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Surface Exchange

Surface Exchange�

1.  Global aspects of the exchange of energy, water, and substances �
between earth surface and atmosphere 

2.  Atmospheric Boundary Layer �
where the exchange happens…

3.  Turbulence�
how the exchange happens…

4.  Eddy flux method�
measuring the exchange => Olaf Kolle

Gobal Surface Exchange

Earth’s Energy Balance

(Trenberth et al., 2009) 



Earth’s Surface Energy Balance

(Trenberth et al., 2009) 

Surface Characteristics�

Different surface types: ocean, soil, vegetation, snow/ice

have distinctly different properties 

•  Radiative properties
•  Albedo 
•  Emissivity

•  Physical properties 
•  Roughness
•  Heat capacity

•  Transfers of latent and sensible heat

Surface Characteristics�
spatial variations 

Surface Characteristics�
temporal variations 



Land Cover Classification

SYNMAP 1-km global land cover product

Combination of different satellite based land cover datasets

(Jung et al. 2006) 

Soil Type Classification

(Rozdell et al., 2004) 

Simple Planetary Energy Balance Model

S0 insolation
a albedo

T temperature
F thermal emission  F = � T4 
� infrared transmissivity
� Stefan-Bolzmann constant

solar radiation thermal radiation

atmosphere

earth’s surface

atmosphere ( 1 – � ) Fe  =  2 Fa

Radiative Equilibrium

( 1 – a ) S0  =  Fe - Fasurface

( 1 – a ) S0  = ½ ( 1 + � ) � Te
4surface

net solar radiation net thermal radiation

->  Important role of surface albedo

Albedo

•  Fraction of incoming solar radiation that is reflected 
upward from the Earth’s surface

•  Albedo depends on the frequency of the radiation
usually refers to an average across the spectrum of visible light

•  Land surface albedo is influenced by 
•  soil type
•  soil moisture
•  vegetation type and state
•  vegetation coverage 
•  solar zenith angle
•  …

•  Ocean surface albedo 
•  relatively low
•  varies with solar angle  



Surface Albedo

courtesy of A. Löw, MPI-M (2011) 

Land Surface Albedo

https://visibleearth.nasa.gov/view.php?id=60636 

Typical Albedo of Various Surfaces

Snow 60-90%

Clouds 30-80%

Sand 20-40%

Soil 15-25%

Grass, crops 5-25%

Forest 5-10%

Water 5-80%

Planetary albedo � 30% 

Albedo  −>  Temperature

Remember: Planetary energy balance at the surface

•  Earth’s effective temperature ��15°C  (due to albedo and greenhouse effect)  

•  Ice covered earth � -40°C
•  Aquaplanet (low albedo) � 27°C

  

⇒   Example Daisyworld: A simple energy balance model

( 1 – a ) S0  = ½ ( 1 + � ) � Te
4



Daisyworld

Examples from http://www.gingerbooth.com/flash/daisyball/DaisyBall.html 

Conceptual biophysical model of temperature control by land biosphere

(Watson and Lovelock, 1983)

Daisyworld

•  Zero-dimensional energy balance model

•  Earth surface described by three domains:

•  Ab, bare surface with albedo ab = 0.5

•  As, black daisies with albedo as = 0.25

•  Aw, white daisies with albedo aw = 0.75

•  Planetary albedo: ap = Ab ab + As as + Aw aw

•  Planetary temperature: � Tp
4 = {2 (1-ap)/(1+ �)} S0

•  “Mixing” of temperature over the three domains (l=b,s,w):

σ Tl
4 = R 2/(1+ τ) S0 (ap - al) + σ Tp

4

R describes the mixing:

•  R = 0: perfect mixing -> Tl = Tp,

•  R=1: thermic isolation of each domain (each domain is separately in radiative 
equilibrium)

Daisyworld

•  Growth model for the daisies:

Growth rate depends on local temperature Tl:

bl = 1 - 0.25 {(Tl-Topt)/(Tmax - Tmin)}2,

 for Tmin < Tl < Tmax

 0, else

Mortality rate: dl=const.

