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Grande y Felic��sima Armada (1588)
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Grande y Felic��sima Armada (1588)

�The mission eventually failed due to early English attacks
on the Armada, especially during the Battle of Gravelines,

strategic errors by the Duke of Medina Sidonia, and
bad weather�

Battle of Gravelines Storms/Disease

5 ships sunk or captured 51 ships wrecked
10 ships scuttled

Over 600 dead 20,000 dead
800 wounded
397 captured
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Admiral Francis Beaufort (1774-1857)

Sir Francis Beaufort
(1774-1857)

Formal de�nition

The Beaufort Scale is an
empirical measure for describing
wind speed based mainly on
observed sea conditions.

Its full name is
the Beaufort Wind Force Scale.
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Evolution of the Beaufort scale

1806 � commander Beaufort adopted the scale to unify
reports of his o�cers (13 degrees).
Man-of-war as a sea state probe;

1829�1855 � British Admiralty Hydrographer of the Navy,
introduce the scale for the Navy;

1838 � the scale was introduced for use by British �eet and
proposed for international use;

1846 � International Meteorological Committee extends
the scale to 17 values by ranges of the wind speed at
height of 10 meters above the surface.

Beaufort Wind Force Scale
was transformed into

Beaufort Wind Speed Scale
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14th November, 1854: the Great Storm.
The Crimean War 1853-1855

Anti-Russian coalition
1500 men lost,
Goods and ammunition for
60 000 000 francs
Russian �eet in Sebastopol
No accidents

Near Balaklava harbour
53 ships of the anti-Russian
coalition sunk (including
25 transports)
Near Eupatoria wrecked: French
100-canon and 90-canon
Turkish battleships,
3 steam ships
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Catastrophe of 14th November, 1854.
Lost steam ships

1 �Prince� � wrecked and sunk, 1 o�cer, 6 men survived

2 �Resolute� � sunk, 1 o�cer, 8 men survived

3 �Rip Van Winkle� � sunk, no survived

4 �Kenilworth� � absolutely broken, 3 men survived

5 �Wild Wave� � sunk, 1 ship boy survived

6 �Progress� � sunk, 2 men survived

7 �Peltoma� � sunk, the only captain survived

8 �Maltese� � sunk, no survived

9 �Wanderer� � sunk, no survived
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Catastrophe of 14th November, 1854.
Lost sail ships

1 �Vesuvius� � dismasted, numerous damages, hull is heavily
broken

2 �Retribution� � lost rudder, lost cargo, serious damages
and killed men

3 �Melbourn� � dismasted, avoided wreck by a happy chance

4 �Mercia� � destroyed absolutely

5 �Lady Valiant� � destroyed absolutely

6 �Caduccus� � destroyed absolutely

7 �Pride of the Ocean� � destroyed absolutely

8 �Medora� � destroyed absolutely

9 �Sir Robert Sale� � destroyed absolutely
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Urbain Jean Joseph Le Verrier
(11 March 1811 � 23 September 1877)

�the man who discovered a
planet with the point of his

pen�

or
the man who organized a

regular network of

meteostations in France

(1855)?
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Robert FitzRoy (1805-1865) and weather forecast

1828-1830 � Captain of HMS Beagle

1831-1836 � HMS Beagle's second
voyage

1841-1843 � MP

1843-1845 � Governor of New
Zealand

1851 � elected to the Royal Society

1854 � Meteorological Statist to the
Board of Trade

¾åùå íåò íàó÷íûõ îñíîâàíèé äëÿ åæåäíåâíûõ
ïðåäñêàçàíèé¿ � ðåøåíèå ïàðëàìåíòñêîé êîìèññèè
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Walter Heinrich Munk,
born 1917, 19 October, Vienna, Austria-Hungary

Èíîñòðàííûé ÷ëåí ÐÀÍ (1994)
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II Ìèðîâàÿ âîéíà

Âûñàäêà â Ñåâåðíîé Àôðèêå 8 íîÿáðÿ 1942 (Torch)

Â òðåõ ðàéîíàõ âûñàæåíî 73 500

Ñèöèëèéñêàÿ îïåðàöèÿ 10 èþëÿ 1943 ( Husky)

Çà âðåìÿ îïåðàöèè (10 èþëÿ � 25 àâãóñòà) âûñàæåíî 470
òûñ.

