 0e3pa3MepHOii JJIMHBI CTpyU, (popmupytoieit BK
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Fig. 20. Dependence of the dimensionless radius of the ring on the dimensionless stroke length
of the jet forming the vortex ring
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Puc. 21. 3aBucumMocTh 6e3pa3MepHOro paanyca Topa oT 6e3pa3MepHOi IIMHBI CTpyH, hopMupyoiieit BK

Fig. 21. Dependence of the dimensionless radius of the torus on the dimensionless stroke length
of the jet forming the vortex ring
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Puc. 22. 3aBUcHMOCTh yrjia pasBopoTa BUXpEBOI'O KOJIblla B BepTI/IKaJTI)HOﬁ TIJIOCKOCTU OT HpOI[OJ'[BHOﬁ KOOpAMHATLI

Fig. 22. Dependence of the vortex ring turning angle in the vertical plane on the longitudinal coordinate
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Puc. 23. TpaekTopuu BUXpEBbIX KOJEIl B IPOAOIbHON TUIOCKOCTH MPU UX BCIUIBITUN

Fig. 23. Trajectories of vortex rings in the longitudinal plane during their surfacing

Ha puc. 23 npencraBieHB TPaeKTOPUU BUXPEBBIX KOJICII B MIPOAOJIBHOI IUIOCKOCTHU MPH TTofade B reHEepaTop
TETJION B CPAaBHEHUU C TEMIIEpaTypoil Cpeibl Ha TOPM30HTE YCTAaHOBKY reHepaTopa Bobl. Lludpamu Ha rpadukax
0003HaueHO MpPEeBbILIEHE TeMIIepaTyphbl BOIbI, ITOAaBAEMOI B reHepaTop, Hall TeMIlepaTypoil Ha TOPU3OHTE ero
YCTaHOBKM; TIPSIMOYTOJIbHUKAMU OTMEUYECHBI HAOJIF0OIaeMbIe B SKCIIEPUMEHTAX y4aCTKU TPACKTOPHUIA.

Pesynbrathl ncnbeITaHnii MakeTa TeHepaTopa BK 1 akcneprMeHTaIbHBIX MCCIeIOBAaHUI B THAPOGU3NIESCKOM
6acceiine CITo® MO PAH 1mo3BosIoT ciefiath CIeAYIOIINE BEIBOIBI.

1. PazMepsl BuxpeBbix KoJjiell (puc. 20 u 21) mocTaTOYHO OJIM3KHU K 3HAYCHMSM, TTOTYICHHBIM TP MaTeMaTH -
YeCKOM MOJCIMPOBAHUU TIPU MCITOI30BAaHNM KaK 3aBUCHUMOCTEN, MPUBEICHHBIX B UICTOYHUKAX [1, 2 1 1p.], Tak
M 3HAUCHUI, TTIOJYYEHHBIX MPU PELIeHUM ypaBHEHUI (8) ¢ pa3dueHreM pacueTHOM 001acTh (OT KPOMKU OTBEPCTUS
1o ocu reHepatopa) Ha 500 mpocTpaHCTBEHHBIX DJIEMEHTOB.

2. I1pu ynoBneTBOpuUTebHOM Oe3pa3mMepHoii IinHe cTpyu (Topsiaka 10 1 MeHee) BUXpeBOe KOJIbLo (popMUpy-
€TCs U3 BOIbI, MUTAIOLLEel reHepaTop, MacCCOOOMEH C OKPY:Kalolleil BOTHOM Cpeoit OKa3bIBAETCSI MaJIbIM U KOJIb-
IO COXpaHsSIeT CBOIO (hOPMY B TEUCHHMU IIEPBBIX NCCATKOB CEKYHI, ITepeMeIasich MpUOIU3UTEIbHO Ha 5 METPOB
(1o MPOTUBOIIOJIOXHON CTEHKHU OacceiiHa), He3HAUYUTEbHO yBeJIMUMBasi CBOU pa3Mepsl (puc. 14 u 15).

3. I1pu Ge3pa3mepHoit nHe cTpyu 0ojiee 20 BUXpeBOe KOJbLIO MPaKTUUECKHM pa3pylliaeTcs B mpoiecce hop-
mupoBaHust (puc. 19).

4. 3HauMMoe TIPeBBIIIIEHUE TEMITepaTyphl BOIbI, TTUTAIOIIEH TeHepaTop, Hall TeMITepaTypoii BOIbl B OacceiiHe
Ha IJIyOMHe YCTaHOBKM TeHepaTopa 00yCJIOBIMBAET ObICTPOE BCILILITUE JaXKe XOPOIIO C(POPMUPOBAHHOTO KOJIbLIA
K TIOBEPXHOCTH ¢ HEKOTOPBIM €T0 BpallleHEM B IIPOAOJIbHOM MIockocT (puc. 17).

5. JIoCTM:KeHNE BUXPEM BOIHOI ITOBEPXHOCTH MPUBOAUT K (DOPMHUPOBAHMIO ABYX IUTOCKUX BUXpE, Bpallar-
LIMXCS B IPOTUBOMOJIOXHBIX HAMPABICHUSIX U TIEPEMEIIAIOIINXCS O TOBEPXHOCTH.

6. JJocTrkeHne BUXPEBLIM KOJIBLIOM JHA WJIM BEPTUKAJIBHONM Mperpaabl IPUBOIUT K ObICTPOMY M3MEHEHUIO
WCXOTHOM TOPOUTATBHOM (POPMBI M pa3pylIEHUIO BUXPEBOTO KOJIbIIA.

7. OTpuLaTeabHbIi TeMrnepaTypHblii rpanueHT (12—14 °C/M), o0ycI0OBAMBAIOLINI TakKXkKe MOJOXUTEIbHbIN
MUKHOTPagueHT (~6,5 Kr/M*), IpUBOIUT K HEKOTOPOMY HE3HAYUTEILHOMY Pa3BOPOTY KoJIell B IIPOIOIBHOM M10-
CKOCTHU B cJlydae, Korma TeMIiepaTypa BOJbI, MUTAOIIel reHepaTop, 0J13Ka K TeMIlepaType BOabl B bacceiiHe Ha
r1yoMHe ycTaHOBKM reHepaTopa BK.

5. 3akmouyeHue

B pabote ombITHBIM TTyTEM Ha MOJETUPYIOIIEM CTEHIE B KPYMTHOMACIITAOHOM TUAPO(GU3NIECKOM OacceliHe
(TTpu BBIpaXKeHHOM CTpaTU(UKAIIMK C BEPTUKAIBHBIM TeMIIepaTypHbIM TpaareHToM Oojee 10 °C/M) moaTBepK-
JIEHbI UMEIOLIMECS] B TUTEPATYPHBIX UICTOYHMKAX U BHOBB MOJYYEHHbIE PACUETHbIE COOTHOILIEHMUSI, OMUCHIBAIOLINE
mpotiecchl (hOPMUPOBAHUS W IBOJTIOIIMU BUXPEBBIX KOJIEIT, 3aPOKIAIONINXCST B BOTHOI cpene TIpu BhIOpoce CTpyu
BOJIbI B 3aTOIJIEHHBII 00beM. Pe3ynbTaThl MaTEMaTHUUECKOTO MOJETMPOBAHMS YAOBIETBOPUTEBHO COOTBETCTBYIOT
pe3ysbTaTaM, MOJYYEHHBIM B OIbITE. YCTAHOBJIEHO, YTO B OMPENEJIEHHBIX YCIOBUsIX (MpU O6e3pa3MepHOi JInHe
cTpyu, opmupytoiieit Konbiio 10 1 MeHee) MaccoOOMeH C OKpyKalolleil BOMHOW Cpeoii OKa3bIBACTCS MaJIbIM
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¥ KOJIBIIO COXPaHSET CBOIO (hOpMY B TEUCHUHN IIMTEIBHOTO BpeMEHH, HE3HAUNTEIBHO YBEIMINBAs CBOU Pa3MepBhl.
dDopmupoBaHNe TeHEPUPYIOIIEil CTpyr U3 GoJiee TETUIO B CPaBHEHUM CO CPEIOil BOIBI, a TaKXKe BEPTUKATbHbBIN
TeMIepaTypHBIi TPaTueHT OO0YCIOBIMBAIOT BCIUIBITUE M HE3HAUMUTEJIbHBII Pa3BOPOT KOJEIl B MPOAOJbHOI TI10-
CKOCTH.
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Abstract

To solve inverse problems, in particular, the recovery of optically active substances from hydro-optical measurements, it is
necessary to clearly understand the nature of these dependencies. The work analyzes such relationships between the fluorescence
of dissolved organic matter, chlorophyll-a fluorescence and the beam attenuation coefficient at a wavelength of 660 nm based on
direct measurements performed in Lake Teletskoye in August 2023. It is shown that the waters of Lake Teletskoye belong to the
so-called waters of the second type (CASE?2) according to the Morel classification, i. e. optically complex waters.

Keywords: Lake Teletskoye, profiles of water bio-optical parameters, beam attenuation coefficient, chlorophyll-a and dissolved
organic matter fluorescence
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B3ANMOCBA3b BUOOIITUYECKNX XAPAKTEPUCTHUK TEJIEIIKOT'O O3EPA
HA PASHBIX TOPU30OHTAX I10 PE3YJIBTATAM BDKCIIEANIINN
B ABI'YCTE 2023 T'OJA

Cratbg noctynuia B pegakunio 21.06.2024, nocne nopadotku 10.12.2024, npunsara B neyats 12.12.2024

AHHOTAIUSA

it peneHust oOpaTHBIX 3a4ad, B YaCTHOCTHM, BOCCTAHOBJIEHMS] KOHLEHTPALIMM OITUYECKU AKTUBHBIX BEILECTB IIO
TUAPOOINTUYECKUM M3MEPEHMSIM, HEOOXOAUMMO MCIOJIb30BaTh XapaKTep 3TUX cBs3eil. B pabore mpoBenéH aHaiu3 Takux
cBs3eil MexXIy iyopecleHIMel pacTBOPEHHOTO OPraHMYECKOTO BelllecTBa, (DiyopecleHIINE X1opoduiuia-a U mokasaTeaeM
ocablieHrs] HAIlpaBJIEHHOIO CBeTa Ha JUIMHE BOJHBI 660 HM Ha OCHOBE NPSIMBIX TMAPOONTUYSCKUX M3MEPEHUM in situ,
BBITIOJTHEHHBIX B X0JIe KOMITJICKCHOI aKcnienuy Ha Tenelikom o3epe B aBrycte 2023 rona. [TokazaHo, 4To Ha pa3HbIX NTyOMHHBIX
ropu3oHTax Bombl Telelkoro o3zepa OTHOCITCS K TakK Has3biBaeMbiM BomaMm BToporo tumna (CASEZ2) mo kjinaccudukauuu
Mopeis, T. €. ONITUYECKU CIIOXKHBIM BOIAM.

Kirouesnie cioBa: Tenelikoe o3epo, npoduiiv OMOONTUYECKUX TAPAMETPOB BObI, TOKA3aTeNb OcaabaeHUs CBeTa, (DIyopecueH-
1M xJJopouiia-a u paCTBOPEHHOTO OPTaHUYECKOTO BELIeCTBa
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1. Introduction

Lake Teletskoye is the largest body of water in the Ob River basin. It is located in the northeastern part of the
Altai Mountains at an altitude of 434 m above sea level and is part of the lake-river system of Eastern Altai[1]. The
Secchi disk depth in summer reaches a maximum value [2] of 12—15 m. The average width of the lake is 2.9 km and
the maximum is 5.2 km, the surface area is 227 km2. Due to its great depth (average depth 181 m, maximum 323 m), it
contains 41.1 km? of fresh water. According to its hydrothermal characteristics, the lake is dynamic with two periods
of complete convective mixing to maximum depths due to the thermal bar (May-July and October-December) [3].

According to Selegey’s phenomenological model [3] the period of summer heating of the lake ends in the second
ten days of July. A common feature of summer conditions is that the lake is thermally stably stratified and reaches
surface temperatures [4] above 10 °C. In the practice of assessing water quality, as well as the bioproductivity of wa-
ter bodies, Secchi disk depth was used. Secchi disk depth depends on the content of mineral and organic suspended
matter and dissolved organic matter in the water. Thus, this hydro-optical parameter contains information about the
content of substances in water that are indicators of the ecological state of the reservoir [5, 6].

To solve the problem of restoring the concentration of optically active components from the measured optical
parameters of water, it is necessary to have an idea of the nature of these relations. For this purpose, three key bio-op-
tical parameters of the aquatic environment were selected. The first is the fluorescence spectrum of colored dissolved
organic matter (fDOM), the concentration of which affects the absorption of light in the spectrum short-wave part.
The second parameter is the beam attenuation coefficient at a wavelength of 660 nm (7urb), which is associated with
the concentration of suspended particles (phytoplankton, mineral suspended matter and detritus) contained in the
water. The third parameter is the fluorescence spectrum of chlorophyll-a (fChla) associated with phytoplankton,
which contributes to both the total light absorption and light scattering [7].

The purpose of this work is to investigate the features of the relationships between key bio-optical characteristics
in the upper hundred-meter layer of the lake, associated with the concentration of optically active absorbing and
scattering substances, both living and non-living components.

2. Materials and Methods

The work analyzes field data obtained quasi-synchronously using hydro-optical sounding equipment, including
a multichannel fluorimeter [8], developed in the department of Optics and Marine Biophysics of the Marine Hydro-
physical Institute of RAS, and the hydrophysical complex “CONDOR”[9].

Vertical profiles of temperature (7) and beam attenuation coefficient at 660 nm (BAC or Turb) were obtained by the
“CONDOR?” complex. The submersible autonomous complex “CONDOR?” performed synchronous measurements of
temperature (7), beam attenuation coefficient (BAC or Turb) at 660 nm, calibrated in turbidity units. Technical char-
acteristics and detailed instrument description are given in [9]. BAC in the red part of the spectrum is determined by the
scattering properties of the total suspended matter and does not depend on the absorption of the colored component of
the dissolved organic matter [10]. BAC calibration was carried out in laboratory conditions before the expedition based on
the results of measurements of formazin suspension solutions with a given concentration (ftu units). According to [11],
beam attenuation meters can be calibrated in both ftu and m~!. The temperature measurement range was from —2 to
35 °C with an accuracy of 0.04 °C, and the BAC measurement range was from 0.2 to 10 ftu with a resolution of 0.01 ftu.

The multichannel fluorimeter performed quasi-synchronous measurements of the fluorescence profiles of dis-
solved organic matter (fDOM) (excitation wavelength 360 nm, recording wavelength 570 nm) and chlorophyll-a
(fChla) (excitation wavelength 460 nm, recording wavelength 678 nm).

The range of measured values of fChla is from 0.05 to 45 ug/L. Intercalibration of measurements with the Turner
Design Chl-a sensor was carried out using synchronous measurements of vertical profiles. The data correlation co-
efficient was r = 0.93 with a statistical significance coefficient of p < 0.05. No such work has been done for fDOM.
fDOM data are presented in relative units and are indicative, i. e. they show qualitative changes, not quantitative ones.

The measurements were carried out on board the ship-laboratory of the Institute for Water and Environmental
Problems, Siberian Branch of RAS.

Figure 1 shows a map of 11 stations at which synchronous measurements were made with a multichannel fluo-
rimeter and the “CONDOR” complex.

Table 1 provides a list of stations where synchronous measurements were performed using a multichannel fluo-
rimeter and a “CONDOR?” complex. The total number of synchronous stations is 11. The maximum depth to which
synchronous measurements were carried out by both instruments was about 150 m. The average value of the upper
mixed layer (UML) for these stations is 7 m. The UML was calculated based on the condition of a temperature drop
of 2 °C from its value on the surface. The average value of the euphotic zone depth (Z,,) was 13 m.
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Fig. 1. Map of Lake Teletskoye (@) and station’s () locations at which synchronous measurements were performed
with a multichannel fluorimeter and the “CONDOR” complex

Table 1
List of stations where synchronous measurements were performed using the multichannel fluorimeter
and the “CONDOR” complex and some of their characteristics

N Station symbol Zymr, M Zgy, m Maximum probing depth, m
1 001 7 14.0 22.6

2 005 14 12.2 41

3* 131k 20.6 12.6 21
4* 002 5 13.0 50.2

5 132k 10 13.0 20.2

6 021 5.2 9.2 24.8

7* 0212 3 13.4 148

8 023 34 15.0 34.8

9% 025 5.6 16.2 43.6

10 028 4.8 15.2 47.4

11 Is 8 14.8 47.4

* the profiles of the measured characteristics of the lake water column for these stations are shown in Fig. 2 and 3.

In Fig. 2 and Fig. 3 shown examples of measurements of profiles Turb (Fig. 2a, Fig. 3a), T (Fig. 2b, Fig. 3b) with
the “CONDOR?” complex and profiles fDOM (Fig. 2¢, Fig. 3c) and fChla (Fig. 2d, Fig. 3d) with the multichannel
fluorimeter at stations 131k, 025 and 002. These examples show the characteristic scales of variability of bio-optical
parameters with depth in the estuary area of the station 131k, at station 025 in the northern deep-water part of the
lake which slightly exposed to river flow, and in the southern part of the lake on station 002, which is influenced by
the main Chulyshman river flow to the lake.
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Fig. 2. Examples of measured profiles 7Turb (a), T'(b), fDOM (c) and fChla (d) at stations 131k, 025 and 002
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Fig. 3. Examples of measured profiles Turb (a), T (b), fDOM (c) and fChla (d) at station 0212

Noteworthy is the different behavior of Turb in the upper water layer of the lake at station 131k and station 002.
Both stations are located in the estuary areas, but at station 002 the value of Turb is significantly greater than at station
131k, which indicates a higher level of entering of suspended material from the river Chulyshman mouth. The fDOM
values in this layer for these stations have the opposite nature, which indicates a low content of dissolved organic
matter in the river Chulyshman compared to the waters of the lake.

4. Results and discussion

The results of synchronous measurements for all stations are presented in Fig. 4.

They show the relationship between bio-optical characteristics in Lake Teletskoye in August 2023: Turb and
fDOM (Fig. 4a); Turb and fChla (Fig. 4b); fChla and fDOM (Fig. 4c). Figure 4d demonstrates the relationship be-
tween T and fDOM. This was done to show the relationship between fDOM and density, and also the presence of a
subsurface fDOM maximum, since namely temperature in the absence of salinity determines the density stratification
of the lake.

Let us note the main features of the relationships between the considered bio-optical parameters of the lake wa-
ter column (for depths of 0—150 m, in warm periods of year). The first is the lack of connection between Turb and
fDOM (Fig. 4a), which is an indisputable fact that the waters of Lake Teletskoye belong to the Case 2 type [12]. The
same applies to the connection between Turb and fChla (Fig. 4b) for the photosynthesis layer. Secondly, a negative
correlation in the photosynthesis layer occurs for fChla and fDOM (Fig. 4c) and between T and fDOM (Fig. 4d), but
it is “blurred”, i. e. there is no one-to-one correspondence.
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Fig. 4. Relationship between bio-optical characteristics in Lake Teletskoye in August 2023: Turb and

fDOM (a); Turb and fChla (b); fChla and fDOM (c); T and fDOM (d), where Turb is the beam attenuation

coefficient at 660 nm (in turbidity units); f/DOM — fluorescence signal of colored dissolved organic matter in

rel. units; 7'— water temperature in Centigrade (°C).Various horizons are shown by dots of different colors:

1 — below the average value of the photosynthesis layer (13 m); 2 — layer between the lower boundary of

photosynthetic layer Z,, and the average value of the lower boundary of the upper mixed layer (7 m); 3 —
upper mixed layer (0—7)

5. Conclusions

The final conclusions can be formulated as follows:
— the absence of a relation between Turb and fDOM in the entire 150 m layer is an indisputable fact that the waters

of Lake Teletskoye belong to the Case 2 type. The same statement is true for the connection between Turb and fChla

in the photosynthesis layer;
— there is some negative correlation into the photosynthesis layer for fChla and fDOM and between T and fDOM

in the entire 150 m layer.
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AHHOTAIMS

Ha wenbdhe 1 KoHTMHEHTaTbHOM CKJIOHe THXOro okeaHa BIOJb MoinyocTpoBa Kamuarka npuianBHast IMHAMUKA SIBISIETCS
3HAYNMBIM, HO HEOCTATOYHO U3YIeHHBIM (hakTopoM (hopMUpOBaHUS U3MEHINBOCTH TUIPOJIOTUIECKOM CTPYKTYPHI BOI. DTa
U3MEHUYMBOCTD BIMSIET HA PaCcTIpeieieHre PAHHUX CTaANI Pa3BUTHUSI BaXHEHIIero 00beKTa OTeUeCTBEHHOTO MTPOMBIC/Ia — BOC-
TOYHOKAMYATCKYIO MTOMYJISIIINI0 MUHTAsI, OCHOBHOI HEPECT KOTOPOTO TIPOUCXOIUT B ITyOOKOBOIHBIX KAaHbOHAX ABAYMHCKOTO
u Kponoiikoro 3anuBoB. Llenbio crateu sBisieTcsl OnrcaHne 0COOEHHOCTeN pa3pabOTaHHO METOMMKU HATYPHOTO IKCIIEPH-
MEHTa 10 U3YYECHMIO BIMSHUS THAPOMU3NIECKUX MTPOIIECCOB, 0OYCIOBICHHBIX MPWJIMBOM, Ha pacrpeneieHue NKPbl MUHTAsI
U KpaTKO€ MPEICTaBIeHNE ee IPUMEHEHUS B paMKax dKCIeIUIIMOHHBIX pa0OT B ITyOOKOBOAHBIX KAHbOHAX ABAYMHCKOTO 3a-
nvBa. B paMkax vccienoBaHust ObITN MPOBEIEHBI IBa CIIEIMATU3UPOBAHHBIX KCIIepruMeHTa B «LleHTparbHOM» 1 «CeBepHOM»
KaHboHax B anpesne 2024 r. B cpoku, O113KKMe K TUKY HepecTa MUHTasl. JlaThl BBITOJIHEHUST U3MEPEHUI BHIOMPATICH B IEPUOT
CHU3UTHITHOTO MPUJINBA, KOTIAa BIMSHYE MPYWIMBHON TMHAMUKH Ha XapaKTePUCTUKU CPeIbl MAKCMMaJIbHO. MeTonrKa aKCTepy -
MEHTAIbHOM paboThl OCHOBBIBATACH HA YUALIEHHBIX TUIPOJIOTUUECKIX U3MEPEHUSIX U TIOCTOMHBIX 0010BaX MXTUOTUIAHKTOHA,
BBITTOJTHSIBIIIXCSI B pa3Hble (ha3bl MpuiIMBa 3a rnepuon 6ojiee CyToK. B paGoTe mpencraBieHbl pe3yIbTaThl MPOMOWINPOBAHMS
B MIPUBSI3KE K JAHHBIM MOIEIMPOBAHUS MPWIMBHON TUHAMUKYU. YCTaHOBIEHO, YTO aMIUIATY/A KOiebaHUsl IITyOOKOBOTHOTO
TEPMOKJIMHA MEXTY TEIJIBIM 1 XOJIOAHBIM IMPOMEXYTOYHBIMU CJIOSIMU, 3ajieratoiero Ha nyourHe 320—420 M, cocTaBiisieT OKOJIO
50 M 1 UMeeT BbIpakKeHHbBIN CyTOUHbIN niepron — B «LleHTpaibHOM» KaHbOHE — U MOJTYCYTOUHBI — B «CeBepHOM» KaHbOHE.
Ilo naHHBIM M3MepeHMiI onrcaHa U3MEHUYUBOCTh PaCIpeneIeHUsI UKPbl MUHTAsT B 3aBUCUMOCTHU OT KOJIEOaHUsT TEPMOKIJIMHA.
IpencraBieHHbIe pe3yTBTATHI MOKA3BIBAIOT 3HAYUMOCTD TIPUJIMBHON PUTMUKU B U3MEHUUBOCTU TUIPOGDUINIECKUX TIPOIIEC-
COB, KOTOPBIE MOTEHIIMAIBHO BIMSIOT Ha IEPEMELEHUST UKPBI U € pa3BUTHE B INTyOOKOBOAHBIX KAHbOHAX ABAaUMHCKOTO 3aJI1Ba.

KiroueBsie cioBa: BepTHKaibHasl CTPYKTYpa BOMA, MPUIUB, BHYTPEHHUE MPUJIMBHBIE BOJIHBI, pacrpeneieHue UKpbl MUHTAsI,
paitoHbI ITyOOKOBOTHOTO HepecTa, KAHbOHBI ABAUMHCKOTO 3anuBa, Tuxuit okeaH, FESOM-c
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INTRA-DAY VARIABILITY OF VERTICAL WATER STRUCTURE AND DISTRIBUTIONS
WALLEYE POLLOCK EGGS IN THE DEEP-SEA CANYONS OF AVACHA BAY:
A FIELD EXPERIMENT DURING THE SPAWNING PERIOD
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Abstract

Tidal dynamics along the shelf break and continental slope of the Kamchatka Peninsula, adjacent to the Pacific Ocean, are
a significant but underexplored factor influencing the hydrological variability. This variability affects the distribution of early life
stages of the Eastern Kamchatka population of Walleye pollock, a key species for Russian fisheries. Its spawning occurs mainly in
the deep-sea canyons of Avacha and Kronotsky Bays. This study aims to describe the methodology developed to investigate the
impact of tidally driven hydrophysical processes on pollock egg distribution, with a focus on its application in the deep-sea canyons
of Avacha Bay. Two experiments were conducted in the "Central" and "Northern" canyons during the peak of pollock spawning
in April 2024, coinciding with the spring tide when tidal effect on the environment is maximized. The experimental methodology
was based on frequent hydrological profiling and layer-by-layer sampling of ichthyoplankton, carried out over a day. The study
identified a 50-meter amplitudes of vertical oscillation of the thermocline, located at 320—420 meter between warm and cold
intermediate layers, with a distinct diurnal rhythm in the "Central" canyon and semidiurnal one in the "Northern" canyon. These
results highlight the critical role of tidal dynamics in shaping hydrophysical variability, which in turn potentially affects pollock eggs
vertical redistribution and development in the deep-sea canyons of Avacha Bay.

Kimouessie cioBa: vertical water structure, tides, internal tidal waves, distribution of pollock eggs, deep-sea spawning areas, can-
yons of Avacha Bay, Pacific Ocean, FESOM-c

1. Beenenue

Mumnraii (Gadus chalcogrammus) SIBISICTCSI OMHUM U3 KJIIOUEBBIX MeIarnyeCcKuX BUIOB SKOCHCTEMbI CEBEPHOM
yacTh THUXOro okeaHa M BaXKHBIM OOBEKTOM OTECYECTBEHHOTO M MHUPOBOTO phI0OIOBCTBA. [10o 001mIeMy MupoBOMY
BBIJIOBY MUHTAli YCTYIIAeT TOJIBKO TiepyaHCKoMy aH4doycy [1]. B TMxookeaHckux Bomax, nmpuieratomux Kk Kamyar-
CKOMY TOJIyOCTPOBY, OOUTAET OfHA M3 KPYIMHBIX MOMYJSLUIA 3TOro BUaa — BOCTOUHOKamyaTckas [2]. OnHuUM u3
KJTIOUCBBIX PAMOHOB Pa3MHOXKCHUS TAHHOW MOMYJISIIIAN SIBIISIIOTCS TITYOOKOBOMHBIE KaHBOHBI ABAYMHCKOTO 3a-
JnvBa. OCHOBHOE MKpPOMeTaHMe MUHTasl B KaHbOHAX MpoucXonuT rryoxke 300 M u sIBIIsieTcs aganTaiueil K KoM-
TUIEKCY KBa3UCTAllMOHAPHBIX TUAPOJIOTMYECKUX YCIOBUM, (POPMUPYIOIIMXCS HA 3TUX JOKAJIbHBIX yUacTKax. 31eCh
K€ TIPOMCXOMUT CTarHaIlMSI MaKPOIUTAHKTOHA, KOTOPBIN SBJISICTCS TMHUINCH TMIMHOK MUHTAS TIPU TIepexXoae X Ha
ak3oreHHoe nutaHue [3]. 3 uKpuHOK, BBIMETAaHHBIX B KaHbOHAX, MPEUTMIMHKN BBIKJIEBBIBAIOTCSI B TOPU30HTE
okono 180 M [4]. [To Mepe manbHeiillIero pa3BUTHUsI, OHU BCILJIBIBAIOT B MTOBEPXHOCTHBIE CJIOU, T BBIXOIST W3-
IO, 3aIIMINAIOIIETO AeICTBUS KAaHBOHOB M MOMAMAIOT MO BIMSHIE TeueHU. [1pn 6raronpusiTHOM HampaBICHIT
TE€YEHU I, OHU JTUOO OCTAIOTCS B CUCTEME KaHbOHA, JIMOO BBIHOCATCS B 1Ieb(oBYyI0 30HY [5]. HebmaronpustHbIM
CUYMTAETCS BBIHOC TMUYMHOK B OTKPBITYIO YaCTh OKeaHa.

