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1 Êèíåòè÷åñêîå (Õàññåëüìàííà) óðàâíåíèå
Âåòðîâàÿ íàêà÷êà
Äèññèïàöèÿ
Íåëèíåéíûé ïåðåíîñ

2 A misguiding star by Komen, Hasselmann, Hasselmann

3 Î äîìèíèðîâàíèè íåëèíåéíîãî ïåðåíîñà

4 Àñèìïòîòè÷åñêàÿ òåîðèÿ âåòðîâîãî âîëíåíèÿ

5 Ïðîñòðàíñòâåííûé ðîñò âîëíåíèÿ â ÷èñëåííîì
ýêñïåðèìåíòå è ñòàäèè ðîñòà âîëíåíèÿ

6 Ïóáëèêàöèè
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Klauss HASSELMANN 1962, On the nonlinear
energy transfer in a gravity wave spectrum

Óðàâíåíèå Õàññåëüìàííà, áàëàíñà

∂nk

∂t
+∇kωk∇rnk = Sin [nk] + Sdiss [nk] + Snl [nk]

Íà ñàìîì äåëå ýòî óðàâíåíèå íóæíî ïèñàòü äëÿ N(k) �
åäèíñòâåííàÿ íåòî÷íîñòü Õàññåëüìàííà

Êèíåòè÷åñêîå óðàâíåíèå

∂Nk

∂t
+∇kωk∇rNk = Sin [Nk] + Sdiss [Nk] + Snl [Nk]
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Ïðàâàÿ ÷àñòü óðàâíåíèÿ Õàññåëüìàííà

ÂÀÆÍÎ !
Âîëíîâàÿ íàêà÷êà Sin � ýìïèðè÷åñêè-ýâðèñòè÷åñêèé

Äèññèïàöèÿ Sdiss � ýìïèðè÷åñêè-ýâðèñòè÷åñêèé

Íåëèíåéíûé ïåðåíîñ Snl � ïîëó÷åí èç �ïåðâûõ
ïðèíöèïîâ� è çàäà¼òñÿ ÿâíûì âûðàæåíèåì
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Wave input. The Vavilov-Cherenkov excitation
Cherenkov, Frank, Tamm � Nobel Prize 1958

Quasi-linea wave input

Sin = β(k,Nk)Nk,

wave growth β(k) = %ω(k)(ς − 1)n at ς > 1, n = 1,2.

The Cherenkov-like factor

ς = s
Uh

Cph
cos θ, s = O(1), θ is wave-to-wind direction.
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Êàêàÿ íàêà÷êà ¾ïðàâèëüíàÿ¿?

Ïàðàìåòðèçàöèè èíêðåìåíòà â ñîðåìåííûõ
ïðîãíîñòè÷åñêèõ ìîäåëÿõ
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¾Áàðàøêîâàÿ¿ (white-capping) äèññèïàöèÿ
(Hasselmann, 1974)

Ýòî íàèìåíåå èçó÷åííàÿ ïðîáëåìà âåòðîâîãî âîëíåíèÿ
Îáùåïðèíÿòûé øàáëîí

Sdiss(k) = −Cdiss

gp ω̂(2p+1)Ep/2
[
δ
(ω
ω̂

)2
+ (1− δ)

(ω
ω̂

)4
]

N(k)

ãäå ω̄

ω̂ = E ×
(∫ +∞

0

∫ π

−π
ω−1E(k)dωdθ

)−1

,

Cdiss = 4.5, δ = 0.5, p = 4 çíà÷åíèÿ ïî óìîë÷àíèþ ìîäåëè
WAM-cycle 4. Íåäàâíèå èññëåäîâàíèÿ (Korotkevich et al.
2007, 2008) äàþò ïîðîãîâóþ çàâèñèìîñòü îò êðóòèçíû
µ = ω̂

√
E/g, ñ ïîêàçàòåëåì p > 10.
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Èíòåãðàë ñòîëêíîâåíèé

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

k
0

k
1

k
2

k
3

Explicit formula for T0123
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Direct Interaction Approximation
for the collision integral Snl

DIA ó÷èòûâàåò òîëüêî 4 (÷åòûðå!) ñèììåòðè÷íûõ
êâàäðóïëåòà èç âñåãî ðåçîíàíñíîãî êîíòèíóóìà (!?)

