
An introduction to the 

Atmospheric Boundary 

Layer

Text book references: And Introduction to Boundary Meteorology, R.B. Stull, chapter 1

Modelling wind and dispersion in urban environments



Learning Objectives:

• Explain what is the Atmospheric Boundary Layer (ABL) 

• Identify applications that rely on  the ABL 

• Distinguish the different Atmospheric Boundary Layer structures during the day. 

After this class, you will be able to:  
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During this class, you will perform the following activities:  

1. Think-pair-share 

2. Quiz multiple choice 

3. Picture prompt in groups 

4. One-minute notes (the muddiest point)

NO summative 

assignments
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What is the ABL?

divephotoguide.com

https://imaggeo.egu.eu/view/1259/

The ocean and the ABL are similar in a 

sense….

The ocean is to the aquatic life what the 

ABL is to the terrestrial life

http://divephotoguide.com
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Atmospheric/Planetary boundary layer

Free troposphere

What is the ABL?



bmeafl.com

• We, humans, spend our lives in the boundary layer 

• It is the part of the troposphere that is directly influenced by the Earth

What is the ABL?



What is the ABL?

• The ABL responds to surface forcing with time scales within 1hour or less 

• Some of the forcing are:  

1. Frictional drag (buildings) 

2. Evaporation and transpiration 

3. Heat transfer to/from the surface 

4. Pollutant emissions

• The ABL depth is variable with time, between 

few hundreds of meters up to 3km



What is the ABL?

• During the day/night the ground warms/

cools in response to solar radiation which 

forces changes in the ABL through fluxes 

and transport processes
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[Impact of WRF model PBL schemes on air quality simulations over Catalonia, 

Spain, Banks and Baldasano, Sci. Of . Total Env. 2016]



What is the ABL?

ABL Free Atmosphere

Almost turbulent constantly Mostly laminar; turbulence in convective clouds, 

and sporadic Clear Air Turbulence in thin layers of 

large horizontal extent
Strong drag (earth’s surface), large energy 

dissipation Small viscous dissipation

Rapid turbulent mixing in 3D Mean wind and cumulus scale dominate

Near logarithmic wind speed profile in the SFL; 

subgeostrophic, cross-isobaric flow is common Winds nearly geostrophic

Thickness varies between 100m-3km
Less variable (8????-18km); slow time 

variations



Questions so far?
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Winds in the ABL: turbulence
• Where do winds come from?

[Fichtl, G., Boundary Layer Meteorology, 1971]

https://www.youtube.com/watch?v=PDEcAxfSYaI
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Winds in the ABL: turbulence

• Mean wind: 

- Very important for horizontal transport 

(advection) of quantities (pollutants, heat, 

moisture, rain) 

- Friction decreases the wind at the surface, 

where is 0m/s to increase with height following 

a logarithmic profile

Depth of ABL (zG)

Earth's surface

[Fichtl, G., Boundary Layer Meteorology, 1971]

• Turbulence: 

- Dominates vertical transport and mixing of 

quantities such as pollutants, heat, moisture

• Waves: 

- Occur mainly at night time 

- Little transport of quantities as pollutants, heat 

and moisture 

- Efficient transport of energy and momentum
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Figure 3: Idealization of mean wind alone, waves alone and turbulence alone. In real world waves or turbulence
are superimposed to the mean signal.

1.2 Turbulent Transport

Turbulence can be visualized as consisting or irregular swirls of motion called eddies. It is usually formed
by many eddy sizes superimposed to each other, and their relative strength (energy) defines the turbulence
spectrum.

An example of the di�erent scales can be seen in the boundary layer: where solar heating of the ground
during sunny days causes thermals of warmer air to rise, these thermals are large eddies; instead the frictional
drag on the air flowing over the ground causes wind shears to develop, which often become turbulent. Objects
like trees or buildings can deflect the flow, breaking up the eddies and generating wakes adjacent to their
locations.

