
The Atmospheric Boundary Layer

• Turbulence (9.1)

• The Surface Energy Balance (9.2)

• Vertical Structure (9.3)

• Evolution (9.4)

• Special Effects (9.5)

• The Boundary Layer in Context (9.6)



Turbulence Kinetic Energy
The kinetic energy of an object with mass m and
speed V is

KE =
1
2
mV 2.

The specific kinetic energy is KE/m. The specific
kinetic energy associated with turbulence is

TKE
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where TKE is turbulence kinetic energy.
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 for various stability conditions

(from Stull, Practical Meteorology, Eqs. 18.24-26)
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Turbulence Kinetic Energy
Exercise
What is the specific turbulence kinetic energy if
the turbulence is isotropic and �w = 0.5 m s�1?

The Eulerian prognostic equation for TKE is

�(TKE/m)
�t

= Ad + M + B + Tr � �,

where

Ad = �ū
�(TKE/m)

�x
�v̄

�(TKE/m)
�y

�w̄
�(TKE/m)

�z

is the advection of TKE by the mean wind veloc-
ity, which has components (ū, v̄, w̄).



Turbulence Kinetic Energy

The Eulerian prognostic equation for TKE is

�(TKE/m)
�t

= Ad + M + B + Tr � �.

M is mechanical generation of TKE.
B is buoyancy generation or consumption of TKE.
Tr is transport of TKE by turbulence.
� is the viscous dissipation rate of TKE.



Turbulence Kinetic Energy

M � �u�w� �u

�z
� v�w� �v

�z

B � g

�0
w� ��

Tr � �� w�(u�u� + v�v� + w�w�)/2
�z

� �0
� w� p�

�z



Turbulence Kinetic Energy

If U = (TKE/m)1/2 is a turbulent eddy velocity
scale, and L is a turbulent eddy length scale, then
T = L/U is a turbulent eddy time scale.

If there is no generation of TKE, then TKE will
decay due to dissipation with time scale T :

� � (TKE/m)
T

=
U2

L/U
=

U3

L
=

(TKE/m)3/2

L
.



Let’s look at mechanical generation 
and buoyancy generation or 
consumption in more detail. 
See the slides “TKE Equation.”



Turbulence Kinetic Energy
In a statically stable environment, the existence
of TKE depends on the ratio of buoyancy
consumption (B) and mechanical generation
(M), which define the Richardson number, Ri:

Ri =
�B

M
�

g
�v

��v
�z

�
�ū
�z

�2 +
�

�v̄
�z

�2

For Ri < 0.25, laminar flow becomes turbulent.
For Ri > 1, turbulent flow becomes laminar.
For 0.25 < Ri < 1, the existence of turbulence
depends on the flow’s history.



Kelvin-Helmholtz instability of stratified shear flow





2D numerical simulation of Kelvin-Helmholtz instability
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Turbulence Kinetic Energy

• The shapes of eddies in a turbulent flow 
depend on the static stability.

• Unstable with rising thermals:      
anisotropic turbulence with larger TKE in 
vertical component; smoke plumes loop.

• Statically neutral:                            
isotropic turbulence; smoke plumes cone.

• Statically stable but dynamically unstable: 
anisotropic turbulence with larger TKE in 
horizontal components; smoke plumes fan.

• Statically and dynamically stable:             
No turbulence and no dispersion.











Q. How does turbulence affect the mean profiles?

A. Through turbulent fluxes.

Turbulent Transport and  Fluxes

Turbulent fluxes appear in the equations for 
the mean profiles which are derived from the 
equations for the total (or instantaneous or 
local) profiles using Reynolds averaging.



In a turbulent flow, a field variable, such as
velocity or temperature, measured at a point
generally fluctuates rapidly as eddies of various
scales pass the point.

To be truly representative of the large-scale flow,
an average over an interval of time long enough
to average out small–scale eddy fluctuations
[denoted by ( )�], but short enough to preserve
trends in the large–scale flow field [denoted by
( )] is necessary.

