


& O*+*, - % (011 2) 3

5 6# 89
< "% > K
VITQPR é{ F‘rogs %
6% $56 !
68@

XY (.3%(12'3
4 5

ilozeam 1o\ $ & d =5¢e 6" #
7 ' # 5 6# ? 6 !
? 6@
! 6 8VzZ [ \
5 ] $ 0\ 1
8
R, P—@ 7
I8
A $ 5 !
\ $ $ % 7 #°6
a@ \ $ | #
7 :hec $ \ 8 $ @
6" # 5 \ d $e d5 = $@
$ = " # @
82 \ 6 [ @
\ " 8vz gbgh $ \ $
5 $3%@ [ $ dc h
\' $ $< W ?

STEPSITo-—NZ NSty
oA T

¢ 7TCIQP$~—‘_I{“ TEOE TEN S TEV—

! ; @v\
6 !
o
4
S«
"2
N |
5
$
$ $
$\
A \
$ 6\
6 $
4
$ Vi Q
5 5 1
5 $56\
i 6
6$ 5

\



Kurkina ez al.

7. The largest values of near-bottom velocities can be expected
along all the coasts, especially in the eastern part of the Gulf of
Finland and in the south-western part of the Baltic Sea (the
Arcona basin and the Bornholm Basin) with the tendency to
increase in the warm season.

The contribution from second-order terms in the horizontal
velocity (Eq. (19)) can be estimated for the model of a three-layer
stratification — a situation that frequently occurs in the Baltic Sea.
The water masses in its central part often consist of a mixed upper
layer, well-defined seasonal thermocline at a depth about 20-40
m, an intermediate layer and main halocline at a depth about 80—
100 m. In many cases the total depth is 120-140 m and density
changes between the layers are more or less equal (Soomere,
2003). We model this sort of three-layer density profile using the
formula

=7

a7)

z2—-2z
p:pO—Apltanh -4, tanhTQ

2
1 2
where the parameters are chosen to reproduce the profiles
presented in (Soomere, 2003): gy = 1007 [kg/m3], Apy =Ap =2
[kg/m3], d; =3 [m], d, = 10 [m], z; = =20 [m], z, = =80 [m], total

degth is 130 m. Fi%ure 11a Rresents the BVF groﬁle and
sswl— . 3 ;

Figure 10. The value of leading-order near-bottom velocity in
internal wave field divided by 7 (x, #) in [1/s] (left panel:
January, right panel: July).

corresponding lowest vertical mode ®(z) and the nonlinear

correction F(z) profiles. Such background conditions give positive
signs of both nonlinear parameters (¢, ¢), and the solitons of both
polarities can exist. The isopycnal displacements and horizontal
velocity contours induced by the passage of the lowest-mode
solitons (9) of positive and negative polarities with approximately
equal amplitudes (¢ = 13.4 m) are demonstrated by Figure 11b-e
(for the leading order of the Eqgs. (1) and (15)) and by Figure 12
(where the nonlinear correction terms are taken into account in
Eqgs. (1) and (15)). These figures show quasi-three-layer structure
of horizontal velocity fields with thin transition layers of
thicknesses d; and d,. Notice that the velocity is positive when the
fluid particles move in the direction of soliton propagation (to the
right), and negative in the opposite case. The fields of horizontal
velocities in elevation and depression solitons are positive and
negative, respectively, in the lower near-bottom layer, and have
the reversed in the middle and upper layer. Near-bottom and near-
surface velocities reach the greatest values whereas the velocity in
the mid-layer is not significant. The influence of the nonlinear
correction manifests itself firstly in the shape of the lines of zero
horizontal velocity: they are curved oppositely to the soliton
polarity while for the leading order wave field they are horizontal.
Also the wavefield accounting for the nonlinear correction has
smaller maximal absolute values of negative velocities (near-
surface for the soliton of elevation, and near-bottom for the soliton
of depression) and larger maximal values of positive velocities.

DISCUSSION AND CONCLUSIONS

In essence, the performed research is a step on the way towards
systematic incorporation of the information about internal wave
fields into engineering applications. As typical for wave processes,
propagation of IW provides a mechanism of the transfer of
massive quantities of energy between different sea areas. This
energy is mostly released in regions where the pycnocline is
located so close to the sea surface or the bottom that the large-
amplitude IW will break. In the Baltic Sea conditions, this location
may vary considerably and frequently occurs in areas where upper
layers of soft sediments are substantially polluted (Verta et al.,
2007).

Water velocities in breaking IW usually largely exceed the

a b
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Figure 11. (a) Model of almost three-layer density stratification and corresponding profiles of Brunt-Viisild frequency N(z), lowest
vertical mode ®(z) and its nonlinear correction F(z); leading order of isopycnal displacements (b, d) and horizontal velocity (c,e) contours
while the soliton of positive/negative polarity propagates. In panels b, d contours are given with H/20 interval; in panels d, e solid/dashed
lines correspond to positive/negative horizontal velocities, thick lines are the lines of zero horizontal velocity, the interval between

contours is 0.025¢.
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Figure 12. Isopycnal displacements (a, ¢) and horizontal velocity (b,d) contours while the soliton of positive/negative polarity propagates.
In panels a, ¢ contours are given with H/20 interval; in panels ¢, d solid/dashed lines correspond to positive/negative horizontal
velocities, thick lines are the lines of zero horizontal velocity, the interval between contours is 0.025¢.

threshold for suspension of such sediment. The dimensions of
resulting plume are basically determined by the above-considered
limiting parameters of large-scale IW. The frequently occurring
process of upwelling (that has high chances to occur
simultaneously with the presence of intense internal wave field)
brings the pollution to the upper layers of the sea where surface
currents redistribute it over a large sea area (Leppiranta and
Myrberg, 2009).

The largest uncertainty of this multi-step process is currently
connected with insufficient knowledge about the internal wave
fields in the Baltic Sea. Therefore, in connection with detailed
studies into upwelling (Lehmann and Myrberg, 2008) and current-
drive transport of different adverse impacts (Soomere et al., 2011),
our study paves the way towards much better understanding the
functioning of key features of the entire Baltic Sea (eco)system
and has a large potential to contribute into mitigation and
management marine-induced hazards, especially problems
connected with coastal pollution and coastal zone management.
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We address a specific but possible situation in natural water bodies when the three-layer stratification
has a symmetric nature, with equal depths of the uppermost and the lowermost layers. In such case,
the coefficients at the leading nonlinear terms of the modified Korteweg-de Vries (mKdV) equation
vanish simultaneously. It is shown that in such cases there exists a specific balance between the
leading nonlinear and dispersive terms. An extension to the mKdV equation is derived by means of
combination of a sequence of asymptotic methods. The resulting equation contains a cubic and a
quintic nonlinearity of the same magnitude and possesses solitary wave solutions of different polarity.
The properties of smaller solutions resemble those for the solutions of the mKdV equation, whereas
the height of the taller solutions is limited and they become table-like. It is demonstrated numerically
that the collisions of solitary wave solutions to the resulting equation are weakly inelastic: the basic
properties of the counterparts experience very limited changes but the interactions are certainly
accompanied by a certain level of radiation of small-amplitude waves. © 2011 American Institute of

Physics. [doi:10.1063/1.3657816]

I. INTRODUCTION

Internal gravity waves serve as one of the most impor-
tant constituent of nonlinear wave motions in stratified envi-
ronment.' Internal waves often play the decisive role in
various processes in geophysical and other similar media
where they may serve as major agents carrying energy from
remote areas to specific domains in the ocean. For example,
energy release into local turbulent motions and subsequent
mixing caused by internal waves apparently is an important
source of the potential energy that is needed to bring deep,
dense bottom water to the surface.”™ Their impact on the
functioning of the ocean has been relatively well understood
in shelf regions where high-amplitude, nonlinear, or breaking
internal waves frequently contribute to localized highly ener-
getic motions that not only are able to substantially affect
offshore engineering activities” but also cause resuspension
and transport of bottom sediments® or release of nutrients
and pollution into the water column. Extensive patches of
turbulence associated with propagation and breaking of such
waves are hypothesized to be an important source of vertical
mixing of water masses and, consequently, a key mechanism
supporting penetration of various substances (including
adverse impacts) from bottom layers up to the ocean surface.
Changes to the properties of water at some depths may sub-
stantially modify acoustic properties of the environment.

The most interesting phenomena in this respect are inter-
nal solitons—localized, long-living disturbances that can carry
wave energy and momentum far from the place of their gener-
ation, survive collisions with similar entities along their

1070-6631/2011/23(11)/116602/13/$30.00
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journey, and release the energy in certain specific conditions.
The existence such phenomena has been recognized for a long
time and their generic representatives have received a lot of
attention.”® Still there are major gaps in our understanding of
the conditions of existence, properties, appearance, and dy-
namics of long-living solitonic internal waves and wave pack-
ets. Most of the relevant research has addressed their
properties in a greatly simplified environment; usually in the
framework of different versions of the two-layer fluid and/or
solitonic solutions of integrable evolution equations. The sim-
plest equation of this class is the well-known Korteweg-de
Vries (KdV) equation that describes the motion of weakly
nonlinear internal waves in the long-wave limit.” Later on, a
variety of its extensions have been introduced, for example,
the modified Korteweg-de Vries (mKdV) equation'®'" and
Gardner equation (sometimes called the KdV equation with
combined nonlinearity'>~'* as it accounts for both quadratic
and cubic nonlinearity).

The need for systematically accounting for higher nonli-
nearities stems from the nature of these equations. While the
coefficients of similar equations in some other environments
can be expressed in terms of simple combinations of govern-
ing scales for the particular problem,'>' the coefficients of
nonlinear evolution equations for internal waves are defined
by the particular vertical distribution of water density, proper-
ties of shear flow, and boundary conditions at the water
surface.” " A specific property of such equations is that
some coefficients at the nonlinear terms may vanish for cer-
tain symmetric situations.'®?! In such cases, it is necessary to
account for higher-order nonlinearities to adequately describe

© 2011 American Institute of Physics
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the motion. This process not only leads to the necessity of
inclusion of some additional terms in the governing equations
but also naturally highlights a variety of qualitatively new
phenomena in the dynamics of localized, solitonic (non-radi-
ating) internal waves — solutions to such equations,'>~'#*%2?

In this paper, we shall analyze properties of internal soli-
tons in the framework of the widely used concept of layered
fluid. Models of wave motion for such environments are
attractive for both theoretical research and applications
because of their ability to mirror the basic properties of the
actual internal wave systems using model equations of strati-
fied media containing small number parameters and in many
cases allowing for extensive analytical studies of the proper-
ties of solutions. As mentioned above, the simplest system
basically representing the key properties of internal waves is
the two-layer model. Various properties of internal waves in
this approximation have been addressed in numerous analyti-
cal and numerical studies as well as by means of in situ
observations and laboratory experiments.'”*"**=* These
studies cover a wide range of different regimes of wave
motion, from ideally linear systems and weakly nonlinear
models up to fully nonlinear phenomena.

The two-layer model and the family of the KdV equa-
tion and its generalizations have been used as a simple but
instructive model to demonstrate the richness of internal
wave phenomena compared to long weakly nonlinear surface
waves. Namely, for internal waves, the coefficient at the
quadratic nonlinearity in the KdV equation vanishes for the
naturally occurring symmetric situation when the layers have
equal thicknesses in Boussinesq approximation. The leading
nonlinear term in almost symmetric situations is the cubic
one and the Gardner equation (or its generalizations) has to
be used to describe the wave motion.”"*****=7 The inclu-
sion of only one (cubic) nonlinear term gives rise to several
principally new phenomena that do not occur in the KdV
environment. For example, if the coefficient at the cubic
term is negative (this is the case for the two-layer fluid), the
amplitude of solitons has an upper limit. While the increase
in the energy for the KdV soliton is associated with a higher
and narrower wave profile, the similar process for the rele-
vant class of solutions of the Gardner equation results in a
widening of the wave profile and formation of a plateau-like
entity with steep front and back and very gently sloping
upper part. Such appearance of large-amplitude solitary
waves has been repeatedly observed in both laboratory and
field conditions.'"**-%

The two-layer fluid is, in fact, quite a simplified repre-
sentation of the natural stratified flows. For example, in
many areas of the World Ocean, the vertical stratification
has a clearly pronounced three-layer structure, with well-
defined seasonal thermocline at a depth of ~100m and the
main thermocline at much larger depths.***' Several basins
such as the Baltic Sea host more or less continuously three-
layer vertical structure.*” In order to reveal the basic features
of the internal wave field in such environments it is neces-
sary to introduce a three-layer model. Such models are con-
siderably more complex than the two-layer systems;
however, they allow for much more analytical progress com-
pared to the fully stratified situation.

Phys. Fluids 23, 116602 (2011)

In this paper, we address a generalization of the mKdV
equation for the three-layer stratification. This procedure is
basically straightforward, albeit cumbersome and technically
complicated. The resulting equation admits solitary wave
solutions for a certain range of parameters. The focus of the
study is almost symmetric situations in which the lower-
order nonlinear terms vanish, and the higher-order contribu-
tions govern the behavior of wave phenomena in the system.
A simple symmetric situation corresponds to the equal thick-
nesses of the uppermost and the lowermost layers provided
the density differences between the layers are also equal.
This situation can naturally occur in shallow strongly strati-
fied seas as the Baltic Sea where the interplay of fresh water
discharge to the surface and irregular salt water intrusion in
the bottom layers frequently give rise to two density jumps
of comparable size and sharpness and an almost symmetric
three-layer structure and may lead to vanishing of several
interactions between baroclinic Rossby waves.**** The key
development through the research into such an environment
(that is impossible in the two-layer medium) is the possibility
of having the cubic nonlinearity with a positive coefficient.
Moreover, this coefficient may change its sign in different
domains and may even vanish under certain conditions.'® As
a result, the dynamics of internal waves in such environ-
ments is much richer in content and reveals several features
that cannot become evident in two-layer flows. In particular,
the possibility of simultaneous vanishing of the coefficients
at both the quadratic and cubic nonlinear terms makes it pos-
sible to naturally generalize the mKdV equation towards
accounting for the quadric nonlinearity and towards even
more detailed analytical description of the properties of in-
ternal wave dynamics in layered fluids.

Almost zero values of the coefficients of quadratic and
cubic nonlinear terms of the mKdV equation and its general-
izations (see Eq. (6) below for an example), albeit not very
usual in the World Ocean, can still be found for real sea strati-
fications in certain regions. The maps of the geographical
points where the coefficient o of quadratic nonlinearity is small
(ll < 1 x 107*, while the usual values of this parameter are of
order of 1 x 1072), and at the same time the coefficient o of
cubic nonlinearity is also small and non-negative (0 < oy
< 1 x 1072, usual values of order of 1 x 1073) (Fig. 1) reveals
that such situations occur during some months in selected shelf
seas and in the North Atlantic. Hydrological data to calculate
the numerical values of the nonlinear parameters on a base of
integral expressions for continuous stratification** were taken
from the climatological atlas GDEM V3.0.** Horizontal shear
flow was not accounted for. The maps in Figs. | and 2 are
drawn using OCEAN DATA VIEW software.*®

Three-layer density stratification (and its symmetric
examples as well) frequently appears in the Baltic Sea. The
density structure of the central part often consists of a mixed
upper layer, well-defined seasonal thermocline, an intermedi-
ate layer, and main halocline (Fig. 2). Importantly, the den-
sity changes between the layers are more or less equal.42
There is evidence that this stratification will be more fre-
quent in the Baltic Sea for some climate change scenarios.

The paper is organized as follows. Section II presents
the basic equations of motion for the three-layer model.
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FIG. 1. Maps of the geographical locations (white points) where the coeffi-
cient of quadratic nonlinearity is small and the coefficient of cubic nonli-
nearity is small and non-negative (Iul <1 x 107, 0 < 2 < 1 x 10™°): upper
panel — January, lower panel — July.

Asymptotic analysis of the equations for the interfaces of the
three-layer model is provided in Sec. III up to the 4th order
with respect to the small parameters in the system. Section
IV focuses on the modifications of the derivation of the
mKdV equation towards expressing the balance between
nonlinear and dispersive terms in the case when the coeffi-
cients of the leading nonlinear terms vanish. The basic prop-
erties of solitary solutions to the resulting equation are
discussed in Sec. V and their nonlinear interactions in Sec.
VL Section VII presents discussion and conclusions and Ap-
pendix—the analytical expression of the coefficients of the
derived equations and parameters of numerical simulations.

