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Planetary Boundary Layer (PBL) 

The Atmospheric Boundary Layer (ABL), or Planetary Boundary 
Layer (PBL), is defined as the lowest 1-2 km of the atmosphere, the 
region most directly influenced by the exchange of momentum, heat 

and water vapor at the Earth’s surface. 

The remnant of the atmosphere above is termed “free” atmosphere.

• heat transfer from/to the ground
• evapotranspiration
• frictional drag
• pollutant emissions
• flow modification due to topography

The typical time scale of the ABL is one hour or less, while typical
spatial scales are a few kilometers.



PBL – Importance and applications

 It is the part of the atmosphere where we live

 Almost 50% of the turbulent kinetic energy is dissipated in the
PBL

 Turbulent transport and advection move water and oxygen
to/from plants

 Location of source and sink of many trace gases (e.g. CO2, ozone,
methane, water vapor), dust and pollutants

 It is very important for mesoscale weather conditions and
climate change

 Atmospheric transport and diffusion of pollutants (local, urban
and regional air quality)

 Mesoscale meteorology

 Urban planning, through flow dispersion around buildings,
prediction and abatement of pollutant gases, prediction of road
surface temperatures, icing and optimal design of structures and
buildings;

 Optimal design of wind turbines



Structure of PBL (1)



Daily evolution of PBL

1. During daytime: radiation coming from the sun passes through the
atmosphere. The soil warms up and a mixed layer forms and grows during the
morning.
2. One or two hours before sunset: the surface emits more energy than it
receives, and convective turbulence is no longer fed by the ground.
3. During nighttime: the ground continues to radiate more infrared energy
upward than it receives from the overlying atmosphere. The air above it gets
colder and colder, generating a layer of cold (denser) air below a layer of
warmer (lighter) air, giving rise to the stable stratified layer.



Vertical structure of PBL 



Turbulent tranport

• Eddy – gusts, swirls of wind in the vertical plane caused by
turbulence

• Carry heat, momentum, water vapor, CO2 etc
• As large as the boundary layer, as small as a few molecules.

 Mechanical turbulence (wind-related)

 Thermal turbulence (temperature-related)



Mechanical and thermal turbulence

MECHANICAL TURBULENCE

 Shear stress

 Directional shear

 Surface frictional effects

THERMAL TURBULENCE

 Density depends on temperature (ideal gas law)

PV=nRT P=ρRT ρ=P/RT



Buoyancy in fluids

Parcel colder

than environment

Parcel warmer

than environment



Adiabatic and environmental lapse rate

Adiabatic lapse rate:

Rate of temperature change that an air parcel experiences as it
changes elevation without any heat exchange.
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Environmental lapse rate:

Actual rate of temperature change with height of the current
atmosphere.
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1. Unstable conditions: usually daytime, caused by swirling eddied rising off
the heated surface because they are more buoyant than surrounding air.

2. Stable conditions: usually at night, only mean wind and waves, little
turbulence causes only horizontal transport. Stable air provides excellent
conditions for high pollution levels.

3. Neutral conditions: upper PBL at night, turbulence at equal intensity in all
directions.

Atmospheric stability
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Vertical structure of PBL 



Urban Boundary Layer (UBL)

The urban boundary layer (UBL) is the part of ABL in which 
most of the Earth’s population live and is one of the most complex 

and least understood topic in environmental fluid mechanics. 

UBL characteristics are strictly linked to weather conditions,
urban texture and exchanges of mass, momentum, heat and
moisture between the urban canopy and the overlying air layers.



Vertical structure of UBL

 urban canopy layer (UCL): the layer between the average
height of the buildings and the surface

 roughness sublayer (RSL): the layer adjacent to the surface
wherein the flow is strongly influenced by individual
roughness elements and, hence, shows a full three-
dimensional structure

 constant flux layer (CFL): extends from the top of the
roughness sublayer to a few hundred meters above the
surface. It is characterized by a nearly constant distribution of
turbulence fluxes and the logarithmic velocity profile



Vertical wind profile (1)

𝑈(𝑧) =
𝑢∗
𝑘
ln

𝑧

𝑧0

z height
𝑢∗ friction velocity (i.e. the scaling velocity, which is related to the 
drag force at the surface) 
k=0.41 von Karman constant
𝑧0 aerodynamic roughness length

