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Copepxxatue nekunu

ABC of wind
wave growth
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© Walter Heinrich Munk
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Grande y Felicisima Armada (1588)

ABC of wind
wave growth

oy “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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Formal definition

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. |

Sir Francis Beaufort
(1774-1857)
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Evolution of the Beaufort scale

ABC of wind
wave growth @ 1806 — commander Beaufort adopted the scale to unify
Bamymn reports of his officers (13 degrees).
Man-of-war as a sea state probe;
Uctopus

@ 1829-1855 — British Admiralty Hydrographer of the Navy,
introduce the scale for the Navy;

@ 1838 — the scale was introduced for use by British fleet 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

050 km
O30 miles
Perek 1
Skadovsk _,;ﬁfm‘fg Henichesk
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B %
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B
Bakhchysaray o Sudak
Sebaslozg)lﬁ ¢ Alushta
; o 0.2 Hurzut
Balaklava , o Yalta
Foros Alupka 4
TH &

Anti-Russian coalition

1500 men lost,

Goods and ammunition for
60 000 000 francs

Russian fleet 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,

steam ships
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Catastrophe of 14th November, 1854.
7 Lost steam ships

ABC of wind
wave growth
C.n.
Baaynun “Prince” — wrecked and sunk, 1 officer, 6 men survived
Victopus “Resolute” — sunk, 1 officer, 8 men survived

“Rip Van Winkle” — sunk, no survived
“Kenilworth” — absolutely broken, 3 men survived
“Wild Wave” — sunk, 1 ship boy survived
“Progress” — sunk, 2 men survived

“Peltoma” — sunk, the only captain survived

“Maltese” — sunk, no survived

©000000O0CO

“Wanderer” — sunk, no survived
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Catastrophe of 14th November, 1854.
Lost sail ships

i
cu. @ “Vesuvius” — dismasted, numerous damages, hull is heavily
Baayn broken
Mercpes @ “Retribution” — lost rudder, lost cargo, serious damages
and killed men

© “Melbourn” — dismasted, avoided wreck by a happy chance
Q “Mercia” — destroyed absolutely
@ “Lady Valiant” — destroyed absolutely
O “Caduccus” — destroyed absolutely
@ "Pride of the Ocean” — destroyed absolutely
Q “Medora” — destroyed absolutely
© “Sir Robert Sale” — destroyed absolutely

10 / 59



ABC of wind
wave growth

C.n.
Bapgynux

Uctopus

Urbain Jean Joseph Le Verrier
(11 March 1811 — 23 September 1877)

“the man who discovered

pen
or

regular network of
meteostations in France
(1855)7

a

planet with the point of his

the man who organized a
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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

o 1843-1845 — Governor of New
Zealand

@ 1851 — elected to the Royal Society

@ 1854 — Meteorological Statist to the
Board of Trade

KeLle HET Hay4YHbIX OCHOBAHUI A1 eXENHEBHbIX
npeackasaHuiiy — peLueHne napraMeHTCKON KOMUCCHY

12 / 59



Walter Heinrich Munk,
born 1917, 19 October, Vienna, Austria-Hungary

ABC of wind
wave growth

C.n.
Bapgynux

Walter
Heinrich
Munk

WNHoctpanubiii unen PAH (1994)
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Il Mnposas BoiiHa

Buicagka B CesepHoii Adpuke 8 Hosibps 1942 ( Torch)

B tpex paiioHax Beicaxero 73 500

Cuumnuiickast onepaunsi 10 nrons 1943 ( Husky)

3a Bpemsi onepauuu (10 nons — 25 asrycra) sbicaxeHo 470
ThIC.