Equation for domain area for each daisy group (l = s,w):

dAl/dt = Al ( bl Ab - dl )

•  Assumption: there is always a minimal daisy domain (Al >= 0.01)

Daisyworld

Iterative computation of the planetary equilibrium temperature

1.  compute planetary albedo based on domain extent of the daisies

2.  compute planetary temperature

3.  compute temperature in each domain (depending on mixing parameter)

4.  compute growth rate for each daisy group

5.  compute change in domain for each daisy group

6.  repeat 1-5 until an equilibrium is established

Experiments:

•  varying solar luminosity from 0.6 to 1.7 times present day values

-> each point represents the equilibrium condition 

  growth rate = mortality rate for the daisies

•  different types of daisies



Neutral Daisies

temperature with bare soil
temperature with daisies

area with bare soil A=0.5

area with neutral dasies A=0.5

Effect of varying solar 
luminosity from 0.6 to 2 times 

present values.
Each point represents the
equilibrium condition, i.e. 

growth rate = mortality rate

Black and White Daisies

temperature with bare soil
temperature with daisies

area with bare soil A=0.5
area with black daisies A=0.25
area with white dasies A=0.75

Optically specific daisies
effectuate a stabilization of the 
planetary temperature near the 
temperature optimum for the 

daisies (~22°C) in a wide range 
of

solar luminosity values

6 Different Types of Daisies

temperature with bare soil
temperature with daisies

area with bare soil A=0.5
area with daisies 
A= 0.25 – 0.75

More daisy species result in a 
more uniform stabilization of 
the planetary temperature. 

Daisyworld

•  Daisyworld shows, that biophysical feedback processes can potentially 
modify the Earth System in a significant way. The biosphere has to be 
recognized as an integral component of the Earth System.

•  The plausibility of daisyworld (and similar feedbacks between biosphere 
and physical climate system) lead Lovelock to the formulation of the 
“Gaia” hypothesis - a disputed interpretation of the Earth System as a self 
regulating/self stabilizing “organism”

•  Daisyworld is an example of an optimization principle

•  Stabilizing feedback process: always greater stability with daisies than 
without 

•  Is daisyworld “realistic”? 

•  Is it an example for effects caused by biodiversity? 

•  online daisyworld simulator

http://www.gingerbooth.com/flash/daisyball/index.html



Albedo Effects

•  Snow/ice – albedo feedback

Warming (cooling) melts (freezes) ice which lowers (increases) albedo 
causing more warming (cooling)  –>  a positive feedback

•  Land-use change (e.g. forest clearance, farming) can also change the 
albedo

•  Forest albedo generally lower than cropland albedo ->  cooling

•  Enhanced effect in areas with snow cover

 –> Quantification of this effect on the global scale is difficult due to  
interaction with hydrological cycle

Earth’s Surface Energy Balance

50%
5% net  20%5% 25%

(Trenberth et al., 2009) 

Surface Energy Balance

QR 

QL QS 

QG 
QR = QL + QS + QG  

Surface Fluxes of Sensible and Latent Heat 
•  Sensible heat flux: Transport of thermal energy between surface and 

atmosphere

•  Latent heat flux: Transport of latent energy stored in atmospheric water 
vapour -> linked to evapotranspiration -> connection to hydrological cycle

•  Ground heat flux: Diffusion of thermal energy from surface into ground

•  Spatial variability of sensible and latent heat fluxes is related to 
•  distribution of incoming solar radiation
•  properties of the underlying heterogeneous land surface

•  Partitioning of the net incoming energy (net radiation) into latent and 
sensible heat fluxes is controlled by soil moisture -> Bowen ratio

Typical Bowen ratio (QS/QL) values:
   Semiarid regions: 5
   Grasslands and forests: 0.5
   Irrigated orchards and grass: 0.2
   Ocean: 0.1



Surface Fluxes of Sensible and Latent Heat 

QS = QH + QL + QG 

QS

QS

QL
QS

QS

QL

QL

QL

QR

QR

QR

QR

QG QG

QG QG

daytime
moist vegetated surface

nighttime
moist vegetated surface

daytime
dry desert

daytime
hot dry wind blowing over
moist vegetated surface

modified from (Stull, 1998)

