
25 January 20231

Announcements 


• reading: Stull ch. 2 (sections 2.4 and 2.8 optional)


• video: Turbulence w/Robert W. Stewart 

Today’s Lecture

1. Turbulence characteristics

2. Reynolds (exp, #, decomp, avg, stress)

3. Law of the Wall

4. TKE (brief) 

Lecture 2: Turbulence
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Conceptual Model of the ABL
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z0 - surface roughness

latent  
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heatmomentum

PBL Structure 
wind, T, q profiles

Turbulence

horizontally homogeneous

Surface Fluxes

Free atmosphere



Free atmosphere: pressure gradient vs. Coriolis

PBL height 
(~1km)

Outer BL:  
pressure grad vs. Coriolis vs. friction

Inner BL (surface layer):  
pressure grad vs. friction

Vertical Layers

Garrat (1994)

(~100 m)
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Spectrum of Wind Speed
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Spectral Gap
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Spectrum of Wind Speed

4

Fronts

Diurnal

What we’re 
interested in

1/10s - 10minSpectral Gap



Temporal Scales & Spectral Gap

Stull (1988)



Temporal Scales & Spectral Gap

Southold (SOUT)



Temporal Scales & Spectral Gap



Taylors Frozen Flow Hypothesis

Stull (1988)
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Taylors Frozen Flow Hypothesis

Stull (1988)



scalar flux

Stull (1988)



Viscous (molecular) momentum flux 

property of the fluid

no slip boundary condition



Reynolds Dye Experiment

Rott, N. "Note on the history of the Reynolds Number", Ann. Rev. Fluid Mech (1990)



Laminar to Turbulent Flow Transition

increasing U



Laminar to Turbulent Flow Transition

Van Dyke (1982) An Album of Fluid Motion. The Parabolic Press, Stanford, CA, p. 61.  

increasing U



Reynolds number - key dimensionless 
parameter in turbulence 



Reynolds number - key dimensionless 
parameter in turbulence 

In the ABL…

U=10 ms-1

η = 10-5 m2s-1

D = 102 to 103 m (surface layer/boundary layer height)

Re = 10 * 103/10-5 = 109

ABL is high Reynolds number turbulence - compare to 
Princeton SuperPipe



Reynolds Decomposition 

Stull (1988)



Governing Equations

x-momentum (neglect Coriolis)

I II V VI
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Governing Equations

x-momentum (neglect Coriolis)

• plug in, Reynolds average, manipulate, simplify

I II V VI



Governing Equations

x-momentum (neglect Coriolis)

• plug in, Reynolds average, manipulate, simplify
• end up with a new advection term on left side:

I II V VI



Reynolds Stress



Turbulent Momentum Flux (Reynolds Stress)

but

• sample fast enough to capture small eddies (~10 Hz) 
• averaged long enough to sample largest eddies (~30 min)

covariance



Vertical velocity fluctuations and turbulent 
transport  



Turbulent heat flux  

Stull (1988)



9 minutes of W and T 1 Hz data 
At NYSM Red Hook Flux Station



100 second timeseries of

Stull (1988)



Histogram of 

Stull (1988)



Early morning ‘close approaches’ by the aircraft to local airports
illustrate how ozone is depleted and CO2 builds up at night.

Ozone
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October 30, 2003, 13:00 - 13:21 GMT

King Air missed approach profiles
Nocturnal accumulation of CO2 (anthropogenic 

and respiratory origin) in the Hudson Valley

Kingston-Ulster: black
Green Acres: green
Columbia County: blue
Alexander Farm: red

Theta q CO2



Waves on a density interface made visible by St. Lawrence Cement 
Plant plume, October 17, 2003.  Photo by King Air pilot Thomas Drew.

ISFF at Van Orden Farm



King Air through plume



Example of CO2 exchange above a forest 



Control volume = atmospheric air below sensors

Turbulent fluxes

 Measurement Approach



Daytime Fluxes

SW 

in/out

respiration

photosynthesis

G

LW 

in/out

Fc(T, PAR,LAI, ...)

⌧(U10, z0, ...)



Example of CO2 exchange above a forest 

updraft downdraft

forest absorbing carbon



Law of the Wall
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Law of the Wall



Dimensionless Shear



Roughness length

Stull (1988)



Mean and fluctuating kinetic energy

Turbulent Kinetic Energy

Note KE = 0.5 m M2 where m is mass 
We want to talk about kinetic energy per unit mass 

Which is just 0.5 M2



Diurnal evolution of TKE

Stull (1988)
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Next class

37

Monday, 30 January: Similarity Scaling 
(really all about stability)


(Hopefully in person!)


Watch Turbulence Movie (in 
BOUNDARY_LAYERS folder).


