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Learning Objectives:

• Recognise the terms within the turbulent kinetic energy equations
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After this class, you will be able to: 



Activities during the class:
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During this class, you will perform the following activities: 

1. Refreshing question 

2. Find the equations terms

3. One-minute notes (the muddiest point)

NO summative 
assignments
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Definition
In the previous class we summarised the equations needed to forecast wind right, 
especially continuity and momentum:

These last term is a covariance, for which additional prognostic equations are required. 

Turbulence departure of variables refers to the variables deviations from the means: 
u’,v’,w’,… in theory equations for these terms can be derived, with a bit of work

In this class, this is out of the scope, but these equations are directly linked to the 
turbulence kinetic energy concept, as you can see in the following turbulence kinetic 
energy budget equations



Outline of the class:

7

1. Definition

2. TKE budget

3. Mean kinetic energy

4. Introduction to stability

5. Static and Dynamic stability

6. Richardson Number

7. Wrap-up



Outline of the class:

7

1. Definition

2. TKE budget

3. Mean kinetic energy

4. Introduction to stability

5. Static and Dynamic stability

6. Richardson Number

7. Wrap-up

Refreshing question



Refreshing question



Refreshing question

3

4

5

6

7

0 10 20 30 40 50
Finite time

W
in

d 
sp

ee
d 

si
gn

al
 [m

/s
]

Mean

Signal

Std1

Std2

Figure 16: Wind speed signal, mean and standard deviation.

2.2.5 Covariance and Correlation

In statistics the covariance between two variables is computed as:

covar(A, B) = 1
N

N≠1ÿ

t=0
(At ≠ A)(Bt ≠ B)

= 1
N

N≠1ÿ

t=0
(aÕ

t)(bÕ
t)

= aÕbÕ

(22)

The covariance indicates the degree of common relationship between the two variables, A and B. An example
could be temperature, T, and vertical velocity, w. On a hot summer day over land, we might expect the
warmer than average air to rise (positive T

Õ and positive w
Õ), and the cooler air to sink (negative T

Õ and
negative w

Õ), thus the product T
Õ
w

Õ would be positive on the average, indicating that T and w vary together.

An special type of normalized covariance is known as the linear correlation coe�cient, rAB :

rAB © aÕbÕ

‡A‡B
(23)

This variable ranges between -1 and +1: when two variables are perfectly correlated (vary together), yield
rAB = 1. If A and B are perfectly negatively correlated (vary oppositely), yield rAB = ≠1. If A and B have
no relation, then rAB = 0.

2.2.6 Turbulent Kinetic Energy

Typically kinetic energy is defined as KE = 0.5mU
2, where m is the mass and U the wind speed of the fluid.

When dealing with a fluid such as air, it is more convenient to talk about kinetic energy per unit mass, which
would be 0.5U

2. Using the previous separation between mean wind and turbulent part, we can find the mean
wind kinetic energy(MKE) and the turbulent kinetic energy (TKE) per unit mass:

MKE = 1
2

1
U

2 + V
2 + W

22
(24)
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Definition
Turbulence kinetic energy (TKE) is one of the most important variables in 
micrometeorology, and therefore the flow around building environments.

• It measures the intensity of turbulence
• It is directly linked to the momentum, heat and moisture transport through the 

boundary layer
• Its individual equation terms describe physical processes that generate 

turbulence —> the balance of those terms, will define if the flow is turbulent, or 
not

Its definition was already presented before:

So if we have an equation for the velocity variances, we can get the TKE budget equation 
as we did for momentum and continuity 
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TKE budget
Each term describe physical processes that generate turbulence and the balance of those 
terms, will define if the flow is turbulence:

1.Storage or 
tendency
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5.2 Contributions to the TKE Budget

5.2.1 Term 1: Storage

153

If we choose a coordinate system aligned with the mean wind, assume horizontal
homogeneity, and neglect subsidence, then a special fonn of the TKE budget equation can
bewrinen

