
Physics of Turbulence

@FuturaSciences

I soon understood that there was 
little hope of developing a pure, 
closed theory, and because of 
absence of such a theory the 
investigation must be based on 
hypotheses obtained on 
processing experimental data.

 Kolmogorov, quoted by Tsinober\
   
 

Class 1: the 
empirical laws of 

Turbulence



Définition: Turbulence describes the state of a fluid (liquid or 
gas) in which velocity is in a swirling state.



R. Fuchs, PhD thesis

Vortices in the Universe…
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Turbulences or vortices?
@NOAA
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Why turbulence is famous (practice)…
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Why turbulence is famous (maths)…

PDE’s of fluid dynamics Burgers Equation

Navier-Stokes Equations

Euler  Equations

(Navier-Stokes  without vorticity)

(Navier-Stokes  without viscosity)



Navier S
tokes: 𝜕 !

u +
𝑢𝜕
𝑢 =

− 𝜕
𝑝 +

𝜈∆
𝑢

Euler: 𝜕!u +
𝑢𝜕𝑢 = −𝜕𝑝

Burgers: 𝜕!u +
𝑢𝜕𝑢 = 𝜈∆𝑢



Proof of existence of singularities
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Observation: The fluid envelops of the Earth

Observation: -> Empirical laws of turbulence
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Transport

Dissipation

Scale 
hierarchy

Bifurcation

Intermittency

Stochasticity
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Stochasticity of turbulence



Stochasticity of turbulent flows



Miller PhD Thesis

Random

Mean

Stochasticity of turbulent flows



Stochasticity of turbulent flows

Temperature

Wind



Stochasticity of turbulent flows



Stochasticity of turbulent flows

« Wind » defined as time 
averaged over 10mn



Stochasticity of turbulent flows

Monthly local average Daily  local temperature

« Climate » « Weather » Back
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Scale hierachy of turbulence



19

Scale hierachy

Climate ??? Weather
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1mm

Pharaonic range of 
coupled space and time 

modes

Scale hierachy
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1mm

Scale hierachy

k-3

k-5/3

Nastrom-Gage spectrum
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€ 

k −5 / 3

Vortices are organized in a hierarchical way
They are regularized by viscosity

Scale hierachy

Back
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Intermittency of turbulence



Homogeneous
Inhomogeneous

Velocity Vorticity

Less homogeneous

Mean stream function 

Large scale Small  scaleIntermediate  scale

Miller PhD thesis

Space intermittency: Breaking of the space translation symmetry



Time Intermittency: breaking of the time translation
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Time Intermittency: breaking of the time translation

Velocity Derivative
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The transport regimes of turbulence
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Sailing with the Ducks
TRACERS OF TURBULENT FLOW

In 1992 a shipping crate bound for the US from Hong Kong fell overboard and was lost at 
sea. The cargo that spilled into the ocean was 28,000 plastic duck bath toys. 

Those toys have been following ocean currents ever since reaching every continent but 
Antarctica, including surviving the Arctic Ocean and moving around North America to reach 
the British Isles.

Scientists have been using the data collected from ships spotting the yellow tide or duckies 
washing ashore to study ocean patterns and how long it takes for them to navigate the globe

https://en.wikipedia.org/wiki/Friendly_Floatees_spill
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The plastic vortex
CAPTURE BY TURBULENCE
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Sailing with the Ducks
TRANSPORT BY TURBULENCE

Ducks are transported by current
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Drifter in oceanic vortices
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Drifter in oceanic vortices
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Drifter in oceanic vortices

Drifters are transported and ejected
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Dispersion of particles in atmosphere

@NOAA

Dispersion des particules radioactives de Fukushima
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Particle dispersion: one point statistics

How does a cloud of 
particle evolve depending 
on the fluid condition?
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Particle dispersion: two point statistics

How does a cloud of 
particle evolve depending 
on the fluid condition?
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Sailing with the Ducks
TRANSPORT BY TURBULENCE

Ducks are transported by current

Ballistic motion
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Drifter in oceanic vortices: chaotic motion

Drifters are transported and ejected

Memory of Initial
Dispersion
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Dispersion of particles in atmosphere: Richardson law

@NOAA

Dispersion des particules radioactives de Fukushima

Independent of initial condition
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Why turbulence is usefull (or not?)
BALLISTIC/CHAOTIC VS TURBULENT MIXING

Theoretical
Diffusive time

Observed 
mixing time

9 month

A few
 days

Water
104 km

Water
103 km

Air
104 km

A few
 days

1013 years

1011 years

1012 years
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Why turbulence is usefull
CHAOTIC VS TURBULENT MIXING
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l

Irreversibility of dispersion

Backward vs forward pair dispersion
Not symmetric by time reversal



Lagrangian irreversibility

Irreversibility

𝐷" = lim
#,%→((,()

( 𝛿𝑋#!*% + − 𝛿𝑋#!,% + )/6𝜏-

J. Jucha et al. PRL (2014) Cheminet et al, PRL 2022



Cheminet et al, PRL, 2022

Eulerian vs Lagrangian local dissipation

Eulerian Lagrangian

Back
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Dissipation of turbulence



Coherent structures and Dissipation

Miller PhD Thesis

Random

Mean

Random scales contain most of the energy
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Coherent structures and Dissipation

Miller PhD Thesis

Random

Mean

Dissipation is due to random scales

104 106
10-2

100



Statistics of Dissipation in the ocean

Back

Dissipation is
Log-normal
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Bifurcations in turbulence



Global (Climatic) biburcations



Local (AMOC) bifurcations

Back