k
0

k
1

k
2

k
3

Â ñïåêòðàëüíûõ ìîäåëÿõ ðåøàåòñÿ áîëüøîå ÷èñëî
óðàâíåíèé (íàïðèìåð, 24(óãëû)×25(÷àñòîò)) äëÿ
ïðîñòðàíñòâåííîãî ñïåêòðà äëÿ ïîëó÷åíèÿ âñåãî
äâóõ (!!!) õàðàêòåðèñòèê âîëíîâîãî ïîëÿ (Hs, Ts �
çíà÷èìûå âûñîòà è ïåðèîä âîëíåíèÿ).



Êèí. óð-å
è ïðîãíîç
âîëíåíèÿ

Êèíåòè÷åñêîå
óðàâíåíèå

Âåòðîâàÿ
íàêà÷êà

Äèññèïàöèÿ

Íåëèíåéíûé
ïåðåíîñ

Misguiding
star

Î äîìèíè-
ðîâàíèè
íåëèíåéíî-
ãî
ïåðåíîñà

Àñèìïò.
òåîðèÿ
âîëíåíèÿ

Còàäèè
ðîñòà
âîëíåíèÿ

Ïóáëèêàöèè
10 / 54

Íåëèíåéíûé ïåðåíîñ â ïðîãíîñòè÷åñêèõ
ìîäåëÿõ

L. Cavaleri et al. / Progr. in Oceanogr. 75 (2007) 603-674

Fig. 7. Nonlinear transfer term Qnl4(f) computed for the
test wave spectrum in deep water. These curves are obtained
by integration over wave directions.
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Summary of the section

�Something is rotten
in the state of Denmark�

William Shakespeare

The Tragical History of
Hamlet, Prince of Denmark
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Q. ×òî îáåñïå÷èâàåò áàëàíñ
â ïîëå âåòðîâûõ âîëí?

Íåëèíåéíûé ïåðåíîñ èëè
íàêà÷êà/äèññèïàöèÿ?
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Ñõåìà 1. Mainstream
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Ñõåìà 2. Íåëèíåéíûé ïåðåíîñ äîìèíèðóåò
(íàø îòâåò)
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A misguiding star of
wind-wave modeling

by Komen, Hasselmann, Hasselmann 1984
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Komen, Hasselmann, Hasselmann 1984,
�On the existence of a fully developed wind-sea spectrum�

0 0.5 1 1.5 2 2.5 3
0

1

2

3
x 10

5

E
*

 f/f
p

0 0.5 1 1.5 2 2.5 3

−0.2

−0.1

0

0.1

0.2

S* nl

 f/f
p

0 0.5 1 1.5 2 2.5 3
0

0.05

0.1

0.15

0.2

 S
* in

0 0.5 1 1.5 2 2.5 3

−0.2

−0.1

0

0.1

0.2

f/f
m

S* di
ss

a) 

b) 

c) 

d) 

Pierson-Moskowitz spectrum

Input by Snyder et al. (1981)

Sin(ω) =
max (0,0.25ρa/ρwω
×(β28u∗/Cp − 1)) ;

Dissipation
Sdiss = −Sin − Snl

Output

S̃in : S̃nl : S̃diss = 3 : (−1) : (−2)

S̃i =
∫ 2.5fm

0 Sidfdθ
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Íåëèíåéíàÿ íàêà÷êà è äèññèïàöèÿ

Snl = πg2 ∫ |T0123|2 (1)

(N1N2N3 + N Nk2Nk3 − N Nk1Nk2 − N Nk1Nk3)

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

Ðàññìîòðèì äâà ñëàãàåìûõ

Snl = Fk − ΓkNk (2)

ãäå

Fk = πg2 ∫ |T0123|2N1N2N3 (3)

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

Γk = πg2 ∫ |T0123|2(N1N2 + N1N3 − N2N3) (4)

×δ(k + k1 − k2 − k3)δ(ωk + ω1 − ω2 − ω3)dk1dk2dk3
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Äâà ñëàãàåìûõ Snl

(áëàãîäàðÿ Í.Í. Èâåíñêèõ)