Turbulence is dissipative. Term VII is a loss term that always exists whenever
TKE is nonzero. Physically, this means that turbulence will tend to decrease and
disappear with time , unless it can be generated locally or transported in by mean,
turbulent, or pressure processes. Thus, TKE is not a conserved quantity. The boundary
layer can be turbulent only if there are specific physical processes generating the
turbulence. In the next subsections, the role of each of the terms is examined in more
detail.
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Fig 2.10 shows that there can be substantial variation in the magnitude ofTKE with
time at anyone height. Fig 5.1 shows a simulation ofTKE over a two day period, where
a dramatic increase and decrease ofTKE occurs within each diurnal cycle. An increase in
TKE from a small early morning value to a larger early afternoon value represents a net
storage ofTKE in the air. In particular,nonturbulent FA air just above the ML top must
be spun up (i.e., its turbulence intensity must increase from near zero to the current ML
value) as entrainment incorporates it into the ML.

Over a land surface experiencing a strong diurnal cycle, typical order of magnitudes
for this term range from about 5 x 10,5 m2 s,3 for surface-layer air over a 6 h interval , to
about 5 x 10-3 m2 s·3 for FA air that is spun up over 15 min (i.e., over a time interval
corresponding to t*). Fig 5.2 shows sample observations of TKE made in the surface
layer, where TKE varies by about two orders of magnitude.

During the later afternoon and evening , a corresponding spin down (i.e., decrease
of TKE with time) occurs where dissipation and other losses exceed the production of
turbulence. The storage term is thus negative during this transition phase.
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represents local storage or tendency of TKE.
describes the advection of TKE by the mean wind.
is the buoyant production or consumption term. It is a

production or loss term depending on whether the heat flux u i '9 v' is

positive (during daytime over land) or negative (at night over land) .
is a mechanical or shear productionlloss term.The momentum

flux Uj'U j ' is usually of opposite sign from the mean wind shear,

because the momentum of the wind is usually lost downward to the
ground. Thus. Term IV results in a positive contribution to TKE when
multiplied by a negative sign.
represents the turbulent transport of TKE. It describes how TKE
is moved around by the turbulent eddies uj'.
is a pressure correlation term that describes how TKE is
redistributed by pressure perturbations. It is often associated with
oscillations in the air (buoyancy or gravity waves).
represents the viscous dissipation of TK.E; i.e., the conversion of
TKE into heal.

11

TermVD

TermVI

TennV

TermIV

Term 1
Term 11
TermID

• Over the day, TKE can vary drastically with 
time and space

• Increase in TKE from a small early 
morning value to a larger early afternoon 
value represents a net storage of TKE in 
the air 

• Non-turbulent FA air must be spun-up as 
entrainment incorporates into the mixed 
layer

• During late afternoon we have a negative 
storage term



TKE budget
Each term describe physical processes that generate turbulence and the balance of those 
terms, will define if the flow is turbulence:

2.Advection by mean 
wind

• There is few known about this term 
• When averaged over a horizontal area larger than 10km, there is little variation of TKE
• This doesn’t hold for urban environments
• This term is probably negligible over ocean surfaces
• Not negligible over water reservoirs or coastal areas: you can imagine a water 

reservoir colder than the surrounding land, where turbulence would decay in the 
overlaying ai, while the air over the land is actively convective —> a mean wind 
advecting air across the shores of the reservoir may cause significant change in this 
TKE budget



TKE budget
Each term describe physical processes that generate turbulence and the balance of those 
terms, will define if the flow is turbulence:

3.Buoyant production/
consumption

• The most important term is the flux of virtual potential temperature, which is positive 
and decreases roughly linearly with height within the bottom 2/3th of the convective ML

• Acts only in the vertical component —> anisotropic.
• When positive: represents the effects of thermals in the ML, values can go up to 

1x10-2m2/s3 near the ground on sunny days over land, it would be much smaller during 
cloudy days

• When negative: during stable conditions, which surpasses or consumes TKE. During t 
night over land, or anytime the surface is colder than the overlaying air. Also at the top 
of the mixed layer



TKE budget
Each term describe physical processes that generate turbulence and the balance of those 
terms, will define if the flow is turbulence:

3.Buoyant production/
consumption

2
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Questions so far?



