
«
»

«
. . . »

:

: 25.00.29 – 

-

:

.- . ,

. .

 – 2015 
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4
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1.1 15

1.2 16
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« - » 43
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) 132
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 5 218
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.
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4

« - » ( rogue waves freak waves) – 

,

:  [Kharif & Pelinovsky, 

2003; , 2004; Dysthe et al, 2008; Kharif et al, 2009*; Slunyaev et al, 

2011*].  « - »

;  (

, –  30 ), 

.  « - »

,

,  [Kharif et al, 

2009*; Onorato et al, 2013b], .  « -

» ,

,  [Lawton, 2001; Hopkin, 2004; Garrett & 

Gemmrich, 2009; Ridgway, 2010; , 2006, 2007, 2009] (

- ).

- , ,

,

( ): MaxWave (" ",

 2003 . [Rosenthal & Lehner, 2008])  Extreme Seas (" ",

 2013 .).  Extreme Seas, 

,

 « - ». ,

,

,

 [Onorato et al, 2013a]. 

.

http://en.wikipedia.org/wiki/Rogue_wave



5

. ,

 (Erika – 1999, Prestige – 2002, MSC Napoli – 2007), 

 (Queen Elizabeth 2 – 1995, Caledonia 

Star – 2001, Bremen – 2001, Explorer – 2005, Voyager – 2005, Norwegian Dawn – 2005, Louis 

Majesty – 2010; MOL Comfort – 2013)  (Voyager – 2005, Norwegian Dawn – 

2005, Louis Majesty– 2010). 

,

 (Veslefrikk B – 1995, Draupner – 1995, Shiehallion – 1998). 

« - »

.

. ,

,

 « - ».

 1 .

 ( ,

[Stansell, 2004]), , ,

. , ,

,

.

,

.

 « -

», , ,

. ,

,

, ,

.

, , ,

.

,

. ,
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,

 [Onorato et al, 2001]. 

.

.

, .

[ , 1968; Benney & Roskes, 1969; Hasimoto & Ono, 1972; Davey & Stewartson, 1974] 

 – .

 [ , 1968],  (

 [ , 1965; , 1966; 

, 1997]), ,

[ , 1971; ., 1980]. 

, .

, ,

 « - ».

 2 

.

,

,  « - », ,

 3. 

.

,

, ,

 [ , 1968; Alber, 1978; Onorato et al, 2001; Janssen, 

2003].  « », ,

,

.

 –  (Benjamin – Feir Index, BFI) 

. BFI

 ( , )



7

 « - » .

,

,  « »

,

,  (  – 

– ). ,

; ,

 [Alber, 1978; Mori & 

Janssen 2006, Segur et al, 2005, Wu et al, 2006; Leblanc, 2007; Voronovich et al, 2008; Henderson 

et al, 2010]. 

-

 – . .

.

,

.

 « » .

, .

 4 .

.

 BFI 

 (ECMWF). 

 [Onorato et 

al, 2002, 2009; Gramstad & Trulsen 2007; Mori et al, 2007; Ruban, 2007, 2009]. 

,

, .  5 

, – , .

 ( );

 « - » ,
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. -

,

.

, ,  « -

», : , , ,

. .,  [Onorato et 

al, 2013b; Dudley et al, 2014; Ruban et al, 2010*].

,  [Solli et al, 

2007; Yeom & Eggleton, 2007; Ganshin et al, 2008; Kibler et al, 2010]. ,

« - » .

 ( . . « - ») – ,

,

 – .

:

,

;

,  « - », 

;

;

,

;

;

,  ( )

;

.



9

,

 « - »

. , ,

 « »,

. -

,

.

 « - » ,

.

 ( )  ( )

 ( )  ( )

. 0.1. , :
 ( ),

( ),  ( ) -  ( ). 
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, , .

, ,

. ,

:

. ,

.

.

 ( . 0.1), :

o 300-  (GWK, 

. . , L. Shemer, Tel-Aviv University, ),

o 110-  (

. , M. Klein, Technical University of Berlin, ),

o 15-  (

. , A. Chabchoub, Hamburg University of Technology, ),

o 18- -  ( .

. , L. Shemer, Tel-Aviv University, ),

o 15- (

. . . , Université de Caen-Basse Normandie, ).

.

,

, – 

: ,

.

,

,

,

, .

,

 7  «

» (“Design for Ship Safety in Extreme Seas”, 
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Extreme Seas, 2009-2013), 

"  – 2014". 

 (34),  (5). 

 1 ,

. . .  (IRPHE, , ),

 « - » .

,  2  3, 

,

,  2.5 ( . . ),

,

 3.4 (A. Chabchoub .),

,

 HOSM ( . . .). 

.

 4.2 .  (Tel-Aviv 

University, ); ,  4, 

. . .

, .

 ( ), .

. .  (Keele University, ). ,

 5.2–5.4 (

), .  5.5 

.

:

: «Extreme 

events: Modeling, Analysis, and Prediction» ( , , 2013, 2014), 
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“Rogue Waves” ( , , 2011), «Nonlinear Waves – Theory and 

Applications» ( , , 2008, 2010, 2013), “Solitons, Collapses and Turbulence”

( , 2009, 2012, 2014), «Wave interactions» ( , , 2012, 2014), “Frontiers

of Nonlinear Physics” ( . , 2004, 2010), Wave-Flow Interaction Network

( , , 2011), ,  “Topical Problems of 

Nonlinear Wave Physics” ( . , 2003, 2005), « »

( . , 2006, 2008, 2012), 

( , 2004, 2006, 2008, 2009, 2011, 2012, 2014); 

:

,  (EGS-AGU-

EUG Joint Assembly, , , 2003), 

 (European Geophysical Union General Assembly, , , 2004; 

, , 2005-2015), 

,

 (IAHS-IAPSO-IASPEI Joint Assembly,

, , 2013),  “Rogue Waves”

( , , 2008); 

:

 IUTAM «Waves in fluids: 

Effects of non-linearity, rotation, stratification and dissipation» ( , 2012) «Complexity of 

Nonlinear Waves» ( , , 2014), Conf. on Ocean, 

Offshore and Arctic Engineering ( , , 2011), Conf. on Maritime Technology 

and Engineering MARTECH-2011 ( , , 2011), Symp. on Hydraulic and Ocean 

Engineering ( , , 2012), THESEUS Taiwan Workshop ( , ,

2013), - “Advanced Problems in Mechanics” ( .- -

 2007, 2011),  "

" ( . - , 2014). 

, . . . ,

. . . , , . . . . ,

 (IRPHE, , ),

.  (Keele University, ),

(University of East Anglia, Norwich, ),

(University College London, ), .  (Loughborough 

University, ) .



13

 2007 .  « :

» .

,
1.  5-

.

kh  1.36 .

2.

, ,

.

3.

 (  10 ) .

4.

.

5.

BFI

.

6.

,

.

, , .

 338 ,  126 , 11 , ,

 (39 ),

 (365 ).
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. .- . .,

. ,

, .

, .

.
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 1 

1.1
 " -

",  XX  XXI 

: , , ,  – 

, .

,

,  ( ,

), . ,

.  « »

;

,  « - »,

.

 « - » ,

 (

, ,

, ).

,  ( )

, .

, ,

.

,

.

.

.

 [Kharif & Pelinovsky, 2003]; 

 [ , 2004]. 

[Dysthe et al, 2008] ,

 ( , ) [Onorato et al, 2013; Dudley et al, 2014]. 

 « - »
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 [Olagnon & Athanassoulis, 2001; Olagnon & Prevosto, 2005, 2009], 

[Pelinovsky & Kharif, 2008], European Journal of Mechanics B/Fluids

(2005), Nonlinear Processes in Geophysics (2011-2012), Natural Hazards and Earth System 

Sciences (2013-2014).  2011 .

 (

Nonlin. Proc. Geophys., Nat. Hazards . . .).

 « - »

[ , 1982; ., 2005; , 2006; .,

2011].

. . .  2009 .

 « - » [Kharif et al, 2009*], 

,

. ,

Contemporary Physics [Slunyaev et al, 2011*].  [Didenkulova et al, 2006*]

 « - »  2005 ,

.

 [Nikolkina & Didenkulova, 2011; 2012].  « - »

 [ , 2006, 2007, 

2009].

, ,

[Kharif et al, 2009*; Slunyaev et al, 2011*; Didenkulova et al, 2006*].

1.2
, , ,

,  ( . 1.2.1). 

. , , ,

.  (P. Liu) ,  [Mallory, 

1974; Torum & Gudmestad, 1990, Haver & Andersen, 2000; Lawton, 2001; Olagnon & 

Athanassoulis, 2001; Kharif and Pelinovsky, 2003; Didenkulova et al, 2006*; Slunyaev et al, 2009*;

Nikolkina & Didenkulova, 2011, 2012] .

, :

                                                          
http://freaquewaves.blogspot.ru/
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– "It came from nowhere, snapping giant ships in two. No one believed the survivors… until 

now"  (  New Scientist, 30  2001 .);

– "Our captain, who has 20 years on the job, said he never saw anything like it."  (

 (Susan Robison), 

 " " (Norwegian Dawn), New York Daily News, 17  2005 .).

,  « - »

.

,

: freak waves, rogue waves, 

freaque waves, cape rollers, mad-dog, rabid-dog waves, abnormal waves, exceptional waves, giant 

waves, steep wave events, vagues scélérates, killer waves, anomalously high waves, extreme waves.

                                                          
, . ... 

.
,  20 , , .

. 1.2.1. , .
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 (

) ,  « - ».

,

;

.

.  World Glory, 

 1954 .

,  ( .  [Lavrenov, 2003; Kharif et al, 2009*]).

 1968 .  105  ( . . 1.2.3 ),  22 .,

,  ( . 1.2.2 ).

 50 . .

 Prestige (  42 . ,  250 )

 2002 .  ( . 1.2.2 ),

.  « - »

, ,

.  20  World Glory, 

 (American Bureau of Shipping, ABS) 

.  ABS, 

,

,  ( ,  2003 .

-  ABS). 

 [Toffoli et al, 2005] 

,

,

.

 1995 . 30-  Queen Elizabeth 

II . ,

,

.  « »

 Veslefrikk B  Statoil, 

,  [Haver & Andesen, 

2000].  Esso Languedoc ,

. 1.2.2 :
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« , , .

, . , ,

, , » [Lawton, 2001].  

 « » . 1.2.2 .

 ( )

 ( )

 ( )  ( )

. 1.2.2. . ( ):  World Glory 

(1968 .) ( . ). ( ):  Prestige (2002 .). ( ): ,

 Esso Languedoc  1980 . ( ):  "

" (  [Faulkner, 2001]). 
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, « ».

'  (Jeanne d'Arc)  « »

 [Moreau et al, 2005]. 

, ,

 30 ;  [ .,

2011].

 1943 .

 Queen Elizabeth  28 .

 Kotoku  2006 .;

 Starrigavan  2007 . [Lawton, 2001]. 

, ,

, ,  2, 4, 

5. , , , .

 ( )

    ( )

. 1.2.3. -
(Agulhas current, ),  « - » ( ,

) ( ), 
 ( ).  [ , 1998].
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,

,  « »  « » – 

.

, , .

,

.  « - » ,

, , ,

,  4 .

 – 

« », , ,

,

. ,

 [ , 1998; Lavrenov, 1998; 2003]. 

 ( )

 ( )

. 1.2.4. , .
( ) ,  ( ).
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,

. , ,

, ,  « »

. , ,

 2 .

, ,

 Edinbourgh Castle,  Birmingham  [Haver & 

Andersen, 2000]. - ,

 (  «

»), - - , . 1.2.3 .

,

( . 1.2.3 ). .

[Mallory, 1974]. 

 ( . . 1.2.3 ) ,

 (

),

. ,

. 1.2.3  [ , 1998; Lavrenov, 1998; 2003] 

 [Mallory, 1974]. ,

 [ , 1982] 

, - , , ,

, .

.

Cemfjord, , ,

-  (Pentland Firth, )  2015 .

 (  5 / ).

,  5 

.

 NOAA Ballena 

 2000 .

 1.5–2 ,  30 

 4.5 .
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, .

,  10  ( . 1.2.4 ).

 15-20 . ,

 50 . ,

. 1.2.4  –  (  70 ) .

, . 1.2.4

, ,

. 1.2.4 . ,

, . 1.2.4 , ,

, , ,

.

 [Peterson et al, 2003; 

Porubov et al, 2005; Lavrenov & Porubov, 2006]. 

,

,

, , .

, ,

, . .  « - »

, ,

,

.

 [Didenkulova et al, 2006*; Slunyaev 

et al, 2011*; Nikolkina & Didenkulova, 2011, 2012].

, . ,

[ , 1968]  30-40 ,

 60 .

, ,

.  [Didenkulova et al, 2006*; Nikolkina & Didenkulova, 2011, 2012]. 

,

 ( ) .

.
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.

,  « - »

. ,

 ( .  [ , 1968] 

,  [Peregrine et al, 

2005]).

.

,

 ( ,

[Haver & Andersen, 2000; Haver, 2005; Liu & MacHutchon, 2006; Rosenthal & Lehner, 2008; 

Didenkulova & Anderson, 2010]). ,

 « ».

H

2
sH

HAI ,                                                          (1.2.1) 

Hs –  ( . . 1.2.5), ,

. ,

 10 ,  3 , ,  20- ,

 1.5 .  (

) .

 2,  (1.2.1). 

 (  – 2.2).  2 

t

H+ H–Hcr

H = max(H+, H–)

L– L+

. 1.2.5. .
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[Holthuijsen, 2007]  « - »

 ( ),

. Hs.

 ( ), Hs ,

. -

Hs; Hs = 6–8 

7% [Bitner-Gregersen & Magnusson, 2014]. 

 « - »  [Kjeldsen, 2001; 

., 2003],  ( .

. 1.2.5) . ,

. 1.2.6. ,
( ). (FloWave Ocean Energy Research Facility 
http://www.flowavett.co.uk/)
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.

, ,

 (  4.3). 

, , ,

 ( .  [Xiao et al, 2013; Sanina, 2014]). 

 – ,

, . ,

 ( .  « - »,

, . 1.2.6). 

, . 1.2.2 , .

H, Hcr ( . . 1.2.5), 

 (1.2.1) ,

Hcr ( , Hcr/Hs > 1.25 [Krogstad et al, 2009]); H

Hcr .

. 1.2.7. 

. 1.2.7. , ,
 ( ).
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,

. 15  1982 .

,  Mobil Oil 

 (the Grand Banks of Newfoundland). 

,  84  [Lawton, 2001].  «

» ( .  1.3 . 1.3.4)  (Draupner) 

 1  1995 .;  26  [Karunakaran et al, 1997, 

Trulsen & Dysthe, 1997]. 

,

, ,

.

.

,  « », ,

,

. ,

. 1.2.8.  ( ) -
 1995-1999 . ( )  [Toffoli et al, 2005]. 



28

, , .

,

, .  15-  30-

, ,

 [ , 2012]  2 .

, ,

 [Kjeldsen, 2001; Peregrine at al, 2005]. 

 [Toffoli et al, 2005] 

 270 ,

 (Lloyd's Marine Information Service, LMIS), . . 1.2.8.  [Toffoli et al, 2005] 

,

( ). -

 ( ,

 4, ), .

90%  50  ( ,

 [Didenkulova et al, 2013],  –  50 ).

. 1.2.8 ,

.

 [Toffoli et al, 2005], , ,

 « »,

, ,

.

« - »  (1.2.1). ,

,

,

, .

1.3
 (

 1.5–2 , . .,  ~10 )

.

 « -
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».

,

.

 200 .

,  ( )

,  1806 . ;

, , .

1

2

3

4

5

6
7

8

. 1.3.1. :

1 – -  (Mossel Bay, 1563 ,  100 ,
, [Liu & MacHutchon, 2006]); 

2 –  (414 ,  7–20 
[Paprota et al, 2003], 97 ,

 2.7  [Didenkulova, 2011]); 

3 – - -  (Campos Basin, Rio de Janeiro, 276 
 1050  1250 ,  [Pinho et al, 2004]; 

4 – .  ( ,  – 
.  [Chien et al, 2002]  175 

43 , );

5 –  (  70–130 ,
20 .  [Stansell, 2004, 2005; Haver & Andersen, 2000; Christou & Ewans, 2011; 
2014]);

6 –  (14  43 ,  [Mori et al, 
2002];

7 –  (3  85  [Lopatoukhin et al, 2003; 
Divinsky et al, 2004*]); 

8 – -  (  1400  [
., 2014]). 
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, .

:

.

 XX  (  1784 .

 Voluntary Observing Ship 

(VOS) [ , 2011]).

 1960- . ( . [Pugh, 1987; , 1993]). 

: ,

, , ...

, , , .

.  « » , ,

, - , ,

, , .

,  « - ».

 « - »

.

,  ( ,

25 ). .

, ,  (

),

,  1  100  ( .  4).  10 000 

, ,

, .

 (

),  (1.2.1) ,

.

. 1.3.1 ,

 « - ».

, ,

; .

. 1.3.1 .
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 [Dysthe et 

al, 2008]. ,

.  « - »

 [Lopatoukhin et al. 2003],  [

., 2014].  [Didenkulova, 

2011].

 « - »

 [Christou & Ewans, 2011; 2014],  122 . .

 38  (

 10 ) , ,

H/Hs  3.05.  81% « »

 92% « - »,

.