This is called Reynolds Averaging.

Reynolds Averaging



Reynolds Averaging

Following the scheme introduced by Reynolds, a
field variable � can be written as

� = � + ��

where � is a running mean (or running
time-average)

� =
1

�t

� t+�t
2

t��t
2

�(x, y, z, t) dt.

Here �t is chosen so that it is long enough to
average out the short term fluctuations, but
short enough to retain the long term fluctuations.



Reynolds Averaging

We generally associate the slowly-varying
quantities as corresponding to the synoptic-scale,
whereas the turbulent fluctuations are due to
small-scale processes.

This distinction between mean flow and
turbulence is justified by the existence of a
spectral gap, a region in frequency space in which
there is relatively little variability on time scales
between about 10 minutes (turbulence scales)
and 10 hours (synoptic scales).





Reynolds Averaging
Examples

u v = (u + u�)(v + v�) = u v + uv� + u�v + u�v�

= u v + u v�
����
=0

+ u�
����
=0

v + u�v�

= u v + u�v�

Similarly,
w�� = w� � = 0,

so that

w � = (w + w�)(� + ��) = w � + w���.



Reynolds Averaging

Du
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Before applying Reynolds decomposition, we rewrite the total
derivative in flux form:
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Reynolds Averaging
Separating each dependent variable into mean
and fluctuating parts and then averaging yields
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Noting that the mean velocity fields satisfy the
continuity equation, we can rewrite this as
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is the rate of change following the mean motion.



Reynolds Averaging
The mean equations thus have the form
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The covariance terms in the square brackets in (5.9)-(5.12) represent turbulent fluxes. For

example w0✓0 is the turbulent heat flux (or just heat flux) in kinematic form. Similarly

w0u0 = u0w0 is the vertical turbulent flux of zonal momentum.

Outside the boundary layer, the turbulent fluxes are often su�ciently weak so that the

terms in the square brackets in (5.9)-(5.12) can be neglected in the analysis of large–scale

(i.e., synoptic scale) flows. This assumption was implicitly made in Holtons 4th Edition,

Chapters 3 and 4. But for many boundary layers, the magnitudes of the turbulence flux

convergence terms are of the same order as those of the other terms in (5.9)-(5.12) and

cannot be neglected, even when only the mean flow is of direct interest.

The horizontal convergences of the turbulent fluxes can usually be neglected. This is

called the boundary-layer approximation. Also, w can be obtained from the equation for

mass conservation. In this case, (5.9)-(5.13) become
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Reynolds Averaging
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Concept of Flux
⇢̄ cp w0✓0 is the turbulent flux of sensible heat.

Units are:

(kg m�3) (J kg�1 K�1) (m s�1) K

= J s�1 m�2 = W m�2
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⇢̄Lw0q0 is the turbulent flux of latent heat.

Units are:

(kg m�3) (J kg�1) (m s�1) (kg kg�1)

= J s�1 m�2 = W m�2
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⇢̄Lw0q0 is the turbulent flux of latent heat.

Units are:

(kg m�3) (J kg�1) (m s�1) (kg kg�1)

= J s�1 m�2 = W m�2
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⇢̄w0q0 is the turbulent flux of water vapor.

Units are:

(kg m�3) (m s�1) (kg kg�1)

= kg s�1 m�2.
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Concept of Flux

Example: Unload a truck with containers of peanuts.
Each trip between truck and store takes 30 seconds. 
Each trip from truck to store carries 50 kg of peanuts.
Each trip from store to truck carries no peanuts. 
What is flux of peanuts?

u0p0 is the flux of peanuts.

u is trips into store per unit time.

p is kg of peanuts per trip.

Units are:

(trips s�1) (kg trip�1) = kg s�1.
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into store: p’ = 50-25 = 25; out of store p’ = 0 - 25 = -25
flux due to trips into store = (u’p’)in = 1/30 * 25 = 5/6
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common-sense flux into store per round trip: 50 kg per 60 s = 5/6 kg/s
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