Overlord (Neptune), 6 ntons 1944

6 nions — 156 000 cyxonyTHble Boiicka, 11 590 camoneTos, 6
939 cypos, 195 700 mopsikos

Ho koHua uronsa 1944 na matepuk 6b110 nepenpasneHo ewe 1.5
MJIH. Y€J0BeK
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Mopckoe BoSHEHME 1 KOHLEMLUSA 3HA4YUMOIA BbICOTbI
BonHeHns Ceepapyna n Manka

ABC of wind . - S 1. o
wvegouwtn 1 he concept of ‘significant waves' is essential for
. purpose of forecasting
Bapgynux
Walter WINI;SEA AND éWELL
Heinrich THEORY OF RELATIONS
Munk

FOR FORECASTING

B
H. U. SVERDRUP AND . H. MUNK

Harald Ulrik Sverdrup Walter Munk
(1888-1957) (1917, Austria-Hungary)
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CrleKTpaanoe ONnncCaHne BETPOBOIro BOJIHEHUA
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Walter

N Cinvich PaboTa, kOTOpyt Masno KTO 4MTa, HO OYEHb MHOTUE LUTUPYHOT

Gelci, R., Cazalé, H. & Vassal, J. 1957 Prévision de la houle. La
méthode des densités spectroangulaires. Bulletin d’information
du Comité d'Océanographie et d’Etude des Cotes, (9), 416-435.
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[1porHo3 BETPOBOro BOJIHEHUS.
Kunetnueckoe ypasHerne (Nordheim 1928)

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

kinetic equation, Boltzmann equation, Hasselmann equation J

ON

e+ Vi Vel = Sop [N + Sin [Md + Saiss [M] - (1)
N(k) = E(k)/w(k) — distribution density of the quasi-particles
— wave action, k — an analogue of momentum of classic
particle, frequency wy satisfies linear dispersion equation

w?(k) = g|k|tanh(|k|d) (2)

with d — the water depth.
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BonHbl Ha Boge

ve growth Iytl I t ry fWIn -dl’ivell seas iS aSEd on eXiStence Of d
wave growth c Ca Ileo Y d €a l)
small parameter
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c = pwater ~ 123 . 1073

Pair
As a result the average steepness u < 1 yu = <(V77)2>1/2;
Gl n(r, t) — surface shape r = (x,y) — horizontal coordinates
z y

nx.yl

X

divW =0; V=Vo;, Ad=0
Typically, 0.01 < ¢ < 0.1
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[AMWIBTOHOBO OMMCaHNE BOJIH HA BOOE

Zakharov (1968, 1999),3axapos (1974)

ABC of wind
wave growth

cu. V =V¢; Agp =0; n =mn(r,t) — shape of surface
Bapgynux
f%
V= ¢‘z n(r,t)s — 0, Z — Q0
1
T:2/dr/ /Gss (s")dsds'
Teopus r e
U:2 [2m

G(s,s’) = G(s',s) — the Green function, Dirichlet-Neuman

H=T+U

on_oH  ov _ oH
ot oV ot on




VpaBHeHUsi [aMunbTOHa B HOPMasibHbIX MEPEMEHHbIX

ABC of wind The Fourier transform

wave growth

1 1
e n(r,t) = o= /n(k) exp(ikr)dk; W(r, t) = 27T/W(k) exp(ikr)dk
Normal variables
Wi 1/2 = 1/2
= (2) " @rag we=-i(E) " @-a
Teopus

H= /wkakaﬁdk + Hint;  wk = v/ g|k| — dispersion law

Oac _ ;oH.
ot o’ ’

H:H0+H1+H2+...

2 3 4
1% 1% 1% 21 / 59



136aBneHne ot 3-BONHOBLIX B3aWMOAENCTBU —

apekTrBHbI [aMUAbTOHMAH

ABC of wind
wave growth . . 5
Canonical transformation of normal variables
C.n.
Bapgynux

ak%bk

Teopus
* 1 * ok
H= / wkbkbk + E / Tkk1k2k3 bk bk1 bk2 bk35k+k1—k2—k3 dkkikoks

T (ck, cky, cka, ek3) = 3 T (k, k1, k2, k3)
NB. ax — cuHycongbl, bx — HeT
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HeTbIpexBOIHOBbLIE B3aNMOAEVICTBUSI BOJIH Ha
rnybokoii Boae

4-wave resonances

Phillips’ eight

2w = Wy + w3
2ko = kg + k3
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PesoHaHcHble B3aumopeiicteusa Phillips
(1957,1958,1985)

Owen Martin Phillips
1930-2010
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[1porHo3 BETPOBOro BOJIHEHUS.
Kunetnueckoe ypasHerne (Nordheim 1928)