 " - "

, .

 [Mori, 2004; Pinho et al, 2004;

Stansell, 2004; Liu & MacHutchon, 2006], 

 [Mori et al, 2002], 

 [Chien et al, 2002; Paprota et al, 2003]. 

 « » ,

 10 .  « -

» – ,  « »

.

 ( , , ).

, – , . ,

 5 

 ( ,  – . 1.3.3, 1.3.5–1.3.7). 

 50 . ,  [Liu 

& MacHutchon, 2006],  109 ,

[Christou & Ewans, 2011] –  10 .

 10–30 ,

[ , 2012]. 
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 ( ,  10 )

 ( ,

).

,

 ( , .),

. ,

, ,

, , ,

.

, « - » ,

,

. ,

, , ,

, . .

, , ,

, . ,

.

.

 [Forristall, 2005] ,

, ,

. 1.3.2.  3-
 ERS-2  -  1996 . (

) [Rosenthal et al, 2003]. 
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. :

, ,

.

,

.  [Liu & MacHutchon, 2006] ,

 4–10 :  70  100 .

, .

,  – . ,

 [Olagnon & Magnusson, 2004; 

Bitner-Gregersen & Magnusson, 2005]. ,

 [Christou & Ewans, 2011] 

. ,  18% ,

,  84% (!) 

- . ,

(  3.5 - )

. 1.3.3.  [Stansell, 2005] 
: 20-  (

). 
.  126 , AI = 3.19, Hmax = 18.04 .
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- .

,  « -
»

 [ , 1968] 

40- :

«  4–4,5 .  6–

7  – . ,

,  20 ».

.

. '  (Dumont d’Urville),  1826 .

30- .

.  1933 .,  34 

 [Draper, 

1964].  30-

0 200 400 600 800 1000 1200
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time (s)

el
ev

at
io
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)
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−5

0

5

10

15

time (s)

el
ev
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io
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)

. 1.3.4. " "  [Haver, 2005],  Draupner 
 1  1995 .  85 , AI = 2.24, Hmax = 25.6 .
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. , 30-

 1995 . (Halloween Storm, Hurricane Luis [Holliday et al, 2006]), 32.3-

 (typhoon Krosa [Liu et al, 2008]).  1996 .

 ERS-2  3 

.

,

 29.8 , . 1.3.2 [Rosenthal et al, 2003] (

, ,

 25 

 29.8 ).

 ( )

 24 ,  – 30  [ ., 2003]. 

 ( )

16 -  [Turton & Fenna, 

2008]; Hs  20 

[Cardone et al, 2014].

     
. 1.3.5.  (Andrea wave) [Magnusson & Donelan, 2013] 

: 20-  ( ),
( , )  4  ( ).

 Ekofisk .
70 , AI = 2.49, Hmax = 22.88 .
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,

,  ( , ,

), .

:

.

, . . 1.3.3 

, ,

, AI = H/Hs = 3.19.  ( )

 200 , .

([Stansell, 2005]) 

300 .

 " - "  (New 

Year Wave),  1  1995 ., . 1.3.4. 

, .  26 ,

. 1.3.6. " " [Stansell, 2005]. 
.  126 , AI = 2.46, Hmax = 9.3 .
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. 1.3.3, , AI = 

2.24. .  [Haver, 2005] ,  100-  ( .

27 ), Hcr = 18.5  – ,

 10–4 ( . .,  1  10 000 ).

,  (AI = 2.49) 

 (Andrea storm)  2007 .

[Magnusson & Donelan, 2013]  Ekofisk, 

, . 1.3.5. 

[Mori et al, 2002]  (43 .),

AI =2.67 ( . . , Yura wave). 

 « » . 1.3.6. 

,  (AI = 2.46). ,

.

,

,  3.3. 

0 200 400 600 800 1000 1200
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6

8

time (s)

el
ev
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io

n 
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)

. 1.3.7. ,  [Slunyaev, 2006*].
 North Alwyn .  126 ,

AI = 2.23, Hmax = 13.71 .
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, . - ,  « -

» . ,

,  (1.2.1) 

, , . . 1.3.7. 

, , ,

. 1.3.5, ,  2.4 

. - , ,

 – ,

, . ,

 [Banner et al, 2014], 

.

. 1.3.8  « » ,

;

[ ., 2004*]. AI = 3.9, 

.

. 1.3.8 ,  1 ;

0 200 400 600 800 1000 1200
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0
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6

8

time (s)

el
ev
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io

n 
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)

. 1.3.8.  [
., 2004*]. .  85 , AI = 3.91, Hmax = 10.32 .
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. 1.3.3, 1.3.5–1.3.7  5 , . 1.3.4 –  2.133 

.

,

« ». ,

,  –  (  – 

).

, .

, ,

, .

   ( )              ( )

 ( )

. 1.3.9.  ERS-2  5  10  ( ),
 ( ) ,

 ( ),  ( ).
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.

, ,

. ,  – .

, .

,

, ,  – 

. ,

,

.

, .

800  100  20  20 .

,

. ,  « »

 100  100 

 [Lehner, 2005; Rosenthal & Lehner, 2008]. 

 –  – . 1.3.2. 

,

,  ( . 1.3.9 , ). 

. 1.3.9  – 5-

 30 .

,

, . , ,  [Dysthe et al, 

2008].

,

.

.

.

 ( )

 (  – ).

, ,

- ,  ( , ,
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, , ), , -  – 

, .

« » ,

.  – 

,

.  « - »

.

,

.

.

 ( ,  100 )

. ,

,

. ,

 (

, , ), 

,  [Toffoli et al, 

2005]. ,

,  – .

,  « - »

.  50% ,

kpHs/2 > 0.1 (kp – ), ,

kpHs/2 < 0.1. ,

.

,

.

 [Pinho et al, 2004] 

.

 [Olagnon & Magnusson, 2004; Toffoli et al, 2005], 

.  [Bitner-Gregersen & 

Magnusson, 20005] ,
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: , .

,  (

)  « - »

, ,

.

.

, , – 

. . 1.3.2, 

. .

[Lehner, 2005] , ,

, ,

 (moving fetch, running fetch). 

, ,

.  [Melville et al, 2005] ,

,  (25 ).

,

,  [Niclasen et al, 2010]. 

.

.

,

. ,

 (  – 

), – 

( . [Cavaleri, 2006]). ,  (

, ) ,

.

1.4 -
 « - »

,

:

,
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,

.

.

,  « - »,

.

: . . ,

. . , . . , . . , . . , . . , . . .

( . [ , 1977; , 1998; ., 2006; , 2006, 2008, 

2010; , 2008; , 2010, 2012; , 2010, 2012, 2013, 2014; 

., 2011; , 2012; , 2012, 2014; ,

2013; ., 2014, 2015; ., 2015; Chalikov & Sheinin, 1998, 2005;

Zakharov, 1999; Zakharov et al, 2002, 2006; Chalikov, 2005, 2007, 2009; Dyachenko & Zakharov, 

2005; 2008; Ruban, 2005, 2007, 2009; Dyachenko et al, 2013a,b; Zakharov & Gelash, 2013; Gelash 

& Zakharov, 2014]). 

, .

 [Kharif & Pelinovsky, 2003; Dysthe et al, 2008; Kharif 

et al, 2009*; Slunyaev et al, 2011*].

 ( )

. ,

.

 ( , ,

, ),

 ( , ,

. .), .

.

" - " ,

, , .

, :

 [Peregrine & Smith, 1979; , 1982; ., 1984]. 
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-

 ( )

. ,

,

,  (

) [ , 1977; , 1990]. 

. , -

, ,

.

,

, .  [Pelinovsky & Kharif, 2000] 

 « - ». 

,

,  [Pelinovsky et al, 2000; Kharif et al, 2001]. ,

[Slunyaev et al, 2002; , 2013; 2014], .

-

.

 ( , , ),

,

 [McLean, 1984a,b]. 

 « » ,

.

 [

, 1997; Zakharov & Ostrovsky, 2009; Onorato et al, 2013], 

 « - » .

,

.

,

,

 [Calini & Schober, 2002]. 
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 ( , ),

,  – ,

. ,

 [Peterson et al, 2003; Porubov et al, 

2005; Lavrenov & Porubov, 2006], 

-  [Ezersky et al, 2009*; Slunyaev et al, 2009*],

, « »

( ).

.

 « -

»  [Mallory, 1974; Peregrine, 1976; Smith, 1976]. 

,

,  ( ,

). , ,

.

 [Janssen, & Herbers, 2009; Hjelmervik & Trulsen, 2009; Onorato 

et al, 2011].  5 

 – ;

.

 ( , ,

. .), .

, ,

,

« - » , .

 (  2, 4), 
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 (  2, 3, 4). , ,

.  5 

( ) ,

.

1.5
 5 .

11..

.

- ,

- . ,

, .

22..

.

,  (

) .

 1  100 – 10 000  (  ~ 10–9 – 10–11).

33..

.  30-

. ,

:  ( ) , ,

,  (running fetch). 

, ,

, .  « -

» .

44..  « - » .

,

.

« - »

, ,

. ,

.

 « - » ,
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 2 

2.1

 [Longuet-Higgins, 1952]. 

. ,

.

.

 1960- .,

[Benjamin & Feir, 1967], 

 [Lighthill, 1967]. 

 ( .  [Zakharov & Ostrovsky, 2009]); 

 [ , 1965; 

, 1966; , 1997].

. ,

 1929 . . ,

, -

 [ , 1961]. 

 [ , 1965; Kelley, 1965], 

« »

[ , 1966; Benney & Newell, 1967; , 1968] 

 ( ).

 [ , 1968],  [Hasimoto & Ono, 1972; Davey, 

1972].

.

,

. ,  (kh > 1.363, 

k – , h – )

. .

,  (
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),  [Benney & 

Roskes, 1969; Davey & Stewartson, 1974], 

.

,

. , ,

 [ , 1996]. 

,  [Dysthe, 1979], 

 [Bakhanov et al, 1994; Trulsen & Dysthe, 1996; Brinch-Nielsen & 

Jonsson, 1986] ( .  [Trulsen, 2006]). 

.

 [ , 2008; 

Gramstad & Trulsen, 2011; , 2012]. 

,

.

,

 ( , )

; .

 [ , 2003] 

;

 ( , [Trulsen, 2006]).

 kh  1.363 

,

 ( ) .

 [Johnson, 1977; 

Kakutani & Michihiro, 1983]. 

[ , 2008]  (  [ ,

2005*]).

 ( ) [

, 1971, 1973; Ablowitz et al, 1974], 

.

,



50

. . , -

,

.

,  « »  « »

.  « - »

 (

). ,

, ,

 « - » .

,  ( , .

, ,

 [Gandzha et al, 2015]). ,

,

 [Abrashkin & Soloviev, 2013]. 

 (

)

 ( )

 (

, ,  10 ).

, ,  [Osborne & Petti, 

1994] –  – .

 [Osborne et al, 2005; Islas & Schober, 2005; Schober, 

2006; Schober & Calini, 2008], ,

- .

[Osborne, 2010], .

,

, , ,

 ( ) .
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,

.

, , ,

« » .

.

 [ , 2002], ,

.

 2.2  5-

,

.

 2.4  2.5  3  4.  2.3 

3-  – .

, ,

, ,

« - ».

 3.  2.4 

:

.

 2.5. 

,  2.2 

.

.

 2  2.6. 

:  2.2 [ ,

2005*],  2.3 – [ , 2005*; Slunyaev, 2006*; Slunyaev et al, 2009*; Grimshaw et al, 

2010*; Slunyaev & Shrira, 2013*],  2.4 – [ ., 2003*; .,

2004*; Slunyaev et al, 2005*, 2009*; Slunyaev, 2006*; , 2008*],  2.5 – 

[ ., 2004*; Slunyaev et al, 2005*, 2011*, 2014*; Slunyaev, 2006*; Sergeeva et al, 

2014*].  2.3 – 2.5  [Kharif et al, 

2009*]  [Slunyaev et al, 2011*].
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2.2  5-

 ( ., , [Johnson, 1997]  [ , 2003]). 

,

 Maple. 

.

,

 – 

.

.

, .

.

xxtz , z ,                                                    (2.2.1) 

0
2
1 22

zxt g , z                                      (2.2.2) 

:

zh,0 ,                                                   (2.2.3) 

hz
z

,0 .                                                    (2.2.4) 

z – , x – , (x, t) – ,

(x, z, t) – v ; h – .

 ( )

:

n

n

n

n E
tzx
tzx

tzx
tzx

,,
,,

,,
,,

,
0,exp)21(
0,1

ninkxtin
n

En ,      (2.2.5) 

 ( ) k.  (2.2.5) 

 << 1 – , .
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(x, z, t) (x, t) : *
nn ,

*
nn .

, z = (x, t),

z = 0 

.  (2.2.1), (2.2.2) 

00

1

!! j

x
j
z

j

xt
j

j
z

j

jj
, 0z ,                              (2.2.6) 

0
!2

1
!2

1
!

2

0

12

00 j

j
z

j

j

x
j
z

j

j

t
j
z

j

jj
g

j
, 0z .          (2.2.7) 

x1,  – 

:

10 xxx
                                                      (2.2.8) 

( << 1) ti

...
4

4

3

3

2

2

10 tttttt
.,                           (2.2.9) 

<< 1. :

nm

nm

m

m

n

n

0

.                                              (2.2.10) 

, :

0
10 ,,,

2
),,(

m
inm

m

Nn

n tzxxEtzx , i = 1, 2, …,                   (2.2.11) 

0
10 ,,

2
),(

m
inm

m

Nn

n txxEtx , i = 1, 2, ….                      (2.2.12) 

- ,

 ( ).

,

.

,

, .

,  =  = .

,

,  ( )
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: n0 = 0  |n| > 1. 00  ( ) .

n0 = 0 n 1. , ,

, nm = 0 nm = 0 

 |n| > m. ,

.

 (2.2.11)  (2.2.12) 

(2.2.6)  (2.2.7)  (2.2.8)  (2.2.9) 

( n E)  ( m ).

 {n, m}.

 (2.2.3) 

 (2.2.4). ,

 (2.2.7) 

nm  (2.2.6), 

.

02 22
11 nxnxnn inkL , 222 knL zn

n,

02 2,
2

1, 11 mnxmnxnmn inkL                                   (2.2.13) 

n m.  (2.2.13) 

m  0,  0 m  4 

n = 0: 

{0, 0}:    ii txA ,0000 ,      (2.2.14) 

{0, 1}:    ii txA ,0101 ,      (2.2.15) 

{0, 2}:   
00

22
0202 12

1, AhztxA xii
,     (2.2.16) 

{0, 3}:   
01

22
0303 12

1, AhztxA xii
,     (2.2.17) 

{0, 4}:   
00

44
02

22
0404 11 24

1
2
1, AhzAhztxA xxii

,  (2.2.18) 

n  0: 
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{n, 0}:   nkh
hznktxA iinn cosh

cosh,00
,     (2.2.19) 

{n, 1}:  nkh
hznkhzAi

nkh
hznktxA nxiinn cosh

sinh
cosh

cosh, 011 1 ,  (2.2.20) 

{n, 2}:  nkh
hznkhzAi

nkh
hznkhzAtxA

nx

nxiinn

cosh
sinh

cosh
cosh

2
,

1

2

0,
2

22

1

1

   (2.2.21) 

{n, 3}:  nkh
hznkhzAihzAi

nkh
hznkhzAtxA

nxnx

nxiinn

cosh
sinh

6

cosh
cosh

2
,

3

0
3

2

2

1
2

33

11

1

   (2.2.22) 

{n, 4}:  nkh
hznkhzAihzAi

nkh
hznkhzAhzAtxA

nxnx

nxnxiinn

cosh
sinh

6

cosh
cosh

242
,

3

1
3

3

4

0
4

2

2
2

44

11

11

. (2.2.23) 

Anm(xi, ti)  (2.2.14) – (2.2.23) .

 {1, 0} ,

:

kg , khtanh .                                 (2.2.24) 

 {1, 1} 

0
1

10

1

10

x
AV

t
A .                                                        (2.2.25) 

21
2

khgV ,                                                    (2.2.26) 

Cgr.

 {1, 2} ,

.  {0, 2} 
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2
10

1
12

1

00
2

2
1

00
2

A
xt

A
x
Agh .                                          (2.2.27) 

 (2.2.27)  (2.2.25) ,

0002
1

2
2

2
1

2

11

A
x

V
tx

V
t long , ghVlong .                     (2.2.28) 

Vlong – .

.

0
1

00

1

00

x
AV

t
A ,                                                   (2.2.29) 

,

 ( ), . ., .

, nm(x1 – Vt1, t2, t3, …) nm(x1 – Vt1, t2, t3,

…).  (2.2.27) 

2
101

1

00 A
x
A ,                                                     (2.2.30) 

2
11 dV , 22 VghVd .

.

 {2, 1} 
2

10121 AiA .                                                           (2.2.31) 

,  (2.2.25), (2.2.29)  (2.2.32)  {1, 2} 

0~~
1

00
101210

2
10112

1

10
2

1
2

10

x
AAAA

x
A

t
Ai .                        (2.2.32) 

 (2.2.32)  (2.2.30) 

0~
10

2
1012

1

10
2

1
2

10 AA
x
A

t
Ai .                                       (2.2.33) 

, , ,

1010 Ai ,
g

,                                             (2.2.34) 

 (2.2.7). ,

,
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010
2

1012
10

2

1
1010

xx
V

t
i ,                                (2.2.35) 

2
11

~ ,

ikxtiexpRe 10 .                                           (2.2.36) 

 (2.2.36) 

. , 1

, 1 kh  1.363 ( .