Snl ñîñòîèò èç äâóõ áîëüøèõ ñëàãàåìûõ
ïðîòèâîïîëîæíûõ çíàêîâ (Õàññåëüìàíí çíàë, íî
çàáîëòàë ýòîò ôàêò);

Snl ìàëî èç-çà áëèçîñòè ê ¾åñòåñòâåííîìó¿
ñîñòîÿíèþ!
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Îöåíêà Γnl

Ãèïîòåçà: Îïðåäåëÿþùèé âêëàä â Γnl âíîñÿò
âçàèìîäåéñòâèÿ ïàð êîðîòêèõ è äëèííûõ âîëí

Γk = 36πω(ω/ωp)3µ4
p cos2 Θ,

ìàëåíüêèé ïàðàìåòð µp =
√

Eω4
p

g2 � êðóòèçíà

Áîëüøîé ìíîæèòåëü: 36π ≈ 113.1
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Íåëèíåéíûé äåêðåìåíò è âåòðîâîé èíêðåìåíò

Íåëèíåéíàÿ ðåëàêñàöèÿ íà ïîðÿäîê âåëè÷èíû ñèëüíåå
êâàçè-ëèíåéíîé (Sin è Sdiss) !
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×òî äà¼ò äîìèíèðîâàíèå
íåëèíåéíîãî ïåðåíîñà?
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Çàêîíû ñîõðàíåíèÿ

Êîíñåðâàòèâíîå ÊÓ

∂N(k, t)
∂t

= Snl

N =

∫
N(k, t)dk = const

E =

∫
ω(k)N(k, t)dk = const

M =

∫
kN(k, t)dk = const

NB.

N � �èñòèííûé� èíòåãðàë äâèæåíèÿ. E , M ôîðìàëüíûå
èíòåãðàëû (ïðîáëåìà ñõîäèìîñòè ïðàâîé ÷àñòè)
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Ðåøåíèÿ ÊÓ. Ëîêàëüíîå ðàâíîâåñèå
Ðýëåÿ-Äæèíñà

Ñòàöèîíàðíîå ðåøåíèå óäîâëåòâîðÿåò
Snl = 0

Îáðàùåíèå â íóëü ïîäèíòåãðàëüíîãî âûðàæåíèÿ

N0N1N2 + N0N1N3 − N0N2N3 − N1N2N3 = 0

� áàëàíñ â êàæäîé òî÷êå ðåçîíàíñíîé ïîâåðõíîñòè,
íåçàâèñèìî îò êîýôôèöèåíòîâ âçàèìîäåéñòâèÿ.

N(k) =
T

ωk + µ+ kV
(5)

T (òåìïåðàòóðà) è µ,V � ïðîèçâîëüíûå ïàðàìåòðû.

ÒÅÐÌÎÄÈÍÀÌÈ×ÅÑÊÎÅ ÐÅØÅÍÈÅ ÀÁÑÎËÞÒÍÎ
ÍÅÔÈÇÈ×ÍÎ
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Ïîòîêîâûå (Êîëìîãîðîâà-Çàõàðîâà) ðåøåíèÿ

Èçîòðîïíûå ðåøåíèÿ

P = const � ïðÿìîé êàñêàä
Çàõàðîâ, Ôèëîíåíêî 1966

E(ω, θ) = Cpg4/3P1/3ω−4

Q = const � îáðàòíûé êàñê.
Çàõàðîâ 1966 (äèññåð.),
Çàõàðîâ, Çàñëàâñêèé 1983

E(ω, θ) = Cqg4/3Q1/3ω−11/3

Ñëàáî-àíèçîòðîïíûå

Êàö, Êîíòîðîâè÷ 1974

E(ω, θ) = g4/3P1/3ω−4(Cp

+CmgK cos θ/(ωP) + . . .)

