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Grande Sou�erie de Luminy
OSU Institut Pyth�eas, Marseille, France

L=40 m
W=2 m
D=1 m
H=1.4 m
Uw 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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Gulf Tehuantepec
e.g. Romero, L., Melville, W.K., 2010., doi:10.1175/2009JPO4127.1.
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Gulf of Lion. Mistral and Tramontane

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

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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JOint North Sea WAve Project
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Äàëüíåéøèé ïëàí

1 Âåòåð è âîëíû â Êàñïèéñêîì ìîðå

2 Wind speed scaling of Kitaigorodskii (1962) and similarity of
wind wave growth

3 Wind-free approach of Zakharov and self-similarity of
wind-driven seas

4 Summary
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Êàñïèéñêîå ìîðå èëè îçåðî

Update Privacy Preferences

Abs.height −27 meters. Size � NS up to 1200 km, EW � up to
435 km. Area ≈ 390000 km2. 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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ÌÎÐÅ èëè ÎÇÅÐÎ?

UNCLOS � United Nations Convention on the Law of the
Sea, December 10, 1982

ÑÎÂÅÒÑÊÎ-ÈÐÀÍÑÊÈÉ ÄÎÃÎÂÎÐ 1921 ã. 26
ôåâðàëÿ, Ìîñêâà.
Ïîäïèñàëè ÐÑÔÑÐ � Ã. Â. ×è÷åðèí è Ë. Ì. Êàðàõàí, Èðàí

� ïîñîë Ìîøàâåðîëü-Ìåìàëåê (Àëè Ãîëè-õàí Àíñàðè).

Âñòóïèë â ñèëó ñî äíÿ ïîäïèñàíèÿ.

Äîãîâîð î Òîðãîâëå è Ìîðåïëàâàíèè ìåæäó Ñîþçîì
Ñîâåòñêèõ Ñîöèàëèñòè÷åñêèõ Ðåñïóáëèê è Èðàíîì. 25
ìàðòà 1940 ã.
Ðàòèôèöèðîâàí Ïðåçèäèóìîì Âåðõîâíîãî Ñîâåòà ÑÑÑÐ 7

àïðåëÿ 1940 ãîäà, èðàíñêèì ìåäæëèñîì 4 àïðåëÿ 1940 ãîäà

. . . . . . . . . . . . . . . . . . . . . . . .
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Ñåâåðî-çàïàäíûå è þãî-âîñòî÷íûå âåòðû íà
Êàñïèè

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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Ñåâåðî-çàïàäíûå âåòðû (ERA5)

Îêòÿáðü ßíâàðü
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Þæíûå, þãî-âîñòî÷íûå âåòðû (ERA5)

Àïðåëü Èþëü
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Êàñïèéñêîå ìîðå � âåòðî-âîëíîâîé êàíàë

ñ ãîòîâîé ñèñòåìîé èçìåðåíèé

Left � Tracks of Jason-3 and CFOSAT. Red � p92 (J3), p37
(CFOSAT);

right� October wind roses

Track lengths > 1000 km !!!
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How the altimeter measures waves?

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 re�ectivity

(normalized radar cross-section) is used to empirically
parameterize near-surface wind speed and wave period.
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Performance of our wind channel

Probability of wind speed occurrence vs direction.
Directions θ ≈ 130◦ (south-east, from the Iranian coast) and
θ ≈ 330◦ (north-west, from the Volga lowlands)
Right � p92 of Jason-3 (red track), left � the rest of the data.
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Performance of our wave channel

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

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

analysis of wind-generated wave motion as a stochastic process. Bull.

Acad. Sci. USSR, Geophys.Ser., Engl. Transl. N1, 105-117.

Even in the idealized setup the wind wave

evolution is determined by a long set of

physical quantities: �external� Uwind , g , x

and �intrinsic� Hs , T , . . .

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



Øêîëà-
ñåìèíàð,
Òàðóñà

26.05.2025

Ñ.È.
Áàäóëèí è

äð.

Âåòåð è
âîëíû â
Êàñïèéñêîì
ìîðå

Êèòàéãîðîäñêèé

Çàõàðîâ

Summary

20 / 40

Splendors and miseries of dimension

analysis: the science or the art?

This is not only a formal analysis of dimensions, but also of
physics

a = gT
U10

� wave age, dimensionless wave period

ξ = gHs

U2
10

� quasi-age, dimensionless wave height

τ = gt
U10

� dimensionless duration

ξ = gHs

U2
10

� dimensionless fetch

a = f (ξ) � 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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What is wind speed?

Model wind vs altimetry parametrization
Left � all data; right � p92, Jason-3

Îñòàíîâèìñÿ íà àëüòèìåòðè÷åñêîì âåòðå
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What is wave period?

Ïàðàìåòðè÷åñêàÿ ìîäåëü ïåðèîäà ïðîòèâ ôèçè÷åñêîé

Âñå òðåêè Òðåê 92

Ðàáîòàåì ñ îáåèìè ìîäåëÿìè
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It works sometimes

Quasi-age vs wave age

Left � all data Right � track 92
Usually, they rely upon power-law dependence

ξ ∼ aT , 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

North-western winds

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

Dependencies on dimensionless fetch

South-eastern winds

There is no similarity or universality, just a tendency.
Wind speed is not a good parameter because
wave growth depends on energy �ux 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)

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]

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|

with d � the water depth.
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Self-similar solutions for growing wind sea �

a generalization of KZ solutions?