. 2.2.1),  (2.2.35) ( 1 > 0 

).

,

,

.

 [Dysthe, 1979], 

 –  [ , 2003]. 

kh  1.363  [Johnson, 1977; 

Kakutani & Michihiro, 1983]. ,  (

, , ,  [Johnson, 1977] 

[Kakutani & Michihiro, 1983], 

[Dysthe, 1979]), . ,

 [ , 2003] 

,

 ( .  [ , 2005*]).

[Sedletsky, 2005]. 

 (  [ , 2005*]),

,

, – .

3
12

2
101 OAi ,                                          (2.2.37) 
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10
2

10222
1

10
2

211212 AAp
x
ApAi .                              (2.2.38) 

A12,

10
2

10222
1

10
2

2112 AAp
x
ApA .                                 (2.2.39) 

.

, A11, ,

1

10
111 x

AipA ,                                                    (2.2.40) 

A10

 ( ,  [ , 2005*]).
3

101 OAi .                                            (2.2.41) 

,  {1, 4} 

0~
1

02
1012

3

00
10

2

01
10

2

1

10*
1035

1

*
10

1

10
1034

2
1

*
10

2
2

10332
1

10
2

2
103210

4
10314

1

10
4

3
4

10

x
AA

t
AsA

t
AsA

x
AA

x
A

x
AA

x
AA

x
AAAA

x
A

t
Ai

,           (2.2.42) 

1

*
10

1

10
332

1

10
2

*
102

1

*
10

2

1032
4

1031
1

02

x
A

x
A

x
AA

x
AAA

x
A .               (2.2.43) 

0
1

02

1

02

x
AV

t
A                                                         (2.2.44) 

2

1

10
332

1

10
2

1032
2

10
2

103123 x
Ai

x
AAiAAiA ,                              (2.2.45) 

3
1032 AA .                                                                (2.2.46) 

,  (2.2.42) 

s, :
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1

*
10

1

10
2
1

10
2

*
102

1

*
10

2

1012
4

1012
2

01 2
x
A

x
A

x
AA

x
AAA

t
A ,              (2.2.47)

1

*
10

1

10
2
1

10
2

*
102

1

*
10

2

1021
4

10
2221

1
3

00

2 x
A

x
A

x
AA

x
AAA

t
A .       (2.2.48) 

 (2.2.47)  (2.2.48)  (2.2.42), 

0~~~

~~~

1

02
1012

2

1

10*
1035

1

*
10

1

10
1034

2
1

*
10

2
2

10332
1
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2

2
103210

4
10314

1

10
4

3
4

10

x
AA

x
AA

x
A

x
AA

x
AA

x
AAAA

x
A

t
Ai

,             (2.2.49) 

 (2.2.49)  (2.2.43), 

:

0~~

~~~

2

1

10*
1035

1

*
10

1

10
1034

2
1

*
10

2
2

10332
1

10
2

2
103210

4
10314

1

10
4

3
4

10

x
AA

x
A

x
AA

x
AA

x
AAAA

x
A

t
Ai

,           (2.2.50) 

10
2

1012
10

2

1
1010

xx
V

t
i

x
i

x
i

x
i

*
102

1022
2102

1021
2

3
10

3

2
2                   (2.2.51) 

2
10

2
2

1032
3

10
4

1031
3

4
10

4

3
3

xx

0
2

10*
1035

3
*

1010
1034

3
2

*
10

2
2

1033
3

xxxx
,

4
3131

~ , 2
3232

~ , 2
3333

~ , 2
3434

~ , 2
3535

~ .
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4
32

3
2221

2
100201

2

33expRe22expRe

.expRe

Oikxtiikxti

ikxti
,     (2.2.52) 

 2.2.1.

 (2.2.51) 

kh  0 kh = 1.363 kh
 (2.2.64) 

Vk/ 1 0.6793 1/2 

1k2/ (kh)2/2 0.2657 1/8

1/k2/ –9/16/(kh)4 0.0002 1/2

2k3/ (kh)2/6 –0.1114 –1/16 

21/k/ –9/8/(kh)4 0.6833 3/2

22/k/ –27/16/(kh)4 –0.2678 1/4

3k4/ 19(kh)4/72 –0.0066 –5/128

31/k4/ 81/1024/(kh)10 0.3864 1/2

32/ –15/16/(kh)2 –0.4433 kh/6 –5/8 

33/ 9/4/(kh)4 0.7798 kh/6 3/32 

34/ 9/8/(kh)4 0.2394 kh/3 –3/16 

35/ –9/16/(kh)4 –0.6467 –19/32

1 /k3 –3/4/(kh)2 –0.4935 –1/(2kh) – 

2 /k2 –3/4/(kh)2 –0.1351 1/(8kh) – 

31
3/k7 –81/64/(kh)4 –0.6239 –1/(8kh) – 

32 /k 3/4/(kh)2 0.1343 – kh/12 – 

33 /k –3/4/(kh)2 –0.3705 – kh/6 – 

r01/k –3/4/(kh)3 –0.4479 –1/(4kh) 0 

r02 –3/4/(kh)3 –0.3116 –1/32/(kh)2 0 

r21/k 3/4/(kh)3 0.8265 1/2

r22 –3/2/(kh)3 –0.2669 1/2

r32/k2 27/64/(kh)6 0.8250 3/8
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2
1001

2
100101

~ rAr , 2
0101

~rr                                         (2.2.53) 

2
1021

2
102121

~ rAr , 2
2121

~rr                                      (2.2.54) 

xx
ir

x
AA

x
AAri 10*

10

*
10

1002
10*

10

*
10

100202
~ , 2

0202
~rr ,         (2.2.55) 

x
ir

x
AAri 10

1022
10

102222
~ , 2

2222
~rr ,                              (2.2.56) 

3
1032

3
103232

~ rAri , 3
3232

~rr .                                          (2.2.57) 

 (2.2.51) ,  [ , 2003], 

.

 (kh )
 (2.2.51) 

kh . 32, 33 34 ( .

 2.2.1 . 2.2.1). 

.

6
04

5
03

4
02

3
01

2
000 O .

, kh  (2.2.16)  (2.2.17) 

2
10

1

2

0202 8
1

22
A

xk
hzkAkh ,                              (2.2.58) 

. 2.2.1.  (2.2.51) 
kh.  2.2.1. 
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1

10*
10

1

*
10

10
1

0303 8
1

28 x
AA

x
AA

xk
hzkiAkh .             (2.2.59) 

A10 A01

02 03  ( ).

, A02 A03,

2
10

1

2

0202 4
A

x
hkAA ,                                           (2.2.60) 

1

10*
10

1

*
10

10
1

0303 16 x
AA

x
AA

x
khiAA .                           (2.2.61) 

 [  2003], .

,

.

04 kh ,

1

*
10

1

10

1

32222232
2

2
1

10
2

*
102

1

*
10

2

10
1

3222222232
1

4
10

1
3

6

0404

,,,1,,,,,1

,,,1,,,,,,1

2
28

x
A

x
A

x
zkkzz

k
hzkkhzhkhhkP

x
AA

x
AA

x
zkkzz

k
hzkkhzhzhkkhhkP

A
xk

hzkAkh

,  (2.2.62) 

P1 P2 – , . ,

A04 04 , kh

, , 04 z.

(2.2.60), (2.2.61)  (2.2.62). 

kh ,

.

h L (

, – ).

 (  (2.2.13)). 

kh ,  (2.2.51) ,  (2.2.51) 

.
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kh

. ,  [Dysthe, 1979]. 

, h >> L (L /h = O( )),

:

ii txzA ,,0000 , ii txzA ,,0101 , iimm txzA ,,00 ,    m  2.              (2.2.63)

 (2.2.51), 

:

0

32
19

16
3

32
3

8
5

2128
5

42
3

16

282

02
10

2
10*

10
3

*
1010

10
3

2

*
10

2
2

10
3

2
10

2
2

10
3

10
4

10

4
3

4
10

4

4
3

*
102

10
2102

10
2

3
10

3

3
2

10
2

10

2

2
10

2

2
1010

x
Ak

xxxx

x
k

xk

x
ki

x
ki

xk
i

k
xkxkt

i

             (2.2.64) 

0,
2

2
10

02 z
xz

A                                      (2.2.65) 

0,02
02

2

2
02

2

zh
x
A

z
A                            (2.2.66) 

hz
z

A ,002 .                                                (2.2.67) 

 (2.2.64)  (2.2.44); ,

0,
8 2

10
2

*
102

*
10

2

10
03 z

xxxk
i

z
A .                  (2.2.68) 

 (  (2.2.64)) ,

, L / h = O( )

( L / h = O(1)), .

,  (2.2.64) kh  1 / 2.

 (2.2.64), 

. ,

 (2.2.51) ( .  2.2.1). ,

 ( )
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(2.2.64), .

 (2.2.64) ,

,  [Debsarma & Das, 

2005].

,  (2.2.64), 

(2.2.52). rij kh,

,

 [Trulsen et al, 2000].  (

)  (2.2.14) – (2.2.23). 

.

,  2.5. 

, kh  0, 

,

 – ,  [ , 2005*].

 (kh  1.363) 
kh  1.363 

 [Johnson, 1977],  [Kakutani & Michihiro, 1983]. 

kh = 1.363,  – 

 (

).

kh  1.363 

(2.2.51), ,  ( nl)

 ( d): 

0
2

10*
1035

22
*

1010
1034

22
2

*
10

2
2

1033
22

2
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2
2

1032
22
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4
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4

4
10

4

3
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2102
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3
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3
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1
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x
i

x
i

x
i
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V

t
i
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.      (2.2.69) 
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1,  ( 31)

 ( 1) ,

: nl
2

d. ,

, :

010
4

1031

*
102

1022
102

1021

10
2

1012
10

2

1
1010

x
i

x
i

xx
V

t
i

.                     (2.2.70) 

 ~ d ~ nl
2, , 1

½.

 (2.2.70) 

kh  1.363  (2.2.35) .

 (2.2.70) 5 ,

, . ,

 [Johnson, 1977], kh ,

 [Kakutani & Michihiro, 1983]. kh = 1.363 

 2.2.1.  (2.2.36). 

 (2.2.70) 

–  –  [Kakutani & Michihiro, 1983; Parkes, 1987]. 

xkKtiAexp10 ,                                  (2.2.71) 

K  – ,

011 D , 2
22311

2
21221 2

12AKD .         (2.2.72) 

DAK 11
1

20 ,                                        (2.2.73) 

( k + K + K),

DA
11

1

2

maxIm DAK 11
1

max .                (2.2.74) 
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D .

. 2.2.1 , kh = 1.363 

22 2311.02527.0 kA
k
KD .                                 (2.2.75) 

 (2.2.75)  [Kakutani & 

Michihiro, 1983],  (K = 0) D

, :

 (kh > 1.363) 

,  (kh < 1.363) 

011D ,                                                      (2.2.76) 

kh = 1.363 

. , K = 0 kA = 0.1 (

), kh  1.3508; kA = 0.4 

kh  1.2520. ,

 [ , 2008], 

 [ , 2008] 

. kA = 0.1 kA = 0.4  (19)  [ , 2008] 

kh  1.2802 kh  0.0379 .

,

. ,

.  (2.2.64)-(2.2.67) 

 3.1; , ,

, .

 ( )  [Grimshaw & 

Annenkov, 2011] 

kh  1.36.  [Gandzha et al, 2014] 

,

.

2.3

 (2.2.35) ( ) [ , 1968; Hasimoto & 
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Ono, 1972; Davey, 1972]). 

,

.

 [ , 1971, 1973; Ablowitz et 

al, 1974], 

.

,  « »,

,

 ( , [ ., 1980; ,

1987; Drazin, 1996]). ,

, . . :

.

, ,

.

 [Osborne, 2010]. 

.  ( . «breather», « »)

.

 ( , ). ,

, .

 (1977), Ma [Ma, 1979],  [Peregrine, 1983] 

 [ ., 1985, 1987; , 1986]. 

 [ , 1977; Ma, 1979] (

- ); ,  [

., 1985] (  – ); ,

,  [Peregrine, 1983] (  – 

 – ),

.

.  « - »

 2000- .,
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,

[Dysthe & Trulsen, 1999; Henderson et al, 1999]. 

 [Shrira & Geogjaev, 2010]. 

.

[Tajiri & Watanabe, 1998]  [Slunyaev et al, 2002] 

- .  (

)  [Akhmediev et al, 2009]. 

,

.

.

 10-  (10 

) [Dubard et al, 2010; Gaillard, 2012, 2014]. 

,

 (x, t) [Kedziora et al, 2013].  [Zakharov & Gelash, 2013; Gelash & Zakharov, 

2014] ,

.

, .

 (

 – 

 – ).

,

, .

, -

, .

,

,  « » .

, , - ,

, ,

.
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:

, .

.

 (2.2.35) 

02 2
2

2

qq
x

q
t
qi                                                  (2.3.1) 

tCxkx g0
2 , tt

2
0 ,

2
0kq .                                   (2.3.2) 

,

Cg = 0/k0/2. .

 (  3) 

.  (2.3.2) 

tCxksx g002 , tst
4

02
0 ,

0

0

s
kq ,                                (2.3.3) 

s0 = k0a0 – .  (2.3.3) 

 (2.3.1), q

.

BFI (Benjamin – Feir Index), 

.

,

,

.

,

xNsBFI 022 ,                                                     (2.3.4) 

Nx = k0/K–  ( x

), K – 

.
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 (2.3.1) q = a0 exp(ia0
2/2 t) (

)

. BF

2

2
0

0

11
BFIBFI

sBF .                                               (2.3.5) 

 BFI > 1, 

K < 2 2 s0k0.

, Nx > 2–3/2s0
–1.

, ,

k0 K, k0.

−2
0

2
−5 −4 −3 −2 −1 0

0

0.5

1

1.5

2

x
t

|q
|

( )

−15 −10 −5 0 5 10 15
0

10

20

30

(k − k0) / k0

|F
{q

}|

T = 0
t→±∞

( )
. 2.3.1. 

 (  = 2–1/2):  ( )
( )  ( )

 ( ).
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2

2
0

0

max sBF ,
0

max 2
1
s

NBF .                                             (2.3.6) 

 (2.3.6) s0 = 0.1, 

,  5 .

. .

 [ ., 2003*].

.

tx
itxetxq it

4cosh2cos
24cosh2cos, 2 ,                                   (2.3.7) 

21 , cos ,

 < 1 – , ,

, .

,  (2.3.7) t , .

, .

, , / ,

 (2.3.7) 

, ,

2
11

BFI
.                                                          (2.3.8) 

 (2.3.7)  (

)  (2.3.5) 

,  (2.3.7). 

 = 2–1/2 (  = /4).

. 2.3.1  – t = 0 

, t = 0. 

 ( )

21
,maxmin

,maxmax

xt

xt

env txq

txq
AI .                                       (2.3.9) 

 3  = 1, 

 BFI, 

.  [Peregrine, 1983]. 
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 = 2–1/2  1 + 2  2.4 ,

. 2.3.1. 

,

. 2.3.2. ,

.

. 2.3.1 

.  (2.3.7) 

, 1/2  1, 

xwaist,

12arccos
2
1 2

waistx .                                               (2.3.10) 

 0  1/2 ( , . .

) .

,  « - » AIenv > 2. 

,

. . 2.3.1

, . 2.3.1 . ,

,

, t = 0 ,

.

 « - »,  (2.3.7), 

3

2,4

1 0
0 k0

S(k)

. 2.3.2. 
 ( )

 ( , ).
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. Athr,

« - » ( Athr = 2), 

22

2 1
11arccos

12

1
threnv

thr
life AIAI

AI
hT , 21envAI .       (2.3.11) 

 (2.3.11)  (AIthr – 1)/2 <  1. 

 « - » AI > 2 

,  (2.3.10).

 « - »,

 (2.3.1) .

. AG LG

 ( ., ,  [Slunyaev et al, 2002]) 

4
1

4
0

2

0 161
G

GG L
tAtA ,

2
1

4
0

2

0 161
G

GG L
tLtL ,                (2.3.12) 

00 tAA GG , 00 tLL GG .

AG < AG0

1
4

4
0

2
0

G

GG
G A

AL
T .                                            (2.3.13) 

 « - » – 

t = 0 

, AG0 = 1 + 2 ,

, LG0 = xwaist.  (2.3.13) AG = 2, 

,  « »,  « », .

 « » « - »

1
2
21

2

42
0GG

life
L

T , 1
2
1                              (2.3.14) 

(LG0 = xwaist  (2.3.10)). Tlife TG
life

.  > 1/2 

.  = 1, AG = 2, AG0 = 3, LG0 = 3 /2, 

Tlife = 15 /6  0.65 TG
life = 3 65 /32  0.76. ,

, ,  (2.3.3). 

,
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.

 (

BFI ~ 1), 

. ,

 (

 – , )

. ,

.

0

expˆ dxikxxqqF ,                                              (2.3.15) 

, k = 2 j – 

 (j – ).