Overlord (Neptune), 6 èþíÿ 1944

6 èþíÿ � 156 000 ñóõîïóòíûå âîéñêà, 11 590 ñàìîëåòîâ, 6
939 ñóäîâ, 195 700 ìîðÿêîâ

Äî êîíöà èþëÿ 1944 íà ìàòåðèê áûëî ïåðåïðàâëåíî åùå 1.5
ìëí. ÷åëîâåê
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Ìîðñêîå âîëíåíèå è êîíöåïöèÿ çíà÷èìîé âûñîòû
âîëíåíèÿ Ñâåðäðóïà è Ìàíêà

The concept of `signi�cant waves' is essential for
purpose of forecasting

Harald Ulrik Sverdrup Walter Munk
(1888-1957) (1917, Austria-Hungary)



ABC of wind
wave growth

Ñ.È.
Áàäóëèí

Èñòîðèÿ

Walter
Heinrich
Munk

Òåîðèÿ

Àâòîìîäåëüíîñòü

ABC

Åùå ðàç îá
àâòîìîäåëü-
íîñòè

Bibliography

16 / 59

Ñïåêòðàëüíîå îïèñàíèå âåòðîâîãî âîëíåíèÿ

Ðàáîòà, êîòîðóþ ìàëî êòî ÷èòàë, íî î÷åíü ìíîãèå öèòèðóþò

Gelci, R., Cazal�e, H. & Vassal, J. 1957 Pr�evision de la houle. La
m�ethode des densit�es spectroangulaires. Bulletin d'information
du Comit�e d'Oc�eanographie et d'Etude des C�otes, (9), 416-435.
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Klauss Hasselmann

J.Fluid Mech. 1962
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Ïðîãíîç âåòðîâîãî âîëíåíèÿ.
Êèíåòè÷åñêîå óðàâíåíèå (Nordheim 1928)

Describe the wind-wave spectrum as an ensemble of waves with
random phases � quasi-particles:

kinetic equation, Boltzmann equation, Hasselmann equation

∂Nk

∂t
+∇kωk∇rNk = Snl [Nk] + Sin [Nk] + Sdiss [Nk] (1)

N(k) = E (k)/ω(k) � distribution density of the quasi-particles
� wave action, k � an analogue of momentum of classic
particle, frequency ωk satis�es linear dispersion equation

ω2(k) = g |k| tanh(|k|d) (2)

with d � the water depth.
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Âîëíû íà âîäå

Analytical theory of wind-driven seas is based on existence of a
small parameter

ε =
ρwater
ρair

' 1.23 · 10−3

As a result the average steepness µ� 1 µ = 〈(∇η)2〉1/2;
η(r, t)− surface shape r = (x , y)− horizontal coordinates

divV = 0; V = ∇Φ; ∆Φ = 0

Typically, 0.01 < µ < 0.1
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Ãàìèëüòîíîâî îïèñàíèå âîëí íà âîäå
Zakharov (1968, 1999),Çàõàðîâ (1974)

V = ∇φ; ∆φ = 0; η = η(r, t) � shape of surface

Ψ = φ|z=η(r,t);
∂φ

∂z
→ 0, z →∞

T =
1

2

∫
r
dr

∫ η

∞
(∇φ)2 dz = −

∫
G (s, s ′)Ψ(s)Ψ(s ′)dsds ′

U =
1

2
g

∫
r
η2dr;

G (s, s ′) = G (s ′, s) � the Green function, Dirichlet-Neuman

H = T + U

∂η

∂t
=
δH

δΨ
;