TKE budget
Each term describe physical processes that generate turbulence and the balance of those 
terms, will define if the flow is turbulence:

4.Mechanical (shear) 
production

• This term is typically positive, since mean gradient and momentum flux are opposite 
sign

• It is often associated with surface layer: maximum production occurs close to the 
surface, where the wind shear is maximum

• Near 0 production in the ML above the surface layer, because changes in wind speed 
are small

• Anytime the ground is colder than the air, the shear term is the only term generating 
turbulence

• Greatest shears associated with the change of U and V components of mean wind with 
height —> anisotropic, and strongest in the horizontal



TKE budget
Each term describe physical processes that generate turbulence and the balance of those 
terms, will define if the flow is turbulence:

4.Mechanical (shear) 
production

• Differences between buoyancy (free convection) and shear (forced convection)
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5.2.4 T erm IV: Mechanical (Shea r) Pro duc tio n

•
aueyaru Production (BPL)0\ Turbulence KlnaUc Energy (TKE)

She l r Productlon
(SP) 01 TKE

associated with negative values of term III. Such conditions are present in the SBL at
night over land, or anytime the surface is colder than the overlying air. An example of the
decay of turbulence in negatively buoyant conditions just after sunset is shown in the
budget profiles of Fig 5.6.
This same type of consumption can occur at the top of a ML, where warmer air

entrained downward by turbulence opposes the descent because of its buoyancy (Stage
and Businger, 1981). This is related to the negative value s of the buoyancy term near the
top of the ML in Fig 5.4.

When there is a turbulen t momentum flux in the presence of a mean wind shear, the
interaction between the two tends to generate more turbulence. Even though a negat ive
sign precedes Term IV. the momentum flux is usually of opposite sign from the mean
shear. resulting in production, not loss, of turbulence.

Fig. 5.4 shows case studies of the contribution of shear production to the TKE budget
for convective situations. The greatest wind shear magnitude occurs at the surface. Not
surprisingly. the maximum shear production rate also occurs there. As shown in
Chapters 1 and 3, the wind speed frequently varies little with height in the ML above the
surface layer, resulting in near zero shear and near zero shear production of turbulence.
Shear production is often assoc iated with the surface layer becau se of its limited venical .
exte nt.

A smaller maximum of shear production sometimes occurs at the top of the ML
because of the wind shear across the entrainment zone. In that region, the subgeostrophic
winds of the ML recover to their geostrophic values above the ML.

The relative contributions of the buoyancy and shear terms can be used to classify the
nature of convec tion (see Fig 5.7) Free convection sca ling is val id when the
buoyancy term is much larger than the mechanical tenn. /o rced convection scal ing is
valid when the oppos ite is O1Je.

Fig . 5.7 Approximate regimes of free and forced convecucn.

'I
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TKE budget
Each term describe physical processes that generate turbulence and the balance of those 
terms, will define if the flow is turbulence:

5.Turbulent 
transport

• Neither creates, nor destroys TKE, but moves or redistributes from one location to 
another

• Integrated over the ML depth is identically to 0
• If there is more flux into a layer than leaves, TKE increases. On a local scale at any 

height of the ML, it can lead to production or loss of TKE
• w’2 dominates in the middle of the ML and (u’2+v’2) dominates near the surface



Questions so far?



TKE budget
Each term describe physical processes that generate turbulence and the balance of those 
terms, will define if the flow is turbulence:

6.Pressure 
correlation

• We know also few about this term, because measuring pressure fluctuations is very 
complicated, very small pressure fluctuations ~0.005-0.001kPa or less in the ML

• Normally this term is estimated as a residual from the budget, which means that 
accumulated errors int he other terms are an issue. 

• Not only turbulence, but waves can also contribute to this term, and it is impossible to 
separate waves and turbulence within measurements. 