.  – 

« »
00

ˆ qdxqF k .  – 

 ( k = 0) , . [ ,

2003]  [Slunyaev, 2010*]: 
iit BeMeqF 2ˆ 2 ,                                               (2.3.16) 

kM
21

, 2

2
14tanh

1
arctan t ,

10kB , 2122
0 1

k

k ppB , 214cosh1 tp .

k – ,  |k|/(2 21 ) = |j| - .

(2.3.16) , ,

, . Bk 0,

, .

t = 0; 
iit

k eMeqF 2ˆ 2
0 .                                             (2.3.17) 

, t
iit eeq 22 , t .                                     (2.3.18) 
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,

iit
k eeqF 22

20
1

ˆ , t .                       (2.3.19) 

 (2.3.16), t  = (  – /2). ,

 = 2–1/2  = /4,

 = /4 t .

 2 ,  = /2 t . ,

- .

,

, ,

Tf

2
0 12ˆ

ˆ i

k

k
k

e
qF
qF

B ,                                                (2.3.20) 

K
K

K
K

fT

21

2

21

2

1

2

22

142142
cosh

14
1 ,              (2.3.21) 

K- ,

 ( .  [Slunyaev & Shrira, 2013*]): 

0
ˆ

ˆ
2

k

Kk
K

qF

qF
.                                                                 (2.3.22) 

K-

k, , k0K = |k – k0|. , K = 0.01 

 2 /(k0K)  1% 

.

, ,

, ,

 ( , )

:

 (2.3.9)  « - »

(2.3.11).  (2.3.21) 

K.  « - ».
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.

,

.

 ( )  (  [Ablowitz et al, 

1974]),

Rx , *q
q

R ,
2

1 ,                                (2.3.23) 

1121

1211

aa
aa

t ,
**

21

12

22
11

2
2
2

qiiqa
qiiqa

iqia

x

x ,

 – ,

 Re( )  0. 

q  0 x

tVxA
tAVVxiAtxq

ss

sss
ss cosh

22exp,
22

,
42

ss ViA .            (2.3.24) 

As Vs –  (

Cgr) .

q  exp(2it)

x ,

tVxtvx
itVxitvx

etxq

brbr

brbr

it

2coshcosh2coscos
22coshcosh22coscos

, 2

,              (2.3.25) 

cossinh , sincosh ,

cossinh
2sin2cosh

brV ,
sincosh

2cos2sinh
brv ,
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. 2.3.3. 
 ( ).

icos .

vbr Vbr , ,

.  (

) :

pwbrcentralpwbr AAtqAA , coshcos2brA , 1pwA              (2.3.26) 

2sinh2cosbrT .                                                       (2.3.27) 

, Abr ,

Apw = 1. 

 (2.3.24)  (2.3.25) 
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, .  (2.3.25) 

 [Slunyaev et al, 2002],  [Tajiri & Watanabe, 1998] 

.

 (2.3.23)  (2.3.25), 

,

. 2.3.4. - ,  ( .

), , Cgr.

,

,  [Gelash & Zakharov, 2014]. 

Abr ( ) Vbr

sinhsin
2

iAbr ,
2

coth1Im4
2

brV .                               (2.3.28)

. 2.3.3  [Slunyaev, 2006*].

 [ , 2005*].

,

,

,  [Grimshaw et al, 2010*].

 (

) , ,

,

.

 ( ,  [Gelash 

& Zakharov, 2014]) .

 « » ,

,  – ,

 – -

, ,

 ( , . [ , 2002]) 

.
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2.4
,

 ( ). ,

.

,

, , , ó

, ,

.

;  3.2. ,

.

,

. ,

 (2.3.23). 

,

, .

,

 2.3.

 ( )

 [ ., 2004*; Slunyaev et al, 2005*; Slunyaev, 

2006*]  11 .

,

, .

,  (2.2.35) 

...1
tCx gr

,                                                   (2.4.1) 

.

xiktiq
k 00

0

expRe2 , xktt 00 2 , xkx 0                    (2.4.2) 

x = 0 

q(x', t') 
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02 2
2

2

qq
t
q

x
qi ,                                                 (2.4.3) 

 (2.3.1) .

 (2.4.2), , ,

q(t').

 ( ),  (2.4.2). 

 2.5. ,  [ .,

2004*; Slunyaev et al, 2005*; Slunyaev, 2006*]

q(t') (t).

, ,

.

 – 

,  (  20- ), ,

.

t = R  (  (2.3.23)) 

.  (2.4.3) 

tVx
V
A

AVxiVtiAtxq

s
s

s

sss
ss

cosh

42exp,
2121

,
s

s

V
iA

4
1

2
.            (2.4.4) 

 (  (2.4.3)) 

Vs
–1,

.

,

sA
k

A
0

2 , 1
0

0

2 sVk
V ,                                         (2.4.5) 
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,

. 2.4.1.  NA9711180110. (A):  117 
(  10 );  – 0,

0 BF. (B): 
,  (A),  36  (3 ). (C): 

( ).
,  ( )  ( ). (D): 

 ( / )  117  ( )  36  ( ).
,

 ( )  ( ).

 ( .  [Slunyaev, 2006*]). ,

 (

)

.

 11 

, .
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,

. 2.4.2.  NA9711192011. . . 2.4.1. 

 – « »,  Draupner ( .  1.3), 

 –  North Alwyn ( .  2.5), . 2.4.1-2.4.3 

 «NA_ _ ».

, , . 2.4.1 . 2.4.2. 

20-  (C).  (A)  (B) 

,

 (

) ,

0 – BF <  < 0 + BF.



83

0% 50% 100%

11
10
9
8
7
6
5
4
3
2
1

.2.4.3.  « - »: As
( ) Hs/2 ( )
NA9711161053, NA9711180110, NA9711190751, NA9711191831, NA9711192011, 
NA9711192351, NA9711200131, NA9711200151, NA9711200311, NA9711200731, 
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.

.
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. , ,

 ( ), ,
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 – .
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:

,
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,

.

,

, .

. 2.4.4, 

.

-  « - »,

.

 ( (x)),

.

,

 ( ),  2.3. 

,

: .

,  ( . . - , [Peregrine, 1983]) (
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0 = 1 / )

 ( . ., , 2  3 

,  (2.5.4)-(2.5.5), 

).  1.5 .

,

,

,  ( .  [ , 2008*]).

,

. 2.4.5. 

.

( ,

,  2.5), ,

,  2.3. 

. 2.4.6 ,

.

 ( ) ;

( ); .

, . 2.4.6, 

, ,

.

2.5

,

,

,

.

, .

 « - »

, .
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,

, .

 ( )

.

, . .,

. ,

 2.2, . ,

. ,

.

,  « - » .

[Trulsen, 2001], . . " " (New 

Year Wave),  Draupner,  (

 [Dysthe, 1979; Trulsen & Dysthe, 1996; Trulsen et al, 2001; Trulsen, 2006]). 

. .  [Clauss & Klein, 

2009] ( . ),  « - »

.

-

 10 

 (20-  North Alwyn (1°44  E 

60°45 N,  126 , .  [Slunyaev et al, 2005*, 2011*, 2014*;

Slunyaev, 2006*]), 20-  " " (

 Draupner, ,  70 , .  [ .,

2003*; Pelinovsky et al, 2005*]), 20- ,

.  (44 30’40 N, 37o58’70 E,  85 , .  [ ., 2004*]).

 4  10-

- ;

,

( .  [Sergeeva et al, 2012*, 2014*]).

,

(2.2.35), .

 ( ), .
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 2.2, ,  ( ., ,  [Trulsen, 2006]), 

, ,
2 = gk

AAkA
x

L
t
Ai 2

2
00

2
ˆ 0

42
3

0

*
200200

x
Ak

x
AAki

x
AAki ,                 (2.5.1) 

0,
2

20 zA
xz

.                                                          (2.5.2) 

,

02

2

2

2

zx
                                                   (2.5.3) 

.

)0(z  (2.5.1). L̂  (2.5.1) 

,  ( .

[Trulsen & Dysthe, 1996]). 

0
2 = gk0.

 2.2, A(x, t)

, .

;

 (2.2.52) 

.

. kh

, kh >> 1. 

)3()2()1(, tx ,                                               (2.5.4) 

x2
1 ,

AERe)1( , 220)2( Re
2

EAk , 33
2
02)3( Re

8
3Im

2
1 EAkE

x
AA ,

)3()2()1(,, tzx ,                                         (2.5.5) 
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0 443Im
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,

xiktiE 00exp

 [Trulsen & 2006]  [ , 2005*]. ztx ,,

 ([Dysthe, 1979], . . 2.2. 

 (2.5.2) .

 (

, , ),

.

...
x
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t
A

gr  ,                                                   (2.5.6) 

(Cgr – ), ,

 (2.5.1), (2.5.2) 
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.                                            (2.5.9) 

 (2.5.8) –  (2.5.9) 

.  (2.5.1) 

,

.
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 (

(2.5.4)  (2.5.5)) :

)3()2()1(, tx ,                                           (2.5.10) 

tCgr2
1 ,

AERe1 ,     2202 Re
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,

)3()2()1(,, tzx                                         (2.5.11) 
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21Im1 .

 ( )

,

-  4 , - - .

.

. ,

,

. ,

,

,

. ,

 – . ,

.

,

 ( ), – .

,

 ( ).

 ( . [Veltcheva et al, 2003, 2007; 

Cherneva & Soares, 2008; Petrova et al, 2011]): 
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o ;

o  2-  3-

;

o  (Creamer transform). 

.
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 ( , ),  ( , ).



93

2

1

]2[2
2

1

]0[2
2

1
2coscos

j
jjj

j
jj

j
jj MaMaa                                                        (2.5.12) 

21212121 coscos mp MaaMaa ,

2
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j
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j
zk

jj
jj eNaeNa                                                           (2.5.13) 

21212121 sinsin 2121 zkk
m

zkk
p eNaaeNaa .

aj – , j = jt – kjx + j
(0) – 

j
(0).

.

M N ,

 [Dalzell, 1999]. 

, .
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, ,

.

,

 2- .

 2  3 .

,  2  3 

,

,  2.2. 

 (2.5.4), (2.5.5)  (2.5.10), (2.5.11) ( ).

. ,

,

−60 −40 −20 0 20 40 60

−2

0

2

t, s

en
ve

lo
pe

, m

the record
2−order NLS theory
3−order NLS theory
Creamer transform

( )

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
10−4

100

ω, rad s−1

F(
η)

the record
2−order NLS theory
3−order NLS theory
Creamer transform

( )

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
10−4

100

104

ω, rad s−1

F(
Φ

)

the record
2−order NLS theory
3−order NLS theory
Creamer transform

( )

. 2.5.3. . :
 (  1 / , k0H /2 = 0.3, 

). ( ): .
( )  ( ): 

.
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 [ , 2009*], ,
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H – )  (

). .
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.

 (2.5.4), (2.5.5) 

,  (2.5.10), (2.5.11) – .

 (2.5.3)  (2.5.8) 

 (2.5.2)  (2.5.9). 

(2) (3) .

.

 [Creamer et al, 2989] ,

.  4- .

, ,

,

 ( ).

 ( .  [Taylor et al, 1999]) 
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( . (1) (1) (2.5.4)  (2.5.5)). 
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x.
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xF { k},  = 1ˆ

xF { k}.
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,

x
g

itEtAFFtxEtxA tt expˆˆ,, 1 .                                  (2.5.16) 

 (2.5.14)-(2.5.15) 

AH(x, tj) tj ( x = 0 

(2.5.14)  (Hanning mask) x = 0). 

(x = 0, t) (x = 0, t).

. 2.5.1, 2.5.2, 2.5.3, 2.5.4 

 ( . 2.5.1-2.5.2) 

( . 2.5.3-2.5.4) . . 2.5.1 – 

(k0H /2 = 0.3, H – ): ,

.  – " "  (

).

 ( )

. . 2.5.1 , ,

 ( ),

.

. 2.5.2 ,

 – . ,

 ( . 2.5.2 ),

 ( . 2.5.2 )

 ( . 2.5.2 ) .

,

- .

.  (

) .

. 2.5.3, 2.5.4 

,  ( . 2.5.1-2.5.2). 

. 2.5.3 , . 2.5.2, 

 ( ). 

,
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( ) .
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0 .
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( )

( )
. 2.5.5. -

,  NA9711192011  ( );
 AI , ,

 ( ); Hmax/Hs ( ), 2 Amax/Hs (
)  2 Aenv/Hs ( ),
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,

 ( ).

,

 ( . 2.5.3 ).

, ,  2-  3-

.

. ,

 ( . . 2.5.3 , ).

,

2- .

,

. 2.5.4  NA199711200151,  10-

North Alwyn, . ,

,  ( .

).  8.7  13.2 ,

 140 – 180 . ,

k0Acr .  20-

 (5 ).

 [Slunyaev et al, 2005*; 2014*].

 NA199711200151 

. 2.5.4 ,  ( ).  18.2 ,

 13.2 Hmax /Hs = 2.31. 

 10 .

 ( |A(t)|)

.2.5.4 . . 2.5.4

 – . 2.5.4 .  2-  3-

,

 ( . 2.5.4 )  ( . 2.5.4 , ).

, . 2.5.4 ,

 ( . 2.5.4 ). 

, ,

 ( . 2.5.4 ),

( . 2.5.4 ).
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,

,

 (2.5.10), (2.5.11). 

 « - »

,

 ( ,

,  « - »)

.

.

.

, , ,

.  – 

(2.5.7)-(2.5.9).  10 ,

 North Alwyn [Slunyaev et al, 2005*; Slunyaev, 2006*]  « »,

 Draupner [ ., 2005*; Pelinovsky et al, 2005*]. 

, ,

 [ ., 2004*]

 – 

t

x

x -evolution 

t -
ev
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T

–L

. 2.5.6.  « - ». 
,  – .
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 (  (2.5.7) 

). , ,

 [Sergeeva et al, 2014*]

 « - »  (

).

.  (C. Guedes Soares). 

- . 2.5.5. 
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.
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AI . 2.5.5 .

,

.

,

.

,  ( . 2.4.3 

 5)  « - » .

0 200 400 600 800 1000 1200
−5

0

5

η,
 m

( )

0 200 400 600 800 1000 1200
−2

0
2

η,
 m

( )

0 200 400 600 800 1000
−5

0
5

10

time, sec

η,
 m

( )

. 2.5.7. 
.

,  – .
k0H/2  0.2 ( ), ,

 2  ( )  1.5  ( ).



102

 « - » ( H/Hs > 2) 

.

. 2.5.5

, .

. 2.5.5. . 2.5.5

Hmax/Hs.

Amax ( . ., )

),

Aenv.

. 2.5.5 ,  « - »,

,

Hs.

, . ,

. 2.5.5 ,

Hmax  2As  2Aenv.

,

.

, , . .

, .

 « - »

.  3 , . 2.5.6. 

1. rec(t) ( . 2.5.6 

x = 0, 0 < t < T)

A(t), .

2. A(x = 0, t) x = –L

 (2.5.7) (x-evolution . 2.5.6, .

, ). ,

A(x, t), (x, t) (x, t) -

 (x, t). ,

A(x, t = 0), (x, t = 0) (x, t = 0) ( . 2.5.6 t = 0, 0 < x < L).
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3. ,

 (t-simulation . 2.5.6, . ),
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).  1200 ,

x = 0. , . .,

,  1–2–3 .

x  –9200 m,  – 

t = 1200 .

,

 ( . 2.5.7 ).

.

k0H / 2  0.2,  10 . ,

. 2.5.6 , , t,

,

, ,

, , .

, ,

. 2.5.7 : ,

.

. 2.5.7 ,

, . 2.5.7. , :

. 2.5.7  2 , . 2.5.7  –  1.5 , . 2.5.7 .

. 2.5.7 ,

. 2.5.7 , . ,

, :

,

.

. 2.5.8 

.

 ( . ., , ,

), . ,

 (t  0 t  1200 x = 0) 

.

. 2.5.8, , . 2.5.8 .
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,

,

,

, -

.

,

.  HOSM 

M = 6 (  7- ),

. 2.5.9  NA199711200151. 

 ( . 2.5.9) 

,  3- ,

 (  – 

). , ,
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.  1–2–3 ,
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. ,

« - » ( . 2.5.9 ). ,
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.

,

. . 2.5.7 – 2.5.9 ,

,  10 .

. ,

;

.

. ,

,  HOSM  « »

. , , ,

, ,

, .

2.6

 2 .

1.

,

.  [Dysthe, 1979] 

 [ , 2003] kh  1.36, 

 [Johnson, 1977; Kakutani & Michihiro, 1983]. ,

kh = 1.36 

, .

2.

.

, . ,

.

.
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 3 

3.1
, « - »

 « »,

. , à , ò

,

.

,  « - » .

,

 « - » .

, ,

.

,

, , .

: ,

 (

), ,

.

: ,

.

 ( - ) (  3.2), 

,

 (  3.3)  «

» ( ) (  3.4) . 

,

 ( )

,

 [Chalikov, 2005; , 2014]. ,

,

 « - »,  4. 
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, ,

,

.  [

., 1996; Dyachenko et al, 1996; Chalikov & Sheinin, 1998, 2005; Zakharov et al, 2002; Ruban, 

2005],  (

) ; . .

[ , 2001] 

.

,  – 

,

.

;

,

. .  ( ,

[Osborne, 2010, 2013]). 

,

, .