II. NONLINEAR EQUATIONS OF MOTION

Let us consider a model situation of irrotational motions
in a three-layer inviscid fluid of total thickness H overlying a
flat horizontal bottom in the approximation of a rigid lid on
the surface of the fluid (Fig. 3). We consider the symmetric
case in which the thicknesses /1 of the surface and bottom
layer are equal and assume that the density differences
between the layers are also equal; then densities in the layers
are py=p, p2=p+Ap, p3=p2+Ap=p+2Ap, where p is
the density in the bottom layer. As usual, we employ the
Boussinesq approximation and assume that densities in the
layer differ insignificantly (Ap/p < 1). In this case, the equa-
tions of the motion are Laplace equations for the velocity
potential in each layer
V20, =0, i=1,23. M
The vertical velocities at the bottom and at the fixed upper
boundary obviously vanish

Phys. Fluids 23, 116602 (2011)
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FIG. 2. (Color online) Upper panel: vertical density profiles in the Baltic
Sea (based on GDEM V3.0 climatology for July). The profile number M is
shifted to the right by M-1 density units. Middle panel: corresponding verti-
cal buoyancy frequency profiles. The profile number M is shifted to the right
by 0.02(M—1) s~ '. Lower panel: map of the geographical locations (white

points) of the profiles above.

D.(z=0)=0, D3,(z=H)=0, 2)
where the subscript x, y, or z denotes a partial derivative. The
classical kinematic and dynamic boundary conditions at the
interfaces between the layers complete the setup of the
problem

z

H
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H-h e
Py

h
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0 X

FIG. 3. Definition sketch of the three-layer fluid.
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Here, the unknown functions #(x, ) and {(x, ¢) denote the in-
stantaneous position of the interface between the bottom and
the middle layer and between the upper and middle layer,
respectively.

lll. ASYMPTOTIC EXPANSION

In order to derive an evolution equation for wavelike
motions of relatively small amplitude in the described envi-
ronment, it is convenient to introduce characteristic scales of
both the environment and the waves, and to perform the
analysis in nondimensional form. The system of motions has
one obvious length scale—the fluid depth H. Wave motions
provide two more natural scales—the typical horizontal scale
of motions L and amplitude a (understood here as the typical
magnitude of deviation of the interfaces from their undis-
turbed location). Following the underlying assumptions usu-
ally made in derivation of the KdV equation and its
generalizations, we focus on long waves, that is, on the situa-
tion L > H where the typical wave length considerably
exceeds the depth of the fluid. In this case, small parameter
it =H/L naturally enters the system. Long-living wave
motions usually exist in the system if the amplitude of such
motions is small compared to the fluid depth, equivalently,
when the parameter of nonlinearity ¢ = a/H < 1. Finally,
the parameter characterizing the role of dispersion in wave
propagation p = ji> becomes evident in the process of
nondimensionalisation.

As long-living wave motions and solitary waves usually
exist when the magnitude of the terms representing nonlinear
and dispersive is balanced, we assume that & ~ p. This implies
that ji ~ /e.

The asymptotic analysis is straightforward under
assumption that all the above-discussed parameters are
small. As it is quite cumbersome and largely follows that in
Ref. 24, we omit the details and depict only the major steps.
All unknown functions are expanded into Taylor series in
the vicinity of one of the interfaces. The constituents of the
resulting series are then expanded into power series with
respect to powers of ¢ = a/H < 1. In order to use the tech-
nique of multiple time and spatial scales,******* we introduce
the “slow” time and “stretched” coordinate along the x-axis

1 “

where c is the phase speed. Substitution of these expansions
and expressions (4) into nondimensionalised Egs. (3) leads

3/2

E=eP(x—ct), T=c¢

to an infinite system of equations. This system can be solved
recursively until any desired order. Details of the relevant
derivation are available in Ref. 49.

The system of equations for the leading order (~¢") terms
has a relatively simple form and describes the field of linear
internal waves in the three-layer environment in question. One
of the two wave modes that exist in this system has a com-
pletely symmetric nature and results in synchronous in-phase
movements of both the interfaces #(x, 1) ={(x, 7). The other
mode is antisymmetric: the motions of the interfaces are syn-
chronous but have opposite signs 7(x, t) =— {(x, 1).

Below, we shall consider only the nonlinear motions of
the symmetric mode corresponding to the following expres-
sion for the phase speed (similar to that of the classical inter-
facial waves in two-layer medium):

2 ghlAp
="
p
The outcome of the asymptotic procedure at the first order
(~¢") is, as expected, the well-known KdV equation that
describes the motion of both the interfaces.
Combining of lower-order equations leads to the follow-
ing generalization of the KdV equation for the interfaces
(presented here in the original coordinates for {):

(6))

G+ ey + 2Ll + Bl + 0188 + Brlsy + 7180w + %54
+ 0500+ Balae + a1 Lol + 7220l + 72305
+ 7318+ 700l + 13 e 00 L+ Balo
+ 741 Gler + Vi lalse + i lealeen + 751 {00l

5 chcucmdx 53l + 75480 + 735 e
+ y56£,ﬂ:§x + 721‘44/3 + y22§2(:,\'€x,\' + }YZ3C3CXXX =0. (6)

The coefficients of Eq. (6) are given in Appendix. The equa-
tion for # has a similar structure and differs from Eq. (6)
only by signs of a few additives marked by *.

An interesting, important, and rich in content particular
case occurs when the coefficients « at quadratic terms and
the coefficient reflecting the role of nonlinear dispersion 7y,
vanish simultaneously. This always happens for the symmet-
ric distribution of layers in the three-layer medium for an
arbitrary ratio of the layers’ thicknesses. This case, as men-
tioned above, is not very common, but eventually occurs in
natural conditions in some domains of micro-tidal estuaries
and shelf seas and thus needs more detailed analysis.
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116602-5 Higher-order (2 + 4) Korteweg-de Vries-like equation

IV. MODIFIED KdV EQUATION (mKdV)

In essence, the vanishing of the coefficient o at quadratic
terms in the resulting evolution equations means that some
other terms largely govern the motion and that the straight-
forward asymptotic expansion introduced above becomes in-
valid. It is easy to see that, formally, the reason for the
failure is that the assumption of equivalence of the contribu-
tions of nonlinearity and dispersion (¢ ~ u) to the formation
of motion patterns is no more valid. In such situations, it is
first necessary to establish which from the higher-order terms
provides the largest contribution to the motion. As the pres-
ence of solitonic solutions in the system in question normally
is associated with a specific balance of nonlinear and disper-
sive terms, it is natural to keep this balance also in the
higher-order modifications to the KdV equation. The appear-
ance of Egs. (6) suggests that such a balance in symmetric
stratified media is possible if &* ~ . This property actually
means that the higher-order nonlinear terms provide a rela-
tively large contribution to the governing equation compared
with the dispersive terms. ~

Introducing variables n = &1, { = &{, X = jix, f = juit, Eq.
(6) can be presented as follows (for simplicity we omit
tildes):

gt + L{x + SOCCCX + :uﬂCXXX + Szalézgx + MzﬁICi\
+ el (YI é‘:.x‘xx + V;CXCL\') + 83‘“;(3&; + H3ﬁ2C7.\'
+ ‘(:.LLZ(VZIC'XXCXXX + VZZL:‘(()'X,L\' + V23 é/ch)
2 (n 3 v 2¢ 4., v4e 4
+ & /1())314/)( + }'32QC,xC,u + 7’33( Sx,x;\') +é& 36 Cyx + n ﬂ}C‘)x
+ E:us (VZ] 4’)5&6); + sz Z.:XXCS/\‘ + N/Z3 é’x.\‘):Cxx.\'x)

+ ‘(:2//12 (}'Slé'(xxé'xxx + V52 Jg.xéxxéxxxdx + V53 ICCX'CXXXX

+ "})54(:24,51 + VSSC\ng,vx+V56€xé,%x>

+ 81750 + 1500+ 760 ) = 0. ©)

Making Making use of assumption &% = u leads to the follow-
ing equation:
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Gt el + Pl A+ Pl + e(B 00 + 1300w

+ “:2 (O{3C4CX + VSIC:: + V3ZCQ,V(:XX + V}:‘)CZC/\‘XX + ﬂlé’Sx)
+0(&*) =0, ®)
where the analytical expressions for the coefficients are pre-
sented in Appendix and, as above, in the equation for n(x, 7)
the signs of coefficients o3 and y5 are reversed. The lowest
order terms in Eq. (8) form well-known modified KdV equa-
tion (mKdV) that are complemented with terms describing
the contribution of higher-order (O(¢) and 0(£%)) nonlinear-
ities, nonlinear dispersion and also linear dispersion f3; (s,.

It is interesting and instructive to analyze the depend-
ence of the coefficients of Eq. (8) on the ratio of the layers’
thicknesses in our case of symmetric stratification. Figure 4
demonstrates that the coefficient «; at the cubic nonlinear
term and the coefficient o, at the highest-order quadratic
nonlinearity vanish simultaneously at #/H=9/26 = h./H.
For both coefficients, this is the zero-crossing point at which
their sign is reversed. Only the coefficient o3 at the quintic
nonlinearity is always negative. The coefficients f, f3;
reflecting the contribution from linear dispersive terms as
well as the coefficient y, characterizing nonlinear dispersion
are always positive. Finally, the coefficients at nonlinear dis-
persive terms y31, y32, and 33 have one zero-crossing point,
whereas these points coincide neither with each other nor
with the point 4,.,/H.

The performed analysis shows that although the higher-
order terms of the mKdV are usually small in comparison
with the leading-order nonlinear and dispersive terms, in the
symmetric stratification the coefficients at the two leading
nonlinear terms vanish simultaneously. Although this situation
evidently does not happen very often, its presence is likely in
some domains in natural conditions™ and it is, therefore, im-
portant to analyze the behavior of internal waves in conditions
when the contribution from these two terms is negligible and
the motion is governed by higher order additives.

It is convenient to start the detailed analysis of this case
from expansion of the coefficients of Eq. (8) into Taylor series
in the vicinity of the zero-crossing point for the coefficients of
the leading-order nonlinearities A, (A = (h — h,,)/H)

© %8 o 0.05 © 40
3 10 = o 20
e S as)
gt = ¢ 0
- 0
0 0.5 0 0.5 0 0.5
h/H h/H h/H
1 04 FIG. 4. (Color online) The dependence
—_ N OX T 10 of coefficients of Eq. (8) on the ratio of
% 5 + 5 L 5 the thicknesses of the layers in the case
k(; :m b E N\ of symmetric stratification. Horizontal
=0 3 -10 0 dotted lines indicate the zero-crossing
0 0.5 0 0.5 0 0.5 points of the relevant coefficients and
h/H h/H h/H the vertical dotted lines—the point
-3 he/H.
10 0 — Paprel —
L5 L un
20 8- / <2
-10 =0
0 0.5 0 0.5 0 0.5
h/H h/H h/H
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¢ 57122

2 ~ 2
o = —}?%Aﬁ‘O(A ) :d1A+O(A ),
pocr (-2 1A +0(A*) = +0(A)
7 \1352 ' 52 '
¢ 5940688 N )
o :I?WA+O(A ) = @A+ 0(A%),
»n_ 7 15 2
cH 13 18A+O(A)’
asH* 47411260 12084101978 )
- _ A+0(A
c 59049 saaar Ao,
73, 1483 298285 )
B2 A A
¢ 486 2916 +0(4%),
73, 2341 641017 5
m A+ O(A
c a6 2916 ° T (&%),
73 109 30589 )
. =23 918 AT OA),
B 66291 1099 5
cH* 18279040 + A+0(a%).

1054560

The extension of the mKdV equation towards inclusion of
the higher-order terms for small values of A (equivalently, in
the vicinity of the point 4,,) is as follows:

Gt el + O AL+ Bl + e(BACL + T30 L)
+ “:2 (5‘34‘4{,*( + 773143 + ?32&4’)((:” + ?33‘:2@,‘0\' + ﬁl£5x)
+0(&%) =0. )

It is easy to see that in this particular case of the symmetric
three-layer stratification a balance between nonlinear and
dispersive effects exists when the small parameters A and ¢
are related as follows A~ 2. After performing rescaling
X = [ix, t = fit and removing the “hats,” we have

it + 82 (&IEZC,\‘ + &3€4Cx) + :u/ECxx;\' + SH?;C,\';\'X
+ 82# (?31(2 + ?32@’(}(@’)’){ + ?33€2£xxx) + .uzﬁl éSx
+ 0(&:37 w2, e,uz) =0,

where, as above, the equation for #(x, #) only differs from the
above one by the reversed sign of the coefficient }3.

Summarizing the above considerations, in this particular
case the balance between the leading (nonzero) dispersive
and nonlinear terms occurs when &= y. In the coordinate
system consisting of slow time and stretched x-axis
X =x—ct, t = ¢&t, the relevant equation for any of the inter-
faces is (the “hats” omitted)

G @8+ 300+ Bl = 0. (10)

Equation (10) provides a description of motions and phe-
nomena occurring in situations when the leading-order non-
linear and dispersive terms of the mKdV equation are
negligible. In this case, the resulting equation contains two
leading nonlinear terms of the same magnitude: the cubic
and quintic nonlinearities. Both the terms consist of the prod-
uct of a power (2nd or 4th) of the unknown function and its
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first-order spatial derivative. The resulting equation differs
from the classical Gardner equation (that is frequently used
for motions in situations containing zero-crossing of the
coefficient at the quadratic nonlinearity, for example, in two-
layer media with almost equal layers) by the presence of the
quintic nonlinearity. This equation, obviously, belongs to the
family of generalized Gardner equations®™>" used to describe
different properties of internal waves. Following the nomen-
clature of different extensions of the KdV equation, Eq. (10)
may be called 2 44 Korteweg-de Vries-like equation, abbre-
viated 2 +4 KdV.

The above has shown that auxiliary equations derived in
the process of the asymptotic analysis had different appear-
ances for different interfaces. Remarkably, Eq. (10) is uni-
versal in the sense that it is identical for both the upper and
the lower interfaces. This feature is not completely unex-
pected as the classical mKdV equation is also universal for
both the interfaces. Therefore, we can analyze only one
equation (10) without the loss of generality. We shall do this
for the upper interface {(x, 7).

As equations {,+ ("{,+ {,a=0 with n>2 are non-
integrable (in particular, with respect to the Zakharov-Shabat
method®>>%), it is likely that Eq. (10) is also non-integrable.
The question about its integrability is, however, out of the
scope of the current study.

Differently from Eq. (8), Eq. (10) has two conservation
laws of mass and energy

M:r Cdy, E:Jm Cdx. a1

—00

The decisive parameters for wave motion in media described
by Eq. (10) are the signs of the coefficients at its nonlinear
terms. As mentioned above, the coefficient o at the cubic
nonlinearity is sign-variable in the vicinity of h./H. The
coefficient o3 at the quintic nonlinearity is negative in this
region but may change its sign at i/H < (423 — 31/6641)/
1324 = 0.1348. The analysis of the stratification correspond-
ing to these values of the layers’ thicknesses is out of the
scope of this paper, mostly because it corresponds to quite
large values of A but Eq. (10) is valid in the neighborhood of
A=0.

An important feature of Eq. (10) is that it has solitary
wave solutions. The relevant analysis of their existence and
appearance (including the impact of the quintic nonlinearity
on their shape compared to that of the classical mKdV equa-
tion) is presented in the following sections. It is well-known
that solitons of the extensions of KdV equations of the form
&+ ("4 Coe =0 with n > 4 are unstable,> and that for such
equations both smooth and localized initial conditions develop
singularities within finite time (or at finite distances). To our
knowledge, neither integrability of Eq. (10) nor stability of
solitary wave solutions for Eq. (10) (or its analogues with
combined (cubic and quintic) nonlinearity) has been addressed
in literature. But all our numerical simulations of the initial
problem for Eq. (10) with smooth and localized initial condi-
tions showed a stable wave dynamics, with no evidence of
instabilities or collapses even in interactions. Therefore, it
seems plausible that the cubic nonlinearity plays a stabilizing
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116602-7 Higher-order (2 + 4) Korteweg-de Vries-like equation
role. This conjecture, however, requires a more detailed study,
which is out of scope of this paper.