×èñëåííîå ðåøåíèå

ÊÇ ðåøåíèÿ èñêëþ÷èòåëüíî
ãðóáû !!!
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Êîíñòàíòû Êîëìîãîðîâà-Çàõàðîâà

Äëÿ ñòåïåííûõ ñïåêòðîâ âèäà

N(k) = N0

(
|k|
|k0|

)−x

ñïåêòðàëüíûå ïîòîêè ìîæíî âû÷èñëèòü â ÿâíîì âèäå
(Ãåîãäæàåâ, Çàõàðîâ)

Snl = g3/2k−3x+19/2F (x) (6)

F (x) = 0 äëÿ îáðàòíîãî è
ïðÿìîãî êàñêàäîâ, ò.å.
P ∼ F ′|x=4; Q ∼ F ′|x=23/6
êîíñòàíòû Ê-Ç

Cp ≈ 0.219
Cq ≈ 0.227
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Àñèìïòîòè÷åñêàÿ ìîäåëü ðàñòóùåãî âîëíåíèÿ

Óæå íå ãèïîòåçà |Snl | � |Sin + Sdiss| !!!
Â íèçøåì ïîðÿäêå � êîíñåðâàòèâíîå ÊÓ

dNk

dt
= Snl

Óñëîâèå çàìûêàíèÿ � èíòåãðàëüíûé áàëàíñ

d〈Nk〉
dt

= 〈Sin + Sdiss〉
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Àâòîìîäåëüíûå ðåøåíèÿ
(Snl [νN(υk)] = ν3υ19/2Snl [N(k)])

Àâòîìîäåëüíîñòü âòîðîãî ðîäà (íåïîëíàÿ)

Âðåìåííîé ðîñò
E(ω) = τpτ Φ(ω/ωp); τ = t/t0 (∗)

èëè ïðîñòðàíñòâåííûé
E(ω) = χpχΦ(ω/ωp); χ = x/x0 (∗∗)

ïðè E è 〈Sin + Sdiss〉 � ñòåïåííûõ ôóíêöèÿõ t , χ.

Ñëàáîòóðáóëåíòíûé çàêîí ðîñòà
Êîëìîãîðîâñêîå ñîîòíîøåíèå ýíåðãèÿ-ïîòîê

Eω4
p

g2 = αss

(
ω3

pdE/dt
g2

)1/3

ïîëó÷àåòñÿ ýëåìåíòàðíûì èñêëþ÷åíèåì âðåìåíè
(êîîðäèíàòû) èç ðåøåíèé (*,**). αss çàâèñèò îò pχ, pτ �
àíàëîã êîíñòàíò Êîëìîãîðîâà-Çàõàðîâà
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Âðåìåííîé ðîñò.
Çûáü � íè íàêà÷êè, íè äèññèïàöèè

N(k, t) = at0U 2
11

(kt−
1

11 )

Nmax = const
ωp ∼ t−1/11

Extremely fast relaxation to a
self-similar state
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Ðåøåíèÿ ñ âîëíîâîé íàêà÷êîé

×èñëåííûå ðåøåíèÿ

Ðåøåíèÿ ñòðåìÿòñÿ ê àâòîìîäåëüíûì àñèìïòîòèêàì �
àíàëîãàì ðåøåíèé Êîëìîãîðîâà-Çàõàðîâà
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Ðåøåíèÿ ñ âîëíîâîé íàêà÷êîé
Çàâèñèìîñòü ðåëàêñàöèè îò íàïðàâëåíèÿ

N(k, t) = at23/11U6/11(bkt−6/11), rτ = 1

¾Çàêîëäîâàííûé êðóã¿ � àâòîìîäåëüíîñòü òðåáóåò
ñèëüíîé íàêà÷êè (!?)
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×èñëåííûå ðåøåíèÿ. Ñðàâíåíèå ñ
ïàðàìåòðèçàöèåé JONSWAP

Àñèìïòîòèêè ÷èñëåííûõ ðåøåíèé è ýêñïåðèìåíòàëüíûõ
ïàðàìåòðèçàöèé îòâå÷àþò àñèìïòîòèêàì

Êîëìîãîðîâà-Çàõàðîâà
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Ýêñïåðèìåíòàëüíûå ñïåêòðû
(Hwang et al. 2000)

Îäíîìåðíûå ñïåêòðû

Ïðÿìûå ïîêàçûâàþò íàêëîí îòâå÷àþùèé ðåøåíèþ äëÿ
ïðÿìîãî êàñêàäà E(ω) ∼ ω−4
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Ïîïûòêà íàâåñòè ýëåìåíòàðíûé ïîðÿäîê â
èññëåäîâàíèÿõ ðîñòà âîëíåíèÿ

Ïðîñòðàíñòâåííûé ðîñò Ñòåïåííûå àïïðîêñèìàöèè

îò áåçðàçìåðíîãî ðàçãîíà
χ = xg/U2

h

Ẽ = E0χ
pχ ; ω̃p = ω0χ

−qχ

èëè áåçðàçìåðíîãî âðåìåíè
τ = tg/Uh

Ẽ = E0τ
pτ ; ω̃p = ω0τ

−qτ

(Êèòàéãîðîäñêèé 1962)

×åòûðå ñâîáîäíûõ
ïàðàìåòðà!!!