. .  [Zakharov, 1991; Dyachenko et al, 2013b]. 

, ,

,

« - ». ,  (2-3) ,

,

.

,

. , -

 2 ,

 ( . . 2.5.2 . 2.5.3

 4.3). ,

. -

S(k, ) ( .  4.3). 

. 3.1.1.  (k, ) – 
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,  – ,

. k  ( O ), 

–  ( Ok).

 = (k) .

 « » ,

 (  – ).

.

,

,

S(k, ).

. , ,

 (k, ). ,

 2.2, 

, .

,

Cgr Cph ,

xCt ph
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k 2k 3k
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.
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1998; Gramstad & Trulsen, 2011]. , (3.1.2) 

.

.  10 

kH/2 = 0.15, H –  5%  (

 [Dyachenko & Zakharov, 2005]). . 3.1.2 

:

 [Zakharov et al, 2002], 

HOSM [West et al, 1987], ,  (2.5.1) 

[Trulsen & Dysthe, 1996]  (2.2.64) [ ,

2005*] ( . ).

, ,  « »

.  2 

. 3.1.2 , . ;

,

. . 3.1.2 ,

, ,

. . 3.1.2

. . 3.1.2 . 3.1.2  « »

 –  – .

. 3.1.2  5% .

, - ,

,

, ,

. 3.1.2 . ,

, , .

 HOSM 

.

, ,

, , . 3.1.3. 

, kH/2 = 0.09. 

.

,
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.  « »

.

. ,  ( . 3.1.3 )

 ( . 3.1.3 ),

, , . 3.1.3 .

 ( . 3.1.3 ),

 ( .

. 3.1.3 ). ,

 [Shemer et al, 2002; Clamond et 

al, 2006] ( ), [Trulsen & Stansberg, 2001] ( )

 4.2. 

, , ,

 (

)  (2.5.1) 

 ( ).

 (  HOSM), 

, -

, .

:  3.2 

[ , 2009*; Slunyaev et al, 2013a*],  3.3 – [Slunyaev & Shrira, 2013*],  3.4 

– [Chabchoub et al, 2012*; Slunyaev et al, 2013b*; Slunyaev & Shrira, 2013*].

3.2  « »
 –  – 

,

 ( ).

. ,

,

,

, ., ,  [ ., 1980]. 

,

, .
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 ( ,

[Dommermuth & Yue, 1987; West et al, 1987; Clammond et al, 2006; Zakharov et al, 2006; 

Dyachenko & Zakharov, 2008],  [Dyachenko et al, 2013a]). 

,

.

,

. ,

,

.

 ( )

,

, . [Dommermuth & Yue, 1987; West et al, 1987]. ,

, ,

,

, .

, , ,

,  c ,

, .

, ,  [Tanaka, 1990; Henderson et al, 

1999; Dyachenko & Zakharov, 2005; Zakharov et al, 2006]. ,

« »

[Zakharov et al, 2006; Dyachenko & Zakharov, 2008], 

.  [Dyachenko & Zakharov, 2008] 

, ,

,

.  [Zakharov et al, 2006] 

 ( ,  [Dyachenko & Zakharov, 

2008]) ,

 (

) . ,



117

 [Clamond et al, 2006] ,

.

 [Feir, 1967; Yuen & Lake, 1975, 1982]. ,

 [Dommermuth & Yue, 1987; West et al, 1987], 

,

k0A >~ 0.2 (k0 – A – 

)

. ,

:

, ,

, ,

.

:

 (

k0A = 0.2); 

.

, , ,

. ,

.

. -

,

 2.5. 

 [Dommermuth & Yue, 

1987; West et al, 1987; Zakharov et al, 2006; Dyachenko & Zakharov, 2008]. ,

 [Zakharov et al, 2006] 

,

. .

.
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 (2.2.35), ,

 (2.3.24),  (

, )

tCxks

t
s

i
AtxA

gr
s

0

0

2

2cosh

4
exp

, ,                                                 (3.2.1) 

s = k0As – , As

k0. ,

, ,

. ,

k0,  (3.2.1), 

Cgr.

,

 (3.2.1)  (2.5.4)–(2.5.5). 

k0 = 1, As .

.

,  2 .

. s = k0As ( s = As

k0).  (2.5.4) 

 (Acr + Atr) / 2, Acr – Atr – 

,

33
0000 8

3
2

AkAkAAkAk trcr
nl

,                                      (3.2.2) 

33
0
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00

)3(
0 8

3
2
1 AkAkAkAk cr , 33

0
22

00
)3(

0 8
3

2
1 AkAkAkAk tr ,        (3.2.3) 

A – . ,

(x) ( ).

,  120 ,  3–1/2  0.577. 

.
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.

.

. 3.2.4  60 , 3–1/2  0.577. 

, . 3.2.4 0t < 200, 

 70% .

. 3.2.2 

. 3.2.4 .

,  ( . 3.2.2 

. 3.2.4) .

As , .

k0As = 0.25 

k0As = 0.2, ,

k0As = 0.3. 

 3.2.1. 

k0As k0A(3)
cr k0A(3)

tr g
A m

cr

2

g
A m

tr

2

g
H m

t 2
max

2 kp,

/

km,

/

p,

/

m,

/

V,

/

1 0.15 0.16 0.14 0.15 0.13 0.14 0.99 0.99 3.13 3.16 1.60 

2 0.16 0.17 0.15 0.16 0.14 0.15 1.01 0.99 3.13 3.16 1.61 

3 0.20 0.22 0.18 0.19 0.16 0.17 0.97 0.98 3.07 3.17 1.62 

4 0.22 0.25 0.20 0.21 0.18 0.20 0.97 0.98 3.13 3.18 1.63 

5 0.23 0.26 0.21 0.23 0.19 0.21 0.97 0.98 3.13 3.20 1.64 

6 0.25 0.29 0.22 0.27 0.21 0.23 0.88 0.98 3.19 3.22 1.66 

7 0.28 0.33 0.25 0.28 0.22 0.26 0.98 0.98 3.07 3.22 1.67 

8 0.29 0.34 0.26 0.30 0.23 0.28 0.96 0.97 3.07 3.23 1.68 

9 0.30 0.36 0.27 0.33 0.25 0.29 0.92 0.97 3.07 3.25 1.69 

10 0.31 0.37 0.27 0.37 0.27 0.31 0.90 0.97 3.01 3.29 1.70 

11 0.32 0.38 0.28 0.40 0.29 0.33 0.88 0.96 3.07 3.31 1.72 
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[ , 2009*]. ,
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.
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;  ( ,

, . [ , 1998; Gramstad & 

Trulsen, 2011]) .

 « »
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, .
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k0, .

, . . 3.2.1 

[Slunyaev et al, 2013a*].
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. V

 « » xs ,

dxtx

dxtxx
txs ,

,
2

2

.                                                        (3.2.5) 

xs(t) xs = x0 + V t,

. 3.2.1, 

. 2.3.11. 

. 3.2.6 . .

,

, Acr / Atr, . 3.2.6 

. ,

.

 ( 9 . 3.2.1 c k0As = 

0.3) . 3.2.7. . 3.2.7 ,

 ( )  ( ),

,  ( ).

;

. 3.2.7  3 ,

. 3.2.7 .

. 3.2.7 ,

: . ,

 ( . 3.2.7 ). :

.

 ( . 3.2.7 ), ,

,

.  ( , k0As = 0.20) 

.

.  ( ,

, ) . . 3.2.8. 
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 90 ,  1  8 ,

.

:

 1: .

(3.2.1) :

tCxks

xk
s

i

AtxA
gr

s
0

0

2

2cosh

2
exp

, ,                                                 (3.2.6) 

( x , x = 0) 

= Re(A(t) exp(i 0t));

 2: ,

;

10m 45m30m 60m 85m

110m

1m
x=0.15m

. 3.2.8. 
. ,  – .

 3.2.2.  « »
.

-
k0As 0,

/
k0h

,

,
max, /

-

29.14 0.2 6.86 4.80 12 2 

30.07 0.2 6.86 4.80 12 2 

30.13 0.3 6.86 4.80 12 2 

30.16 0.3 6.86 4.80 12 2 

30.29 0.3 5.92 3.57 20 1 

30.37 0.35 6.82 4.74 15 1 
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 3:  (3.2.6),  1, – 

 (2.5.10). 

,

: .

 ( .  [Slunyaev 

et al, 2013a*]).
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k0h = 3.57, 4.74, 4.80, 5.76). 
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,

 1  2 , ,  3 (

). k0As = 

0.35  ( ,

) ,  HOSM,  1 

( ) .

k0h  3.6, .

 (2.2.33) 

 1.8 ,

.  (

)

. ,

,

, , ,

.

3.3  (
)

- , ,

,

,  [Tanaka, 1990] 

,

 ( .  [Henderson et al, 1999]). 

 [Su & Green, 1985] (

,  [Tanaka, 1990]). 

 [Tanaka, 1990] 

k0H/2 = 0.05...0.17,  10% ,

 ( , .

 2.3).  [Tanaka, 1990], 

 3.4,  – 3.7. 
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 [Su & Green, 1984] 

 [Tulin & Waseda, 1999],  – 

 [Waseda, 2005].  [Tulin & Waseda, 

1999] ,  [Su & 

Green, 1984]  2.5,  – 

[Zhang et al, 2014]. 

.  [Henderson et al, 1999] 
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 – .
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, .

 (  [Clamond et al, 2006] 
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1999; Clamond et al. 2006])  [Karjanto & van Groesen 2010; 

Chabchoub et al, 2011, 2012, 2012*, 2013a,b; Clauss et al. 2012; Shemer & Alperovich 2013]. 

,

, .

 [Schober, 2006; Ankiewicz et al, 2009]. ,

, ,

.

, .

, ,

 ( ) ,

.

,

.

 ( ),

,

 (

.  2.3), .  [Slunyaev & Shrira, 2013*].

 ( )

 ( .  2.3 

. 3.3.1).  1% 

 ( 1 = 0.01  (2.3.22)). ,

 (2.3.9), (2.3.11)  (2.3.21). 

,
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 (M = 6, . ); ,
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,  – 

,  (

), ,

 [Yuen & Lake, 1982]. 
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 ( ). -
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. 3.3.3

, -
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, up-

crossing  down-crossing ( ., , [Massel, 1996; Holthuijsen, 2007]). 

0.04 0.06 0.08 0.1 0.12 0.14 0.16
1

1.5

2

2.5

3

3.5

4

4.5

s
0

A
I

9 8 7 6 5 4 3

3

9

3
4
5
6
7
8
9

( )

0.04 0.05 0.06 0.07 0.08 0.09 0.1
1.5

2

2.5

3

3.5

4

4.5

s
0

A
I

20

15

12

10

10

20

10
12
15
20

( )
.3.3.4. , , AIcr (

- ), AItr ( ) AIH ( ).
AIenv.

Nw ( . ). ,
, s0 = k0A0.

 0.4/s0. .



140

, ,

.

. 3.3.4 ( ), . 3.3.5 ( ). . 3.3.4  2  - 

Nw. . 3.3.4, 3.3.5 ,

, . ,

k0H/2 = 0.15 s0  0.1486. 

,

.

. ,  3 k0H/2 >~ 0.142, 

, .

 [Longuet-Higgins, 1978], 

.  [Henderson et al, 1999] 

. ,

. ,

.

,

. 3.3.3 .

. 3.3.4, AH , Atr,

0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17
2

2.5

3

3.5

4

4.5

s
0

A
I cr

3
3.5
4
5
6
7
8
9
10
12
15
20

. 3.3.5. . 3.3.3. 
,  ( . ) – .



141

Acr.  4 

,  –  3,  –  3. 

,  « - »,

;

Acr.

 (

.  [Slunyaev & Shrira, 2013*]). -

;

.  ( )

k0H/2 = 0.9  (20 ).

 – 

,  [Henderson et al, 1999] (

 15 ).

. 3.3.5. 

 10 ,

, . 3.3.6. 

AIcr . 3.3.5, ,

. . 3.3.5 , AIcr = 0.4/s0

.

.

, ,

. 3.3.7, 

10 20 30 40 50

−0.05

0

0.05

0.1

k0 x

k 0
η

. 3.3.6. 10  ( ,
)  ( ),

.



142

rear
z

crrear
cr L

H
s

2
, front

z

crfront
cr L

H
s

2
.                                          (3.3.2) 

Hcr – , Lz
rear Lz

front – 

.  (3.3.2) 

k0H/2. . 3.3.7, 

. .

, ,

. ,

, scr
rear  0.5 scr

rear  0.7. 

0.04 0.06 0.08 0.1 0.12 0.14 0.16
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

s
0

re
ar

 c
re

st
 s

lo
pe

3
3.5
4
5
6
7
8
9
10
12
15
20

( )

0.04 0.06 0.08 0.1 0.12 0.14 0.16
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

s
0

fro
nt

 c
re

st
 s

lo
pe

3
3.5
4
5
6
7
8
9
10
12
15
20

( )
. 3.3.7. s0 = k0A0

 ( Nw):  ( )
 ( ). .

, .



143

 ( )

 « - » . 3.3.8 . 3.3.9 

. . 3.3.8 ,

0.05 0.1 0.15
0

200

400

600

800

1000

1200

s
0

t f / 
T 0

3
4
5
6
7
10
15
20

( )
0.05 0.1 0.15

0

200

400

600

800

1000

1200

s
0

3
4
5
6
7
10
15
20

( )
. 3.3.8. 

Nw ( . ):  (
) ( )  ( ).

0.05 0.1 0.15
0

50

100

150

200

250

s
0

t lif
e / 

T 0

3
4
5
6
7
10
15
20

( )
0.05 0.1 0.15

0

50

100

150

200

250

s
0

3
4
5
6
7
10
15
20

( )
. 3.3.9.  " - ":  (

) ( )  ( ).



144

.

 [Shemer & Alperovich, 2013], 

.

Nw = 3 k0H/2 = 0.15 Nw = 4 k0H/2 = 0.125 – 

 150 .

.  (

2500 ) Nw = 9 k0H/2= 0.042, 

. 3.3.8 .

 ( . 3.3.8 ), .

, ,

,  ( .  3.4 ). 

 " - " AIcr > 2 

 ( . 3.3.9 ) AIenv > 2  (2.3.11) ( . 3.3.9 ).

.

 « - », AIcr > 2 

. , ,

,  « - ».

,

,

. , BFI > 1, 

wNsBFI 022                                                       (3.3.3) 

( .  (2.3.4)), s0 = k0A0 – ,

. , ,

BFI > 1 ,

adjwadj NNsBFI 022  ,                                            (3.3.4) 

Nadj – . ,
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0.47; Nadj = 0.5.  ( Nw)
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(3.3.4)  (3.3.3). 
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fit for crest

. 3.3.13.  ( ) ,
. 3.3.11 .  (

)  ( ). : k0H/2 = 0.125, 
Nw = 4, k0 = 4 / ,  = 0.01; : kextr = 4.7 / ,
kextrHmax/2 = 0.31, kextr = +0.1. 
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,

,

.

,  « »

.

 ( ) ,

. ,  2.3, 

N- ,

 = 1. 

 [Akhmediev et al, 2009; Dubard et al, 

2010; Gaillard et al, 2012]. 

. 2.3.1 , N = 2, 3, 4, 5 . 3.4.1. 

, ,

,

( ) ( )

( ) ( )
. 3.4.1.  2 – 5  ( – ).  |A|

.
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NAI N 21 ,                                                            (3.4.1) 

( ,  [Akhmediev et al, 2009]) 

[Dubard & Matveev, 2013] .

 « »,  2.3 .

.

 2 (  (2.3.26)  = 1),  1. 

N N

. ,  [Peregrine, 1983], 

N = 1  3 .

, , ,

,  – 

. ,

 « - »,

 [Shrira & Geogjaev, 2010]. 

 [Chabchoub et al, 2011; 2012; 2012*].  « - -

» - ,  (3.4.1). 

 [Chabchoub et al, 2012*]  5-

,  11- .

 [Chabchoub et al, 2012*]

. x = –

d

N, AN(–d, t), 

x = 0 t = 0. 

L,

: |d| < L. , ,

, ,

.

 (|d| ).

~ –2,  – ,  ( .

). ,

.
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 (3.4.1). ,

,

 [Chabchoub et al, 2012*].
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:

-  |d| ( Tf)

,

;

-

. ,

. ,  [Chabchoub et al, 2012*]

N = 5 

 0.01. 

,

,

.  – ,

.

 (2.5.7)-(2.5.9), 

. ,

.

,  [Chabchoub et al, 

2012*], x = –d  – 

AN(x = –d, t) N = 1, 2, 3, 4, 5, 

x = 0 t = 0. ,

 3.4.1. .

,
N , k0A0 , A0 ( ) , 2 /k0,

1 0.117 0.01 0.54 
2 0.05 0.003 0.38 
3 0.04 0.002 0.31 
4 0.03 0.003 0.67 
5 0.02 0.002 0.67 
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,                                (3.4.2) 

O( 4).

A.

.

,

.

,  ( .

. 3.4.4).

 [Chabchoub et al, 2012*] . 3.4.1. 

,

2 . d

 9 ;  – 

100 , . 3.4.1  150–320 .

 |A| . 3.4.2 

.

, . . 3.4.2 ,

,

. N > 1 d  50  (75–160 
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, .

, . 3.4.5 

.