1 Dominating nonlinearity ⇒ split balance model

dE/dt = Snl (1)

⟨dN/dt⟩ = ⟨Sin + Sdiss⟩ (2)

2 Homogenity property Snl [κk, υNk] = κ19/2υ3Snl [k,Nk]

3 Self-similar solutions for the conservative equation (1)

E (ω, θ, x) = b5xp+qF (bωxq)

with � magic links� (see the talk of Andrei Pushkarev)

qχ = (2pχ + 1)/10

4 The closure (2) dictates power dependencies for energy and
frequency

E = E0x
pτ ; ω = ω0x

−qτ

5 Last but not least � spectral shape invariance.
F (ζ) 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)

µ4 ν = α3
0

two dimensionless parameters µ and ν replace two of
Kitaigorodskii � wave age and quasi-age

µ =
ω2
p

√
<η2>

g � steepness; ν = ωpt or ν = kpx � lifetime
ν ∼ µ−4 ∼ τnl � lifetime is proportional to the instant nonlinear

relaxation scale

The invariant does not depend on self-similarity exponents p, q
and depends slightly on wave spectra shapes (α0):

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

Duration-limited

qτ =
2pτ + 1

9

H̃ =
Hs

gt2
;

T̃ =
Tp

2πt
; T̃ = ν

H̃ = 4α
3/4
0(d)T̃

9/4 ≈ 3.06T̃ 9/4

Fetch-limited

qχ =
2pχ + 1

10

H̃ =
Hs

x
;

T̃ = Tp

√
g

8π2x
; T̃ = ν−1/2

H̃ = 8α
3/4
0(f )T̃

5/2 ≈ 5.59T̃ 5/2
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Look at the Caspian Sea

Wind-free representation

Waves from the Volga delta Waves from the Iranian coast

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

Çåëåíûå òî÷êè �

äàííûå FRF íà

ðàçãîíàõ x < 10 nm,

íà Êàñïèè x > 10 nm
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Look at the Caspian Sea

Invariant µ4να−3
0 = 1

⇐ NW ⇒ SE

Waves from the Volga delta Waves from the Iranian coast

Âèäèì êîðîòêèå ó÷àñòêè (∼ 100 êì) ðîñòà âîëíåíèÿ è çàòåì
çàâèñèìîñòü ðàçãîí

1/4, êîòîðàÿ îòâå÷àåò ïîñòîÿííûì
âûñîòàì è ïåðèîäàì âîëíåíèÿ � fully-developed, matured sea
Çäåñü ïåðèîä îöåíèâàëñÿ ïî òåîðèè ñëàáîé òóðáóëåíòíîñòè
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Look at the Caspian Sea Invariant

µ4να−3
0 = 1

Òî æå ñàìîå ñ îöåíêàìè ïåðèîäîâ ïî ïàðàìåòðè÷åñêèì
ôîðìóëàì Gommenginger et al. (2003)

⇐ NW ⇒ SE

Waves from the Volga delta Waves from the Iranian coast

Âàæíî èìåòü õîðîøèå îöåíêè âîëíîâûõ ïåðèîäîâ, ÷òî
ñïóòíèêîâûìè ìåòîäàìè ñäåëàòü íåïðîñòî
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Parameters of the wind sea during the events of
NW winds in the Caspian Sea captured by Jason-3

Date Fetch, km max (Hs ), m Ualt , m/s a χ × 10−4

20-May-2016 11 − 903 1.9 5.3 − 10.3 0.6 − 1.4 0.7 − 29.2
15-Oct-2016 13.3 − 360 2.5 7.0 − 10.2 0.6 − 1.2 0.7 − 13.7
14-Dec-2016 46 − 291 3.3 7.2 − 12.9 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

Âäîëü ãëàâíîé îñè Êàñïèéñêîãî ìîðÿ ìû èìååì
øèðî÷àéøèé äèàïàçîí óñëîâèé ðàçâèòèÿ âîëíåíèÿ
áëèçêèé ê îêåàíñêèì â ïî÷òè èäåàëüíîé êîíôèãóðàöèè
íàïðàâëåíèé âåòðà è âîëí;

Ñîâðåìåííàÿ ìîðñêàÿ òåõíèêà ïîçâîëÿåò ïðîâîäèòü
ôóíäàìåíòàëüíûå è ïðèêëàäíûå èññëåäîâàíèÿ
ìîðñêîãî âîëíåíèÿ â ýòèõ óñëîâèÿõ
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Summary

Êàñïèéñêîå ìîðå � ïîëíîìàøòàáíûé âåòðî-âîëíîâîé
êàíàë îñíàùåííûé ãîòîâîé ñèñòåìîé èçìåðåíèé
(ñïóòíèêîâûå àëüòèìåòðû);

Òåîðèÿ ïîäîáèÿ Êèòàéãîðîäñêîãî íåïëîõî ðàáîòàåò
ïðè îïèñàíèè äèíàìèêè âîëíåíèÿ;

Òåîðèÿ ñëàáîòóðáóëåíòíîãî àâòîìîäåëüíîãî âîëíåíèÿ
Çàõàðîâà äàåò óäîâëåòâîðèòåëüíîå êîëè÷åñòâåííîå
îïèñàíèå ðàñòóùåãî âîëíåíèÿ;

Ýêñïåðèìåíòû â Êàñïèéñêîì ìîðå ìîãóò ïîñëóæèòü
ïðîäîëæåíèåì âîëíîâîãî ýêñïåðèìåíòà JONSWAP.
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