?????????????????????
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Ñóùåñòâóåò ëè óíèâåðñàëüíîñòü ðîñòà
âîëíåíèÿ?

Ðàçáðîñ ïàðàìåòðîâ
ðîñòà

0.6 < pχ < 1.1;

0.68 < 107E0 < 18.6;

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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×òî äàþò íàøè àâòîìîäåëüíûå ñîîòíîøåíèÿ?

Äëÿ äâóïàðàìåòðè÷åñêîãî ñåìåéñòâà ðåøåíèé

Eω4
p

g2 = αss

(
ω3

pdE/dt
g2

)1/3

Âðåìåííîé ðîñò

pτ =
9qτ − 1

2
;

E0ω
4
0 = αss

(
pτE0ω

3
0

)1/3

Ïðîñòðàíñòâåííûé

pχ =
10qχ − 1

2
;

E0ω
4
0 = αss

(
pχE0ω

2
0/2
)1/3

Êàê ñðàâíèâàòü ñ ýêñïåðèìåíòîì?

1 Ïðîâåðèòü çàâèñèìîñòü p îò q;
2 Îöåíèòü αss
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Òðóäíîñòè ñðàâíåíèÿ

�. . . the e�ective fetch concept is a poor approximation�
Kahma & Pettersson 1994, p.26

Data quality checklist
1 Ëàáîðàòîðíûå äàííûå � ïðèíöèïèàëüíî èíàÿ
ôèçèêà;

2 ×òî òàêîå ïðîñòðàíñòâåííûé ðîñò?

ïåðåñ÷¼ò äëèòåëüíîñòè â ðàçãîí;

ôèêòèâíûå êîððåëÿöèè èç-çà îáåçðàçìåðèâàíèÿ íà

ñêîðîñòü âåòðà

3 Êîìïîçèòíûå äàííûå � äàííûå ïðè ñóùåñòâåííî
ðàçëè÷íûõ ïîêàçàòåëÿõ ðîñòà

Ðàññìàòðèâàåì 4 ãðóïïû ýêñïåðèìåíòîâ
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�Cleanest� experiments

© � Black Sea, Babanin, 1996

� � US coast, Walsh et al 1989
M � Bothnian Sea, unstable

Kahma & Calkoen, 1992
♦ � Bothnian Sea, stable

Kahma & Calkoen, 1992

pχ =
10qχ − 1

2
;

E0ω
4
0 = αss

(
pχE0ω

2
0

2

)1/3
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Composite data

© � Dobson et al. 1989
� � Kahma & Pettersson 1994
M � JONSWAP, Davidan 1980
♦ � JONSWAP, Phillips 1977
5 � Kahma & Calkoen 1992,

composite
∗ � Lake Ontario, Donelan

et al. 1985
+ � CERC (1977), by Young

1999

pχ =
10qχ − 1

2
;

E0ω
4
0 = αss

(
pχE0ω

2
0

2

)1/3
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�Bad� experiments

© � Wen et al. 1989
� � Evans & Kibblewhite 1990,

neutral
M � Evans & Kibblewhite 1990,

stable
♦ � Kahma & Calkoen

1981,86, rapid
5 � Kahma & Calkoen 1981,

average
∗ � Donelan et al.1992
• � Hwang & Wang (2004,06)
+ � Ross 1978, Atlantic, stable
? � Liu & Ross 1980,

L.Michigan, unstable
/ � Davidan 1996, u∗ scaling
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�Sea + Lab� experiments

© � JONSWAP, Hasselmann et al.
1973

� � Mitsuyasu et al. 1971

pχ =
10qχ − 1

2
;

E0ω
4
0 = αss

(
pχE0ω

2
0

2

)1/3
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Ïðîñòðàíñòâåííûé ðîñò
âîëíåíèÿ â ÷èñëåííîì