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

kinetic equation, Boltzmann equation, Hasselmann equation J

ON

e+ Vi Vel = So [N + Sin [Md + Saiss [N] - (3)
N(k) = E(k)/w(k) — distribution density of the quasi-particles
— wave action, k — an analogue of momentum of classic
particle, frequency wy satisfies linear dispersion equation

w?(k) = g|k|tanh(|k|d) (4)

with d — the water depth.
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NHTerpan ctonkHoBeHUA

ABC ofwind  The collision integral S, is cubic in spectral density

wave growth

Banynn S [M] = / | Tiky ko ks |2 {N2N3(N + Np) — NNp (N2 + Ns))
1,K2,K3
X(;(k + k1 - k2 - k3)5(w + w1 —wo — w3)dk1dk2dk3
e e
Teopus

o Symmetry

To123 = T2301 = T1023 =
To132

{ wo + w1 = wg + w3

ko + ki = ks + k3
@ Homogeneity (deep water)
Sni [vN(vk)] =
201925, [N(K)]
/ See Badulin et al. 2005
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- 1
Tiikoksky = —=

4((,01 + CL)2

KoadpdpuunenTsl Bzanmogelictena T (g = 1)

;{

4 (ki kokka) 1/

(ko — (w1 + w2)*) [ (kika — kiko) + (ksks — ksks) |
(ki_3 — (w1 —w3)*) [ (kiks + kiks) + (koka + koka) ]

(kfea — (w1 — w4) 91

1ka + kiks) + (koks + kok3) |

-1

(kiko — k1ko)(kska — kska)

(k
1> k1k3 + k1k3 (k2k4 + k2k4)
1)

(kika + kiks)(koks + k2/<3)}
/59
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3aKOHbI COXpaHEHUS

Flux forms of KE

ON(k,t)
o
N = / N(k, t)dk

E = / w(k)N(k, £)dk

M :/k/v(k, t)dk

V.

ON(k, t .

ét) = div,Q(k, t)
OE(w,t .

(g;) = —divP(k, t)
OM(w,t) .
5 = divyK(k, t)

Q,P,K (2 x 2 tensor) — action,
energy, momentum fluxes

v

N — “true” integral of motion. E, M are conserved formally only
due to divergence of the corresponding integrals.




Rayleigh-Jeans spectrum

ABCofwind  The kinetic equation (3) has stationary solutions that satisfy

wave growth

Ea(;ﬂ.uu Snl = 0 (5)
One of these solutions
NoNi Ny + NoNiN3 — NoNo N3 — Ny NaN3 = 0
Teopus keeps balance at every point of resonant surface (26). This
balance does not depend on interaction kernels and
T
= (6)
Wy +

where temperature T and p 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| — oc.
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Motokoebie (Konmoroposa-3axaposa) pelueHus
AbcontotHo npasunbHble (1) u becnonesnbie (7)

ABC of wind
wave growth

O ot ovic olvions

Isotropic solutions Numerical simulation

P = const — direct cascade
Zakharov, Filonenko 1966

E(w,0) = Cpg*/3P/3w=*

=0

Forcing |

Teopus

@ = const — inverse cascade
Zakharov, Zaslavskii 1983

E(w, 9) _ ng4/3Ql/3wfll/3

4

(0}

E(,0) at 0

EONC-

SN
Q)]

8

V.

Anisotropic solution

Katz, Kontorovich 1974 KZ solutions are extremely

robust !!! )
E(w,8) = 2g*/3PY3,=4(C,

+CngK cosf/(wP) +...)
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Quasi-linear wave input What growth rate is correct?

Sin = B(k, Ni) Nk
where growth rate 3(k)

B(k) = ow(k)(¢—1)"at ¢ > 1;

The Cherenkov-like factor

€ = sﬂ cos
o

s = O(1), 0 is wave-to-wind
direction. Generally, n =1, 2.