V. SOLITARY WAVE SOLUTIONS

Let us consider steady-state (in a properly chosen mov-
ing coordinate system) localized solutions ((x — V7) to Eq.
(10). Such solutions can be expressed in implicit form in
terms of the integral

o o -1/2
rev= VB[ (ve - ee) e a

Vs

where V is the propagation speed of the disturbance and
Y =x — Vt. The substitution A = > would reduce Eq. (12) to
a similar expression for the Gardner equation, and the soli-
tary wave solutions can be derived. For o; >0 these solu-
tions can be expressed explicitly

60V

Sa1 + /2597 + 240 Veosh (2, f§)

It is easy to demonstrate that Eq. (13) describes localized sol-
utions to Eq. (10). The maximum amplitude a of the excur-
sions of the interface is obviously

{ry==

13)

Yy 60V . (14)
501 + /2502 + 24003V

Similarly to the solutions of the Gardner equation, the propa-
gation speed of such solutions depends on their amplitude @
o 2 o3 4

a +—a'.

V=3 15

The natural limit for the wave speed stems from the request
that expressions under the square root in Eqs. (13) and (14)
must be non-negative for physically meaningful solutions.
This condition means that the wave speed V has an upper
limit

503

Vim = — —L.
lim 480(’;

s)

Consequently, the amplitude of solutions is also limited by

the following value:
1[50
ﬂum:*\lfl- (16)
2 —0o3

The limiting amplitude in Eq. (16) can be expressed using
the relative thickness of the lower and upper layers (equiva-
lently, using the ratio / = h/H):

aim 2, \/ 9 — 26l
am _ZP2V15 . 17
H 3 1324F — 15082 4 5131 —45° 17

The limiting amplitude reaches its maximum values daj,
~ 0.0864 H at h/H ~ 0.286. This corresponds to the highest
possible location 4 + ay;, =~ 0.397 H of the lower interface,
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FIG. 5. (Color online) Nondimensional values of limiting amplitudes of sol-
itary wave solutions to Eq. (10) (thick line) and nondimensional amplitudes
of deviations of interfaces in three-layer symmetric flows with conjugate
flows (thin lines, a(b) in Ref. 60). The upper and lower thin lines show the
deviation of the lower and the upper interfaces, respectively, for the positive
disturbances. The situation is reversed for the negative solitary waves.

whereas the relevant & =~ 0.3243 H insignificantly differs
from A,

The dependence of the limiting amplitude ay;,, on the rel-
ative thickness of layers #/H has quite a complicated appear-
ance (Fig. 5). This amplitude increases slowly with the
increase in 4/H and reveals a very gently sloping maximum at
h/H =~ 0.286. Further increase in A/H is first accompanied
with a gentle decrease in ay;, that is replaced by almost explo-
sive decrease in the limiting amplitude near the zero-crossing
point h/H = 9/26.

For relatively low solitary wave speeds (equivalently,
relatively low amplitudes), the profiles of solitary solutions
to Eq. (10) resemble similar solutions to the mKdV equation
(Fig. 6; see the expressions for the relevant parameters in

a b
9
8
7
6
ES
N4
3
2
1
—5%00 0 5000 -5000 0 5000
Y [m] Y [m]

FIG. 6. The shape of solitary wave solutions to the classical mKdV equation
(a) and for Eq. (10) (b), for solitary wave speeds of V=0.001, 0.005,
0.01, 0.0125, 0.015, 0.0172, 0.017294, 0.01729412, 0.01729412063,
0.01729412063364 (m/s). The smaller speeds correspond to the lower-
amplitude waves. The parameters for the calculations are indicated in
Appendix. Note that several lines for large-amplitude waves in panel (a) are
not separable from each other.
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Appendix). For larger wave speeds (larger amplitudes), the
two sets of solutions considerable differ from each other.
The key difference is that large-amplitude solutions to Eq.
(10) form a table-like wide signal that may, theoretically,
infinitely widen in the process V — Vi, whereas their ampli-
tude asymptotically tends to ay;,,. Both positive and negative
solitary wave solutions are possible for each combination of
the signs of the coefficients of Eq. (10).

Similar table-like solutions are characteristic for some
other equations containing higher-order nonlinear terms, for
example, they exist for the Gardner equation that describes
motions in the two-layer fluid and where the cubic nonlinearity
is of the leading order. The existence of such wide table-like
solitons and the possibility of their propagation in combina-
tions with other solitons have been demonstrated for several
other classes of nonlinear wave models.?’*>%

The solutions in question have several features similar
to Gardner solitons; in particular, their amplitude is limited
and the increase in the amplitude is accompanied by virtually
unlimited widening of the wave profile. The set of Gardner
solitons has much more rich in content variety of properties
compared to the KdV and mKdV solitons. For example, this
set allows for propagation of smaller solitons along the wide
table-like crest of large solitons the amplitude of which is
close to the limiting one, or the possibility of formation of
two trains of solitons of different polarity during the process
of dispersion of disturbances with amplitudes exceeding the
limiting amplitude. Moreover, the development of the sys-
tem of solitons is very much different for rectangular and
smooth initial pulses of otherwise equivalent properties. It is
natural to expect that the set of solutions to Eq. (10) also pos-
sesses a larger variety of different features compared to the
ensembles of KdV or mKdV solitons.

The described table-like appearance of solutions for the
relatively large-amplitude and rapidly moving disturbances
with steep fronts may have substantial consequences in prac-
tical applications. The propagation of such disturbances is
similar to the motion of smooth bores that possess consider-
able danger for objects on their way. Such horizontal
motions (smooth bores, sometimes called conjugate flows)
are frequent in vertically inhomogeneous fluids.”*>® The
performed analysis shows that such flows can naturally occur
in three-layer fluids for some combinations of the layers’
thicknesses and density variations.

Numerical simulations of flows in media with continu-
ous vertical stratification with two pycnoclines and with a
simplified three-layer model have been performed by several
authors.”*™®" A comparison of the results of the theory of
conjugate fluxes in symmetric three-layer environment with
the values of the limiting amplitude based on Eqgs. (16) and
(17) is presented in Fig. 5. For the situations in which the
thicknesses of the upper and lower layers are close to /.., the
amplitudes of deviations of the interfaces from their undis-
turbed locations are relatively small and almost equal for all
the presented cases, for conjugate fluxes in the nonlinear
model and for the above derived estimate of a,, in the
weakly nonlinear model. If the thicknesses of the layers are
considerably different from #4,,, the amplitudes of deviations
of the upper and lower interfaces become substantially
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different. It is remarkable that the estimate of the deviation
ajim in the weakly nonlinear framework practically coincides
with one of those for the fully nonlinear case for a wide
range of i/H. The similarity occurs for the deviation of the
interface that bends into the thinner outer (the uppermost or
the lowermost) layer.

For the range of layers’ depths 4 > &, (A > 0), a solution
exists neither for our weakly nonlinear approach nor in the
theory of conjugate flows.

VI. INTERACTIONS OF SOLITARY SOLUTIONS
OF THE 2 + 4 KdV EQUATION

Generally speaking, interactions and collisions of soli-
tary solutions to non-integrable evolution equations are
inelastic. It is, therefore, not unexpected that solitary solu-
tions to Eq. (10) interact inelastically with each other and
with the background wave fields. As a demonstration of this
feature, we present an example of numerically simulated col-
lision of two solitonic solutions corresponding to the values
of coefficients given in Appendix.

The numerical code used in integration of Eq. (10)
employs an implicit pseudo-spectral method®” that conserves
the integrals presented in Eq. (11). The spatial domain was
chosen based on the analytically estimated propagation speed
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FIG. 7. (Color online) Interaction of solitary wave solutions of elevation to
Eq. (10) in nondimensional coordinates: space-time plot (above); cross-
section of the wave field at 0 =0 (solid lines), and after the collision
(0 =4000, dotted line, below).
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116602-9 Higher-order (2 + 4) Korteweg-de Vries-like equation

of solitons and interaction time and was extended as occasion
required. The numerical code was tested against exact analyti-
cal multisoliton solutions to the classical mKdV equation and
by means of long-term tracking of propagation of exact soli-
tary solutions to Eq. (10) in the absence of other disturbances.
In particular, the results of the latter test did not change when
the spatial step was decreased by a factor of two. For simplic-
ity, we use the nondimensional form of Eq. (10)

Ww+aaGy— 40+ a4, =0, (18)
where
33/4 31/4 1/2
Y —1/2 | ~1/2 o
= |- t = |-t — <
WP =B a=
(19)

The step in the x-direction was set to 0.2 and the step in time
to 0.1. The performed tests indicated that the numerical inac-
curacies for this choice of parameters is of the order of 10~°
whereas the value of the small parameter p > 0.04.

The initial state was composed from two solitary
waves with nondimensional amplitudes of 1 and =0.5. The
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nondimensional limiting amplitude for the parameters in use
is V5 /2~ 1.118. The corresponding dimensional ampli-
tudes would have been 7.62 m and =3.81 m, respectively.
Before integrating this constellation, evolution of each of the
counterparts was integrated until 0 =4000. During this inter-
val, the total error of the numerical solution (caused, e.g., by
small distortions of the amplitude of the numerical solution
owing to its discrete representation and by radiation of wave
energy) did not exceed 1 x 107°.

The initial state for studies of interaction of these soli-
tary waves was composed simply as a linear superposition of
the counterparts. The smaller wave was placed ahead of the
larger one, at a distance (counted as the distance between the
relevant maxima) of 150 nondimensional units of length.
The simulation was performed until 0 =4000, that is, quite a
long time after the interaction of the highest parts of the
waves was terminated (Fig. 7).

The evolution of solitary waves of elevation resembled
the typical scenarios for soliton interactions of similar type
in the classical KdV and mKdV frameworks in which the
taller wave overtakes the smaller one.**** In such interac-
tions, the counterparts usually lose their identity and merge
into a composite structure at a certain instant. After a while,

FIG. 8. (Color online) Interaction of sol-
itary waves of different polarity in the
framework of Eq. (10) in nondimen-
sional coordinates: space-time plot
(above); cross-section of the wave field
at 0 =0 (solid lines), and after the colli-
sion (0 =4000, dotted line, below). The
right bottom panel is a zoomed version
400 . of the left bottom panel.

0.5
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the counterparts emerge again whereas one cannot say
whether the counterparts propagate through each other as
waves do or collide as particles do. The interaction process
is accompanied, as in the case of KdV solitons, by a clear
decrease of the amplitude of the composite structure during
the merging phase and by a substantial phase shift.

Differently from processes governed by integrable equa-
tions, the collision was accompanied by generation of very
long and almost stationary localized depression area. The
entire process was also accompanied by a modest radiation
of wave energy from the interaction region. The amplitude
of wavelike disturbances was about 4 x 1072, that is, by sev-
eral orders of magnitude larger than the level of numerical
errors (<1 x 107°). This level of wave generation signifies
the effects of dispersion on the evolution of the system. Note
that the amplitude of the disturbances matches the magnitude
of the relevant dispersive terms O(p) =O(A) that also is
about 4 x 1072,

The collision of solitary waves of different polarities has
a similar appearance. Both the counterparts largely survive the
collision but the phase shift for the wave of depression is
more pronounced (Fig. 8). The amplitude of radiated waves
is, however, much smaller than in the above case and does not
exceed 1 x 1072 Test simulations with a twice higher spatial
resolution led to practically identical results. Therefore, the
described side effects such as wave radiation in both cases
and the formation of a long depression area in the collision of
waves of elevation evidently are an inherent part of interac-
tions of solitary waves in the framework of Eq. (10).

Consequently, collisions of solitary wave solutions of
Eq. (10) basically have inelastic nature although both the in-
tensity of wave radiation and changes to the amplitudes of
the solitons are fairly minor. For example, the collision of
waves of elevation led to the increase in the amplitude of the
taller soliton from 1 to 1.002 and an accompanying decrease
in the smaller solution from 0.5 to 0.477. The collision of
waves of different polarity led to much smaller changes: the
post-collision amplitudes of the waves were 1.001 and
—0.499, respectively. Note that this effect also does not
exceed the order of O(u). The effects caused by interactions
of different solitary waves with similar entities and with the
wave background could, of course, be much larger during
longer time intervals and/or caused by multiple collisions.
As expected for non-integrable equations, such interactions
should finally lead to damping of solitary waves to a level of
magnitude at which they are either practically linear or are
governed by a different balance of nonlinear and dispersive
terms.

VIl. CONCLUSIONS AND DISCUSSION

Although contemporary numerical methods and fully
nonlinear approaches such as the method of conjugate flows
allow for extensive studies into properties of highly nonlin-
ear internal waves, many specific features can still be recog-
nized, analyzed, and understood using classical methods for
analytical studies into internal waves in ideal layered fluids
and in the weakly nonlinear framework. Such fully analytical
methods make it possible to exactly establish qualitative
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appearance of disturbances of different shapes and ampli-
tudes, and, more importantly, to understand the specific fea-
tures of the behavior of waves corresponding to situation
where a substantial change in the overall regime of wave
propagation is possible.

The performed analytical investigation of different
regimes of wave propagation in a relatively simple but fre-
quently occurring in nature symmetric three-layer environ-
ment reveals several interesting feature of wave shapes that
are usually hidden in the analysis of non-symmetric situa-
tions. The key development is the derivation of a new non-
linear evolution equation that describes the wave motion in
situations where all the leading-order nonlinear terms in the
classical modified Korteweg-de Vries (mKdV) equation van-
ish simultaneously. Such situations may happen quite fre-
quently in relatively shallow non-tidal strongly stratified
basins such as the Baltic Sea. In this case, the evolution
equation governing wave motion contains two nonlinear
terms (cubic and quintic nonlinearities) of the same magni-
tude. This equation is obtained using the basically standard
asymptotic procedure that is widely used in similar problems
and is of the second order of accuracy as the mKdV equation
for the non-symmetric situation.

The resulting equation differs from the mKdV equation
in two important aspects. First, it reflects a different balance
between the (higher-order) nonlinear terms and the disper-
sive terms compared to that exploited in the mKdV equation.
More importantly, this equation contains two nonlinear terms
of the same magnitude—the cubic and quintic nonlinearities,
the latter one distinguishing the resulting equation from the
mKdV equation. The resulting equation has solitary wave
solutions. As this equation probably is not integrable, the
possible solitonic nature of these solutions, the persistence of
these solutions in interactions and the existence of multisoli-
ton solutions is a subject of further research.

The presence of the quintic nonlinearity does not sub-
stantially modify the shape of the solitons of relatively small
amplitude but leads to radical changes in the appearance of
larger-amplitude solitary waves. Their amplitude and propa-
gation speed are limited. Larger-amplitude solitons have a
table-like shape with very steep fronts. The motion of such
solitary waves may be accompanied by high water speeds
and strong hydrodynamic loads in the areas where the struc-
ture of medium is favorable for their existence. It is likely
that the classical solitary solutions to the mKdV equation are
transformed into such structures when they approach sea
areas where the coefficients at the lower-order nonlinear
terms vanish.
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The coefficients for the first-order terms and for the quadratic
nonlinearity for the symmetric three-layer medium have
been obtained in Ref. 22 and presented here only for
completeness.

In calculations, we use the following parameters of the
medium: total depth =100 M, depth of the uppermost and
lowermost layers #=30m and the relative change in the
density Ap/p=1x 1072 The corresponding values of the
linear wave speed and the coefficients of Eq. (10) are as
follows:

Parameter Value

¢ (m/s) 1.72

o (s 0.0

B (m’/s) 771.98
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oz (ms)”! —0.00004924
@im (M) 8.5194
Viim (m/s) 0.01729
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CTATHUCTHKA 3KCTPEMAJIbHOI'O BOJIHEHUA
B IOTI'O-3AITA/THOU YACTH BAJITUUCKOI'O MOPSI

CBoiicTBa 3KCTpEeMANBHBIX IITOPMOB B paiioHe mopora Jlapc roro-3amnajaHoit yactu banruiicko-
ro MOps IPOAHAIU3UPOBAHBI HA OCHOBE 3amucel BosHoMepHoro Oys 3a 20 ser (1991-2010) u
pe3yJIbTaTOB YHCICHHBIX AKCHEPUMEHTOB. Jlonrocpounas cpenHsis 3HaUMTEIbHAs BBICOTA
BonH Hy cocraBmsier ~0.7 M, a xapaktepHbie nepuoasl — 2—4 c¢. HaunGonsimas usmepennast Hy
coctaBuia 4.46 M. Hanbonbiee pacxoskaeHne (pasHuIa 10 2 ¢) yCTaHOBJIEHO MEXy Xapak-
TEpHBIMH W3MEPEHHBIMH M MOJENBHBIMU MEPHOJaMHU BOJH. BpeMeHHas quHAMUKa TOJOBBIX
HaWBBICIINX BOJIH UMEET MII000pa3HbIi XapakTep ¢ yBenudeHneM B 1958—1990 rr., naunnas
¢ 1993 r., u pe3kum cHmxkeHneM B 1991-1992 rr. Mi3MepeHHbIE CpeJHErOA0BBIE 1 MAKCUMAITh-
HBIC BBICOTHI BOJIH HE3HAUUTENIHHO M3MeHsuch B 1991-2010 rr., Ho mopor B 1 % Hauboiee
BBICOKHX BOJIH CYIIECTBEHHO CHH3MJICS.