∂Ψ

∂t
= −δH

δη



ABC of wind
wave growth

Ñ.È.
Áàäóëèí

Èñòîðèÿ

Walter
Heinrich
Munk

Òåîðèÿ

Àâòîìîäåëüíîñòü

ABC

Åùå ðàç îá
àâòîìîäåëü-
íîñòè

Bibliography

21 / 59

Óðàâíåíèÿ Ãàìèëüòîíà â íîðìàëüíûõ ïåðåìåííûõ

The Fourier transform

η(r, t) =
1

2π

∫
η(k) exp(ikr)dk; Ψ(r, t) =

1

2π

∫
Ψ(k) exp(ikr)dk

Normal variables

ηk =

(
ωk

2g

)1/2

(ak + a∗−k); Ψk = −i
(

g

2ωk

)1/2

(ak − a∗−k)

H =

∫
ωkaka

∗
kdk + Hint ; ωk =

√
g |k| − dispersion law

∂ak
∂t

= −i δH
δa∗k

;

H = H0 + H1 + H2 + . . .

µ2 µ3 µ4
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Èçáàâëåíèå îò 3-âîëíîâûõ âçàèìîäåéñòâèé �
ýôôåêòèâíûé Ãàìèëüòîíèàí

Canonical transformation of normal variables

ak→ bk

H ⇒
∫
ωkbkb

∗
k +

1

2

∫
Tkk1k2k3b

∗
kb
∗
k1
bk2bk3δk+k1−k2−k3dkk1k2k3

T (εk, εk1, εk2, εk3) = ε3T (k, k1, k2, k3)

NB. ak � ñèíóñîèäû, bk � íåò
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×åòûðåõâîëíîâûå âçàèìîäåéñòâèÿ âîëí íà
ãëóáîêîé âîäå

4-wave resonances

{
ω0 + ω1 = ω4 + ω3

k0 + k1 = k4 + k3

Phillips' eight{
2ω0 = ω4 + ω3

2k0 = k4 + k3
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Ðåçîíàíñíûå âçàèìîäåéñòâèÿ Phillips
(1957,1958,1985)

Owen Martin Phillips
1930�2010
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Ïðîãíîç âåòðîâîãî âîëíåíèÿ.
Êèíåòè÷åñêîå óðàâíåíèå (Nordheim 1928)

Describe the wind-wave spectrum as an ensemble of waves with
random phases � quasi-particles:

kinetic equation, Boltzmann equation, Hasselmann equation

∂Nk

∂t
+∇kωk∇rNk = Snl [Nk] + Sin [Nk] + Sdiss [Nk] (3)

N(k) = E (k)/ω(k) � distribution density of the quasi-particles
� wave action, k � an analogue of momentum of classic
particle, frequency ωk satis�es linear dispersion equation

ω2(k) = g |k| tanh(|k|d) (4)

with d � the water depth.
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Èíòåãðàë ñòîëêíîâåíèé

The collision integral Snl is cubic in spectral density

Snl [Nk] =

∫
k1,k2,k3

|Tk,k1,k2,k3 |
2 {N2N3(N + N1)− NN1(N2 + N3)}

×δ(k + k1 − k2 − k3)δ(ω + ω1 − ω2 − ω3)dk1dk2dk3

4-wave resonances

{
ω0 + ω1 = ω4 + ω3

k0 + k1 = k4 + k3

Properties of Snl

Symmetry

T0123 = T2301 = T1023 =
T0132

Homogeneity (deep water)

Snl [νN(υk)] =

ν3υ19/2Snl [N(k)]

See Badulin et al. 2005



ABC of wind
wave growth

Ñ.È.
Áàäóëèí

Èñòîðèÿ

Walter
Heinrich
Munk

Òåîðèÿ

Àâòîìîäåëüíîñòü

ABC

Åùå ðàç îá
àâòîìîäåëü-
íîñòè

Bibliography

27 / 59

Êîýôôèöèåíòû âçàèìîäåéñòâèÿ T (g = 1)

T̃k1k2k3k4 = −1

4

1

(k1k2k3k4)1/4

{
+

1

2

(
k2

1+2 − (ω1 + ω2)4
) [

(k1k2 − k1k2) + (k3k4 − k3k4)
]

− 1

2

(
k2

1−3 − (ω1 − ω3)4
) [

(k1k3 + k1k3) + (k2k4 + k2k4)
]

− 1

2

(
k2

1−4 − (ω1 − ω4)4
) [

(k1k4 + k1k4) + (k2k3 + k2k3)
]