BeTpOBaSI HaKd4Ka — HYHEPEHKOBCKOE N3/TyHEHUE

10"

=0

<

— Hsiao
- - Snyder
=~ Plant |

Stewart |-
10° Donelan |

B(w)/w at o

oU,/g 10

Collection of the growth rate

“ modeling

parameterizations used in wave
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White-capping dissipation (Hasselmann 1974)

Wave dissipation is the most poorly understood term in KE

. __Cdiss_2p+1 p/2 w2 _ w\4
Suss(k) = — 7@ E 5(5) +(1-9) (;) N(k)
(7)
where mean frequency @

+o0 ™ -1
o=E x (/ / le(k)dwd9> :
0 -7

Cyiss = 4.5, 6 = 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
W= C;\/E/g with p > 10.
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KTo BCe-Taku rnaBHbI?

ABC of wind
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[Tpexnae, aeM 00bEAUHUTHCS, HAM HAAO
PEIINTEIBHO PA3MEKEBATHCA

“Uckpa”, 1900

C.n.
Bapgynux

<

ABTOMOAENBLHOCTL

Gentlemen we must all hang together or
we shall most assuredly all hang separately

In the Continental Congress just before signing
the Declaration of Independence, 1776.
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= HennHeliHas Hakayka v 3aTyxaHue
#  3axapos, bagynun 2011, JAH

ABC of wind

wavegrowth - G, can be casted into nonlinear damping kN and pumping Fi
Ea?q.)lz:.wﬂ Snl = Fk - rka
where
Fe« = 782 || To123]2 N1 No N3 Sk -k —ko—ks Oyt —ep —ws A1 dkodks
M = 782 [ | Tor23|2(N1No + Ny N3 — NaN3)Sakdae,dkidkodks
Strong relaxation due to four-wave interactions “by itself” in
Aeromonenanocr, Ds€ENCE of any external forcing.

Short-long wave quadruplets give a major contribution into
spectra relaxation. For decrement of nonlinear damping one has

Mk = 367w (w/wp)3 p cos? © J

with small parameter ;1 (wave steepness) and

a huge enhancing factor: 367 ~ 113.1.
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ABTOMOAENBHOC
®

HenuHeliHasi Haka4yka 1 3aTyxaHune

Decomposition of collision Nonlinear decrement vs wind
integral Sy pumping

Nonlinear relaxation is stronger than wind forcing !!?

. 89



Split balance model (SBModel)

ABC of wind
wave growth

g An asymptotic model |S,/| > |Sin + Sdiss|

The lowest order — conservative KE

il g
dt !

The closure (boundary) condition — integral balance

ABTOMOAENBLHOCTB

d(N)
dt

= <Sin + Sdiss>

Monpobyem cTeneHHble 3aBUCMMOCTH
Etor ~ tP7,  Etor ~ xPx
<Sin + Sdiss> ~ t7,:1 <5in + Sdiss> ~ X;
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ABTOMOZENbHbIE peLleHns n cnaboTypbyneHTHbIe
3aKOHbl Pa3BUTUS BOJSIHEHUS

e,aB\,Ce‘:,;"",f,'t'ﬂ Second type (incomplete) self-similarity
gn Duration-limited growth solutions
E(w,0,7) = 7P d((w/wp)9 T, 0); T=1t/t
or fetch-limited growth solutions
E(w767X) - XPX+4qX¢((w/wP)qXX7 0)1 X = X/xo
Eior and (Sj, + Sqiss) are power-law functions of time (fetch).
ABTOMOAENBHOCTB

‘Magic’ relations — ce-Ba ogHopogHocTU S,
9g- — 1 10q, — 1
Pr="p A=y
3ambikanne SBModel — K3 cBasb aneprus-notok
1/3
wa; 3 (wﬁ(sm + 5diss>> e~ 13

g2 — aSS g2




ABTOMO,EI,eﬂbHOCTb B YNCNEHHbIX SKCNEPUMEHTAX

Pushkarev et al. 2004, Badulin et al, 2002, 2005, 2008

ABC of wind
wave growth
C.n.
Bapgynux
(=]
Il
@
=
®r\
E
m
ABTOMOAENBLHOCTL

Puc. : BonHoBbIe CNeKTpbl B Clyd4ae NpOCTPAHCTBEHHOrO POCTa.
Hakauka Hsiao & Shemdin, 1981, U;o = 10m/s, Bpems B yacax
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E = EoxPx;
0.6 <py <1l
0.68 < 107 Ey < 18.6;