Pa3BuTne u BEDKMBAEGMOCTh PAaHHUX CTaaU pa3BUTHSI MIUHTAsI BO MHOTOM 3aBHCHUT OT OCOOCHHOCTEIT TepMOIM-
HaMUWYECKUX yCIOBUIA cpenbl [6]. OHM (hopMUPYIOTCS IO BIUSIHUEM CTETIEHU «CYpPOBOCTH» ITPEIIIeCTBOBABIIIEIO
OCEHHE-3MMHEI0 BBIXOJIaXKMBaHUSI, KOTOPOE OIpenessieT MHTEHCUBHOCTh Pa3BUTUSI BEPTUKAIBHOTO TepeMelIBa-
HUS, CTPYKTYPBI OCHOBHOM CTpyH X0JIOMHOTO KamMJaTrcKoro TeueHUs; 0COOEHHOCTEH TeKYIIero BECEHHETO Iporpe-
Ba 1 BETPOBOTO NepeMelnBaHus. KoMOMHAIMS TiepeurclieHHBIX MPOIIECCOB B arpelie Ha akBaTopuu (opMupyet
TPEXCIIOMHYIO CTPYKTYPY BOI: TOHKMIA CJI0M BeceHHero nporpea (2—3 °C) TONIMHON HECKOIBKO METPOB, HUXKE XO-
JIOMHBIN TIpoMexXyTouHBIH cioit (XIIC) ¢ aHoManbHO HM3KMMM 3HAYCHUSIMU TeMriepaTypsl (1o —1 °C) ToIImHOM
1o 400 M u eme ryoxe Teruiblii mpoMexxyTouHsblit cioil (TTIC) ¢ Temmnepatypoii B siape 3—3,2 °C 1 TOJIIUHON Mo-
psnka 100—150 m. ITpu 3TOM OCHOBHOI HepecT IMporcXoauT nMeHHO B o0j1acty rpaHulibl XI1C u TITC Ha rimyouHax
200—500 m [4]. I'panmIza MeXXIy CIOSMU OTIMYACTCS 3HAYUTETHHOI MEXKTOMOBOI, CE30HHOIT 1 KOPOTKOITEPUOTHOMN
M3MEHUYMBOCTHIO. TaK, Mo pe3ybTaTaM CYTOUHBIX HAOII0ACHU I, BBITOJHEHHBIX B 2006 T. B OTHOM U3 TITyOOKOBOTHBIX
KaHbOHOB ABaUMHCKOTO 3aJI1MBa, TOKa3aHO, YTO 00J1aCTh TEPMOKIIMHA MEXKITY 3TUMU CJIOSIMU COBEpIliajia BepTUKAIb-
HBIC TICPEMEIIICHNS ¢ aMITIUTYIoM 50 M 1 MIepHOIOM OKOJIO TIOJYCYTOK. DTO JaJi0 OCHOBaHWE aBTOPaM BEIIBUHYTH
TUTIOTE3Y O TOM, YTO 3TU OTHOCUTEJILHO KOPOTKOIIEPUOIHbBIE KOJIEOAHUST TEPMOKIIMHA, BEPOSITHO CBsSI3aHHBIE C BHY-
TPEHHUMU BOJIHAMU, MOTYT BJIMATh Ha MEepeMeIleHUsT UKPbl MUHTasl. BepTuKaibHbIe CMEIIeHUsI MOTYT ObITh KpH-
TAYHBI IJI1 paHHUX cTaguii pbid. MOXHO MPEATIONIOXUTh, YTO TTOXbeM (OITyCKaHMe) MKPBI Ha HECKOJIBKO JIECITKOB
METPOB 32 HECKOJIbKO YacOB MOKET HaIPSIMYIO CKa3bIBaThCSI Ha YBETMUEHUH €€ CMEPTHOCTH.
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HccnenoBannio BIUSTHAS BHYTPEHHUX, B TOM YKCIIe TIPUJIMBHBIX, BOJIH Ha TiepepacIipeie/ieHue NXTUOIIIaH-
KTOHA TIOCBSIIEH PsI HEMHOTOUMCIICHHBIX padoT. B 1982 1. myTeM MCoib30BaHUs TPACCEPOB, pa3MEIaBIITNXCS
B 00J1aCTSIX TTOBEPXHOCTHBIX MPOSIBJICHUIA BHYTPEHHUX BOJIH, Obla MPOAEMOHCTPHUPOBaHA BO3MOXKHOCTb UX BJIM-
STHUST Ha TIepeHOC TUTaHKTOHA [7]. XOTS TTOBEpXHOCTHBIE TpacCcephl MHOTIA He TOKA3bIBaJI YMCTOTO TOPU30HTATb-
HOTO CMEIICHMSI, B IPYTUX CIyJIassXx OHU CMEIIaINCh Ha 1—2 KM K Oepery 3a HeckobKo yacoB. B 2009 r. Ha ocHOBe
TPaJIOBO-aKyCTUUECKMX CheMOK, OBLIIO ITOKa3aHO BAUSHUE TTPUJIMBHBIX KOJIeOaHWI Ha pacipeaeaieHue UXTUOIIIaH-
KTOHA ¥ B3POCJIbIX 0c00eii pbI0, 0OMTAIONINX HAa MEJIKOBOTHOM OTMEJIM HEaJIEKO OT 3a71MBa MeH B ATJIaHTUYECKOM
okeaHe [8]. C Tex Tmop OBLI IIPOBEICH LENBINA P IOJEBBIX 9KCITEPUMEHTOB M TAKXKe MOJICITBHBIX pacuyeToOB, CBe-
JIEHUS O KOTOPBIX 000OIIEHHI B [9]. DTO MO3BOJMIO YCTAHOBUTD, UYTO BHYTPEHHNUE BOJHBI BIUSIIOT Ha JOKAJIbHYIO
cpeny oouTaHusI MPUOPEKHBIX MOPCKUX OPTaHU3MOB: JIMOO IyTeM MX BEPTUKAJIbHOIO MepeMelleHusI, TU0O IyTeM
aIBEKIIMU BOJ C Pa3IMUHBIMU CBOiicTBaMU. HarpaBiieHre ¥ BeJIMYMHA TTIepeHOCa, UCTTBITBHIBAEMOTO ITACCUBHBIMM
TUTaBAIOIIMMU OpTraHM3MaMU BO BHYTPEHHHUX BOJIHAX, 3aBUCAT OT IIyOMHBI M CITOCOOHOCTH K BEPTUKATBHON MU-
rpaiiii. CTOUT OTMETUTD, YTO JTMHEITHbIe BHYTPEHHME BOJHBI CAMM 110 ceOe He BhI3OBYT 3HAUMTEJIbHOTO MepeHoca
OpraHM3MOB, CKOpee BCEro, OHU OYIyT CITIOCOOCTBOBATH MX MOTIAIAHUIO B 30HY JACMCTBUSI TEUEHUIA, OCYIIIECTBIISIIO-
IIMX X BEIHOC 32 TIPEIeITbl OJIATOTIPUSITHRIX 30H TSI pa3BUTHS MKPHI 1 TMINHOK. CornacHo mcciaenoBaHusiM [10],
TMOCTOSIHHAS TIOJTYyCYyTOUYHasI BHYTPEHHSIS IIPWIMBHAS BOJIHA, HaOIogaeMasi B BEpXHe YacT! MOIBOTHOTO KaHbOHA
3amBa MOHTepei, MPUBOIUT K PEryIsipHbIM BHYTPEHHUM O0paM 1 3a0pocaM XOJIOTHBIX CYOTEepPMOKIMHHBIX K 00-
TaThIX TTATATEILHBIMU BEIIECTBAMHU BOJI Ha TIPUJICTAIONINI IIeTb(, TeM CaMbIM ITOAIUTHIBAS 3[1eCh MEPBUUHYIO
MPOAYKIINIO. DTHU XKe TTepeMeIlarolecs TUIPaBINIeCKNe CKauKK (BHYTpeHHHE OOpHI) MOTYT TPaHCIIOPTUPOBATH
JIMYMHKU TIeJJarM4ecKux pbl0 3a rpeaesibl KaHboHa. OMHaKO B ABAUMHKCOM 3aJIMBE IITMPOKO PacIpoOCTpaHEHbI He-
JIMHEWHBIE (KOPOTKOIIEpHOIHbIC) BHYTPEHHNE BOJHBI [11], KOTOpPEIE B OTJIMUKE OT JWHEHHBIX MOTYT IIPUBOINUTH
K 3HAUMTEJIbHBIM TOPU30HTAJIBHBIM IIepeHOCaM MacCUBHBIX YacThIl. CBemeHN 00 MX ITOCTOSTHHOM IPUCYTCTBUH
Ha aKBaTOPUU OBLIY MOJTYYEeHBI IO JAHHBIM KOHTAKTHBIX HAOIIONEeHU [ 12], BBITOTHEHHBIX KaK B INTyOOKOBOIHOI
YacTH 3aJIMBa, TaK 1 Ha meiabde y mbica [umyrckuii. [1pencraBiieHre o XapaKTepUCTUKaX HETMHEMHBIX BHYTPEH-
HUX BOJH ¥ MX TTOCTOSTHHOM IIPUCYTCTBUU Ha aKBaTOPUU OBLUIM PACIIUPEHBI IO pPe3yabTaTaMU KPYTJIOTOTUIHBIX
CITyTHUKOBBIX HabmoneHuii [13]. [Ipu 3TOM, Kak moka3aHo B [14], Hauboiee BepOSATHBIN MeXaHU3M TeHepaIuu
HEJIMHEeMHbBIX BHYTPEHHUX BOJIH CBSI3aH ¢ TpaHCchOopMalluell BHYTPeHHEro MpuinBa. DTOT BbIBOA KOCBEHHO IO~
TBep:KIaeT IIPEAIIONIOKEHNE O TTOTCHIIMATBHON BO3MOXKHOCTH 3HAYMMOTO BIIMSTHUS THAPOJIOTUUSCKUX ITPOLIECCOB,
00YCIJIOBIICHHBIX TIPMJIMBOM, Ha paclipene/icHIue MKPbl MIHTAs B TIyOOKOBOIHBIX KaHbOHAX. [1peamomaraercs, 4to
B pe3yJIbTaTe 3TUX MPOLIECCOB MKPa MOXKET IOINaaaTh B HEOJAronpusITHbIC 11 €€ pa3BUTHS YCJIOBMS, BCIACICTBUE
Yero MOXeT OTMeUaThbCs €€ TMOBBIIIEHHAss CMEPTHOCTh. YOBUIb MKPHI MUHTAsT BAPEUPYETCS KaK MO OTHCITbHBIM
KaHbOHAM ABAaYMHCKOTO 3aJIMBa, TaK 1 10 romaM [15]. CooTBeTCTBEHHO, MCCIeAOBAHNE JTOKATbHBIX TMHAMMNYC-
CKUX (DaKTOPOB, BIUSIOIINX Ha pacIipene/ieHne MUHTasl Ha paHHUX 3Tallax pa3BUTHs, SIBJISIETCS] OMHOI M3 TIPUOPH-
TETHBIX 33J1a4 110 BbISICHEHUIO MEXaHU3MOB, BIUSIONIMX HAa (DOPMUPOBAHUE YPOXKANHOCTU IMOKOJIEHUI 9TOrO BUIA.

J11st MpOBEPKU IAHHOI TUTTOTE3bI HEOOXOAMMO MPOBENEHNE KOMIUIEKCHOTO 9KCTIEPUMEHTA, COUETaIOIIETO OJI-
HOBpPEMEHHBIC YYaIlleHHbIC THIPOJIOTUYCCKIE U MXTUOJIOTUYECKHE MCCIeIOBaHUS. MeToguyecKkas OCHOBA 9KC-
nepuMeHTa JI0KHA YYUTBIBATh Cielu(UKY padOoThl HA KOHTUHEHTAIbHOM CKJIOHE B OKeaHe B paiioHe ¢ KpaliHe
CIIOXKHBIMU THIPOMETCOPOJIOTUUESCKUMU YCIOBUSIMU, TTO3BOJISIS, C OMHOM CTOPOHBI, OXBATHIBATH HAOIIONCHUSIMHA
3HAYNUTEJIbHBIC TIIYOMHEI, a C APYTOi — TI0JIy9aTh JeTaTbHBIC CBEACHMS 00 N3MEHUMBOCTU TUAPOMPU3NICCKUX T10-
JIel ¥ TUTAHKTOHHBIX COOOIIECTB Ha HEOOJBIINX MPOCTPAHCTBEHHO-BPEMEHHBIX MaciTabax. OTMETUM, YTO HC-
MOJIb3yeMble B HacTosIlee BpeMsl B MPaKTHKe MPOMBICIOBOI OKeaHorpaduu moaxoasl [6, 16] opueHTHpOBaHBI
TJIAaBHBIM 00pa3oM Ha CJIeKeHHUE 3a MI3MEHYMBOCTBIO OOJIBIIIEro MacIiTada, 4eM Te, O KOTOPBIX TOBOPMIIOCH BHIIIIE.
M3MeHUYMBOCTD, CBSI3aHHAS C IIPWIMBOM, OCTAETCS BHE TTOJISI TTOMOOHBIX NCCICTOBAaHMIA.

IMosToMmy 1iesb JaHHOU pabOThl OMUCAaTh OCOOEHHOCTU pa3paboTaHHON METOAMKM HATYypHOI'O 3KCIepUMEH-
Ta MO U3YYEHUIO BIUSHUS TUAPODUZNYECKUX MPOLIECCOB, OOYCIOBIEHHBIX MTPUIUBOM, Ha paclpeneieHre UKPbI
MUHTasI ¥ KPaTKO TIPeACTaBUTH IIpeABAPUTEIbHBIC pe3yIbTaThl padOT B KAaHbOHAX ABAaUMHCKOIO 3aJIBa, BBITIOI-
HeHHbIX B anpene 2024 r.

2. MeToauKa HATYPHOT0 SKCIepUMEHTA

OcHoBHas 3a1aya HaTYPHOTO 3KCIIEpUMEHTa B ABAUMHCKOM 3aJIMBe 3aKjioyajgach B COOpe rMapoIoTuyecKoi
¥ UXTHOJIOTHYECKOUM MH(MOPMAIINU C UCTIOIb30BaHNEM CTaHAAPTHBIX ITPUOOPOB TP MUHUMAJIBHBIX 3aTpaTax Cy-
JIOBOTO BPEMEHU, aHAJIN3 KOTOPOil CITY:KUAT KakK IS 3a1ad CTAaHAAPTHOTO PEI0OX03giICTBEHHOTO MOHUTOPHHTA, TaK
W JUTSI TIOJIyYeHUsI KOJTUYECTBEHHBIX OILIEHOK KOPOTKOMEPUOMHON (BHYTPUCYTOUHOI) U3BMEHUYMBOCTH BEPTUKAIb-
HOT CTPYKTYpHI TePMOXaJIMHHBIX TIOJICH U pacIipefelIecH!s] paHHUX CTaauii pa3BUTHSI MUHTas B TIEPHUOI HepecTa
C TIPUBSI3KOI K 0COOEHHOCTSIM TTPUJIMBHOTO IIMKJIA.
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DIUIECHTPHI pa3MHOXEHUS MUHTAsI B ABAUMHCKOM 3aJINBE PACIIOIOKEHBI B TITYOOKOBOIHBIX KAHBOHAX, B T. U.
B Tak Ha3biBaeMoM «CeBepHoM» U «lleHTpaibHOM» KaHboHax (cM. puc. 1, a). B nmocneanue 20 et 3nech, Mo Bo3-
MOXHOCTH, B T€YEHHE BCEro Mepuoja pasMHOXKEHUs B BeceHHUe Mecslbl crienuanuctaMu KamuyatHWUPO mipo-
BOASTCSI pabOThl HA MOHUTOPUHIOBBIX CTAHLIMSX, PACIIONIOXKEHHbBIX B BepIIMHAX KAaHLOHOB [6]. I[TooxeHune 3Tux
CTaHIIMI 1 OTIPENETNIIO PalOHBI TTPOBEACHNSI HATYPHOTO 3KCIIEPUMEHTA.

Bpewmst paboT B 06;1acTH KAHBOHOB OIPEIEISIOCh 3apaHee, KaK C yUeTOM CPOKOB MacCOBOI'O HepeCTa MUHTAsI
(ampesp), TaK U B TIPEATIONIOKEHNN 3HAYMMOM POJIM MPWIMBHBIX MporeccoB. [IprimBHas TMHaMUKa B ABaYMH-
CKOM 3aJIMBe OLIEHMBAJIaCh MO pe3yJbTaTaM MOAENbHbBIX (peruoHanbHas moaeab FESOM-c) pacueToB Ha BbIUKC-
JINTETBbHO CETKE BHICOKOTO TTPOCTPAHCTBEHHOTO pa3penieHus [17], KoTophle moKa3anu paHee XOPOIIyio TOYHOCTh
TIpY CpaBHEHUHN C JaHHBIMU MapeoTpadHBIX HaOIOaeHNI. Pe3yIbTaThl MOASTMPOBAHMS TaKXKe OOHAPYKIINA 3HA-
YUMBbIE Pa3IMuMs paCYCTHBIX MPUIMBHBIX TEUYEHUM OT OLIEHOK U3 TI00aibHbIX Mojaeseil. COOTBETCTBEHHO MaThl
BBITIOJTHEHMSI SKCIIEPUMEHTA B IIpelesiax MHTepBajla OXUIaeMOro HepecTa BhIOMPAIUCh B MEPUO CU3UTMITHOTO
TIPWINBA, KOTJA BIMSHUC IPWJINBHON IMHAMUKY Ha XapaKTePUCTUKH CpeIbl MaKCUMAaJIBbHO (CM. puc. 1, 6).

Camu paboThl pa3ne/suIMCch Ha YeThipe aTara. Ha rmepBoM v 4eTBepTOM 3Tarax BBITOJHSIIMCH CTaHIAPTHBIC
(MOHUTOPUHIOBBIE) UCCIEI0BAHUS: MPOMUINPOBAHKE TEPMOXAJIMHHBIX ITapaMeTpOB, O00JOB UXTUOIUIAHKTOHA
oT 500 M IO MMOBEpPXHOCTU U 3aTeM ITOCIONHBIN 00J10B I ropu3oHTOB: 0—25, 25—50, 50—100, 100—200, 200—
300, 300—400, 400—500 m. Ha BTOpOM 3Tamne oueHUBAIUCh OCOOEHHOCTU TUAPOJOTMYECKOM CTPYKTYPhI BOJ IO
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Puc. 1. bBatumeTrpuyeckasi Kapta ABaYMHCKOTO 3aJIMBa, KPACHOI M YePHOI TOUKaMU yKa3aHbl MO-
noxeHust «LleaTpanbHoro» n «CeBepHOTO» KAHHOHOB C aTaMM TIPOBEICHMSI HATYPHBIX dKCTIePHU-
MEHTOB (a); B 9TUX TOYKax — IPUJIMBHbBIC KojebaHUsT YpoBHS Mops 1o moaenun FESOM-c [17]
B anpesie 2024 r. 3amTpuxoBaHHbIe 00JJaCTH COOTBETCTBYIOT ITEPHOIaM IKCIIepUMEHTOB B «LleH-
TpajdbHOM» (1 3KcniepuMeHT) 1 «CeBepHOM» (2 9KCTIEpUMEHT) KaHbOHaX (0)

Fig. 1. Bathymetric map of Avacha Bay, red and black dots indicate the positions of the “Central”

and “Northern” canyons with the dates of in-situ experiments (a); tidal sea level heights according

to the FESOM-c model [17] are provided at these dotes in April 2024. The shaded areas in Figure

1b correspond to the periods of experiments in the “Central” (1% experiment) and “Northern” (2"
experiment) canyons (b)
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BEepTUKAIBHOMY MTPOGMUITIO TEMITepaTyphl, onpenessuiachk rpanuiia mexay XI1C u TIIC, a o npodwiio 4acToThl
Bsiicsnsa-bpenta pemanace 3anaya typma-Jlnysusis [18] nas onpeneaeHus: MoJoKeHUsST MAKCUMYMOB BEPTH -
KaJIbHBIX CKOPOCTEI EPBOI U BTOPO MO BHYTPEHHEN BOJIHBI M BEPTUKAJIBbHOIO PACIIPEACIEHUS paHHUX CTAOUIA
pa3BUTHS MUHTAS (ITO TIOCIOMHBIM 00JIOBAM OIIPEACIISIIOTCS TOPU3OHTH ¢ MAKCHUMAIBLHBIM KOJIMIECTBOM MKPHI).
Ha ocHoBaHWM MOJTyYEeHHBIX OLIEHOK BBIOMPAIMCh TOPU3OHTHI IS yUallleHHbIX 00J10BOB UKpbl. Ha TpeTbeM aTane
MPOIOJIKUATEIBHOCTBIO HE MEHEE CYTOK BBITTOJTHSIMCH YYallleHHbIE KOMIUIEKCHBIE CTAHLIMU, BKJIIOYAIOLIME TUIPO-
JIOTMIEeCKNE M3MEPEHUSI M O0JIOBBI MXTHOTUTAHKTOHA Ha BEIOPAHHBIX TOPU3OHTAX C TUCKPETHOCTHIO IO BpEeMEHU
JBa yaca. PaboThl MpOM3BOAMINCH B OMHUX M TEX XK€ KOOpAMHATAX JJIs1 KaXKa0ro KaHboHa Hafd rryouHoit 550 M. Ilo
pe3yabTaTaM 3TUX U3MEPEeHUI OLIEHUBAJIUCh BHYTPUCYTOUHASI U3MEHUYMBOCTD MoyioxkeHus rpaHuiibl XITC — TIIC
¥ KOJIMYEeCTBA MKPBI Ha BEIOpAHHBIX TOPM30HTAX.

ITpodunupoBaHue TemrepaTtypbl U cojiéHoctu npousBoauiaock CTI-3oHgom Ttuna CT/1-48 (Sea Sun
Technology, 'epmanus) ¢ marom 1o rayonHe He MeHee 0,5 M. OGIOBBI BHITTOJHSIMCH UXTUOTUIAHKTOHHOI KOHU-
yeckoii ceTbio MKC-80 co ckopocthio moabéma 0,5 m/c. MUcrtonb3oBasicst ta3z Ne 14. TTosryueHHBIE TPOOBI TJIAHKTO-
Ha (pukcrpoBasnch B 4 % pacTtBope hopMabIeruaa IJis Mocaeayloeil KaMmepalbHO 00pabOTKHU B 1a00PaTOPHBIX
ycroBusix. B mabopatopun u3 o0I1eil Macchl TJIAaHKTOHA OTIEISIICS UXTUOILJIAHKTOH, OTPEACIISICS €T0 BUIOBOI
COCTaB C aKIICHTOM Ha paHHME CTaIuN Pa3BUTHUS MUHTAs, TIOICUYUTHIBAJIOCH KOJIMUYECTBO UKPUHOK, OTIPEICIISIICH
cTaauu pa3BUTUsI UKpbI o 1mikKaine . bian ¢ coaBropamu [19]. Ctagus 1 o aToii 1ikaie npu TeMieparype BoJbl
1-2 °C (cpeaHss TeMIiepatypa BoIbl, TPy KOTOPO TIPOUCXOANT pa3BUTHE UKPhI B KAHbOHAX ABAaYMHCKOTO 3aJI1Ba)
COOTBETCTBYET BO3PACTY UKPUHOK IMTPUMEPHO 3 U.

3. OcoGeHnocTd NpoBeaeHus padoT

DKCNeTUIMOHHbBIE PA0OTHI B BepinnHe «LleHTpanbHOTro» KaHhOHA BBITOTHSUIACH ¢ 12 1o 14 anpedst, «CeBepHO-
ro» — ¢ 27 no 29 anpens 2024 r. ¢ 6opra HUC MPTK «Muxenep MapteiHoB» (KamuatHMPO). B 06oux ciaydasix
BpEMSI OKCTMIEPUMEHTOB YIAJIOCh COBMECTUTD C TIEPUOJOM MaKCUMYMOB MPUIUBOB B CU3UTUITHO-KBAIPATYPHOM LU~
ke (puc. 1, 6). Bce pabOTHI BBITIOTHSIIMCH COTJIACHO ONTMCAHHBIM BhIIIIe MeTOIMKaM. B Xone Kaxkmoro akcrepuMeHTa
caenaHo 1o 17 KOMIUIEKCHBIX (TMAPOJOTMYECKUX U UXTUOTUIAHKTOHHBIX) CTaHUMU. EAMHCTBEHHBIM OTKJIOHEHUEM
OT MPOTpaMMbl pabOT U3-32 HABUTALIMOHHBIX MPENNUCAHUI OblIa OTMEHA TTOBTOPHOTO MOCJIONHOTO 00JI0Ba Ha rO-
puzoHTax 0—200 M B «CeBepHOM» KaHbOHE. [lasiee pacCMOTpUM MPEUMYLIECTBEHHO PE3YJIbTaThl TUIPOJIOTMYECKUX
HaOJIIOeHWIA, a pe3yJIbTaThl OCIOMHBIX 00JI0BOB MOAPOOHO OYIYT PACCMOTPEHBI B MOCEIYIOIMX paboTax.

B nepuonbl mpoBeneHus1 9KCIEpUMEHTOB MOTOHbIE YCIOBUS ObLTM CIOXHBIMU. Bo Bpemsi paboT B BepllnHe
«leHTpambHOTO» KaHbOHA CUHOMTUYECKME YCIOBMSI OOYC/IAaBIMBAINCH MaJIOTPAJMEHTHBIM 0apUYecKUM TIOJIeM,
CUJIbHBIX BETPOB He oTMevasioch. OnHaKo B paifoHe pabOT HaOMIONAIMCh BOJHBI 3bI0M BhICOTOM 10 0,7 M, Mpuxo-
JIUBIIIIE CO CTOPOHBI OTKPBITOrO OKeaHa. Bo BpeMst pabot B «CeBepHOM» KaHbOHE aTMOC(EpHBIE ITPoLIecChl (DOpMU-
POBAJIUCH TIOJT BIIMSTHUEM TPUOIKeHUST KPYITHOTO IIUKJIoHA. [Ipeobnanana macMypHast morosa ¢ ocaakaMiy B BUIIE
MOKPOTO CHera 1 1oxs1. Betep v BoJTHEHME MOCTOSIHHO YCUauBaIuch. K KOHIy paboT BbICOTa BOJIH TOCTUIIA | M.

Pesysnbrarsl npodunrpoBaHus TeMIiepaTypbl U COJIEHOCTH Ha TIEPBOM 3Tarie 9KCIEPUMEHTOB, BHITTOTHEHHBIX
B «lleHTpamsHoM» 1 «CeBepHOM» KaHbOHAX, ITPEICTaBICHBI Ha puC. 2.