. 3.4.2 N = 1 N > 

1. , d

. , N = 1 

 (

 3.3). .
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, ,

,  2.5,  (2.5.10). . 3.4.3 

, .
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max( )  min( )

A0, env, cr, tr.

0

max
A

At
env ,

0

max
A

t
cr ,

0

min
A

t
tr .                         (3.4.3) 

. 3.4.3 ,

.

x = 0 ( ),

 –d x  20  ( ). 

 (3.4.1). 

 ( . 3.4.3),  ( )

.  ( )

. N = 1 ,

x = 0 ( ) ,  (

); d. N > 1 

x = 0, d.

. 3.4.3 ( d = 

9 ).

, .

N = 1 N = 4. N = 2, 3 , ;

N = 5 ,

 (0.01  0.02). , . 3.4.3 

, ,

, .

. 3.4.2 

A0 = AN(x ). N = 3, 4, 5 x = –d

,

.

 – ,

dxA
A

t

t
env max

max
,

dxt

t
cr max

max ,
dxt

t
tr min

min .      (3.4.4) 

. 3.4.3, ,

env, cr, tr.
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x = –d ,

. 3.4.3 .

d N (

). d = 9 

 2. 

 3. 

, N > 1 

, d.

. , ,

,  [Chabchoub et al, 2012*]

.

 HOSM,  7-

 ( . ).

.

, . ,

, ,

 ( . 3.4.2). 

 3.4.2. 

, k0A0
,

N

 / 
d / ,

k0A0

1 16.76 0  33.52 T0 0.090 0.095 0.12 
2 23.87 0  47.74 T0 0.060 0.065 0.06 
3 28.65 0  53.30 T0 0.040 0.045 0.05 
4 14.32 0  28.64 T0 0.030 0.035 0.04 
5 28.65 0  53.30 T0 0.025 0.030 0.02 
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,

, .

,

,  = d/Cgr.
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t = –

. 0
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. 3.4.1. . 3.4.4. 

. 3.4.2 

N = 1. 

,

, , x > 0,

. . 3.4.2 

.

 = 50T0, 100T0

 200T0. k0 = 20 / ,

. 3.4.2 ( ).  = 100T0

. 3.4.4. . 3.4.3 

, -

. . 3.4.3, 

, ,

, .  HOSM

, .

 3-4  ( . 3.4.3). 

 ( ,

. 3.4.4) . 3.4.5. 

 ( . 3.4.1) N

,

. ,

N > 1; 

 [Chabchoub et al, 2012*].

. 3.4.5. 

.

- ,

-

 3.3 ( . . 3.3.13). ,
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. 3.4.5 ,  (
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3.5
 3 .

1.

 ( ) :

.  2 .

,

. ,

.

2. ,

 / 

.

 /  ( k0A > 0.35) 

.

 ( )

k0A  0.2. 

.  (

)

.

3.

,

 " - ", ,

,

. ,

, ,

.

.

,  3 ,

 ( ). 

.

4.  ( )

 4.2,  –  3,  (

) –  3. 
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.

 ( ,

):  2 ,

, , ,

, .

 (

), .

5.

. ,

.

;  ( )

.
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 4  « -
»

4.1

 ( - ,

,  1.3), 

.

 [Longuet-Higgins, 1952]. 

 –  [Hasselmann, 1962; 

Zakharov, 1999; Janssen, 2004; , 2007] – ,

. -

,

, .

.

, , ;

 ( . .,

)  « - »  (

,

 [Massel, 1996; Tayfun & Fedele, 2007]). ,

 « - »

 ( )  (

).

 « - »  (

).  « - » . .

 ( - ),

,

 ( , [Onorato et al, 2001; Tanaka, 2001; Janssen, 2003; 

Dysthe et al, 2003; Chalikov, 2005, 2009; Socquet-Juglard et al, 2005; Annenkov & Shrira, 2006a; 

Pelinovsky & Sergeeva, 2006; Shemer & Sergeeva, 2009; , 2010] 

). .
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 " - ", H > 2Hs,

 3 10–4 (  3 000 )

 (Norwegian Petroleum Directorate, 

Serviceability Limit State  Accidental Limit State)  1 

 100  1  10 000  ( .  [Kharif et al, 2009*])). 

 10  3 10–11 (!). 

 [Christou & Ewans, 2011] 

 664 000 ,  3 107 ,

 10-  9.5 .

, , .

 "

" (Numerical Wave Tanks) ,

 ( ).

.

,

,

 " - " .

,

, .

,

 (BFI) .

;  (

 – )

 [Onorato et al, 2002, 2009; Gramstad & Trulsen, 2007; 

Mori et al, 2011] ( ,

). ,

 ( )  [Alber, 

1978] ,  (  [Crawford, 1980] 

). ,

,
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, . ,  [Alber, 1978] 

 (

), ,

rmsak0
0

                                                                 (4.1.1) 

( arms – , 0 k0 – 

,  – ).

(  (4.1.1))  0.066,  (  (4.1.1.)) 

 0.075…0.082, .

,  (4.1.1) 

. ,

, ,

 (4.1.1) .

,

, . ,

.  [Onorato et al, 2001] .  [Janssen, 2003] 

,

 BFI (Benjamin – Feir Index), 

0

0

0

0 222
k

k
kkBFI rmsrms .                                        (4.1.2) 

BFI > 1. 

(4.1.1)  (4.1.2), arms = 2 rms.  [Onorato et al, 2001]  BFI 

 – 

 ( ) . ,

BFI , ,

,

 ( .  2.3). ,

BFI , , – 

 –  [Mori & Janssen, 

2006]

22
0

2
4 24

3
3 rmskBFI                                             (4.1.3) 

.
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22 , 3

3

3 , 4

4

4 ,                                        (4.1.4) 

,  = rms,

 – 3 4.

 ( ).

 ( ), 4 = 3. 

 (4.1.3) .

 = k0 rms ,

, , ,

, ,  ( . (4.1.2)). ,

 3  (

, ). 4 > 3 

. ,

 [Shemer et al, 2010] 

.

 (

)  ( , , )

- ;  4.2 

. ,

, .

 BFI 

 (European Centre for Medium-Range Weather Forecasts, ECMWF) (

 [Leon & Soares, 2014]), 

,  BFI  « - »

.  4.4.  BFI 

[Waseda et al, 2009; Mori et al, 2011; , 2010], .

,

 [Zakharov, 1999]; 

,

. ( , , ,



168

 [Stiassnie & Shemer, 2005; Annenkov & Shrira, 2006b; Tanaka, 2007]. 

.)

 4.3 ,

,

, .

 4.2 

:

.

 3.3, 

, .

.  (

,

), ,

,  [Chalikov, 2005]. ,

,

 ( , [Liu et al, 2015]). 

,  4.4. 

, ,

, .

.

 (k0h ~ 1) , - ,

« - », ,

 [Slunyaev et al, 2002; Didenkulova et al, 2013]. 

, ,

 (  [Janssen & Onorato, 2007; Toffoli et al, 2013; 

Fernandez et al, 2014]  [Mori et al, 2002; Mai et al, 2010; Didenkulova & 

Anderson, 2010; Didenkulova, 2011; ., 2011; ., 2014]). 

.

, - .

 [Sergeeva et al, 2011: Trulsen et al, 2012; Zeng & 
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Trulsen, 2012; Viotti & Dias, 2014], 

.  4.4. 

:  4.2 

[Shemer et al, 2010*; , 2011*],  4.3 – [ , 2011*,

2012*; Sergeeva & Slunyaev, 2013*],  4.4 – [Slunyaev, 2010*; ,

2011*; Slunyaev et al, 2015*].

4.2

,

 « - » .

, ,

 (Groß Wellen Kanal, GWK) . ,

, ,

, , ,

, ,

 ( , ,

).

 300 , 5 

 7  ( h = 5 ).

,

. 4.2.1.  ( )
 ( ) .
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 270 

30 .

, ,  ( )

.

.

/ 0=0.054

, k0 rms = 0.042. 

;

.

, , ,  [Shemer & 

Sergeeva, 2009]  [Shemer et al, 2010]. 

 34  (  1.5 ,

3.5 k0h = 9),  17 

. 4.2.2.  ( )
 ( ) .
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.

(  153.6 ),  25 

 (  40 ), .

 3.59 ,

;  –  214 , .  [Shemer & Sergeeva, 

2009; Shemer et al, 2010*]. ,

, .

,

.

,

,

. ,  (

) ;

.

 (x = 3.59 )

 (2.5.7)-(2.5.9), 

 ( ,

). . 4.2.2 

, . 4.2.1 ,

, – ,

 (2.5.10), 

 2.5. . 4.2.1  52 ,

 15 .

.

. 4.2.3. , ,
.
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 ( . 4.2.2) 

. . 4.2.3 

, . 3.1.2, 3.1.3, 

,

 4 rms. ,  100 

 15%, ,

. .

, x = 3.59 ,

, .  [Shemer et al, 2010*]. ,

,

. , ,

:

.

. 4.2.4 . ,

, x = 3.59 ,

. . 4.2.4 

 46 . x = 3.59 

, ,

.  15 

 (x = 52.2 )

.

, . 4.2.4, 

.

; ,

.

 1  2  2  3 .

 = / 0,

11
2
1

20

2
0

0 m
mm

dS

dS
,                                         (4.2.1) 

S( ) – ,

Sdm j
j .                                                         (4.2.2) 
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 (4.2.1)  (4.2.2) 

,

.

k,

.

. 4.2.5, 

, .

,  « » ,

. , ,

,

. 4.2.4. :
 ( )

( )  ( ). x = 3.59 
.
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.

, : ,

. , ,

.

, ,

,

 [Shemer & Sergeeva, 2009]. . 4.2.5 ,

. 4.2.5. 
( )  (  –  – )
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, - ,

.

,

 [Zakharov et al, 2002], 

 – 

/  (~ –4,  – ).

 ( ,

k0 rms  0.042 k k/k0  0.076, 

 100 ). ,

, . 4.2.6. 

. . 4.2.6

. 4.2.5, . 4.2.6  – . 4.2.4. ,

 (  200 !)

, , . . 4.2.5. 

 ( )

. 4.2.7 

.

.

,  (

,

). . 4.2.7 ,

 ( ) .

 ( . 4.2.7 ) ,

. .  (  (4.1.3)) 

. . 4.2.7

 5, ,

 3. 4.

 3 x = 3.59 ,

.

 4. 
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 [Annenkov & Shrira, 2009a] 

:  4 

 3.1 ( t > 60 T0),

, . ,

,

.

,

, . 4.2.8  3 

 400  ( ), 

.

.

( )

( )
. 4.2.7. 3 4

 ( )  (  –  – )
.

,
.



177

 « - » H > 8 rms,

.

« - » ,

. 4.2.8. 

 100  (30 ).

, ,

.

, ,

,  [Shemer & Sergeeva, 2009] 

 2  3  [Tayfun & Fedele, 2007], 

, , .

,

. 4.2.8. 
: 100, 126, 176  400 .

( ),  ( )
( ).  ( ).

 = rms.
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, ,

.

,

 (

)

.

.

.

. . 4.2.9 

 ( )

( ),  ( ,  [Shemer & 

Sergeeva, 2009; Shemer et al, 2010, 2010*]),  BFI ,

Tnl,  (  (3.2.4) 

)
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2
0

1
nlT , rmsk0 .                                              (4.2.3) 

x = Cgrt, Cgr = 0/(2k0).

,

,

,  ( .

 [Slunyaev, 2010*]).

, .

BFI > 1, ,

,  ~ –2
0

–1.

BFI ~ 1. , BFI,

. ,

 ( , )

.

 ( , [Onorato et al, 2001; Dysthe et al, 2003; Janssen, 2003; 

Socquet-Juglard et al, 2005; Mori et al, 2007]). 

. 2.4.6 ,

 (

" "  ~ –4
0

–1),

,

 [Zakharov, 1999]. 

, . 4.2.5, 4.2.7, 4.2.9 ,

.

 300- ,

BFI, ,

.

4.3

 « - » .

,

,  2.5. 

- -
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.

,  [Christou & Ewans, 2011]  600 .

 22 ., .

 3.5 . ,

 20 % 

. , ,

,

.

,

, .  3.1. 

.

.

,

 –  ( .,

, [ ., 1996; Dyachenko et al, 1996; Clamond & Grue, 2001; Chalikov & 

Sheinin, 1998, 2005; Zakharov et al, 2002; Ruban, 2005; , 2014]). 

.

 ( ).

 ( ,

),

 (

). -

 ( ,

, ). ,

,

 ( )

 (

).
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, ,

 ( ). ,

,

. ,

. -

, .

 (HOSM [West et al, 1987], . ) ,

 (

kH / 2 = 0.3, k – , H – ).

M = 3  6,

 4-  7- .

 ( Ox) .

 (

), 

,  3. 

 « »,

.

,  4.2, 

.

JONSWAP, 

 [Hasselmann et al, 1973; Massel, 1996; Holthuijsen, 2007; , 2012]. 

 JONSWAP 
2

22
1exp45

4
5exp p

p

pp

S ,   (4.3.1) 

p

p

09.0
,07.0

.
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 3 : Tp – ,

p = 2 /Tp, Hs –  (

)  ( ).

, , . 4.3.1. 

,  A  (

. 4.3.1). ;  A 

,  E – ,

 ( ),

.

 (3  3.3 ),

.  (  F, .

. 4.3.1) 

.

t = 0 

 10 ,

, Tp  20 . ,

 20 

 – .  2048  2048 ,

 0.6  5 ,  120 

 60 .

-  20 

.

 4.3.1. ,

.

Tp, Hs, kp rms

A 10 3.5 0.035 3 

B 10 7 0.070 3 

C 10 9 0.090 3 

D 7 3.5 0.072 3 

E 10.5 7 0.064 3.3 

F 10.5 8 0.073 6 
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, .

 ( ) :

(x, t = 0) (x, t = 0). -

,

(x,

t = 0) (x, t = 0) ,  2.5. 

, .

. 4.3.1 ,

Wk Wp:

dxW t
k

2
1 , dxgW p 2

2
.                                    (4.3.2) 

.

. ,

, ,
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( ),  ( ).  ( .
. 4.3.1). 
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), . 4.3.1 ,

/ . ,

.

 « »,  « »

,  [Dommermuth, 2000]. 

« » – ,

,

. . 4.3.1

 (

 20 ).

.  ( , k)-

, . 4.3.2. . 4.3.2
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 101.5 .

 102

( . 4.4.9 ,  B1). 

( . 4.4.9 ,  B3). 

BFI ( . 4.4.8 ),  ( . 4.4.8 ).

 (  B1) 

.  ( . 4.4.8 )

 ( .

[Slunyaev et al, 2015*]).  [Slunyaev et al, 2015*],

 « » ,

 (

),  [ ., 1976; 

Kaup & Newell, 1978, , 1984]. 

, .

Alin ,

Asol  – 

,

ttEA rmslin ~~ , ttEA rmssol
2~~ .                         (4.4.7) 

 ( )  [Slunyaev et 

al, 2015*]. ,

.

0 1 2 3 4 5 6 7 8 9 10

0.8

1

1.2

1.4

t / Tnl
(0)

B
FI

*

B1
B2
B3

. 4.4.11. , . 4.4.8 , ,  BFI, 
k > 0. 
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 [Adcock & Taylor, 2011], 

 [Mollenauer & Smith, 1988] (  (4.4.7) ,

),

. ,

,

.

,  [

, 1985; Akhmediev et al, 2011b]. 

,

:

 ( , . .).

,

,

[Sergeeva et al, 2011; Trulsen et al, 2012; Gramstad et al, 2013; 2012; Viotti & Dias, 2014; Trulsen 

et al, 2015], ,

 (kh >~ 2), 

 (4.4.5), 

 ( .  [Djordjevic & Redekopp, 1978], 

[Zeng & Trulsen, 2012; Sergeeva et al, 2014*]).  (

)

. ,

,

, .

,  ( )

.  4-

.

,

 BFI. 

« »  2  3 .
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BFI - .

 ( ,

 [Mori & Janssen, 2006] (4.1.3)).

BFI

 (

, ):

BFI,  ( .

 [Kharif et al, 2009*]); BFI

;

BFI,  (

),  BFI, 

, ;

, :

BFI,  – 

.

4.5
 4 .

1

,

, .

,

,

.

, BFI, ,

Tnl. BFI > 1 ,

, .

 1–2Tnl, BFI

. BFI < 1, 

, BFI .

2 ,  4-

 ( )

.
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:

, .

3

 ( ).

.

.

4

.

. ,

.

5

BFI,  [Mori & Janssen, 

2006] .

, , .

6

.

-  10  x 20  (

60  120 ).

 (  10 ).

.

.
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 5 

5.1

. ,

, ,  – 

,

.

;

 [Peregrine 1976; Thomas 1981; Jonsson 

1990; , 1996; Thomas & Klopman 1997; Lavrenov 2003]. 

,

, ,

 ( ,  [Peregrine, 1976; 

, 1977; Peregrine & Thomas, 1979; Jonsson, 1990]). 

 « - »

,

:

; ,

 [Peregrine 1976; Smith, 1976; , 1977; 

, 1998; Lavrenov, 1998, 2003; White & Fornberg, 1998; Lavrenov & Porubov, 2006]. 

, , ;

 [Thomas 1990; Jansen et al, 2006; Heller et al, 2008; Janssen & Herbers, 

2009; Moreira & Peregrine, 2012], .