C.n.
Bapgynux

)

w = wox ™
0.23 < g, < 0.33;
10.4 < wo < 22.6

Dimensionless Peak Frequency

ABTOMOAENBLHOC

4 T
10 10 10

4
10 Thanks to Paul Hwang

10 10
Dimensionless Fetch Dimensionless Fetch J

“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)

ABC of wind
wave growth pX = (].OC]X — 1)/2
C.n.
Bapynux 12 12
1 o 1 ¢ A O
& s E %: = b § j
08 _®y 51 08 oo =
0.6 £.4. 0.6 =0
0.2 0:25 0.3 0.35 0.2 0:25 0.3 0235
ABTOMOAENBLHOCTL
q q
12 1.2
1 1 -]
a, o
0.8 . 0.8
Q O 4
0.6 0.6 2
02 0.25 0.2 0125 03 0.35
q
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Energy-to-flux relation (27 experiments)
1.2,1.5, 1.6 — camoneTHble N3MepeHus

ABC of wind 4 3 1/3
wave growth Ewp Wp<sin + 5diss>
c.n. 3 = Oss 2
Bapgynux g g
L5 15 5
g b &
1 i 1|9 =
»n 15 2 zs
K N | s ¥ 5 a
0.5 ¢ 0.5 a Y
=] +
vt o
ABTOMOAENBLHOCTL 0 0
0.6 0.8 1 1.2 0.6 0.8 1 1.2
p p
O
145 | 1.5
g e 8
A Se
” 1 *o % 37 - 1
5" E s
(o] 310 i
05 Y ﬂ a 0.5 g
*
ob o
0.6 0.8 1 12 0.6 0.8 1 1.2
P p
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K andasuty !!! Gagnaire-Renou et al. (2011)

Z. -
HeT% 2= p/(2q)
Special cases of one-parametric dependencies H ~ T?Z

@ z =5/3 — Hasselmann, Ross, Miiller, Sell 1976;
@ z=13/2 - 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 flux — the Toba 3/2 law

Toba's theory (1972)

Stokes drift = wind stress
Hs = B(gu,)/? T3/ (Toba)

B = 0.062 — Toba's constant
Wind-wave tunnel (Toba 1961)

3

20

Wave turbulence

Within our approach Toba's law

corresponds to constant energy
flux 11!

dE  E%w)
— = = const
dt  «assg?
with (Toba)
dE mB%y3 _ pa U3
dt  8alg pw g
Be careful!

High powers of E and
wp!!!
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ABC

Cases A. Constant momentum flux — 5/3 law.
Hasselmann et al. 1976

One-parametric dependence

B oo\ ~10/3
E=G (27’;> : Co=5.1x10"°

Energy is growing linearly with fetch (p, =1, g, = 3/10)

Momentum flux is constant in time

dM/dt = const

Energy-to-flux conversion gives immediately

E Cpt?
4E _77x1073L2 St
dt Pw Q558

Logically, momentum flux is related to turbulent wind stress
Tw = (W)
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ABC

Case C. What we have and what we want

Figures by Zakharov and Zaslavskii, 1983.
Theory vs JONSWAP data

® Uh";g

m

2.0

1.0

0.5

Eg*/U,'[

+

a5 / 59
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ABC

Cases C. Constant momentum flux — 4/3 law.
Zakharov & Zaslavskii 1983

One-parametric dependence

E=15x103w,%3 (8)

py = 4/7 and g, = 3/14 are close to minimal observed values

Energy-to-flux conversion gives immediately

—1,4
dE _; gpalo s

dt Cpw Qg
Wave action flux is constant in time
dN/dt = const

No ideas how to treat physics of
this particular case

A\
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ABC of wind

wave growth :
. ‘ully developed sea
=< A
Bapgynux e /:
= C- 4? - dN/d=const
ABC =
g
2
g
§
=
00503 08 1.2
X, 1C/U
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Ewe oaHa byksa D. 3bi6b (swell)
pr=—1/11, ¢: =1/11 = z = p; /(29;) = —1/2