KiroueBsie ci10Ba: BETpOBOE BOJHEHHUE, SKCTPEMAIIbHBIC BOJIHBI, MATEMAaTHYECKOE MOCIUPOBaHKE, HYHKINT
pacrpesieneHus..

BonHoBo# kimmMatr banTuiickoro Mops XapakTepu3yeTcsi HeKOTOPBIMH CHEHU(PHUECKIMI
0COOEHHOCTSIMH, TaKMMHM KaK €ro BeCbMa HECTallMOHApPHBIA XapakTep, JOKAIM3alus IMepHosa
IITOPMOB B HECKOJIBKO OCEHHMX W 3UMHHUX MECSIEB, 3HAUUTENbHAas MPOCTPAaHCTBEHHAs M Bpe-
MEHHasi N3MEHYMBOCTh CBOWICTB BOJIHEHHS, Pe00IaaHie CPaBHUTEIBHO KOPOTKUX M KPYTBIX
BOJIH, a TaK)KXC CYIIECTBOBAHWE BOJIH IMTOYTHU TaKoM ke BBICOTHI, KaK B 3HAYUTCIIbHO GOHBHICM Io
pasmepam Cpenmzemaom mope [1, 2]. O6prarO OoMNBIIYI0 KpYyTU3HY BONMH B banmrtuiickom mope
CBSI3BIBAIOT C €ro HEOONBINMHE TITyONHAMH (B cpeqHeM 54 M), 0JJHAKO B OOJBIIMHCTBE CIIYYacB
yBEIWYEHHE KPYTHU3HBI €CTh PE3yJbTaT KOPOTKUX, HO CHJIBHBIX IITOPMOB C OTPaHUYCHHOMN IJIH-
HOH pasroHa BoJH. Takue MTOpPMBI TeHEPUPYIOT 0Y€Hb KPYThIE BOJHBI 1aKe B INTYOOKOBOJHBIX
00J1acTsX, U IPH 3TOM OrpaHUYEHHas TITyOHHa c1a00 BIMAET Ha XapaKTep BOJH.

[ToTenuaneHy0 pois Maioi TITyOMHBI HEKOTOPHIX akBatopuil bamTwmiickoro Mops ass
0€301acCHOCTH CY/IOXOJICTBA M APYIOH AEATEIHHOCTH B MOPE M MPUOPEKHBIX pailoHax MOKHO
OoJiee YETKO OIPEETUTh B TEPMHUHAX T'€HEpAIMy BOJH-yOMHIl [3] ¢ MOMOIIbI0 MEXaHU3MOB,
JJI1 KOTOPBIX MEJIKOBOJHOCTDH ABJIACTCA OCHOBOITOJIAraroImum q)aKTOpOM. OZ[I/IH U3 TaKUX ME-
XaHU3MOB — HEJIMHEIHOE B3aMMOJEHCTBUE IUIOCKUX BOJIH Ha MEJIKOW BOJE, PACIIPOCTPAHSIO-
IIUXCS TIOJ YIIIOM OPYT K IpyTy [4], — IEeHCTBYET MTUIIb B YCIOBHUSIX OTPAHWYCHHON TITyOUHBI U
BBICOKHX UTMHHBIX BOJH. BO3MOXXHOCTB 4acTOTO BBIOJHEHHS YCIOBHUI ISl 3TOTO MEXaHHU3Ma
U no0OyAuIa Hac K MCCIeJOBaHUIO BOJIHOBOTO KJIMMaTa B paiioHe mopora Jlapc, OT/InYaroniero-
CSl HHTEHCUBHBIM CYI0XOACTBOM U UMEIOIIET0 TIyOHHY Bcero okoio 20 M.

OnHO 13 BO3MOXKHBIX ONPEEICHNIN BOIH-YOUHI] OCHOBAHO JIMIIb HA OTHOIICHUN BBICOTHI
WHIIMBUIyalbHOW BOJHBI K ()OHOBOW 3HAYMTENBHOW BbIcOTe BOJIH (Hs — cpemHsst BbICOTa
OJTHOHM TpeTH HamOOJIBIINX BOJIH). Takoe ompenesneHre MO3BONISET M3ydaTh BOJIHBI-YOUHIIBI B
CaMbIX pa3HBIX YCIOBHAX: OT BOJIH C XapakTepHbIMU BbicoTamu 10-20 cM [5] 10 Takux MOHCT-
POB, KaK «HOBOTOIHSISI BOJHA», BOSHUKINAS CPEeOH BOJH C TUIHYHOH BhicoToi B 10 M [6]. U
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XOTA UCCIICAOBAHUA MeJ'IKOMaCLHTa6HI)IX aHaJIOroB ((BOHH-y6HﬁH)) OIPEACIICHHO BHOCAT BKJIaQ
B NOHMMAaHHE TaKWX SBICHUH, OOJBIIMHCTBO MPAKTHYECKUX 3a]ad CBA3aHO C OOBSICHEHHEM
BHE3AITHOTO TOSBICHHUS HEOXKUAAHHO BBHICOKMX BOJIH CPEIU BOJIH C JIOCTAaTOYHO OOJBIION BBI-
coroii. Hanbosee onmacHbl cuTyalyu, Korja JNeHCTBHE ONpEIENIEHHBIX MEXaHW3MOB KOHIICH-
Tpal¥ BOJIHOBOM SHEPTUU U COOTBETCTBYIOIIEIO YBEIWYECHUS BBICOT BOJH B IIEJIOM B OTAEIb-
HBIX 00JacTsIX (Hanpumep, pedpakuus Ha TeueHuH [7] M Ha HEOTHOPOAHOCTSIX JHA) couyeTa-
ercs co crnenu(pUUECKIMH AWHAMUYECKUMH (DaKTOpaMH (HampuMep, HEMMHEHHOE YCHIIEHHE
JUITMHHBIX TTOBEPXHOCTHBIX BOJH Ha MEJKOH BOZE); 3TO MOXET NMPHBOANTH K BO3ZHUKHOBEHHIO
HEOOBIYafHO BBHICOKMX WJIM KPYTBHIX BOJHOBBIX NMUKOB [4, 7]. Takue ycrnoBust MOTyT OBITH HC-
TOYHMKAMH PUCKA B MEJIKOBOJHBIX U MPUOPEKHBIX 007acTsaX (Ie OHM MOTYT MPHBOJAUTH TaK-
e K BHE3aITHOMY PEe3KOMY POCTY NMPHUIOHHBIX CKOPOCTEH, HOSBICHUIO BOJIH-YOUHI MM yCH-
JICHUFO BOJH OT MPOXOJSIINX CyHIOB Ha Oepery [8]), 0coOeHHO B MeCTax ¢ HMHTCHCUBHBIM JIBU-
YKEHHEM BOJTHOTO TPAHCIIOPTA.

[Mpouecc rerepaiii BEICOKUX JIOKATM30BaHHBIX I'peOHEl, OonMcaHHbli B [4], BecbMa 4yB-
CTBUTEIICH K YCJIOBHSM, B KOTOPBIX IIPOUCXOJUT B3aUMOJICHCTBHE BOJIH: TIIyOHMHA MOps, BBICO-
Ta BOJH, YIJIBI TIEPECEUSHISI JOIDKHBI OBITh CBSI3aHBI OCOOBIM 00pa30M, YTOOBI BOSHHKIIA JKC-
TpemanbHas BonHA [9]. IloaToMy HEOOXOIMMBIM YCIOBHEM BCECTOPOHHETO MOHUMAHUS II0-
TEHIMAILHON OMACHOCTH BOJIH-YOMMII SIBIISIETCSl aIeKBaTHOE 3HAHHE CBOWCTB AKCTPEMAIEHOTO
BOJIHEHUSI B COOTBETCTBYIOLIMX OOJacTsAX. DTOT BONPOC PAacCMaTPUBAJICS B KIACCHYECKHX
BOJIHOBBIX aTJIacax, CIPaBOYHUKAX M MPAKTHUECKUX PYKOBOJCTBAX MPEUMYILECTBEHHO C TOY-
KM 3pEHUS BBICOTHI BOJH. AHanu3 [4] MoKa3bIBaeT, YTO HANPABICHUE PacIpOCTPAHEHNS BOIH 1
0COOCHHO MHOXECTBEHHOCTh HAIPABJICHUH B BOJHOBOM IT0JI€ SIBJSIETCS Jaske Oosiee BasKHBIM
rapameTpoM. B peanbHBIX YCIOBHUSX €Ile OAHUM KJIIOYEBBIM MapameTpoM OyAeT JiIuHA (Win
NepHo/) BOJH: OHA JOJDKHA OBITh JOCTaTOYHO OOJBIIOW, YTOOBI CTalmM 3aMeTHBI ((PEKTHI
B3aUMOJICHCTBUSI HEIMHENHBIX BOJIH HA MEJIKOW BoJe. B cBf3M ¢ mOCIE€qHUM aclieKTOM BEpO-
SITHOCTh BO3ZHHKHOBCHHS aHOMAIBHBIX BOJIH OOJBIIOW KPYTH3HBI JOJDKHA yYMEHBIIATHCS C
POCTOM JJIMHBEI BOJIHBI, HO pe3Koe (TI0YTH BOCHMUKPATHOE) YBEIMYEHHE KPYTH3HBI BOJIHBI,
BO3HHKAIONIEH NP HEJIMHEHHBIX B3aUMOJICUCTBHAX, OJJHOBPEMEHHO IMPHBOAUT K POCTY PUCKa
TIOSIBJICHUS BOJH-YOUHIL [9].

[lepeuncnennsie (akTopbl Hanboiee BaXHBI UIS BBITSHYTBIX CPaBHHUTEIBHO MEIKHX
GacceliHOB (T/e CBOWCTBA BOJIH 3aBHUCAT TIIABHBIM 00pa3oM OT HAIPaBJICHUs BETPa M MEHbIIE —
OT €ro CKOpOCTH), 0COOEHHO ISl MTOTY3aKPHITBIX MOPCKHUX akBaTOpHi. B HUX 00BIYHO mpeod-
JIAIAl0T OTHOCHTENBHO KOPOTKHE JIOKAJbHO BO30YXIaeMbIe BOJIHBI, HO pPaclpOCTpaHEHUE
JUIMHHBIX BOJH M3 COCEACTBYIOIINX O0JacTEl MOXKET NMPHUBOAUTH K CUTYAIMsIM, OJIaromnpusT-
HBIM U1 BOSHUKHOBEHHUS BOJH-yOMHIl. B 3TOM cMbIcne nBe momy3akpsiTeie oOmacti bamTuii-
CKOTO MOpsI, BEPOSITHO, HanboJee MOABEP>KEHBI BO3ACHCTBHIO BHICOKUX M JJIHHHBIX BOJH MpPU
HEKOTOPBIX PEIKUX IITOpMax, npuxomsmux u3 LlentpanbHoit bantuku. B BocTOuHOM wactu
@duHckoro 3a1MBa 0OBIYHO MPE0OIaTat0T KOPOTKHE BOJHBI C Mepuoaamu 2—4 ¢, Bo30yxnae-
MbI€ TOCIIOJICTBYIOIIMMHE IOTO-3anaHbIMi BeTpamy [10], HO MepHOANYECKH OUYEHb JITMHHBIE
BOJIHBI, 3aPOXKAAIOIIMECS B LEHTPAIBHOM YacTu banTuilckoro Mopsi, MOI'yT IPOHUKATh B 3TOT
Oacceitn [11]. HemaBHMe nccne0BaHMs MOKA3aIH, YTO 1a)KE€ CPABHUTEIHHO MaJIbie H3MEHEHHS
THJIPOMETEOPOJIOTHYECKHX yciaoBuil B HeBckoii rybe n Ha MpHIIEralonmx yq9acTKax mooepexns
MOTYT CYIIECTBEHHBIM 00pa30M IMOBJIHTH Ha MPOIECCH, MPOUCXOASAIINE B TPUOPEKHOI 30HE
[10, 12]. ITogo6Hast o cBOMCTBaM 00JIACTh PacIoioKeHa MeKAy o.Proren u modepexxbeMm [la-
HUW B IOTO-3amajgHoi dactu banrtuiickoro mops. IlpeoGmagaromue B 3TOM OacceifHe Oro-
3araiHbIe U 3aIaIHbIe BETPHI OOBIYHO BO30YXKJAI0T OTHOCHTEIHHO KOPOTKHE M KPYTHIC BOJIHBI,
a Oojiee penKHe CeBEpO-BOCTOYHBIE BETPHI MOTYT BiIE€Yb 3a cO0OW ropaszo Oojee JUIMHHBIC
BOJIHBI TOH e (WK Jake OoJbieid) BoICOTHI. O0e 3T 00JIaCTH JIOBOJIBHO MEJIKHE, C Xapak-
TepHBIMH I'TyonHaMu MeHee 20 M, T03TOMY BOJIHBI C TIEPHOJAMH OKOJIO 5—8 C YK€ MOTYT pas-
BUBATbh CBOICTBA, HEOOXOAMMBIE IS HETUHENHBIX B3aNMOAEHCTBAM BOIH Ha MEIKOH BOJE.
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XoT4 CymiecTByeT HECKOJIbKO MOKOJISHUH aTiacoB BoMHeHUs st bantuiickoro mops [1,
13], B ntuTeparype O4EHb MaJIO CBEJICHHUN O CTATUCTUKE M3MEPEHHBIX BOJH IJISI MEJIKOBOIHBIX
yacTel 3Toro Oacceiina. TeopeTndyeckne ONEHKH HKCTPEMAIBHBIX BETPOBBIX W BOJHOBBIX YC-
nosuii duHCKOro 3amuBa npeacrasieHsl B [14]. HekoTopsle pe3yabTaThl peTpOCHEKTHBHOIO
BOJIHOBOT'O TPOTHO3a CPEAHEro pa3pelleHns U COOTBETCTBYIOIIAsl CTaTUCTHYECKasi o0paboTka
B paMKax ucciefoBanuii [15] ms Bcero bantuiickoro mops onucansl B [16]. B aTux uccneno-
BaHMSIX, OJHAKO, YIEJISIIOCh MaJl0 BHUMAHHSI IEPHOAAM BOJIH.

CymiecTByeT BO3MOKHOCTh MPOJIUTH CBET HA KOMOMHAIMIO CBOMCTB AKCTPEMAIbHBIX BOJIH
JUISL 10TO-3araHON YacTn banTuiickoro Mopsi, riie XapakTepPUCTHUKH BOJIHEHHWS Haj IOpPOrOM
Jlapc u3MepsroTCs C MOMOIIBIO BOJTHOM3MEPHUTEIbHOTO Oys «Seawatch Directional Waverider» ¢
1991 r. [17]. Kpome ToOTO, UIST JAHHOTO PETHOHA OBUIH BBIIOJIHEHBI PAacueThl C CETKOW CPETHETO
pa3perieHus (OKOJIO TPpeX MOPCKHMX MWIIb) B paMKaxX HMCCIICOBAaHUHN Bcero bamruiickoro mops,
OCHOBaHHBIX Ha PETPOCIIEKTUBHOM MOJIEIIMPOBAHNY IEMEHTOB BonHeHus [ 15, 18, 19].