 « - »:

. -

 [Mallory, 1974; 

, 1982], .  1.2 ( ,
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 « » [ , 1998]). 

,

. ,

, ,

 ( - ),

.

,

. ,

, .

,  (

),

.

.  (

)

, .

. 5.1.1 . . 5.1.2 
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( )
. 5.1.1.  30

 [Toole & Raymer, 1985] ( ).
, / .

 [Lutjeharms, 2006], 
.
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, . . ,

.

 5.5. 

,

:

, ,

,

, ,

,

.

,

; .

. ,

 [McKee, 1974; Smith, 1975; 

Peregrine, 1976]. 

. 5.1.2. .  (D.H. Peregrine) .
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[Smith, 1976; Turpin et al, 1983; Gerber, 1987; Stocker & Peregrine, 1999; Hjelmervik & Trulsen, 

2009; , 2012].  [Smith, 1976]  (2+1D) 

,

, .  [Turpin et al, 1983] 

.  [Gerber, 1987] 

.

, . . ,

[Stocker & Peregrine, 1999]. , ,

 [Hjelmervik & Trulsen, 2009] 

, ,

.  [Onorato et al, 2011] , ,

, ,

,

.  « »

 [ , 2012]  [Janssen & Herbers, 2009] 

.  [Janssen & Herbers, 2009] 

.

,

 [Shrira & Slunyaev, 2013*]. - ,

,

. ,

, .

,

, .

,

.

, ,

 ( , [Komen et al, 1996; Lavrenov, 2003]), 

. ,

 2-4, –2  (

 – ),  « » –4
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.  ~ 0.1, Lwind ~ 

100 Lswell ~ 500 ,  « »

 101  102 ,  103 – 104 .

, ,

 ( . 5.1.1) , ,

.

,

, ,

 – .

, ,

, ,  [Smith, 1970; Peregrine & Smith, 1975] 

. ,

,

.

,

, .

,  [Peregrine & Smith, 1975; Peregrine, 1976] 

, , -

.  [ , 1981]. 

-

,  ( ):

.

 [ ., 2005, 2006; Pelinovsky et al, 2010; ., 2011]. 

 5.2. 

, ,

- , .

 ( ) .

 5.3-5.4: - -

. ,

 3-
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 (  5.3).  4-

 5.4. ,

,

.

 5.5. 

:

 [Shrira & Slunyaev, 2013*]

 [Shrira & 

Slunyaev, 2014*].

5.2

gPvUvU
t
v , ,                                          (5.2.1) 

0vU                                                           (5.2.2) 

. v =(u,

v, w), P(x, y, z, t) ,

U =(U(y), 0, 0), Oz .

, Ox,

.

,  " "

 (5.2.2), 

0
z
w

y
v

x
u .                                                       (5.2.3) 

, ,

0,,, tzyxP tzyxz ,,, ,                                   (5.2.4) 

wvU
t

, tzyxz ,,, .                              (5.2.5) 
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.

0w z .                                              (5.2.6) 

U ,  (5.2.1) 

(5.2.5) , ,

:

0
x
P

y
Uv

z
uw

y
uv

x
uu

x
uU

t
u z ,           (5.2.7) 

0
y
P

z
vw

y
vv

x
vu

x
vU

t
v z ,                 (5.2.8) 

0g
z
P

z
ww

y
wv

x
wu

x
wU

t
w z ,                (5.2.9) 

0w
y

v
x

u
x

U
t

z ,              (5.2.10) 

 (5.2.4)  (5.2.6) .

,

x t,

 ( )

. ,

k, , k > 0, 

ikxtiyAtyx exp,, ,                                         (5.2.11) 

ikxtizyutzyxu exp,ˆ,,, ,                                        (5.2.12) 

ikxtizyvtzyxv exp,ˆ,,, ,                                        (5.2.13) 

ikxtizywtzyxw exp,ˆ,,, ,                                        (5.2.14) 

gzikxtizyPtzyxP exp,ˆ,,, .                                 (5.2.15) 

,

 (5.2.11)-(5.2.15) ,

, , ,

.

( 0), .

(  Maple): 
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1)  (5.2.7)-(5.2.9) 

P ;

2)

zx Euler
x

Euler
z zy Euler

y
Euler

z
,

Eulerx, Eulerx Eulerx  (5.2.7)-(5.2.9) .

ŵ .

 [Shrira & Slunyaev, 2013*]

,

 [Shrira & Slunyaev, 2014*].

,

(y, z),

z
zyw ,ˆ ,                                                               (5.2.16) 

Ok
yz

2
2

2

2

2

2

2

2 0z ,                 (5.2.17) 

O
gz

2

0z ,                                         (5.2.18) 

0 z ,                                                 (5.2.19) 

O
yk

i
k
iiku 2

2

ˆ ,                                             (5.2.20) 

O
y

v̂ ,                                                      (5.2.21) 

O
g

iA
z 0

ˆ ,                                                      (5.2.22) 

OiP̂ .                                                           (5.2.23) 

ykUy .                                                            (5.2.24) 

, ,

, (y) .

 [ , 1981]. 
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 [ , 1981] 

 [Shrira & Slunyaev, 2013*] (

ŵ ).

O( ).

 (5.2.17)-(5.2.19) 

, y ,

k, , k

.

 (5.2.24) ,

.

 (5.2.17) 

2

2
2

2

2

2

2

2k
yz

0z ,              (5.2.25) 

( ), 

,  [Shrira & Slunyaev, 2013*] (

).

.

 ( , )

, y:

 (5.2.18) 

.

, ,

,

,

zyZzyFzy ,,, ,
g

zzyZ
2

exp, ,                     (5.2.26) 

, ,

Z , , , F – .

Z = exp(z 2/g), F = exp(ikyy), 4 =g2(k2 + ky
2).

 (5.2.18) 

0
0zz

F .                                                       (5.2.27) 

 (5.2.17) 
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02

4224

2

2
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2

22
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2
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4

2

2

z
F

gz
F

F
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zF
g

F
gy

F
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FFk
gy

F

.                (5.2.28) 

,

:

phC
U ||max~ , 1~ UkL  .                                 (5.2.29) 

Cph – , LU – .  (5.2.24) 

dn /dyn = O( n).
2/g = O(1),

 (5.2.28) .

(5.2.28):

FFk
gy

F 2222
2

4

2

2

FzFF
y
Fz 222222 02 2

2

2

z
F

gz
F .           (5.2.30) 

 (5.2.28) 

 (5.2.26).  (5.2.30) ,

, , ,

OFk
gy

F 2
2

4

2

2

,                                        (5.2.31) 

z = 0  (5.2.31) , – O( 2). ,

(5.2.31)  (

),  (

).  [Shrira & Slunyaev, 2013*] ,

 (5.2.26)  (5.2.25) 

.

P̂ (y, z),

 5.3  5.4. 
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0
ˆ2ˆˆˆ

2
2

2

2

2

y
P

dy
dPk

y
P

z
P 0z ,                 (5.2.32) 

P
gz

P ˆˆ 2

0z ,                                         (5.2.33) 

0
ˆ

z
P z .                                           (5.2.34) 

v
dy
dUiPku ˆˆˆ ,                                                (5.2.35) 

y
Piv
ˆ

ˆ ,                                                      (5.2.36) 

z
Piw
ˆ

ˆ ,                                                     (5.2.37) 

0

1ˆ
z

P
g

A .                                                   (5.2.38) 

(y, z)

zyZzyzyP ,,,ˆ ,
g

zzyZ
2

exp, ,                     (5.2.39) 

(y)  (5.2.24).  (5.2.33) 

0
0zz

.                                                       (5.2.40) 

P̂  (5.2.32) 

y
k

gy
22

2

4

2

2

22
2

22 4224
g

z
ggyg

z 02 2
2

2

zgz
.       (5.2.41) 

 (5.2.30) 

(5.2.31).

 (5.2.31) ,

Y(y)
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02
2

4

2

2

Yk
gy

Y ,                                           (5.2.42) 

.

0yY ,    0yY ,                                        (5.2.43) 

iqyCiqyCyY y expexp 21 ,

iqyCiqyCyY y expexp 43                                    (5.2.44) 

,

.

k (y),  (5.2.42) 

.  ( . [Shrira & Slunyaev, 2013*]),

Y(y). ,

 (5.2.42)-(5.2.44) .

Z = exp(z 2/g), . (5.2.26)  (5.2.39). 

 (  << 1,  << 1) 

,  = (0) + (1) 4  (5.2.42) .

-

oYkUk
y
Y

gg

g2
2

2

4 , gkg .             (5.2.45) 

(0) = g  (gk)1/2 – k .

 [Peregrine & Smith, 1975] 

.

 (5.2.45) – ,

.

 (5.2.45)  ( g – )/ g.

, ,

 – .

(5.2.45) –  [ , 1989; Drazin & Johnson, 

1996].  ( Y(y))

,  – .

.
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(5.2.45)  < g. ,

kU(y) < 0 [Simon, 1976], ,

 ( . . , k > 0, 

U).  ( , . 5.1.1 )  "

"

1
max 2

UkL
kg
U

                                              (5.2.46) 

( :  << 2)

 [Simon, 1976] 

0kUdy .                                                       (5.2.47) 

 (5.2.43)  (5.2.45) 

U(y) [ , 1989]: - , ,  sech2,

 ( , ),

, .  [Shrira & Slunyaev, 2013*]

. ,

LyUU 2
0 cosh/                                                     (5.2.48) 

2
2

0
3

22 12161
16

1 nLUk
Lk gg

ng ,   ,...2,1,0n , gn ,    (5.2.49) 

Yn(y)  ( .

[Shrira & Slunyaev, 2013*; , 1989]). 

-

Ntr:

2
14

2
12 dy

C
UdykUkN

phxg
tr ,

kx
2 ,

k
C g

ph ,  (5.2.50) 

,

Ntr.

 (5.2.45) 

 (5.2.29)  ( .  [Shrira & 

Slunyaev, 2013*]). ,
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~trN ,                                                       (5.2.51) 

.

, Y(y)  ~ kY,

 ( n- )

trN
n~ , ~ .                                           (5.2.52) 

n-

tr

tr

tr

tr

N
n

k
N

N
n

k
nN

k
nk 111~

2
21 .                       (5.2.53) 

, n- trNn

, .

,  (  << 1,  ~ 1) ,

, . (5.2.52). 

(5.2.45), ,

 ( . 5.2.1). 

 2 /  ( )

g(k) ( )

, g – 

k max|U| ( - ). . 5.2.1

. , g(k) g – 

k max|U|. x .

g(k).

.

, .

 ( )

( . 5.2.1 ). -

 ( ,

,  – ),

.
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, . 5.2.1 ,

.

-  ( )

 (5.2.42) ( )

, .

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

k

ω

( )
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

k

ω

( )

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

k

ω

( )
0.02 0.04 0.06 0.08 0.1

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

k

ω

( )

. 5.2.1. (k) ( / / )
: -  (  « »)

( ), sech2 (5.2.48) ( )  ( ).  ( )-( )
 2 / ,  200 .

-  (5.2.45),  – 
g(k), -  – 

g – k max|U|.  ( )
sech2,  (5 / )  ( ) – 

 (5.2.42). 
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, ,

:

 (5.2.17)-(5.2.19)  (5.2.32)-(5.2.34) (

);

 (5.2.42)- (5.2.43); 

-  (5.2.45), (5.2.43). 

,

, ,

.

 (5.2.17)-(5.2.19) 

(  (5.2.25)) .

ŵ  ( . (5.2.27)), 

 = O( 2) << 1: 

...ˆˆˆ )1()0( www , ...)1()0( ,                         (5.2.54) 

0ˆˆˆ )0(2
2

)0(2

2

)0(2

wk
y
w

z
w 0z ,                             (5.2.55) 

z
wgw

)0(
)0(2)0( ˆˆ 0z , kU)0()0( ,                 (5.2.56) 

 5.2.1. 
.

, % ŵ , % 
,

%k,

/ n + 1 
ww ˆˆ ww ˆˆ ww ˆˆ ww ˆˆ

0.06 1 5.0 5.1 5.9 5.3 0.09 0.2 

0.06 5 27 13 22 8.9 –1.9 0.06 

0.06 15 147 23 150 15 –1.2 –0.008 

0.1 1 3.4 4.5 3.3 3.3 0.06 0.1 

0.1 5 19 9.2 16 6.7 –1.5 0.07 

0.1 15 134 21 121 13 –5.1 0.01 
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0ˆ )0(w z .                                                    (5.2.57) 

zyw ,ˆ ,

( )

( )
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( )
. 5.2.2. k = 0.1 / ,

n = 0:  ( ),  ( )
 ( ).
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,

.  ( )

 ( .  [Shrira & Slunyaev, 2013*]).

zyw ,ˆ )0( (0)  (5.2.55)-(5.2.57) .

,

,

)0(
2

2
)1(2

2
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wwk

y
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z
w                              (5.2.58) 

y.  (5.2.58) z

.

, (1),

z
wgww

)1(
)0()1()0()1(2)0( ˆˆ2ˆ 0z ,                            (5.2.59) 

 (5.2.59) 
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)1(
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ˆ
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                                 (5.2.60) 

 (5.2.48) U0 = –5 / , L = 200 

, k = 0.06 / k =0.1 / ,  = 0.4 

 = 0.08  = 0.5  = 0.05 .

:  ~2 /k  63 , ,

 ~(g/k)1/2

10 / .

. 5.2.2-

5.2.4 n =0, 4, 14 k =0.1 / .

 35 .  ( )
)0(ŵ )1(ŵ ,

 ( / ): g = (kg)1/2, c = g +kU0, (0) (1).

. , ,

.



236

 ( ) EQ ,  - 
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. 5.2.3. k = 0.1 / , n = 

4:  ( ),  ( )
 ( ).
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2                            (5.2.62) 

)0(ŵ (0); )0(ŵ + )1(ŵ (0) + (1). ,  (5.2.55)-(5.2.57) 

, .

 10–3  10–5

 ( ).

.

 ( )

BC

z
wgwwBC
ˆˆˆ

2 .                                                      (5.2.63) 

)0(ŵ (0) ; )1(ŵ (0)

 10–3 )1(ŵ (1).

(1).

, .
)1(ŵ (1)

.

 (5.2.42)- (5.2.43) , -

 (5.2.45), (5.2.43)  (5.2.48)  ( .

 [Shrira & Slunyaev, 2013*]),

.

: = O( 2) ,  (

)

- ,

.

k =0.1 / , . 5.2.2-5.2.4, 

-  34  28 ;

k =0.06 /  19 ,

 – 18 -  – 15 .

. 5.2.5  5.2.6 

n = 4 n =14 .

n = 0 .
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. 5.2.1.

. 5.2.1 ,

 (

) .

- ,

,

, . 5.2.6 . . 5.2.5, 5.2.6 . 5.2.1 

 (5.2.54). 

 [Shrira & Slunyaev, 2013*]

 (5.2.54), 
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 ( . . 5.2.2 ),

, ,

 (5.2.24). 

,

 –  ~1–10%, 

.

,  40 ,

 [Kenyon, 1971; Peregrine, 1976; , 1977]. 

,  [Kudryavtsev et al, 

1995].
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,

. ,

 ~102  ~101 /  – 

,  – .

 ( , -

)  « - »

, .

-

 (Cape Agulhas), . . 1.2.3 .

[Lutjeharms, 2006]. 

,

, .

 30

. 5.1.1  [Toole & Raymer, 1985]. 

.5.1.1  (  [Lutjeharms, 2006]). 
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). ( ): 

 ( ).
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.

,

 1.2–3 /  [Mallory, 

1974; Toole & Raymer, 1985; Larenov, 1998; Lutjeharms, 2006]. 

 ( . 5.1.1 ).

 20  [Toole & Raymer, 1985], 

. 5.2.7 ,  1.2 / .

, . 5.2.7 ,

 (5.2.50) . 5.2.7  ( )

. :  ~102

 ~103 .

.

 (  17 ,  450 ,  27 / ,  200 )

Umax/Cph  0.05, ,  200 

: | n+1 – n|/ n ~ 2 10–4.

,  SAR ,

 [Irvine & Tilley, 1988]. 

[Kudryavtsev et al, 1995] .

 2–3 ,

, .

 ( ),

– ; , . ,

,

 (~102 – 103); 

, .

, ,

, ,

 5.5 

.
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5.3  3-

 5.2  – 

.

, ,

.

.

.

, ,

. , ,

 [Hjelmervik & Trulsen, 2009]; 

 [Thomas et al, 2012 ]. 

, .

,

.

.  [Ezersky et al, 

2009*; Slunyaev et al, 2009*] ,

. ,

,

 4-  ( ),  3-

. ,

,

, ,  « »

,  4- .

,  5.2, 

k .

k ,  – 

, .
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. 5.2.1 . 5.3.1. 

,

0321 kkk , 0321 ,                                       (5.3.1) 

.  (5.3.1) 

, .

. 5.3.1, k1 > 0, k2 < 0, k3 > 0 1 > 0, 2 < 0, 

3 > 0; . . 5.3.1

 sech2 ( . 5.2.1 )

,  (5.3.1). 

,

 (k, ). . 5.3.1 ,

-  (5.2.45) 

 (5.2.49). . 5.3.1

k3 3.  5.3, 

 (5.2.47), 

.

,

. 5.3.1

.

.

. 5.3.1 .

