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1. Introduction1. Introduction

Changes in flow structure as a function of speed U. 
a) Stationary trail, b) and c) periodic unsteady trail 
d) turbulent trail

Turbulent trail of a cylinder
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1. Introduction1. Introduction

Turbulence can easily be seen in the clouds ...
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2. Turbulence in the ABL2. Turbulence in the ABL

“Aim” of turbulence: removing heterogeneities 
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2. Turbulence in the ABL: 2. Turbulence in the ABL: ABL vs free atmopshereABL vs free atmopshere

Property Boundary Layer  Free atmosphere

Turbulence
Almost continuously turbulent over its 
whole depth

 

Turbulence in convective clouds

Sporadic clear atmosphere turbulence in thin 
layers of large horizontal extent

Friction
Strong drag against the surface
Large energy dissipation

 
Small viscous dissipation

 

Dispersion
Rapid horizontal and vertical turbulent 
mixing 

 Small molecular diffusion
Often rapid horizontal transport by wind 

Winds

Near logarithmic wind speed profile in 
the surface layer
Sub-geostrophic, cross-isobaric flow 
common

 Nearly geostrophic

Vertical 

transport
Turbulence dominates  Mean wind and cumulus-scale dominate

Thickness

Varies between 100 m and 3 km in time 
and space
Diurnal oscillations over land

 
Less variable
8-19 km
slow time variations
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2. Turbulence in the ABL: 2. Turbulence in the ABL: properties and originproperties and origin

 Transmit to the atmosphere the variable characteristics of the Earth’s surface

 Vertical (temperature) and horizontal mixing (wind)

 Random, fast irregularities (non-linear effects and unsteadyness) of atmospheric quantities resulting 

from the superposition of swirling motions (eddies) of different time and spatial scales

Momentum flux

Sensible flux

Latent flux

TKE
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2. Turbulence in the ABL: 2. Turbulence in the ABL: role and definitionrole and definition

Synoptic scale 

(i.e. mean wind)

Mesoscale 
(i.e. gravity waves)

Small scale 
(i.e. turbulent eddies)

Components of the airflow
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2. Turbulence in the ABL: 2. Turbulence in the ABL: role and definitionrole and definition

 Reynolds number

where:

ρ is the density of the fluid (SI units: kg/m3)
u is the flow speed (m/s)
L is a characteristic linear dimension (m)
μ is the dynamic viscosity of the fluid (Pa·s or N·s/m2 or kg/(m·s))
ν is the kinematic viscosity of the fluid (m2/s).

Re=
inertia force

viscous / friction force
= dynamic pressure

shearing stress

hydrodynamic instabilities (wind shear)
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2. Turbulence in the ABL: 2. Turbulence in the ABL: role and definitionrole and definition

hydrodynamic instabilities (wind shear)

Kelvin-Hemlholtz waves

Atmospheric tropical cyclone Re~ 1 x 1012
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2. Turbulence in the ABL: 2. Turbulence in the ABL: role and definitionrole and definition

thermal instabilities (temperature stratification)
Rayleigh number 
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2. Turbulence in the ABL: 2. Turbulence in the ABL: production of a range of scalesproduction of a range of scales
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2. Turbulence in the ABL: 2. Turbulence in the ABL: Richardson’s energy cascadeRichardson’s energy cascade

Lewis Fry Richardson
1881-1953

big eddies lesser eddies
energy 
transfer

little eddies

Production Dissipation

Dissipative rangeInertial ranges

energy 
transfer

Viscosity is 
dominating
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2. Turbulence in the ABL: 2. Turbulence in the ABL: Kolmogorov theory (1941)Kolmogorov theory (1941)

Injected energy per mass unit 
(thermal/hydrodynamic instability)

Transferred energy per mass unit

Dissipated energy per mass unit
(viscous dissipation)

For a plane of 10m flying at 250m/s: Re ~ 100 meaning η ~ 1 cm 

Explicitly resolved by climate models

Parametrised by climate models
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2. Turbulence in the ABL: 2. Turbulence in the ABL: Spectral gapSpectral gap

Rossby 
waves

Diurnal
oscillations

Turbulence

[J/Hz]

[Hz]

Explicitly resolved by climate models Parametrised by climate models
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3. Daily cycle of the boundary layer3. Daily cycle of the boundary layer
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3. Daily cycle of the boundary layer3. Daily cycle of the boundary layer

CM = mixing layer
CLS = stable boundary layer
CR = residual layer
AL = free atmosphere

Free or forced 
convection

Stable layer

Profile of the virtual potential temperature 

Only true if anticyclonic condition !!

stable

neutral

unstable

Day Night

Stable boundary layer
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3. Daily cycle of the boundary layer3. Daily cycle of the boundary layer

At noon, if anticyclonic conditions, ...
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3. Daily cycle of the boundary layer: pollutant3. Daily cycle of the boundary layer: pollutant

During night ...
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3. Daily cycle of the boundary layer: low level jet3. Daily cycle of the boundary layer: low level jet