[Mopor Jlapc pacrionoxeH MEXAy IBYMS IOJY3aKpHITBIMH aKBAaTOPHSIMH IOT0-3araHOM
yactu bairuiickoro Mopst u pasaenser Mope benbT u Oacceiin Apkona (puc. 1). Pasmeps atoit
obmacTr, oObeAMHSIONIEH BOCTOYHYIO YacTh Mops bernbr (MekieHOyprckas OyxTa, BKIIOUYast
JIrobexckyro) u GacceliH ApKoHa, TPHOIU3UTENIFHO COBITA/IAIOT € pazMepami DUHCKOTO 3aJIvBa:
obmras jmrHa okono 300 kM, a mupuHa Bapeupyercs oT 50 1o 100 kM. Tak kak IpOTSKEHHOCTh
obnacTi 00pa3oBaHMs BOJIH OTpaHHYCHA B OOJBIIMHCTBE HANPABICHUN U COCTABJISIET OKOJIO
100 kM, oXraeMble BOJTHOBBIE YCIOBHS B ATOM 00JaCTH COOTBETCTBYIOT OIPaHUYEHHOMY pa3-
roHy. Jlpyrumu cioBamMH, XapakTepHBIE COYETaHUS BEICOT M IEPHOIOB BOTHEHHS JOJDKHBI OIIpe-
jensatbes criektpoM JONSWAP [1], a xapakTepHas kpyTHU3HA JOJDKHA IIPEBBINATH KPYTH3HY
MIOJTHOCTBIO PAa3BUTOTO BOJHEHHS CO CreKTpoM IlnmpcoHa—MockoBHIia (KOTOpPBIH a/IeKBaTHO
OTIHCHIBAET BOJIHOBBIE TIOJISl HA CEBEPE IIEHTpallbHOM YacTu bantuiickoro Mops [2]).

T I

c.w.

o
2 F =
A <
]
» R R &
i, h : Weran
L]
T 0. BopHxonsM
17 ;
[/ .
# PéHHe g
N 2 bSaccedn Apxora ~
A £ e 0. Mén
9. Honfans% 2 bemen
a 7 M ApxoHa
Mope Benbm MosEentim
Wiope berbm
0. DemMapH g 0. Prozen

o b
4 .
h)

TioBek

8.4,

=]
o
=

1200 14°00"

Puc. 1. Kapra MecTononoxeHns: TOYKH H3MepeHnii B paiione mopora Jlapc
B I0T0-3anajHoi yactu banruiickoro Mops.
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I'maBHas ECJIb HaCTOSILI_Ieﬁ CTaTbH — BBISIBJICHHUC HOTeHLIPIaJ]I)HOﬁ BO3MOXHOCTH CYHIECCTBOBA-
HHUA BBICOKUX W JUIMHHBIX BOJIH B ITOJIY3aKPBITBIX CPABHUTECIIBHO MEJIKUX obOnacTsax banTuiickoro
MOps Ha IPUMEPE €T0 IOFO-BaHaﬂHOﬁ JacCTH. EH.Ie OJHHUM Ba>XHBIM MOMCHTOM SABJIACTCS BBISICHC-
HUEC aICKBATHOCTU COBPEMCHHBIX MO}.'[GJ'IGfI BOJIHCHUA B CMBICJIC BOCIPOU3BCACHUA UMW SMIIUPU-
YECKOM CTaTUCTHKU XapaKTCPHbIX BOJTHOBBLIX COCTOSIHMM PEKOHCTPYKIIUUN SKCTPEMAJIBHBIX BOJI-
HOBBIX yCHOBHﬁ, BO3HHUKAIOIIUX HECKOJIBKO Pa3 3a ACCATUIIETUC B TAKUX obmacTsax MOops.

JlaHHBbIe M3MepeHUH M pe3yabTaThl MOAEJIMPOBAHMS BOJHeHMs. l3mepenus mapa-
METpPOB BOJIHEHUS BHIIONHSINCH B TOUKe ¢ TiryonHoi 20 M, pacnonoxeHHo# Ha 54°41.9' c.ar.,
12°42.0" B.1. (puc. 1) B paiione nopora dapc ¢ 29 sHBaps 1991 r. ¢ HOMOIIBIO BOJIHOM3MEPH-
tenpHOTO Oyst «Seawatch Directional Waverider» ¢upmer Datawell. 3naunTenbHas BbicoTa
BOJIH M3MEpSETCS HemocpecTBeHHO OyeM 1o 1600-ceKyHAHOMY BPEMEHHOMY DSy CMELICHU
BOHON moBepxHOCTH. OCHOBHBIE MapaMeTPhl BOJHEHMS, TAKHE KaK 3HAYWTENIbHAs BBICOTA U
CpeiHUIl epuo, TOCTYIHBI ¢ Hayajla u3MepeHnii. HekoTopele Apyrue XxapakTepHCTHKH, Kak,
HarpuMep, NMUKOBAasl 4acTOTa, MPEICTABICHBI B 0a3e MaHHBIX JIMIIb YAaCTUYHO M MOITOMY HE
UCIIOJIb30BAIUCH B HACTOSIIECH paboTe.

0030p 3THX IKCIEPUMEHTAIBHBIX JAHHBIX U MX KIMMATOJIOTMYECKUI aHAIN3 MPEIICTaB-
nensl B [17]. B MaccuBe maHHBIX TPOITYIIEHO J1Ba MIepro1a OOIIeH [UINTEIIEHOCTEI0 B HECKOIb-
KO MecsineB: 7 pekabps 1991 r. — 23 anpenst 1992 r. (B ¢BsA3M ¢ TEXHUUECKUMH HENOIAKaMA) 1
01 depans — 01 mas 1996 r. (u3-3a 0Opa3oBaHMs JICAOBOrO MOKPOBa). B 11e51oM 3a mpomMexy-
ToK ¢ 29 saBaps 1991 no 31 mexabps 2010 r., paccMaTpuBaeMblif B HACTOSIIEH cTaThe, B Ha-
6ope manHbIXx uMmeercs 190 305 3ammceit, 3a 6198 mHelt — XoTs OBl onHA 3amuch, U 3a 1107
THeH 3amuced He ObU10. HamMeHBIIUI TPOICHT THEH, B KOTOPBIC MPOBOJWIACE U3MEPCHHUS,
NPUXOJUTCS Ha SIHBAph U OKTSOPh, a TAKXKE anpesib—Maid, KOraa ecTh 3alliuCH JIUIIb Juid 15 et
3 20 [17]. O6pem 3aperucTpupoBaHHBIX JaHHBIX ¢ 8—10 M3MepeHuii B CyTKU B MEPBHIE TOIBI
uccienoBanuil ysenmuupaercs 10 48 — 20 mas 1997 r., konebnercs ot Hyns no 50 ¢ anpens
1999 no mapra 2003 r., mocne 4ero crabmIM3upyeTcsi OKOJI0 YpoBHS 48 M3MEpEeHH B CYTKH.
CpenHee 4yuCIIO U3MEPEHUH B CYTKU COCTABJIAET MPUMEPHO 26.

[IpoBeneHo cpaBHEHME W3MEPEHHBIX [IapaMeTPOB BOJHEHHS C AByMS HabOpaMmu pe3yib-
TaTOB YMCIICHHOTO MOJIETMPOBAHMS BOJHOBBIX MOJEH, PACCUUTAHHBIX C MCIIOIb30BAHHEM MO-
JIENTA BOJHEHMSI TpeThero nmokoneHnss WAM [20]. Pacuersl BeimonHsuMCH aist Becero banTwmii-
CKOT'O MOPSI C TPOCTPAHCTBEHHBIM pa3pelieHueM OKOJIO TPEX MOPCKUX MHIIb (5.5 X 5.5 kM) u ¢
[IaroM I10 HaIlpaBJIEHUIO, paBHEIM 15°. OquH U3 pacdeToB (qanee Ha3zpiBaeMblii AW) mpousBe-
neH it iepuonaa ¢ 1958 mo 2002 r. ¢ ucronmp3oBanueM 28 yacToT B nuana3one ot 0.05 xo 0.66
I'a (1.5-20 c) [19, 21] u BeTpOBBIX IOJICH, PEKOHCTPYUPOBAHHBIX C MTOMOILIBIO PETHOHAIBHON
Mmozenu atmochepsl [22] Ha ocHoBe oOpaboranHbix MeTeomaHHbix NCEP/NCAR (National
Center for Environmental Prediction and the National Center for Atmospheric Research) [23,
24). BoxHBI Ha MOPCKO# TpaHUIIE 33aBAJINCh HA OCHOBE PETPOCIIEKTHBHOTO mporHo3a 1 Ce-
BepHoro mops [18]. [yt cpaBHEHUS ¢ SKCIIEPUMEHTAIEHBIMI MBI UCIIOJIB30BAIH JaHHBIC MO-
JIeJH JIJIs1 TOYKU CETKU ¢ KoopAauHatamu 54°42' c.ur., 12°42' B.71.

Jpyroit Habop pacueToB (manmee HasbiBaeMblii RS, cM. Taxke B [16]), BBITOIHESHHBIX
TOJBKO 17151 banTuiickoro Mops ¢ HCIOJIB30BaHUEM IeocTPO(QUIECKOTO BETpa, B IPEIIIONIONKe-
HUM, 9TO IIPOHUKHOBEHHEM BOJH 4epe3 /laTckue mponrBel MOXKHO NMPEHEOPEyb, COOTBETCTBYET
nepuoay ¢ 1970 no 2007 r. [l onpeaeneHus CKOPOCTU BETpa Ha CTaHAAPTHOH BbIicoTe 10 M
reocTpoduueckas CKopocTh Oblia yMHOXKeHa Ha (.6 1 HampaBieHa Ha 15° BmeBo. UToOb 0Oec-
MIEYUThH NIPaBUIIbHBIE CKOPOCTH HApaCTaHUs BOJH IPH cIa0OM BeTpe rmocie mTuis [25], B pac-
Yyerax HCIOJIBb30BAJICS PACIIMPEHHBIH Jquana3oH 4actoT ao 2 ['m (mepwoasl BoiH mo 0.5 c,
42 3HaueHus yacToTel). JlaHHBIE JJIs1 CPaBHEHMS OBUIM B3ATHI B TOUKE CETKH C KOOpIUHATAMU
54°42' c.m., 12°42'B.n. OcCHOBHBIC MHTETPANBHBIC MapaMeTpPbl BOJIHEHHWS, TaKHE KaK 3HAYH-
TEJIbHAsI BHICOTA, CPE/IHEE HANPABICHHE U PA3JIMYHbBIC TIEPHOJIBI BOJIH JOCTYITHBI C BPEMEHHBIM
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pa3pelieHreM B OIMH Yac Ul Kaxaoi u3 moneneil. Tak kak B pacyeTrax HCIOJIb30BAIaCh UH-
(hopmarms 0 BeTpe CO CPpaBHUTEIHHO HU3KUM pasperieHueM (pa3 B 3 uiu 6 9), TO Bpemsl BO3-
HUKHOBEHHS OTACIBHBIX HanOoiee BHICOKAX BOJH MOXKET OTIMYATBCS JUIL MOJCIBHBIX M W3-
MEpEHHBIX BOJIH, HO CTATUCTHKA BOJHEHHS BOCIIPOM3BOANTCS a/I€KBATHO.

BoaHoBoii kiauMaT. Tak Kak OCHOBHBIE CBOMCTBa BOJIHOBOI'O KJIMMaTa MOXHO HaTu B
HMCTOYHHKAX B OTKPHITOM foctyre [17], mpuBenaem 3/1ech TOJIBKO caMble BayKHbIE olleHkH. Hau-
OoJiee 4acTO MCHONB3YeMbI ITapaMeTp IUIsi MOBEPXHOCTHBIX BOJIH — JIOJATOCPOYHAsl CPEeIHSA
3HAYMTENIbHAsT BBICOTA IO BCEM JOCTYIHBIM JaHHBIM — cocTtaBisier 0.753 M ans nzMepeHui
(mmm 0.757 M, ecn paccCUUTHIBATH €€ 0 CYTOYHBIM CPEIHHM BBICOTaM BoiH), 0.836 M — 1o
pesynprataMm AW-monemuposanuss u 0.80 M — mo pesynpratam RS-pacueros. ITockonbky
Cpe/Hssl BBICOTA HE MMEET JIOJITOCPOYHOr0 TPEeHAa BO BCeX Habopax AaHHBIX, 3TH pa3sIduus
03HaYaloT, 4TO 00a MOJENBHBIX JKCIEPUMEHTa BIIOJIHE aJeKBaTHbI. HeOobmias 3aBblmieH-
HOCTh OLIEHOK BBICOT BOJIH B MOJEJAX, OYEBHIHO, IIPOUCTEKAET U3 cHeluduKy BeIOOpa HMH-
¢opmarm o BeTpe 11 pacyetoB. CpaBHEHHE pe3ynbTaToB RS-MonennpoBanus ¢ BU3yalbHBI-
MU HaOJIOICHUSMH BOJH Ha 1odepexse [15] ToBopuT 0 TOM, YTO 3TH pacueThl Hel0OICHUBA-
IOT BBICOTHI BOJIH IpUMepHO Ha 15 % (cM. Hamp., [16] 1 cchUIKH OTTYy/a, colepiKaline 00Cyxk-
JICHHE JIOCTOBEPHOCTH BU3YaJIbHOTO HaOIOJIeHNs] BOJIHEHHS Ha nobepexbe banruiickoro mo-
psi), TO3TOMY MOXKHO JyMaTh, YTO HMCHOJb30BAaHHBIE CKOPOCTH BETpa CJIErKa 3aHMKECHBI IS
OTKpPBITOM LEeHTpalbHOM Yactu bantuiickoro mops. Xopolliee COBHAJECHUE AO0ITOCPOYHOU
CpezHel BBICOTHI BOJIH HaJ 1moporoM Jlapc mokasslBaeT, OHAKO, YTO TOYHOCTDH OIpEeICHUs
ckopocTH BeTpa Juisi RS-pacueroB u3 Monmenn reoctpoduyeckoro BeTpa ageKBaTHa Ui IOro-
3anasHou yactu bantuiickoro mops.

AMIIIUTYIa CyTOYHBIX N3MEHEHUH B M3MEPCHHBIX BBICOTAX BOJIH COCTaBIIsIeT 2.6 cM., T.€.
moutH 3.5 % OT TONTOCPOYHOTO CpefHero. B uioHe u uroie, KOraa BEICOKHE BOJHBI MOSIBIISIOT-
sl B IHEBHOE BPEMsI, aMIUIMTyAa HaMHOTo OoJbie, mpumepHo Ha 11 u 14.5 %, cooTBeTCTBEH-
HO. B HOs10pe n exabpe cyToYHbIE BapHUallK IPOTHBOIIOIOXKHBI — 00Jiee BLICOKHE BOJIHBI BO3-
HUKAaIOT B BedepHee BpeMs. Takoi ypoBeHb KOIeOaHHA TOKA3bIBAET, YTO TOJITOCPOYHBIE OIICH-
KM TTapaMeTpOB BOJIHEHUS JOJDKHBI, BOOOIIE TOBOPS, BHIYMCIATHCS HA OCHOBAHMH CYTOYHBIX
CpefHUX 3HauYeHHUH. DTO, OJJHAKO, HE KACaeTCs OIIEHOK CBOWCTB HKCTPEMAaIbHBIX BOJIH.

Menuana i Bcex U3MEPEHHBIX BBICOT BOJH cocTaBisieT 0.64 M, a mopor mia 10, Su 1 %
BBICOKUX BOJH paBeH 1.43, 1.68 u 2.22 M cooTBeTcTBeHHO. T€ K€ 3HaYeHUs, pacCUNTaHHbIE HA
OCHOBE CPETHHUX CYTOYHBIX BBICOT BOJH, paBHHI 0.68, 1.36, 1.58 u 2.02 m coorBercTBeHHO. [lo-
9TOMY BOJIHOBBIE YCJIOBHS, IPH KOTOPBIX Hg > 2 M, yXKe SBISIIOTCS TOCTATOYHO SKCTPEMATTbHbI-
MH JUTS 3TOTO pailOHa M 4acTOTa MX BOSHUKHOBEHUs IPUMEPHO paBHa 1 %, uTo naet npubnm3u-
tenbHO 100 4 B roa. [TogoOHOE nmoporoBoe 3HaueHHE I LEHTPAIbHOM YacT bantuiickoro Mo-
pst paBHO 4 M [2]. BonHsl Beimie 3 M nosBISIIOTCS ¢ 9acToToi okoino 0.15 %, T.e. B Teuenue 13 u
B rony. Bomnel, npeBenmatomue 4 M, 3a nocinegane 20 JeT peruCTPUPOBAIICH JIHIIH BO BPEMs
TpeX MTOPMOB (MOAPOOHOCTH NaHbl HKe). Hanbomblmas, JOCTOBEPHO 3aperucTprupoBaHHAS
BOJIHA UMea BeICOTY 4.46 M 1 Habmonanack 03 Hos0pst 1995 .

