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Grande Soufflerie de Luminy
OSU Institut Pytheas, Marseille, France

L=40 m
W=2m
D=1m
H=1.4m

Uy up to 17 m/s
Uc up to 0.5 m/s
etc.
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Donelan et al. JPO, 2005-2006. Experiments in Lake
George
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1678 JOURNAL OF PHYSICAL OCEANOGRAPHY VOLUME 36
TABLE 1. Summary of AUSWEX records used in the wind input study: U is the wind speed at 10 m height, u is the friction velocity,

f, and ¢, are the peak frequency and phase speed, respectively, d is the water depth at the measurement location, and / is the height
of Elliott pressure probe above the water level (in case of the fixed mode, this is the height above the mean water level).

Record Uyp (ms™) u, (ms™") f, (Hz) H, (m) d (m) Uy, h (m) Mode
LG8 119 044 054 0.156 0319 72 0.021 Following
LG9 120 045 055 0134 0286 76 0042 Following
LG10 8.1 030 0.76 0076 0329 52 0.149 Following
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Gulf Tehuantepec
e.g. Romero, L., Melville, W.K., 2010., doi:10.1175/2009JP04127.1.
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FIG. 1. QuikSCAT winds for 17 Feb 2004, showing the typical
structure of the wind jet during Tehuano conditions over the Gulf FIG. 2. GOTEX flight tracks from research flights 05,07, 09, and
of Tehuantepec. The solid black line corresponds to the flight track ~ 10. The white star corresponds to the location of wind time series

for research flight 05. The arcas shown in white contain no data shown in Fig. 3.
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Sentinel-3 natural colour from the OLCI sensor on 1 February 2022.
The strong Mistral and Tramontane winds cause widespread
whitecaps and sea spray at the sea surface, which can be seen in this
image as the white colours emanating from the Gulf of Lion
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JOint North Sea WAve Project

Measurements of Wind-Wave
Growth and Swell Decay during
the Joint North Sea Wave Project

(JONSWAP)

UDC 551.466.31; ANE German Bight

DEUTSCHES HYDROGRAPHISCHES INSTITUT - HAMBURG

Ten weeks of measurements
summer time 1968-1969.

“The area was chosen on
account of its relative smooth
topography, moderate tidal
currents and convenient
logistics”
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Fig. .. Site of the wave experiment. The area in the square is
shown enlarged in Fig. 1.2
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Abs.height —27 meters. Size — NS up to 1200 km, EW — up to
435 km. Area ~ 390000 km?. Max.depth — 1025 m.

It is bounded by 5 countries (too many cooks spoil the broth):
Russia, Kazakhstan, Turkmenistan, Iran, Azerbaijan.
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MOPE nnan O3EPQO?

Llikona-
;r;:s:;ze:)a; o UNCLOS - United Nations Convention on the Law of the
o Sea, December 10, 1982
Baaysur u o COBETCKO-UPAHCKWIA JOTOBOP 1921 r. 26
deepans, Mocksa.
BT D Moanucann PCOCP — T. B. Yuuepun n J1. M. Kapaxat, Wpax
Kacnuiicrom — nocon Mowwasepons-Memanek (Anu lonu-xan Aucapn).

Mope
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3axapos o Horoeop o Toprosne nu Mopennasanuun mexgy Cotozom
SumIE, Cogetcknx Coumnanuctuyeckux Pecnybnuk v Wpanom. 25
MapTa 1940 r.
Patuduunposan Mpesnguymom BepxosHoro Coseta CCCP 7
anpensi 1940 ropa, upaHckum megxxnaucom 4 anpens 1940 roga
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CeBepo—3ana,u,Hb|e N KOro-BOCTOYHbIE BETPbI HA

Satellite view of the Caspian Sea
from MODIS-Terra on 10 January
2008. Clouds generated over
relatively warm sea surface display
a wind pattern over the Caspian
Sea with a dominant wind from
the ice margin in the Northern
Caspian Sea to the southeastern
direction
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Left — Tracks of Jason-3 and CFOSAT. Red - p92 (J3), p37
(CFOSAT);

right— October wind roses
Track lengths > 1000 km ! 2e /a0
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How the altimeter measures waves?

