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The cloud-topped 
ABL is an important 
and challenging case 
not addressed here 
(see Garratt’s Ch. 7)

We've covered the ideal surface layer & MOST – now the outer layer: 

From Stull (1988), An Intro. To Boundary Layer 
Meteorology (see also Garratt’s Fig. 6.1)

e.g. Wangara day 33 
at 0900

eas572_wholeABL.odp
JD Wilson, EAS Ualberta
4 Oct. 2012

θ

θ



Wangara day 33 is a handy example:

• Symbols are the observations

• Lines from a model initialized by fit to 
the 0900 data; daytime heating (Q

H 
>0) 

“burns out” the inversion

At a minimum, for practical purposes 
such as computing dispersal of 
pollutants, we'd like to know these 
properties of the ABL:
• depth (vs. time)
• profile of mean wind U(z), V(z)
• profile of eddy viscosity/diffusivity
• how to scale velocity spectra
• generalizable profiles of statistics

The simplest limiting state of the  ABL 
is the very convective case (CBL, 
Wyngaard's Ch 11). More generally 
the daytime ABL is not necessarily as 
well mixed as the CBL – and there is 
of course the stable case (SBL, Ch 12)

Nocturnal 
inversion

Residual 
mixed layer

Capping  
inversion



From Caughey “Observed Characteristics of the ABL,” Ch. 4 of Atmos. Turbulence & Air Pollution Modelling

Another 
example of 
“burning off 
the inversion” 
and the 
formation of a 
well-mixed 
CBL

∂θ
∂ t

= −
∂w' θ '

∂ z



ABSTRACT

Results from a series of boundary 
layer measurements carried out at 
Ashchurch, Worcestershire during 
July 1976 are combined with those 
from the 1973 Minnesota 
experiment. This data set provides a 
more complete description of the 
behaviour of some turbulence 
statistics through the depth of the 
convective boundary layer and into 
the stable air of the free atmosphere. 
Although the two experimental 
regions differ quite markedly 
topographically, the two sets of data 
are found to merge together quite 
well in the middle of the boundary 
layer and do not reveal any 
systematic differences that might be 
attributable to surface effects.
The vertical profiles of turbulence 
statistics are compared, where 
possible, with other results from 
numerical models and laboratory 
experiments



  

δ/10

Roughness sublayer

Outer layer – no effective 
similarity theory (except for 
turbulence statistics in very 
convective state, i.e. “CBL”)

Capping inversion layer/entrainment layer

“FREE atmosphere”

z
i
 or δ

h
c

z

Surface Layer – 
Monin-Obukhov 
similarity theory 
provides profiles of 
all properties

Driven by 
transiting 
fluxes of 
mtm & heat

- - - -  daytime profile of 
mean potential temperature

w ' ≈ 0



Portelli (1977), Mixing Heights, Wind Speeds 
and Ventilation Coefficients for Canada

Mean summer mid-afternoon 
(maximum) mixing depth (x 100 m) 
as deduced from radiosondes 

Inferring δ (i.e. z
i 
) from radiosondes is often 

impossible or of uncertain accuracy – preferable to 
measure...



During the 1970's, the engineering design of acoustic 
sounders was seriously pursued by several groups of 
researchers in the United States.  One of the earliest 
commercial systems was the Model 300 developed by  
AeroVironment, Inc. in California.  This system was 
designed primarily to measure the turbulent structure of 
the atmosphere and reached heights up to several 
hundred meters. 

Doppler Acoustic SodarAcoustic sounder echo strength proportional to 
small scale thermal turbulence in the entrainment 
layer



Sir G.I. Taylor

Taylor may have been the first to develop a scientific theory of 
the temperature structure of the ABL, prompted by his 
observations offshore from E. Canada

constant K formulation. Compare with 
formulation developed in our course 
(and/or with Wyngaard's Eq. 11.19)

∂θ
∂ t

= −
∂ w ' θ '

∂ z
= ∂

∂ z
( K ∂θ

∂ z
)



Theoretical b/l mean wind profile:

and if adopt eddy viscosity closure

Ekman spiral

numerical solutions

Some of Taylor's results (of 
historical interest only)

Barotropic ABL: press. grad  (thus U
G
, V

G
 ) indep of 

height – in general, ABL is “baroclinic”

Stationarity assumed. U
G 

, V
G
 encode grad p – constants**?

(or higher-order 
closure or LES)



zs

MOST layer

Ekman layer

Simplified 2-layer analytic solution 
(parsimonious fitting scheme for 
interpolation/extrapolation of 
observed speed/direction along 
height axis)





“baroclinic PBL” – the horiz. press grad

is not height indep

Motivating mixed-layer scaling – ideal 3-layer structure of unstable PBL (“CBL”)

(1985)

jump



(1976)



From Wyngaard's (2010) textbook...

The conserved scalar is emitted uniformly from the surface, e.g. water vapour from a damp 
surface overlain by a very dry free atmos. Note the distinction of slightly different values of 
the flux at ground versus top of surface layer

jump



Multi-layer description of idealized very convective CBL over land

Local free convection 
layer (convective 
matching layer)

Sfc layer
MOST

Mixed layer**
(windless convection layer)

Roughness sublayer
** Deardorff (1972, J.Atmos.Sci. Vol. 29)
    Kaimal et al. (1976, J.Atmos.Sci. Vol. 33)

δ ,
g
θ0

,(w' θ ' )0

z ,
g
θ0

,(w' θ ' )0

z , u* ,
g
θ0

,(w ' θ ' )0

w* = [
g
θ0

(w ' θ ' )0 δ ]1/3

* =
w'  ' 0

w*



u f = [
g
θ0

(w ' θ ' )0 z ]1/3 , θ f =
−(w' θ ' )0

u f



Wyngaard (2010)



• paired, counter-rotating, horizontal 
vortices, which occupy the whole
boundary-layer

• similar circulation in the oceanic
boundary layer is known as the Langmuir 
circulation

• “roll regime” lies in the slightly unstably 
stratified regime

• can be very persistent  (1-72 hr)

• axes of rotation of the rolls are aligned 
almost parallel to mean wind direction, 
with a small offset angle 20o -30o

• pair-spacing (λ) varies in the range 1-2 
km, longitudinal extent may be 10 to 
1000 km

• visible when cloud streets occur, but 
often occur without that observable sign

“On windy days, surface stress and/or baroclinic effects may produce 
reasonably strong shear on the mean horizontal wind within the ABL. 
If the shear is strong enough to overcome the preference of strongly 
nonlinear convection for three-dimensional forms, two-dimensional 
convection aligned with the shear vector is preferred, and the 
overlying cumuli occur in rows or `cloud streets’ ” (Emmanuel, 1994, 
Atmospheric Convection)

See obsv. of Drobinski et al. (1998, BLM Vol. 88)
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