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with a ≈ 2x10–4 m–1.  Rf is approximately equal to the 
gradient or bulk Richardson number, discussed 
in the Stability chapter.  Generally, turbulence dies 
if Rf > 1. 
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 The nature of turbulence, and therefore the na-
ture of pollutant dispersion, changes with the rel-
ative magnitudes of terms in the TKE budget.  Two 
terms of interest are the shear (S) and buoyancy (B) 
terms.
 When |B| < |S/3|, the atmosphere is said to be 
in a state of forced convection  (Fig. 18.24).  These 
conditions are typical of windy overcast days, and 
are associated with near neutral static stability.  
Turbulence is nearly isotropic.  Smoke plumes dis-
perse at nearly equal rates in the vertical and lateral, 
which is called coning.  The sign of B is not impor-
tant here — only the magnitude.
 When B is positive and  |B| > |3·S|, the atmo-
sphere is said to be in a state of free convection.  
Thermals of warm rising air are typical in this situ-
ation, and the ABL is statically unstable (in the 
nonlocal sense; see the Stability chapter).  These con-
ditions often happen in the daytime over land, and 
during periods of cold-air advection over warmer 
surfaces.  Turbulence is anisotropic, with more en-
ergy in the vertical, and smoke plumes loop up and 
down in a pattern called looping.
 When B is negative and |B| > |S|,  static stabil-
ity is so strong that turbulence cannot exist.  Dur-
ing these conditions, there is virtually no disper-
sion while the smoke blows downwind.  Buoyancy 
waves (gravity waves) are possible, and appear as 
waves in the smoke plumes.  For values of |B| ≈ |S|, 
breaking Kelvin-Helmholtz waves can occur (see 
the Stability chapter), which cause some dispersion.
 When B is negative but |B| < |S|, weak turbu-
lence is possible.  These conditions can occur at 
night.  This is sometimes called stably-stratified 
turbulence (SST).  Vertical dispersion is much 
weaker than lateral, causing an anisotropic condi-
tion where smoke spreads horizontally more than 
vertically, in a process called fanning.
 Fig. 18.24 shows the relationship between differ-
ent types of convection and the terms of the TKE 
equation.  While the ratio of B/S determines the na-
ture of convection, the sum  S + B  determines the in-
tensity of turbulence.  A Pasquill-Gifford turbulence 
type (Fig. 18.24) can also be defined from the relative 
magnitudes of S and B, and is used in the Air Pol-
lution chapter to help estimate pollution dispersion 
rates.  

Sample Application
 For the previous Sample Application, determine 
the nature of convection (free, forced, etc.), the Pas-
quill-Gifford (PG) turbulence type, and the flux Rich-
ardson number.  Assume no clouds.

Find the Answer
Given: (see previous Sample Application)
Find:  S =  ? m2 s–3 ,  B =  ? m2 s–3  ,  Rf = ? ,  PG = ? 

Use eq. (18.31b):

   S ≈ ×( )⎛⎝⎜ ⎞
⎠⎟

− −2 10 54
3

m
m
s

1  = 0.025 m2 s–3 

Use eq. (18.32):

    B = −
−9 8

298
0 02

.
( . )

ms
K

Km/s
2

  = –0.00066  m2 s–3 

Because the magnitude of B is less than a third of that 
of S, we conclude convection is forced.
 Use eq. (18.34):  Rf =  –(–0.00066) / 0.025 = 0.0264 
and is dimensionless.
 Use Fig. 18.24.  Pasquill-Gifford Type = D  (but on 
the borderline near E).

Check:  Units OK.  Physics OK.
Exposition: The type of turbulence is independent of 
the intensity.  Intensity is proportional to S+B.