ABC of wind
wave growth Total energy (a), momentum (b),
cn. _ peak frequency (d) tend to
BagynuH B . . .
5 self-similar asymptotics. Anisotropy
£ (e) tends to a limit (?)
o
ABC c) d)
;:a 0.01 o
g
B 50 » < Solutions with different initial
angular spreading collapse to a
G i/w,, & ®  universal shape
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Angular evolution: left — at spectral peak wp,
right — integral over frequency range (WRT)

ABC of wind
wave growth 2 1 .
f— —0
17.0 10} 17.0
C.n. _ 20 f\ —312 5 —312
° —69.4 8 ¥ —69.4
Bapynuu 5 18 138, € 8 138,
o 277 = 277.
£ —556. 5 6 —556.
2 10 :
< T 4
w =3
05 )
-180 90 0 90 180 -180 EY 0 90 180
0 ]
2 1
f— —0
17.0 17.0
ABC _ 20 —312 5 1o —312
k] —69.4 £ —69.4
3 s 138, < 8 138
o 277 = 277.
£ —556. 5 6 —556.
2 10 g
& T 4
o -
05 r—— 5 L)
-180 -90 0 90 180 -180 EY 0 %0 180
0 ]
Badulin & Zakharov (2017)

30° — (1) fast relaxation
at peak frequency ( 1

(2) a monotonic decay
of the integral (right)

330° - (1) a long-term
swell peak feeding by
background,

(2) a saturation of the
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ABC of wind
wave growth

C.n.
Bapgynux

ABC

Camas TpygHas byksa (Badulin & Grigorieva, 2012)
— 3bi0b 1 BETPOBbIE BOJIHbI COCYLLECTBYOT

JaHHble

Naes

Asymptotic model is not formally valid
—

—
Swell - =y 5——

InT, —
BeTpoBble BosHbI 3bibb
oo — D —
20f- % 2op- % B
15 15
1o} . S 1o} S -
Lo (A Lo ke H
0 .—ﬂ” Hl_ll_l R o -—.I—|I:I|_||_| |_|[

0 0.5 1 15

2
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3auem Hy>XHa Teopusi Nogobust ANst BETPOBbLIX BOJH?

ABC of wind o o
wave growth I_IO KpanHen mepe 5 Cbl/|3|/|‘-IECKVIX BEJINYUH:

cu. “BHewHue” napametpbl Uying, &, X 1
113 ”
BHyTpeHHue Hs, T, ...

Bapgynux

Uctopus

Walter

Heinrich

Munk

Teopus
ABTOMOAENBLHOCTL
ABC

Ewe pa3s o6
aBTOMOfE/b-

HOCTHM
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Kuraiiropogckuii C.A. 1962 HekoTtopble npunoxxeHusi Teopun nogobus

Npn aHaNM3e BETPOBOro BOJTHEHNA KaK BEPOATHOCTHOrO npouecca

ABC of wind
wave growth Camas HenoHaTas paboTa Mo BETPOBOMY BOJIHEHUIO
c.n. S{w)
Bapgynux
4 )9, 4]
Ewe pa3 06 : / i

dur, 5 CxemaTudeckmil BHE y3KOro CHEKTPA BCTPOLOIO
BOJLICIA

I — nunedunit nnreppalt, JI — poMeKyTOUHLIA HHTEpBAN, [11—
UHTEPDAJ  MeJKOMAcIHTaUHOI TypOyieuTuocry, IV — unreppa
«paBHOBCCHT» (OUPORUALIBAHMA IPEOMHEt), V — HHTEpBAT MEk0-
MacurrafHoit #30TponHel TYpPGyIeHTIIOCTH, VI -= RATMIBIAPHO-TYD-
OyIeHTHRIEE HATEPBAA, VI — HuTepRAT  HHCCHIAIOWH, B olmacri
KQSA0ro MHETEpBala Ha . b yKasaghl HapaMeTpet (Kpome o),
onpeienniomne BUL S(M) B TaHHOM HHTEpBRAIL
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ABC of wind
wave growth

C.n.
Bapgynux

Ewe pa3s o6
aBTOMOpAENb-
HOCTHM

O bespa3mepHbIx BeMYUHAX B 3a4a4e

Mo>kHO cnefoBaTb «BETPOBOJHOBOW Tpaguuumy

@ gT,/(2mUp) — BO3pacT BOJIH;
o gHs/U?, — beapasmepHas EbICOTa;

o gx/U%, — pasron (fetch)

a MOXHO O€epPXaTbCA 32 AUHAMUKY BOJIH

o gT,/(2mUip) — BO3pacT BONH;
o THs/(2)\) = Wsz/(gT,f) — KpyTU3Ha;

@ Xx/\ — pasroH B A/1MHaxX BOJIH

V.