The largest eddies in the boundary layer can scale up to the depth of the layer, which is 100 to 3000 m in
diameter. Some examples are the ‘cats paws’ on surface lakes or smoke plumes. Smaller eddies can be seen in
the swirls of leaves and in the wavy motions of the grass, they feed from the larger eddies, they are much
weaker due to the dissipation e�ects of molecular viscosity (negligible for larger eddies).

1.3 Taylor’s Hypothesis

Taylor’s hypothesis appears due to the limitations on measuring eddy sizes in three dimensions at every
instant in time. Currently, we can measure fluctuations (turbulence) of a variable such as wind with a sensor
at a concrete location for finite period of time. However, as the eddies drift by the sensor, they may be
changing their characteristics such as size or shape. For example, taking temperature, we know that its change
with time and at any location is the sum of the total derivative (DT/Dt) and the temperature advection
(UÒT ):

ˆT

ˆt
= DT

Dt
≠ UÒT (1)

In the previous equation, the total derivative refers to the change in temperature of an air parcel (eddy) moving
past the sensor, such changes can be due to local processes such as radiation, condensation, compression,

3



Turbulence: is one of the biggest unresolved problems in classical physics 

- Chaotic system, highly sensitive to initial conditions 

- Governing equations (Navier-Stokes) are known, but they do NOT have analytical 

solution in turbulent flows

Characteristics

- 3D 

- Unsteady 

- Increases mixing and transport 

- Stochastic, randome, not coherent structures 

- Continuous spectrum from eddy-sizes

www.quantamagazine.orgwikipedia.org

Cloud bands on JupiterJetsTurbulence tip vortex

Winds in the ABL: turbulence

http://wikipedia.org
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• Reynolds number (1883): 

- Analysed experimentally in which circumstances the 

motion of water in parallel channels shall be direct or 

sinuous and the law of resistance in parallel channels

Density

Velocity
Length

Viscosity

chemistscorner.com

Winds in the ABL: turbulence

27 

The Reynolds number 

Re = ρVc
µ

Inertial forces 
Viscous forces 

~ 
ρ density 
V velocity scale 
c length scale 
µ dynamic viscosity 

Re < 3000: laminar 
Re > 3000: turbulent   

    Re ~ 1500                    Re ~ 5000                Re ~ 20 000  

Werner et al. 
JFM 1990 



• Why care about turbulence:

Winds in the ABL: turbulence

Re ~ 106-108 in the atmospheric boundary layer

—> ABL IS TURBULENT MOST TIMES!

[Large-eddy simulation sensitivities to variations of configuration and forcing parameters in canonical boundary-layer 

flows for wind energy applications, J.D. Mirocha et al., Wind Energy Science, 2018]

J. D. Mirocha et al.: Large-eddy simulation sensitivities to variations of configuration 595

Figure 1. Comparisons of instantaneous horizontal wind speed [m s�1] from the neutral case study, at 100 m above the surface (a, b, c) and
in a cross-stream plane midway through the domain (d, e, f) from WRF (a, d), SOWFA (b, e) and HiGrad (c, f). In each case, the external
forcing was the same, grid resolution was 15 m in each direction, and the advective scheme was the lowest-order option for each solver.

Inspection of Fig. 3 reveals qualitative similarities in re-
solved flow characteristics, including the shapes and sizes of
the turbulent structures in both cross sections. However, the
WRF simulations exhibit less fine-scale structure than the
others, despite the use of higher resolution in the vertical
direction, and higher-order advection operators, indicating
that horizontal resolution is the dominant factor influencing
the size distribution of resolved scales, within the examined
range of parameter values. The slightly higher temperatures
within the WRF ABL (Fig. 3) are most likely artifacts of the
Rayleigh damping imposed above the ABL, which relaxes
temperature back to its initial value beginning at the ABL
top. WRF also generates a slightly deeper ABL, likely due
to a combination of higher vertical resolution and a warmer
ABL, the latter slightly reducing the relative strength of the
capping inversion. HiGrad produces the shallowest ABL, de-
spite using the same resolution as SOWFA, likely due to its
use of an odd-order advection operator, which being more
dispersive than SOWFA’s even-order operator, slightly re-
duces TKE (see Fig. 16a).