Figure 18.24
Rate of generation of TKE by buoyancy (abscissa) and shear 
(ordinate).  Shapes and relative rates of plume dispersion are 
suggested by the dark magenta spots and waves.  Dashed lines 
separate sectors of different Pasquill-Gifford turbulence type (A 
- G).  Isopleths of TKE intensity are given by the green diagonal 
lines.  Rf is flux Richardson number.  SST is stably-stratified 
turbulence.
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3. (8 points) (a) Turbulence can be created (produced) by two processes. What are they?

(b) Turbulence can be destroyed by two processes. What are they?

(c) Which of the turbulence creation (production) processes are most important during
the summer fair-weather daytime boundary layer over land?

(c) Which of the turbulence creation (production) processes are most important during
the summer fair-weather nocturnal boundary layer over land?

4. (10 points) A profile of potential temperature in a boundary layer is shown below. The
Richardson numbers for each layer of the profile are also listed. Label each layer as
unstable (U), neutral (N), or stable (S), and diagnose the existence of turbulence (Y
or N) in each layer (assuming the past history is turbulent) using:
(a) local stability analysis, and
(b) non-local stability analysis.

10
0.5
0
0
0
0
-2
2.5
-2

� Ri

z stabilty turbulence stabilty turbulence

Local Non-Local

5. (10 points) Find u⇤ (friction velocity) and z0 (roughness height) from the following
wind profile measurements made during statically neutral conditions at sunset:

z (m) ū (m/s)
2 3.8
10 5.0
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 Rewrite eq. (18.22) for variance of w as

 var( ) ( )·( )w
N

W W W Wk k
k
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= − −

=
∑1

1
 (18.35)

By analogy, a covariance between vertical velocity 
w and potential temperature θ can be defined as:
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where the overbar still denotes an average.  Namely, 
one over N times the sum of N terms (see middle 
line of eq. 18.36) is the average of those items.  Com-
paring eqs. (18.35) with (18.36), we see that variance 
is just the covariance between a variable and itself.
 Covariance indicates the amount of common 
variation between two variables.  It is positive where 
both variables increase and/or decrease together.  
Covariance is negative for opposite variation, such 
as when one variable increases while the other de-
creases.  Covariance is zero if one variable is unre-
lated to the variation of the other.
 The correlation coefficient ra,b is defined as 
the covariance between a and b, normalized by the 
standard deviations of those two variables.  By nor-
malized, we mean that  –1 ≤ ra,b ≤ 1.  Using vertical 
velocity and potential temperature for illustration: 

    r
w

w
w

, ·θ
θ

θ
σ σ

= ′ ′ � r	�����


A correlation coefficient of +1 indicates a perfect 
correlation (both variables increase or decrease to-
gether proportionally), –1 indicates perfect opposite 
correlation, and zero indicates no correlation.  Be-
cause it is normalized, ra,b gives no information on 
the absolute magnitudes of the variations.
 In the ABL, many turbulent variables are corre-
lated.  For example, in the statically unstable ABL 
(Fig. 18.25a), parcels of warm air rise and while other 
cool parcels sink in convective circulations.  Warm 
air (θ’ = +) going up (w’ = +) gives a positive product 
[ (w’θ’)up = + ].  Cool air (θ’ = –) going down (w’ = –) 
also gives a positive product [ (w’θ’)down = + ]. 
 The average of those two products is also posi-
tive [ w ' 'V  = 0.5·( (w’θ’)up + (w’θ’)down ) = +].  The re-
sult gives positive correlation coefficients rw,θ during 
free convection, which is typical during daytime.

Science Graffito

 Seen on a bumper sticker:  
“Lottery: A tax on people who are bad at math.”

Figure 18.25
(a) Relationship between turbulent potential temperature θ and 
vertical velocity w for a statically unstable environment (e.g., 
daytime over land with clear skies) .  (b) Same, but for a stat-
ically stable environment (e.g., nighttime over land with clear 
skies).  In both figures, the thick line represents the ambient en-
vironment, circles represent air parcels, with orange being the 
warm air parcel and blue being cool.  Numbers 1 and 2 indicate 
starting and ending positions of each air parcel during time in-
terval ∆t.  (+) or (–) mean greater or less than zero, respectively.