\

53 / 59



ABTOMOAENbHbIN 3aKOH POCTa BETPOBbIX BOJH
Zakharov et al. (2015)

ABC of wind
wave growth

M4 Y — &(3)

w2/ <n?>
_ _ Y
b= ak, = BV<P>

— KPYTWU3Ha
Z Py

Euepasod 1/ — 4ncno BOSH (1 = wyt or v = 2k,x)

aBTOMOfE/b-
HOCTH

g — KoHcTaHTa (ag(g) = 0.7 or ag(ry = 0.62)

Poct BofiH — BHYTpeHHEe €10 camux BoaH!? |
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Pu3nyecknii CMbICA HALLEro NHBAPWAHTA A4

ceMeliCTBa aBTOMOZENbHbIX peLUeHN

ABC of wind
wave growth 4 3
cn. v UV = 0
Bapgynux

o BonHbl BETpOBbIE — OT BETpPa He 3aBUCHUT;

o AamnabaTtuka — HeT napameTpoB agmabaTn4HoCTM

KpyTble fosiro He XueyT
w2/ <n?>
n = @ — KPYTN3Ha;
Ewe pas 06 V = wpt — BPEMSI XXU3HN B NEPUOAAxX

aBTOMOfE/b-
HOCTH

HdnHamnyeckas TpakToBKa

UV ~ Tp — BPEMS XU3HN MPONOPLMOHANIBHO
BPEMEHN HEJIMHEWHOW penakcaummn

T ~ w tu~* 3axapos, bagynun, 2011, JAH
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Bonxosbie byu Field Research Facility
of the US Army Corps of Engineers

T THoanoke

ABC of wind
wave growth

c.u. v @ G :
Bapynun o Sreensbaro b 3 % 5 FRF wave rlders

phaithi= @ . ID | Fetch N
O et 100 | 6.1 km | 102
g o 192 | 18.5 km | 35
. 200 | 18.5 km | 24
e e 2 . 430 | 18.5 km | 606
630 | 3.0 km | 171
Ewe pas 06 o’
aBTOMOfEb- S 82013 Coogle -

Mzp 2ata £2013 Google -

OT60p JaHHBIX TONLKO MO HAMPABIEHWNIO BOJHEHUS]
+30° oTHocuTenbHO BeTpa c bepera (exc. B200)
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Bonxosbie byu Field Research Facility
of the US Army Corps of Engineers

ABC of wind Wind-free law of wind wave growth
wave grow ~ ~
H = 5.50T5/2
Bapgynux
200
64t
e
I" 16}
b4
']
Ewe pa3s o6 E ki
astomogens- Apeeee
'1 -
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3akaro4erHune

ABC of wind
wave growth

C.n.
Bapgynux

o [lpeacTaBneHa aHanMTMYecKasi TEOpUS MOPCKOro
BOJIHEHUS, NCXOAsLWas U3 runotessl (dakTa)
JOMWHNPOBAHNS HENWNHEHbBIX B3AUMOAEWCTBNIA HAZ
npoLeccaMmm Hakavyku U guccunauunn;

o CopmynnmpoBaHbl aCUMATOTUHECKNE 3AKOHBI
S E e Pa3BUTWA BOJIHEHUS, HE COAEpXKaLNe napameTpoB

aBTOMOfE/b-

Hoetn BETPOBOro BO3AENCTBUSA
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Elle pa3 0 BaXKHOCTU 4eTbIPEXBOJIHOBbIX

B3aMMOAENCTBNIA ONs BONH HAa BOAE

ABC of wind
wave growth

C.n.
Bapgynux

«bexut BosHa, BosHOM BOJIHE
xpebeT 1oMas >

B (6D 6 0. 3. Mangenbswtam

aBTOMOfE/b-
HOCTH
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wave growth o
om Waves Across the Pacific
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