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2. A Brief introduction to Atmospheric Turbulence

• What is turbulence?

• Laminar vs. turbulent flow

• The Reynolds number

• The turbulence syndrome

• Viscosity
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• dominant property of the PBL

• opposite states: turbulent ↔ laminar

• flow characteristic of fluids

• working definitions:
→ laminar flow = orderly flow
→ turbulent flow = irregular, ‘chaotic’, individual

TURBULENCE
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Laminar flow Turbulent flow

LAMINAR VS TURBULENT
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...in the atmosphere

LAMINAR VS TURBULENT
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• dominant property of the PBL

• opposite states: turbulent ↔ laminar

• flow characteristic of fluids

• working definitions:
→ laminar flow = orderly flow
→ turbulent flow = irregular, ‘chaotic’, individual

Measure: Reynolds number

TURBULENCE
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OSBORNE REYNOLDS (1842-1912)
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OSBORNE REYNOLDS (1883)
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Experiments with flow in a tube

• if 𝑢 < 𝑢𝑐𝑟𝑖𝑡 : laminar flow

• if 𝑢 > 𝑢𝑐𝑟𝑖𝑡: turbulent flow

[Osborne Reynolds, 1883]

• different tube, different fluid
→ general result

REYNOLDS NUMBER

𝑈
*

𝐿
*

characteristic velocity

characteristic length

molecular viscosity

𝑅𝑒 =
𝑈∗𝐿∗
𝜈

𝜈
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OSBORNE REYNOLDS (1883)
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Re is a measure for turbulence

Re > 2000: turbulent
Re < 2000: laminar

Re describes ratio external/inner forces

experience, approximation

REYNOLDS NUMBER

drag force:
(external forces)

molecular friction:
(inner forces)

Ԧ𝐹𝐷 ≈ 𝑢
𝜕𝑢

𝜕𝑥
∝
𝑈∗
2

𝐿∗

Ԧ𝐹𝑚𝑓 ≈ 𝜈
𝜕2𝑢

𝜕𝑥2
∝ 𝜈

𝑈∗
𝐿∗
2
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• Ԧ𝐹𝐷 dominant: flow becomes ‘unstable’ 

(disturbances can grow) → turbulent

• Ԧ𝐹𝑚𝑓 dominant: strong inner bondings

(disturbances wiped out) → laminar

→ Def: 𝑅𝑒 =
Ԧ𝐹𝐷
Ԧ𝐹𝑚𝑓

=
𝑈∗𝐿∗
𝜈

• turbulence is a property especially of the flow (U*, 
L*) and of the fluid (𝜈) 

REYNOLDS NUMBER
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viscosity of water: 𝜈𝑊 ≈ 10−6m2 s-1

length scale:

velocity scale:

laminar for

Re FOR A WATER PIPE

𝑅𝑒 =
𝑈∗𝐿∗
𝜈

𝐿∗ = 10−2 m

𝑈∗ < 0.2 m s-1

Re < 2000
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viscosity of air: 𝜈𝑎 = 1.5 10−5 m2 s-1

length scale:

velocity scale:

even for small-scale phenomena:
→ e.g., flow in a street canyon
→ U* small, L* small
→ Re >> 2000 

Re IN THE PBL

𝑅𝑒 =
𝑈∗𝐿∗
𝜈

𝐿∗ =1000 m

𝑈∗ =1 – 10 m s-1

𝑅𝑒𝑃𝐵𝐿 =
𝑈∗𝐿∗
𝜈

=
2

3
108 ≫ 2000
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The ABL is that part of the atmosphere that is 
dominated by turbulence

TURBULENCE IN THE PBL
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Re > 2000?

TURBULENCE IN THE PBL
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Laminar: molecular 
diffusion

Turbulent: turbulent 
diffusion106

times more effective!

MOLECULAR VS. TURBULENT DIFFUSION
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TURBULENCE SYNDROME
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TURBULENCE SYNDROME
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• small irregularities exist in any flow
→ molecular: Brownian motion
→ density differences
→ boundaries

• if they can grow: 
→ unstable
→ turbulent

• when can disturbances grow?
→ suitable conditions….

i.e., large gradients (wind shear due to friction)
i.e., stratification

HOW DOES TURBULENCE EVOLVE?