Figure 4 isolates the impact of changing only the mesh
resolution (by a factor of three in each direction) within the
same solver (WRF) while leaving all other settings constant.
Instantaneous cross sections in the same two planes as shown
in Fig. 4, from the coarse-resolution (left) and fine-resolution
(right) simulations, show that while both resolutions capture
the same morphological characteristic, most notably quasi-

cellular convective cells of similar sizes and magnitudes, an
increased range of scales of motion are captured with the
finer-resolution LES.

3.2 Quantitative assessment

The ABLs and simulations thereof comprising this study are
approximately horizontally homogeneous; therefore averag-
ing over horizontal planes could be applied for assessment.
However, considering that future planned studies will involve
heterogeneous boundary layers under time-varying forcing,
temporal averaging and spectral analysis in the frequency do-
main is instead utilized. Simulation results therefore consist
of a single vertical profile located near the center of the com-
putational domain, which is output every second (1 Hz) dur-
ing the time window of analysis.

3.2.1 Neutral case

As described in Sect. 2.1, the evening transition of the 17 Au-
gust 2012 provided the best approximation to canonical near
neutral ABL conditions within the observational dataset;
however, subsequent detailed analysis of TKE measured with
sonic anemometers at the SWiFT tower showed that the in-
struments were partially in the wake of the tower. This re-
sulted in larger measured TKE values than what would be
expected in unobstructed flow under the same conditions. As
the tower cross section and lattice structure comprise length

www.wind-energ-sci.net/3/589/2018/ Wind Energ. Sci., 3, 589–613, 2018
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• Why is there turbulence? —> Forcings

Ground heating and free atmosphere cooling, that create thermals 

Buildings and terrain obstacles, create wind shear that become turbulent 



What is an eddy?

https://www.azimuthproject.org/azimuth/show/Blog+-+eddy+who%3F
Downwind of obstacles, in this case, the Madeira and the Canary Islands 
off the west African coast, eddies create turbulent patterns called vortex 

streets.
wikipedia

https://en.wikipedia.org/wiki/Madeira
https://en.wikipedia.org/wiki/Canary_Islands


Questions so far?
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Applications

Instructions: go to menti.com 

Then reply to the question: can you name applications that 

could benefit from predictions of the ABL?

http://menti.com
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Applications

• Air pollution

Air pollution could kill 6.6 million 

people/year by 2050

J. Lelieveld et al., Nature 2015 

Fast action to tackle air pollution 

can’t come soon enough

M. Neira, UN WHO 2016 



Applications

• Wind loads and extreme winds

A changing climate leads to changes in the 

frequency, intensity, spatial extent, duration 

and timing of extreme weather and climate 

events, and can result in unprecedented 

extreme weather and climate events

IPCC, 2018 



Applications

• Fires

A changing climate leads to changes in the 

frequency, intensity, spatial extent, duration 

and timing of extreme weather and climate 

events, and can result in unprecedented 

extreme weather and climate events

IPCC, 2018 



Applications

• Pedestrian wind comfort
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Applications

• Wind energy

power-technology.com

www.enelgreenpower.com



Applications

• Natural ventilation and thermal 

comfort

 

lareineengineering.com

http://power-technology.com
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Taylor’s frozen hypothesis (1983)

100m 100m

5ºC 10ºC
EddyEddy

5ºC 10ºC

10 m/s
Sensor

In meteorology, measurements in one point during long time is the most common approach. 

However, that doesn’t allow us to see entire eddies. 

Taylor suggested that for some special cases, turbulence 

might be frozen as it passes over a sensor:



Taylor’s frozen hypothesis (1983)

100m 100m

5ºC 10ºC
EddyEddy

5ºC 10ºC

10 m/s
Sensor

Then the mean wind speed can be used to translate 

measurements in time, to measurements in space: 

Can we apply this theory always?