Diurnal Cycle of Surface Energy Budget Components
Example for a typical summer day for wet and dry forest 

surfaces
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Seasonal Variation of Surface Energy Budget Components Land – Atmosphere Exchange
•  Response of land surface to net radiative heating is more 

complex due to heterogeneous surface properties (soil type, 
vegetation type, land use, topography)

•  Effective heat capacity of soils relatively small, only few 
percent of sea surface

•  Heat conduction through terrestrial surfaces is very small

•  Sensible and latent heat flux are of same order of magnitude

•  Changes in vegetation significantly alter surface conditions and 
the surface energy budget, leading to feedbacks to the 
atmosphere

•  Biophysical effects of vegetation:
•  Optical properties -> albedo -> surface energy balance
•  Conductivity for water and water storage capacity in root system 

-> evapotranspiration -> hydrological cycle
•  Plant structure -> roughness -> impact on near surface windspeeds



Ocean – Atmosphere Exchange

•  World oceans play a huge role in the surface energy 
budget

•  Water surfaces have large effective heat capacities

•  Turbulence in the oceans quickly mixes heat throughout 
the top layer 

•  Relatively low albedo -> more absorption of radiation 
energy than on land

•  Latent heat flux dominates-> evaporation -> link to 
hydrological cycle

Atmospheric Boundary Layer

where the exchange between earth surface and atmosphere happens

Atmospheric Boundary Layer: Definition and Scale

•  ”…that part of the troposphere that is directly influenced by the 
presence of the earth's surface, and responds to surface forcings 
with a time scale of about an hour or less.” (Stull, 1988)

•  Boundary layer depth is variable, typically between 100-3000 m

 (Stull, 1988)

Importance of the Atmospheric Boundary Layer

•  Interface between atmosphere and ocean / land / ice 
−> flux transfer and feedback

•  We humans influence the ABL
•  Release of greenhouse gases

•  Release of pollutants, e.g. aerosols

•  Change of land cover, e.g. deforestation and afforestation

  



Atmospheric Boundary Layer Characteristics

•  Main processes are radiation, turbulence, buoyancy, shear

•  Little solar radiation is absorbed in the ABL – most is transmitted to the 
ground where typically much of the solar energy is absorbed

•  The ground warms and cools in response to the radiation (heating during 
daytime, radiative cooling during night)

•  In response to the surface forcing, the ABL forms a characteristic vertical 
structure with a characteristic diurnal cycle (evolution of the ABL)

•  The diurnal variation is not caused by direct forcing of radiation on the 
ABL

•  Indirectly the whole troposphere changes in response to surface 
characteristics – but this response is relatively slow outside the ABL

Forcing Mechanisms in the Boundary Layer

Turbulence mostly generated by forcings from the 
ground: 

•  Thermal forcing:
•  Solar heating of the ground during sunny days causes thermals 

of warmer air to rise because they are less dense than the 
surrounding air (buoyancy)

•  Mechanical forcing:
•  Frictional drag on the air flowing over the ground causes wind 

shears to develop, which frequently become turbulent

•  Obstacles like trees and buildings deflect the flow, causing turbulent 
wakes adjacent to and downwind of the obstacle

Boundary Layer Depth

•  Over oceans
•  slowly varying sea surface temperature -> slowly varying BL depth

•  most changes caused by synoptic processes, e.g. advection of different 
air masses

•  Over land
•  large spatial and temporal variations because surface conditions vary 

rapidly in space (topography, land cover) and time (diurnal variation, 
seasonal variation)

•  influenced by synoptic systems

•  well defined structure of BL only in high pressure regions 

  

Synoptic Scale Variations
•  High pressure systems

•  BL shallower due to subsidence and low level divergence
•  often associated with cloud-free regions

•  Low pressure systems
•  low level convergence -> upward transport of boundary-layer air to 

higher altitudes
•  difficult to define boundary layer top
•  cloud base often used as arbitrary cut-off for boundary layer

 (Stull, 1988)