Boundary-Layer Meteorology
Ivana Stiperski (ivana.stiperski [at] uibk.ac.at)

small disturbance…

→ large velocity
→ large gradients
→ ‘unstable’

small disturbance…

→ small velocity
→ small gradients
→ relatively insensitive

HOW DOES TURBULENCE EVOLVE?
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Conditions for the ‘production’ of turbulence

• large gradients

• ’boundary layer’

• friction: gradient in flow speed mechanical 
turbulence

• exchange of heat at the surface: large density 
gradient of medium through which radiation 
propagates  thermally produced turbulence

HOW DOES TURBULENCE EVOLVE?
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A property of the fluid in Re

General derivation

→ first: Toolbox…

VISCOSITY
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1) Coordinate system
• Cartesian, right handed: (x, y, z) or (x1, x2, x3) 

• Wind components: (u, v, w) or  (u1, u2, u3) 

• u: longitudinal (flow) direction
v: lateral direction 
w: vertical direction

TOOLS
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𝜕𝑢𝑖
𝜕𝑡

= 𝐹𝐺,𝑖 + 𝐹𝑃,𝑖

a): 
𝜕𝑢𝑖

𝜕𝑥𝑖
=

𝜕𝑢1

𝜕𝑥1
+

𝜕𝑢2

𝜕𝑥2
+

𝜕𝑢3

𝜕𝑥3
Index i appears twice

b): If an index appears only once in a term, it is not a 
summation index for any term of the equation → 3 
equations

TOOLS

only one i per term  

2) Einstein Summation (convention)

𝜕𝑢1
𝜕𝑡

= 𝐹𝐺,1 + 𝐹𝑃,1

𝜕𝑢2
𝜕𝑡

= 𝐹𝐺,2 + 𝐹𝑃,2

𝜕𝑢3
𝜕𝑡

= 𝐹𝐺,3 + 𝐹𝑃,3
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3) Incompressibility

→
𝜕𝑢𝑖 Ԧ𝑥,𝑡

𝜕𝑥𝑖
= 0 (summed!)

→ special form of the mass conservation equation

→ atmospheric BL: ‘always and everywhere’ fulfilled

x2

x1

x3

A

Three possibilities:
1.air exits towards the top
2.flow accelerates
3.density in A increases

1 & 2: incompressible flow

TOOLS
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4) Newtonian fluid

Shear stress proportional to deformation rate

𝜎𝑖𝑗 = 𝜌𝜈𝑆𝑖𝑗 ≡ 𝜌𝜈
𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

𝜎𝑖𝑗 shear stress tensor

𝑆𝑖𝑗 deformation rate

𝜈 kinematic viscosity

𝜌𝜈 proportionality factor

TOOLS
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4) Newtonian fluid

Shear stress proportional to deformation rate

𝜎𝑖𝑗 = 𝜌𝜈𝑆𝑖𝑗 ≡ 𝜌𝜈
𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

  

   

u 

z

TOOLS

Ԧ𝐹𝑝

Ԧ𝐹𝑓𝑟,𝑡𝑢𝑟𝑏

𝑢
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Consider the momentum conservation equation
𝜕𝑢𝑖
𝜕𝑡

+ 𝑢𝑗
𝜕𝑢𝑖
𝑥𝑗

= −𝛿𝑖3𝑔 −
1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+
1

𝜌

𝜕𝜎𝑖𝑗

𝜕𝑥𝑗

Simplest case: 
→ no density differences (neutral)
→ stationary shear flow
→ between 2 parallel plates in xz- plane

VISCOSITY
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𝜕𝑢𝑖
𝜕𝑡

+ 𝑢𝑗
𝜕𝑢𝑖
𝑥𝑗

= −𝛿𝑖3𝑔 −
1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+
1

𝜌

𝜕𝜎𝑖𝑗
𝜕𝑥𝑗

u1(x2)

VISCOSITY

𝑖 = 1:

𝑖 = 2,3:

𝑢1
𝜕𝑢1
𝜕𝑥1

= 0 𝑢2
𝜕𝑢1
𝜕𝑥2

= 0 𝑢3
𝜕𝑢1
𝜕𝑥3

= 0

𝑢2 = 𝑢3 = 0
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𝜕𝑝

𝜕𝑥1
=
𝜕𝜎12
𝜕𝑥2

= 𝜌𝜈
𝜕2𝑢1

𝜕𝑥2
2

𝜕𝑢𝑖
𝜕𝑡

+ 𝑢𝑗
𝜕𝑢𝑖
𝑥𝑗

= −𝛿𝑖3𝑔 −
1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+
1

𝜌

𝜕𝜎𝑖𝑗

𝜕𝑥𝑗

definition and simplest 
‘instruction’ to determine 
dynamic viscosity

forcing in x1 direction   

VISCOSITY

Newtonian fluid: 𝜎𝑖𝑗 = 𝜌𝜈
𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

𝜕𝑝

𝜕𝑥1
=
𝜕𝜎1𝑗

𝜕𝑥𝑗
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𝜂 = 𝜌𝜈
‘Resistance’, with which the fluid responds to 
external force with shear stress

DYNAMIC VISCOSITY

𝜕𝑝

𝜕𝑥1
large

𝜕𝑝

𝜕𝑥1
small

𝑢1 = 0



Boundary-Layer Meteorology
Ivana Stiperski (ivana.stiperski [at] uibk.ac.at)