Pacnipenenenns 4acToT BOZHUKHOBEHHS BOJH Pa3JIMYHON BBICOTHI (pHC. 2) KaueCTBEHHO
CXOJKH JJIS1 BCEX TPEX MACCHBOB JaHHBIX. OHU UMEIOT O0IINE YEePTHI C PACTIPENCICHUAMH IS
OTKpPBITBIX dacTel banruiickoro mops [2]. Cyrounas cpenHsist n3MepeHHas: BBICOTa BOJHEHUS
XapaKkTepHu3yeTcs, Kak U OKUAAIO0Ch, 3aMETHO MEHBIIIEH 4acTOTON HauMeHbIIeH W HauOOJIb-
el BBICOTHI BOJIH TI0 CPABHEHHIO C TAHHBIMU BCETO HA0OPA, TaK KaK IIOCYTOYHOE yCPEIHEHHE,
BUJIMMO, CIVIXKHMBAeT KpaiHue 3HadeHus. Hanbomnee yacTo BCTpedaroTCst BOJIHBI B JTUANa3oHe
BeicoT 0.25-0.625 M. Paznuuus B popme pacnpeseneHuii Ha puc. 2 CTAaHOBUTCS OUYEBUIHOW B
TEpPMHHAX MapaMeTPOB COOTBETCTBYIONINX pacipezeneHuii BeiiOymia (Tabu. 1). Otu paznuuus
MOTYT IPUBOJHTH K 3aMETHOH pa3HUIIE B OI[CHKAaX BEPOSTHOCTH BO3HUKHOBEHUS HEOJIAromnpu-
SITHBIX MOPCKHX YCJIOBHH.
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Puc. 2. YacToTa BO3HUKHOBEHHS BOJIH PAa3INYHON BBICOTHI B paiioHe mopora [lapc
¢ marom 0.125 m.
@ — 110 BceM M3MepeHHsM (Oelble NPSIMOYTrOIbHUKH) U 110 CYTOYHBIM CPEIHUM (TEMHBIE IPSIMOYTOJIbHHUKH);
0 — pe3ynbTaThl AW-MoznenupoBanus (0esble IpsIMOYroibHUKH) U RS-pacyeToB (TeMHbIC NPSMOYTOJIbHUKH).

Pacripenenennst BBICOT BOJMHEHHS B paMKax o0eMX Mojeled O4eHb OJM3KH, CO 3HAYH-
TEITHHON pa3HMIICH JHUIIH JJIs BOMH BEICOTON MeHee 0.5 M. PacueTsl ¢ MCHONB30BaHHUEM TE€O-
CTPO(HUUECKOT0 BETPa 3aBHINIAIOT JOIIO BONH ¢ BbicoTamMu 0.25-0.5 M, HO JarOT pe3yiabTaThl,
Ooutee OIM3KKE K M3MEPEHUSIM ISl O4€Hb HU3KKX BhICOT BoHeHUs (MeHee 0.125 m). HanbGonee
3aMETHOE Pa3iIM4Yhe PaCHpeACICHHM, PACCUNTAHHBIX 0 U3MEPEHUSIM U MOJEIBHBIM JIaHHBIM,
MIPOSIBIIICTCS. B TOM, YTO 00€ MOJEIH IEPEOIICHUBAIOT YaCTOTY BOJIH C BBICOTOW B JMAla3oHE
0.375-0.5 ™M u HenmoonenuBaroT B nuanazone 0.125-0.25 M. RS-pacuers Takke HECKOIBKO
3aBBIMAIOT 4acTOTy BoJH ¢ BbicoTamu 0.25-0.375 m. OOmiast BEpOsITHOCTh BOJIH BBICOTOH <
0.5 M mouTH oxuHaKoBa A 00eux Mozeneill. Cy>KeHHOCTb pacIpelleNIeHUs BHICOTHI BOJIH IIPH
RS-monenupoBanuy, 04eBUAHO, OOYCIOBIICHA HU3KUM Pa3pelieHHeM IeocTpopUUecKux BeT-
POB, KOTOpBIE MPEACTABIAIOT YCPEAHEHHBIE CBOMCTBA BETpa HAaJ JOBOJBHO OOMIMPHBIMU 00-
nacTsMH (IpuMepHO 1Xx1°) M M0ITOMY MMEIOT TeHACHIHUIO CIIAKUBATh OYEHb HU3KUE U OYECHb
BBICOKHE JIOKAJIbHBIE 3HAYEHHsI CKOPOCTH BETPA.
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Heo0xoauMo OTMETUTh, 4TO 00a BHJIa PACYETOB BIIOJHE KOPPEKTHO BOCIIPOM3BOJAT U3-
MEpEHHBIE pacIipeleIeHNs] YaCTOT BOSHUKHOBEHUS BOJH C BbIcOTOH > 0.5 M. Mozenu npeacka-
3BIBAIOT UyTh MEHBIIYIO JOIIO BOJH ¢ BEICOTON 0.625—1.125 M 11 9yTh OOJBIIYIO JOIIO C BBICO-
TOM, TIPEBHIIAIONIEH | M, IO CPaBHEHHIO C pacIpeielIeHHeM H3MEPEHHBIX BOJIH, HO 3TH Pa3iIH-
yus HeBeNWKHU. [1loaToMy MOAEIMpoBaHHe — Kak ¢ HCIOJIb30BAaHHEM T'e0CTPOPHUYECKOTO BETPA,
TaK ¥ C BETPOBBIMH [JAaHHBIMH, MOJIYYEHHBIMH IIyTEM JOBOJBHO CJIOKHOTO aHaln3a
NCEP/NCAR, — maeT oInHaKOBOE B IIEJIOM Ka4eCTBO BOCIIPOU3BEICHHUS CTATHCTUKHA BHICOT B
YCIIOBHUSX YMEPEHHOTO BOJHEHUS (37ech B nuanasone 0.5-3 m).

Pacnipenenenust 4acTOTEl MOBTOPSAEMOCTH BOJIH PA3JIMYHOMN BBICOTHI CXOAHBI C ABYXIapa-
METPUYECKUM pacmpeneiienueM BeliOyiuia, Mmo3ToMy Takoe Pachpee/icHUE ¢ MHTErpaibHON
(byHKUMeH pacipenesieHus BUaa

k
F(x,k,b)=1-exp —[z)

MOJKET OBITh MCIOJIB30BAHO /ISl OLIEHOK IIOPOTOB BCTPEYaEMOCTH BBICOKHX BOJIH, OJ0OHO TO-
MY KaK 3TO 4acTO JieJaeTcsl Ul CKopocTH BeTpa. [Ipn 3aganHbIX 3HaYeHUSIX apaMmeTpoB ¢op-
MBI ¥ Maclutaba, k 1 b, BEpOATHOCTb TOTO, YTO BBICOTA BOJIHBI /i IPEBBICUT 33JaHHBIH YPOBEHb

H, HaxomuTcs Kak
k
H
Ao (2]

[Tapamerpsl k£ 1 b 17151 BOJH U3 TPEX pacCMaTpUBAEMBIX MacCHBOB JaHHBIX (Tabum. 1) pas-
JMYHBI MEXIy COOOH, a TakKe CHIBHO OTIMYAIOTCA OT pacupenenenus Pases ¢ k = 2, kotopoe
YacTO UCIIOJIB3YETCS JUIsl OIMCAHUs PACIIPEICIICHUSI CKOPOCTH BETpa B CEBEPO-BOCTOYHON EB-
porie. VIHTepecHO, YTO OTKJIOHEHHWS JOBOJBHO BENHMKH /IS TMapaMerpa k, OTBEYAIOMIEro 3a
(dopmy, HO OrpaHHUYEHBI IS TapaMeTpa MacurabupoBanus b. I[loaromy B oTanume oT momo6-
HBIX pacIpeeJICHUui I CKOPOCTH BETpa Ha NMPUOPEKHBIX CTAHIMIX B CEBEPO-BOCTOYHOM
yactu banrtuiickoro mops [26], HaubopIINe pa3Iundus B CPEAHUX BBHICOTaX BOJHEHHS OOBSIC-
HSIOTCS PAa3HBIMU 3HAYCHUSMH IapameTrpa k. OTa 0COOEHHOCTh TOBOPHUT O TOM, YTO «XBOCTBID»
COOTBETCTBYIOIIMX TEOPETUYECKHX PpacIpee]IeHnHi MOTYT CYIIECTBEHHO pa3iMuaThbes. JTa
TUIIOTE3a TIOATBEPIKIACTCS JAaHHBIMU Ta0Jl. 2: TEOPETHUECKHE OLEHKH MOpOra JJjisi OUYeHb BbI-
COKHMX BOJH 3aMETHO OTJIMYAIOTCS Ul TPeX MAacCHBOB JaHHBIX. boiee Toro, TeopeTHyeckue
OLICHKH ITOPOTOBBIX 3HAYECHHH CYLIECTBEHHO OTIMYAIOTCS M OT BHIYMCICHHBIX HA OCHOBE H3Me-
PEHHBIX, M OT ITOJIYYCHHBIX II0 pe3yJibTaTaM MOAEIUpoBaHus BenuuuH. [loaToMy pacmpenese-
HUSl PACCYMTAHHBIX M MOJEJBHBIX BBICOT BOJIH B ILIEJIOM HE IOAYMHSIOTCS pacIpeiesIeHUI0
BeiiOymra, 1 OHO HE MOAXOIMT JAJS PEKOHCTPYKIUH MapaMeTPOB JKCTPEMaJbHBIX BOJH MO
9KCIIEPUMEHTAILHBIM U YHCIICHHBIM JAHHBIM, JlaXKe Ul palloHOB MOps ¢ OTpaHUYEHHBIMHU yC-
JOBHSAMH TPH pasroHe BoiH. O4eBUIHAS MPUYNHA HECOCTOATEIBHOCTH TaKOH TEOPETHYECKOI
MOJIENT KPOETCsl B TOM, YTO IPH ONPE/EICHHBIX YCIOBHIX B paccMaTpUBaeMylO aKBaTOPHUIO
MOTYT TIPUXOJIUTh JUIMHHBIE U BBHICOKHE BOJIHBI, TEHEPHPYEMbIE B IIEHTPaIbHOM dacTu banrtuii-
CKOro Mops (CO CBOﬁCTBaMH, HE OIMUCBIBACMBIMU CTATUCTUYCCKUMU PACHPCACICHUAMU JIs
JIOKaJIbHO 00pa3yIOLIUXCs BOJIH).

Emne Gomnbiive pa3nuyus B CTATUCTHYECKUX CBOIMCTBAX M3MEPEHHBIX U MPOTHO3UPYEMBIX
BOJIH BUJHBI [IPH aHAJIM3E PacIIpeleIeHni CpeqHUX epHoI0B BOIH (puc. 3). DTH pacmpenene-
HUsI ACHMMETPUYHBI CO CIBUTOM B 00Jiee KOPOTKHE BOJNHBI M IIOKa3bIBAIOT, YTO HanboIee yac-
TO BCTPEYAIOTCSl BOJIHBI C IepHoAaMu okoio 3 c¢. Pactipenenenus miust AW-MolenupoBanus u
9KCHEPUMEHTAIBHBIX JaHHBIX 04YeHb Y3Ku: 70 % BOJH UMEIOT Iepuojbl B AnanasoHe 2.5-4 c.
OTMeTHM, 4TO YacTasi BCTPeYaeMOCTh BOJH ¢ nepuogamu 2—4 ¢ BooOIIe XapakTepHa JUis pH-
OpesxHbBIX akBaTopuil bantuiickoro mops [2, 27]. IByXIHuKOBas CTPYKTypa paclpeneieHuit A
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000X MOZAENBHBIX HAOOPOB JAHHBIX €llle pa3 MOATBEPXKIaeT BBICKa3aHHOE MPEIOI0KEHHE O
TOM, YTO PEKUM BOJHEHHS B PacCMaTpHBAEMOM MeECTE — CYNEpPHO3HIUS JIBYX DPa3IHMYHBIX
KOMITOHEHTOB: JIOKATBHBIH (TIPUOPEKHBIN) PEKAM BOJHEHHS, BO30YKIa€MOTO HETIOCPEICT-
BEHHO B JJaHHOM OacceliHe, IIII0C COBOKYITHOCTh APYTUX BOJHOBBIX COCTABISIOIINX, IPOUCXO-
JKJIEHHE KOTOPBIX CBS3aHO C IIEHTPAILHON 4acThio banTuilckoro Mopst ¥ OTHOCSIIIUXCS K BOJI-

HOBOMY PEKHUMY OTKPBITOI'O MODSL.

Tabnuya 1
[MTapameTpsl pacnpezeneHus BeiiOyia aiis pa3audHbIX HAOOPOB TaHHBIX
Bricora
HOpOI‘ JUIA Hanbosiee BBICOKHX BOJIH, %
g BOTHET Tonosoit
= 1 05 0.1 A
<=): = MAKCUMVM
& = k| b
3 ) E o < o < o < o <
g = | E = |5 |2 |5 |E |5 |E |3
= g s B = g = z = z =
15} & = o = o = o = o
W3mepenust 0.64 | 075 | 1.59 | 0.84 | 2.22 | 2.18 | 2.51 | 2.39 | 3.19 | 2.82 | 3.37 | 3.50
AW- 0.68 | 0.84 | 1.41 | 0.83 | 2.74 | 2.32 | 3.06 | 2.55 | 3.86 | 3.05 | 4.01 | 3.66
MOﬂeﬂHpOBaHI/IC
RS-pacuer 0.6 | 0.80 | 1.38 | 0.82 | 2.89 | 2.50 | 3.29 | 2.76 | 4.19 | 3.35 --- | 4.09

IIpumeuyanue. JlaHHbIE — BBIYUCIIEHUS] HA OCHOBE COOTBETCTBYIOLIEr0 HAOOpPA, OLIEHKA — BBIYUCIEHUS C MC-
oJIb30BaHHEM pacnpeneenus Beitbyiia. IToporosbie 3HaueHus Uit BOJIH, HOSIBIISIOLIMXCS C BEPOSTHOCTBIO 1,
0.5 u 0.1 %, Ha ocHOBaHUHM pacnpeneneHus: BelOyiia ¢ mporHo3upyeMbIMU apaMeTpamu. ['010BOM MakCUMyM
BBICOT BOJIH paCCUMUTAH KaK CPEAHEE COOTBETCTBYIOIINUX I'OOBbIX HANBBICIINX BOJIH.

OueHb penkas BCTpedaeMocTb BoJH ¢ nepuonamu Hike 2 ¢ (0.02 %) B HabiaromaeMbIx
BOJIHOBBIX IIOJISIX B OCHOBHOM, OYEBH/IHO, CBSI3aHA C OrPAHUYEHHBIMUA BO3MOXKHOCTSIMU BOJIHO-
HU3MEPHUTEIBHOTO OYs1, KOTOPBIA paboTaeT B auamna3oHe mepuoaoB BosH 1.6-30 ¢. AHaIOru4HO
oOpe3anne nuana3oHa MEepHoAOB BOJH OT 1.5 ¢ i HIke B AW-BBIUNCIIEHUSX OOBSICHACTCS OT-
pPaHWYEHHBIM WHTEPBAJIOM YacCTOT B 3TOW MOJENN: Hanboee KOPOTKUE BOJHBI, YIUTHIBACMbIC
B pacuerax, UMEIT Mepuo okoyio 1.5 ¢. DTo pacxoxaeHue, BUIUMO, TPUBOJUT K YCUIIEHUIO
MUKa JJIs BOJH C MEpPHOJOM HIKEe 3 ¢ B paccMarpuBaeMoM pacnpenenenuu. B RS-pacyerax
YUUTBIBAIOTCSI BOJHBI ¢ TieproaoM oT 0.5 c. IlockoiabKy HaMMEHBIIUH MEpHOJ, KyJaa MPUXO-
IuTCs MUK pactpeneneHus st 1970-2007 rr., pasen 1.03 ¢, To, 0 Bceld BUIUMOCTH, HET HE-
00XOIMMOCTH BBIOMPATH TAKOW INMHMPOKHUH IHANa3oH IEepHOAOB IPHU IPOTHO3UPOBAHUH BOJIHE-
Husl, HO niepuojsl B 0.7-0.8 ¢ HeCOMHEHHO HEOOXOIMMBI JIJIsI IPABUIIBHOTO PAa3pEIIeHHUs BBICO-
KOYaCTOTHOW YacTH BOJHOBOT'O CIIEKTpa B 3TOM OacceifHe. DTH pe3yJbTaThl TAKXKe TOKa3bIBa-
0T, 4TO B pacCMaTpUBAaEMO aKBaTOPUH YacTO POKAAIOTCS BOJIHBI CO CPEIHIMH MEPHUOJAMHU B
nuamnasone 1.5-2.2 ¢, kotopele He (PUKCHUPYIOTCS B HATYpPHOM 3KCIICPUMEHTE U HE BOCHPOM3-
BoJsITCS Tpu AW-MOJIeTMpOBaHUY.