Thermodynamic Variables to Characterize the ABL

•  Temperature T

•  Specific humidity q

•  Virtual temperature Tv

•  Potential temperature �

•  Virtual potential temperature �v

* adiabatic = without exchanging heat with its surroundings 

Tv = T (1+0.61q) Temperature at which dry air has the same 
density as moist air at the same pressure

q = �wv / �

Temperature that an air parcel with 
temperature T and pressure P would have 
if brought adiabatically* to the pressure of 

P0=1000hPa

� = T (P0/P)R/cp = T (P0/P)0.286

�v = � (1+0.61q)

Adiabatic Lapse Rate
•  Change in temperature of an air parcel as it 

moves upwards (or downwards) without 
exchanging heat with its surroundings

•  Dry adiabatic lapse rate for dry, unsaturated 
air (relative humidity < 100%)
Γd = - dT/dz = g/cp= 9.8 K km-1

•  Moist adiabatic lapse rate for air saturated 
with water vapour

•  Latent heat is released when water 
condenses during the rise of a saturated air 
parcel  
->   Γs < Γd  (Shodor Education 

Foundation)

Adiabatic Lapse Rate and Atmospheric Stability 
•  Static stability for unsaturated air

•  Neutral  <=>  dry adiabatic lapse rate Γ = Γd  
•  Stable  <=>  subadiabatic lapse rate Γ < Γd   
•  Unstable  <=>  superadiabatic lapse rate Γ > Γd  

Γ environmental temperature lapse rate
Γd dry adiabatic lapse rate

Temperature
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�d�
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TB TA

�d �

stable unstable

d�v / dz = 0

d�v / dz < 0

d�v / dz > 0 

stable

neutral

unstable

-> convection

Atmospheric Boundary Layer �

Temporal evolution of the boundary layer in high pressure regions over land

 (Stull, 1988)

Diurnal Cycle



(Jacobson, 1998; Stull, 1988)

daytime nighttime

Atmospheric Boundary Layer�
Diurnal Cycle

Daytime Boundary Layer

•  Surface layer
•  Ca. 10% of boundary layer

•  Gradients of temperature, moisture and winds can be very large

•  Convective mixed layer
•  Heat, moisture and momentum are uniformly mixed
•  Turbulence within the mixed layer is mainly convectively driven from 

two main sources:
•  Heat transfer from the warm ground and convective transport of 

this heat by thermals up into the mixed layer
•  Radiative cooling from the top of the cloud layer creating "upside 

down" thermals of cool, sinking air.
•  Wind shear can also generate mechanical turbulence within the mixed 

layer

Daytime Boundary Layer

•  Entrainment zone
•  A Stable layer above the mixed layer

•  acts as a lid to rising thermals

•  often  an inversion layer

Daytime Boundary Layer



 (Stull, 2000)

Surface Layer

Mixed Layer

Entrainment Zone

Free Atmosphere

typical vertical profiles

Temperature Potential 
Temperature

Specific 
Humidity

Wind

Daytime Boundary Layer Nighttime Boundary Layer

•  Around sunset thermals in the convectively mixed boundary layer shut off 
as the surface is cooling

•  Stable (nocturnal) boundary layer 
•  Shallow stable layer of air forms that is in direct contact with the 

ground (0-200 m deep)

•  Strong static stability

•  Weak/sporadic turbulence can occur – often in short bursts

•  Weak/calm winds at the surface

•  Residual layer
•  can be thought of as a leftover convective mixed layer

•  has all the properties of the recently decayed convective mixed layer

Nighttime Boundary Layer

 (Stull, 2000)

Stable 
Boundary Layer

Residual Layer

Caping Inversion

Free Atmosphere

typical vertical profiles

Temperature Potential 
Temperature

Specific 
Humidity

Wind

Nighttime Boundary Layer



CO2 in the Boundary Layer

(Jacobson, 1998; Stull, 1988)

daytime nighttime

CO2

CO2 in the Boundary Layer�
Diurnal Rectifier Effect 
Day 

Net surface CO2 uptake 

Deep turbulent mixing 

è Low CO2 concentration   
 in the PBL 

Night 

Net surface CO2 release 

Shallow turbulent mixing 

è High CO2 concentration 
 near the surface 

 modified from (Denning et al., 1996) 
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CO2 in the Boundary Layer

Vertical mixing in transport models is one of the major 
sources of uncertainty in CO2 simulations