Low level jet: decrease of drag during night due to very stable boundary layer

Low level jet
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3. Daily cycle of the boundary layer: low level jet3. Daily cycle of the boundary layer: low level jet
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4. Turbulence closure4. Turbulence closure
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4. Turbulence closure: 4. Turbulence closure: Reynolds decompositionReynolds decomposition

30-min averages (typically) to isolate turbulent fluctuations 

Covariances = turbulent fluxes (2nd order moments)

turbulence contributionmean windinstantaneous wind
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4. Turbulence closure: 4. Turbulence closure: covariancecovariance
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4. Turbulence closure: 4. Turbulence closure: covariancecovariance

Unstable ABL Stable ABL

Upward heat transport Downward heat transport

wind

Downward momentum transport
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4. Turbulence closure: 4. Turbulence closure: covariancecovariance

 Reynlods decomposition into a mean field and a fluctuating field add unknowns to the system

 The number of unknowns is larger than the number of equations

 When we start deriving equations for unknowns, more variables appear

Closure problem:
Total statistical description of turbulence requires an infinite set of equations
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4. Turbulence closure: 4. Turbulence closure: the closure problemthe closure problem

Solution:
Use only a finite number of prognostic equations and approximate the remaining 
unknowns.

 Closure approximations are named according to the highest order prognotic equations 

are retained 

ex: 1st order closure = prognostic equation for the mean variables, approximation for the 2nd moments

 Approximations made using the derivated quantities of moments of lower order. 
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4. Turbulence closure: 4. Turbulence closure: the K-theorythe K-theory

K-theory : Parametrizing the turbulent fluxes as proportional to local gradients (~ Fick law)

Molecular diffusion K-theory

generalized by

K: eddy viscosity, eddy diffusivity, eddy-transfer coefficient, turbulent-transfer coefficient...
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4. Turbulence closure: 4. Turbulence closure: properties of eddy diffusivitiesproperties of eddy diffusivities

Molecular diffusion K-theory

generalized by

How to determine K?
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4. Turbulence closure: t4. Turbulence closure: the mixing length theoryhe mixing length theory
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5. Local winds and circulations5. Local winds and circulations

Sea breeze
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5. Local winds and circulations: sea breeze5. Local winds and circulations: sea breeze
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5. Local winds and circulations: sea breeze5. Local winds and circulations: sea breeze

In Belgium … as observed

Due to the sea breeze

Due to the latitude + 
more “continental” climate
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5. Local winds and circulations: valley breeze5. Local winds and circulations: valley breeze
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5. Local winds and circulations: katabatic wind5. Local winds and circulations: katabatic wind

Wind turbines in Wallis (Switzerland) Wind turbines in Wallis (Switzerland) 

x Martigny
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5. Local winds and circulations: Valley + sea breeze5. Local winds and circulations: Valley + sea breeze

As simulated by MAR...
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5. Local winds and circulations: katabatic wind5. Local winds and circulations: katabatic wind

Correlation with Belgian wind speed (-)

Mean wind speed (m/s)
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5. Local winds and circulations: katabatic wind5. Local winds and circulations: katabatic wind

Katabatic wind

Katabatic winds are the result 
of heat transfer processes
between the cold ice cap and 
the warmer air mass above it. 

When the air mass 
temperature is higher than 
that of the ice sheet, the 
former is cooled down by 
radiation, thus the air density 
increases forcing it down the 
sloping terrain.

The flow of katabatic winds is 
driven by gravity, temperature 
gradient and inclination of the 
slope of the ice sheet.
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5. Local winds and circulations: katabatic wind5. Local winds and circulations: katabatic wind

40/55

Pure katabatic wind

Real katabatic wind 
(deviated on its right due 
to the Coriolis force 
+ Ekman)

Island Low Pressure

Synoptic wind due to the

In this area, combination of 
both katabatic and synoptic 

winds
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5. Local winds and circulations: katabatic wind5. Local winds and circulations: katabatic wind

Wind turbines in Greenland: Wind turbines in Greenland: https://www.katabata-project.uliege.be/https://www.katabata-project.uliege.be/

https://www.katabata-project.uliege.be/
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5. Local winds and circulations: Ekman Layer5. Local winds and circulations: Ekman Layer

Geostrophic wind

Coriolispressure 
gradient

wind flows parallel to the isobars

Ekman layer

Surface layer

ABL

Free atmopshere

H
ei

gh
t (

km
)

Effective friction
0

1

Depression in the Northern hemisphere. Windflow trajectory (black) as 
a resultant of pressure (blue) and Coriolis (red) forces.