Anuriver = opéuTa

\
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1y Iyt7/2 t+T 1+T+T/2

Main goal of the altimetry is to measure the Earth (ocean)
surface height. Wavelength is 2.2 cm (Ku-band), pulse length is
about 1 meter. Surface footprint ~ 5 km.

The surface height is estimated from a mid-point of the front,
wave height is from the front width. The surface reflectivity
(normalized radar cross-section) is used to empirically
parameterize near-surface wind speed and wave period.
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Performance
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Probability of wind speed occurrence vs direction.

Directions 6 =~ 130° (south-east, from the Iranian coast) and
6 ~ 330° (north-west, from the Volga lowlands)

Right — p92 of Jason-3 (red track), left — the rest of the data.
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Same as in previous slide.
Top — wave heights, bottom — wave periods
Right — the main axis, left — all the rest
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Wind-speed scaling of Kitaigorodskii
No equations but physics

o Frequently cited but rarely read
so o Kitaigorodskii (1962) Applications of the theory of similarity to the

cn analysis of wind-generated wave motion as a stochastic process. Bull.
Bapynux n Acad. Sci. USSR, Geophys.Ser., Engl. Transl. N1, 105-117.
Um‘

Ap-

Even in the idealized setup the wind wave
evolution is determined by a long set of

) } physical quantities: “external” Uy ing, g, X
KATRRIOPOASKAT NS : and “intrinsic’ He, T, ...

3axapos
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Much more frequently cited
W.Pierson, L.Moskowitz. A proposed spectral form for fully developed
wind seas based on the similarity theory of S.A.Kitaigorodski:
Although dimensional analysis is a useful tool in many problems,
Neumann and Pierson . .. cast a skeptical eye on its application to

wave theory
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Splendors and miseries of dimension
analysis: the science or the art?

Llikona-
ceMunHap, . . . . .
Tapyca This is not only a formal analysis of dimensions, but also of
26.05.2025 h S.CS
i
cn phy
Bapynuu n . . .
ap. a= ﬁ—; — wave age, dimensionless wave period
gHs _ . . . .
Berep u £ = U%; quasi-age, dimensionless wave height
Kacnuiickom
eEe T = 5—;0 — dimensionless duration
KuTaiiropogckuin
Teopee £ = i’;’s — dimensionless fetch
1
Summary 0

a = f(&) — very strong hypothesis that implies features of
universality of the wave spectrum

We have wind speed, wave heights and periods from altimetry.
Go ahead !!!
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Model wind vs altimetry parametrization
Left — all data; right — p92, Jason-3
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What is wave period?
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3axapos -1.75 ~1.75
Summary 3 -2.00 s —2.00
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Pabotaem ¢ obenmn mogenamn

22 / 40



It works sometimes

Llikona- .
e Quasi-age vs wave age
Tapyca 1.0 0.0 1.0 0.0
26.05.2025 4 Toba law
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B ~S PN
anzr;mn n < e ¥ e
S S
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Betep n S 0.5 - A g 0.5
4 ®
BOJIHbBI B & e
Kacnuiickom s -1.0 -20 8 -10 20
Mope © ©
=15 -2.5 =15 -2.5
KuTaiiropogckuin
-2.0 a . -3.0 -2.0 -3.0
3'3X3P°B -1.0 -0.5 0.0 0.5 10 . -0.5 0.0 0.5 1.0
Age =gT,/(2nlUyo), B14 Age =gT,/(2nUy,), B14
Summary
Left — all data Right — track 92

Usually, they rely upon power-law dependence
£~ al, where 4/3 < T < 2.
T = 2 — constant wave steepness.
It looks like a success of the wind speed scaling
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Sometimes it does not work
Dependencies on dimensionless fetch

Lllkona- .
e North-western winds
Tapyca -0.5 0.0 0.0
26.05.2025
-1.0
—05 -0.5
cn
Bapynuu n -1.5
ap. -1.0 ~ 1.0
W —2.0 3
S =15 S -1.5
Betep n 8 25 g
BOJIHBI B 20 20
Kacnuiickom -3.0
R 35 25 2.5
KuTaiiropogckuin
-4.0 -3.0 -3.0
3axapos 3 4 5 6
10910 () 10910 (x)
Summary

There is no similarity or universality, just a tendency.
Wind speed is not a good parameter because
wave growth depends on energy flux to waves
which is not a universal function of wind speed
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Sometimes it does not work
Dependencies on dimensionless fetch