Wind profile over flat terrain



Aerodynamic roughness lenght 𝑧0

Class Terrain 𝐳𝟎 [𝐦] 

I 
muddy terrains, wetlands, icepack 10-5  3 10-5 

water areas* 3 10-5  0.0002 

II sand 0.0002  0.001 

III airport runway areas, mown grass 0.001  0.01 

IV 
farmland/airports with very few trees, buildings, 

etc. 
0.01  0.04 

V many trees and/or bushes 0.04  0.1 

VI forecasts, suburbs 0.1  1 

VII cities 1  4 

* air and sea form a dynamically coupled system, the determination of the roughness length of open 

sea and water surfaces is usually obtained by models taking into account shapes and dimension of the 

waves. 

 

Classification of terrain based on roughness length, adopted by 
European Wind Atlas (1989)



Vertical wind profile (2)

𝑈(𝑧) =
𝑢∗
𝑘
ln ቆ ቇ

𝑧 − 𝑑0
𝑧0

𝑑0 zero displacement height, i.e. the effective height of the ground 
due to the vertical flow displacement through the canopy

Wind profile over complex terrain



Zero displacement height 𝑑0

Zero displacement height for different surfaces (from Monteith 
and Unsworth, 1990)

Terrain 𝐝𝟎 [𝐦] 

water not available 

sand not available 

grass 0.070.66 

crops < 3 

orchards < 4 

deciduous forests < 20 

conifer forests < 30 

 



Flow around an isolated building (1) 

The shear in the approaching flow causes a downward flow over the lower
portion of the upwind façade of the building and a “horse-shoe vortex” at
the upwind base, which wraps around the building near the ground
extending also further downstream.
The flow separates at the upwind edges, producing separation zones on the
roof top and on the lateral sides of the building.
At the downwind edges the flow separates again, producing a cavity region
and the associated bow vortex. The flow there interacts with the current
merging from the roof and the side walls as well as with the horseshoe
vortex.

horse-shoe vortex

separation zones
bow vortex



Flow around an isolated building (2) 

Sketch of the flow patterns around an isolated cubic building along a
horizontal plane in the case of approaching wind a perpendicular to a façade
and b forming an angle of 45° with the façade.



Urban Street Canyon

reduction of the values of the concentration inside the street canyon. 

 

 

  

Figure 3.2: Examples of real urban street canyons, in Chicago and New York. 

It is the basic geometric unit of urban areas and can be defined as a 
quasi-narrow street between buildings that line up continuously 

along both sides. 

It is assumed as an archetype for more complex and realistic
urban fabrics because of its simple and versatile representation.



Flow regime in 2D street canyons

ASPECT RATIO:  
AR=W/H
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Flow in 2D street canyons (1)

Sketch of flow topology inside a 2D street canyon with external wind
perpendicular to the street axis (from left).

AR=1 AR=2

AR=0.75 AR=0.5 AR=0.25



Flow in 2D street canyons (2)

Sketch of flow topology inside a 2D
street canyon in the case of external
wind not perpendicular to the street
axis.

Streamlines of the velocity magnitude for different aspect ratios (AR) and relative
height (R) of the buildings.

AR=2 AR=0.75 AR=0.25 AR=2 AR=0.75 AR=0.25



Flow regime in 3D street canyons (1)

PLANAR AREA INDEX:

SKIMMING FLOW     
λp< 0.13

WAKE-INTERFERENCE 
REGIME

0.13  λp  0.35

ISOLATED ROUGHNESS 
FLOW

λp > 0.35

Mean λp value for European cities ≈ 0.33 



Flow in 3D street canyons (2)

a Sketch of archetypal an array of cubes usually adopted in CFD simulations
and laboratory experiments
b instantaneous snapshot of the velocity field  obtained for a staggered
building array with 𝜆𝑃 = 0.25



Flow in 3D street canyons (3)

Streamlines along horizontal planes for aligned and staggered regular arrays of 
cubical buildings for two directions of the approaching flow 



Wind in PBL

Wind – 3 components:
1. Mean wind
2. Waves
3. Turbulence

 Mean wind dominates horizontal transport.
 Turbulence dominates vertical transport.



Dispersion and stability



Dispersion in 2D street canyon



Dispersion and velocity in 2D street canyon