Hawnbonee nHTEpecHONH 0COOEHHOCTBIO paclipeesIeHns IEPUO/I0B Ha PHC. 3 B KOHTEKCTE
BO3HUKHOBEHUS JJIMHHBIX M BEICOKMX BOJIH SIBJIIETCS OOJIBILIOE PACXOXKACHUE MEXKAY YacTOTOH
MOJIETUPYEMBIX W N3MEPEHHBIX BOJH C EPHOAAMH, ITpeBhIIIaonmMu 4 ¢. Pactipenenenue mo-
JIeTTUPYEMBIX TIEPHOJIOB TOpa3o 0ojIee OTKIOHEHO B CTOPOHY OOJBIINX 3HAUYCHHUH, U TIEPHO/IBI
CBBIIIE 6 C BCTPEYAIOTCS C 3aMETHOW 4acTOTOW. BOJHBI TaKMX IEPHOIOB HE MOTYT T€HEPHPO-
BaThCA JIOKAJIBHO H3-3a OFpaHH‘ICHHOﬁ JJIMHBI pasroHa v, 1o Bcel BUAUMOCTHU, MPUXOOAT U3
LeHTpaIbHOH yacTH bantuiickoro Mops. B obmem, monennpyemoe pactpeaeicHne MOXKeT OT-
pakaTh CyINEpPIO3UIHUIO IBYX BOJTHOBBIX PEKMMOB: JIOKAJIbHO TEHEPUPYIOMINXCS BOJH C XapaK-
TEPHBIMH TIEPHOIAMH OKOJIO 3 C M IOCTATOYHO YacTO ITOSIBIISIOIIMXCS] BOJTHOBBIX CHCTEM C Tie-
puogamu > 4 c, 3apokaaroIuxcst B Apyrux pailonax bantuiickoro mops. Taxxke cTout cka-
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3aTh, YTO 3TA YACTh PACHPEICIICHHUS MEPUOJI0OB BOJH MOYTH COBIMAMACT JII 000UX MOIEITBHBIX
HaOOPOB MaHHBIX C HACTOJIBKO Pa3HBIMU BHEUTHHMHU BO3JCHCTBHAMHU. DTa YepTa emie pa3 Mmoj-
TBEP)KIAET, YTO IPOTHO3HOE MOJEIHPOBAHWE BOJHCHUS C IIOMOIIBIO MPOCTEHINTNX YTOYHCH-
HBIX TEOCTPO(UYECCKAX BETPOBBIX IMOJICH BOCHPOM3BOMUT OOJBIIYIO YacTh CTaTUCTHUYCCKUX
CBOICTB BOJIHOBBIX ToJiel B banTtuiickom mope.

10

9

YacTtoTa,
[4;]

Mepuog sonH, ¢

Puc. 3. Pacnipenenenue cpefHIX MEPUOIOB BOJH MO JAHHBIM U3MEPEHUI.
Pesynbratel AW-monenupoBanus: 1991-2010 rr. — cBetible npsiMoyroibHuku; 19572002 rr. — TeMHble
npsIMOYyTroTbHUKH. KpyKku U kBagpatsl — 3HaueHus i nepuoaa 1991-2002 rr., mOKpBHITOro 000MMH HabopaMu
nmanHbIX. PoMObI — manubie RS-moaenuposanus st 1970-2007 rr.

CxoACTBO pacnpeiesieHuil IepuoA0B MoAeIupyeMbIX BosH 3a 1957-2002 rr. u 3a mo-
neiaTepBai 1991-2002 rr., korjna AOCTYIHBI U U3MEPEHHbIE, U MojielibHble (AW) naHHbBIE, ro-
BOPHUT O TOM, YTO 3TO PaCIHpe/eIEeHUE ABISIETCS] YCTOMUMBBIM B T€UEHHE MHOTHX JECSTUIECTHH.
AHaNoTHYHOE 3aKITI0UYCHUE MPUMEHUMO W K IKCIEPHUMEHTANBHBIM JaHHBIM 3a 1991-2010 u
1991-2002 rr. 3TO MpEenIoNoKEHNE COBIAAaeT C MOAOOHBIM 3aKJIIOYEHHUEM O TOM, YTO Cpejl-
HUE Nepuojsl BoJH B bantuiickom mMope u3MeHsoTcs odeHb ciabo [27]. [TosTromy moTeHu-
JIbHBbIE U3MEHEHUS TIEPHO/IOB BOJTH B MOpPE HE MOTYT OBITh IPUUMHON pa3iIHuuii B pacnpese-
JICHUSX MOJETBHBIX U U3MEPEHHBIX MIEPUOJIOB BOJIH. IIpOMyCKH B MOTOKE JaHHBIX ¢ Oys UMEIOT
00IIyI0 TPOIOIDKUTENHLHOCTE OKOJIO 8 MEC. M HE MOTYT SIBJIATHCSI HCTOYHUKOM Takoro OOJIbIIo-
ro pa3iuyus B pacrpesesieHny neproaos. Kpome npobieM mMozenu Wi HEUCIIPaBHOCTH Oys
IIPU OTIPEJENICHHBIX YCJIOBUSAX BO3MOYKHOM NPHYMHOM pa3nuyuii MOTYT OBITh pa3Hble MHTEp-
MIpEeTalliy BOJHOBBIX KOMIIOHEHT, MPUXOAAIINX C Pa3IMYHbIX HalpasleHUH. AHanu3 B paboTe
[17] mo3BomseT cuenath BRIBOABI O TOM, YTO JaHHEBIE ¢ Oys MAlOT 3aHWKCHHBIC TIEPUOIBI IS
JOCTaTOYHO BBICOKUX (> 1.5 M) u jumHHBIX (11epuos > 4.5 ¢) BOJH.

JKCcTpeMATbHbIE YCIOBHA. AHAIN3 COBMECTHBIX PACIPEICICHUN BHICOT M IEPHOIOB
BOJH [17] moka3piBaeT, 4To B OOJBIIMHCTBE ciaydaeB ¢ H¢ >1 M KOMOWHAILIMK BBICOT U Cpel-
HUX TICPUOJIOB BOJIH 0O0Jiee MM MCHEE COOTBETCTBYIOT BOJIHEHHUIO cO criekTpoM JONSWAP.
JpyruMu cioBamMu, THITMYHBIE IITOPMOBBIE YCIOBUSI COOTBETCTBYIOT OOJIbIIEH KPYTH3HE BOJIH,
YeM UL pa3BUTOTO BONHEHUS co cnekTpom [Impcona—Mockosuna (IIM). [Tostomy mrTopmo-
BOE BOJIHEHHUE 3]IeCh OOBITHO MMEET TOBOJIHHO OONBIIYIO KPYTH3HY U TEM CAMBIM OIIACHO IS
CYJIOXOJICTBA U APYTOM MOPCKOH JEATETBHOCTH. DTO CBOMCTBO HE OBLIO CIUIIKOM HCOXKUIaH-
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HBIM, TaK KaK MOJ00Has YyepTa B OCHOBHOM IPUCYIIIa BOJHOBBIM NOJISIM B bantuiickom Mope, a
T10JI€ BOJTHEHUS B PACCMATPHUBACMOM aKBaTOPUH UMEET OIPaHUIEHHBIC YCIOBHUS JUIA Pa3roHa.

B oTnmune sKcriepuMEHTaNbHBIX JaHHBIX 3HAYUTEIFHOTO BOJTHEHHS, TapaMeTphl KOTOPO-
r'O XOpOIIO ONMHUCHIBArOTCS criekTpoM [IM, Hambosee BBICOKHE MOIEIHPYEMBIE BOJHBI UMEIOT
NepHOABI TPUMEPHO Ha 2 C JUIMHHEE, YEM aHaJIOTUYHOE BOJHEHHE co criekTpoM [TM.

OKCIIepHUMEHTAIbHbBIC TaHHBIE, KaK 3TO OOBIYHO OBIBAaET, COIEPIKAT HECKONBKO HEIpPaB-
JIOTIOIOOHBIX 3amicel BRICOKMX BoH. OHM OBLTH MCKITIOUEHBI 3 aHamm3a. B tabmn. 2 man 0630p
CBOHMCTB BOJIHEHHS BO BpeMsI TPHHAALATH HanboJee Cephe3HbIX MTOPMOB B pacCMaTpHBaEeMOi
aKBaTOPWH, HAYMHAS C U3BECTHOTO IMKIIOHA «[ yapyH» B ssHBape 2005 1., BO BpeMsi KOTOPOTo
BO30YK/IAINCh SKCTPEMaJIbHO BHICOKME BOJIHBI [11], ¥ ObLI yCTaHOBIICH PEKOP]] HATOHA YPOBHS
BOJIbl B CEBEPO-BOCTOUHOM YacTu banTuiickoro mopsi.

HauOonpmme mocToBepHBIE BBICOTHI BOJH 3apETHCTPUPOBAHBI Hajx moporoM Jlapc
3 HostOpst 1995 r., KOTNa 3HauUMTeNbHAs BBICOTa BOJH mocturana 4.46 m (puc. 4). CpoiicTBa
AW-MozienupyeMbIX BOJIH B COBEPIIECHCTBE BOCIIPOU3BOMSAT pacIipeelIeHue BBICOTHI BOJIH BO
BPEMEHU M TOJIbKO HEMHOI'O 3aHWXKAIOT ee o0umi MakcumyM (3.93 m). MakcumyM mTopma
JOCTHTAJICS TIPU CEBEPO-BOCTOYHOM BeTpe. AKBAaTOpHs B paiioHe mopora Jlapc mouyTtu momHo-
CTBIO OTKpBITA MO 3TOMY HampasieHuio (puc. 1). MakcumanbHas CKOPOCTh BETpa COCTaBHIIA
20.1 m/c. OT™MeTHM, 4TO MOJENIBbHBIN NieproA BosH (7.7 ¢) ObLI mouTH Ha 2 ¢ OoJbIIe B anoree
mTOpMa, YeM U3MepeHHbIi repuon (6.2 c).

ITopM mouTH TaKoii ke CHiIbl pousolien 14 Hosopst 1993 r., korna oro-3amnajHon Be-
Tep OBICTPO mocTUT ckopocTu okoio 21 m/c. BHoB B AW-pacderax IMOYTH TOYHO BOCIIPOH3-
BEZICHO M3MEHEHHE BBICOTHI BOJIH CO BPEMEHEM, HO JUIMTEIFHOCTD CHIIBHOTO BOJTHEHUS CJIETKA
3aBblllIeHa. BoHOM3MEpUTENh MIPH 3TOM, KaK 00CYX/Ialoch BBIIIE, SIBHO HEJIOOICHUBAET Iie-
pUOAbLI BOJIH BO BpEMA 3TOT'0 HITOPMA.

BoicaTa pom, 1M
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Puc. 4. lItopmoBoe BostHeHne Hax moporoM [lapc B ssaBape 1993 u HostOpe 1995 rr.
)KPIpHaSI JIMHUSA — DKCIICPUMEHTAJIBHBIC IaHHBIC, IYHKTUPHAA — AW—MO,I[CJ'II/IpOBaHI/IC.

B paccmarpuBacMoM paiioHe MOpsI BETPbl MOTYT OBbITh M CHJIbHEE, YEM yKa3aHHBIC B
Tab1. 2, MO3TOMY €CTECTBEHHO OKHAATh, YTO OITOCPOYHBI MaKCHMyM BBICOTBI BOJIH MOJKET
OBITH CYIIECTBEHHO OOJIBIINM, YeM MaKCUMaJIbHbIC 3HAYCHUS, YKa3aHHbIC B Ta0JI. 2. DTO moa-
TBepxkIaeTcsi AW-MOAeIMpOBaHUEM: TPECKa3bIBAEMbI OOIIMI MakCHMYM BBICOTHI BOJH B
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paitone nopora [lapc 3a mepuon ¢ 1957 mo 2002 r. cocrapnser 6.23 M (26 ssuBaps 1990 r.). Otu
pacyersl, OJJHAKO, HE YYUTHIBAIOT BO3MOXKHOTO OOPYILEHHS BOJIH 32 CUET B3aMMOJEHCTBUS C
JITHOM U MOT'YT B HEKOTOPOUW CTEIEHH 3aBBIIIATH BBICOTY IKCTPEMAIbHBIX BOJIH. TeM He MeHee
OYEHb BEPOSITHO, YTO Ha JIAHHOM aKkBaTOPHH BO3MOXXHBI OJMHOYHBIE, OUYCHb CHIIBHBIE IITOPMBI
Y 4TO 3HAYUTENbHAs BHICOTA BOJH BIIOJIHE MOJKET MPEBHIIATh 5 M Aaxe Haj noporom Japc u
OBITH CYIIECTBEHHO BbIIIE B OacceitHe ApKOHa.

Tabnuya 2
MakcumanbpHble XapaKTepPUCTUKH BOJTHEHHUS U BETpa BO BpeMsI HanboJiee CUIIbHBIX IITOPMOB
B MecTe u3Mepenuii, 1991-2002 rr.

JlanHble u3MepeHnit AW-MonenupoBanue Betep
Tlata cpeaHui cpenHui
H,™m epUoOa H,™m nepuos CKOPOCTh HaIpaBJICHUE
T c T c

14.01.1993 3.86 5.97 3.73 6.45 21.0 10 n0 103
03.11.1995 4.46 6.56 3.92 7.45 20.1 CB
04.12.1999 3.86 5.71 3.87 6.65 21.1 103 510 3
21.02.2002 3.76 6.06 3.68 6.65 21.1 CB o C

Tabnuya 3
MakcuManbHbIe H3MEpEHHbBIe XapaKTepUCTHKU BOJH BO BpeMs Han0oJee CHIBHBIX IITOPMOB
B MecTe u3Mepenuii, 20032010 rr.

)IaTa I[aHHbIe M3Mepeﬂuﬁ HanpaBneHHe HpI/IXO}la BOJIHBI
H, M T, c H,
18.11.2004 3.54 5.56 103 10 3
08.01.2005 3.47 5.63 103
13.02.2005 >3.52 - _
23.02.2005 4.01 6.90 BCB
31.12.2006 3.63 5.80 10 10 3
27.06.2007 3.71 5.56 3103
22.03.2008 3.68 6.15 CB
10/11.01.2010 4.01 6.90 CCB
30.01.2010 3.65 6.02 CCB

Bapuanun xapaktepucTuk HamGosee BHICOKUX BOJH. [1o naHHBIM Talbi. 2, necsats u3
TpPHUHAILATH HauOoJiee CHIIbHBIX IITOPMOB (BKIIIOYAs JIBA U3 TPEX CIy4aeB, KOTJa 3HAUYUTEIb-
Hasl BbICOTA BOJIH JIOCTHTasla 4 M) 3aperHCTPUPOBaHbI BO BTOPOM JECATHIIETHH M3MEPEHUM.
OnHaKo YMCIIO TaKHUX IITOPMOB HEIOCTATOYHO BEJHMKO JUIS TOTO, YTOOBI AETaTh JOCTOBEPHBIE
BBIBO/IBI 00 YKECTOUEHHH BOJHOBOTO KJIMMaTa B pacCMaTpUBaeMoil 001acTH.