• It does not only redistribute TKE, but it can draw energy out of the BL, ~<10% of total 
dissipation



TKE budget
Each term describe physical processes that generate turbulence and the balance of those 
terms, will define if the flow is turbulence:

7.Dissipation
• Molecular destruction of turbulent 

motions is greatest for the smallest size 
eddies. The more intense this small-
scale turbulence, the greater the rate of 
dissipation

• Small scale turbulence is driven by the 
cascade of energy from larger scales

• Turbulence is not conserved, so the 
largest TKE and dissipation rates are 
found where production is largest (near 
the surface)

• Not expected to perfectly balance 
production because of transport terms
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5.2.7 Term VII: Dissipation

As discussed in section 4.3.1, molecular destruction of turbulentmotions is greatest
forthesmallest size eddies. Themoreintense this small-scale turbulence, the greater the
rate of dissipation. Small-scale turbulence is. in tum, driven by the cascade of energy
from the largerscales.

Daytime dissipation rates (see Fig 5.13) are often largest near the surface, and then
become relatively constant with height in the ML Above the ML top, the dissipation rate
rapidly decreases to near zero . At night (see Fig 5.14), both TKE and dissipation rate
decrease very rapidly with height. Because turbulence is not conserved. the greatest
TKEs, andhencegreatest dissipation rates, are frequentlyfound where TKE production is
the largest- near the surface. However.jhe dissipation rate is not expected to perfectly
balance theproduction ratebecause of the various transportlams in theTKE budget.

Fig. 5.15
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Plugging in thevalues givenaboveyields:

5.2.8 Example

Solution: (a) Sineeno informationwas given about theV-component of velocity or
stress, let's assume that the x-axls has been chosen to be aligned with the mean wind.
Looking at the TKE budget (5.lbl, we know that term I must be zero for steady state, and
terms V and VI are zero as specified in the statement of the problem. Thus , the remaining
terms canbemanipulated tosolve forE:

u'w ' = ·0.03 m2s·2. Also, thesurface virtual heatflux is 0.24 Kmls. If thepressure and
turbulent transports are neglected, then (a) what dissipation rate is required to maintain a
locally steady state at z = 300 m; and (b) what are the values of the normalized TKE
terms?

Problem: At a height of z = 300 m in a 1000 m thick mixed layer the following

conditions were observed: aiJ/az =0.01 s" , e, = 25°C, w'e; =0.15 K mis, and

The close relationship betweenTK.E production rate, intensity of turbulence, and
dissipation rate is shown in Fig 5.15. Al night where only shear can produce turbulence,
the dissipation rate is small because the associated TKE is small (refer back to Fig 5.2).
Aftersunrise, buoyant production greatly increases the turbulence intensity,resulting in
theassociatedincrease in dissipation seen in Fig5.15.

I.'
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'2
Fig . 5.13
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Finding the terms 

Storage or 
tendency

Dissipation

Pressure 
correlation

Turbulent 
transport

Buoyant production/
consumption

Mechanical (shear) 
production

Advection by mean 
wind
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Mean Kinetic Energy
In the TKE equation, 4th term involves the production of TKE by interaction of turbulence 
with the mean wind:

Does this mean, that the production of TKE is accompanied by a corresponding loss of KE 
from the mean flow?

Obtaining the equation for the mean kinetic energy (MKE)

YES, the energy that is mechanically produced from turbulence is lost from the mean flow



Questions so far?
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Introduction to stability

Unstable flows, become or 
remain turbulent

Stable flows, become or remain 
laminar (no turbulence)

Destabilizing 
factors

Stabilizing 
factors

These factors can be interpreted as terms within the TKE budget equation
Researchers normally pair stabilising and destabilising factors in non-dimensional 
numbers

Reynolds number: inertia/viscous

Richardson number: buoyancy/inertia



Introduction to stability
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Destabilizing 
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Stabilizing 
factors>>

Turbulence 
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These factors can be interpreted as terms within the TKE budget equation
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Reynolds number: inertia/viscous