ýêñïåðèìåíòå
è ñòàäèè ðàçâèòèÿ

âîëíåíèÿ
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Ïðîñòðàíñòâåííûé (fetch-limited) ðîñò
(c M. Benoit & E. Gagnaire-Renou)
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Äâà ìåòîäà âû÷èñëåíèÿ ñòîëêíîâèòåëüíîãî
èíòåãðàëà è äâå ôóíêöèè íàêà÷êè

Äëÿ èíòåãðàëà
ñòîëêíîâåíèé

DIA � Discrete
Interaction
Approximation

MDIA � Multiple DIA

GQM � Gauss
Quadrature
Method
(Lavrenov, 2002)

Äëÿ ôóíêöèé íàêà÷êè

Snyder et al. 1981
Janssen 1989, 1991
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Ýíåðãèÿ � ðàçãîí (áåçðàçìåðíûå)
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×àñòîòà � ðàçãîí (áåçðàçìåðíûå)
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Ýíåðãèÿ-ïîòîê äëÿ ïðîñòðàíñòâåííîãî ðîñòà

 0

 0.005

 0.01

 0.015

 0.02

 0  0.005  0.01  0.015  0.02  0.025  0.03  0.035  0.04  0.045

(ωp
2/(2g) ∂E/∂x)1/3

Eωp
4/g2

αss=0.68

DIA Janssen U=5   m/s
DIA Janssen U=10 m/s
DIA Janssen U=20 m/s
DIA Janssen U=30 m/s
DIA Snyder  U=5   m/s
DIA Snyder  U=10 m/s
DIA Snyder  U=20 m/s
DIA Snyder  U=30 m/s

GQM Janssen U=5   m/s
GQM Janssen U=10 m/s
GQM Janssen U=20 m/s
GQM Janssen U=30 m/s
GQM Snyder  U=5   m/s
GQM Snyder  U=10 m/s
GQM Snyder  U=20 m/s
GQM Snyder  U=30 m/s

Babanin Soloviev (1998)
Kahma Calkoen (1992) unstable

Kahma Calkoen (1992)   stable



Êèí. óð-å
è ïðîãíîç
âîëíåíèÿ

Êèíåòè÷åñêîå
óðàâíåíèå

Âåòðîâàÿ
íàêà÷êà

Äèññèïàöèÿ

Íåëèíåéíûé
ïåðåíîñ

Misguiding
star

Î äîìèíè-
ðîâàíèè
íåëèíåéíî-
ãî
ïåðåíîñà

Àñèìïò.
òåîðèÿ
âîëíåíèÿ

Còàäèè
ðîñòà
âîëíåíèÿ

Ïóáëèêàöèè
47 / 54

Ïàðàìåòð àâòîìîäåëüíîñòè αss äëÿ
ïðîñòðàíñòâåííîãî ðîñòà

αss ∼ p1/3
χ çàâèñèò îò ñòåïåíè ðîñòà âîëíåíèÿ
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Åñòü ëè ¾áîëåå ðàâíûå¿ ñðåäè ïðåäúÿâëåííûõ
íàìè àâòîìîäåëüíûõ ðåøåíèé ?

¾Êàíîíè÷åñêèå¿ çàâèñèìîñòè H ∼ T z

ABC of wind-wave growth

z = 5/3 � Hasselmann et al., 1976 � dM/dt = const;

z = 3/2 � Toba, 1972 � dE/dt = const;

z = 4/3 � Zakharov & Zaslavskii, 1983 � dN/dt = const

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

George Orwell, �Animal Farm�
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ABC è D (çûáü) íà H − T çàâèñèìîñòÿõ �
¾àëôàâèò¿ âåòðîâîãî âîëíåíèÿ
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B. Ïîñòîÿííûé ïîòîê ýíåðãèè � ç-í Òîáû 3/2

Toba (1972)

Ñòîêñîâ äðåéô =
íàïðÿæåíèå òðåíèÿ âåòðà

Hs = B(gu∗)1/2T 3/2
s (Toba)

B = 0.062 � ïîñòîÿííàÿ
Ëàá.ýêñïåðèìåíò (Toba 1961)

Âîëíîâàÿ òóðáóëåíòíîñòü

Ó íàñ ïîñòîÿíñòâî ïîòîêà
ýíåðãèè !!!

dE
dt

=
E3ω9

p

αssg4 = const

ìîæíî îöåíèòü ýòîò ïîòîê

dE
dt

=
π9B6u3

∗
8α3

ssg
= 0.16

ρa

ρw

u3
∗

α3
ssg

.