Lllkona- .
e South-eastern winds
Tapyca -0.5 0.0 0.0
KC unstabl
-1 —05 -0.5
cn .
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ap. -1.0 ~ 1.0
W —2.0 3
S =15 S -1.5
Betep n 8 25 g
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_35 =25 -2.5
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3axapos 3 4 5 6
10910 () 10910 (x)
Summary

There is no similarity or universality, just a tendency.
Wind speed is not a good parameter because
wave growth depends on energy flux to waves
which is not a universal function of wind speed
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Kinetic equation for water waves (Lothar Wolfgang Nordheim

= 1928, Rudolf Ernst Peierls 1929, Klaus Hasselmann 1962)

Llikona-
. Wind-wave spectrum as an ensemble of waves with random
26052025 phases — quasi-particles:
c.n.
Bapynuu n . . 5 - =
ap. kinetic equation, Boltzmann equation, Hasselmann equation
Betep n
BOJIHbI B
Kacnuiickom 8Nk
mope e + Viwk VeNie = Sy [Nid] + Sin [Nie] + Saiss [Ni]

KuTaiiropogckunin

S— N(k) = E(k)/w(k) — distribution density of the quasi-particles
Summary — wave action, k — an analogue of momentum of classic
particle, frequency wy satisfies linear dispersion equation

w?(k) = glk|
with d — the water depth.
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Self-similar solutions for growing wind sea —
a generalization of KZ solutions?

Likona- @ Dominating nonlinearity = split balance model
ceMunHap,
zeng.yzcoazs dE/dt = Su (1)
Cc.. <dN/dt> = <Sin + Sdiss> (2)
Bagynux n
“ap. @ Homogenity property S,[rk, vN,] = 92035, [k, Ny]
Berep n @ Self-similar solutions for the conservative equation (1)
f(oajl::ﬁikom E(w, 0, X) = b5Xp+QF(waq)
Mope
Kurafiropogcruii with “ magic links” (see the talk of Andrei Pushkarev)
3axapos qX = (2pX —+ 1)/10
Summary

@ The closure (2) dictates power dependencies for energy and
frequency
E = EoxP7;  w = wox™ 9"

® Last but not least — spectral shape invariance.
F(¢) depends weakly on parameters of self-similarity
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Wind-free conversion of the self-similar
solutions to an invariant

Wave invariant (Zakharov et al. 2015, JFM)

4., _ 3
nrv=ag

two dimensionless parameters ;. and v replace two of
Kitaigorodskii — wave age and quasi-age

42 2
w <n<> 0 1
W= L — steepness; v = Wpt or v = kpX = I|fet|me
g
4 ~ 7,/ — lifetime is proportional to the instant nonlinear

relaxation scale

Vo

The invariant does not depend on self-similarity exponents p, g
and depends slightly on wave spectra shapes («p):

The adiabatic invariant
without an adiabatic parameter !7
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The wind-free scaling of wind wave growth

Duration-limited Fetch-limited
_ 2pr+1 _2pt1
L X~ 10
LS ="
gt?’ x '
= Uy, = 7 g = 1)2
= TP ~ Ve T
_a,3/% 794 9/4 g 3/4 F5/2 75,2
A = dagy T9/* ~ 3.06T% A = 8ags T2 ~5.59T%
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Look at the Caspian Sea
Wind-free representation

-3.0 0.00 3.0 0.00
Llikona- — Law5R2 /
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K . , Ig(T*) =1g(TV g/(8m?x)) Latitude
nTanropoacknin
3axapos Waves from the Volga delta Waves from the Iranian coast
Summary
€/1IeHble TOYKN —
FRF wave riders 3
- Bl N naHHble FRF Ha
190 | 6.1 km 102
asroHax x < 10 nm
192 | 185 km | 35 P <10 !
7 - 200 | 18.5 km | 24 Ha Kacnum x > 10 nm
lina i 430 18.5 km 606
630 3.0 km 171
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Look at the Caspian Sea
Invariant i*va,” = 1