NO, only for eddies that evolve at a timescale longer than the time it takes the eddy to be 

advected pass a sensor



Taylor’s frozen hypothesis exercise

26 BOUNDARY LAYER METEOROLOGY

1.11 Exercises

I) a) Resketch figure 1.7 without any shading.
b) Next. shade on your figurethose regions where the lapse rate is superadiabatic. (A
color like red is appropriate.)
c) In a different color (like dark blue), shade thosc regions that have a strongly stable
lapse rate.
d) With a different color (like light blue), sbade those regions that have a weakly stable
lapse rate,
e) Leave the nearly adiabatic lapse rateregions unshaded. (Hint. look at the virtual
potential temperature graphs shown after figure 1.7.)

2) Fromyouranswerabove. we see that a large portion of themixed layer and theresidual
layerhave nearly adiabatic lapse rates. Nevertheless, there is a difference between the
two. Comment on this difference. How would smoke dispersein these regions?

3) If a very tall smoke stack could inject a smoke plume into the free atmosphere, then
what characteristic dispersion pattern would you expect? Options include looping.
fann ing, con ing, lofting, fumigation, and trapping with in a layer.

4) Given the boundary layer evo lution shown in Fig 1.7 and 1.12, ske tch the modified
evolution that would occurif thesunwasturnedoff at time55. Also commenton the
processes that could effectively lUm off the effects of the sun on the boundary layer.

5) If you observed the following measurement of wind speed on a strip chart, then what
diame ter (in meters) are the major eddies? (Hint: First find the typical time duration of
an eddy, and then employ Taylor's Hypothesis.)

speed 5
(m ls) 0

1 2 3 4 5 6
Time (min.)

6) Suppose that the boundary layer can be approx imated by a I km con stant thickness
layerover thewhole continental United States. Above that. assume that a constant
thickness (10 km) free atmosphere exists. Assume that each of these layers is well
mixed for simplicity. (You may need to consult synoptics textbooks or study a
numberof weathermapsto answerthe following questions.)
a) On theaverage in spring, what fractionof theareaof the continental United States is
covered by cyclones (low pressure regions)?
b) Wh at is the average vertical velocity magnitude out of the top of the boundary layer
in those cyclonic regions?
c) What is the average subsidence velocity acting on the top of the boundary layer in
anticyclonic (high pressure) regions? Remember that the boundary layer is of constant

MEAN BOUNDARY LAYER CHARACTERISTICS 27

thickness, so the total inflow of airmust equal the outflow. (Normally. subsidence
wouldnot beable to cause air to penetrate down into the topof theboundary layer. but
for simplicity we will assume thatthe turbulent entrainment rate of air into the topof
the boundary layer is exactly equal to the subsidence ve locity. Thus. all of the
subsiding air would enter the boundary layer .)
d) Whatare the average residence times. P . of air within the boundarylayer and the
free atmosphere? Residence time is defin ed as P=V/F, whereF = volumetric flow rate
(volume/time) andV =volume. Neglect horiwntal advection outof theUnited States.
e) Compare these residence times with the typical Rossby wave time period (that is.
theaverage timeperiod between cyclone passage over a fixed point). Commenton the
significanceof these times.

7) Would there be a boundary layer on a plan et that had an atmosphere, bUI that did nOI
experience a diurnal variation of net radiation at the ground?

8) Define the boundary layer in your own terms.
9) Add five items to the list in section 1.8 regarding the significance of the boundary layer.
Hint. look for things close to home, school, or work.

10) a) Given air at a pressure height of 90 kPa (900 mb) with a temperature of 30°C and a
mixing ratio of 20 glkg, find the virtual potential temperature .
b) Given saturated air at 85 kPa (850 mb) with a temperature of 20°C and a total
water mixing ratio (i.e., sum of vapor and liquid mixing ratios) of 20 g/kg find the
virtual potential temperature. (Hint, you might want to employ a thermodynamic
diagram.)