DYNAMIC VISCOSITY

𝜈: air > water

𝜂: water > air

air

water

water

air

• 𝜈 is the material constant
• 𝜂 determines how the 

dynamic system responds 
to  external forcing

𝜂 = 𝜌𝜈
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From statistical mechanics: 𝜈 = 𝜆
𝑘𝐵𝑇

𝑚

𝜆 free path length [air: 𝜆 = 6.5×10-8 m]
𝑘𝐵 free Boltzmann constant [𝑘𝐵 =1.38×10-23 J K-1]
𝑇 absolute temperature
𝑚 particle mass [air: 𝑚𝑎 = 5×10-26 kg]

property of fluid, weakly T dependent

VISCOSITY

𝜈𝑎𝑖𝑟 = 1.5×10-5 m2 s-1
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How far does a fluid element with property A travel into 
domain with property B before mixing becomes effective

A

Motion:
→ Brownian
→ molecular 

diffusion

FREE PATH LENGTH

𝑥 < 𝜆
𝑥 = 𝜆

𝜆 large ⇔𝜈 large [vice versa]𝜈 = 𝜆
𝑘𝐵𝑇

𝑚
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→ Channel flow: laminar

→ parabolic velocity profile

TURBULENT VS. LAMINAR
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From above, simplest case: 
𝜕𝑝

𝜕𝑥1
= 𝜌𝜈

𝜕2𝑢1

𝜕𝑥2
2

only possible if 𝑓1 𝑥1 = 𝑓2 𝑥2 = 𝑐𝑜𝑛𝑠𝑡

‘no slip condition’ @ surface:

CHANNEL FLOW – PARABOLIC PROFILE

𝑓1 𝑥1 𝑓2 𝑥2

𝜌𝜈
𝜕2𝑢1

𝜕𝑥2
2 = 𝑐𝑜𝑛𝑠𝑡 𝑢1 𝑥2 ∝ 𝑥2

2
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• trajectories cross

• instantaneous 
picture not equal 
to mean

• flat velocity profile

→ Channel flow: turbulent

TURBULENT VS. LAMINAR
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Difference:
• ratio of forces
• up to now: influence of shear stress (inner forces)
• turbulent flow: external force, which makes the flow 

more unstable

TURBULENT VS. LAMINAR
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Analogy

→ small mixing length
→ little mixing
→ molecular diffusion
→ viscosity (material)

‘laminar’ ‘turbulent’

5 km/h 150 km/h

→ large mixing length
→ strong mixing
→ turbulent diffusion
→ ‘eddy viscosity’ (flow)

Mixing Length

TURBULENT VS. LAMINAR
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Laminar flow

• mixing length proportional to the free path length

• viscosity

Turbulent flow
• mixing length proportional to R (domain)
• viscosity → eddy viscosity…

TURBULENT VS. LAMINAR
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shear stress
deformation ratedynamic viscosity 

as proportionality factor

‘Reynolds stress’
(turbulent shear stress)

mean 
deformation rate

‘Eddy Viscosity’ 
= ‘turbulent viscosity’

EDDY VISCOSITY

Newtonian fluid: 𝜎𝑖𝑗 = 𝜌𝜈
𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

Turbulent flow (analogy): 𝜏𝑖𝑗 = 𝐾𝑖𝑗
𝜕ഥ𝑢𝑖

𝜕𝑥𝑗
+

𝜕ഥ𝑢𝑗

𝜕𝑥𝑖
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 Laminar Turbulent 

Mixing length ~ Free path length [O(10-8 m)] 
 

Dependent on density and temperature 

 statistical state of fluid 

~ Dimension of domain (e.g. R of 

pipe, distance from surface in the 

atmosphere) 

Dependent on flow 

Irregularities 

(without external forces) 

Microscopic [L ~ ]  

Balanced in ~ 10-9 s  

Macroscopic (L ~ R)  

May ‘survive’ L/V = t, e.g.: 

L = 0.1 m u = 1 ms-1 t= 0.1 s 

L = 1000 m u = 5 ms-1  t=200 s 

Efficiency of exchange Molecular viscosity [O(~10-5m2s-1)] 

Dependent on microscopic kinetics (, 

T) 

 property of the fluid 

Eddy-Viscosity ~ 106 ν 

Dependent on macroscopic flow 

properties 

  not a property of the fluid 

Reynolds Number < 2000 » 2000 

 

L/u=t, e.g.

TURBULENT VS. LAMINAR
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• Especially within PBL

• Cu clouds

• ‘clear air turbulence’

• Within the PBL: 
→ conditions favorable to instabilities
→ friction! mechanical turbulence
→ change of density at the ground (heating / cooling)

TURBULENCE IN THE ATMOSPHERE