B «IleHTpasibHOM» KaHbOHE (PUC. 2, @) y TOBEPXHOCTU OTMEYaJICsl TOHKMI CJIO TPOTPETHIX M paCIIPECHEHHbIX
Boa. [Tox HuM no rryounHsl 320 M 3ayeranu oTHOcUTeIbHO XojonHbie Boabl (XIIC). [Tpu a3TOM abCOTIOTHBIN MU-
HUMYM TeMrepaTtypsl Habmonacs B cioe 10—20 M u coctasisit 0,4 °C. I'myoxxe B XITC Habmona1csi MOHOTOHHBIH
poct Kak TeMnepatypsl (1o 1,2 °C), tak u coseHoctu (10 33,2 psu). [lanee cienoBaia 00JacTh TOJIMHON OKOJIO
100 M, Toe rpagueHT TeMIepaTypsl Bo3poc B cpenHeM 1o 2 °C/100 m, a Huzke 400 M 3aneranu teruisie Boasl TITC
(Bbiie 3 °C). MonoBblil aHau3 (puc. 2, 8) MOKa3al HaTMYMe MaKCMMyMa BEPTUKAJIbHBIX CKOPOCTEH IS TTepBOiA
MOJIbI BHYTPEHHUX BOJH Ha ropu3oHTe 320 M. 1o pe3yabTaTaM BbIMOJHEHHbIX 12 anpesis MocJoiHbBIX 00J0BOB,
noapoOHOe 00CYKIeHNE KOTOPHIX OyIeT MpeACTaBIeHO B TTOCIEAYIOIINX paboTax, 0oJiee IBYX TpeTeil BceX NKPH-
HOK HaXoJWJIoCh B cyioe Bbile 300 M, a MaKCUMaTbHOE KOJTMYECTBO UKPHI (46,2 %) yuteHO B ropuszoHTe 200—300 M.
[ToaTOMY MJ1S1 CYyTOUHBIX MOCIOMHBIX 00JIOBOB B paMKaX TPEThEro dTarna 3kcrnepumeHTa B «LleHTpaibHOM» KaHbOHE
O6bUTM BEIOpaHbI TOpU30HTHI 250—300 1 300—350 M.

B «CeBepHoM» KaHbOHE (puc. 2, 6) HAa TOBEPXHOCTU HaOIonacs 0osee MONIHBIN TEMbIN (okoso 2 °C) u oT-
HOCUTeNbHO MpecHbIi cioit (31,9 psu). Huxe ormeuancs XIIC ¢ sapoM Ha ypoBHe 100 M u TemIiepaTypoit HuXe
1 °C. C ryouHoii TemmiepaTypa (Kak ¥ COJIEHOCTb) B TAaHHOM CJIO€ MEIJICHHO Bo3pacTala, JOCTUTasi Ha TJIyOrMHe
400 M okoo 1 °C (33,1 psu). Jlanee HabmogaIcs pe3KUit POCT TEeMIIepaTyphl U COJIEHOCTU — CJIOI CKauKa MEXITy
XTIC u TTIC. On npocnexuBancs no rmyoruHsl 420 M. Haubonee sipko rpanutia mexxay XITC u TTIC Obla Bipake-
Ha Ha ropusoHTax oT 400 1o 420 M. Hixe TeMmnieparypa pocturana 6onee 2,5 °C, a coieHocTh — 33,5 psu. MonoBbIit
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Puc. 2. BeprukanbHasi U3MEHUYMBOCTh TEMIIEPATYPBI M COJEHOCTH MOPCKOI BOIBI M YaCTOTHI

mnaBydyectu st «LleHTpaabHoro» (a) u «CeBepHOro» KaHbOHOB (6) ABAUMHCKOIO 3aJIMBa; CO0-

cTBeHHast GYHKLMsI BepTUKaabHO# ckopocTr (W) 1 1 2 Moabl BHYTpeHHUX BOJH B «LleHTpasib-
HoM» (8) 1 «CeBepHOM» (&) KaHbOHAX

Fig. 2. Vertical variability of seawater temperature, salinity and buoyancy frequency for the “Cen-
tral” (a) and “Northern” canyons (b) of Avacha Bay; the vertical velocity eigenfunctions (W) of
15t and 2" internal waves modes in the “Central” (c) and “Northern” (d) canyons

aHaiau3 (puc. 2, ¢) moKa3ajl HaJln4yrue MaKCMMyMa BepTUKAIbHBIX CKOPOCTEH [1JIs1 IePBOii MOIbl BHYTPEHHUX BOJIH
B paiioHe 400 m. ITo pe3ynbraTaM IMOCI0MHBIX 00JI0BOB, BLIIOJHEHHBIX 27 anpesist, 0KoJio 72 % BceX MKPUHOK MUH-
Tast ObL10 yuteHo B ropuzoHTe 400—500 M. B pesyabrare misi CyTOUHBIX TTOCTOMHBIX 00JIOBOB B paMKaxX TPEThEro
3Tara 3KcrepuMeHTa B «LleHTpanbHOM» KaHbOHE ObLIM BbIOpaHbI TOpU30HTHI 400—450 1 450—500 M.
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4. Pe3yabTaTbl 3KCIEPUMEHTOB

4.1. H3menuugocmo 2udpoaocuteckux noael

IIpencraBneHure 06 U3MEHYMBOCTH TeMIIEpaTyphbl BoA B 06;1acTu «LleHTpaibHOro» KaHbOHA B XOJ1€ ITPUIMBHO-
TO IIMKJIAa MOXHO TIOJIyYUTh TI0 TaHHBIM CUHXPOHHBIX HAOMIONEHUT 3a TeMIIepaTypoil M pacueToB 0apOTPOITHBIX
MPUJIUBHBIX TEUEHUIA, MpeacTaBIeHHbIX HAa puc. 3. CTOUT OTMETUTb, UTO MO JaHHLIM MoaeaupoBaHus [17] or-
NETbHBIX TIPUJIMBHBIX TAPMOHUK (TIOJycyTOUHOM M2 1 cyrouHoit K1) amaumncer TeueHnit ObUIM OpUEeHTHUPOBAHBI
MPEeUMYyIIEeCTBEHHO nomnepek ocu «LleHTpabHOTO» U BOOJIb OcU «CeBepHOT0» KAHBOHOB, a UX BEJIMYMHA y CYyTOU-
HBIX TIPUJIMBOB OblJIa B HECKOJIBKO pa3 0oJibllle, YeM Y IMOJYCYTOUHbIX TapMOHUK. COOTBETCTBEHHO PAacCUETHBIN
CYMMAapHBIH TTPUJINB 13 12 COCTaBIISIONINX OTHOCUTCS K HeIIPaBUJIBHOMY CYTOYHOMY THUITY. B miepron HabmoneHmit
o011t pa3mMax KojiebaHUI ypOBHS COCTABWII OKOJIO 1,5 M, a CKOpOCTH 6apOTPONTHBIX TPUIUBHBIX TEUCHU I TOCTU-
ranu 12,5 cM/c. MakcuMalibHble CKOPOCTU TeUEHUI HAOMI0AaIMCh B HAIIPaBJI€HUU BAOJb MAaTEpPUKOBOTO CKJIOHA
B (ba3y oT1MBa 110 KosiebaHUsIM ypoBHS. B To ke BpeMsI TeueHUsI B XOIe MPWIMBA OBLIM Ha ITOPSIOK caadee U MMeTn
HarpaBJieHUE Ha 1Ieabd.

TeMrmepaTypa BoJ B TeUeHUe MTPOBeNeHMS dKcnepuMeHTa B «LleHTpanbHOM» KaHboHe B cioe XI1C MeHsach
Brpenenax ot 0,4 no 1 °C, aBoomactu TIIC — or 2,8 10 3,6 °C. HauGosnbiuii ypoBeHb moasema Boa TTIC u tepmo-
kuHa, otaesstioniero TITC or XT1C, mpuxonuics Ha epruo MaKCUMyMa CKOPOCTEil TIPYJIMBHBIX TEUEHUH, a TaK-
K€ TIPY HalpaBJICHUU NPUIMBHOTO TEYEHUS HA I0r0-3a1aj, T. €. HalPaBJEeHHOI O IPEUMYILIECTBEHHO MONEPEK OCU
KaHboHA. HampoTus, 3ariyoiieHre TepMOKIMHA ITPOUCXOIMIO HA MUHUMYME TIPUJIMBHBIX TeUeHU. MaKcuMalb-
HbIll ckadok Temriepatypsl Mexay TITC u XITC npuMepHO COOTBETCTBOBAJ IIyOUHE 3ajieraHust u30Tepmsl 1,5 °C.
AMIUIMTYIA BEPTUKAIBHOIO MepeMelleHus caosl ckauka gocturana 50 M. Kpome Toro, KojaedaHusi TeMnepaTyphbl

IIpunuBHEIA ypoBEHD, M

gy '\'Y‘rAMMMMMW“KWww#u‘/f/
2cem/c 12 em/c
> —»

I I I I
18 30 20 3022 30 030 230 430 630 8:30 10:30 12:30 14:30 16 30 18 30 20 30 22 30 030 230
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Puc. 3. PesynbraThl 30HAMPOBaHUI B paMKax 9KcriepuMeHTa B «LleHTpaibHOM» KaHbOHE ¢ 12 1o

14 anpenst 2024 1., coBMENIEHHBIE C XOJIOM TIPWJIMBHOTO YPOBHS (YepHAst TUHUSI) U 6APOTPOITHBIX

MPWIMBHBIX TeUEHMIT (YepHbIe cTpesku) 1o [17]. BepTukaaibHBIMU psimaMy TOYEK OOO3HAUYEHBI
n3mepennst CTD-30H10M

Fig. 3. Results of in situ measurements during the experiment in the “Central” canyon from April
12—14, 2024, combined with the tidal heights (black line) and barotropic tidal currents (black ar-
rows) according to [17]. Vertical rows of points indicate CTD measurements
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oTMevanuch u B oomactu siapa XI1C, riryOonHa 3ajeraHus ero HIKHEM TpaHUIIB Koe0aaach ¢ aMItIUTynoit 20 M.
X0T$, KaK OTMEYaioCh BbIllIe, yDOBEHb U3BMEHUMBOCTU TEMIIEPATYPhl B 3TOM CJI0€ ObUT HE3HAUUTEJIEH U COCTaBJIsLI
nopsiaka 0,5 °C.

B memmoM koe6aHMs IPUIIMBHOTO YPOBHS U HIKHe# rpaHuibl pasnena XIIC—TIIC copnamgaror. MUHUMATh-
HbI€ TJTYOMHBI €€ TTOrPY>KEeHUsI COOTBETCTBYIOT MAKCUMyMaM CKOPOCTH MPUJIMBHOTO TEUEHHSI, YTO MTO3BOJISIET MPe-
noJjiaraTb (GOpMUPOBaHME B KAHbOHE BBIHYKIICHHOM WJIM 3aXBaYeHHOI BHYTPEHHEI BOJHBI C CYTOYHBIM TTPUJIUB-
HBIM TICPUOIOM.

IIpeacraBieHre 06 U3MEHUYUBOCTU TeMIIepaTyphl B B 00acTu «CeBepHOro» KaHbOHa B XOJ€ MPUJIUBHOIO
LIMKJIa MOXHO TIOJYYUTh 110 TaHHBIM CMHXPOHHBIX HAOJIIONCHUI 32 TEMIIEpaTypoil U PacYeTOB XapaKTePUCTUK
0apOTPOIHBIX TIPWJIMBHEIX TEUECHU, MpencTaBIeHHBIX HAa pucyHKe 4. CyMMapHBIM IIPWJINB 37¢Ch TaK Xe€ OT-
HOCHUTCSI K HeMPaBWILHOMY CYTOYHOMY THUITy W IO XOIy YPOBHSI BeCbMa CXOX C OMMCAaHHBIM paHee. B mepuon
HaOJIIOeHNI OOILIMIT pa3Max KoJebaHWii YPOBHSI COCTaBUJI 4yTh Oojiee 1,5 M, a CKOpPOCTU TIPUJIUBHBIX Teye-
HUi gocturanu 12,5 cM/c. MakcuMaabHBIE CKOPOCTH TeUCHUI HAOTIOOATNCh TaKKe B (pa3y OTJIMBA B HAIIpaBIIe-
HUM BIOJb OCU KaHbOHA. B MpuiMB TeueHus1 ObLIM HECKOJIbKO ciabee, YeM B OTJMB, HO He Takue cjlabble, Kak
B «lleHTpanbHOM» KaHbOHE. [IpUIMBHOIT MOTOK, HAIIpaBJICHHBIN B CTOPOHY Oepera, Mo MPOAOJKUTEILHOCTH
ObLT MeHbIIIE, UeM OT bepera.

Bo Bpemst nmpoBeneHust padbot B «LleHTpaibHOM» KaHbOHE TeMIepaTypa Ha MOBEPXHOCTU Kojiebaiach B 3aBU-
CUMOCTH OT BpeMeHHM cyToK oT 2,2 no 1,7 °C. Oonacts siapa XI1C, koTopast nmena temneparypy meHee 0,5 °C,
WCITBITHIBAJIA 3HAUNTEJIbHBIE KOJIe0aHUSI 0OCOOCHHO B YaCTH MOJIOXKEHMS HIDKHEH rpaHuIbl. OHA MOTJIa CMECTUTCS
Ha JIeCSITKM METPOB 32 HECKOJIBKO YacoB. B 1ieiom remnepatypa Boa B XITC meHsnach B npenenax ot 0,2 oo 1,4 °C.
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Puc. 4. Pe3ynbrartel 30HAMPOBAaHMIT B pamKax 3KkcriepuMeHTa B «CeBepHOM» KaHbOHE ¢ 27 10

29 ampenst 2024 r., COBMEILEHHbBIE C XOAOM MPWJIMBHOTO YPOBHSI (UepHAast IMHUS) U 6apOTPOITHBIX

MPWIMBHBIX T€UEHUN (YepHbIE CTpeiKku) 1o [17]. BepTukanibHbIMU psiiaMu TOYEK 0003HAUEHBI
usmepenust CTD-3oH10M

Fig. 4. Results of in situ measurements during the experiment in the “Northen” canyon from April
27-29, 2024, combined with the tidal heights (black line) and barotropic tidal currents (black ar-
rows) according to [17]. Vertical rows of points indicate CTD measurements
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[Tpu aTom rpanuia mexay XIIC u TTIC nmpocnexuBaniach TOCTATOYHO YETKO Ha TiyouHax okojio 400 M, n Mak-
CUMAaJIbHBIN TpamreHT HaOII0aaICs Ha TIIyOrHe 3ajeraHus n3oTepMsl 2,5 °C. DTa n30TepMa UCIIbIThIBAIA HElIpa-
BUJIbBHBIE TIOJTYCYTOUHBIE Koie0aHUsI ¢ aMIIuTynoi ot 20 1o 50 m.

B 1iesiom mipociiexXkuBaeTcst CBSI3b MEXIY KOJIEOAHUSMU TIPUJIMBHBIX TEUSHWI M HIDKHE TpaHMIIeit C10sl BOI,
accoumupyeMbix ¢ sapoM XIIC. TeueHus, HampaBJIeHHBIC B CTOPOHY IIle/Ib(ha Ha CeBepo-3aIra, MPUBOISIT K yBe-
JIMYEHUIO OXBaThIBAeMbIX UMM TOJIIM BoA. [1pu 1oro-3amagHbix TeYeHUSIX KapTuHa MeHsieTcsl. C HeOObIIION Bpe-
MEHHOI 3aJIep>KKOM Mocjie MAaKCMMYMOB TeueHU it Habaoaanoch 3artyoneHnue rpaHuubl pasaena XITC-TIIC. Ile-
pUOIBI BPEMEHM, B KOTOPBIE OTMEYAINCh MITHUMAJIBHEIC TT0 TJIYOMHE TTOJIOKEHMST TEPMOKJIMHA, COOTBETCTBOBAIN
MaKCHUMyMaM CKOPOCTH MPWIMBHOTO TeueHUs. O MeXaHU3Me MTPOUCXOXICHMS OTMEUEHHBIX KOJIeOaHMIA, TTOBTOPSI-
IOIIMXCS BXOAE MPUIMBHOTIO 1IMKJIa, MOXHO BBIABUHYTH JiBa TPeOYIOIIMX MPOBEpKU MpennojoxeHusi. [leppoe 3a-
KJTIOYAEeTCsI B TOM, YTO HEJaJIEKO OT TOUKM HAOIIOIEHU T TTPOUCXOAUT OTpakeHe BHYTPEHHEW MPUJIMBHOI BOJTHBI
OT THA ¥ HAaUMHaeTcs ee pacman. Bropoe — mpu cMeHe HallpaBiieHUS TIPUJIMBHOTO TeUSHUSI paciiamaeTcst BHYTPEH-
HU TUIpAaBINYECKUI CKauOK, 00pa30BaBILINIiCcsS B BepIIIMHE KaHbOHA.

4.2. Hamenuusocmo pacnpedeseHuss UKpbl MUHMAS

ITo pe3ynbraTam pa6ot 12 ampens B «LleHTpaabHOM» KaHBOHE B paMKax KaMepaIbHOI 00pabOTKI OBUIO YUTEHO
9714 ukpuHoK MuHTas noz, 1 M2, Bce MKpUHKY Haxonuiich Ha 1—13 cTagusix pasBuTus, U JOMMHUPOBaIa 9 cTaaus
(25 %). IlpuHuMast BO BHUMaHUE, YTO OOJIbIIAST YaCTh MKPhI HAXOAMIACH HA HAYaJIbHBIX CTAIUSIX PA3BUTHUS, MOXKHO
MPETOI0XUTh, YTO SKCTIEPUMEHT MPULIEJICS Ha CPOKU, OJIM3KKUE K MMUKY BOCIIPOU3BOJICTBA BUIa B 9TOM KaHbOHE.
ITo pe3ynbratam 00J10Ba, BhITIOJHEHHOTO 27 amnpenig B «CeBepHOM» KaHbOHE, ObUTO yuTeHO 5020 MKpUHOK MWH-
tas nox, 1 M2. B nmpo6ax npesaauposana ukpa Ha 6 (22,0 %) u 14—17 (48,0 %) cranusx passutus. [Ipeobnaananue
B yJIOBaX UKPbI Ha 60Jiee MO3AHUX CTAAUSIX Pa3BUTUSI CBUACTEIbCTBYET O TOM, YTO K MOMEHTY SKCIepUMEHTAa MUK
pa3sMHOXeHUsI MUHTas B «CeBepHOM» KaHbOHE 3aKaHYMBAJICS.

PesynbraTthl HATYpHOTO 3KCIIEpUMMEHTa MO0 M3MEHUYMBOCTM BO BPEMEHM OOIIEro KOJMYECTBA MKPHl MUHTAs
M MKPUHOK Ha | cTaguu pa3BUTHS HA OTAEJbHBIX TOPU30HTAX U KOJeOaHUI U30TepM, COOTBETCTBYIOLIMX IPaAaHULIE
mexay XITC—TIIC B «llentpanbHoM» 1 «CeBepHOM» KaHbOHAX, MPEICTABIEHbBI HA PUC. 3.

Kax MoxHO BumeTs U3 puc. 5, a—06, KoJaedaH!UsI KOJINISCTBA BEIMETAaHHOI MKpPHI B «LleHTpaibHOM» KaHbOHE
MMEIOT ITPEMMYIIECTBEHHO CYTOUHYIO pUTMUKY. MaKcuMaabHOE KOJIMYECTBO Ha 000MX 00J1aBIMBaeMbIX TOPU30H-
Tax oTMevanoch B 16:30 13 ampenst. B ato BpeMst HaGmonacs moabeM BepxHeit rpanuiibl TIIC u upe3BblyaitHo
cnabble TPUIMBHBIE TeueHUsT. MUHUMYM oTMevasics 3a 12 4 10 9TOro mpu MUHUMAIBHO TITyOWHE 3aJIeTaHuUsI CII0sI
CKayKa B YCJOBUSIX IEPECTPOMKU HaIpaBieHUs TeueHnii. CTOUT o0paTUTh BHUMaHUE, YTO TOBBIIICHHBI HEPECT
(obunue ukpbl Ha | craguu pasButus) Haa rpaHuleil XITC oTMeyancst mpeuMyILIeCTBEHHO B YCJIOBUSIX CJa0ObIX
MPWIMBHBIX TEYCHU N 1 060CTPEHUST BEPTUKAJIBLHOTO TpaareHTa TeMieparypsl ¢ 12:30 mo 16:30 13 anpenst. B ycno-
BUSX MHTEHCU(DUKAIIMN TIPWIMBHBIX TEYCHUI M OCJIa0JICHMST BEPTUKAIBHBIX IPaIUCHTOB TeMIIepaTyphl KOJINIe-
CTBO UMKPBI ObLIO MEHBbIIIE.

AHai3 pe3ynbTatoB 00710BOB B «CeBepHOM» KaHbOHE (pUC. 5, 6—e) MmoKa3ajl OTCYTCTBUE SIPKO BBIPAXKEHHBIX
MMKOB KaK B IPeIBIAyIeM dKcrepuMeHTe. [1pr 3ToM MaKCHMMAaIbHBIM 00beM YITCHHOM MKPBI HE COOTBETCTBOBAJ
MUKY €e BOCIIPOM3BOICTBA. 3HAYMTEIbHAS YAaCTh UKPbI 00JIaBIMBaIach yTPOM, a MAKCUMYM MKPBI | CTanuu Mpu-
1IeJics Ha BeYepHee U HOYHOE BpeMsl, UTO TpeOyeT OTAeIbHOro paccMOTpeHUsI. CTOUT OTMETUTh, YTO MaKCUMalb-
HOE 00111ee KOJIMYECTBO UKPHI U UKPBI Ha | cTamuu pa3BuTus oTMevanoch nipu 3arryonenun TIIC u ocnabienuu
BePTUKAIBHBIX TPAIMEHTOB Ha €ro IPaHUIIe, YTO COOTBETCTBOBAJIO MEPECTPOIiKe U OCIA0JeHUHY TIPUINBHBIX TEUE-
Huit. Hepect mpoucxoaua npenmyliiecTBeHHO Ha BepxHeit rpanuie TIIC.

5. 3akmouyeHue

BeptukanpHass U3MEHYMBOCTD BOI M paclpeneeHNsT MKPhl B TIIyOOKOBOIHBIX KaHbOHAX ABAYMHCKOIO 3aJIBa
HMMEIOT 3HAYMTEJIbHYIO AMHAMMKY. Hannuue TpexcioiHOi CTPYKTYphl BOA B BECEHHMIA IIEpUO/] Fojla — XapaKTepHast
0COOEHHOCTB IAHHOTO PETMOHA, KOTOpasi B OUYEPEeHOI pa3 OATBEPAMIACH C ITOMOIIIBIO TTPOBEICHHOTO BHICOKOYACTOT-
Horo rpodurpoBaHus. OIIEHKY TeMITePaTyphl BEIIETICHHBIX CJI0EB B 1IEJIOM COOTHOCSITCS C JINTEPaTyPHBIMUA JAHHBIMU
[6]: Temmieparypa XITC konebanack B peaenax 0,5—1 °C, a TIIC — 2,5-3,5 °C, cpenHsist TOIIMHA XOJOIHOIO CJIOSI
coctapisiia 200 M, a Terutoro — 100 M. [Tpu aTOM cTOMT yKa3aTh Ha oOHapyXeHHbIe oTnuus. Tak, B «LleHTparbHOM»
KaHbOHE B MOMEHT aKcnepumeHTa ToaiurHa XITC co cpenneit remnepatypoii okojio 0,8 °C cocrasisia 200 M, B TO
BpeMs Kak B «CeBepHom» — 300 M ripu cpenHeit Temmeparype Box 0,5 °C. Xapakrepuctuku TTIC Takske OTIMYaINCh:
B «LleHTpaipbHOM» KaHbOHE ero TemrnepaTypa coctapisiia 3,5 °C, a B «CeBepHoM» — 2,5 °C. AMIUMTyIa KojiebaHust
rpaHulibl paznena XITC—TTIC no naHHbIM HabIIOAEHMIA OcTaBIIsLIa OKOJIO SO METPOB M MeJTa BbIPasKEHHbI CYTOUHBIM
riepuol — B «LleHTpasibHOM» KaHbOHE — W HETIPaBWIbHbII MOJTYCYTOUHbII — B «CeBepHOM» KaHbOHE.
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Puc. 5. KonnuecTBo MKPBI B ABYX CJ10s1X 00s10Ba U nojioxkeHue nzotepMbl Mmexay XI1C u TITIC 3a nepuon npoBeaeHus 9KCIepu-

MEHTa: @ — o0LIero Koyinyectsa uKpel MUHTast U 1,5 °C B «LleHTpaibHOM» KaHbOHE; 6 — UKPHI Ha | ctaguu pazsutus u 1,5 °C

B «LleHTpanbHOM» KaHbOHE; 6 — 0011ero KojinuecTBa UKphbI U 2,5 °C B «CeBepHOM» KaHbOHE; ¢ — MKPbl MUHTast Ha | ctaguu

pazButus u 2,5 °C B «CeBepHOM» KaHbOHE. CUHUMU U TOJYyObIMU LIUpaMU Ha pUC. S, @ MOKa3aHbl MAKCUMAJIbHbIE 3HAYEHUS
MKpbI Ha 16:30

Fig. 5. Number of pollock eggs in two layers and isotherm position between cold intermediate layer and warm intermediate

layer during the experiment period: @ — total numder of eggs and 1.5 °C in the “Central” canyon; b — number of eggs at the 15

developmental stage and 1.5 °C in the “Central” canyon; ¢ — total number of eggs and 2.5 °C in the “Northern” canyon; d —

number of eggs at the 1% developmental stage and 2.5 °C in the “Northern” canyon. The blue and cyan figures in Fig. 5a show the
maximum number of pollock eggs at 16:30

ITonydyeHHBIE B paMKax 9KCIIEPUMEHTOB KOJIMYECTBEHHBIC OLICHKM MKPBI MUHTAs YKa3bIBAIOT HA TO, YTO TIEP-
BBI 9KCTIEPUMEHT MPUIIEICS HAa CPOKU, OJIM3KUE K MUKY BOCIIPOM3BOJACTBA BUIa B 9TOM KaHbOHE, YTO XOPOILIO
corjacyercs ¢ paHHUMU olieHKaMH | 16]. I1pr 3ToM BTOpOIi 3KCIIEPMMEHT TTPOXOAWII B YCIOBUSX OKOHYAHUS He-
pecra. O6IIag KOMIUIEKCHAsI KapTHHA PE3YJIBTaTOB IIPOBEICHHBIX SKCIIEPMMEHTOB MOKA3BIBAET, UTO CBSI3b MEXKIY
KOJ1e0aHUSIMU TPAHUIIbI XOJOIHOTO U TETUIOr0 MPOMEXYTOUYHOTO CJI0€B MOJ, BAUSIHUEM MPOLIECCOB, 00YCIOBIEH-
HBIX IPUWIMBOM, M KOJJMYECTBOM MKPHI B 1I€JIOM MpOCIeKBaeTcs. B To ke BpeMsI B psiie cayJyaeB KojieOaHUE YK C-
JICHHOCTU O0JIaBIMBaeMOil MUKPHI TIPOMCXOIUT ¢ HEKOTOPBIM 3ara3abIBaHUEM OT KOJIeOaHU XapaKTepHOU M30-
TEPMbI MeXy closiMU. BeposiTHO, 13-3a HEUTpabHON MIaByYeCTH UKPUHOK JOCTATOUYHO HEOOBIIOro MMITYJIbCa
1151 monHsATUsI/onyckaHus B oonactu rpanuiibl XI1C u TIIC. KpoMme Toro, omyckaHne UXTMOTUIAHKTOHHOI ceTr
" TipoUIMpoOBaHKE TIPOBOIMIMCH HE OTHOMOMEHTHO, a C He0OJIbIIOi 3a1epKoit Ha 15—30 MuH.