Îñòîðîæíî!
âûñîêèå ñòåïåíè E è ωp!!!
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A. Ïîñòîÿííûé ïîòîê èìïóëüñà � çàêîí 5/3.
Hasselmann et al. 1976

Îäíî-ïàðàìåòðè÷åñêàÿ çàâèñèìîñòü

Ẽ = C0

(
ω̃p

2π

)−10/3

; C0 = 5.1× 10−6

Ýíåðãèÿ ëèíåéíî çàâèñèò îò ðàçãîíà (pχ = 1, qχ = 3/10)

Ïîòîê èìïóëüñà ïîñòîÿíåí

dM/dt = const

Êîíâåðòèðóåì ýíåðãèþ â ïîòîê

dE
dt

= 7.7× 10−3 ρa

ρw

Cpu2
∗

α3
ssg

Åñòåñòâåííî ñâÿçàòü ïîòîê èìïóëüñà
ñ íàïðÿæåíèåì òðåíèÿ òóðáóëåíòíîãî âåòðà

τw = 〈u′w ′〉
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C. Ïîñòîÿííûé ïîòîê äåéñòâèÿ � çàêîí 4/3
(Åñëè õî÷åòñÿ, òî ìîæíî)

Ðèñóíîê Çàõàðîâ, Çàñëàâñêèé, 1983.
Òåîðèÿ è ýêñïåðèìåíò JONSWAP
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C. Ïîñòîÿííûé ïîòîê äåéñòâèÿ � çàêîí 4/3.
Çàõàðîâ, Çàñëàâñêèé 1983

Îäíî-ïàðàìåòðè÷åñêàÿ çàâèñèìîñòü

Ẽ = 1.5× 10−3ω̃
−8/3
p (7)

ïîêàçàòåëè pχ = 4/7 è qχ = 3/14 áëèçêè ê ìèíèìàëüíûì
íàáëþäàåìûì çíà÷åíèÿì

Êîíâåðòàöèÿ ýíåðãèè â ïîòîê

dE
dt

= 1.6
ρa

ρw

C−1
p u4

∗

α3
ssg

Ïîñòîÿííûé ïîòîê äåéñòâèÿ

dN/dt = const
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Êàê âçàèìîäåéñòâóþò âîëíû è âåòåð?

Ðîñò âîëí Ðàçëè÷íûå ðåæèìû
âçàèìîäåéñòâèÿ
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Ïóáëèêàöèè

S. I. Badulin, A. V. Babanin, D. Resio, and
V. Zakharov, Weakly turbulent laws of
wind-wave growth, J. Fluid Mech. 591
(2007), 339�378.

S. I. Badulin, A. N. Pushkarev, D. Resio,
and V. E. Zakharov, Self-similarity of
wind-driven seas, Nonl. Proc. Geophys. 12
(2005), 891�946.

Badulin, S. I., Babanin, A. V., Resio, D. &
Zakharov, V. 2008a Numerical veri�cation of
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weakly turbulent law of wind wave growth.
In IUTAM Symposium on Hamiltonian
Dynamics, Vortex Structures, Turbulence.
Proceedings of the IUTAM Symposium held
in Moscow, 25-30 August, 2006 (ed. A. V.
Borisov, V. V. Kozlov, I. S. Mamaev & M. A.
Sokolovskiy), IUTAM Bookseries, vol. 6, pp.
175�190. Springer, ISBN: 978-1-4020-6743-3.

Badulin, S. I., Korotkevich, A. O., Resio, D.
& Zakharov, V. E. 2008b Wave-wave
interactions in wind-driven mixed seas. In
Proceedings of the Rogue Waves 2008
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Workshop, October 13-15, 2008, Brest,
France (ed. Michel Olagnon & Marc
Prevosto), pp. 77�86. IFREMER, Brest,
France.

Badulin, S. I. & Caulliez, G. 2009
Signi�cance of laboratory observations for
modeling wind-driven seas. In Geophysical
Research Abstracts, EGU General Assembly
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