-> Mismatch between simulated and observed CO2 at 
ground level sites

Assessing this uncertainty (R. Kretschmer et al.):

•  Uncertainty characterization of tracer vertical mixing in 
the meso scale atmospheric transport model WRF-VPRM

•  Using the mixed layer depth to diagnose imperfect 
vertical mixing



Vertical Mixing of CO2 in the Boundary Layer: �
Conceptual 1D Model

(Kretschmer et al., ACP, 2012)

CO2 surface flux
NEE

Mixed layer height

Mixed layer height�
with 30 % low bias

Input

Vertical Mixing of CO2 in the Boundary Layer: �
Conceptual 1D Model

Vertical CO2 profile�
from integrated mass 
continuity equation

CO2 profile calculated 
with 30 % low bias in �

mixed layer height

Mixed layer height

Mixed layer height�
with 30 % low bias

(Kretschmer et al., ACP, 2012)

provided by Roberto Kretschmer

Vertical Mixing of CO2 in the Boundary Layer: �
Conceptual 1D Model

Vertical CO2 profile�
from integrated mass 
continuity equation

CO2 profile calculated 
with 30 % low bias in �

mixed layer height

Mixed layer height

Mixed layer height�
with 30 % low bias

Simulated Boundary Layer Depth 
•  BL depth difference between two boundary layer schemes in WRF

(Kretschmer et al., ACP, 2012)

0 UTC
monthly 
averaged

13 UTC
monthly 
averaged

0 30050 100 150 200 250 (m)

0 600100 200 300 400 500 (m)

Simulation 
period: August 

2006

10x10 km grid



Simulated Boundary Layer CO2 
•  Boundary layer CO2 difference for two BL schemes in WRF

(Kretschmer et al., ACP, 2012)
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Turbulence

how the exchange between earth surface and atmosphere happens

Turbulence
•  Exchange between surface and atmosphere occurs mainly 

through turbulent mixing in the boundary layer
•  Near the surface turbulence creates vertical motions
•  Vertical transport by turbulence > vertical transport by 

mean flow
 

Wind speed 
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Heat 
Water vapor 

Momentum 

Turbulence 

Mean flow 
Eddies 

Generation of Turbulence in the ABL

•  Thermal forcing: 
caused by change of mean temperature in the vertical 
direction
e.g. surface heating causes buoyoancy
-> convective instability  

•  Mechanical forcing: 
caused by change of mean wind in space
e.g. surface friction causes wind speed to become zero 
near ground
-> shear instability  

 



Characteristics of Turbulence

•  Unsteady
•  3-dimensional
•  Random-like, chaotic, but coherent structures
•  Turbulence increases mixing rates
•  Can be visualized as consisting of irregular swirls of 

motion (eddies)
•  Continuous spectrum of eddy sizes - from 100-3000 m 

to a few millimeters

�   Deterministic description of turbulence is difficult
�   Turbulence can only be treated statistically
 

Reynolds decomposition into mean and turbulent part
Within the boundary layer the instantaneous wind     can 

be decomposed into
a) mean component  

average over a time period of e.g. 1 hour
b) turbulent component

fluctuations from the mean

•  also applicable to temperature, moisture, pollutants

€ 

u 

€ 

ʹ u 		

€ 

u	 = 	u 	 + 	 ʹ u 
€ 

u

 (Stull, 1988)

a)

b)

u

ʹu

Reynolds decomposition into mean and turbulent part
a) mean component  

•  important for horizontal transport of quantities such as moisture, heat, 
momentum, and pollutants -> advection

•  typical wind speeds are 2-10 m/s

•  vertical mean winds are very much smaller, usually on the order of 
mm/sec to cm/sec near the surface

 (Stull, 1988)

a)

b)

u

ʹu

Reynolds decomposition into mean and turbulent part
b) turbulent component

•  can be visualized as consisting of irregular swirls of motion called eddies

•  consists of many different size eddies superimposed on each other 

•  vertical transport of moisture, heat, momentum, and pollutants is 
dominated by turbulence

 (Stull, 1988)

a)

b)

u

ʹu



Reynolds Decomposition
•  Separate mean and turbulent components

•  Average over a time period, e.g. 1 hour 

•  Averaging rules

=>  covariances

		