(a) Statically unstable:
  ∂θ/∂z < 0. 

(b) Statically stable:
  ∂θ/∂z > 0. 
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heat fluxes at the surface, use approximations given 
in earlier in this chapter, and in the Heat chapter.   
 K-theory has difficulty with convective ABLs 
and should not be used there.  Figs. 18.27a & b illus-
trate these difficulties, giving typical values in the 
atmosphere, and the resulting K values computed 
from eq. (18.42).  Negative and infinite K values are 
unphysical.

18.6.7.3. Nonlocal Closure
 Instead of looking at local down-gradient trans-
port as was done in K-theory, you can look at the 
full range of distances across that air parcels move 
in turbulent conditions (Fig. 18.28).  This is an ap-
proach called nonlocal closure, and is useful for a 
statically unstable ABL having free convection. [You 
might want to review the “parcel (apex) method” in 
Chapter 5 for determining nonlocal static stability.]
 For heat flux at the altitude of the dashed line in 
Fig. 18.28, K-theory (small-eddy theory) would uti-
lize the local gradient of θ at that altitude, and con-
clude that the heat flux should be downward and of 
a certain magnitude.  However, if the larger-size ed-
dies are also included (as in nonlocal closure), such 
as the parcel rising from tree-top level, we see that 
it is bringing warm air upward (a positive contribu-
tion to heat flux).  This could partially or completely 
counteract the negative contribution to flux caused 
by the local small eddies.  
 As you can probably anticipate, a better approach 
would be to consider eddies of all sizes and the as-
sociated nonlocal air-parcel movements.  One such 
approach is called transilient turbulence theo-
ry (T3).  This approach uses arrays to account for 
eddies of each different size, and combines them to 
find the average effect of all eddy sizes.  It is more 
complex, and will not be described here. 

18.7. REVIEW

 We live in a part of the atmosphere known as the 
boundary layer (ABL) — the bottom 200 m to 4 km 
of the troposphere.  Tropospheric static stability and 
turbulence near the Earth’s surface combine to cre-
ate this ABL, and cap it with a temperature inver-
sion.  
 Within the ABL are significant daily variations of 
temperature, winds, static stability, and turbulence 
over land under mostly clear skies.  These variations 
are driven by the diurnal cycle of solar heating of 
the ground during daytime and infrared cooling at 
night. 
 Above the boundary layer is the free atmosphere, 
which is not turbulently coupled with the ground 

Sample Application
 Instruments on a tower measure θ = 15°C and M = 
5 m s–1 at z = 4 m, and θ = 16°C and M = 8 m s–1 at z = 
10 m.  What is the vertical heat flux?

Find the Answer:
Given:  z (m)     θ (°C)    M (m s–1)
   10            16          8
    4             15          5
Find:  FH = ? K·m s–1  

First, use eq. (18.42), at average z = (10+4)/2 = 7 m

 K k z
M
z

= = −
−

2 2 20 4 7
8 5
10 4

· · [ . ·( ]
( )
( )

∆
∆

m)
m/s

m = 3.92 m2 s–1  

Next, use eq.  (18.41):
 FH = –K(∆θ/∆z) = –(3.92 m2 s–1)·(16–15°C)/(10–4m)
 = –0.65 K·m s–1  

Check:  Units OK.   Physics OK.
Exposition:  The negative sign means a downward 
heat flux, from hot to cold.  This is typical for statically 
stable ABL.

Figure 18.28
Typical environmental 
potential temperature 
(θ) profile in the ABL 
over a forest during 
daytime.  During free 
convection, buoyancy 
drives many air parcels 
to move “nonlocally” 
across relatively large 
vertical distances, as 
illustrated with the dot-
ted lines. 