ITo pesynbTaTaM 3KCIEpPUMEHTAIbHBIX UCCIEAOBAHUI MTOKAa3aHO, YTO TOPU3OHTHI OCHOBHOTO MKPOMETaHMUSI
B IJTyOOKOBOJIHBIX KAHBOHAX MEHSIIOTCSI B TCUCHUE CYTOK IO BIUSIHUEM IIPOIIECCOB, O0YCIOBICHHBIX IIPUIUBOM.
CTOUT OTMETUTD, YTO paHee HAIMUKE KoJIeOaHU i BEepTUKAIBHOI CTPYKTYPBI BOJl B KAHbOHAX, KaK U Tlepepacripe-
JIeJIeHUEe UKPhI U IMYMHOK MUHTAsI, OTMEUYaJIOCh 10 JAaHHBIM OTPBIBOYHBIX HabmoaeHWi [3, 16, 20], HO 00BsIC-
HSLUIOCH TJIAaBHBIM 00Pa30M BIMSHMEM BUXPEBBIX CTPYKTYp. OMHAKO OTMEUEeHHAas B 3KCIEPUMEHTAX MPYIMBHAS
pUTMMKA MOKa3ajia, YTO €€ y4yeT TaK XK€ BaxK€H IMpU OLIeHKaX paclpeaeieHns] UKpbl MUHTAasl B INIYOOKOBOJHbBIX
KaHboOHaX. BiausiHue nuHamMuyeckux (pakTopoB, B TOM YMCJe MPUIMBA, HA KOTUYECTBO U U3MEHUYUBOCTb UKPbI
MHUHTas yXe OTMeYaJoch B Ipyrux palioHax Muposoro okeaHa [21]. OmHako TeKylIue 3KCIIepUMEHTaJIbHbIE
pe3yabTaTHl OTJIMYAIOTCS OT IPYTUX MOCTAHOBOK BEICOKOM YaCTOTOI 00JI0Ba ¥ MPOUINPOBAHMS, UTO paHee I
JNaHHOU 00J1aCTU HE BBIMOJIHAIOCh. OTAEIBbHO CTOUT OTMETUTh, UTO KosebaHust rpaHulbl Mexay XI1C u TIIC
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WMEIOT Pa3HbIN MEPUOI, HECMOTPS Ha TO, UTO PACCTOSTHUE MEXIY IBYMSI INTyOOKOBOIHBIMU KaHbOHAMU COCTaB-
nsteT Bcero 30 kM. [TpuyrHBI 3TOTO TPEOYIOT OTAETLHOIO PACCMOTPEHMUSI C MCITOJIb30BaHUEM PErMOHAIbHO MO-
JIeJTM BHYTPEHHUX MPUIUBOB.

JanbHelime uccaenoBaHus OyayT HaNpaBIeHbl Ha OoJiee TTTyOOKMiT aHaIu3 pe3yIbTaTOB SKCIIEpUMEHTA C TIPU-
BJICUEHHUEM JaHHBIX IMCTAHIIMOHHOTO 30HIMPOBAHUS W PE3YJIETATOB MOIEIMPOBAHMSI BHYTPEHHETO BOJTHEHMSI.
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AHHOTANUSA

JlabopaTropHoe MomeMpoBaHre TUAPO(MU3NUECKUX TTPOLIECCOB SIBJISIETCS OTHUM M3 METONOB PEIIeHUs HAyYHBIX U MpaK-
TUYECKUX 3aj1a4 ucciienoBaHus okeaHa. B Cankr-IlerepOyprckom ¢unuane MHcturyra okeaHonoruu um. I1LI1. [lupiiosa
Poccwuiickoit akameMuu HayK co3maH ruapodu3nyecKuii 6acceitH. PaboThl B 6acceifHe cOmpoBoXIaTcs UGPOBOil KOTHEIH,
MO3BOJISIIOLIEH ONTUMU3UPOBATH MPOrPaMMbl I METOAMKM dKCIepuMeHTOB. KoHCTpyKims 6acceiiHa U TeXHOJOTUYECKHUE Xa-
PaKTEPUCTUKU ITO3BOJISIIOT MOIEIMPOBATh MHOTOCIIOIHYIO CTpaTuUKauio. B cTathe comepXuTcs onmcaHue 6acceitHa, BKITIO-
yalollee reoMeTpruueckue pasMepsl (7 X 2 X 2,2 M — JUIMHA, LIUPUHA, ITyOMHA), annapaTypHblii U3MEePUTENIbHbIN KOMILIEKC,
METpOJIOTMYECKoe oOecTieueHre, TEXHOJOTHIO CO3MaHus TeMIiepaTypHoil crpaTtudukanuu. [IpuBeneHbl TUTIOBBIC TTPOMUIN
2-X 1 3-cnoitHoli ctpatTudukanmu. Ha ocHoBe Teopru Moao0usi OlLIeHEHbI TOMYCTUMbIE MacIITaObl BOCIIPOM3BOIMMBIX HATyp-
HBIX THAPO(DU3NIECKUX TTpolieccoB. [1okazaHo, 4YTO CO3MaHHBIN r'MAPOPU3NIECKIil 6acceiiH 3aHNMAET IMTPOMEXKYTOYHOE MECTO
MEXIY JJOTKAMM C COJIEBOM CTpaTuduKalueit 1 00JbIINM TepMOCTpaTU(MULIMPpOBAaHHBIM OacceiiHoM MHCTUTYTa NpUKIIaaHOM
¢dusuku PAH. [1pu 5TOM B COBOKYITHOCTHU C LIM(PPOBOI MOZIEIIbIO OacceitHa MosIBISIeTCS BO3MOXXHOCTb BOCITPOU3BOIUTD IMAPO-
JIOTMYECKHE YCIIOBMSI, OXBAThIBAIOIIIME OCHOBHBIC THUITBI CTpaTU(hUKAIIMK 03P, MOPEil M OKEaHOB, NMPU ONTUMM3AIIMK BPEMEH-
HBIX 1 QYHKIMOHAJIBHBIX TTAPAMETPOB MPOBEICHMS IKCTICPUMEHTOB.

KimoueBbie clioBa: onbITOBBIN GacceitH, 1TabopaTopHOE MOAETMPOBaHNe, TUAPpOGU3NKa, TeMIlepaTypHasi CTpaTUWKAIINS, 13-
MEPUTETbHBIN KOMITJIEKC
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Abstract

Laboratory modeling of hydrophysical processes is one of the methods for solving scientific and practical ocean research tasks.
A hydrophysical water tank has been created at the St. Petersburg Branch of the P.P. Shirshov Institute of Oceanology, Russian
Academy of Sciences. The work in the tank is supported by a digital model that optimizes experimental programs and method-
ologies. The design and technological characteristics of the water tank allow for modeling multilayer stratification. This paper
describes the tank, including its geometric dimensions (7 m X 2 m X 2.2 m — length, width, depth), instrumentation and measure-
ment system, metrological support, and the technology for creating thermal stratification. Typical profiles of two- and three-layer
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stratification are provided. Based on similarity theory, the permissible scales for reproducing natural hydrophysical processes are
evaluated. It is shown that the created hydrophysical water tank occupies an intermediate position between salt-stratified tanks
and the large thermally stratified tank at the Institute of Applied Physics, RAS. Together with the tank’s digital model, it makes it
possible to reproduce hydrological conditions covering the main types of stratification in lakes, seas, and oceans, while optimizing
the temporal and functional parameters of the experiments.

Keywords: experimental tank, laboratory modeling, hydrophysics, temperature stratification, measuring complex

1. Beenenue

HccnenoBanue runpodu3nyecKrx MpoLecCOB B OKeaHax, MOPSIX M MIPECHBIX BOTOEMax NMeeT HaydHOe ITO3Ha-
BaTeJIbHOE 3HAUCHUE U MPAKTUUECKYIO BAaXKHOCTD IS PEIIeHUS XO3SCTBEHHBIX, 9KOJIOTMIECKIUX U 00OOPOHHBIX
3ana4. K HacrosiiieMy BpeMeHU CJIOXUIach TpUaaa METOAOB MCCIeTOBaHMIA:

— TeOpeTUYeCcKue, B T. 4. GU3NKO-MaTEeMaTUIECKOE MOACIUPOBAHNUE;

— (pu3UUeCcKOe MOIEINPOBaHNE — JTa0OPATOPHBIN SKCIIEPUMEHT Pa3IMYHBIX ITPOCTPAHCTBEHHO-BPEMEHHBIX
MacIluTaboB;

— HaTypHBbIE SKCIIEPUMEHTHI.

Haubonee momHast u JocTOBepHass MHGOPMAIIMS O TIpolieccaX W SIBIICHUAX TOJIydaeTcs IIPpU pallOHATILHOM
MPUMEHEHUH COBOKYITHOCTY METOJIOB, T. K. KaXIIbIil M3 HUX 00J1alaeT JOCTOMHCTBAMM U HEJOCTaTKAMMU.

TeopeTnyeckoe onucaHue KOHBEKTUBHBIX, BOJIHOBBIX, BUXPEBbIX M TYPOYJIEHTHBIX ITPOIIECCOB 3aTPYIHEHO
B CBSI3U C IIMPOKUM CIICKTPOM IBVIKEHUI M CJIIOKHOCTBIO HEIMHEMHBIX B3auMoeiicTBuil. BMecTe ¢ TeM moctu-
KEHUS TIOCJEIHUX JIET B 00JACTU BBIYMCIUTEBHOM TMIPOIMHAMUKU M MOJICIUPOBAHMS KPYITHOMACIITaOHbBIX
TEYCHMIT CBSI3aHbI C PACIIMPEHUEM PACUETHBIX BO3MOXKXHOCTE COBPEMEHHBIX IMPOTPAMMHBIX U BEIYMCIUTEIbHBIX
CPEICTB. DTO MO3BOJIMIIO CO3IATh B TTOCICIHUE NECITUIICTUS PSII MOIEIe MOPCKUX U TIPECHBIX aKBaTOPUIA, TIpe-
CTaBJISIIOIIMX HAYYHBIN M TTpaKTUIeCKUi nHTepec. [1pr 9TOM 3HAaYMTEIbHBIN IJIACT MEJIKOMACIITAOHBIX ITPOIIECCOB
B MaTeMaTUYECKUX MOJEJISIX OCTAeTCs 3a MpeaeaaMU JOCTYITHBIX BEIYMCIUTEIbHBIX PECYPCOB U MIO3TOMY I1apaMe-
TPU3UPYETCS SMITUPUICCKIMU 3aBUCHUMOCTSIMU IO TaHHBIM Hao0moneHnit. CrieninanbHas padoTa 1o BHIIOJIHEHHUIO
HaTypHBIX U3MEPEHUI BOJIH, BUXpell U TYpOYJEHTHBIX TEUSCHUM TSI BepUDUKAIIMN UCTIOIb3YeMbIX THIPOINHA-
MHUYECKUX Mojeieil TpeOyeT pecypcoB M BpeMEHH, a TakKKe MMeeT OUYeBUAHbIE orpaHudeHus. [lonyyeHue maH-
HBIX JIJADOPATOPHBIX U3MEPEHU 1 111 Bepru(puKauy 1 HACTPOUKU MaTeMaTUUECKUX MOJIEJIei BOJIH SIBJISIETCS OoJiee
MPEATNIOYTUTEIEHOM 3a1adeii, 4eM HaTypHbIe U3MEPEHMSI.

Du3ryeckoe MOAEIMPOBaHNE OCTAETCS OJHMM M3 OCHOBHBIX METOJOB PELUIECHMS MPAKTHUUECKUX (MHXEHep-
HbIX) M HayuyHbIX 3a1a4. Ero Beicokast a(h(heKTUBHOCThL OOLIENPU3HAHA KaK B Hallleil CTpaHe, TaK U 3a pyOesKoM.
JlaGopaTtopHbIe 3KCIEPUMEHTHI, TOCTaBJIEHHbIE B COOTBETCTBUU C TEOPUEI MOJ00MSI, TTO3BOJISIOT C BEICOKOM CTe-
MEHbIO TOCTOBEPHOCTHU IOJIYUYUTh HE TOJIBKO Ka4eCTBEHHBIC, HO U KOJIMYECTBEHHbIE XapaKTePUCTUKU UCCIemye-
MBIX TUAPO(PU3NIECKHUX TIpolieccos [1, 2].

bonee toro, B mociaenHue ACCATWIECTUS JabOOpPATOPHbIE SKCIEPUMEHTHI BCTYMUIM B CBOCOOPA3HYIO 3IOXY
«Bo3poxkneHusi» 6aronapsi TeXHOJIOTUSIM OLM(PPOBKU, PAa3BUTHUIO JIa3€POB U OOOPYIOBAHUS ¢ KOMIIBIOTEPHBIM
YIIpaBJIEHUEM C YBEJIMUYEHHOM MPON3BOIUTETHLHOCTHIO, UTO TIPUBEJIO K CO3JaHUIO HOBBIX MHCTPYMEHTOB aHAJIN3a,
TaKUX KaK BEJOCUMETPUST U300paKeHUI YaCTHUIl U JIa3epHO-UHIYLIMpOBaHHas (yopecleHIrs. DTO MO3BOISIET
MPOBOIUTH «<HEMHBA3MBHBIC» WJIM HEKOHTAKTHBIE M3MEPEHUSI CKOPOCTU M KOHILICHTPAIIMU B IBYX U 1aXKe TPeX U3-
MepeHusx [3, 4].

PasMepsl aKCTiepMeHTaIbHBIX YCTAHOBOK CYIIIECTBEHHO BIMSIIOT HA CTIIEKTP BOCITPOM3BOAMMBIX B MacIuTade
MPUPOAHBIX sBJIeHUH. Tak, HampuMep, MaclITabupyeMble SKCIIEPUMEHTHI ¢ BHYTpeHHUMU BojiHaMu (BB) mpoBo-
IATCS B TUAPOBOJTHOBBIX CTPaTU(UIIMPOBAHHBIX OacceifHaX (IIPOCTpaHCTBEHHAS 3aJadya) U TUIPOBOIHOBEIX JIOT-
Kax (mnockas 3agayva) [S—11]. Yem miuHHee 6acceiiH, TeM Jiydllle OH MOAXOMUT MJis HaOMIOACHUS 3a MOJHOCThIO
Pa3BUTBIMU BHYTPEHHUMU BOJIHAMU, KOTOPbIE SIBHO OTIEICHBI OT IPYTUX TUTIOB BOJH, BOZHUKAIOIIUX U3-32 HECO-
BEpIIIeHCTBA MEXaHN3Ma TeHepalluy 1 TIePeOTPakKeHUST OT CTEHOK OacceitHa. Kpome Toro, yBeamdeHNe IMUPUHBI
€MKOCTU MUHUMU3UPYET BI3KOCTHYIO AUCCUIIALIMIO, BOSHUKAIOUIYIO M3-3a TPEHUSI 0 00KOBbIe CTeHKU. C npyroii
CTOPOHBI, YeM MEHbIIIE EMKOCTb, TEM TPOILIE MPOBOANUTH IKCIIEPUMEHT, MOCKOJbKY B HEMl MEHbIIIE XUIKOCTU IJIsI
MaHUITYJIMPOBAHUS B YACTH ITOATOTOBKM CTPAaTU(UKAIINH, TIPOBEIACHMS OITBITOB M KCIUIyaTallii YCTAHOBKH.

B Hameit crpane B MHctutyte npukianHoit hbusnku Poccuiickoit akanemuu Hayk B 1990-e rr. co3naH yHU-
KaJIbHBII OOJIBIION TepMOCTpaTU(DULIMPOBAHHBIH GacceiiH ¢ 3epkaioM nosepxHocTd 20 X 4 M2 1 IyOUHOI 2 M,
TIO3BOJISTIOIINI IPOBOANUTH MOAEIUPOBAHNE HATYPHBIX IIPOLIECCOB MJIST CIyJasl IBYXCIOMHOM cTpaTuduKamuu [9].

B CII6® MO PAH co3nan u B 2023 1. BBeJieH B 9KCILTyaTalMio CTpaTU(GUIIMPOBAHHBIN I'MAPODU3NIeCKUiA
OacceitH. KoHcTpykiius OacceifHa M TEXHOJIOTUYECKHE XapaKTEPUCTUKU TO3BOJSIOT CO3IaBaTh MHOTOCIOI-
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HYIO CTpaTU(PUKALNIO, OXBATHIBAIOIILYI0 OCHOBHBIE TUITBI TUAPOJOTUYECKUX YCIOBUNA O3EP, MOpPEl U OKEAHOB.
B uensix noseiieHus 3(pPeKTUBHOCTU McCleI0oBaHUIi co3aaHa 1MbpoBasl Komnus 6acceiiHa, Ha OCHOBE KOTO-
POt ONTUMU3UPYIOTCS MPOTPAMMBI U METOIbI 9KCIIEPUMEHTOB, a TAKXKE MOTYT ObITh MOJIyYeHbI JaHHbBIE JJIsI CO-
BEPUIEHCTBOBAHUS TUAPOGU3NYECKUX YUCIeHHBIX Moaeneii [12, 13]. bnaromapst coueTaHWIO BBIYUCIUTEIbHBIX
TEeXHOJIOTUIA, paCIIUPEHUIO AUana3oHa co3gaBaeMoil cTpaTuduKauuy U HaJTUu4uo UHGOPMALMOHHO-U3MEPU-
TEJIbBHOTO KOMIUIEKCA TOSBIISIOTCS JOTOJTHUTENbHBIE BO3MOXHOCTU IS U3YYEHUS B JJTaOOPATOPHBIX YCIOBUAX
rugpodusnyeckux rnpoieccos. [1pu KOppeKTHOU NOCTAaHOBKE PKCNEPUMEHTA (GU3UYECKOE MOAECIUPOBAHUE MO-
KeT AaTh 1OCTATOYHO TMOJHYIO KaUeCTBEHHYIO KapTUHY SIBJIEHUH, a MPU COOTBETCTBYIOLIEM OOOCHOBAHUU U U3-
BECTHYIO KOJIMYECTBEHHYIO OLIEHKY.

2. Onucanue dacceiiHa

I'eoMmeTpuueckue XxapaKTepUCTUKY OacceiiHa: IInHA — 7 M, IIUpUHA — 2 M, TNIyOuHa — 2,2 M, pacueTHasI IJ10-
mIaab 3epkana Boasl — 14 M2, 06beM — 31 M3, M306pakenue 6acceiiHa MpuBeaeHo Ha puc. 1.

CoznaHue u noanepxkaHvue BepTUKAIbHOTO U3MEHEHMST TeMITepaTypbl B 00beMe OacceliHa 11l MOAeIUPOBaHUS
HaTYpHOI cTpaTu(UKal1K BOABI MO MJIOTHOCTU OCYIIECTBISIETCS] CUCTEMOI TeTUIo- U XofloaocHaoxeHus. Cucrema
paboTaeT 1Mo TUITY TEIJIOBOTO Hacoca: 3a0upasi TeIIo ¢ HIKHETO KOHTypa (OXJIaXkIeHUs ), mepedpachiBacT ero Ha
BepxHUIt KOHTYp (HarpeB). C 3Toil 1IeJbl0 B €ro 00beMe pa3MelleHbl TeIJI000OMEHHbIE TTOBEPXHOCTU, HabKpaeMble
13 THOKOI ropupoBaHHOIT HepxXaBetollell Tpyobl. O0beM OacceitHa pasnensieTcss Ha TpY paBHbIE 30HBI IO BBICO-
Te. B Kaxkmoit 30He TpenycMaTpuBaeTcst yCTaHOBKA TETUIOOOMEHHMKOB C BOBMOXKHOCTBIO UX TTOIKITIOYEHUST K «TOPSI-
yeMy» WIH «XOJIOMHOMY» KOHTYpaM. MICTOUHMKOM TeruiocHaOXKeHUsI U XOJIOA0CHAOXKEHUS 1Sl TeIJIOOOMEHHUKOB
OacceitHa sIBIISIETCS] BOOMOOX/IaXKIaeMasi XOJOAWIbHAsT MalllMHA, YCTAHOBJIEHHAsI B TEXHUYECKOM MOMEIIEHUU. XO0JI0-
JNWJIbHAs YCTAHOBKA BKJIIOYAET YWJUIEP C BOOSIHBIM oxnaxaeHueM koHaeHcatopa NED NBH 128-F u npaiikynep,
KOTOPBII MMeeT CleayIole XapaKTepUCTUKU: XOJOAOMPOU3BONUTEIbHOCT, — 139 KBT, Temiaonpou3BomUTe Ib-
HocTh — 173 KBT, KOJIMYECTBO KOMITPECCOPOB — 4 IIIT., KOJIMYECTBO XOJIOAUIBHBIX KOHTYPOB — 2 IIIT., KOJIMYECTBO
CTyTeHel Tpon3BoauTeIbHOCTH — 4 IT. ['petoliue Teroo0MeHHUKY TTOIKTI0YAIOTCs K KOHIEHCATOPHOMY KOHTYPY
XOJIOAWIBHOI MalllMHbI, OXJIaXaaroume — K ucrnaputeabHoMy. COpoc MU30BITOUHOTO TeIia OT KOHJEHCAaTopa XO-
JIOIWJIBHON MallIMHBI, HE UCTIONb3YeMOTO ISl HarpeBa BEpXHEero oobeMa OacceiiHa, OCYIIECTBIISIETCS] IPANKYIePOM.
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Puc. 1. Tnnpodusmueckuii 6acceitn CIT6® MO PAH. Cxema n3aMepuTeIbHOM ar-
MapaTtypbl ¥ BCIIOMOTATEIbHBIX CPENCTB M300pakeHa Ha puc. 2. CxeMa XOJ0anIb-
HOI1 yCTAaHOBKM TpUBe/ieHa Ha puc. 3

Fig. 1. Hydrophysical water tank of St. Petersburg Branch of Shirshov Institute of

Oceanology of Russian Academy of Sciences. The diagram of the measuring equipment

and auxiliary tools is shown in Fig. 2. The diagram of the refrigeration system is shown
in Fig. 3
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Puc. 2. Cxema rugpodusnueckoro dacceiiHa u ero 000pyaoBaHusI: @ — BUJ ¢ OOKOBOI CTOPOHBI bacceitHa; 6 — BUIL C TOPLIEBOM

CTOPOHBI: 1 — BOJIHOIPOLYKTOP ILTYHKEPHOI'O THIIA, 2 — TEJIEXKA C 3-0CEBbIM KOOPIMHATHBIM YCTPOICTBOM, 3 — M3MEPUTEIb-

Hasl IITaHTa KOOPIMHATHOTO YCTPOMCTBA, 4 — MOABOIHBIC TPOXKEKTOPHI, 5 — MOABOAHAS BUIeOKaMepa, 6 — GyKCHpyeMoe TeJlo

Ha IIPOTSKHOM YCTPOMCTBE, 7 — reHepaTop BUXPEBLIX KOJIEL], 8 — BEPTUKAIbHOE 30HAUPYIOLIEE YCTPOMCTBO, 9 — IOABOIHBII
JpoH, 10 — TerioBoit KOHTYp, 11 — ropu3oHTalibHas TeMIlepaTypHasi JIMHMUSI

Fig. 2. Diagram of the hydrophysical water tank and its equipment: a — Side view of the water tank; » — End view; 1 — Plunger-

type wave generator, 2 — Cart with 3-axis coordinate device, 3 — Measuring rod of the coordinate device, 4 — Underwater

spotlights, 5 — Underwater video camera, 6 — Towed body on the towing device, 7 — Vortex ring generator, 8 — Vertical probing
device, 9 — Underwater drone, 10 — Thermal circuit, 11 — Horizontal temperature line
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Puc. 3. CxeMa x0n0auIbHOI YCTAHOBKY THIPO(U3MYECKOro bacceitHa

Fig. 3. Diagram of the refrigeration system of the hydrophysical water tank

YnpaBiaeHue MyckoM/OCTaHOBKOI YWjliepa MpeaycMaTpUBaeTCsl IMCTaAaHIIMOHHO C ITyJIbTOBOM J1a00paTOpHO-
ro KOMIUIeKCa, U B aBTOMAaTHIEeCKOM IT0 TOCTIDKEHUIO 1IeJIeBOI TeMIIepaTyphl cJIoeB BoIbl OacceiiHa. 1o cpaBHe-
HUIO C MIOIXOIO0M, TP KOTOPOM pa3JIMIHbIC pACTBOPHI COJIEI MCITOJB3YETCS VTSI CO3MAHMsST CTAOMIIBHO CTpaTU(H-
LIMPOBAHHOTIO CJIOSI, MPMMEHSIEMbIM METOI MMEET TPU OCHOBHBIX MpeuMylliecTBa. Bo-mepBbix, 00pa3oBaBIascs
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cTpaTU(UKALINI MOXKET OBITh OJTIKE K TAKOBOI B OKeaHe, IIOCKOJIbKY HanOOoJIbIlee BIMSHIE Ha N3MEHEHHE TII0T-
HOCTU B BEPXHUX CJIOSIX OKeaHa OKa3bIBaeT TeMIlepaTypa, a He COJIEHOCTb. BO-BTOPBIX, KaK TOJbKO YCTAHOBUTCS
yCTOMUMBAs CTPaTU(DUKALINS, TIOSBISIETCS BO3MOXHOCTD IIPOBOAUTD CEPUITHBIC U3MEPEHUSI BOJTHOBOTO TTOJIS B JIIO-
60e BpeMs 0e3 HeOOXOIMMOCTH 3aHOBO BOCIIPOM3BOINTH CTPATU(MUKAIINIO ITOCTIe KaXKI0To SKCIIepuMeHTa. B-Tpe-
TBHX, 9KCITIyaTallMsT KPYITHOTO OacceifHa ¢ TUIOTHOCTHOM,/COJIGHOCTHOM CTpaTh(dUKaLIKeil 0CIOXKHEHa BOITPOCAMU
CTOMKOCTH 000PYIOBaHMS M HEBO3MOXKHOCTBIO MPSIMOTO COpOca B OOIIETOPOICKYIO KaHAIM3AIIHIO.

ITpu obopynoBaHnM O6acceiftHa 0cob0e BHUMAaHUE YAeJIeHO N3MEePHUTEIbHBIM CPEeICTBaM, BKITIOUAIOIIINM IIITaT-
HYIO BEPTUKAJIbHYIO U3MEPUTEIbHYIO LITAHTY, BEPTUKATIbHOE 30HAUPYIOLIEe YCTPONCTBO U TOPU3OHTATbHYIO TEM-
TepaTypHYIO JIMHUIO.

BepTtukanbHas n3aMepuTeNIbHAS IITAHTA C TATYINKAMU TeMITepaTyphl 3aKpeIlieHa Ha BEPTUKAIbHOM KapeTKe KO-
OopIMHaTHOrO ycTpoiicTBa. KoopauHaTHOe yCTPONHCTBO MO3BOJISIET U3MEPSITh TeMITepaTypHbI MPoduIb B 11000
TOYKEe OacceifHa ImyTeM IepeMeIleHUs] U3MEPUTEIbLHOM IITAHTH B TPEX OPTOTOHAIBHBIX HAIIPABJICHUSX 32 UCKITIO-
YEHNEM CJICTIBIX 30H, OOYCIIOBJICHHBIX OTpaHMUYCHNEM eT0 KOHCTPYKIHMHU. B KauecTBe JaTIMKOB TeMIIepaTyphl Ha
IITaTHOW U3MEPUTEIbHOI BEPTUKAIBHOM 1ITaHTe ucnob3ytorcs 30 TepmomeTpoB conpotusiaeHus Pt1000 knacca
TOYHOCTHU B, 3aKJII0YEHHBIX B 3alIUTHbBIE TMIb3bI IJIMHOK 50 MM U 1MaMeTPOM 6 MM U BBIIIOJIHEHHBIX 10 CTAHAAPTY
IP68. Mx aHaioroBbIif cUrHa IpeobpasyeTcsl B MHTepdeiic TOKOBOI MeTJIM ¢ MTOMOIIBI0 HOPMUPYIOIIETO MPeos-
paszoBatens B nuamnaszoHe oT 0 go +50 °C. Hanee curHai olugpoBbIBA€TCS ¢ MOMOILbIO MPOMBILIJIEHHOTO MOIYJIS
BBoAa-BbIBoma Segnetics FMR — 1021—-10—4.