Richardson number: buoyancy/inertia
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Static and Dynamic Statibility
Static stability

• It is a measure of the capability for buoyant convection
• This type of stability does not depend on wind (“static”)
• Air is statically unstable when:

• Less dense air (warmer) underlies more dense air
• This leads to convective circulation, thermals
• Buoyant air rises to the top, stabilising the fluid
• In the real BL thermals need a trigger: trees, hills, buildings…

Local definition Non-local definition

• Static stability determined by the local 
lapse rate

• Fails to detect convective MLs, because 
the rise of the thermals from the surface 
or their descent from cloud top depends 
on their excess buoyancy, and not on 
the ambient lapse rate

• Examines the stability of the whole layer
• Knowledge of the whole profile virtual 

temperature / knowledge of the 
turbulent buoyancy flux at the surface

Stable Unstable Neutral



Static and Dynamic Statibility
Dynamic stability

• Depends in part on the winds, and part on the buoyancy
• Even if the air is statically stable, wind shears may generate turbulence dynamically

(5.6.lb)(:J (w'e;)
_ au _ av
(u'w ') az + (v'w') az

5.6.1 Flux Richardson Number

(:}w'e;)
R, = (5.6.1a)

(- '- ') au.u. u. ...-L
I J dx .

J
where the negative sign on Term IV is dropped by convention. The Richardson number is
dimensionless . The denominator consists of 9 terms, as implied by the summation
notation.
Ifwe assume horizontal homogeneity and neglect subsidence, then the above equation

reduces to the more common fonn of the flux Richardson number:

For statically unstable flows, Rr is usually negative (remember that the denominator is
usually negative). For neutral flows . it is zero . For statically stable flows, Rr is positive.

Richardson proposed that Rr = +1 is a critical value, because the mechanical
production rate balances the buoyant consumption of TKE. At any value of Rr less than
+ I. static stability is insufficiently strong to prevent the mechanical gen eration of
turbulence. For negative values of Re• the numerator even contributes to the generation of
turbulence. Therefore. he expected that

Flow IS turbulent (dynamically unstable) when Rf < +1
Flow BECOMES laminar (dynamically stable) when R, > +1

We recognize that statically unstable flow is. by definition. always dynamically unstable .
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In a statically stable environment, turbulent vertical motions are acting against the
restoring force of gravity . Thus, buoyancy tends to suppress turbulence. while wind
shears tend to generate turbulence mechanically. The buoyant production term (Tenn Ilf}
of the TKE budget equation (5.1b) is negative in this situation. while the mechanical
production term (Term IV) is positive. Although the other terms in the TKE budget are
cenainly Important, a simplified but nevertheless useful approximation (0 the phy sics is
possible by examining the ratio of Tenn III to Tenn IV. Th is rat io, called the flux
Richardson number, Rr• is given by

5,6 The Richardson Number

FIg. 5.18 SChemalic diagramorKelvin-Helmholtz instability In a laboratory
experimentwhereshearflow hasbeengeneraled. Theupper
layer, w.ater, flowsto therighi, andthe lowermore densefluid.
dyed bnne, flowsto the relt The figuresareabouthalfa second
apart, After Thorpe (1969,1973) and Woods (1969).
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1.Shear exists across density interface, initially laminar

2.After critical value of shear —> gentle waves

3.Waves roll up and brake (Kelvin-Helmholtz wave)

4.Lighter fluid rolled under denser fluid, giving patches 
of static instability

5.Combined static/dynamic instability causes each wave 
to become turbulent

6.Turbulence spreads throughout the layer, causing 
mixing, diffusion and transfer of momentum



Static and Dynamic Statibility
Dynamic stability

• Occurs during Clear Air Turbulence
• Continued dynamic forcing can allow turbulence to continue for hours to days
• These regions can have large horizontal extent (~O(100km)) but limited in vertical extent 

(~O(10-100km))
• Probably occur frequently, but are only visible when there is sufficient moisture in the air

youtube.comAmusing planet

http://youtube.com


Static and Dynamic Statibility
Fluid Reaction

Fluid reacts in a manner to undo the cause of the instability: Le Chatelier’s principle of 
chemistry: if some stress is brought to bear upon a system in equilibrium, a change 
occurs such that the equilibrium is displaced in a direction which tends to undo the effect 
of the stress. 