+

(
4(ω1 + ω2)2

k1+2 − (ω1 + ω2)2
− 1

)
(k1k2 − k1k2)(k3k4 − k3k4)

+

(
4(ω1 − ω3)2

k1−3 − (ω1 − ω3)2
− 1

)
(k1k3 + k1k3)(k2k4 + k2k4)

+

(
4(ω1 − ω4)2

k1−4 − (ω1 − ω4)2
− 1

)
(k1k4 + k1k4)(k2k3 + k2k3)

}
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Çàêîíû ñîõðàíåíèÿ

Conservative KE

∂N(k, t)

∂t
= Snl

N =

∫
N(k, t)dk

E =

∫
ω(k)N(k, t)dk

M =

∫
kN(k, t)dk

Flux forms of KE

∂N(k, t)

∂t
= divkQ(k, t)

∂E (ω, t)

∂t
= −divkP(k, t)

∂M(ω, t)

∂t
= divkK(k, t)

Q,P,K (2× 2 tensor) � action,
energy, momentum �uxes

NB.

N � �true� integral of motion. E , M are conserved formally only
due to divergence of the corresponding integrals.
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Rayleigh-Jeans spectrum

The kinetic equation (3) has stationary solutions that satisfy

Snl = 0 (5)

One of these solutions

N0N1N2 + N0N1N3 − N0N2N3 − N1N2N3 = 0

keeps balance at every point of resonant surface (26). This
balance does not depend on interaction kernels and

N(k) =
T

ωk + µ
(6)

where temperature T and µ are arbitrary parameters. This
Rayleigh-Jeans solution appears in a great number of physical
problems. However, this solution is completely irrelevant to the
problems of wind-driven sea because the corresponding energy
spectrum does not decay at |k| → ∞.
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Ïîòîêîâûå (Êîëìîãîðîâà-Çàõàðîâà) ðåøåíèÿ
Àáñîëþòíî ïðàâèëüíûå (!) è áåñïîëåçíûå (?)

Isotropic solutions

P = const � direct cascade
Zakharov, Filonenko 1966

E (ω, θ) = Cpg
4/3P1/3ω−4

Q = const � inverse cascade
Zakharov, Zaslavskii 1983

E (ω, θ) = Cqg
4/3Q1/3ω−11/3

Anisotropic solution

Katz, Kontorovich 1974

E (ω, θ) = 2g4/3P1/3ω−4(Cp

+CmgK cos θ/(ωP) + . . .)

Numerical simulation

KZ solutions are extremely

robust !!!
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Âåòðîâàÿ íàêà÷êà � ÷åðåíêîâñêîå èçëó÷åíèå

Quasi-linear wave input

Sin = β(k,Nk)Nk

where growth rate β(k)

β(k) = %ω(k)(ς−1)nat ς > 1; %� 1

The Cherenkov-like factor

ς = s
Uh

Cph
cos θ

s = O(1), θ is wave-to-wind
direction. Generally, n = 1, 2.

What growth rate is correct?

Collection of the growth rate
parameterizations used in wave
modeling
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White-capping dissipation (Hasselmann 1974)

Wave dissipation is the most poorly understood term in KE

Sdiss(k) = −Cdiss

gp
ω̄2p+1Ep/2

[
δ
(ω
ω̄

)2
+ (1− δ)

(ω
ω̄

)4
]
N(k)

(7)
where mean frequency ω̄

ω̄ = E ×
(∫ +∞

0

∫ π

−π
ω−1E (k)dωdθ

)−1

,

Cdiss = 4.5, δ = 0.5, p = 4 are default values in the WAM-4.