€ 

u	 = 	u 	 + 	 ʹ u 

		

€ 

u = u 
ʹ u = 0
(v 	 ʹ u ) = v	 ʹ u = 0
(v	u) = (v 	 + ʹ v )	(u + ʹ u ) = (v 	u + ʹ v 	u + v 	 ʹ u + ʹ u 	 ʹ v ) = v 	u 	 + 	 ʹ v ʹ u 

€ 

ʹ v ʹ u ≠ 0

similar for

		

€ 

Θ
V
=Θ

V
	 + 	 ʹ Θ 

V

q	 = 	q 	 + 	 ʹ q 
	 c	 = 	c 	 + 	 ʹ c 
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Turbulent Fluxes

•  Covariances can be interpreted as turbulent fluxes, e.g.
•  vertical eddy heat flux  ~

€ 

ʹ w ʹ θ 
V

Turbulent Fluxes
unstable environment

e.g. daytime
stable environment

e.g. nighttime

net upward
heat flux

net downward
heat flux

=> Turbulence tends to homogenize the boundary layer
 (Wallace&Hobbs, 2006)

Turbulent Fluxes
•  Covariances can be interpreted as turbulent fluxes

•  vertical eddy heat flux  ~

•  vertical eddy moisture flux  ~

•  vertical eddy momentum flux  ~

•  vertical eddy tracer flux  ~

•  x-direction eddy heat flux  ~ 

   …

•  vertical turbulent fluxes  >>  vertical advective fluxes

•  horizontal turbulent fluxes  <  horizontal advective fluxes

=> Eddy covariance method to measure vertical fluxes 
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ʹ w ʹ q 
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V
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ʹ w ʹ u 

Sensible heat flux 

Latent heat flux

Momentum flux

QH = ρ cp ʹw ʹθV
QE = ρ Lv ʹw ʹq
τ x = −ρ ʹw ʹu



Description of Turbulence (in Models)
•  Large-scale atmospheric circulation: 

5 fundamental equations (conservation of mass, momentum, heat and water vapor)

5 unknowns (p, u, v, T, q) 
⇒   we can solve the equations to get the unknowns

•  Turbulent motions: 
4 more unknowns (eddy fluxes of u, v, T, q)
⇒   fewer fundamental equations than unknowns

�  No analytic solution

�  Additional laws to match the number of equations with 
the number of unknowns: turbulent closure problem

�  Approximate the additional unknowns in terms of known 
quantities

Turbulence Closures

•  Zero-order closure
=> parameterize                                             Similarity Theory    

•  First-order closure�
=> parameterize                         etc.              K-Theory

•  Second-order closure�
=> parameterize                            etc.

•  Higher-order closure schemes include equations for higher 
moments, e.g. prognostic equation for TKE

•  Local closure�
Parameterization based on known quantities at the same point

•  Non-local closure
Parameterization based on known quantities at many points in 
space 

€ 

ʹ u ʹ w , ʹ v ʹ w , ʹ w ʹ θ ,

€ 

u , v ,w ,θ , q 

€ 

ʹ u ʹ v ʹ w , 2ʹ v ʹ w , 2ʹ w ʹ θ ,

1
2

ʹu ʹu + ʹv ʹv + ʹw ʹw( )

Similarity Theory
•  Empirical relationships based on boundary layer observations

•  Used to derive zero-order closures (no prognostic equations for 
turbulence) 

•  Organization of variables into dimensionless groups

=>  Find universal relationships

=>  Find scaling laws

Example:

•  Logarithmic wind profile in the surface layer

•  Frictional drag causes wind speed to �
become zero at the surface

•  Estimate mean wind speed as function of height

 

•  Many more similarity relationships and scaling variables exist

u
u*
=
1
k
ln z

z0

⎛

⎝
⎜

⎞

⎠
⎟

k van Karman constant
u* friction velocity
z0 roughness length

=> velocity scale
=> length scale

Wind Speed Profile

•  Depends on static stability

•  Logarithmic profile in neutral situations

•  Deviates slightly from logarithmic for non-neutral situations

 (Stull, 1988)



Roughness Length

•  Aerodynamic roughness length zo

•  Defined as height where wind speed becomes zero

•  Defined from observations of wind speed at two heights

•  Not equal to the height of individual roughness elements, 

but one-to-one relation

•  Does not change with wind speed, temperature, etc.