Turbulence is mechanism whereby fluid 
flows tends to undo the effect of the 

instability

Convection occurs to move more buoyant 
fluid upward, stabilising the system

Turbulence tends to reduce the wind shears, 
towards stabilising the system

Static stability Dynamic stability

Turbulence acts to eliminate itself, after the 
unstable system is stabilised turbulence 

tends to decay



Questions so far?
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Determines whether the flow might become dynamically stable

Buoyancy

Shear

Rf>1

Rf<1

Flow becomes laminar (dynamically stable)

Flow becomes turbulent (dynamically unstable)

Flux Richardson Number

Drawback: since it includes turbulent terms (w’θv’), we can use it to determine if 
turbulent flow will become laminar, but not when laminar flow becomes turbulent!!!

Rf=1 Flow neutral (dynamically stable)
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Using the approximations hereafter:

Buoyancy

Shear

Ri<Rc Laminar flow becomes turbulent

Turbulent flow becomes laminar

Gradient Richardson Number

Drawback: we will rarely know the actual local gradients!!

This is the usually referred to by researchers. 

Ri>RT RT = 1

Rc = 0.21-0.25

Gradient Richardson Number 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

!  Rf can only be defined when flow is already turbulent, since it 
contains factors involving the turbulent fluxes 
=> can only determine whether turbulent flow will become laminar 

!  K-theory or eddy diffusivity theory: 
 
 
 
 
 
Gradient Richardson number: 



Richardson Number
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Using approximations:
Bulk Richardson Number

This is the usually used by meteorologists. Rc=0.25

Bulk Richardson Number 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

!  Actual local gradients are rarely known 
!  Approximation: 

Bulk Richardson number: 

Most frequently used form: 
rawinsonde data and numerical 
weather forecasts supply wind 
and temperature at discrete 
points in space 

Fig 5.20 show examples of the evolution of the Richardson number during some
nighttime case studies. Regions where the Richardson number is small are sometimes
used as an indicator of the depth of the turbulent SBL. Here. we see low Richardson
numbers close to the ground, in addition to patches of low Richardson number aloft.

Fig. 5.19 100%

{a}Relationship between the
bulk Richardson number, Ri, !;;over a layer and theprobability 0of turbulence within that layer. '0This curve wasdeveloped
empirically. (b) Empirically
denved relationship between ;;
turbulence Intensity and the .c
wind speed and shear. "N" 2
indicates none, "L"is light, "M" c..

""Ismoderate, "5"15 severe, and 025 10.25
"X" isextreme turbulence. Bulk Richardson Number

veeter wind shear .., (ktl10DO fGOt)Wind
Speed .0014',01" ,Ol l1· . 0Hl Il ,01 15 11 - .0 ) :11 .0331-,0501 ,OS06-.0B44 .0844.
mf. (kl) (5 -71 (7·l0) (to·20) (20·30) (3D-SO) (50.'

20·30 N L L·M M M·S S(40.SO)

30·10 L L·M M M·S S S·X(IO·UOI

eo. L L·M M M·S S X(120 .. )

·16.4
0.00493
·0.0003

R = buoyancy term =
f _ shear term
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5.6 .4 Examples

Discussion. A negative Richardson number is without question less than +1, and
thus indicates dynamic instability and turbulence. This is a trivialconclusion , because any
flow that is statically unstable is also dynamically unstable by definition.

Problem A: Given the same data from problem 5.2 .8, calculate the flux Richardson
numberand comment on the dynamic stability.