BepTtukanbHOe 30HAMPYIOIIEE YCTPOICTBO IPEACTABISICT COOOM CTAHMHY M3 aTIOMUHHEBOTO KOHCTPYKIIM-
OHHOTO Mpous U 3aKperieHHOI Ha Hell peabcoBOil HampaBistonleii. Ha kapeTke penbcoBoil Hampapstoleit
YCTaHOBJICH U3MEPUTEIbHBII IIyTT JMHONM 900 MM, KOTOPBIN CIIOCOOEH TepeMelIaThesl BIOJAb BEpTUKAIbHOM ocH
C TIOMOIIIbIO PEMEHHOTO IMIPUBO/IA, YIIPABISICMOTO IIarOBEIM ABUTATeIeM. B KauecTBe YyBCTBUTEIHFHOTO 3JIeMEHTA
U3MepUTENIbHOTO Liyna ucrnosb3yercs Tepmuctop B SMD ucnonrHenun NCPO3XH103F05SRL (Murata) HomuHa-
oM 10 kOm u pasmepamu 0,6 X 0,3 mm. [t MCKITIOYEHMST BIUSTHUS TTApasUTHBIX 3(P(HEKTOB, CBI3aHHBIX C 00Te-
KaHWEM TeJla IIyra, TepPMUCTOP BRIHECEH OPTOTOHAIBHO €T0 ocH Ha 15 MM. CTapeHne JaTynKa He UCCIIeI0BAIOCh,
MOCKOJbKY JaHHBIN TUIT JaTUMKaA UMEET MaJjiblii TeMIepaTypHblii apeiid [13].

l'opuzoHTanbHas TemrieparypHast JUHUST TIpeacTaBsieT coboit Habop u3 20 U3MEepUTETbHBIX LIYTOB IJTUHON
500 MM, KOTOpbIE BEPTUKAJIBHO 3aKPEIJIEHbl Ha alOMUHUEBOM Mpoduiie ¢ maroM B 89,5 mMm. B kauecTBe uyB-
CTBUTEJIBHOTO 3JIEMEHTa UCIOJb3yeTCs] TEPMUCTOP B BHIBOMHOM MCMOJHEHUU, MOKPHITHIN 3MOKCUIHON CMOIOM
HoMmuHanom 10 kKOMm u pazmepamu 4 X 1,5 Mm.

Mertponornueckoe obecrieueHrne M3MEPUTEILHOM armapaTypbl OBLIO BEITTOJTHEHO Ha OCHOBE 3TAJIOHHOTO TEP-
momeTpa 3-ro paspsiaa LTA-D u kanubpoBouyHoit BaHHBI. TepmoMeTp LTA — D umeer auarna3oH U3MEPEHUI OT
—50 mo +200 °C 1 ocHOBHYIO norpeirHocTh u3Mepenuit B £0,02 °C. KannbpoBouyHast BaHHAa MMeeT JUara3oH 13-
mepenuii ot 0 o +40 °C, o6beM — 15 71, CKOpoCTb TUPKYISIIIUUA — 12 JI/MUH U CTaOMITLHOCTD MOIEPKAHUS TEM-
nepatypbl B TeueHue 30 mun +0,0055 °C.

Kanunbposka BbIIoJIHsIach MeToa0oM ciuueHus. [1ocie BbhIoJHEeHUsT KaTuOPOBKU JJIs BCEX CPEACTB U3Mepe-
HUIA, TOTPEITHOCTH COCTABIISIOT:

— JUIS1 BEPTUKAJIbHOI U3MepUTebHOM mtaHru * 0,5 °C,

— JUTSI BEepTUKAJIbHOTO 30HAMpYIolero ycrpoiictsa * 0,02 °C,

— JUISl TOPU3OHTAIBHOM TemriepatypHoil iuHuu * 0,5 °C.

J71s1 Kaxxa0ro cpencTBa M3MepeHus Oblia u3MepeHa MOCTOSIHHASL BpeMEHU MyTEM CO3AaHUST PE3KOro CKauKo-
00pa3HOro u3MeHeHus TeMrneparypbl. [locTossHHASI BpeMeHU BRIYUCISIETCS 10 (hopMyJIe:

—t

0=0,+(0,-6,) | 1-e" |, (1)

rue 6, — TeMreparypa B IepBoii cpene, 6, — Temriepatypa Bo BTOPOl cpelie, f — TeKylliee BpeMs, T — IIOCTOSTHHA
BpEMEHH, O — TEKyIIre TTOKAa3aHMSI TaTINKa.

TTocne BbIMOMHEHUST PACYETOB JIS1 BCEX CPENCTB UBMEPEHUI TTOCTOSIHHbIE BpEMEHU COCTaBUIIU:

— JIJI1 BEpTUKAJIbHOM U3MEPUTENIbHOM IITaHTU — & C;

— JUTSI BEPTUKAJIBLHOTO 30HAMPYIOIIEro yeTpoiictBa — 137 Mc;

— JIJI1 TOPU3OHTAJILHOM TeMIiepaTypHoOul TuHuu — 1 c.

Kpome namepurenbHOro ooopynoBaHus OacceiiH ocHalll€H BCIOMOraTeJbHbIM o0opyaoBaHueM. Jlisi reHe-
pauny BOJH (KaK TOBEPXHOCTHBIX, TaK M BHYTPEHHUX) OacCeiiH OCHAIIEH BOJHOIIPOIYKTOPOM ILIYHXKEPHOTO
TUIIA C BO3MOXHOCTbIO U3MEHEHMUSI IIyOUHBI MOTPYKEHMST, aMIUTUTYbl 1 CKOPOCTU MepeMeIleHUsI U 3aMeHOI oc-
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HWUIUpYIoLero Tejaa (puc. 2). B nonoiHeHre K KOOPAUHATHOMY YCTPONCTBY OacceiitH 000pya0BaH MPOTSKHBIM
YCTPOMCTBOM [IJIs1 MPOTACKMBAHMSI MOZIEJIe C BO3MOXKHOCTBIO U3MEHSTh IIyOMHY U CKOPOCTb MPOTSIKKU. 151 BU-
neodukcal TMHAMUYECKUX MPOLIECCOB UCIOIb3YIOTCS IKIIH-KaMepbl B TepMOOOKcaxX B Mape ¢ MOIABOAHBIMU
MpoXekTopaMu. 7151 UMUTAIIMK CAaMOIBVIKYIIESICS MOJIEIM MOXKET OBITh MCITOIb30BaH TMOABOMHBIN IpoH. Takske
MMEETCsI FeHepaTop TOPOUIATbHBIX BUXPEBBIX CTPYKTYP.

TouHoe 3amaHue U TIOoAAEpXKaHUE TEPMUUECKOI cTpaTU(UKALIMKM B OacceiiHe obecrieunBaeTcsl TOHKOM Ha-
CTPOUKOI pexXMMOB pabOTHI XOJIOAWIBHOTO 000PYIOBAaHUS C MCIIOIb30BaHUEM IIUMPOBOIT Mojien GacceitHa.

Ha puc. 4 u 5 npuBeneHbl MpuMepbl BOCITPOU3BEIEHHBIX OMBITHBIM ITyTeM TUITOBBIX Mpoduieil TeMnepaTyphbl
JIBYX- Y TPEXCJIOMHOM cTpaTU(DUKAIIIN.

Jlist cpaBHeHUS Ha puc. 4 (opaHXeBast JIMHUS) TIPUBEEH TUTIOBOI PO TeMIIepaTyphbl OOJIBIIIOTO TEPMO-
crpatuduimpoanHoro 6acceitna UTI® PAH [9]. [TpeumyiectBom Gacceitha CI16@ MO PAH no cpaBHeHUIO
¢ Gacceitnom MIT® PAH asnsiercs 6ojiee TOHKast HACTpOiiKa cTpaTU(dUKALIMKI, a TAKKe 00Jiee BBICOKAsT CKOPOCTh
€€ YCTAaHOBKY M OTHOCUTEJIbHASI TTPOCTOTA TTOIePKAHMUSI.

3. I[Ol'[yCTl/lM])le MacITaobl BOCIIPOM3BOJAUMBIX IPOLIECCOB

ITon ¢usnyeckum MoaeaMpoBaHUeM B OacceiiHe MOHMMAaEeTCsl BOCIPOM3BEACHME Ha IKCIEPUMEHTAIbHOM
YCTaHOBKE MapaMeTPOB UCCIeayeMbIX (PU3UYECKUX MPOLIECCOB KaK MPUPOIHBIX, TAK M aHTPOIMOTEHHbBIX (TEXHOTeH-
HbIX). CIIOXXHOCTb TIPU MTPOBEICHUM MOJIEJIBHOIO SKCIIEpUMEHTa B OacceifHe 3aK/TI0uaeTcsl B CO3MaHUN TaKUX yC-
JIOBU, MPU KOTOPBIX MOJYyUYEHHbIE Pe3yJIbTaTbl MOXKHO ObLIO Obl IEPEHECTU HAa HATYpHbIE aKBATOPUM, UCITIOJb3YSI
MaciuTadHble KoahGuureHTbl. MaciuTabHble KO3(hGULMEHTHI ONPENeISIIOTCS HA OCHOBAaHUU TEOPUU TTOI00MSI.

Puc. 4. TunoBbie ABYXCIIOITHBIE TIPOMWIIN TEMITEpaTy-
pbI (110 ocu X — temrieparypa, °C; no ocu Y — riryou-
Ha, M): cuHuil — Tunpodusndeckuii 6acceitn CI16dD
MO PAH, Bpemst yctaHoBieHus ctpatugukanyu 7,5
4. MakcumanbHblil rpanueHt: 32,5 °C/cM; opamxke- () 5 4
BbIii — OOJIBILION TepMOCTpaTU(ULIMPOBAHHbIN Oac- '
ceitn UT1® PAH, Bpemst ycTaHOBIICHUST CTpaTU(hUKa-
MM 12 4. MakcumaibHbli rpaaueHt: 17,5 °C/cm
—-1,04 |
Fig. 4. Typical two-layer temperature profiles \
(X-axis — temperature in degrees Celsius, Y-axis —
depth in meters): blue — hydrophysical water tank
of the St.Petersburg Branch of the Institute of —1,51
Oceanology RAS, stratification establishment time
7.5 hours. Maximum gradient: 32.5 °C/cm; orange —
large thermally stratified water tank of the Institute

0,0 -

of Applied Physics RAS, stratification establishment —2,07 . | . ,
time 12 hours. Maximum gradient: 17.5 °C/cm 10 20 30 40
0,04
—0,5-
—1,01
Puc. 5. I[Ipumepsl TpexcioiiHOM cTpaTuduKaLun
(runpodusnyeckuii 6acceitn CI16D MO PAH): o
ocu X — Temreparypa, °C; mo ocu Y — niyouHa, m 154
Fig. 5. Examples of three-layer stratification (hy- /
drophysical water tank of St. Petersburg Branch of
Shirshov Institute of Oceanology RAS), X-axis — 504
temperature in degrees Celsius, Y-axis — depth in ’ ! ! ! ! !
meters 10 15 20 25 30
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CormracHO OOIINM MOJIOXKEHUSIM TCOPUH MOA00US TIPY KCIIepUMEHTAIBHBIX MCCIICTOBAHMSIX TPEOYETCS COOIIIO-
JIeHUe TMHAMUYECKOTO 1omo0ust (110 culaM) MOJEIU M HaTypHOTO 00BbeKTa, a TAKXkKe reOMeTPpUIECKOTo (110 pa3me-
paM) U KWHEMaTU4eCKOTO (TI0 CKOpOCTAM) Ttogoouit. CunTaercst, YTo 3TU TPU YCIOBUS TTOT00MST SIBISTIOTCST HEO0XO0-
IUMBIMH 1 JOCTaTOUYHBIMH [ 14]. Yalme Bcero mpu 1abopaTOPHOM MOICIMPOBAHNY YIACTCS B OIPEIeICHHOM CTeTIeH!
COOJTIOCTH IMHAMUYeCKOe TTo001e 6e3 COOJTI0NEHHSI TeOMETPUIECKOTO M KWHEMaTUYECKOTO ITOI00Msl.

W3 ypaBHeHMSI cOXpaHEeHMsT KOJIu4ecTBa nBrokeHus (ypaBHeHuss HoBbe-CTokca 11 HEYCTaHOBUBILMXCS Te-
YEeHU BSI3KOI OMHOPOMHON HECXKMMAeMOM KUIKOCTH) CJIEAYeT, YTO TSI MOIEIN U HATYPHI TOJKHBI COXPAHSIThCS
gyucia Crpyxais (Sh), @pyna (Fr), Ditnepa (Eu), PeitHonbaca (R) [15]:

L
Sh,, = Sh,, i ——=—2>—;

b
UH .TH UM 'TVI

L L
Fr.=F LI M__;
r]-[ rM NnJin \/gLH \/gLM

2-P 2-P
Eu, = Eu,, mmn —%5 = —;
Pr Yy Py Y
v, L v, -L
mH:mM iy ——L =M M 2)
VH VIV[

rae L, v, T, P, p — xapakTepHble 3HaUEHUsI TEOMETPUUECKUX Pa3MePOB, CKOPOCTH, MEPHUOa HECTALIMOHAPHOCTH,
NaBJIeHUsI, TLIOTHOCTU CPeMbl; g, V — YCKOPEHUE CBOOOMHOTO MaAeHUsI U KMHEMaThYecKasi BI3KOCTb; MHIEKCH M
¥ H OTHOCSITCSI K MOIIEJI I HATYPHBIM YCIIOBHSIM.

Yuco Crpyxaitsd XapaKTepu3yeT HHEPIIHMOHHbBIC THAPOIMHAMUYECKIE CYITBI ITIPY HECTAlIMOHAPHOM JIBIDKCHUN
KUAKoCTH; ynciio dpyma xapakTepu3yeT OTHOIIEHUE CUJI MHEPLIMU K CUJIE TSDKECTH; YUCIo Diijiepa — OTHOLIE-
HUE CUJIBI TUAPOIMHAMMYIECKOTO JaBJICHMS K CUJIe MHEPIIMHU, a YUCIo PeitHobaca — OTHOIIICHWE CUITBI MHEPIINHT
K CUJIE BSI3KOCTH.

Kputepuit Ditnepa urpaet 60abLIYIO POJIb MPU MOACIUPOBAHUM SIBJICHUI, CBSI3aHHBIX C KaBUTALIMEM, HATIpU-
Mep, TIPY U3YYCHUN KaBUTAIIMU Y TPEOHBIX BUHTOB. Ecin mBIDKEHNME Tena He COMPOBOXIACTCS BOSHUKHOBECHUEM
KaBUTaAlLMU, TO TIpU cobioneHun kpurepueB nonodust Fr, Re paBeHcTBO uncen Ey a1t Moaenu u HaTyphl odecre-
YUBaETCsl aBTOMATUYECKU.

Bnusaue uncia Ctpyxais mpy yCTAaHOBUBIIEMCS TEUCHUM OyIeT HECYIIeCTBEHHBIM, OMHAKO TIPU PACCMOTpPe-
HUHM TIPEICTABIISIOMNX OOBIION MHTEPEC HeCTAlIMOHAPHBIX IBYKEHMI B SKUIKOCTH TaHHBIN KpUTEepHil 00s13aTe-
JIEH, B TOM YMCJI€ MIPU U3YYEHUU Ha MOAEJIM COMPOTUBICHUS BOAbI HEYCTAHOBUBILEMYCS IBUXKEHHUIO TeJla C YCKO-
pEHMEM TIPU Pa3rOHE YUIM TOPMOXKCHUH.

MopnenupoBaHue 1o uuciay PeiiHonbaca B OOJBIIMHCTBE ClIydyaeB SIBJISIETCSI TEXHUUYECKM HEOCYILECTBU-
MBbIM, T. K. TPEOYET, UTOOBbI CKOPOCTbh MOAEJIM OKa3aJlach 3HAUUTEIbHO 0OJIbIlIe CKOPOCTH B HATYPHBIX YCIOBUSIX.

Hns1 paccMaTpruBaeMoro ruapodru3nIecKoro bacceitHa, OCHOBHOE Ha3HaUYeHNE KOTOPOTO COCTOUT B MO -
POBaHUM BHYTPEHHUX BOJIH, BUXPEU U TYPOYJIEHTHBIX TeUCHU I, BBI3BAHHBIX IIPUPOTHBIMHA M TEXHOTCHHBIMU TIPH-
YUHaMU, B TOM YUCJIe ABMKEHUEM/00TeKaHeM MPENsITCTBUI B CTpaTU(MUIIMPOBAHHOM XUIKOCTH, €CTeCTBEHHO,
paccMaTpuBaTh ITPOCTPAHCTBEHHO-BPEMEHHBIC CTaIWM ITPOIIECCOB, Ha KOTOPBIX BIAMsSHME yncen PeitHombaca He-
cymectBeHHo. K mpumepy, B padorax Criegauura u ap. [16] 6bi10 1okasaHo, 4To yxke B nuamnaszoHe 5000—33000
yucio PeliHosbaca oKka3biBaeT JUIIb cJ1aboe BIUSIHUE Ha JaJIbHUM clied B CTpaTU(UIIMPOBAHHOM cpele.

[Ipu paccMoTpeHUM BHYTPEHHUX TEUCHUI B CTPATUDUIIMPOBAHHOM 1O TUIOTHOCTU XUIKOCTH K YPAaBHEHUIO
COXpaHEeHUS KOJMYECTBA IBVKECHUS JOOABIISICTCST YypaBHEHNE HEPA3pHIBHOCTY M BBIBOIUTCS TaK Ha3bIBaeMoOe JICH-
CUOMETPMYECKOE WUJIU BHYTpeHHee unciio Ppyna.

B ciygae HempepbIBHOM CTpaTHU(DUKAIITNA OHO OIIPEIeIsIeTCs KaK

U
NL
d
rae N = Ed—p — YqacToTa BpeHTa—Bf{I?'Ic;IJIH, Z — BEPTHUKaAJIbHAaA KOOpAMHaTa, — CpE€aHAA CKOPOCTb ITOTOKA.
pdz

IIpu MonmenupoBaHuu crpaTudukanuu [9] coXpaHSIOTCSI HEM3MEHHBIMM A0COJIIOTHBIE TIepernanbl IJIOTHOCTU
U TEMIIEPATYPbl, CBOICTBEHHbBIE HATYPHBIM ABMXKEHUSIM. [{J1s1 BEpXHETO CJI0s1 OKeaHa, rjie CTpaTU(UKALIK [JIOTHO-
CTH 00YCJIOBJIEHAa B OCHOBHOM M3MEHEHHMEM TeMIlepaTyphl, MaclliTaOHOEe MOJIEIMPOBaHME O3HAYaeT BEPTUKATIbHOE
cXKaTue pacrpeneieHus Temmneparypsl B Ky pas npu coxpaHeHUU MOJHOTO Mepernana TeMnepaTypsl A0, CBOHCTBEH-
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HOTO OKeaHy ¢ MOIpaBKOil Ha M3MEHEHME COJEHOCTU. B 4acTHOCTH, COXpaHSIIOTCS B COMOCTABUMBIX YCIOBMSIX
aMIUJIUTYIbl KOJIeOaHUIi TIJIOTHOCTH BO BHYTPEHHMX BOJIHAX, XOTSI CAMU BOJIHBI TIEPEHOCSTCS B Oojiee BHICOKOYA-
CTOTHYIO 00JIaCTh BPEMEHHBIX U IIPOCTPAHCTBEHHBIX MaciuTaboB. YTOOBI 00ecrieunuTh Ha MOJEIN U B HATYPHBIX
yCIIOBUSAX paBeHCTBO uncen Opyna MacmTad meproaa BOJIHEI OyIeT paBeH:

K; = ;—M\/K 6 (Ky — reomeTpruiecknii MaciuTao).

H

an/I HaJIMYMHU B ITIOTOKE CABUTA CKOPOCTH 110 BEPTHUKAIU B JOITOJHECHUEC K (2) BBOAUTCA TAKXKE I'paiuCHTHOC

yuciao Puuapacona:
0
(%)
R = 2

1 67142'
Pﬁz

Hcxons u3 teopuu momoOusi B TUAPOMU3NIECKOM OacceifHe MOTYT MOIEIMPOBATHCS HATYPHBIE TTPOIIECCHI
U SIBJIEHUS € KO3 PULIMEHTOM reomeTpruieckoro rmoaooust K; nopsiaka 100, n koadduimeHTaMn nogoous 1o cKo-
poCTU TeueHMIi (IBUKEHUST 00BbEKTOB), cXXaTus ctpatudukanmu rnopsiaka 10. CooTBeTCTBEHHO B OacceiiHe MOTyT
MOJIETMPOBATHCSI HATYPHBIE TOHKOCTPYKTYPHBIEC, BUXPEBbIE U BOJIHOBBIE TIPOLIECCHI C BEPTUKATIBHBIMU MacIlITada-
MU OT CAHTUMETPOB 10 JECITKOB METPOB CO CKOPOCTSIMU 10 €AUHUIL METPOB B CEKYHAY U BEPTUKATbHBIMU IPaiu-
€HTaMU TJIOTHOCTH, XapaKTEPHbIMU /ISl CE30HHOTO M OCHOBHOTO MUKHOKJIMHA, a Takxke 3¢ (eKThl 00TeKaHusI Tes
CTpaTnUIIMPOBAHHON XKUIKOCTHIO ¢ AuameTpoM no 10 M B muamazoHe ckopocteit mo 10 m/c.

4. 3akmoueHue

I'mnpodumsmueckuii 6acceitn CIT6M® MO PAH 3anmMaeT MpoMeKyTOUHOE MECTO MEXKIY CTpaTU(PUIIMPOBAH-
HBIMU JIOTKAMU C COJIEBOM cTpaTUdUKaLMeil 1 OOJIbIIMM TepMocTpaTUduLpoBaHHbIM OacceiiHom WMITM PAH.
I'eomeTpuueckue 1 GU3NKO-TEXHMYECKNE XapaKTepUCTUKM OacceitHa, a Takke ero mudposas konus [13] B coBo-
KYTTHOCTH TIO3BOJISIIOT ONTUMAJIbHO MOAXOAUTD K MOATOTOBKE M MPOBEAESHUIO 9KCIIEPUMEHTA, MOAEIMPOBATh OC-
HOBHBIC TUIIBI CTPATU(MUKAIIMA MOPCKUX U TTPECHBIX aKBaTOPHIA.

W3BecTHBIE M3 HAYYHOI JIMTEPATyphl Pe3yJIBTATHI JIAOOPATOPHBIX SKCIIEPMMEHTOB CBSI3aHBI B OCHOBHOM
C McClleIoBaHMEM BHYTPEHHUX BOJIH B JKUIKOCTH C JIMHEMHON WM ABYXCIONHOI cTpaTUdUKaleit, u3ydeHueM
TEYEHMUIT OKOJIO TIJIOX0OOTEeKaeMBbIX Tel — cep, MWIMHIAPOB, nmoaycdep [18], miockux maactuH [19] 1 TOHKUX
BepTUKAIBHBIX 0apbepoB [20]. B HeckompKuxX padboTax paccMaTpUBacTCsI ABIKEHUE TeJI B TEPMOKIIMHE, 10 XapaK-
TepUCTUKaM MpuOIKeHHOM K okeaHy [10, 11]. ITpu aToM yaiie u3ydaercsl BOJIHOBasI CUCTEMa BOKPYT TeJl, IBU-
KYIIUXCSI CTAlMOHAPHO B TepMOKJIMHE. HemocTatouHO BHUMaHMS YASISETCS UCCISI0BAHUSIM BOJTHOBBIX CUCTEM
TIPY HECTAIMOHAPHOM JIBVKCHUU TEJI.

B runpodusnyeckom bacceitHe nmpeamnosaraeTcs NpoBeAeHue Uccleq0BaHU i B 00J1aCTU TMAPOAMHAMUKHY TTPU-
POIHBIX MPOLIECCOB U BO3AEHCTBUS TEXHOTCHHBIX (DAKTOPOB Ha CpeAy MOPCKUX U MPECHBIX BOOIOEMOB C MOIEIN-
pOBaHUEM peabHON CTPaTU(MUKALIMU U TIPUOPUTETHOCTHIO U3ydeHMS 3(P(PEKTOB HECTAIMOHAPHOCTH, BUXPEBHIX
JIBUKEHU, BOJTHOBUXPEBBIX B3aUMOJECTBUIA. BosblIoi MHTepec MpeacTaBisieT JabopaTopHOe MOAECTUPOBAHUE
B3aMMOJIEMCTBUS pa3IMIHbBIX BUAOB TCUCHUM (BHYTPEHHUX BOJIH U PETYISIPHBIX CIIOUCTBIX CTPYKTYP KOHBEKTUB-
HBIX TEUCHUM, BUXpeil U BOJIH, KOTOPOE MOKET OBITh BBHIIIOJIHEHO C MCITOJIb30BAaHMEM COBPEMEHHBIX 30HIOBHIX
W JUCTAaHLIMOHHBIX ONITUYECKUX U aKYCTUUECKHX METOIOB UCCIEIOBAHMUSI.
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AHHOTAIUSA

CraTbsl MMOCBSIIEHa pa3paboTKe HMGPOBOM MOIEIN OOIBIIIOIO TEPMOCTPATU(MUIIMPOBAHHOTO OacceitHa I Tapodu3n-
YecKuX uccnenoBanuii. [1py moctpoeHny Moaesieii MCIoIb30BaHbl COBPEMEHHBIE HAPAOOTKHU B 00J1aCTH BBIYMCIIUTEIHHOM TH-
JIPOAMHAMUKH ¥ BHICOKOIIPOM3BOAUTEIbHBIX BEIYUCICHMIA IUIsI ONTUMU3ALMI 1 YACTHYHOIO 3aMEILEHMS TOPOrOCTOSIIINX (D1~
3WYECKUX DKCIIEPMMEHTOB. 3aJaHKe U MoJIepKaHue TepMUIECKOM cTpaTudUKaluK B 6acceiiHe obecreunBaeTcsi TOHKOM Ha-
CTPOMKOI PEXMMOB pabOThI TEIUIOBOTO/XOIOAMILHOTO 000PYIOBAHUSI Ha OCHOBE MCITOJIb30BaHUS pa3paboTaHHO LbPOBOit
monenu GacceitHa. Llndposas Komust paccMaTpuBaeTcs B IEPBYIO OUYepPEb KaK BCIIOMOTaTeIbHbIM MHCTPYMEHT, MTPU3BaHHBII
OIITUMU3UPOBATD CEPUITHBIE DKCIIEPUMEHTEI. B KauecTBe KpuTepreB ONTUMMU3ALKIHU MOTYT OBITh PACCMOTPEHBI BPEMSI JIM00 MU-
HUMM3aLIMs 3aTpaT Ha YCTAHOBJICHUE 3alaHHOM cTpaTuduKanuu B 0acceiiHe. B To Xe BpeMsl COBEpIIEHCTBOBAaHUE YUCIIEHHOMN
MOJIENN TI0 JAaHHBIM (BU3MUECKUX DKCIIEPUMEHTOB ITO3BOJIMT KCTPAIIOIMPOBATh BEPUMUIIMPOBAHHEIE JTAOOPATOPHBLIM ITyTEM
3aBMCUMOCTH JIJIsT ONTMCAaHUsI PEXXMMOB, XapaKTEPHbBIX JJIs HATYPHBIX IMPOLIECCOB B OKEaHe, HO CIOKHO peaau3yeMbIX ITPU Mac-
mtTabHOM (hM3MYECKOM MonearupoBaHuu. LlndpoBas Konus CIyXUT KOHCTPYKTUBHBIM AOTIOJTHEHUEM K TEPMOCTPATU(DULIMIPO-
BaHHOMY 0acceifHy, TOCKOJIBKY ITO3BOJISIET PALIMOHAIBHO MTOCTPOUTh METOIUKY SKCIIEPUMEHTA, JOCTUYD KeJIAEMOI0 pe3ysIbraTa
MPH COKPAILIEHUU BPEMEHHBIX M MaTepUaTbHBIX PECYypPCOB.

KiioueBbie cJioBa: OMbITOBBI 6aCC€ﬁH, na60paT0pHoe MOACIUPOBAHUE, HH(i)pOBaH KOITUA, YUCIICHHAasa MOIECJIb, HErMAPOCTaTU -
yeckasg f1MHaMuKa
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Abstract

This paper focuses on the development of a digital model for a large thermally stratified water tank intended for hydro-physical
studies. The model construction incorporates modern advances in computational hydrodynamics and high-performance comput-
ing to optimize and partially replace costly physical experiments. The precise establishment and maintenance of thermal stratifica-
tion within the tank are achieved through fine-tuning the operation of heating/cooling systems, based on the use of the developed
digital model. The digital copy is primarily viewed as a supplementary tool aimed at optimizing serial experiments. Simultaneously,
the refinement of the numerical model through physical experimental data enables the extrapolation of laboratory-verified rela-

Ccoutka i uutupoBanust: Baukesuu P.E., Poouonose A.A., Jlobanoe A.A., Quaun K. b., Ilnunres H.H. lludposas komnus Tep-
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IIndpoas konus TepMmocTpaTiduimpoBanHoro 6acceiina Cankr-IleTepOyprckoro (huimana MHCTUTYTA OKEAHOJIOTHH. ..
Digital copy of the thermally stratified water tank of St. Petersburg Branch of Shirshov Institute of Oceanology...

tionships to describe regimes characteristic of natural oceanic processes that are challenging to replicate in large-scale physical
modeling. The digital copy serves as a constructive complement to the thermally stratified water tank, as it allows for a more effi-
cient experimental methodology, achieving desired results while reducing both time and material costs.