II ) Given the following virtual potential temperature sounding. identify each layer
(example, ML, RL, FA). Estimate what time of day that sounding was made,
and then sketch theVirtual potential temperature profile that you might expect four
hours later.

z

Can we apply this theory?
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b) Wh at is the average vertical velocity magnitude out of the top of the boundary layer
in those cyclonic regions?
c) What is the average subsidence velocity acting on the top of the boundary layer in
anticyclonic (high pressure) regions? Remember that the boundary layer is of constant
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thickness, so the total inflow of airmust equal the outflow. (Normally. subsidence
wouldnot beable to cause air to penetrate down into the topof theboundary layer. but
for simplicity we will assume thatthe turbulent entrainment rate of air into the topof
the boundary layer is exactly equal to the subsidence ve locity. Thus. all of the
subsiding air would enter the boundary layer .)
d) Whatare the average residence times. P . of air within the boundarylayer and the
free atmosphere? Residence time is defin ed as P=V/F, whereF = volumetric flow rate
(volume/time) andV =volume. Neglect horiwntal advection outof theUnited States.
e) Compare these residence times with the typical Rossby wave time period (that is.
theaverage timeperiod between cyclone passage over a fixed point). Commenton the
significanceof these times.

7) Would there be a boundary layer on a plan et that had an atmosphere, bUI that did nOI
experience a diurnal variation of net radiation at the ground?

8) Define the boundary layer in your own terms.
9) Add five items to the list in section 1.8 regarding the significance of the boundary layer.
Hint. look for things close to home, school, or work.

10) a) Given air at a pressure height of 90 kPa (900 mb) with a temperature of 30°C and a
mixing ratio of 20 glkg, find the virtual potential temperature .
b) Given saturated air at 85 kPa (850 mb) with a temperature of 20°C and a total
water mixing ratio (i.e., sum of vapor and liquid mixing ratios) of 20 g/kg find the
virtual potential temperature. (Hint, you might want to employ a thermodynamic
diagram.)

II ) Given the following virtual potential temperature sounding. identify each layer
(example, ML, RL, FA). Estimate what time of day that sounding was made,
and then sketch theVirtual potential temperature profile that you might expect four
hours later.

z

Diameter of the major eddy?
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Buoyancy & virtual potential temperature concepts

https://www.boydcorp.com/

Warm air is less dense and rises, while cool air is more dense and moves 

downwards

[http://www.cugc.org.uk]

• Buoyancy

http://www.cugc.org.uk


Buoyancy & virtual potential temperature concepts

• Virtual Temperature

It is the temperature to which we need to heat dry air to equal the density of moist air at the 

same pressure.

Warm air density < Cool air density Moist air density < Dry air density

Variations of virtual temperature can be studied in place of variations in density

Liquid water density > Dry air density Cloudy air density > Cloud-free air density



Buoyancy & virtual potential temperature concepts

• Potential Temperature

It is the temperature an air parcel would have if it were expanded or compressed 

adiabatically (no heat exchange) to a pressure of 100kPa (1000mb). 

P: pressure 

P0: reference pressure (100kPa)

Removes the temperature variation caused by changes in pressure altitude of the air parcel

g: gravity, 9.8 m/s2 

Cp: specific heat at constant pressure for air 1000 J/kgK 

z: height above 100kPa (surface) 

g/Cp: 0.0098K/m is the negative of the dry adiabatic lapse rate



Buoyancy & virtual potential temperature concepts

• Virtual Potential Temperature

For unsaturated air: 

Removes the virtual temperature variation caused by changes in pressure altitude of the air 

parcel

For saturated (cloudy) air: 

Since turbulence implies vertical motion of the air, have the virtual potential temperature 

is very useful



Why did meteorologist define virtual temperature?

Why did meteorologist define potential temperature?



Buoyancy & virtual potential temperature concepts
where z is the height about 100kPa level, although sometimes height above the ground level (agl) is used
instead. The quantity g/Cp = 0.0098 K/m is just the negative of the dry adiabatic lapse rate (9.8¶C per km).
Where g is the gravitational acceleration and Cp is the specific heat at constant pressure.
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Figure 5: Comparison potential and virtual potential temperature change with height (pressure).

