
CLP

Lecture 9



Homework 1 (Exam style)

1. Explain in less than five lines:

a. Virtual potential temperature and its relevance.

b. The existence and properties of the “residual layer”

c. When can we accept the hydrostatic approximation?

d. The following figure represents three mean variables in a boundary layer taken 
from the list: temperature, potential temperature, specific humidity, relative 
humidity, wind speed. (a) identify A,B,C justifying your choice; (b) classify the 
Boundary Layer.

A B C



Homework 2 (Exam style)

2. Consider the term −𝑢𝑖
𝜕𝑞

𝜕𝑥𝑖
, where 𝑞 is specific humidity. Use the Reynolds 

decomposition and averaging to expand into mean and turbulent sub-terms. Simplify 

in conditions applicable to boundary layer flow.

3. The Ekman (spiral) solution describes the wind in the boundary layer in the form:

𝑢 = 𝑢𝑔 1 − 𝑒−𝛾𝑧 cos 𝛾𝑧

𝑣 = 𝑢𝑔𝑒
−𝛾𝑧sin(𝛾𝑧)

a. List the assumptions taken to arrive to that solution.

b. Defining the boundary layer height as 𝑧 = 𝜋/𝛾, prove the existence of “Ekman 

pumping” (mass transport across isobars towards low pressure).



Homework 3 (Exam style)

4. Consider the equation:

𝜕 ҧ𝑒

𝜕𝑡
=

𝑔

𝜃𝑣
𝑤′𝜃𝑣

′ − 𝑢′𝑤′
𝜕ത𝑢

𝜕𝑧
−
1

ҧ𝜌

𝜕𝑤′𝑝′

𝜕𝑥
−
𝜕𝑤′𝑒′

𝜕𝑧
− 𝜀

a. Explain the different terms.

b. Which terms are always negative?

c. Which are always positive?

5. Assume that variation of 𝑇𝐾𝐸 (turbulent kinetic energy) with 𝑧 (height above 
ground) is controlled by the following variables: 𝑔, 𝜃𝑠, 𝑧𝑖 , 𝑤

′𝜃′𝑠.

a. How many PI groups can be defined for this problem?

b. Compute the PI groups using the control variables as key variables.



Ekman (𝐾𝑚= 𝑐𝑜𝑛𝑠𝑡)
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The surface layer

Is a “constant” flux layer (turbulent+molecular)

Z<100m



Constant flux layer, but not constant mixing (as 
eddies tend to zero at the surface)

𝑤′𝑢′ = −𝐾𝑚
𝜕ത𝑢

𝜕𝑧

−
𝜕

𝜕𝑧
−𝐾𝑚

𝜕ത𝑢
𝜕𝑧

= 0 ⟹ 𝐾𝑚
𝜕ഥ𝑢
𝜕𝑧

= 𝑐𝑜𝑛𝑠𝑡

If 𝐾𝑚 is proportional to 𝑧 near the surface, implying lim
𝑧→0

𝐾 = 0:

𝑘𝑧
𝜕ത𝑢
𝜕𝑧

= 𝑢∗

𝑘 –von Karman constant
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Integrating:

ത𝑢 =
𝑢∗
𝑘
𝑙𝑛

𝑧

𝑧0

Where 𝑧0 is the roughness length.

Flat sea: 0.0002 m

Snow: 0.005 m

Grass: 0.03 m

Shrubs: 0.1 m

Forest, scattered houses: 1m

City: >2 m
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𝒛𝟎



𝒛𝟎



Displacement distance



General logarithmic profile





Monin-Obhukov length

Relevant variables:

𝑤′𝜃𝑣
′

𝑠
≡ 𝐾𝑚𝑠−1

𝑤′𝑢′𝑠 = 𝑢∗
2 ≡ 𝑚2𝑠−2

ҧ𝜃𝑣 ≡ 𝐾,𝑔 ≡ 𝑚𝑠−2, 𝑧 ≡ 𝑚

Length scale:

𝐿 = −
𝑢∗
3 ҧ𝜃𝑣

𝑘𝑔 𝑤′𝜃𝑣
′

𝑠

5 variables
3 dimensions

2 PI numbers



Monin-Obhukov (constant flux)



Mixed-layer similarity



Neutral Boundary Layer Similarity Relationship

Neutral 𝑤′𝜃𝑣
′
𝑠
= 0 ⟹ 𝐿 = ∞



Stability effects (through 𝐿): convective

Type equation here.Type equation here.

Neutral 𝐿 = ∞x



Stability effects (through 𝐿): stable

Neutral 𝐿 = ∞



Non-neutral



Businger-Dyer



Spectral similarity





Homework

9.1 – Sara

9.2 – Cátia

9.4 – Diogo 

9.6 – Florian

9.7 – Jason

9.9 – Maria

9.16 – Mariana 