Figure 18.27
The value (c) of K needed to get (b) the observed heat flux FH 
from (a) the observed potential temperature (θ) profile over a 
forest for an unstable ABL.  This illustrates that K-theory fails 
for convective ABLs where turbulence is highly nonlocal.
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• Winter time BL 

• Compare soundings and diurnal cycle SLC now vs Sep.


• What would happen with a snow covered valley?


• What happens if BL becomes cloud-capped?


• What does it take to ventilate the CAP?


• Surface layer wind profiles 

• How to determine z0? What if SL is not neutral?


• How do variations in stability (and L) affect the profile?
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ground.  The result is a stable ABL.  The bottom por-
tion of this stable ABL is the surface layer (again not 
labeled in Fig. 18.11b, but sketched in Fig. 18.12b).
 Above the stable ABL is the residual layer.  It has 
not felt the cooling from the ground, and hence re-
tains the adiabatic lapse rate from the mixed layer 
of the previous day.  Above that is the capping tem-
perature inversion, which is the non-turbulent rem-
nant of the entrainment zone.  

18.4.2.2. Seasonal Differences
 During summer at mid- and high-latitudes, 
days are longer than nights, allowing more heating 
to occur during day than cooling at night for fair 
weather over land.  This causes net heating over a 
24-h period, as illustrated in Figs. 18.13 a & b.  The 
convective mixed layer starts shallow in the morn-
ing, but rapidly grows through the residual layer.  
In the afternoon, it continues to rise slowly into the 
free atmosphere.  If the air contains sufficient mois-
ture, cumuliform clouds can exist.  At night, cooling 

creates a shallow stable ABL near the ground, but 
leaves a thick residual layer above it.
 During winter at mid- and high-latitudes, more 
cooling occurs during the long nights than heat-
ing during the short days, in fair weather.  Stable 
ABLs dominate over land, and there is net tempera-
ture decrease over 24 hours (Figs. 18.13 c & d).  Any 
non-frontal clouds present are typically stratiform or 
fog.  Any residual layer that forms early in the night 
is quickly consumed by the growing stable ABL.
 Fig. 18.14 shows the corresponding structure of 
the ABL.  Although both the mixed layer and re-
sidual layer have nearly adiabatic temperature pro-
files, the mixed layer is nonlocally unstable, while 
the residual layer is neutral.  This difference causes 
pollutants to disperse at different rates in those two 
regions. 
 If the wind moves ABL air over surfaces of dif-
ferent temperatures, then ABL structures can evolve 
in space, rather than in time.  For example, suppose 
the numbers along the abscissa  in Fig. 18.14b repre-

Figure 18.13
Evolution of potential temperature θ profiles for fair weather 
over land.  Curves are labeled with local time in hours.  The 
summer nighttime curves begin at 18 h local time, which rough-
ly corresponds to the final sounding from the previous day.  
Winter has shorter daylight hours, so the evening transition oc-
curs at 16 h local time, in this midlatitude idealization.
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Daily evolution of boundary-layer structure for summer and 
winter, for fair weather over land.  CI = Capping Inversion.  
Shading indicates static stability: tan = unstable, green = neu-
tral (as in the RL), darker blues = stronger static stabilities. 
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ground.  The result is a stable ABL.  The bottom por-
tion of this stable ABL is the surface layer (again not 
labeled in Fig. 18.11b, but sketched in Fig. 18.12b).
 Above the stable ABL is the residual layer.  It has 
not felt the cooling from the ground, and hence re-
tains the adiabatic lapse rate from the mixed layer 
of the previous day.  Above that is the capping tem-
perature inversion, which is the non-turbulent rem-
nant of the entrainment zone.  