So lution. Since the flux Richardson number is defined as the ratio of the buoyancy
term to the negative of the shear term, we can use the values for these terms already
calculated in example 5.2.8:

Table 5-1. Example 01 a nightlime rawinsonde sounding analyzed to give stability, shear,
Richardson number, and theprobability and intensily of turbulence. Probabilities are expressed
as a percent, and intensities are abbreviated by:

N ""noturbulence, L = light (0.5G), M • moderato (1G), s-severo (2G)
These intensity levels correspond to the turbulence reporting recommendations used in
aviation, where the vertical acceleration measured in Gs (number of timesthe pullof gravity) is
relative to the centerof gravity of the aircraft. Forpractical purposes, a probability greater than
50% AND an intensity greaterthanLwere required before a CAT forecast would be issued.

z Wind Speed T e Lapse Shear RB CAT CAT
(m ) Dl r (0) {mrs} (K) (K) (Kim) (s'1 ) Pro b(%) Inten .

1591 154 9.B 281 294.4 0.0021 0.0034 6.19 41 N
1219 150 10 .7 0 .0021 0.0045 3.43 68 N
914 144 9.7 0.0021 0.0091 0.86 94 N·L
702 287.8 292.5 0.0020 0.0091 0.81 94 N·L
610 134 7.4 0.0020 0.0 170 0.23 100 L·M
393 290 .2 29 1.9 0 .0204 0.0170 2.37 79 L·M
305 95 3.5 0 .0204 0.0137 3.64 66 N
222 79 2.7 288.4 288.4 0.0133 0.0071 8.92 13 N
4 45 2.5 287.6 285.5

AI.O.S

Time (h)
Exampleof the evolution of local Richardson number withheight and
time during onenight. Regions with Richardson number less than
1.0 areshaded, andare likely tobe turbulent. After Mahrt(1981).

Fig. 5.20

500

:Ei 200
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Relationship between the bulk 
Richardson number, Ri, over a layer 
and the probability of turbulence 
within that layer. 



Questions so far?



Wrap up:

Next class:

1. Recognise the terms in the turbulent kinetic energy equations

The turbulent closure problem
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As an example. in the middle 50% of the conv ective ML the lapse rate is nearly
adiabatic, causing an incorrect classification of neutral stability if the traditional local
definition is used. We must make a clear distinction between the phrases "adiabatic lapse
rate" and "neutral stability". An adiabatic lapse rate (in the virtu al potential
temperature sense) may be statically stable, neutral. or unstable, depending on convection
and the buoyancy flux. Neutral stability implies a very specific situation: adiabatic
lapse rate AND no convection. The two phrases should NOT beused interchangeably,
and the phrase "neutral lapse rate" should beavoided altogether.
We conclude that measurement of the local lapse rate alone is

INSUFFICIENT to determine the static stability. Either knowled ge of the

whole ey profile is needed (described next), or measurement of the turbulent buoyancy

flux must bemade.

Nonlocal Definitions. It is better to examine the stability of the whole layer. and
make a layer determination of stability such as was done in section 1.6.4. For example, if

w '9 y , at the earth's surface is positive. or if displaced air parcels will rise from the ground

or sink from cloud top as thermals traveling across 3. BL, then the whole BL is said to be

unstable or con vective. If w '9 y' is negative at the surface, or if displaced air parcels

return to their starting point, then the BL is said to be stable.
If. when integrated.over the depth of the boundary layer. the mechanical production

term in the TKE equation (5.1) is much larger than the buoyancy term, or if the buoyancy
term is near zero, then the boundary layer is said to be neutral. In some of the older
literature, the boundary layer of this latter case is also sometimes referred to as an
Ekman boundary layer. During fair weather conditions over land. (he BL touching
the ground is rarely neutral. Neutral conditions are frequently found in the RL aloft. In
Overcast conditions with strong winds but little temperature difference between the air and
the surface, the BL is often close to neutral stability.

In the absence of knowledge of convection or measurements of buoyancy nux , an

alternate determination of static stability is possible if the By profile over the whole BL is
known. as sketched in Fig 5.17. As is indicated in the figure. if only pon ions of the
profile are known. then the stability might be Indeterminate. Also, it is clear that there are
many situations where the traditional local definition fails.
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