 (k1, 1) = (k3, 3)  (–k2, –

2) = (2k1, 2 1), k > 0  [ g – 

k max|U|, g], gkg . 1 = g – k1 max|U|, 2 = – 2gk ,

 (5.3.1) :

11

3.0
2

11max
k
g

k
gU ,                                     (5.3.2) 

 1  3. 

 ( . 5.3.1 ) .

i g ,
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1
g

ig
i ,                                                     (5.3.3) 

 (

)

iiii kgk 1 ,    1i ,                                           (5.3.4) 

i = O( ).  (5.3.4) , k3 << k1, |k2| k1 ~ k2,

 (5.3.1) 

1

3
12 k

k ,                                                       (5.3.5) 

, k3/k1 = 

O( 2). ,  3 

k3 ~ 2k1 3 ~ 1.

sech2, . 5.3.1 ,

 (5.2.49)  (5.2.45), 

 (  (5.2.45)). 
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k

ω

( )

. 5.3.1. ( ):  sech2,
 2 /  200  ( . 5.2.1 )

, . ( ): 
,

.
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; ,

(5.2.49) n3 = 0. k1 k2, k1 ~ k2 = O(1)

, Ntr >> 1 (Ntr ~ / ).  (5.3.5), 

 1/Ntr, .

, ,  1 

, n1 ~ 1,  2 , n2 ~ Ntr ( . . 5.3.1 ).

k3:

2

2

22
1

2
1

2
0

3
1

2
2

1

3

4

16

O
Lk

n
gk

LUk

n
k
k , 00U .                           (5.3.6) 

,

. ,

, .

.

,

,

.

, .

 2.2, 

.

, ,

: k  = O( ), | v |/Cph = O( ).  (5.2.4) 

 (5.2.5) 

z = 0 .

...,,, )2(2)1( ppgztzyxP ,

...,,, )2(2)1( uutzyxu ,

...,,, )2(2)1( vvtzyxv ,                                        (5.3.7) 

...,,, )2(2)1( wwtzyxw ,
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...,, )2(2)1(tyx .

t1 x1

10 ttt , 10 xxx ,                                            (5.3.8) 

,  (5.2.32)-(5.2.34) 

( y )  (5.2.42). 

, dU/dy = O( ),  << 1. , y1:

10 yyy                                                         (5.3.9) 

U = U(y1). O( 2)

:  ~ .

arotaaaa 2

2
1, ,                                            (5.3.10) 

[ , 1988]  (5.2.1) 

" "  " " r,

 0  1: 

gPvUrvUvUr
t
v 2

2
11, .                          (5.3.11) 

r ,  (5.3.11) 

. r = 1  (5.3.11)  (5.2.1). 

O( ).

j = 1, 2, 3, 

kj j,

 (5.2.26): 
3

1
1011

)1( ,..,
2
1 00

j
jj

xikti
j yzZyYccetxPp jj ,                     (5.3.12) 

1exp yzhZ jj , 3,2,1j .

Yj(y0) y0,

Z(z, y1)

hj(y1).
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 (5.3.1). 

Pj(x1, t1) .

 (5.3.11) 
3

1
,

)1( ..
2
1 00

j
jj

xikti
jx ZYcceBu jj ,                                     (5.3.13) 

3

1 0
,

)1( ..
2
1 00

j
j

jxikti
jy Z

dy
dY

cceBv jj ,                                   (5.3.14) 

3

1
,

)1( ..
2
1 00

j
jj

xikti
jz ZYcceBw jj ,                                     (5.3.15) 

j
j

j
jx P

k
tyxB 111, ,, , j

j
jy PityxB 111, ,, , j

j

j
jz P

ih
tyxB 111, ,, ,

Uky jjj 1 .                                                  (5.3.16) 

Y y0,

U, , h, .

 (5.3.12) ,  5.3, 

,

0,ˆ
jjj YkhL , 3,2,1j , Ykh

dy
YdYkhL 22
2
0

2

,ˆ .               (5.3.17) 

3

1

)1( ..
2
1 00

j
j

xikti
j YcceA jj , jj P

g
txA 1, 11 ,                           (5.3.18) 

jj gh2 ,    3,2,1j .                                             (5.3.19) 

,

(5.3.17) . ,

 (5.2.42)-(5.2.43). 

O( 2).

 (5.3.1). 

, ,
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3

1
1101

)2()2( ..,,,,ˆ
2
1 00
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xikti
j cceztyyxpp jj ,                                     (5.3.20) 

3

1
1101
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1 00
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xikti
j cceztyyxuu jj ,                                     (5.3.21) 
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1
1101
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1 00
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xikti
j cceztyyxvv jj ,                                     (5.3.22) 
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1
1101
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1 00

j

xikti
j cceztyyxww jj ,                                     (5.3.23) 

3

1
1101

)2()2( ..,,,ˆ
2
1 00

j

xikti
j ccetyyx jj ,                                     (5.3.24) 

, :

32
*

3
*

22

2
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2
2

0

)2(
1

)2(
1 4

ˆˆ YYPP
g

pg
z

, (1, 2, 3)                         (5.3.25) 

)2(
2ˆ )2(

3ˆ  (5.3.25)  (1, 2, 3), 

. , )2(
2ˆ

 (1, 2, 3)  (5.3.25)  (2, 1, 3) ( , ,  (2, 3, 1)): 

31
*

3
*

12

2
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2
1

0

)2(
2

)2(
2 4

ˆˆ YYPP
g

pg
z

.                                   (5.3.26) 

 " (1, 2, 3)" ( . (5.3.25)). 

,

,  (5.3.25): 

11
1

1
2
1

1
11

1

1
2
1

1)2(
1

1

1)2(
1 22

ˆˆ ZY
x
PiZY

t
Pikpku                              (5.3.27) 

1112
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1
32

*
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*
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1
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1 ZYP

k
rZZPPYYkYY

g
kkkk , (1, 2, 3), 
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1
2
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1

1
2
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)2(
1 22

1ˆˆ ZY
x
PUZY

t
P

y
piv                              (5.3.28) 

32
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3
*

223233
2
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2
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2
3

32322
2
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2
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2
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3214
ZZPPYYkkk

g
YYkkk

g
i

111
1 ZYP

g
irz , (1, 2, 3), 
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11
1

1
11

1

1
)2(

1

1

)2(
1 22

1ˆˆ ZY
x
P

g
UZY

t
P
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piw                              (5.3.29) 
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3
*
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1

2
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3

2
2 4

1
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ZZPPYYYY
g

kk
g
i , (1, 2, 3). 

r,
)2(ˆ jw  (

r = 0 r = 1). 

:

j
c

j
b

jj
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jj ZyytxPzyytxzPYtxPp 1011
))(2(2

1011
))(2(

11
))(2()2( ,,,,,,,ˆ           (5.3.30) 
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d
j

j
f
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)( ,, ,     3,2,1j .
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,
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x
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2
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g
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.
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, 0
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1

32

321

32
2

22
3

2
2

4
1

1 kk
kkggs , (1, 2, 3),                (5.3.38) 

4
1

22
3

2
2321

22
23

2
32

22
3

2
2

44
3

4
2

1
2

22
gk

kkgkkgq , (1, 2, 3),                (5.3.39) 
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 (5.3.1). 

 (5.3.30), )( f
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Vj ( ) U = 0 

j/(2kj). , , j = 

g,j + kjU, j = g,j = jgk

, : Vj = 1/2 g,j/kj + U.

, ,
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, ,

Yj(y0) ,

U(y1) ( , , j(y1), j
(f)(y1)),

y.  (5.3.48) ;

,
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; )( f
j ,

 (5.3.51)  (5.3.53) : -

,  – .

 (5.3.51)  (5.3.53) N(f)

N(f) + 1 N(f) + 1 .

 (5.3.51) 

 [ , 1973, 1975]. 

 [Kaup et al, 1979]. ,
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.

(5.3.54)-(5.3.56) j,

.

,

,  ( 01 , 02 , 03 ),

, . ,

k2 ( . . 5.3.1 ), ;

.

: 1  3, 

.

 (5.3.18) Pj = gAj,

.

,

 (

r).
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O( ) = O( 2)
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, |kU/ | = O( ),  << 1. 

,

LW. ,  « » k1 ~ k2 ~ k

k3 = kLW : kLW/k = O( 2) LW/  = O( ).
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k1 > 0, 1 >0, k2 < 0, 2 < 0, kLW = k3 > 0, LW = 3 > 0, 

2 . ,

LW = O( ) , 1  = O(1), 2  = O(1),

VLW = O( –1) , V1 = O(1), V2 = O(1),

 (5.3.60), (5.3.63), (5.3.64). 

, ,

.

,

, aj(x , t )

LWtxPtxa 211 ,, 2
1

,

LWtxPtxa 122 ,, 2
1

,                                            (5.3.67) 

12
2
1

,, txPtxa LWLW ,

xx 2
3

, tt 2
1

.

:

**
2

1
LWaia

t
a ,                                                                           (5.3.68) 

**
1

2
LWaia

t
a ,                                                                         (5.3.69) 

*
2

*
1aia

x
aV

t
a LW

LW
LW , 1OVV LWLW .                  (5.3.70) 



257

 1  2 O( )

.

,

LWtxPtxa 211 ,, 2
1

,

LWtxPtxa 122 ,, 2
1

,                                            (5.3.71) 

12
1 ,, txPtxa LWLW ,

xx , tt .

**
2

1
1

1
LWaia

x
aV

t
a ,                                                  (5.3.72) 

**
1

2
2

2
LWaia

x
aV

t
a ,                                                 (5.3.73) 

*
2

*
1aia

x
aV LW

LW .                                                    (5.3.74) 
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, O( ).

( ) .  (5.3.67) 

: |PLW/P1| ~ 1/2, P1 ~ P2 (

).  (5.3.71) :

|PLW/P1| ~ , P1 ~ P2. ,

kLW/k1 ~ 1/2, k2 ~ k1.
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 – .

[Shrira & Slunyaev, 2014*].
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, k1 k2 k3 k4.
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 ~< 1/2 << 1 (  (5.2.45)). 
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Shemer, 2005; Kartashova, 2010]. 

 (5.4.2) A1 A2,

, A3 = A4 = 0. 

.

,

 [Roskes, 1976; Onorato 

et al, 2006]. 

, .

.
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Inm  (Inm = In), 

; .

J . 5.4.1

 0  9, 

 (

Inm In . 5.4.1 ). J . 5.4.1  0.18. 
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,  5.2. 

[Hjelmervik & Trulsen, 2009], .
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. , -
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, .

,
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, .
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V(y) (y), (y) – ,

.

(5.3.43).

, kU/  = O( ),  << 1, 

(5.4.10)  (  ( .64)-( .66)),

0
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Ai gg .                        (5.4.11) 

dyY

dyUY
U

2

2

,                                                       (5.4.12) 

dyY

dyY
I

2

4

.                                                           (5.4.13) 

U(y) Y(y), U

. ,

(5.4.13) 0.7.

 – 

-  (5.2.45), 

g = (gk)1/2,

 – g = O( ).

.

 = Re[A exp(i t – ikx)]

;

,  ( ,

, ,  [Hjelmervik & Trulsen, 2009; Onorato et al, 2011]). 

 (5.4.11),  [Hjelmervik & Trulsen, 2009; Onorato et al, 2011] 

, . ,
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22
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,

 (5.4.13). 

,
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, 12dyYn  ( . 5.5.2 ), , max(|Y |) = 1 
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, ~1% .

,
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. .

 (
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Yn.

 HOSM. 

. 5.5.3 
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. ,

k0H/2 = 0.15, 

 [Shrira & Slunyaev, 2014*] . . 5.5.3 

, . 5.1.2. 

, c y.

                                                
http://link.aps.org/supplemental/10.1103/PhysRevE.89.041002
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.

 MatLab 

,

. ,  2 

:

o -  4 ;

o - - .

,

, :

 ( ):

-  [Zakharov et al, 2002] 

 ( ):

 2D  3D  (High Order Spectral Method, 

HOSM),  [Dommermuth & Yue 1987, West et al 1987]. 

,  [Dommermuth & Yue 1987] 

[West et al 1987], .

.

:

 ( ) ( )

 ( )

 ( ,

)

 ( ) [ , 2005*] 

.1  HOSM .

.2 .
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 HOSM 
,  (z = – h)

z = (x, y, t),

(x, y, z, t)

02

2

2

2

2

2

zyx
,       – h z                              ( .1)

hz
z

,0                                                 ( .2)

z = (x, y, t), ,

 [ , 1968]: 

zyxyyxxt

22

1 ,                              ( .3)
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yxzyx
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t

22222

1
2
1

2
1

2
1 .        ( .4)

Oz , Ox Oy

.  = 

(x, y, z = (x, y, t), t); g – . Pa

.

 ( .3)  ( .4)

(x, y, t) (x, y, t).

 / 

z .  ( .1)

 ( .2) . ,

,

.

 [Dommermuth & Yue 1987, West et al 1987] 

 ( ),

z = 0 ,

.  [Dommermuth & Yue 1987] 

.
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M + 1 . , M = 3 

 [  1968]. M = 4 

, .

[Clamond et al 2006] , M > 6 

 (

). M = 6 

M = 3. 

 ( .6) .

k  < 0.35…0.4 [Dommermuth & Yue 1987]. 

,

 ( .5)  ( .3)  ( .4), ,

,

( M).  ( .5)

( .3)  ( .4)  [West et al 1987] ,
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 (MatLab). 

, ,

 (standalone) ,

, ,  ( ).

.

. .1.  EEManager (Evolution Equation Manager) 

:

,

(x, y, t =0) (x, y, t = 0) 

(StartFile),

 ( ,

).

 EEManager  3D 

 HOSM . .1 .2.

SolverName (

: -  4 - - , . . .1.

- ), , ,

EqNameStep 

( EqName : , . ., .

. .1).

 ( . . .2, Method).

 ( )

 (FiltMaskX, FiltMaskY),

 (DerivMaskX, DerivMaskY).

.

EqNameResult, ,

 ( . . .3

HOSM); 

EqNamePlot.
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 (TolBreak) , ,

 abnormal_end.mat ;

.

 ExperimentOptions.mat. 

E
E

m
an

ag
er

.m
 

 (*.par) 

EqNameIni.m EqNameStep.m

SolverName.m EqNameStep.m

SolverName.m EqNameStep.m

EqNameResult.m EqNamePlot.m

 (####.mat)

EqNameFinish.m

(ExperimentOptions.mat)

(abnormal_end.mat)

 (*.m, *.mat) 

. .1.

.1.  EEManager ( )
( )
%SolverName='RK4'; ( 4 )
SolverName='SSF'; ( )

( )
Evolution='Forward'; ( )
%Evolution='Backward'; ( )
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( 2D )
%EqName='Dyachenko' ( )
%EqName='DommermuthYue' ( )
%EqName='DystheT'; ( )
%EqName='DystheX'; ( )
%EqName='WaveEqT' ( )

( 3D )
%EqName='Dysthe3DT'; ( )
EqName='DommermuthYue3D' ( )

( )
StartFile='StokesWave3D.m'; ( )
%StartFile='continue'; ( )
%StartFile='complete'; (

)

( )
TOut=[0:1:10];

( ,
)

TolBreak=0.0001;

.2.  3D 
:

M=6; ( )

( )
DerivMaskX='None'; ( )
%DerivMaskX='FivePointSmoothing'; (5 [Dommermuth & Yue 1987])
%DerivMaskX='SWExpSmoothing'; ( )
DerivMaskY='None'; ( )
%DerivMaskY='FivePointSmoothing'; (5 [Dommermuth & Yue 1987])
%DerivMaskY='SWExpSmoothing'; ( )

( , )
%FiltMaskX='None'; ( )
FiltMaskX='FivePointSmoothing'; (5 [Dommermuth & Yue 1987])
%FiltMaskX='SWExpSmoothing'; ( )
%FiltMaskX='HalfLowPassFilter'; ( )
%FiltMaskX='FivePointSmoothing&HalfLowPassFilter'; (5 +

)
FiltMaskY='None'; ( )
%FiltMaskY='FivePointSmoothing'; (5 [Dommermuth & Yue 1987])
%FiltMaskY='SWExpSmoothing'; ( )
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%FiltMaskY='HalfLowPassFilter'; ( )
%FiltMaskY='FivePointSmoothing&HalfLowPassFilter'; (5 +

)

( )
%Method=1; ( [Dommermuth & Yue 1987])
%Method=3; ( 1 )
%Method=5; ( [West et al 1987] )
%Method=6; ( 5,

N * M)
Method=7; ( 5

)
%Method=8; ( 7 Ux(y))

.3. ,  3D 
:

TimeName t

CoordinateXName x
CoordinateYName y
SurfaceElevationName

SurfacePotentialName

DepthName h
GravityAccelerationName g
FluxDensityName

t
FluxPotentialName

t
ZeroLevelPotentialName (z = 0) 
ZeroLevelFluxPotentialName

0zt

( )
EnergyPDensityName

2

2
1 g

EnergyPName
dxdyg 2

2
1

EnergyKDensityName

t2
1

EnergyKName
dxdy

t2
1

EnergyName
dxdy

t
g 2

2
1



300

MassName
dxdy

FluxName
dxdy

t
MomentumXName

dxdy
x

MomentumXDensityName

x
MomentumYName

dxdy
y

MomentumYDensityName

y
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