Keywords: laboratory water tank, laboratory modeling, digital copy, numerical modeling, nonhydrostatic dynamics

1. Beenenue

BaxxHbIM METOZOM M3Y4YeHMS IIPOLIECCOB B OKeaHe SBJsCTCA UX (pU3MUecKoe MOoAeIpoBaHue B OacceiiHax
MOCTAaTOYHO OOJBIINX Pa3MepPOB ¢ KOHTPOJUPYEMBIMU M BOCTIPOM3BOIUMBIMY TUAPOGU3NICCKUMHU YCIOBUSIMU
[1, 2]. B ntutepaType oTMeUaeTcsl, YTO B TAKMX CUCTEMaX CJIOXHO CO3[aBaTh pe3Kue CKauyKM MJIOTHOCTU U TOYHO
BOCIIPOU3BOAUTD BEPTUKANIBHBIN MpodMiIb TeMIlepaTypbl B MaciuTadax 1:100 u 6oJiee B MEHSIIOIIMXCS YCIIOBUSIX
aKcriepuMenTa [2]. KimroueBoii (hakTop yCIEeITHOCTH SKCIIEpUMEHTATbHBIX MCCIeTOBAHNM — KOHTPOJIUPYEMOCTh
Y1 BOCIIPOM3BOAMMOCTD YCIOBUI SKCIEPUMEHTA B CEPUM MCMBITAaHUA. Bojblioil TepMocTpaTudULIMPOBAHHBIM
Oacceitn Cankrt-IlerepOyprckoro dunmana Muctutyra okeanosorun um. I1.I1. IHupmosa PAH (CITod MO
PAH) otnnuaeTcst pacliMpeHHBIME BO3MOXKHOCTSIMHU I10 CO3IAHUIO CIOXHBIX TePMUYECKUX CTpaTU(PUKAIINIA,
NpUOIMKEHHBIX K HaOJII01aeMbIM B MOPSIX U okeaHax [1]. BmecTte ¢ TeM aMnupuyeckuit moadop pexkuMoB ycTa-
HOBJICHUS U TIOAAEPXKaHUS 3aJaHHOM cTpaTUdUKAIIMK B OacceliHe TPyaI0eMOK, 3aTpaTeH 110 BPEMEHU U pecyp-
caM, a TaKKe He BceTaa MO3BOJISIET JOCTUYD TpeOyeMoro pe3ybrarta. I peleHns 3a1aui TOYHOM ITOACTPONKHN
PEXMMOB TEIJIOBOTO 00opynoBaHus U onTuMu3anuu skcrnepumenta B CI160D MO PAH coznaercst nudponast
Kormus 6acceifHa.

Lndposasa Komus 6acceifHa — MOAY/IbHAS IIaT(opmMa TSI OpTaHU3aIIUY B3aUMOICUCTBIUS Pa3TMUHBIX THIPO-
(buzuyeckux Moneneil sl U3y4eHusl BOTHOBUXPEBBIX, TYPOYJEHTHBIX U KOHBEKTUBHBIX MTPOIIECCOB B CTpaTU(dU-
LIMPOBaHHOI cpele bacceitHa.

PasBuTtre TexHoIOTMIT MU(MPPOBBIX KOIMUIA 00BEKTA YACTO pacCMaTPUBAIOT KaK aIbTePHATUBY MOAEIBHBIM WU
HaATYpPHBIM HCHOBITAHUSIM BO MHOTUX oOsiacTsX. B maHHoI pabote 1udpoBas Konusi paccMaTpuBaeTCsl B TIEPBYIO
ouepeab KaK MHCTPYMEHT, MPU3BAHHBINA ONTUMM3UPOBATh CEpUITHbIC SKCIIEPUMEHTHI 1, KaK pallMOHaJIbHAs OIl-
1MsI, TIO3BOJISIONIAS SKCTPAIIOINPOBATh BepU(PUIIMPOBAHHBIE OITBITHOM ITyTeM 3aBUCUMOCTH JIJISI PEXKUMOB, CJTOXK-
HO MoJaarouxcs GU3nIecKoMy MOJIEIMPOBaHUIO (HalIpuMep, BbICOKKe yncaa PeiiHobaca u T. m.).

B maHHOIi cTaThe paccMaTpuBaeTCs 3aavya YCTAHOBJICHUS pa3IMYHbIX TUIOB CTpaTU(UKaIMK B OacceitHe 3a
c4yeT OOKOBOTO IIporpeBa/oxiaxneHus. Ilocae BKIIOYEHMS TEIIOBOM/XOIOAMIBHON MaIIUHBI B O0acceiiHe B pe-
3yJIbTaTe CBOOOIHOI KOHBEKIIMY BO3HUKAIOT BUXPEBBIC IBVDKEHUSI C Pa3IMIHBIM CPETHUM HaIlpaBJIeHUEM IIUPKY-
JISIIMM KUAKOCTH BBIIIE U HIKE 00JIaCTU TEMIIepaTypHOTro cKauka. TouHOe yCTaHOBJIEHHE 3a1aHHOTO TeMIlepaTyp-
HOTO pexkrMa TpeOyeT AeTaIbHOTO MOIEIMPOBAaHMS KOHBEKTUBHBIX IIPOIIECCOB B Oacceitne [1].

KoHBeKTUBHBIE TeUEHUS BI3KHUX HECKMMAEMBbIX XXUAKOCTE — KJIACCUYECKUI pa3nes ruaipoauHaMuku. HYuc-
JICHHOE MOJIeIMPOBaHNE KOHBEKTUBHBIX ITPOIIECCOB SIBJISIETCS JOCTATOYHO CIOXHOI 3agadyeil, perieHuo KOTOpoi
Ha ocHOBe ypaBHeHUIT HaBbe-CTOKCa ITOCBSIIIEHO MHOXECTBO padboT Kak B Poccum, Tak u 3a ee mpeaenamu. B pa-
6otax [3, 4] paccMOTpeHbI BOMPOCH! IBYMEPHOTO MOACIMPOBAHMSI KOHBEKTUBHBIX MPOLIECCOB, OMUCAHBI Pa3HOCT-
HBIE CXeMbl MHTeTprupoBaHus ypaBHeHull HaBbe-CTokca. Bechbma momy/sipHBIM SIBJISIETCSI B HACTOSIIIIEE BPEMSI Me-
TOJ pacuieruieHus no dusndeckuM npoueccaM (benouepkosckuii [5], Ieiipe, Teitnop [6]). OnHako orpaHuYeHUE
JMAHHOTO MOAX0Ja — HEOOXOIUMOCTh OTBICKaHUSI U30BITOYHOTO NaBjieHus. [1py 3ToM HeoOXoauMo peniaTh 3aaa4y
Hetimana s pexmepHoro ypaBHeHus1 [lyaccoHa, 4To CONPSIKEHO C MOBBIIIEHHBIMU TPEOOBaHUSIMU K ITPOU3BO-
IUATETbHOCTH BRIYMCINUTEILHBIX CUCTEM. B UTOTe, B KauecTBe HanboJIee IMOMYJISIPHOTO B JIUTEpaType ITOAX0Ia K MO-
JEeJTMPOBAHUIO €CTECTBEHHOI TEPMOKOHBEKIIMY paccMaTpUBaeTCs YIPOILIEHHas TJI0CKasl WIM IByMEpHas 3a1ava.
Bwmecte ¢ Tem mpotekarolue Gpusndeckue mpolecchl 00yCI0BIMBaIOT HEOOXOAUMOCTh aIeKBaTHOTO BOCIIPOM3Be-
IeHUs BEPTUKAIbHONM KOHBEKIIMH, a TAKXKE TOPU30HTAIBHBIX TPATUCHTHBIX TeUeHMI. AHAIN3 PETUCTPUPYEMBIX
C TMOMOIIIBIO paguOMeTpa CTPYKTYP KOHBEKTMBHBIX STYEEK Ha MOBEPXHOCTU IMO3BOJSIET cheiaTh BBIBOI O CYIIe-
CTBEHHOI TPEXMEPHOCTU KOHBEKTUBHBIX sTueeK B OacceitHe (puc. 1).

ChopmymupoBaHHas HIDKe TIOJTHAsT TpexMepHast (HeTUApoCcTaTUIecKasi) MoIe/Ib bacceifHa pru3BaHa Hanbo-
Jiee TIOJTHO B SIBHOM BUJZI€ C MUHUMYMOM IapaMeTpU3allii BOCIIPOU3BOIUTh KOHBEKTUBHBIE, TYPOYJEHTHBIC, BUX-
peBBIE M BOJTHOBBIE TTPOLIECCHI B IAOOpaTOPHOM OacceiiHe.

2. MaTemMaTH4ecKasi IOCTAaHOBKA 32124

B nanHoii paboTe peliaeTcs HecTallMoHapHasi TpexMepHas 3an1adya hopMUPOBaHUS BEPTUKATIbHOMN TEpMUUYECKOM
cTpatTuduUKam J1abopaTOPHOTO OIMBITOBOTO OacceifHa. B ocHOBe peann3oBaHHON LIMMPOBOIT Konuu OacceifHa
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Puc. 1. MrHOBeHHBII1 CHUMOK PaJIiOMETPOM TEMIIEPaTypbl TTOBEPXHOCTH
OacceifHa B MOMEHT pabOThI TETIJIOBOTO 000PYIOBaHUS

Fig. 1. Instantaneous radiometric snapshot of the water tank surface tem-
perature during the heating equipment operation

JIEXKUT KJlacCuyecKasl CUCTeMa YpaBHEHMIT COXpaHeHMsI MAaCChl U uMiyibcea (1, 2), JonoHeHHas ypaBHEHUEM ISt
nepeHoca Tpaccepa ¢ (3) (B paccMaTprBaeMoM cilydae — TeMrepatypbl 7). YpaBHEHMSs 3alMCaHbl AJIs ABUXKEHUS
BSI3KOI HECXKMMAEMOI XKUIKOCTHU B T10JI€ CUJIBI TSKECTH:

V-9=0u+0,v+0,0=0, )
0y=—(v-V)y-V,+b§-V-t+F, )
0,c=—v-Ve-V-q .+ F,, 3)

rae 9(u, v, ®) — CKOPOCTb cpejibl; (v * V)V — aaBeKIMsI MOMEHTa; V p — KUHEMaTUUYECKUit TpaMeHT NaBieHust; V - T —

MOJIEKYJISIPHOE WUJIM TypOyJIeHTHOe Bsi3Koe HampsikeHue; F,, F, — Npou3BOJIbHbIE BHYTPEHHUE MUCTOYHUKU UM-

MyJibca U Tpaccepa; v+ V, — aiBeKlus Tpaccepa (TeMrnepatypsl); V - ¢, — MOJEKYIsIpHasi UJu TypOyieHTHast nud-
r

dy3us; b= _&p peayLurMpoBaHHOE rPaBUTALIMOHHOE YCKOPEHUE (IIaBy4YecThb); p = pp + p — MJIOTHOCTb CPEAbI;
Po

BrrumciieHre TUIOTHOCTH IO TeMIIepaType IMTPOBOAMIOCH C MCIIOJIB30BAHNEM MEXIYHAPOIHOTO YPaBHEHUS CO-

crostiust TEOS-10.

MopenupoBaHue HECTALMOHAPHBIX TYPOYJIEHTHBIX OrPpaHUYEHHbBIX TE€YEHUI OCYILECTBIISETCS C UCIIOIb30Ba-
HUEM KJIACCUYECKOTO METOJa MOJICIMPOBAHMS OOJIBININX BUXpeid. JIJIsT 9TOro IpeicTaBIeHHas CuCTeMa YpaBHEHHI
(1—3) peraeTcst 11 OCpeAHEHHBIX 110 BpEMEHU IyJIbCALIMii CKOPOCTH U JaBJIEHUs & , P . A TIOACETOYHBI TEH30D

HaIpsDKeHW TpencTaBisieTcss Kak T =u*u—u * 7 B JaHHOM CJlyyae OH XapakKTepu3yeT BIMSHUE MeIKOoMacIITad-
HOM TYpOYJIEHTHOCTH Ha pa3pelleHHoe (0OT(GUILTPOBAHHOE) IOoJIe CKOPOCTH. B OONBIIIMHCTBE cTaTeil B IUTEpaType
paccMmaTpuBaeTcs TaK Ha3bIBaeMbIid HesiBHBINM LES monmxom, mmpu KoTopoM uIbTpyolast GyHKIIAS He UCITOIb3Y-
eTCsI, a OCPEIHEHME TI0 TIPOCTPAHCTBY ITOJIyJaeTCs «aBTOMAaTHUECKM» 3a CUET CETKU. YpaBHEHUS PEIIaloTCs Yuc-
JIEHHO U1 f# , D, a (pIyKTyallMOHHAsi KOMIIOHEHTA OIPEAE/ISIETCSI C TIOMOILIbIO MOACETOYHOI Moaenu (1o Cmaro-
puHcKkoMy). Poib punbrpa urpaer pasmep siueiiku cetku [6].

B nmaHHOIT TTOCTaHOBKE peayM30BaHa WAcaM3MPOBaHHAsT MOJIENb Ipoliecca (hOPMUPOBAHUS TEPMUIECKON
cTpaTU(dUKaIIMY 332 CUeT BHYTPEHHUX OOBbEMHBIX UCTOYHUKOB TeIlJIa M X0JI01a, IIPeICcTaBIeHHBIX Ha puc. 2. [1pu
3TOM, HEPAaBHOMEPHOCTBIO TeMITePaTyPhl TEIUIOHOCUTEIIS IO IJIMHE TPEIOIIEeTo,/0XJIaXKIaroIero KOHTYPOB TIpeHe-
Operaem.

Bbutn IpUHSTHI cleAyIolIe IPaHUYHbBIC YCIOBUS U JOIYIICHUS:

— aguabaTUYeCcKue CTeHKM OacceiiHa;

— CBOOOAHBII TETIJI00OOMEH C BO3AyXOM MOMeIIeHUs (HarpeB + ucrnapeHue);
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Puc. 2. Cxema rpaHMYHBIX YCJIIOBUI1 M BHYTPEHHUX UCTOYHMKOB TEIJIa, UCIOIb30BaHHBIX B MOAEIN (DOPMUPOBAHUS
TePMUUYECKOM cTpaTUDUKALIUT

Fig. 2. Diagram of boundary conditions and internal heat sources used in the thermal stratification formation model

— HBIOTOHOBCKASI XXUAKOCTh C MOCTOSIHHBIMU TEIJIOMU3NIECKUMU CBOICTBAMMU;

— TETIIOBBIC ITOTOKHU OT TEIJIOOOMEHHUKOB 3a4aI0TCSA KaK 00beMHBIC UICTOYHUKH U CTOKHM B YPaBHEHUU COXpa-
HEHMSI TETIJIOBOI SHEPTUH.

B xauecTBe HayaJdbHBIX YCIOBUM 3aJaBaJlCh U3MEPEHHBbIN HaYaJdbHBI MPOMUIL TEMIIEPAaTypbl U HyJIEBbIC
CKOPOCTH.

TToBepouHbIil pacdeT mjisd BepudUKALIMK MOAEIN IIPOU3BEIEH IO OLIEHOYHBIM 3HAYEHMSIM TEIJIOBOTO TTOTOKA,
oIpeesIeHHBIM IO JaHHBIM U3MEPEHUSI PACXOI0B U TeMIIepaTyphl TEIJIOHOCUTES B umiiiepe [ 1] u B 6acceitHe mis
nogayu 1 oopaTHOro moroka (puc. 3). C yaeToM MOCTOSTHHOI BpeMeHH A, BEIUMCICHHOM KaK CIBUT IO BpeMEHHU
MEXIy MMKaMU KPUBBIX, M3 TETUIOBOTO OajiaHca oIpenesicH CyMMapHBIid ITOTOK TETUIOOTIAYM KOHTYPOB B 0ACCEITH:

Q = Cp*IlnmotHocTh_TermoHocutenss*Pacxon™*( Tiromaun(f)-TobpaTtka(f+k7)), Barr (4)

J71sT IpOTHOCTUYECKNX ONTUMM3AIIMOHHBIX PAacYeTOB TeMIIepaTypa TEIJIOHOCUTENIS TIpHU Iofade SIBIIsUIach
YIIpaBJISIEMBIM ITApaMETPOM, PACXO[ TCIJIOHOCUTENISI TIPUHUMAJICS TTOCTOSTHHBIM. OTMedaeTcsl UMITYJIbCHBIN pe-
JKMM pabOThl TEMJIOBOIO 000PYAOBaHMSI, CBSI3AHHBIN C KOHCTPYKTUBHBIMU OCOOEHHOCTSIMU TETUIOBBIX arperaTos.

3. YucnenHoe MoeMpoOBaHue

HuckpeTtusaius cucTeM ypaBHeHUi (1—3) ocylecTBaseTcs Ha paBHOMEPHOI ceTKe C 1maromM 1 cM 1o BceM
HamnpaBJIeHUSIM METOAOM KOHTPOJIbHBIX 00beMOB [7]. laHHOe pa3pelleHue MO3BOJISIeT YBEPEHHO MOACIUPOBATH
BUXpEeBbIe NBMXKeHMsT MaciuTaba nopsaka 10 cm u 6onbiie. [Tpy HEOOXOIMMOCTU TPeAyCMOTPEHA BO3MOXHOCTh
TOTIOJTHUTEJIBHOTO CTYIIEHUsI CeTKU B 30HE BOJHOBOIO MHTep(deiica (TepMokinHa). Pazmep pacueTHoit obaactu
COOTBETCTBYET pa3MepaM OacceiftHa — 6 X 2 X 1,8 M, KOJIM4YecTBO pacueTHbIX y31oB — 21,600,000.

B nonHoi HenuHeHOM MocTaHOBKE pellieHUe MOCTaBAEHHON 3a1auu CTPOUTCSl YMCIEHHO ¢ UCMOJIb30BaHUEM
MeToJa KOHEUHBbIX 00BbEMOB B pamKkax oTKphiToro rnakera OpenFOAM (Open Source Field Operation And Manip-
ulation CFD Tool Box) [8]. Kak n3BecTHO, OOJIBITMHCTBO BBIYUCIUTEIBHBIX ITAKETOB SIBJISIIOTCS TIPOIPUETAPHBIMUA
MPOrPpaMMHBIMU TIPOAYKTAMU U TPEOYIOT KPYIHBIX (DMTHAHCOBBIX BJIOXKEHMI Ha 3Tare ux npuobpereHnss. Ho 60-
Jiee BaXKHO TO, UTO OHU COIEPXKaT 3aKPbIThI MPOrpaMMHBII KOJ 1, KaK CIeICTBUE, MPEACTABIISIOT CO0O0I «UepHbIi
SIITAK» JJTSI ICCIIeMOBaTelIsI. DTO OrpaHUMYMBAET BO3MOXHOCTH IT0 CO3MAHUIO, MOTU(MUKAIINN 1 BepU(UKAIINN HOBBIX
YUCJIEHHBIX MOJIeJIeli, MellIaeT MPU OLIEHKE TOYHOCTHU TMOJTYYEHHBIX Pe3yJIbTaToB U T. 1. [TosiBiaeHre cBOOOIHOTO Mpo-
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BpeMeHHas U3BMEHUMBOCTH ITapaMeTPOB TOPSIYETo KOHTYpa
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Puc. 3. Oco6eHHOCTH pa6OT]>I TPEIOLLETO KOHTYpPA TETJIOBOIO MOTOKA MO JAHHBIM U3MEPEHUI TEMIIEPATYpPbl TEMIIOHOCUTENS

Fig. 3. Characteristics of the heating circuit’s thermal flow operation based on heat carrier temperature measurements

rpamMHoro rmakera OpenFOAM B nocnenHue HeCKOJBKO JIET MO3BOJUIIO U3BMEHUTD JaHHYIO0 cuTyaluio. [npokuii
WHCTpYMeHTapHit I (popMaIu3aiiy 3agadn, BeICOKas 2 (MEKTUBHOCTh PealM3alliy, a TAKKE XOPOIas MacIiTa-
OMpPYEeMOCTb MOJI ApXUTEKTYPY BBIUMCIUTEIbHONH CUCTEMBI MO3BOJISIIOT JIETKO CKOHCTPYMPOBATh YMCAEHHYIO MOJIE)b
B makete. OTKPBITHIN UCXOMAHBII KOO B CBOIO OYepeb JaeT BO3MOXKXHOCTD B IETAJISIX KOHTPOJMPOBATh X0 PEIICHUS,
HauMHAasI OT ITOCTPOCHMS CETKU 10 BHIOOpA CXeM aIllIPOKCUMAIINK CJIaraeMbIX YIIPABIISIONICH CUCTEMbI 1 METOIOB
yucieHHoro peweHus. B cocrae Open FOAM BxoasiT 6a30Bble MOAEIU TEPMOAMHAMUYECKUX CBOMCTB BELLIECTB,
peanu3ylolme, K IpuMepy, MOAeb IOCTOSTHHOM TETUIOEMKOCTH MJIM PACCUMTHIBAIOIINE TEIJIOEMKOCTH 110 TabJIUIIaM
JANAF, a Takcke pa3ImaHble MOIEIN TYPOYJICHTHOCTH, MOIET TTOBEPXHOCTHBIX INIEHOK ITACCUBHOM ITPUMECH M T. II.
Bornee meranbHy0 MHMGOPMALIMIO O METOAAX AMCKPETU3ALMM OCHOBHBIX YPAaBHEHWI, PEIICHUST CUCTEM JIMHEMHBIX
YpaBHEHUI, TPAHUYHBIX ¥ TOCTAHOBKM HaYaJIbHBIX YCJIOBUI MOXKHO IMOJTYYUTh U3 PYKOBOJICTBA MOJIb30BaTE/ s MaKeTa
OpenFOAM [8]. /1151 pacueToB UCIONb30BaIach 64 siipa oMHOIPOLieCCOpHOit cucteMa Ha 6aze AMD EPYC9554.

4. Pe3yabTaThl

CTpyKTypa KOHBEKTUBHBIX sTYeeK Ha BEPTUKATIHLHOM IIOTICPEUYHOM pa3pe3e B pa3IMIHbIC MOMEHTHI BpeMEHU
rnociie Havajia (popMUpOBaHUsS cTpaTU(UKAILIUK TIpuBeacHa Ha puc. 4. OTMedaroTcsT 30HBI MHTEHCUBHOTO B3aM-
MOJIEHCTBUS KOHBEKTUBHBIX TTOTOKOB OJIMKe K LIEHTPY 6acceitHa. HTEHCMBHOCTD MepeMeIIMBaHUs B pe3yJibTaTe
B3aMMOJICICTBUS BUXPEBBIX CTPYKTYP, a TAKXKE UX JabHEHIIIee MHEPIIMOHHOE ITPOABIDKEHNE B HAIIPaBJICHUH TIPO-
TUB NEUCTBUS CUJI TIJIAaBYYECTU OTPEAEISIeT OCTPOTY MOIy4aeMOoro TepMoKJnHa. JlJaHHOe MmoJiokeHWe HaKaablBa-
€T CYIIECTBEHHbIC OrpaHWYEHUSI Ha MHTEHCUBHOCTh HarpeBa/OXJIaKICHMS YIIPABIISIOIINX KOHTYPOB, YTO MOXKET
OBITH IIPEOIOICHO 3a CYST ONITUMU3UPOBAHHOTO C MCTIOJIB30BaHNEM IIN(POBOM KOTTNMY KOMOMHNPOBAHHOTO PEXKI-
Ma paboThl 000PYIOBAHMS C IIEPEMEHHBIMHU 10 BpEMEHU YITPABIISIOIINMI TTapaMeTpaMM.

Pesynbrathl BepubuKaluy MOACIU 0 TaHHBIM KOHTPOJBHOTO 3KCIIePUMEHTA MO YCTAaHOBJICHUIO CTpaTU(U-
Kaluu B 6acceliHe MMpUBeIeHBI Ha pHC. 5 (CpeTHeKBaIpaTUIHOE 3HAUCHUE PA3HOCTHA N3MEPEHHBIX M PACCIYUTAHHBIX
naHHbIX coctaBuiio okoJjio 0,1 °C). [ToaToMy B 1IeJI0M MOAEb aAeKBaTHO BOCIPOU3BOJUT MPOLIECC YCTAHOBICHMS
TepMUYECKON cTpaTu(UKalMU B bacceiiHe.

ITpeumymiectBoM Gacceitna CITI6®® MO PAH [1] sBigeTcss BO3MOXHOCTh 00Jiee TOHKOM HACTPOMKM CITOXKHOM
MHOTOCJIOMHOM CTpaTU(MUKALINK 3a CUET JOIOJTHUTEIbHBIX KOHTYPOB, PaOOTAIOIINX B 3aBUCMMOCTH OT pekKrMa Ha
o0orpeB WK oxJaxaeHue. B cuily Hanuuus pa3BUTOrO0 KOHBEKTMBHOTO IBMKEHUS BHYTpU OacceiiHa HeoOXOauM
OYEHb TLIATE/IbHBIN T0A00P IMHAMUYECKUX PEKMMOB 000pY10BaHUSL. DMIIUPUIECKUI TOAO0P HEOOXOAUMBbIX PEXU-
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Puc. 4. BeptukanbHast CTpyKTypa KOHBEKTHUBHBIX STUEEK

Fig. 4. Vertical structure of convective cells

—1,8 1

Puc. 5. PacueTHble (CIUTONIHBIC KPUBBIC) M U3MEPEHHBIE (CMMBOJIbBI) 3Ha-
YeHUSsT pacTipee/ieHus] TeMITepaTyphl B IIeHTpe GacceitHa st 1—4 yacoB
paboThl 000pynOBaHUS (YKa3aHbl ITUMpaMu)

Fig. 5. Calculated (solid curves) and measured (symbols) temperature
distribution values at the center of the water tank for 1—4 hours of
equipment operation (times indicated by numbers)

MOB OY€Hb TpynoeMOoK. Mcrionb3oBaHue 1y poBOii MOIEIN MO3BOJISIET JOCTATOYHO TOYHO ITOA00pAaTh peXKMMbI pabo-
TBI 000OPYIOBAHUS M COKPATUTh KOJMYECTBO SKCIIEPUMEHTATBHBIX Pa00T. B 4acTHOCTHM, ONTBITHBIM IIyTeM Ha OCHOBE
CEepUM BBIYMCIUTEIBHBIX 9KCIIEPUMEHTOB, OINpENeIeHbl ONTUMAJIbHBIE TeMIIepaTyphbl TEIJIOHOCUTENST Ha KasKIoM
BPEMEHHOM OTpe3Ke paboThl 000PYIOBaHMSI, CYIIECTBEHHOE MPEBbIIIEHNE KOTOPIX IIPUBOIUT K MHTeHCU(DUKALIIN
BEepTUKAIbHBIX KOHBEKTUBHBIX IBYDKCHUH 1, KaK CIIEACTBHUE, PA3MBITHIO IIPOMEKYTOYHOTO TEPMOKIIMHA.