18.4.2.2. Seasonal Differences
 During summer at mid- and high-latitudes, 
days are longer than nights, allowing more heating 
to occur during day than cooling at night for fair 
weather over land.  This causes net heating over a 
24-h period, as illustrated in Figs. 18.13 a & b.  The 
convective mixed layer starts shallow in the morn-
ing, but rapidly grows through the residual layer.  
In the afternoon, it continues to rise slowly into the 
free atmosphere.  If the air contains sufficient mois-
ture, cumuliform clouds can exist.  At night, cooling 

creates a shallow stable ABL near the ground, but 
leaves a thick residual layer above it.
 During winter at mid- and high-latitudes, more 
cooling occurs during the long nights than heat-
ing during the short days, in fair weather.  Stable 
ABLs dominate over land, and there is net tempera-
ture decrease over 24 hours (Figs. 18.13 c & d).  Any 
non-frontal clouds present are typically stratiform or 
fog.  Any residual layer that forms early in the night 
is quickly consumed by the growing stable ABL.
 Fig. 18.14 shows the corresponding structure of 
the ABL.  Although both the mixed layer and re-
sidual layer have nearly adiabatic temperature pro-
files, the mixed layer is nonlocally unstable, while 
the residual layer is neutral.  This difference causes 
pollutants to disperse at different rates in those two 
regions. 
 If the wind moves ABL air over surfaces of dif-
ferent temperatures, then ABL structures can evolve 
in space, rather than in time.  For example, suppose 
the numbers along the abscissa  in Fig. 18.14b repre-

Figure 18.13
Evolution of potential temperature θ profiles for fair weather 
over land.  Curves are labeled with local time in hours.  The 
summer nighttime curves begin at 18 h local time, which rough-
ly corresponds to the final sounding from the previous day.  
Winter has shorter daylight hours, so the evening transition oc-
curs at 16 h local time, in this midlatitude idealization.
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Figure 18.14
Daily evolution of boundary-layer structure for summer and 
winter, for fair weather over land.  CI = Capping Inversion.  
Shading indicates static stability: tan = unstable, green = neu-
tral (as in the RL), darker blues = stronger static stabilities. 
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 For synoptic-scale low-pressure systems, it is dif-
ficult to define a separate ABL, so boundary-layer 
meteorologists study the air below cloud base.  The 
remainder of this chapter focuses on fair-weather 
ABLs associated with high-pressure systems.

18.3. ABL STRUCTURE AND EVOLUTION

 The fair-weather ABL consists of the components 
sketched in Fig. 18.8.  During daytime there is a stat-
ically unstable mixed layer (ML).  At night, a stat-
ically stable boundary layer (SBL) forms under a 
statically neutral residual layer (RL).  The RL con-
tains the pollutants and moisture from the previous 
day’s mixed layer, but is not very turbulent. 
 The bottom 20 to 200 m of the ABL is called the 
surface layer (SL, Fig. 18.9).  Here frictional drag, 
heat conduction, and evaporation from the surface 
cause substantial variations of wind speed, tempera-
ture, and humidity with height.  However, turbulent 
fluxes are relatively uniform with height; hence, the 
surface layer is known as the constant flux layer.
 Separating the free atmosphere (FA) from the 
mixed layer is a strongly stable entrainment zone 
(EZ) of intermittent turbulence.  Mixed-layer depth  
zi  is the distance between the ground and the mid-
dle of the EZ.  At night, turbulence in the EZ ceases, 
leaving a non-turbulent layer called the capping 
inversion (CI) that is still strongly statically stable. 
 Typical vertical profiles of temperature, poten-
tial temperature, humidity (mixing ratio), and wind 
speed are sketched in Fig. 18.9.  The “day” portion 
(Fig. 18.9a) corresponds to the 3 PM time indicated 
in Fig. 18.8, while “night” (Fig. 18.9b) is for 3 AM.  
 Next, we will look at ABL temperature, winds, 
and turbulence in more detail.    

Figure 18.7b
Idealized venting of ABL air away from the surface during 
stormy weather.
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Figure 18.8
Components of the boundary layer during fair weather in sum-
mer over land.  Tan indicates nonlocally statically unstable air, 
light green (as in the RL) is neutral stability, and darker blues 
indicate stronger static stability. 
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9. (8 points) Explain the significance of the values of the:

(a) convective velocity scale, w⇤.