Lllkona-
cemuHap,
gy 0.00 0.00
26.05.2025
-0.25 —0.25
cn.
-0.50 —0.50
Bapynuu n ""Q ""Q
ap. i -075 —0.75
z -1.00 X —-1.00
Betep n s 5
BOJIHBbI B o -l o 125
- 1l 1
Kacnuiickom = 150 = _150
Mope
-1.75 -1.75
KuTaiiropogckunin
0.0 7 T T T =2.00 0 f T T T —2.00
3axapoa 38.0°N  40.0°N 42.0°N 44.0°N 38.0°N 40.0°N 42.0°N 44.0°N
Latitude Latitude
Summary .
Waves from the Volga delta Waves from the Iranian coast

Bugum kopotkue yuactku (~ 100 kM) pocTa BOJIHEHUSI U 3aTeM
3aBNCMMOCTb pasron’/4, KoTopasi OTBEYAET NOCTOSHHbBIM
BoicoTam u nepuogam sosHenusi — fully-developed, matured sea
34ecb nepuog oueHMBaiCcs no Teopuun cnaboii TypbyneHTHOCTH
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Look at the Caspian Sea Invariant

4 =3
Wvag® =1
0
o To »xe camoe ¢ OU€HKaMun Nnepuo4oB NO NapaMeTpUHeCKNm
ceMunHap,
Tapyca 1
porpyea dopmynam Gommenginger et al. (2003)
- c.u. ¢ NW i SE
e 3.0 0.00 3.0 0.00
ap-
-0.25 —0.25
2.54 25
Betep n o 050 & —-0.50
BOJIHbI B 2.0 20
Kacnuiickom IS —0.75 L —0.75
Mope ; 15 —1.00 »g 1.5 —1.00
KuTaiiropogckunin 5 _ 5 - _
7 10 ! 1B e, 1.25
3axapos s 150 = —1.50
s 0.54 0.5
ummary -1.75 =175
0.0 -2.00 0.0 —2.00
38.0°N 40.0°N 42.0°N 44.0°N 38.0°N 40.0°N 42.0°N 44.0°N
Latitude Latitude
Waves from the Volga delta Waves from the Iranian coast

BaxHo umeTtb XOopoLwwune OUEeHKNn BOJIHOBbIX Nepnoaos, 4TO
CNYTHUKOBbIMN ME€TOAaMW CAENAaTb HENPOCTO
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JOint North Sea WAve Project

ERAS atmospheric surface analysis 2016-05-20T06:00:00 JASON-3 pass 92 cycle 10 2016-05-20T05:44:50

Lllkona-
cemuHap,
Tapyca 46.5°N 46.5°N
26.05.2025
cn
Bapynun n 45°N s 45°N
ap- ;
:
& o
Betep n 43.5°N & : 1 43.5°N
BOJIHbI B «;
Kacnuiickom &
Mope
42°N 42°N
KuTaiiropogckunin
3axapos
40.5°N 40.5°N
Summary
39°N 39°N
37.5°N 37.5°N
48°E 49.5°E 51°E 52.5°E 54°F 5 10 1 23 5 051015
Uait, m/s ~ Hs, m Tp,s  Wave age
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Lllkona-

cemuHap,
Tapyca
26.05.2025

cn
Bapynuu n
ap-

Betep n
BOJIHbBI B
Kacnuiickom
Mope

KuTaiiropogckunin
3axapos

Summary

JOint North Sea WAve Project

46.5°N

45°N

43.5°N

42°N

40.5°N

37.5°N

ERAS atmospheric surface analysis 2016-10-15T23:00:00

JASON-3 pass 92 cycle 25 2016-10-15T23:22:47

\

48°E  49.5°E 51°E 52.5°E 54°E

10 12 357 0510
Uait, m/s ~ Hs, m Tp,s  Wave age

46.5°N

45°N

43.5°N

42°N

40.5°N

“r39°N

37.5°N
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JOint North Sea WAve Project

LIJ Kona- ERAS5 atmospheric surface analysis 2016-12-14T11:00:00 JASON-3 pass 92 cycle 31 2016-12-14T11:13:58
cemuHap, !
Tapyca 46.5°N 46.5°N
26.05.2025
cn
Bapynuu n 45°N| 45°N
ap- 4 . g
Betep n 43.5°N 43.5°N
BOJIHBI B
Kacnuiickom
Mope
42°N Lazen
KuTaiiropogckunin
3axapos
40.5°N 40.5°N
Summary
39°N . [39°N
37.5°N . 37.5°N
48°E 49.5°E 51°E 52.5°E 54°F 10 1273 35710 10
Uait, m/s ~ Hs, m Tp,s  Wave age
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46.5°N