AmHanu3, npoBeeHHBIN B padote [17], mokasaiu, 4To He ObUIO 3aUKCHPOBAHO CTATHUCTH-
YEeCKH 3HaYMMBIX H3MEHEHUH CPEeHEroI0BBIX XapaKTEPUCTUK MOACTHUPYEMBIX U IKCIIEPUMEH-
TaJIbHBIX JAHHBIX HU JUIS OJHOTO M3 TpeX HaOOpOB AaHHBIX. VI3MEpEHHBIE BEICOTHI BOJIH U3ME-
HSIIOTCSI KBa3WNEPHOANIECKN: CaMble BBHICOKHE BOJIHBI (PHUKCHPOBAINCH Okoio 1995, 2005 n
2010 rr., Torna kak Ha pyOexe BEKOB OTMEYaeTCsl CHUIKEHHE BOJHOBOI aKTHBHOCTH. Takue
BapHalliy BBICOT MOBTOPSIIOT aHAJIOTHYHBIE 3aKOHOMEPHOCTH, 3apETHCTPHUPOBAHHbBIE MO JaH-
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HBIM BH3YyaJbHBIX HAOJIIOMCHUI Ha JTUTOBCKOM mobepexbe [28]. dopmaibHO TPEHI BBICOT U3-
MEpEHHOTO BOJIHEHHS MOHMKaerca (Ha 18 MM 3a mecsatmierne). B oTnmume ot curyanuu B
@unckom 3anuse [16], mopor mst 10 % camMbIX BEICOKHX BOJH, XOTS U HOABEPKEH HEKOTOPBHIM
MEXXTOJIOBBIM BapHAIUAM, TAKXKE HE BBISBISCT HU JOJITOCPOYHOTO TPECH/A, HA SIBHO BBIPAXKCH-
HOW MHOTOJICTHEH W3MeHYMBOCTH. CpPETHErOIOBBIC 3HAYCHHS 3THX XAPAKTCPUCTHK OJM3KU
IpYyT K JIpYTy A BCEX TpeX HCCIeNyeMbIX HaOOpOB AaHHBIX. VX MEXrogoBoe MOBEACHUE
TaK)Ke OYEHB CXOJHO MEXIY COOOW M C TOIOBOIl CpeaHel BBICOTOI BOJH, 32 MCKIIOYCHHEM
1995 r., korna U3MEHEHUS IPOUCXOIMIN TI0-pasHoMy [17].

Mo cpaBHEHUIO ¢ YCPEAHEHHBIMU 3HAYCHUSIMU TOJIOBasi MAKCUMAJTbHAsI BEICOTA BOJHBI U TO-
JIOBBIEC 3HauYeHHs MOporoB st 1 % Hanbosee BHICOKMX BOJH JEMOHCTPHPYIOT, KaK U OXKHUAAIIOCH,
JOCTAaTOYHO OOJBITYI0 MEKIYTOANYHYI0 H3MEHUHBOCTh, 1 OCOOCHHO BBICOKHE IHUKH (COOTBETCT-
BYIOIIME OTAEIBHBIM CHIIBHBIM ITOpMaMm) (puc. 5). MHTEpecHo otMeTnTh, uTo mopor st 1 % ca-
MBIX BBICOKMX BOJH MMEET Pa3IMIHBIA TPEH IUTI MOJCIMPYEMBIX U U3MEPEHHBIX BOJH. Ero 3Ha-
YeHus o pe3yabTaraM AW-MoJlenupoBaHus IOUYTH He MeHstoTcs B Teuenue 1958-2002 rr., Torna
KaK 3Ha4YEHHsI, OIICHECHHBIE TT0 U3MEPEHUSIM, YMEHBILIAIOTCS CO CPABHUTEIBHO BBICOKOM CKOPOCTBIO
—Ha 72 MM 3a aecstuiieTre. CKOPOCTh 3TOrO CHIXKEHHs ObLIa ObI eriie OoublieH, eciu Obl He 3a-
metHbIH K 2010 1. (puc. 5). B pamkax ducieHHON MOAENH IMOpoTH, 1Mo JaHHBM 1 AW-, u RS-
pacyeroB, COBIAAIOT MEX/I1Y COOOH M € TIOpOTraMu, MOTyYEHHBIMH Ha OCHOBAaHMY M3MEPEHUI IS
Hayana 1990-x rogoB. M3mMepeHHbIe 3HaUeHUST OTKIIOHSIOTCS OT MOJAENBHBIX K KOHIY 1990-x ro-
JIOB, CTRHOBSICh IPIMEPHO Ha | M (T.e. moutu Ha 50 %) HiKe, YeM oLeHKH Mozenu. [IpranHb! Ta-
KOTO pPAcXOXICHHS HE BIIOJHE SICHBI, HO HECOMHEHHO TPEOYIOT NaJbHEHIero HCCIeOBAHMS
CBOWCTB BOJIHEHHS B 3TOM paiioHe U Bo BceM bantuiickoM mope.
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Puc. 5. XapakTepructuku Hanbosee BBICOKHX BOJTH.
1- TOAOBBIE MAKCUMYMBI BBICOT, U3MEPEHHBIX, 2- MOJCIUPYEMBIX BOJIH, 3- TOOOBBIC ITOPOTHU
s 1 % Haunbonee BbICOKHX BOJIH: 3 — u3Mepenust, 4 — AW-pacuertsl, 5 — RS-pacuersr.

MHorouieTHss IMHAMHUKa MAaKCUMAJIbHBIX TOJOBBIX CPEJHHUX BBICOT BOJIH B AW-pacuerax
XapaKkTepHu3yeTcsl MII000pa3HO CTPyKTypoi. BennumHa 3TOT0 mapaMeTrpa MOCTEIIEHHO BO3-
pactaet ¢ 1960-x romoB 10 1990 r. (OT XapaKkTepHBIX 3HAYCHUH, paBHBIX OKOJIO 3.5 M0 MOYTH
4.5 M), 3aTeM pe3ko cHuxkaeTcs B 1991-1992 rr. u nanee omsiTh MOCTENEHHO YBEIMYHUBAETCA.
Takoe moBeeHNE TOBOPUT O CYIIECTBEHHOM M3MEHEHWH YCJIOBHI T'eHepalluy BOJIH, KOTOPOE,
MTO-BHIMMOMY, TIPOHM30IUIO B paccMaTpuBaeMoM paiioHe B Hawane 1990-x romoB. OTmeTnM,
YTO UMEHHO B 3TO BPEMs CPEIHEroJ10Basi BHICOTA BOJH 3aMETHO BBIPOCTA Ha 3aIaJHOM Io0e-
peXbe DCTOHMU, HO 3HAYMTENBHO ynaia Ha modepexbe JIuTeel [28]. YMo3puTenbHoe 00bsic-
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HEHHE 3/IeCh MOXKET OBITh CBS3aHO C TE€M, YTO HAMPABJICHUE BETPA BO BPEMs CHIIBHBIX IITOP-
MOB CYIIECTBEHHBIM 00pa30M H3MEHHJIOCH NMPHMEPHO Ha AECATHIIETHE. DTO MPEIIOI0KECHHE
COrJIacyeTcss C JaHHBIMH O IIOBCEMECTHOM W3MCHCHUHW HAIPAaBIICHUI BeTpa B CEBEPO-
BOCTOYHOM Yactu bantuiickoro mops [16, 29].

Eme omHa mHTepecHas OCOOCHHOCTh — TOZOBas MaKCHMajdbHas BBICOTA HM3MEPCHHBIX
BOJIH MTOYTH TOYHO COBIIAJAET ¢ Ipeacka3zaHusMu RS-monenuposanus B 1992—-1995 rr., Ho 3a-
METHO pa3ifyacTcs B IMocleayromee Bpems. JIFDOOIBITHOE CBOMCTBO COCTOHT €Ile U B TOM,
YTO TPEHJ] TOJOBBIX CAMBIX BHICOKHX M3MEPEHHBIX BOJH U mopor s | % BBICOKUX BOJIH, pac-
CUMTAHHBIN MO JaHHBIM U3MEPEHUH, CYLIECTBEHHO pa3auydHbl. B cepeaune 1990-x ronosB Mak-
CHUMaJibHas BHICOTA BOJIH MOCTETICHHO YBEJIMYUBAIOTCS, TOra Kak 1 %-HbIil Opor CyIiecTBeH-
HO yMeHbIIaercs ¢ 2.8 1o 2-2.2 m.

sksksk

BonHoBo# knumar B paiioHe mnopora Jlapc moBTOPsiIET HEKOTOPbIE XOPOILIO H3BECTHBIC
0COOEHHOCTH BOJIH B TIONTY3aKPBITHIX OacceifHax banTuiickoro Mops: OTHOCHTEIFHO yMEpeH-
HBI€ JIOJITOCPOYHBIE 3HAYEHHS BEICOTHI BOJIH, IIEPHOBI OOBIYHO B AnamnazoHe 2—4 ¢ u Hanbosee
yacTasi BBICOTa BOJIH — 0Kk0j0 0.5 M. Mozenu BOJIHEHHsI Pa3yMHO BOCIPOM3BOAAT KakK Cpell-
HIOIO BBICOTY BOJIH, TaK M pacIpeleeHUe BOJIH pa3IM4YHBIX BBICOT. MOAENIsIMH, YIUTHIBAO-
IIMMH BO3/EHCTBUE BETpa C BHICOKUM Pa3pelICHUEM, TaKkKe aJleKBaTHO BOCIIPOM3BOIMTCS Jic-
TaJIbHOE TIOBE/ICHHE BBICOTHI BOIHBI BO BPEMEHU. MoO/1e/i, BKITIOYAOIIIE BETPOBBIC OIS HU3-
KOTO paspenieHus (Hampumep, reoCTpo(UUecKHi BETEp), TaKXKe BOCIPOM3BOIAT OCHOBHYIO
CTaTUCTUKY BOJHEHUS, HO YaCTO HE MOTYT BOCIIPOM3BECTH BOJHOBBIE TIOJISI BO BPEMSI CHIIBHBIX
mTopMoB. [loaToMy pe3yapTaThl MOACTHPOBAHMS J1a)kKe Ha OCHOBE BETPOBBIX IOJIEH HU3KOTO
pa3pelIeHnss MOTYT C YCIIEXOM HCIIOJIB30BAThCS Ul MPHIOKEHUH, KOTOpble 0a3UpyIoTCs HC-
KIIOYNTEPHO HA CTATHCTHYECKHMX PACHpPEAEICHHUSIX IapaMeTpoB BOJHEHHS (Hampumep, Mmpu
OLIEHKaX MHTEHCHBHOCTH IMPUOPEKHBIX MPOIECCOB MIH CyMMapHOTO BJOJIBOEPETOBOTO TpaHC-
noprta HaHocoB MerojioM CERC).

W3mepeHHbIE U MOJENbHBIE JJAHHBIE CBUACTEIBCTBYIOT O 3aMETHBIX OTIMYMAX B pacipe-
JIETICHNSAX MEPUOJIOB BOJH, OCOOCHHO IPH 3HAYUTEIHHOM BOJHEHHH. PacxokaeHne n3MepeH-
HBIX ¥ PACCYMTAHHBIX IEPHOAOB IPH CHIBHBIX IITOPMAX JTOXOIHT 10 2 C, YTO MOXKET 3aMETHO
BIIMSATH Ha OLEHKH CTENIEHU WHTEHCHBHOCTH B3aMMOJIEHCTBHS BOJIH C JHOM, a TaKkxke pedpak-
IIHOHHBIE XapaKTEPUCTHKH Il HEKOTOPBIX TJIYOUH U, CIIeJ0BATENbHO, HA OIICHKN YacTOTHI He-
JUHEWHOW TeHepaIii 3KCTPEeMalbHO BBICOKHMX TpeOHEH Mpu B3aMMOJAEHCTBHIX IEpeceKaro-
IUXCSI CHCTEM BOJH [4].

[Tunoobpa3Hoe moBeneHNEe MOJETUPYEMBIX TOJOBBIX MaKCHMAJIBHBIX BOJIH, XOTS M 00y-
CJIOBJIEHO B 3HAYUTEIBHON Mepe MEXroJO0BOH M3MEHYMBOCTHIO, MOKAa3bIBAET, YTO OCHOBHOI
CKauOK CBOWCTB IITOPMOB B I0)KHOW yacTh bantuiickoro mops mpousomien B Hadane 1990-x
rogoB. Tak Kak MakcuMaJbHas BBICOTA BOJHBI B paMKax MOJENbHBIX RS-pacdyeroB cocraBmia
6.23 M, ¥ TIpH 3TOM HMEJI0O MECTO COBIIA/ICHIE MOJCIBHBIX M M3MEPEHHBIX YCIOBUI BOJIHEHUS
JUI MHOTHX IITOPMOB, 3TO O3HAYAET, YTO 37IECh MOXET BO3HUKATH O0Jiee SKCTpEMaJIbHOE BOJI-
HEeHHe, yeM, Hampumep, B Pikckom wim naxke B duHckoM 3anuBax. OCHOBHAs NMpHYMHA 3a-
KJIIOYAeTCs B TOM, YTO B OTJIMYME OT 3TUX AKBAaTOpUW paioH mopora [lapc um Haxondmuics
BOJIM3M OacceltH ApKOHa OPHEHTHPOBAHbI BJIOJIb MPEOOTAJAFONINX IPH CHIBHBIX IITOPMax Ha-
MIpaBJIeHUI BeTpa. JTa 0COOEHHOCTH HATJIIHO Tpossisiercs B 20 %-Ho# pa3Huie Hanboiee
BBICOKHX BOJIH 3a BCE BpeMs HaOmoaeHui (5.2 M usmepeno B @unckoM 3anuse [2], 6.23 M —
PETPOCIIEKTUBHBIH NMPOrHO3 HaJ moporoM Jlapc), mpudeM B OacceiiHe ApKOHA elle COXpaHsieT-
Csl HEKOTOPBIH MOTEHIMAI AaXe AT OONBIINX BBICOT BOJIH.

Takxe 09eHb WHTEPECHAs YepTa CPABHUBAEMBIX IAHHBIX — HECOBIAACHHE BPEMEHHBIX H3-
MEHEHHMH U1l CpefHel BBICOTHI BOJIH, XapaKTEPHBIX CBOMCTB YMEPEHHO BBICOKHX (TIOPOT JUIs
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10 % HamOoIee BHICOKHMX) M CBOMCTB HanOoJiee BHICOKHX BOJIH. CBOMCTBA CPEAHUX U YMEPEHHO
BBICOKMX BOJIH JIEMOHCTPUPYIOT HACHTU(HUIHPYEMbIe H3MEHEHHUS 3a MoCcIeHIe moiBeka [17], a
nopor it 1 % Hambosee BEICOKHMX BOJIH, OLICHWBAEMBII MO SKCIEPUMEHTAIbHBIM JaHHBIM, 3a-
METHO T13/1aeT B MOCJIEHHE /1B JCCATUIETHS. JTOT MpoliecC MPOTUBOIOIOKEH HEAaBHO 0OHa-
PYXEHHOMY JUIA CeBEpO-BOCTOYHOM yacTi PDUHCKOrOo 3ajIMBa YBEIMYEHHIO 3TOro nopora [16] Ha
(oHe OTCYTCTBUS U3MEHEHHI B CpeIHHX BBICOTaX BONH. TeM He MeHee 00a BapHaHTa M3MEHe-
HUM COTJIACYIOTCSl C TIOCTCTICHHBIM YBEIMYEHHEM I10 CPaBHEHHIO C APYTMMH HANpPaBICHUSIMU
YaCTOTHI FOTO-3aIaIHBIX 1 3aMaaHbIX BeTpoB [29, 30] Ha Gonpomx ydactkax banruiickoro Mopsi.
AHanM3 Takke yKa3blBaeT Ha HEKOTOPBIE ITPU3HAKU (XOTS M CTaTHCTUYECKH HE 3HAYMMBbIE) TOTO,
YTO BBICOTA BOJH INpH Haubosee CHJIBHBIX IITOPMAaX HE M3MEHSETCS B TEUCHHUE IIOCIEIHUX
20 €T, HO YBEIMYMBACTCS aCTOTA IITOPMOB C OUEHD BHICOKHMH BOJTHAMH.

Aemopui gvipadicarom 61azooapHocms 3a npedocmasienHvie dannvie: Panvghy Beucce (Institute for Coastal
Research, Helmholtz-Zentrum Geesthacht) — pesynvmamor mooenuposanus 1957-2002, Xeunyy [ionmxepy,
Hneebope Hépen (Institute for Coastal Research) — sxcnepumenmanvhvie oanuvie u Anopycy Pasmemy (Institute
of Cybernetics, Tallinn University of Technology) — pe3ynsmamul pacuemos 6onnenus.

Paboma noodepocana yenegvim ¢punancuposanuem Munucmepcmea obpazoéanus u Hayku ICmoHUU
(epanm SF0140007s11), Hayunoim ponoom Dcmonuu (epaum Ne 7413), BONUS+ npoexm BalticWay u Poccuii-
cKUM poHOOM hyHOamenmanbHwix uccredosanuil (2panmol Ne 10-05-00199-a, 09-05-00204, 11-0200483).
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