Takum o6pa3om ObLT pa3paboTaH CleayIONINiA 2-(a3Hblii aITOPUTM YCTAaHOBJIEHUS 3-CJIOMHOI cTpaTU(UKALIUN:

1-91 (haza: ”HTEHCUBHOE OXJIAXKIeHUE OacceiiHa ¢ 3a1eliCTBOBaHMEM BCeX KOHTYPOB Ha X0JIO — 2 yaca paboThI
obopynoBanwusi ¢ f tonavu 2 °C. JIMHEWHOCTh MojTy4aeMoro npoduist 00ycioBieHa TeM, YTO MHTEHCUBHAST BBIHYX-
JeHHAasl KOHBEKIIWST 3aXBaThIBAeT U BEPXHUE CJIOU OacceiiHa;
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2-g ¢haza: TTOCTEIIEHHBIN HarpeB BepXHETO U OMHOBPEMEHHOE OXJIAXKICHME HIDKHETO KOHTYPOB OacceiiHa —
3 yaca paboThsl o6opyaoBaHus ¢  mogauu 1 °C Ha HUXKHUI KOHTYD, TPY 9ToM 7' TioAatoliieii BoAbl BO BHEIIHUI KOH-
TYp SIBJISIETCSI 3aBUCUMOI BEJIMYMHOM U OoMpeaesisieTcsl OCTaTOYHBIM TeIIo3aracoM HUXXHel TpeTu 0acceiiHa. B pe-
3yJbTaTe B GacceiiHe yCTaHaBIMBAETC MPOMUIb C PE3KO BhIPAXXEHHBIM CKAYKOM TeMIlepaTyp Ha riayouHe 0,6 M,
JIMHEMHBIM TTPOMEKYTOUHBIM CJIOEM U TOTOJHUTEIbHBIM CI0€M CKauyKa MIOTHOCTU Ha riyouHe 1,3 M.

XapakTep MOJYYEHHOTO TMPOMUIST COOTBETCTBYET BEPTHKAIBHON CTPYKTYpe BOI OKeaHa, INe MPUCYTCTBY-
JOT pa3HeCEeHHbIC 10 TIyOMHAM IVIABHBIA M CE30HHBIC TePMOKIMHEL. [IprMep pe3yabTaToB COBMECTHOI paOOTHI
00beKTa — OacceitHa 1 ero 1u@poBoii KOIMMY MPUBEIEH Ha puc. 6.

0,0+
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~1,0

—1,57

—2,01

10 15 20 25 30

Puc. 6. INpumep 3-croifHoi cTpaTrUKALIMU, U3HAYATBHO TTOyYEHHOM
Ha ¢ poBOit MOmeIN (CIUIOITHAS TMHMS) U TTOATBEPXKAECHHOI ONBITHBIM
nyTeM (TOYKH)

Fig. 6. Example of a three-layer stratification, initially obtained from the
digital model (solid line) and experimentally verified (dots)

5. 3akmouenne

Hcronp30BaHBl COBpeMeHHBIE HApAOOTKM B 00JIACTU BRIYMCIMTEILHON TMIPOIMHAMUKI U BRICOKOIIPOM3BOIM -
TEJIbHBIX BBIYMCICHU TSI ONTUMU3ALIMK Y YaCTUIHOTO 3aMEIIeHUST TOPOTOCTOSIIIINX (PU3NIECKUX IKCIIEPUMEHTOB.

TouHoe 3agaHue U TIoAAEpXKaHUE TEPMUUECKOI cTpaTU(UKALIMK B OacceiiHe obecrieunBaeTcsl TOHKOM Ha-
CTPOWKOI peXXMMOB pabOTHI TETIJIOBOTO/XOJIONUILHOTO O00OPYIOBAHMSI HA OCHOBE MCTIONB30BaHUs IM(MPOBOIT MO-
nenu ObacceiiHa. B naHHolt paboTe 1ndpoBas KOMUs paccCMaTpyBaeTCsl B TIEPBYIO OUepeib KaK BCIIOMOTaTeIbHbIi
WHCTPYMEHT, MPU3BAaHHBIN ONTHMU3UPOBATh CEPUITHBIE SKCIEPUMEHTHI M, YK€ KakK OINLIMS, SKCTPaIoIupoBaTh
BepUDUILIMPOBAaHHBIC OITBITHOM ITyTEM 3aBUCHMOCTH IUISI PEKMMOB, CJIOXKHO IOITAIONINXCS (hM3NMIECKOMY MOJIE-
JIUpOoBaHUIO (BbicoKUe yncia PelfiHonbaca u T. 1m.).

JOTOTHUTEbHBIM PE3yJIbTaTOM YMCJISHHOTO MOJCIMPOBAHUS SIBJISICTCS YyeTKasl, 00ObeMHasl, TMHaMu4YecKas
KapTHWHA HeCTallMOHAPHBIX IIPOIIECCOB BHYTPpH OacceiiHa, marolnas MHGOPMAaINIo KakK IS IPOSKTUPOBAHUS N3Me-
PUTENIBHBIX CUCTeM OacceliHa, Tak M cocTaBa OynyIiux (pu3nueckrx aKCIepuMeHTOB. B yacTHOCTH, OTMedaeMble
3HAYUTEJbHBIE TOPHU30HTATbHBIE CKOPOCTH KOHBEKTUBHBIX TTOTOKOB MOTYT OBITh MCIOJIb30BaHbl BMECTO OTIC/Ib-
HOTO MHIYKTOpPA TCUYCHUI ISl CO3MAaHMSI CABUTOBBIX TCUCHUI IO TPAHUIIE TSPMOKIMHA W MCCICIOBAaHUS X B3aK-
MOAEUCTBUS ¢ PPOHTOM BO30OYKIAEMbIX ABUXKYIIIMMCS MICTOUHUKOM BHYTPEHHUX BOJIH.

HanbHeitiee pa3Butue HUMPOBOIi KOMTMY OyIeT BECTUCH B HAITpaBIeHUN 00eCTIeueHUsT IMHAMUYECKUX DKCIIe-
PUMEHTOB B CTpaTU(UIINPOBAHHOM cpee:

— reHepalnyy BHYTPEHHUX BOJH BOJIHOMPOAYKTOPOM U ABMKYIIMMCS TIOTPY>KEHHBIM TEJIOM 3a CUeT 1o0aBiie-
HUSI COTPSIKEHHOM C ONMCAaHHOI pacueTHOI 001aCThl0 IMHAMUYECKOM paCYeTHOM CETKMU;

— DBOJIIOIINY CTPYWUHBIX M CIBUTOBBIX TCUCHUIA;

— B3aUMOJICHCTBMS TTIOBEPXHOCTHBIX M BHYTPEHHUX BOJIH, @ TAKXKE BOJTH M BUXPEil.
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IIndpoas konus TepMmocTpaTiduimpoBanHoro 6acceiina Cankr-IleTepOyprckoro (huimana MHCTUTYTA OKEAHOJIOTHH. ..
Digital copy of the thermally stratified water tank of St. Petersburg Branch of Shirshov Institute of Oceanology...

I KOHTPOJIST TIPOCTPAHCTBEHHBIX XapaKTePUCTUK CIIOKHBIX TOHKOCTPYKTYPHBIX THAPO(PU3INICCKUX MPO-
LIECCOB, TaKMX KaK TypOYJIEeHTHbIC TeUCHUsI, HEJIMHEIHbIE BOJHOBBIE MPOLIECCHI PACCMATPUBACTCSI BO3MOXKHOCTh
MOYKOMILIeKTOBaHUs OacceitHa cuctemoit PIV (Particle Image Velocimetry — aHeMoMeTpus IO M300paKeHUSIM
YacTHII) KaK METOa BU3YAIM3allN ABYMEPHBIX BEKTOPHBIX ITOJICHA.

Lwndposas Konus OacceifHa CIYXXUT CYLIECTBEHHBIM TOIMOJHEHWEM K (PU3MYECKOMY MOAEIMPOBAHMIO, TO-
CKOJIBKY O0eCIIeUrBaeT MOMOJTHUTEIBHOE CPEACTBO MTPOBEPKU B KOHTPOIMPYEMOI cpeie, ONTUMU3IUPYET METOIM -
Ky J1a00paTOPHOTO 3KCIIEpUMEHTa, KOTIa 00heM M COCTaB MCITBITAHUI OIIpeAe/IsIeTCS Ha OCHOBE MOICINPOBAHMSI.
B pesyibTaTe MOBBIIIAETCS TOYHOCTD, HAIEKHOCTh U PENTPE3eHTATUBHOCTD (DM3MYECKOTO SKCIIepUMEHTA.
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AHHOTAIMSA

B Cankr-IlerepOyprckom dunuane Mucrtutyra okeanosnoruu um. [1.T1. [llupuiosa Poccuiickoit akaneMuu HayK MOCTPOEH
¥ BBEIEH B CTPOI 3amTyllIEHHBII TMAPOAKYCTUUECKUIT OacceiiH, OCHAIlleHHbIII aBTOMaTU3MPOBAHHOI CHUCTEMOM 3aKperIeHUs
W TIepeMelleHUs] U3MEPUTENIbHBIX U3jydaresieid, MpuéMHUKOB (TUaApoGOHOB) U UCCIIeAyeMbIX Mojereil o0bekToB. B cocran
o0opynoBaHMsT OacceifHa BXOMST M3JydaTeau, TUAPOGOHBI, MHOTODYHKIIMOHAIBHBIE 3XOJIOTHI ¢ PEXMMOM THIPOJOKATOPOB
0OKOBOI0 0030pa, YCWIMTEIU U3TyYalolero U MpUuEéMHOTO0 TPaKTOB, aHAIOrO-1M(GPOBbIe TPEeOOpPa30BaATEIU, IEPEHOCHbIE KOM-
MBIOTEPHI C MPOrPaMMHBIM OOecTiedeHreM TSl (POPMUPOBAHMS M3TYIAIOIIUX U PETUCTPAIlMK IPUHUMAaeMbIX CUurHaioB. Co3-
JaHbl GYHKIMOHUPYIOLIME MAKEeThl TPUEMHOTO U MU3JIydyalollero TpakroB. PazpaboraHa maTemaTuueckasi Mozieb 6acceiiHa Ha
OCHOBE pacuéTa TUAPOAKyCTMUECKHUX IOJIeii METOIOM MHUMBIX MCTOYHMKOB. OILIEHEHO KayeCcTBO 3arylIeHHOCTH OacceiiHa,
rnokasagsliee e€ ynoBJIeTBOpUTeIbHOE 3HaUeHue. J1Jisi MpoBeaeH!s] 9KCIIEPUMEHTOB 0 UCCIETOBAHUIO OTPaXaroIIUX CBOUCTB
00BEKTOB M3TOTOBJICHBI CTAHIAPTHBIC MOIEIIA 3TUX OOBEKTOB. 3aNIyIIeHHBII TUAPOAKYyCTUUECKUIA OacceitH O3BOJISIET MPOBO-
IIUTh UCCJIENOBAaHNE XapaKTEPUCTUK MAKETOB TMIPOAKYCTUUECKUX CPEACTB, METONOB (hOPMUPOBAHUS U OOPAOOTKN CUTHAJIOB
B aKTUBHOM U TTACCUBHOM PEXMMaX pabOTHI; TPOIIECCOB, ITPOUCXOMSIINX B BOTHOM Cpee.

KiroueBbie cioBa: TUAPOAKYyCTUUECKUI OacCeifH, TMAPOAKYyCTUIECKUIA M3TydaTelb, THIPO(OH, aHAIOro-II(ppOBbIe Tpeodpa-
30BaTeNI, MaTeMaTu4ecKasi MoJe/b bacceitHa, Moean 0ObEeKTOB
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Abstract

St. Petersburg Branch of Shirshov Institute of Oceanology of Russian Academy of Sciences has constructed and commissioned
an acoustically isolated water tank, equipped with an automated system for securing and moving measuring emitters, receivers (hy-
drophones), and the objects under study. The tank’s equipment includes emitters, hydrophones, multifunctional echosounders
with side-scan sonar capabilities, amplifiers for both emitting and receiving channels, analog-to-digital converters, and portable
computers with software for generating emitting and recording receiving signals. Functional models of both receiving and emitting
channels have been created. A mathematical model of the water tank has been developed based on calculations of hydroacoustic
fields using the method of imaginary sources. The quality of acoustic isolation in the water tank has been assessed, yielding satis-
factory results. Standard models of objects have been manufactured for experiments investigating their reflective properties. The
acoustically isolated water tank allows for research into the characteristics of hydroacoustic systems, methods for signal formation
and processing in both active and passive modes, as well as processes occurring in aquatic environments.

Keywords: hydroacoustic water tank, hydroacoustic emitter, hydrophone, analog-to-digital converters, mathematical model of the
tank, object models
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1. Beenenue

I'mnpoakycTtryeckre BOJTHBI 001amal0T YHUKATLHBIMU XapaKTePUCTUKAMU II0 pacIIpPOCTPAHEHUIO B MOPCKOM
cpene Ha OOJIbIIIME PACCTOSTHUSI M 110 BO3MOXKHOCTH TOJIydyeHUsT MH(MDOPMALIUKM O TUAPODUINUECKUX TTpoleccax
M MOJBOAHBIX O0BEKTAaX. 32 CTO C JIMIIHUM JIeT OYpHOTO pa3BUTUSI 00J1aCTh MTPUMEHEHUST TUAPOAKYCTUKU CYyIlle-
CTBEHHO paclIUpUInch. K KpyrHbIM 3a1a4aM, peliaeMbIM C TOMOILIbIO TUAPOAKYCTUKY [ 1] oTHOCSTCS:

— TIOUCK, OOHapyXeHue, KilacCU(UKALIUS TIPUPOTHBIX U TEXHOTEHHBIX 00 BEKTOB, HAXOISIIIINXCS B TOJIIIIE MOP-
CKOIf BOMIbI UJIW HA IHE;

— KapTtorpadupoBaHue U OMpeaeacHNe CTPYKTYPhI MOPCKOTO THA;

— KOHTPOJIb TEXHUYECKOTO COCTOSTHUSI TIOIBOHBIX COOPYKEHWUIA U TPYOOTIPOBOJIOB;

— obecrieyeHre HAABOIHBIX U MOABOIHBIX MMUJIOTUPYEMbIX M O€39KMITaXKHBIX allapaToB CpeACTBAMM HaBUTa-
LIUU U CBSI3H;

— TeJieyTpaBJIeHNe TI0 TMIPOAKYyCTUIECKOMY KaHaly MOIBOAHBIMU arapaTaMu;

— cbop, aHaIU3, Tiepenaya u MpueéM TeaeMeTpUIecKoil nHpopMaluu OT TMIAPOAKYCTUUECKUX CPEICTB MOHU-
TOPHUHTA MTOIBOIHON OOCTAaHOBKM;

— IWCTAHIIMOHHAS pETUCTpallvs TeUeHW i, BHYTPEHHUX BOJTH, pacrpeie/ieHuit ruapou3ndeckKux moeit u ap.

7151 pellieHrs] BCero KOMITJIeKca HayYHbIX U MTPUKJIAAHbIX 3a1a4 TUAPOAKYCTUKU MPOBOASTCS TEOPETUUECKUE
¥ 3KCIIEpUMEHTAJIbHBIC JIA0OpaTOPHBIE M HATYPHBIC MCCIeIOBAHMS, UMEIOIINE CBOM JOCTOMHCTBA M HETOCTATKU.
HauGonee nonHas nHdopmanust B 06JacTi THAPOAKYCTUKU MOXKET OBbITh MOJIydeHa Ha OCHOBE TEOPETUUYECKOTO
MoAXo/a, HaTYPHOTO 3KCIEpUMEHTa U (PM3NUYECKOTro MoJeaupoBaHus. TeopeTruueckue MOJeNn, OXBaThIBAOIINE
OCHOBHBIE 3aKOHOMEPHOCTH, KaK MPaBUJIO, SIBJISIIOTCS YIIPOIIICHHBIMU 1 HE MOTYT B ITIOJTHOM Mepe YIeCTh OCOOCH-
HOCTH TIPOLIECCOB, TIPOUCXOISIINX B PEaTbHBIX YCIOBUSIX.

HatypHble 3KCIeprMeHThI MO3BOJISIOT MOJYYUTh peajibHble TaHHbIE O TMAPOaKyCTHYECKUX Tojsix. BMmecrte
C TeM OHU TPEOYIOT IIPUBJICUYCHUS 3HAYNUTEIbHBIX MaTepPUATbHBIX, JIIOICKUX 1 (PMHAHCOBBIX pecypcoB. [1pu aTom
MOJTy4eHUE CTAaTUCTUYECKU TOCTOBEPHBIX PE3YJIbTaTOB Ha MTPAKTUKE BHI3BIBAET OOJBIIINE TPYIHOCTH M3-3a HEBO3-
MOXHOCTH MHOTOKPATHOTO TTOBTOPEHMST SKCIIEPUMEHTOB B OMHUX U TeX K€ TMAPOJOro-aKyCTUYECKUX YCIOBUSIX
¥ TIpA OMHOM M TOM K€ B3aMMHOM PaCITOJIOXKEHUN O0BEKTOB, YUACTBYIOIINX B 3TUX DKCIIEpUMeHTaX. MeTonnKu
repecyéra pe3yIbTaToB K 3alaHHBIM YCJIOBUSIM (HAaIpuMep, B TEXHUYECKOM 3aJaH1 | ) OCHOBAHBI HA TEOPETUIECKUX
MOJENSIX Y TAKXKE MOTYT MMETb COOTBETCTBYIOIIME orpaHnYeHus. CylleCTBYIOT U TPUHIUIMAIbHbIE TEXHUYECKHUE
CJIOKHOCTH M3MEPEHUS TUAPOAKYCTUICCKUX TT0JIeii Ha OOJIBIINX IMPOCTPAHCTBEHHO-BPEMEHHBIX MacIlITadax.

ITpeumyiiecTBa (puU3NYECKOro MOACIUPOBAHUS B TUAPOAKYCTUKE 3aKJIIOYAIOTCS B TOM, YTO OHO HE TpedyeT
OOJIBLLIMX MaTepUAIbHBIX, JIIOACKMX U (PMHAHCOBBIX 3aTpaT Ha MPOBEIEHUE IKCIIEPUMEHTOB B THIPOAKYyCTUYECKOM
OacceitHe. [1o nmpuHIMITY TOAO0OUSI Pe3ybTaThl TJAOOPATOPHBIX SKCIIEPUMEHTOB OTHOCUTEJILHO IIPOCTO TepPecUu-
TBIBAIOTCSI Ha HaTypHble. B OacceiiHe HalEXHO 00ecreyrMBaeTCsl KOHTPOJIb TUAPOJIOrO-aKyCTUUECKUX YCIOBUM
U B3aMMHOTO PACMOJIOKEHUSI 0OBbEKTOB AKCIEPUMEHTA: M3JTydyaTessi, MPUEMHOM aHTEHHbI U MOIEIN OObEeKTa.
HMMeeTcst BOBMOXHOCTD COITPOBOKICHUS pe3yIbTaTOB (PU3MUECKOTO MOACINPOBAHUS TEOPETUICCKOI MOMIEIIBIO.

JlaHHast cTaThsl TMOCBSIIEHA OINMMCAHUIO KOHCTPYKIIMM UM BO3MOXHOCTSM THIPOAKYCTUYECKOro OacceitHa
Cankr-IletepOyprckoro ¢punuana MHcturyTta okeanosoruu um. I1.11. Ilupinosa Poccuiickoit akameMuu Hayk To
(pu3mIecKOMY MOIETNPOBAHUIO MIPOIIECCOB U SIBICHUI B MOPCKOI1 cpere.

B Poccuu nabGopatopHbie uMcclieqOBaHUS B O0JaCTU TMAPOAKYCTUKM MPOBOIAT JOBOJBHO OOJBILIOE YMCIO
opraHusauuii. B 1aba. 1 mpuBenéH psia opraHu3alvii, KOTOpble OCHAIIEHBl TMIPOAKYCTUYECKUMU OacceitHaMu,
a TAaK;Ke OCHOBHBIC XapaKTEePUCTUKY 0ACCEITHOB.

Tabauuya 1
Table 1
OpraHu3anuu, OCHANIEHHbIE THAPOAKYCTHYECKUMH DacceiiHaMM
Organization powered by hydroacoustic water tank
Pasmepn 6ac-
HaumeHoBaHMe opraHu3alui, . ceifHa, IyMHa
HaunmenoBanue bacceitHa [MTpumevanue
MECTO PACIIOJIOKEHUST X TMIMPUHA X
r1y6uHa, M
OAO «KonuepH «OkeaHTIpubop», M3mepuTenbHBII 3arTyIIEHHBIN 50x14%x10 I'py3onoabEMHOCTh MOCTOBBIX KOOPIU-
Cankr-Iletepoypr [2] Gacceitn No | HATHBIX YCTPOMCTB 10 3 T
W3MepuTesibHbII 3arTyIIeHHbII 13,5%4,5%4,5 | I'py30M0abeMHOCTb TPEX MOIBEMHO-TTOBO-
GacceitH No 2 POTHBIX KOOPAMHATHBIX YCTPOUCTB 10 0,5 T

110



I'mapoakycTuyeckuii 0acceitH caHkT-nerepoyprekoro (pumana Mucruryra okeanosioruu uM. I1.I1. ITIupmosa Poceuiickoii akaneMun HayK

Hydroacoustic water tank of St. Petersburg Branch of Shirshov Institute of Oceanology of Russian Academy of Sciences

Oxonuanue mabn. 1
Fin table 1

HaumenoBanue opraHusanuu,
MECTO PpACIIOJIOKEHMSA

HaumeHnoBanue 6acceitna

Pa3mepsl 6ac-
ceitHa, IMHA
X IIUpUHA X

[Mpumeyanue

yuHblii IeHTp, CankT-TletepOypr [8]

ry6uHa, m3
OAO «KoHiiepH «OkeaHprOop», Iunpoakyctuueckuii 6acceiin Ne 3 4,5%4,5%4.5 OcHarliieH TpeMst 00pa3lloBBIMU YCTAaHOB-
Cankr-ITerepOypr [2] KaMK
AKYCTUYECKUIT UHCTUTYT UM. AHIpe- | BombIoit 3ariyieHHbI THIpoaKy- 21X7%x7 JIBa MOCTa C YeThIPbMST KOOPAMHATHO-TIO-
eBa, Mockaa [3] CTUYECKMIt OacceitH BOPOTHBIMHU YCTPOICTBAMU I'PY30TTOIBEM-
HOCTbIO 5, 150 1 1500 kxr
Mautblii 3ar1yIeHHBIN THAPOAKYCTU- 10x7%x7 JIBa MocTa ¢ IByMsI KOOPAMHATHO-TIO-
Yyeckuit bacceitH BOPOTHBIMU YCTPOICTBAMU TPY30TOAD-
éMHocTbio 10 1 150 Kr; Tpr 006pa31IOBbIX
YCTaHOBKM 2-TO paspsiia
WHcTuTyT npukianHoi Gu3muku T'unpoakycTuueckuii 6acceitH 4,5%3,5%3
PAH, Huxnuii Hosropon [4]
Kadenpa akycTrku paarodusznde- T'unpoakycTuueckuii GacceitH 4X5%5
ckoro ¢akysbrera Hukeropoackoro
yHuBepcurera, HuzkHuit Hosropon [5]
IOxHBbBII henepanbHbIil yHUBEPCH- T'uapoakycTuueckuii 3arayieHHbI 4%x3x%2,5 OcHallleHbl TOBOPOTHO-KOOPIMHATHBIMU
teT, Taranpor [6] bacceitH yCTpOMicTBAMKU
T'uapoakyCTMUeCKUit 3arTyIeHHbI 1,5%x1x1
GacceitH
®upma L—Card, Mocksa [7] OnBITOBBII OacceitH 3x1,5%0,75
KpbuioBckuii rocynapcTBeHHbl Ha- | [uapoakyctuyeckuii 6acceii 5x3x%3

3arayieHHbI r’MapoakyCcTUIeCKuit
OacceitH

DKCIEPUMEHTBI C MaKeTaMK Maccoit 10 2 T

2. Onucanue KOHCTPYKIIMH M TEXHHYECKOTO OCHAIIEHHS THAPOAKYCTHIECKOTo facceiiHa
Cankr-Ilerepoyprckoro gunmana VIHCTUTYTa OKEAHOJIOTHI

I'uopoakyctudeckuii 6acceifH (puc. 1) ¢ paboynm oobéEMoM 14,4 M3 ipeqHa3HAYEH 18 MCCIefOBAHMS aKyCTH -
YECKUX SIBIICHUN B KUIKOCTH. XapaKTEePUCTUKM OacceifHa IpuBeneHbl B Tao. 2 [9]. [1st obecrieueHusT 3ByKOTO-
IJIOLIEHUSI MPUMEHEeHa 00JIMIIOBKA BHYTPEHHMX ITOBEPXHOCTEM OacceifHa pe3nHoil. [ToBepXHOCTh OacceiiHa mepe-
KpbIBAaeTCsl HAOOPHOM KPBIIIKOM U3 pEe3WHBI TOM K€ MapKH. DJIEMEHTHI PEe3WHBI 3aKPEIUICHbl Ha METaJUTMIeCKUX
pamax ¢ pyukamu. Kpbiku nmeroT mmpuHy 40 ¢cM 1 YKJIaabIBalOTCsI BIOJb KOPOTKOM CTOPOHBI bacceitHa. Oropoii
IUIST KPBIIIIEK CITYKaT TOPIIBI JINCTOB pe3WHBI BHYTPEHHEN 00IMIIOBKH OacceitHa. ChEM M yCTaHOBKA KPHIIIEK OCY-
1LIECTBJsIETCS TeJIb(hepoM Ipy30rnoabeMHOCTbIo 2000 Kr.

Puc. 1. BHeniHuii BuI ruapoakycTuyeckoro dacceitHa

Fig. 1. Appearance of the hydroacoustic water tank
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Tabruya 2
Table 2
OcCHOBHbBIE XapaKTePUCTUKM THAPOAKYCTHYECKOro DacceiiHa
Main characteristics of the hydroacoustic water tank
Ne i/t HaumeHoBaHMe XapaKTepUCTUKA 3HaueHKE XapaKTePUCTUKI
1 Tun Gacceiina OnbITOBBII
2 [nvHa (BHYTpeHHU I rabapuT BaHHbI 6acceiiHa), M 4,0
3 IIupuHa (BHYTpeHHUI TabapuT BaHHBI OacceiiHa), M 2,0
4 I'my6uHa (BHYTpeHHUIT rabapuT BaHHBI bacceitHa), M 2,2
5 PacyeTHas muiomanb 3epKasia BOJbl, M2 8,0
6 O6beM bacceiina, M3 17,6

51 CHYDKEHUSI BAVSTHUSI BHEIITHUX TEXHOTEHHBIX ITYMOBBIX IMMOMeX (hyHIaMeHT OacceliHa pa3Bsi3aH OTHOCH-
TeJbHO (hyHIaMeHTa 31aHusI, a caM OacCceilH yCTaHOBJIEH Ha aMOPTHU3aTOPDI.

B GacceliHe ycTaHOBJIeHa aBTOMaTU3MpPOBAaHHAsI CUCTEMa JTMHEHHOTO mepeMenieHus (puc. 2), Kotopas ooe-
CIIeYrBaeT 3aKperieHe U3MEePUTETbHBIX U3JTydaTesieil 1 TPUEeMHUKOB U MCITBITYEMbIX 00pa3lioB, TiepeMelleHne
MX BIOJIb U TIONepek bacceiiHa, BBepX, BHU3 U BpallleHWe BOKPYT T€OMETPUUYECKOM OCH, a TAKXKE OTCYET U peru-
CTpaluIO 3HAYEHU TeKyluX KoopauHaT. E€ oCHOBHbIE XapaKTepUCTUKU MpUBeaeHbI B Tabj. 3. [IpeagycMoTpeHO
YCTPOICTBO KOMIUIEKCA BOJOTIOATOTOBKH TSI 3aTIOJTHEHUST TUIPOAKYCTUIEeCKOro bacceifHa B cocTaBe:

— (uabTp Tpy0OOIi OUYNCTKMU;

— CHCTeMa yIaJeHuss MyTHOCTU U 00e3XeIe3UBaHUS;

— (buIbTP TOHKOIT OUUCTKH;

— yAbTParOIETOBBINM CTEPUIU3ATOP.

