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Stable Boundary Layer



Nocturnal PBL
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Critical Values for Instabilities
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Plumes - Stable



Instabilities in Stratified Shear Layers

Slow

Faster

Rotter, Fernando & Kit, Physics of 

Fluids, 19, 2007.
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Theory/Laboratory Profiles
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Stratified Shear Flow  (Lab)

1<gRi

(Strang & Fernando, Journal of Fluid Mechanics, 2001)



Stratified Shear Flow #2
1≈gRi

K-H and Resonant waves



Stratified Shear Flow #3
1>gRi

Holmboe Instabilities



Mechanisms of Entrainment
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Flux versus Gradient Richardson 
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Interfacial 

Measurements



Turbulence in ABL

Global 

Intermittency



Oceans: Daytime Vertical Profile - Equatorial Undercurrent 

Moum et al. 1990



DeSilva, Fernando, Hebert & Eaton, 

Earth Planetary Sci. Lett. , 1996





Mechanisms of Entrainment
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Complex Terrain SBL

Reproduced from Mountain Meteorology (2000). Courtesy of Dr. Whiteman, PNNL.



VTMX 

Campaign, Salt 

Lake City 

October, 2000
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Salt Lake City



Simulated gas release in Salt Lake City.  Gas plume in Red.  Computer model shared with ASU by Lawrence

Livermore National Laboratory.  



Participants and their sites



A Typical Field Experiment



VTMX ASU Equipment



Network

sodar ceilometer radar



ASU Doppler Lidar



Wind Fields



Theta profile in the valley 



Downslope – Field Data
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VTMX Measurements
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Flow Analysis



Idealized Slope Flow Analysis
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Downslope flow - Pulsation
Linearized governing equations with neglected flux divergence and the 

entrainment-rate,

have oscillatory solution with the frequency

sinEN=
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Downslope flow - Pulsation

 

Down-slope Wind
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Subcritical angles



Close to critical angle



Intrusions keep BL turbulent



Internal Waves in

Continuously Stratified Fluids



Other Observations

– the Riviera valley 
(Gorsel et al., 
ICAM/MAP 
proceedings, 2003)

– Cobb Mountain 
(Doran and Horst, 
JAM, 20(4), 361-
364, 1981)

– Phoenix valley 
(Keon, Master 
Thesis, ASU, 1982)

– Slope and ACS 
sites of the VTMX 
campaign in Salt 
Lake City (Doran et 
al., BAMS, 83(4), 
537-554).
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Tidal Internal waves coursing beneath the 

surface of the sea may shape the margins 

of the world’s landmasses

David A Cacchione & Lincoln F. Pratson (Am. Sci., 2004)

= N sin 

Hypothesis --



Flow Velocity

HD wuUCbhbh
ss

hU

t

Uh ''22
2

sincos
2

1

s

Uh
U

s

U
Uh

2EU

High Ri        Entrainment is Unimportant

)1966Rao&(Businger

sin 2
1

Hu bLU

Low Ri       Entrainment is dominant

2
1

1

sin

E

bh
U u

EUUh
s



0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.5 1 1.5 2 2.5 3

Ri

L
a
m

b
d

a
_
c

High Ri        Entrainment is Unimportant

2
1

sinHu bLU

2
1

1 E

sinbh
U u





Low Ri       Entrainment is dominant
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Entrainment Velocity

Ellison and Turner (1959, JFM)
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Entrainment Coefficient

y = 0.054x-0.7494

R2 = 0.7666
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Re vs. E
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Applications

Flow Prediction



The Fifth-generation Penn State / NCAR Mesoscale Model (MM5)

• Terrain following - coordinate

• Non-hydrostatic dynamics 

• Four-dimensional data assimilation

• Multiple nest capability 

• Physics



MRF (Medium Range Forecast 

model) 
MRF is a vertical diffusion non-local scheme in which is taken into account that the transport 

of mass, momentum and heat is mostly accomplished by large eddies (Troen and Mahrt 1986, 

Hong and Pan 1996).

The turbulence diffusion equation for prognostic variable is:
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Eddy Diffusivity Ratio
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New Eddy Diffusivities
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Salt Lake City



CROSS SECTION SW-NE 45 deg.



Temperature & Wind comparison
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Thank You !
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Entrainment Coefficient

y = 0.054x-0.7494
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Mixing Transition -- above a 

certain critical Reynolds number, 

entrainment increases
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Hydraulic Adjustment



Steady state, small angle
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a) α= (10˚, 20˚) b) α= (0˚, 26˚)



Applications

Power plant emissions



Phoenix Terrain









Dispersion of Air Pollutants



Parameterization of Vertical Mixing
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ENTRAINMENT



Schlieren video images showing the on-slope and off-slope initiation of 

instabilities depending on . The experimental conditions are a* = 2 cm, N

= 0.921 rad s-1, = 20. (a) = 45 , = 2.07; (b) = 56 , = 2.43. The 

vertical lines in each figure are 10 cm apart. The oblique thin white line 

indicates the centre-line of the incident wave ray. From De Silva et al. 

(1997, JFM, 350,1-27)