Wind direction impacted by the surface...
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5. Local winds and circulations: Ekman Layer5. Local winds and circulations: Ekman Layer

Ekman-balanced wind

Coriolis

surface drag

pressure 
gradient

vertical rotation due the balance of surface 
drag by Coriolis forces

Atmospheric Ekman spiral 
matching the geostrophic 
flow in the free atmosphere

Geostrophic wind

Coriolispressure 
gradient

wind flows parallel to the isobars
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5. Local winds and circulations: Ekman Layer5. Local winds and circulations: Ekman Layer

Upwelling of cold water
favourable for fishing

Ekman transport at 45°
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5. Local winds and circulations: Ekman Layer5. Local winds and circulations: Ekman Layer

Occidental Sahara :

Azores High 
=> upwelling of cold water
=> very stable condition in surface
=> no precipitation along the coast
=> but a lot of fog 
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI)
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : energy fluxesenergy fluxes

Shortwave (SWD)Longwave (LWD)

Solar radiation trapping effect
+ low albedo

urban canyon albedo/effect but also cast shadows

Infrared trapping effect

cast shadows 
behind the 
building
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : energy fluxesenergy fluxes

Latent (LHF or LE)

Sensible (SHF or H)

Solar net

Soil net

 Latent heat flux (LHF) 
typically much smaller in 
a city

 Sensible heat flux (SHF) 
thus increases
 Also increases due to 

increased turbulence in urban 
environment

SHF ~ WS * Δ T

LHF ~ WS * Δ Q
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : energy fluxesenergy fluxes

Less water to cool the city during an heat wave ...



Xavier.Fettweis@uliege.be31/01/25 48/66

6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : energy fluxesenergy fluxes

•Local circulation develops

•Wind decreases overall

•Wind tunnels + Rugosity>>

Impacts on SHF and LHF
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : energy fluxesenergy fluxes

Anthropogenic heat (from combustion processes)Anthropogenic heat (from combustion processes)

 In wintertime: thermal rejection from heaters
 2 x energy received from sun

 In summertime: thermal rejection from coolers
 20% energy received from sun

 All year, thermal rejections of 
 Vehicle
 Industry
 Commerce
 ...
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : energy fluxesenergy fluxes

 Albedo (–; net solar radition ++)
 Conductivity of materials (G ++)
 Impermeability of materials (LHF --)
 Sensible heat flux (SHF ++)
 Rugosity (++; turbulence/mixing ++)
 Anthropogenic heat flux (AHF ++)

Urban Heat Urban Heat 
Island (UHI)Island (UHI)
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : temperaturetemperature
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : temperaturetemperature

 Annual scale :
 Temperature increase of ~+1°C warmer (depend on the city)

 During heatwave events :
 Temperature increase of more than 10°C

 Most significant heat island
 At night
 Clear sky conditions
 Calm wind
 Winter
 During the week
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : temperaturetemperature

Decrease of solar radiation due to pollution
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : temperaturetemperature

Heat islands noted in cities of only 1,000 people

Europe: warmer climate in winter 
and more isolated houses
than USA
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : temperaturetemperature

Atmospheric boundary layer (ABL/PBL): thickness of atmosphere of the same 
behaviours (due to mixing/turbulence) which are in contact with surface 
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : temperaturetemperature
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : moisturemoisture

 Relative humidity 6% lower
 Larger decreases in summer

 Cloud cover increases 10%
 Condensation nuclei

 Fog/smog more frequent

Urban modification of moisture
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : moisturemoisture

 Up to 10% higher in city
 Up to 33% higher within 50 km of city 

DOWNWIND

Urban modification of precipitation

Peak of precipitation after the city

Weekly signal
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : future projectionsfuture projections
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : future projectionsfuture projections

1981-2010 1981-2010

World + 2°C World + 2°C

Tmax>30°C

Tmax>30°C

Tmin>20°C

Tmin>20°C

+300 %
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : future projectionsfuture projections

1981-2010 1981-2010

Monde + 2°C Monde + 2°C

Été froid Été chaud

Été chaud

Étés caniculaires Tjja > AVE + 2 * STD

Tjja > AVE + 1 * STDTjja < AVE + 1 * STD
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : future projectionsfuture projections
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Significant increase of 
anticyclonic conditions in 
summer.
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : future projectionsfuture projections

Blue: observations
Colour: future projections (ssp370)
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : future projectionsfuture projections

SSP370 - Liège

Nbr of deaths in 
Belgium en 2020

Covid
(1ère vague) Covid

(2éme vague)

Canicule 
août 2020
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : mitigationmitigation

 Increase surface albedo of cities (solar radiation --)

– Highly reflective roofs

– Highly reflective roads
 Green and Blue infrastructures (latent heat flux ++)

– Vegetated roofs

– Vegetated facade

– Add some vegetated parks in cities

– Add some water bodies, ponds, lake ...
 Make the soils permeable (flood –- and LHF ++)

– Green parking lots
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6. Urban Heat Island (UHI)6. Urban Heat Island (UHI): : mitigationmitigation

Night temperature 

2
0
3
0

2
0
0
8

Decrease estimated between 2 and 3°C

            FORETS (A. Peter) 
+

 MATERIALS MORE REFLECTIVE (Transsolar) + Lakes

The great deal of the Parisian agglomeration
Le Grand « Pari » de l’agglomération parisienne 
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