Recent studies Korotkevich et al. (2007, 2008) rely on
threshold-like dependence of the dissipation on wave steepness

µ = ω̄
√
E/g , with p > 10.
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Êòî âñå-òàêè ãëàâíûé?
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Íåëèíåéíàÿ íàêà÷êà è çàòóõàíèå
Çàõàðîâ, Áàäóëèí 2011, ÄÀÍ

Snl can be casted into nonlinear damping ΓkNk and pumping Fk
Snl = Fk − ΓkNk

where
Fk = πg2

∫
|T0123|2N1N2N3δk+k1−k2−k3δωk+ω1−ω2−ω3dk1dk2dk3

Γk = πg2
∫
|T0123|2(N1N2 + N1N3 − N2N3)δ∆kδ∆ωdk1dk2dk3

Strong relaxation due to four-wave interactions �by itself� in
absence of any external forcing.
Short-long wave quadruplets give a major contribution into
spectra relaxation. For decrement of nonlinear damping one has

Γk = 36πω (ω/ωp)3 µ4 cos2 Θ

with small parameter µ (wave steepness) and

a huge enhancing factor: 36π ≈ 113.1.
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Íåëèíåéíàÿ íàêà÷êà è çàòóõàíèå

Decomposition of collision
integral Snl

Nonlinear decrement vs wind
pumping
.

NB.

Nonlinear relaxation is stronger than wind forcing !!?
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Split balance model (SBModel)

An asymptotic model |Snl | � |Sin + Sdiss |
The lowest order � conservative KE

dNk

dt
= Snl

The closure (boundary) condition � integral balance

d〈Nk〉
dt

= 〈Sin + Sdiss〉

Ïîïðîáóåì ñòåïåííûå çàâèñèìîñòè
Etot ∼ tpτ , Etot ∼ xpχ

〈Sin + Sdiss〉 ∼ trτ , 〈Sin + Sdiss〉 ∼ x rτ
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Àâòîìîäåëüíûå ðåøåíèÿ è ñëàáîòóðáóëåíòíûå
çàêîíû ðàçâèòèÿ âîëíåíèÿ

Second type (incomplete) self-similarity

Duration-limited growth solutions
E (ω, θ, τ) = τpτ+4qτ Φ((ω/ωp)qτ τ, θ); τ = t/t0

or fetch-limited growth solutions
E (ω, θ, χ) = χpχ+4qχΦ((ω/ωp)qχχ, θ); χ = x/x0

Etot and 〈Sin + Sdiss〉 are power-law functions of time (fetch).

`Magic' relations � ñâ-âà îäíîðîäíîñòè Snl

pτ =
9qτ − 1

2
; pχ =

10qχ − 1

2

Çàìûêàíèå SBModel � ÊÇ ñâÿçü ýíåðãèÿ-ïîòîê

Eω4
p

g2
= αss

(
ω3
p〈Sin + Sdiss〉

g2

)1/3

; αss ∼ p−1/3
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Àâòîìîäåëüíîñòü â ÷èñëåííûõ ýêñïåðèìåíòàõ
Pushkarev et al. 2004, Badulin et al, 2002, 2005, 2008

Ðèñ. : Âîëíîâûå ñïåêòðû â ñëó÷àå ïðîñòðàíñòâåííîãî ðîñòà.
Íàêà÷êà Hsiao & Shemdin, 1981, U10 = 10m/s, âðåìÿ â ÷àñàõ
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Åñòü ëè óíèâåðñàëüíîñòü?

Range of coe�cients

E = E0χ
pχ ;

0.6 < pχ < 1.1;
0.68 < 107E0 < 18.6;

ω = ω0χ
−qχ

0.23 < qχ < 0.33;
10.4 < ω0 < 22.6

Thanks to Paul Hwang

�PERHAPS IT IS TIME TO ABANDON THE IDEA THAT A
UNIVERSAL POWER LAW FOR NON-DIMENSIONAL
FETCH-LIMITED GROWTH RATE IS ANYTHING MORE
THAN AN IDEALIZATION�.

