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Turbulence
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Turbulence inside the boundary layer



6



7



8



9



10



Simply defined as perturbation from the mean

( ) ( )u t u u t= +
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How do we measure u′ ?

A sonic anemometer measures at very high sampling rates. This is typically at 10 or 20 Hz. 

Data from a high temporal resolution time series is used to calculate the mean of the time 

series and subsequently a perturbation from the mean.

Once the perturbations are calculated, turbulent statistics can be calculated.
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Flow inside a pipe

Laminar                                 Turbulent

Turbulent flow is nearly constant across a pipe

Flow in a pipe becomes turbulent either because of high velocity, because of large pipe 

diameter, or because of low viscosity.



• When the wind encounters a solid object, a whirl of air or eddy forms on the object’s 

downwind side.  The size and shape of the eddy often depends upon the size and shape of the 

obstacle and the speed of the wind.
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Eddies

Winds flowing past an obstacle.

(a) In stable air, light winds produce small eddies and little 

vertical mixing. 

Greater winds in unstable air create deep, vertically mixing 

eddies that produce strong, gusty surface winds. 



Effects of topography :

Shallow topography :  no separation of 
flow (follows contours)

Predictable from computer models, wind-tunnel 
models  

shallow escarpment

shallow hill or ridge

Atmospheric boundary layers and turbulence

Steep topography :  separation of flow occurs

Less predictable from computer models, wind-
tunnel models  OK at large enough scale

steep escarpment

separation

steep escarpment

steep hill or ridge

separation separation
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Viscosity

The VISCOSITY of a fluid is a measure of its resistance to shearing.

Air has a very low viscosity,  the viscosity of ice is very high, and water has an intermediate 

viscosity between the two.

Viscosity is the fluid property that measures the resistance of the fluid to deforming 

due to a shear force. 

 An ideal fluid is one that is incompressible and has no viscosity.



Flow velocity

Flow velocity determines the type of fluid flow:

            Laminar

                        turbulent

Laminar fluid motion is basically parallel to the underlying surface and 

only down current or downwind.

In turbulent flow (characteristic of water flowing at high velocity),  

masses of material move in an apparently random pattern. Eddies of 

upwelling and subsidence develops
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Turbulence

 Group of eddies of different size. Eddies range in size from a couple of millimeters to 

the size of the boundary layer.



Stress

 Force per unit area (e.g. N m-2 or kg m-1 s-2)

Reynolds Stress

Reynolds stress

 Stress that causes a parcel of air to deform during turbulent motion of air 

Deformation by vertical momentum flux 
  w   u 

Stress from vertical transfer of turbulent 
u-momentum

 z x = −a   w   u 

zx = stress acting in x-direction, along a 
plane (x-y) normal to the z-direction



Magnitude of Reynolds stress at ground surface 

Momentum Fluxes

Kinematic vertical turbulent momentum flux (m2 s-2) 

Friction wind speed (m s-1) 

 Scaling param. for surface-layer vert. flux of horiz. momentum

  w   u = −
zx

a

  w   v =−
zy

a
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