45°N |-

43.5°N

42°N

40.5°N

39°N

37.5°N

ERAS atmospheric surface analysis 2017-12-26T06:00:00

JASON-3 pass 92 cycle 69 2017-12-26T06:17:57

Fodeed 46.5°N
s o pasN
11 3 hCA
s 3
LAY A8 <.,
ol s R fassen
1 <]
Pigl e, %o
H i & °.8
e A
Lig) el |58 .
gj N AN I
L E ]S
g | f: 353’ E::a
Fd- %“ 5 40.5°N
H . it H LY S o
I = 39°N
i ) S g
Al E 5
i &
i . 375N
§ & B
48°E 49.5°E 51°E 52.5°E  54°E 51015 1234 357 05 10
Uaiy m/s  Hs, m Tps  Wave age
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Lllkona-

cemuHap,
Tapyca
26.05.2025

cn
Bapynuu n
ap-

Betep n
BOJIHbBI B
Kacnuiickom
Mope

KuTaiiropogckunin
3axapos

Summary

JOint North Sea WAve Project

46.5°N

45°N

43.5°N

42°N

40.5°N

37.5°N

ERAS atmospheric surface analysis 2020-04-07T04:00:00

JASON-3 pass 92 cycle 153 2020-04-07T04:14:05

48°E  49.5°E 51°E 52.5°E 54°E 10
Uait, m/s

123
Hs, m

357
Tors

051015
Wave age

46.5°N

43.5°N

42°N

40.5°N

39°N

37.5°N
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Parameters of the wind sea during the events of
NW winds in the Caspian Sea captured by Jason-3

LLikona-
cemuHap,
Tapyca
26.05.2025 Date Fetch, km max (Hs), m Uye, m/s a x X 10~%
C.U. 20-May-2016 11 — 903 1.9 53-103 06 _14 07—292
Eeaymma o 15-Oct-2016  13.3 — 360 2.5 7.0-102 0.6—12 0.7—13.7
ap. 14-Dec-2016 46 — 291 3.3 7.2-129 0.6 — 1.3 1.2 —14.0
26-Dec-2017 203 — 794 3.7 5.7 —17.5 0.5 —-1.1 0.4 —27.7
07-Apr-2020 19 — 490 3.4 7.0—11.8 0.5 —1.4 0.5 — 16.7
Betep n
BO/NHBI B
Kacnuiickom o Bponb rnasHoli ocu Kacnuiickoro Mopst Mbl MMeeM

Mope

WMpOYalWNA ANaNa3oH YCNOBUI Pa3BUTUSA BOJIHEHUSA
61M3KUli K OKEAHCKUM B MOYTU UAEANLHONR KOHbUrypaumu
HanpaBAEHWIA BETPa N BOJH;

Kuraliropoackuii
3axapos
Summary
Qo COBPEMGHHaﬂ MOPCKas TEXHUKa NO3BONAET NPOBOAUTL
(byH,El,aMEHTaJ'IbeIe N NpunKknagHble nCccnenoBaHnA
MOPCKOIro BOJIHEHNA B 3TUX YCNOBUAX
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Summary

Llikona-

ceMunHap,

Tapyca

20Coi2025 o Kacnuiickoe Mope — nosiHoMaluTabHbI BETPO-BOJIHOBOI
pa KaHan OCHALLEHHbIi TOTOBOW CUCTEMO N3MepeHnii

agynuH n

Ap- (cnyTHUKOBbIE anbTUMETPBI);

Betep n o
BonHbI B o Teopus nomobus Kutaiiropogckoro Hennoxo pabotaert
Kacnuiickom
mope npy ONMCaHUN OUHAMWNKNA BONHEHUS;
KuTaiiropogckunin
3axapos o Teopust cnabotypbyneHTHOro aBTOMOAENLHOrO BOJAHEHUS
Summary 3axapoBa LaeT YLOBJETBOPUTENLHOE KOJNHECTBEHHOE

OnncaHme pacTtywero BOJIHEHNA;

0 JkcnepuMeHThl B Kacnniickom Mope MOryT NOCiyXuThb
npogoJiKeHunem BosiHoBoro akcnepumenta JONSWAP.
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