M. Donelan et al., 1992
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Magic relations (27 experiments)
Badulin et al. (2007), Zakharov (2018)

pχ = (10qχ − 1)/2
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Energy-to-�ux relation (27 experiments)
1.2,1.5, 1.6 � ñàìîëåòíûå èçìåðåíèÿ

Eω4
p

g2
= αss

(
ω3
p〈Sin + Sdiss〉

g2

)1/3
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Ê àëôàâèòó !!! Gagnaire-Renou et al. (2011)

H ∼ T z ; z = p/(2q)
Special cases of one-parametric dependencies H ∼ T z

z = 5/3 � Hasselmann, Ross, M�uller, Sell 1976;

z = 3/2 � Toba 1972;

z = 4/3 � Zakharov & Zaslavskii 1983

�ALL ANIMALS ARE EQUAL BUT SOME ANIMALS ARE
MORE EQUAL THAN OTHERS�

George Orwell, �Animal Farm�
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Case B. Constant energy �ux � the Toba 3/2 law

Toba's theory (1972)

Stokes drift = wind stress

Hs = B(gu∗)
1/2T

3/2
s (Toba)

B = 0.062 � Toba's constant

Wind-wave tunnel (Toba 1961)

Wave turbulence

Within our approach Toba's law
corresponds to constant energy
�ux !!!

dE

dt
=

E 3ω9
p

αssg4
= const

with (Toba)

dE

dt
=
π9B6u3

∗
8α3

ssg
= 0.16

ρa
ρw

u3
∗

α3
ssg

.

Be careful!
High powers of E and

ωp!!!
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Cases A. Constant momentum �ux � 5/3 law.
Hasselmann et al. 1976

One-parametric dependence

Ẽ = C0

(
ω̃p

2π

)−10/3

; C0 = 5.1× 10−6

Energy is growing linearly with fetch (pχ = 1, qχ = 3/10)

Momentum �ux is constant in time

dM/dt = const

Energy-to-�ux conversion gives immediately

dE

dt
= 7.7× 10−3 ρa

ρw

Cpu
2
∗

α3
ssg

Logically, momentum �ux is related to turbulent wind stress
τw = 〈u′w ′〉
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Case C. What we have and what we want

Figures by Zakharov and Zaslavskii, 1983.
Theory vs JONSWAP data
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Cases C. Constant momentum �ux � 4/3 law.
Zakharov & Zaslavskii 1983

One-parametric dependence

Ẽ = 1.5× 10−3ω̃
−8/3
p (8)

pχ = 4/7 and qχ = 3/14 are close to minimal observed values

Energy-to-�ux conversion gives immediately

dE

dt
= 1.6

ρa
ρw

C−1
p u4

∗
α3
ssg

Wave action �ux is constant in time

dN/dt = const

No ideas how to treat physics of
this particular case
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ABC
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Åùå îäíà áóêâà D. Çûáü (swell)
pτ = −1/11, qτ = 1/11 ⇒ z = pτ/(2qτ) = −1/2

Total energy (a), momentum (b),
peak frequency (d) tend to
self-similar asymptotics. Anisotropy
(e) tends to a limit (?)

⇓

⇐ Solutions with di�erent initial
angular spreading collapse to a
universal shape
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Angular evolution: left � at spectral peak ωp,
right � integral over frequency range (WRT)

30◦ � (1) fast relaxation
at peak frequency ( 1
day),
(2) a monotonic decay
of the integral (right)

330◦ � (1) a long-term
swell peak feeding by
background,
(2) a saturation of the
integral

Badulin & Zakharov (2017)
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Ñàìàÿ òðóäíàÿ áóêâà (Badulin & Grigorieva, 2012)
� Çûáü è âåòðîâûå âîëíû ñîñóùåñòâóþò

Äàííûå Èäåÿ

H ∼ TR

Âåòðîâûå âîëíû Çûáü
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Çà÷åì íóæíà òåîðèÿ ïîäîáèÿ äëÿ âåòðîâûõ âîëí?

Ïî êðàéíåé ìåðå 5 ôèçè÷åñêèõ âåëè÷èí:
�âíåøíèå� ïàðàìåòðû Uwind , g , x è

�âíóòðåííèå� Hs , T , . . .