(b) Obukhov length, L.

(c) friction velocity, u⇤.

(d) roughness length, z0

10. (12 points) (a) Draw the profiles of potential temperature, ✓, versus height, z, of upward
and downward moving parcels that originate at the height indicated by the dashed line
on the diagram with values ✓(z).

(b) What are the signs of the perturbations in vertical velocity w0, and potential tem-
perature, ✓0, for the upward and downward moving parcels described in (a)? Indicate
on the diagram.

(c) What is the sign of w0✓0 for such parcels? Indicate on the diagram.

(d) How is the sign of the flux w0✓0 related to the sign of the gradient of ✓?

�

z



0 2 4 6 8 10 12
u (m/s)

10-2

10-1

100

101

102

z 
(m

)

u*=0.5

0 2 4 6 8 10 12
u (m/s)

0

10

20

30

40

50

60

70

80

90

100

z 
(m

)

u*=0.5

What parameter is different for each profile?



0 2 4 6 8 10 12
u (m/s)

10-1

100

101

102

z 
(m

)

z0 = 0.1

0 2 4 6 8 10 12
u (m/s)

0

10

20

30

40

50

60

70

80

90

100

z 
(m

)

z0=0.1

What parameter is different for each profile?



0 5 10 15 20
u (m/s)

10-1

100

101

102

z 
(m

)

u*=0.5

Neutral (L= )
Stable (L=100)
Stable (L=10)

0 5 10 15 20
u (m/s)

10

20

30

40

50

60

70

80

90

100

z 
(m

)

u*=0.5

What parameter is different for each profile?



0 2 4 6 8 10
u (m/s)

10-1

100

101

102

z 
(m

)

u*=0.5

Neutral (L=- )
Unstable (L=-100)
Unstable (L=-10)

0 2 4 6 8 10
u (m/s)

10

20

30

40

50

60

70

80

90

100

z 
(m

)

u*=0.5

What parameter is different for each profile?



6. (4 points) (a) In the surface layer, how does the vertical gradient of wind speed change
as the stability increases?

(b) In the stable surface layer, how does the ratio of the buoyancy consumption of
TKE to the mechanical production of TKE change as the stability (as measured by
the Richardson number) increases?

7. (6 points) Draw arrows to schematically represent the horizontal wind vectors for the
given horizontal pressure field and flow regimes in the northern hemisphere.
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8. (6 points) (a) Why do birds soar during daytime over land, but not usually at night?

(b) The drag coe�cient is related to the roughness length. Explain and interpret.



Surface Pressure (isobars)

Draw the surface wind vectors



• Although not resolved by meteorological observing networks, turbulent eddies
on the ABL are very important and their e↵ects cannot be neglected.

• Due to their e↵ects, geostrophic balance is not a good approximation to the
large-scale wind field in the PBL. This diagram shows schematic surface
isobars and wind vectors.

• The ABL is also the source of air that rises into convective clouds, and is
a↵ected by downdrafts and precipitation from such clouds.
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13. (6 points)

The plots below show how the boundary layer height (h), vertically averaged potential
temperature (✓), sensible heat flux at the top of the boundary layer due to entrainment
(Fh ⌘ (w0✓0)h), and surface sensible heat flux (Fs ⌘ (w0✓0)s) evolve in a cloud-free well-
mixed boundary layer over an ocean surface with a fixed potential temperature of
✓s = 290 K and a steady surface wind speed, V . This boundary layer undergoes no
entrainment; this could occur when the boundary layer is capped by a very stable
interface (a much warmer layer above).

(a) What is the bulk aerodynamic formula for calculating the surface sensible heat
flux?

(b) Why does ✓ reach an equilibrium of 290 K?

(c) Why does Fs decrease to zero?
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