YHUKaIbHOCTh TUAPOAKYCTUUECKOTO OacceiiHa, B OTJIMYME OT IPYTUX THAPOAKYCTUUECKHX 0ACCEMHOB, 3aKIII0-
YaeTcsl B TOM, YTO B HEM MOXET CO3/1aBaThCsl CTPaTU(UKAIIMS 10 TUIOTHOCTH 32 CYET CUCTEMBI «IIOJ0TpeBa — OX-
JIaXIEHMS BOJbI» TMAPO(GU3UIYECKOro dacceiiHa, OCHAILIEHHOTO CUCTEMOI TepMOCTpaTuGUKaLUY U TEPMOKOCaAMU
s e€ perucrpaunuu. I1o cpaBHEHMIO C IpyrMMU OacceiiHaMU, MpUBEIEHHBIMU B Tabj. 1, MO0 CBOMM pa3Mepam
OacceliH 3aHUMAaeT cpeHee MnojoxeHue. MeHblIMe 00bEMBI BOABI CYLIECTBEHHO COKpalIaloT BpeMsl MOATOTOBKU
K IIPOBEJCHMIO 3KCITIEPMMEHTOB, YIIPOILAIOT U YASHICBISIOT 3KCIUTyaTallio 6acceitHa.

Puc. 2. Cxema ABTOMATU3UPOBAHHOM CUCTEMBI JIMHEIHOTO MEPEMEILIEHUS

Fig. 2. Diagram of the automated linear displacement system

112



I'mapoakycTuyeckuii 0acceitH caHkT-nerepoyprekoro (pumana Mucruryra okeanosioruu uM. I1.I1. ITIupmosa Poceuiickoii akaneMun HayK
Hydroacoustic water tank of St. Petersburg Branch of Shirshov Institute of Oceanology of Russian Academy of Sciences

Tabauya 3
Table 3
OCHOBHbIE XapPAKTEPUCTHKH ABTOMATH3UPOBAHHOI CHCTEMbI JIMHEIHOTO NepeMeIeH st

Main characteristics of the automated linear movement system

Ne i/ HaumeHoBaHUe XapaKTepUCTUKYI 3HaueHUe XapaKTePUCTUKK
1 KonuyectBo cucreM nepeMenieHus 2
2 [penenbl nepeMenieHus Mo ocsiM, MM: X — 3500
Y — 1600
3 BpaueHue cToitku ¢ Harpy3koit BOKpyr ocu Z, cucrema 1 He orpanuueHo
4 BpaiieHue cToiiku ¢ Harpy3Koit BOKpYr ocu Z, cucrema 2 He npenycmorpeHo
5 CKOpOCTb IepeMellieHtsI B BOTHOM cpezie, MM/MUH 3000
6 TouHOCTh MO3ULIMOHUPOBAHUS, MM +5
7 MaxkcuMasibHast Macca MoJIe3HO Harpy3Ku, KI 50

Hns1 mpoBeneHUs JTabOpaTOPHBIX SKCIIEPUMEHTOB CO3JaHBl MAaKeTHl IIPUEMHOIO U M3TYJaIOIIero TPaKTOB.
TTpuémnelit TpakT (puc. 3) BKJIIOYaeT B CBOi cocTaB: ruapodonbl prupmbl Briiel & Kjer tunos 8103 u 8§105; 4-ka-
HanbHbIN ycunuTenb Nexus pupMmbl Briiel & Kjeer; ananoro-uudpossie nmpeodpaszoBatenu (ALLIT) E14—440 u E20—
10 dpupmbl L—CARD; uudposoii ocumnorpad Hantek DSO 1062B; nepeHocHoit KomIibiotep (HOyTOYyK) Lenovo
¢ mporpaMMmHbIM obecnieueHreM L-GRAF ¢dupmbr L—CARD.

B cocraB uznyyvaromero TpakTa (puc. 4) BXOIST: IEPEHOCHOI KOMITbIOTEP (HOYTOYK) Lenovo; ycuiauTenb 3By-
KoBoif acToThl KAP-47 ¢ cornacymoomuM ycTpoiicTBoM (TpaHcdopmaTtopoM); TuapodoHsl pupMsl Briel & Kjaer
tunoB 8103 u 8105. JIns ycTpaHeHMsT BAMSIHUS ceTeBoii moMexu yactotoit 50 'l muTtaHue Bceit anmapatypbl ocy-
LLIECTBIISIETCST OT aKKYMYJISITOPHBIX OaTapeit.

WsmepurensHble ruapodoHbl pupMel Briiel & Kjeer 8103 u 8105 (puc. 5) nmpegHa3sHaueHBI IS IIpeodpa3oBa-
HUS 3BYKOBBIX CUTHAJIOB, PACIPOCTPAHSIONIMXCS B BOJE, B DJIEKTPUUECKOE HAMPSKEHUE C LIeJIbI0 JajbHEeNIero
ycuwieHus: U peructpauuu. OHU SBISIOTCS OOpaTUMBIMM M MOTYT MCIIOJIb30BaThCsl B KAYECTBE M3JIyyaTeseit 3By-
KOBBIX CUTHAJIOB. MUHUMATIOpHBIN THApodoH 8103 ocHaIIeH MaJOITyMSIIIIIM MHTETPaIbHBIM KabeJieM ¢ IBOMHOI
3KpaHUPOBKO. OCHOBHBIE XapaKTePUCTUKU TUAPOGMOHOB MpuBeaeHbI B Ta0. 4 [10].

TIpnéMHBIT TPaKT

AINIT E14-440  AIIII E20-10

Veunnrens Nexus Ocmimiorpad Hantek Hoytoyk Lenovo

Tuapodons 8103 1 8105 ’

Puc. 3. Maket npuéMHOro TpakTa

Fig. 3. Model of the receiving path
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Fig. 5. Appearance of measuring hydrophones: a — 8103; b — 8105
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JIist yeuneHUst 3BYKOBBIX CUTHAJIOB, TIPUHSITHIX TUAPO(GOHAMU, CITYKUT 4-KaHATBHBII U3MEPUTETbHBIN yCUITN-
tesb NEXUS2692 — OS4 ¢upwmer Briiel & Kjeer. Ero ocHOBHBIE XapaKTepHUCTUKY IIPUBEICHBI B Ta0. 5 [11].

J1J1s MpOCMOTpa THAPOAKYCTUUECKUX CUTHAJIOB TIpeIHA3HAYEH MMOPTATUBHBIN TBYXKaHAJIBbHBIN 1TU(MPOBOIi OC-
mmutorpad Hantek DSO 1062B. Ero ocHOBHbBIE TeXHUYECKHE XapaKTePUCTUKU TIpeAcTaBiIeHbl B Tab. 6 [12]. Pe-
TUCTPALIMSI CUTHAJIOB OCLIMULIOTpacha OCYIIECTBISIETCS] HA TTOPTATUBHYIO BUIEOKAMEDY.

711 olimppOBKY THAPOAKYCTUUSCKUX CUTHAJIOB UCITOJIb3YIOTCS aHaJoro-1u@posbie ipeodpa3oBatenu (ALLIT)
E-14—440 u E 20—10 dpupmer L—Card [13]; ux xapakTepuCTUKM yKa3aHbl B Ta0J. 7. Peructpaius onmdpoBaHHbBIX
CUTHAJIOB OCYIIECTBJISIETCS C MOMOIIbIo ITporpaMMHoro obecrnieueHust L-GRAF ¢upmbr L—Card.

Tabauua 4
Table 4
OcHoBHbIe XapakTepucTuku ruapocgonos 8103, 8105
Main characteristics of hydrophones 8103, 8105
Tun runpodona
XapakTepuCTHKU
8103 8105
Jnara3oH yactot, 'y 0,1—180000 0,1—160000
YUyBCTBUTEIBHOCTH B pexxuMe npuéma, MmxB/I1a 29 56
YyBCTBUTEIBHOCTb B peXXUMe U3nydyeHus, [1a/B 0,1 Ha yactore 20 kI'1r; 0,316 Ha yacrore 20 kI'w;
3,98 na yacrore 100 kI'ig 11,9 Ha yactore 100 kI'1x
JlnuHa, MM 50 93
Juamerp, MM 9,5 22
Macca ¢ MHTErpupoOBaHHBIM KabesieM, KT 0,170 1,6
JnvHa xabenst, M 6 10
KonnyectBo 2 2
Tabauya 5
Table 5
OcHosnblie xapakrepuctuku yemmrenss NEXUS2692 — 0S4
Main characteristics of the NEXUS2692 — OS4 amplifier
XapaKTepuCTUKU 3HavyeHue

Junarmna3oH yactot, 'y 0,1—-100000

I'paHnyHas yactora puiabTpa BepXHUX yacTtor, I 0,1;1,0; 10

I'paHnyHas yactoTa (PUIbTPa HIXKHUX YacToT, K11 0,1; 1; 3; 10; 22,4; 30; 100

Vcunenue, 1b —20—+60

PasMmepbl: BbICOTa, LUMPUHA, TITyOUHA, MM 90, 144, 230

Macca, kr 3

Tabauya 6
Table 6

Texnngeckue xapaktepuctuku ocmuiorpaga Hantek DSO 1062B

Technical Specifications of the Hantek DSO 1062B Oscilloscope

XapakTepucTiku 3HaveHue
AHasiorosas rosioca rnpormnyckanusi, MI'iq 60
MaxkcumaibHasi yactoTta quckperusanuu, MI g 1000 pu ogHoM KaHaje; 500 mpu AByX KaHajlax
KomnunuecTBo kaHaaoB 2
Bpewmst HapacTaHust, HC 5,8
laGapuTHbIe pa3mMepbl, MM 245x163%52
Macca, kr 1,3
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B kauecTBe reHepaTopa CUTHAJIOB IIPUMEHSIETCS 3BYKOBasI KapTa IepCOHATLHOTO KOMIThIOTEPa C YaCTOTOM IC-
kpetuzannu 192 k', C TMHEHOTO BBIX0JAa KOMITBIOTEpA MOAEIMPYEMbI CUTHAJT MIOCTYIIAET Ha BXOJ YCYITUTEIIS
3ByKOBoOI1 yacToThl KAP-47. Ero ocHOBHBIC XapaKTeprUCTUKK ITpUBeneHBI B Taonuiie 8 [14]. [Tocie ycuneHus cur-
HaJT ITogaéTcsT Ha COTJIACYIOIINIA TpaHC(hOpMaToOp W Ha M3TyJaloIIii TMIpodOH.

Tabauya 7
Table 7
OcHosnbie xapakrepuctuku AL ¢pupmer L—Card
Main characteristics of the ADC from L—Card
XapaKkTepuCTUKU 3HayeHue
E20—-10 E14—440
Yacrora nuckperusanmu, MI' 10 0,4
Paspsnnocts ALLTT 14 14
KonnyecTBo KaHaJIOB 4 16; 32
Hanpstxkenne BxogHoro curHana, B +£3;,£1;+£0,3 +10; £ 2,5; £0,625; £0,156
laGapuTHbIC pasMepbl, MM 140x110x35 140x96%30
Macca, r 350 200
Tabauya 8
Table &

TexHuyecKue XapakTepUCTUKH YCHIHTeIs 3BYKOBOii yacToThi KAP-47

Technical specifications of the KAP-47 audio frequency amplifier

XapaKkTepuCcTUKU 3HavyeHue
BeIxoaHast MOIIHOCTE, BT 100
YacToTHbI quamnas3oH, I 20—20000
BxoaHast 4yBCTBUTEILHOCTD, B 0,15-5
KonunuectBo kaHanos 4
[abGapuTHbIE pa3mMepbl, MM 250x55x450

J1s1 mpoBeneHMsI SKCIIEPUMEHTOB TaKKe MCIOIb3YIOTCs 3X0J10Thl Garmin u Lowrance (puc. 6). O6a axojoTa
SIBIITIOTCS MHOTO(DYHKIIMOHAJIBHBIMU, OCHAIIICHBI IIBETHBIMU 3KpaHAMM, UMEIOT BCTpOeHHBIN Momyab GPS, mo-
3BOJISTIOIIVIA TUTAHUPOBATh M CO3aBaTh MapIIPYTHI. DXOJIOTHI CITOCOOHBI TTOCTPOUTH COOCTBEHHYIO KapTy TJTYOUH,
TakxKe OHU paboTaloT B pexxuMe ruapoJiokatopa 6okoBoro oo3opa (I'bO). /Insg sxonora Lowrance npeagycmMoTpeHa
peructpauus curiajaoB Ha SD-kapty. OCHOBHbIE XapaKTepPUCTUKK DX0JI0TOB MpUBeAeHbI B Tab. 9 [15, 16].

GARMIN

Puc. 6. Dxpansi 3x05010B: @ — Garmin; 6 — Lowrance

Fig. 6. Screens of Echo Sounders: a — Garmin; b — Lowrance
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‘Tabauuya 9
Table 9
OcHoBHBIE XapaKTepUCTUKH 3X0/10ToB Garmin u Lowrance
Main characteristics of Garmin and Lowrance echo sounders
3HaueHue
XapaKkTepucTUKU -
Garmin Lowrance
YacToTHbIii nuana3oH, kI Oxosor 50/77/200; 'BO 260/455/800. Dxonor 50/83/200; I'BO 455/800
Juana3oH pabouux temmeparyp, °C —20...+70 —15...+55
Pasmepsl 110 BeIcOTE, INTyOMHE W LIUPUHE, MM 235; 58; 140 160,8; 63,7; 219,5
Macca, xr 0,8 0,73

B HacTosiee BpeMs IS IIPOBEICHUS SKCIIEPUMEHTOB IO MCCJICIOBAHUIO OTPAKAIOIINX CBOCTB OOBEKTOB
M3TOTOBJICHBI CIICAYIOIIME MOIEJIN: CIUIOLIHbIE CTaJbHbIE cephbl TMaMETPOM 2 CM, 3 CM, ITyCTOTEJIbIe CTaJbHbIE
cepnl MaMeTpoM 3 cM, 5 ¢M, 8 CM U TIyCTOTeJNbIe CTaJlbHbIe HMJIMHIPHI JuaMeTpoM 2,5 n 3 cM, mauHoit 30 cM,
C OKOHEYHOCTSIMHU, TIPEACTABIISIONINMHI IBE MoTychephl nuamMeTpoM 2,5 1 3 cM. BHenrHwmit Bun Mozesneit mokazaH
Ha puc. 7.

Puc. 7. BHewnuii Bua monenei

Fig. 7. Appearance of the models

3. MaremaTuyeckast MoJeJIb 0acceina

J171s1 O1IeHKY BO3MOKHOCTEH TTPOBEACHUS SKCIIEPUMEHTATbHBIX MCCIEIOBAHNI B THAPOAKYCTUICCKOM Dacceii-
He, 0TpabOTKM METOIMK M aHaJIr3a Pe3y/IbTaToB pa3paboTaHa MaTeMaThudeckast Mofelib bacceiiHa. B ciyuae, Korna
TeMIiepaTypa B OacceifHe ITOCTOsIHHA Ha MOMEHT mpoBeaeHus akcnepuMenTa (T = const), cKopocTh 3ByKa B bac-
ceitHe Takxke rmocrossHHa C = C(T) = const.

CyMMapHoOe aKyCTHUYeCKOe T10JIe B TOUYKE U3MEPEHMST MOKET OBITh PACCUUTaHO MOAMMDUIIMPOBAHHBIM METOIOM
MHUMBIX UICTOYHMKOB IIPU MPSIMOJMHEHOM pacipoCTpaHEHUM aKyCTUYECKUX BOJIH. B 3TOM cilyuae y4uThIBaroOTCs
OTpakeHUsI He TOJBKO OT THA U MIOBEPXHOCTU, HO U OT OOKOBBIX CTEHOK OacceiiHa.

I1pu Mcroab30BaHNY B KAYECTBE 30HIUPYIONINX CUTHAIOB KOPOTKMX UMITYJIbCOB CYMMapHOE TOJIe OIpeIeisi -
ercs (popmynoii [17]:

S0=35 ( —iJ (1)
0 g c i

rae S, — JaBjleHKe CUrHala, paclipoCTpaHsIIoLLEerocs 1o k-i Tpacce ¢ yuétom KoadburLieHTa OTpaKeH s U TMHBI
Tpaccsl, [1a; S, = S/r, 3necb § — Monesnb curHaa Ha paccTosiHUU | M; r, —AnuHa k-ii Tpaccbl, M; K — KOJTMYECTBO
Tpacc. Hyném o603HavyeHa Tpacca paclipocTpaHeHMsI IIPSIMOTO CUTHAJIA.

ITpu Mcnob30BaHMM HEMTPEPBIBHBIX TOHAJIBHBIX CUTHAJIOB CyMMapHOE I10J1e omnpeaesercs hopMyJioii:

SH-34, [cot - "’é’k j )
0

rae A, — aMILUTMTyJa CUTHAaJIa, pacpOCTPaHSIIOLIETocs Mo k-l Tpacce ¢ yu€ToM KoahGuumeHTa oTpakeHus U A11-
HbI Tpacchl, [1a; A, = A/r;, 3necb A — aMIUIUTYIa CUTHAA HA PAcCTOSIHUU 1 M; Ar, — pa3HOCTb JUIMH k-ii U HyJIeBOI
Tpacchl, M; 0 = 271/ — Kpyrosas 4YacTOTa CUTHaJIa, paguaH/c.
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IIpoBeneHa olieHKa MoTepb Ha 3aTyxaHUe MPU pacpoCTpaHEHUN CUTHala B O6acceiiHe Ha paccTtosHus 1, 2, 3
1 4 M B 3aBUCUMOCTHU OT 4acTOThI (puc. 8). 1151 AUCTUIIMPOBAHHOM BOABI TEOPETUYECKUI KO3 (DULIMEHT 3aTyXa-
HUS onpeaenseTcs no ¢gopmyne [1]:

B=6.7-10""". 2, (3)

roe B — xoaddpuuneHT 3atyxanus, 1b/kM; f — gactora, I'l. OmHAKO TeopeTHIecKnii KOa(POUILIMEHT 3aTyXaHUs
COCTaBJISIET OAHY TPETh OT U3MepeHHOoro. [1pu pacuéTax 3To 00CTOSITEALCTBO ObLIO yUTeHO. MaKcHUMaIbHbIe MOTe-
pu curHaza Ha yactorte 200 kI'11 mpu pacripocTpaHeHUM Ha pacctosHue 4 M coctaBmiy Beanuuny 0,032 nb. Cronb
MaJIyI0 BEJIMIMHY MOKHO HE YIUTHIBATH IIPU IIPOBEACHUHT MOIEINPOBAHNS CUTHAJIOB.

0,035 Tlotepu }]Ia 3aTYXaH‘I/I€, 1b

T T T T T T T

0,03

T

0,025

0,02 +

0,015

0,01

0,005

l
0 20 40 60 80 100 120 140 160 180 200
Yacrora, kI11

0 | 1 | 1

udpsl y KpUBBIX COOTBETCTBYIOT PACCTOSIHUSIM PACIIPOCTPAHEHMS CUTHAIA

Puc. 8. [1otepu Ha 3aTyxaHue IpyU pacIpOCTPaHEHU N CUTHAIOB B OacceitHe

Fig. 8. Attenuation losses in signal propagation in the water tank

B 3aBHCUMOCTH OT 9acTOTHI MMITYJIBCOB, MCIIOJIB3YEMBIX P OIIEHKE OTpakalOIINX CBOMCTB MoIeJcii, OHU
JIMHEITHO MOTYT OBITh MIEPECYMTAHbI HA pa3Mephbl pealbHbIX 00bEKTOB B HATYPHBIX YCIOBUSIX. Tak, HarpuMmep, 1ist
yactoTsl 200 kKI'11 Mogenb muauHapa minHoit 30 cM 1 tuaMeTpoM 3 ¢cM OyIeT COOTBETCTBOBATh, ITPU MCIIOIL30Ba-
HUH B HATYPHBIX YCIOBUSIX UMITYJIBCOB YacTOTOM 2 K[, peaTbHOMY 00beKTy mTnHOI 30 M 1 muaMeTpoM 3 M, a [T
MMITYJIBCOB 4acToTOM 1 KI'l — 00beKTY JuTnHOM 60 M 1 1aMeTpoM 6 M.

4. Onenka KayecTBa 3ByKO3arayleHus dacceiina

KauecTBo nsmepeHuit B 3ariylieHHOM OacceifHe OlleHUMBAeTCsl BEIMUMHOM aKyCTUUecKoro oTHoueHus [ 18]:

2
P,
R="9, )
A I1
rae Po — cyMMapHoe 3BYKOBO€ JaBIeHKE OTPaXEHHBIX CUTHAJIOB, MPUXOJISIIIUX B TOUKY npuéMa, [1a; Py — 3ByKo-
BOE€ JIaBJIEHKE, MTOCTYIIAOIIEee OT MICTOUHMKA T10 MIPSIMOMY IYTH B TOUKY nipuéma, Il1a. Ecau R < 0,16, To BAusgHrEM
OTpaXK€HHBIX CUTHAJIOB B OOJIBLIMHCTBE CIIy4aeB MOXHO IIpeHeOpeub. HecMOTpst Ha Hajmyue 3ariylaioinX KOH-

. . d
CTPYKIIMH, HACTO NPUMECHAIOT UMITYJIbCHBIN PEXKNUM pa6OTBI, BBI6I/Ipaﬂ JJINTCJIbHOCTL UMITYJIbCA T < i , TIE d—

HaMMEHbIIUIi rabaput OacceiiHa, M.

[MpoBeneHo MoaenMpoBaHKe CUTHAJIOB, OTPAKEHHBIX OT TTOBepXHOCTel Oacceiina. Ha puc. 9 mokazansl pacmnono-
JKEHUE TUAPOAKYCTUUECKOT0 U3ydaresst — Z 1 NpuéMHUKa (ruapodoHa) — P, a TakKe TpaeKTOPUU 3BYKOBBIX JTydeid,
OIHOKPATHO OTPa3MBILMXCs OT ITOBEPXHOCTEl bacceiiHa. Paccrosinue no tpaccam 1—6 onpenesiioTes 1o hopmMyJiam:
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o= AB-b) + 17 1y = AH )+ 1y =NARE s =4 42
rs=2+r; r=2(L-0)-r. (5)

Pasnoctu BpeMéH IpuxoJa CUTHaJIOB OT U31y4YaTeid K HpI/IéMHI/IKy I10 TpacCcaM paCCYUTHLIBAIOTCA I1O Cl:)OpMy.J'Ie

At = , 6)

rue p; — IUIMHa (- Tpacchl, M.

Puc. 9. Tpaexropuu ydeit OT U3IydaTelis K IpUEM-
HUKY B TMIPOaKyCTHYecKoM bacceitHe bykBamu 060- : [ 3

3HaueHbl: L, B, H — pa3mepsl 6accelina: qivHa, mm-
pYHa 1 mTyOMHA COOTBETCTBEHHO;  — PAcCTOSIHUE

MEXJy u3jlydaTeseM U NMPUEMHUKOM, h — TiyOuHa h

pacIoNIoKeHUsT U3Mydatens U npuémMHuka, / — pac- 1 H
CTOSIHUE OT KOPOTKOM CTEHKM OacceifHa 1o u3ayva- 5 Z 3

TeJsl, b — pacCTOsTHUE OT MepeaHeil CTeHKM OacceifHa AY) 0 ©

JIO U3JTydartesist U ruipodoHa; uudpaMmu 0603HaueHbl / 4 P 6

00JIaCTV OMHOKPATHOTO OTPakKeHUsI JIydeid, pacmipo-
cTpaHsoIuxcs no tpaektopusim: 0 — ZP; 1 — Z1P; L
2 Z2P;3 — Z3P;4 — Z4P; 5 — Z5P; 6 — Z6P 2

%

Fig. 9. Trajectories of rays from the emitter to the

receiver in the hydroacoustic water tank. The letters L

denote: L, B, H — dimensions of the water tank:

length, width, and depth, respectively; » — distance between the emitter and receiver; # — depth of the emitter and receiver

placement; / — distance from the short wall of the pool to the emitter; b — distance from the front wall of the water tank to the

emitter and hydrophone. The numbers indicate areas of single reflection of rays propagating along the trajectories: 1 — Z1P;
2 —72P;3—7Z3P;4 — Z4P; 5 — Z5P; 6 — Z6P

Ha puc. 10 npuBeaeHb! pe3y/ibTaThl perUCTpaliy PealbHOrO CUrHasia (B BEpXHeil 4aCTU PUCYHKA) U KOMIIbIO-
TEPHOTO MOICIMPOBAHMS IIPH YCIIOBUY UACATBHOTO OTPaKEHUS aKyCTUIECKNX UMITYJILCOB OT ITOBEPXHOCTE Oac-
ceiiHa (B HMXKHE YacTy pUCYHKa).

! JlaBneHue, yciu. e.
T

0,51 il

oMWWMWWW

1 1 1 1

50 51 52 53 54

35 Bpewmsi, mc

Puc. 10. PeFMCTpaHI/IH 1 MOACTIMPOBAHUE UMITYJIbCHBIX CUTHAJIOB B OacceitHe

Fig. 10. Registration and modeling of pulse signals in the water tank
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IIpoBeneHbl U3MepeHUs OTPaKeHHBIX CUTHAJIOB OT ITOBEPXHOCTE# OacceifHa B AMAIla30HE YacToT OT 14 mo
30 xI'u. B cootBeTcTBUM C (hopmyIioii (4) 3HaueHUe BeanunHbl R He mpeBbicuiio 0,08, 4TO COOTBETCTBYET YIOBIET-
BOPUTEIbHOM CTENEH!U 3ariaylIeHHOCTU OacceiiHa.

5. 3akmoueHne

Takum o6pa3om, Co3maHHBII M BBEAEHHBIM B CTpOil ruapoakycTuyeckuii 6acceitn CaHkr-IlerepOyprckoro
(unuana Muctutyra okeanosnoruu um. I[1.I1. IlupinoBa Poccuiickoii akanemMuu HayK MpeacTaBIseT COO0N yHU-
KaJIbHbI1 HayYHO-MCCIeI0BaTEeIbCKUI KOMILIEKC, OCHAIIEHHbI COBPEMEHHBIMU CPEICTBAMU MOIEIMPOBAHUS,
U3JTydeHust, TpuémMa, o0pabOTKM U aHaJM3a I'MIPOAKYCTUIECKUX CUTHATOB. OH MO3BOJISIET TPOBOINTD:

— WCCJIeIOBaHMS XapaKTePUCTUK MAKETOB MU3TYyJYAIOIINX U MPUEMHBIX TUIPOAKYCTUIECKUX AHTEHH;

— UCCeNOBaHMS OTpaXalollUX CBOHCTB OOBEKTOB Pa3MYHbIX (hOPMbI U MaTepuasia ¢ MaclITaOMpOBaHUEM
MOJYYEHHBIX PE3yIbTaTOB Ha pealbHble OOBEKTHI;

— HUCCJIENOBAaHUS OTPaXarolUX CBOMCTB OMOJIOrMYECKUX OOBEKTOB (PhIO);

— PEruCTpalUIO LIIYMOU3TyYEHUsI MAaKETOB MOABOAHBIX TEXHOTEHHbBIX OOBEKTOB;

— peTUCTpaLMIO CUTHAJIOB OMOJIOTMYECKNX OOBEKTOB (pbIO);

— MCCIIeTOBaHMS aKyCTUUECKUX XapaKTePUCTHUK 3ByKOTOTIOMIAIONINX MAaTepUAJIOB;

— HUCCJIEN0BAaHUS aKyCTUYECKUX XapaKTePUCTUK BO3AYLIHbBIX MTy3bIPbKOB;

— HccIeIoBaHUST METOA0B (POPMUPOBAHUS U U3TYUEHUS TUAPOAKYCTUUECKUX CUTHAJIOB;

— WCCIIeIOBaHMST METOMOB MTPUEMA TUAPOAKYCTUIECKUX CUTHAJIOB;

— (usuyeckoe MoaearpoBaHue MYHKIIMOHUPOBAHUSI MAKETOB I'MAPOAKYCTUUYECKUX YCTPONCTB pa3inyHOIO
Ha3HAYEHUS;

— OIIEHKY pabOTOCITOCOOHOCTY MaJIOrabapuUTHBIX 00PA3II0B TMIPOAKYCTUYECKUX CPENICTB;

— uccienoBaHus OPMUPOBAHUS aKyCTUUECKUX TMOJIell B BEPTUKAIbHO CTpaTU(hUIIMPOBAHHOM BOJHOM cpene.
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