,
2 íåçàâèñèìûå ðàçìåðíîñòè V 3 áåçðàçìåðíûõ ïàðàìåòðà
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Êèòàéãîðîäñêèé Ñ.À. 1962 Íåêîòîðûå ïðèëîæåíèÿ òåîðèè ïîäîáèÿ

ïðè àíàëèçå âåòðîâîãî âîëíåíèÿ êàê âåðîÿòíîñòíîãî ïðîöåññà

Ñàìàÿ íåïîíÿòàÿ ðàáîòà ïî âåòðîâîìó âîëíåíèþ
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Î áåçðàçìåðíûõ âåëè÷èíàõ â çàäà÷å

Ìîæíî ñëåäîâàòü ¾âåòðîâîëíîâîé òðàäèöèè¿

gTp/(2πU10) � âîçðàñò âîëí;

gHs/U
2
10 � áåçðàçìåðíàÿ âûñîòà;

gx/U2
10 � ðàçãîí (fetch)

à ìîæíî äåðæàòüñÿ çà äèíàìèêó âîëí

gTp/(2πU10) � âîçðàñò âîëí;

πHs/(2λ) = π2Hs/(gT 2
p ) � êðóòèçíà;

x/λ � ðàçãîí â äëèíàõ âîëí
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Àâòîìîäåëüíûé çàêîí ðîñòà âåòðîâûõ âîëí
Zakharov et al. (2015)

µ4 ν = α30

µ = akp =
ω2
p

√
<η2>

g � êðóòèçíà

ν � ÷èñëî âîëí (ν = ωpt or ν = 2kpx)

α0 � êîíñòàíòà (α0(d) = 0.7 or α0(f ) = 0.62)

Ðîñò âîëí � âíóòðåííåå äåëî ñàìèõ âîëí!?
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Ôèçè÷åñêèé ñìûñë íàøåãî èíâàðèàíòà äëÿ
ñåìåéñòâà àâòîìîäåëüíûõ ðåøåíèé

µ4 ν = α3
0

Âîëíû âåòðîâûå � îò âåòðà íå çàâèñèò;

Àäèàáàòèêà � íåò ïàðàìåòðîâ àäèàáàòè÷íîñòè

Êðóòûå äîëãî íå æèâóò

µ =
ω2
p

√
<η2>

g
� êðóòèçíà;

ν = ωpt � âðåìÿ æèçíè â ïåðèîäàõ

Äèíàìè÷åñêàÿ òðàêòîâêà

ν ∼ τnl � âðåìÿ æèçíè ïðîïîðöèîíàëüíî
âðåìåíè íåëèíåéíîé ðåëàêñàöèè

τnl ∼ ω−1µ−4 Çàõàðîâ, Áàäóëèí, 2011, ÄÀÍ
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Âîëíîâûå áóè Field Research Facility
of the US Army Corps of Engineers

5 FRF wave riders

ID Fetch N

190 6.1 km 102
192 18.5 km 35
200 18.5 km 24
430 18.5 km 606
630 3.0 km 171

Îòáîð äàííûõ òîëüêî ïî íàïðàâëåíèþ âîëíåíèÿ
±30◦ îòíîñèòåëüíî âåòðà ñ áåðåãà (exc. B200)

!!!
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Âîëíîâûå áóè Field Research Facility
of the US Army Corps of Engineers

Wind-free law of wind wave growth
H̃ = 5.59T̃ 5/2
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Çàêëþ÷åíèå

Ïðåäñòàâëåíà àíàëèòè÷åñêàÿ òåîðèÿ ìîðñêîãî
âîëíåíèÿ, èñõîäÿùàÿ èç ãèïîòåçû (ôàêòà)
äîìèíèðîâàíèÿ íåëèíåéíûõ âçàèìîäåéñòâèé íàä
ïðîöåññàìè íàêà÷êè è äèññèïàöèè;

Ñôîðìóëèðîâàíû àñèìïòîòè÷åñêèå çàêîíû
ðàçâèòèÿ âîëíåíèÿ, íå ñîäåðæàùèå ïàðàìåòðîâ
âåòðîâîãî âîçäåéñòâèÿ
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Åùå ðàç î âàæíîñòè ÷åòûðåõâîëíîâûõ
âçàèìîäåéñòâèé äëÿ âîëí íà âîäå

¾Áåæèò âîëíà, âîëíîé âîëíå
õðåáåò ëîìàÿ¿

Î. Ý. Ìàíäåëüøòàì
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