 (Stull, 1988)

Roughness Length
•  Typical values

•  Charnock’s relation for sea surface 
z0 = 0.015

u*
g

⎛

⎝
⎜

⎞

⎠
⎟

z0	(m)	 Landscape	examples	

0.0002	 calm	sea,	snow-covered	flat	plain	

0.005	 beach,	snow-covered	field	

0.03	 grass	land,	tundra	

0.1	 low	crops,	single	bushes	

0.25	 high	crops,	sca?ered	trees		

0.5	 mixed	fields,	forests,	sca?ered	buildings	

1.0	 mature	forest,	villages	

>2	 irregular	forest	with	clearings,	large	ciCes	

2

Friction velocity
•  A measure of the surface stress reflecting the effects of 

surface roughness and wind velocity

•  Velocity scale for neutral conditions in the surface layer 
when turbulence mostly mechanically generated
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� surface stress
    drag force per unit surface area

� air density

K-Theory
•  Local first-order closure

•  Down-gradient transport

•  Analogy to molecular diffusion

•  Effect of turbulence can be represented as increased viscosity

•  Flux proportional to local gradient, e.g.

sensible heat flux

  

latent heat flux with eddy diffusivity K
 

   

momentum flux

K varies as turbulence varies

=> Parameterization of K

QH = ρ cp ʹw ʹθ = − ρ cpKH
∂θ
∂ z

τ = ρ ʹu ʹw = −ρKM
∂u
∂ z

QE = ρ Lv ʹw ʹq = − ρ LvKW
∂q
∂ z



K-Theory
•  Parameterization of K 

•  Prandtl’s mixing-length theory as parameterization for K

•  mixing length      represents average size of eddies

•  in the surface layer approximated by  l=k z  with k=0.4 von Karman 
constant

•  more complex parameterizations of K needed in the mixed layer 

•  Many parameterization for K exist

•  K-theory not valid for counter-gradient transport

•  Not recommended for use in convective boundary layer

-> Higher-order closure needed
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l = ( 2z' )12

€ 

K = l 2 ∂v 
∂z

Diagnosing Turbulence
•  Turbulence can be mechanically generated by wind shear

•  Turbulence can be generated or suppressed by buoyancy

•  Richardson number: 

reduction of turbulence by static stability 

   

generation of turbulence by shear  

•  Critical Richardson number Ric=0.25
•  Turbulence exists for Ri < Ric

•  Bulk-Richardson number often used to diagnose the depth of the mixing 
layer 

€ 

Ri =

g
θ

V

∂θ
V

∂z
∂u 
∂z
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 
2

+
∂v 
∂z
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 
2

Simple Parameterisation of Surface Fluxes
•  Bulk aerodynamic formulas:

indirect calculation using observations at the surface and standard heights 

•  Sensible heat flux

QH =  ρ CH cp |u| (Tsurface - Tair) 

•  Latent heat flux

QE =  ρ CE Lv |u| (qsurface - qair)

•  Magnitude of the fluxes is related surface wind speed

•  Stronger winds cause larger flux

•  Bulk formular for latent heat (evaporation) often used over ocean

•  CH and CEincrease with increasing mechanical turbulence (roughness length)

decrease with increasing statibility 

CH 	flux	transfer	coefficient	for	heat	
CE 	flux	transfer	coefficient	moisture	
u 	surface	wind	speed	
Tsurface 	surface	temperature	
Tair		 	air	temperature	
Lv 	is	latent	heat	of	water	vapor		
qsurface 	surface	specific	humidity	
qair	 	surface	air	specific	humidity	
cp 	heat	capacity	of	air	
ρ 	air	density	
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Further Questions?

1.  Global aspects of the exchange of energy, water, and substances �
between earth surface and atmosphere 

2.  Atmospheric Boundary Layer �
where the exchange happens…

3.  Turbulence�
how the exchange happens…