1.5 Boundary Layer Depth and Structure

Over oceans æ the boundary layer depth varies relatively slowly in space and time, because the sea surface
temperature changes little over a diurnal cycle due to the tremendous mixing within the top of the ocean. In
addition, water has a large heat capacity, so it can absorb large amounts of heat from the sun with relatively
little temperature change æ slowly varying sea surface temperature means a slowly varying forcing into the
bottom of the boundary layer. Most changes in the boundary layer depth over oceans are caused by synoptic
and mesoscale processes of vertical motion and advection of di�erent air masses over the sea surface.

Over land/ocean, the general nature of the boundary layer is to be thinner in high-pressure regions than in
low-pressure regions. The subsidence 1 and low level horizontal divergence associated with synoptic high
pressure moves boundary layer air out of the high and towards the lower pressure regions. The shallow depths
are often associated with cloud-free regions (only fair-weather clouds: stratocumulus or cumulus).

In low pressure regions the upward motions carry boundary layer air away form the ground to large altitudes
throughout the troposphere. In this occasions it is di�cult to define top of the layer, but the cloud base is
often used as a cut-o�.

1Subsidence: is most commonly caused by a low temperature, as the air cools, it becomes denser and moves towards the
ground, as warm air becomes less dense and moves upwards. Subsiding air, when cool, is subject to adiabatic warming, which
tends to cause the evaporation of any clouds that might be present.

5

Example of the difference between mean potential temperature and mean virtual 

potential temperature given observations of mixing ratio and absolute temperature



Buoyancy & virtual potential temperature concepts
where z is the height about 100kPa level, although sometimes height above the ground level (agl) is used
instead. The quantity g/Cp = 0.0098 K/m is just the negative of the dry adiabatic lapse rate (9.8¶C per km).
Where g is the gravitational acceleration and Cp is the specific heat at constant pressure.
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1.5 Boundary Layer Depth and Structure

Over oceans æ the boundary layer depth varies relatively slowly in space and time, because the sea surface
temperature changes little over a diurnal cycle due to the tremendous mixing within the top of the ocean. In
addition, water has a large heat capacity, so it can absorb large amounts of heat from the sun with relatively
little temperature change æ slowly varying sea surface temperature means a slowly varying forcing into the
bottom of the boundary layer. Most changes in the boundary layer depth over oceans are caused by synoptic
and mesoscale processes of vertical motion and advection of di�erent air masses over the sea surface.

Over land/ocean, the general nature of the boundary layer is to be thinner in high-pressure regions than in
low-pressure regions. The subsidence 1 and low level horizontal divergence associated with synoptic high
pressure moves boundary layer air out of the high and towards the lower pressure regions. The shallow depths
are often associated with cloud-free regions (only fair-weather clouds: stratocumulus or cumulus).

In low pressure regions the upward motions carry boundary layer air away form the ground to large altitudes
throughout the troposphere. In this occasions it is di�cult to define top of the layer, but the cloud base is
often used as a cut-o�.

1Subsidence: is most commonly caused by a low temperature, as the air cools, it becomes denser and moves towards the
ground, as warm air becomes less dense and moves upwards. Subsiding air, when cool, is subject to adiabatic warming, which
tends to cause the evaporation of any clouds that might be present.

5

Example of the difference between mean potential temperature and mean virtual 

potential temperature given observations of mixing ratio and absolute temperature

Difference is small 

but not negligible, 

only when air is very 

dry
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ABL structure

(1000 mb), but sometimes for boundary layer work the surface pressure is used instead.
To first order, we canapproximate thepotential temperature by

Discussion. Even though the virtual potential temperature is only about 4 K warmer
than the potential temperature, this difference is on the same order as the difference
between thewannairrising inthermals and thesurrounding environment. Thus. neglect
of the humidity in buoyancy calculations could lead to erroneous conclusionsregarding
convection andturbulence,

!
8 BOUNDARY LAYERMElEOROLOGY

e '" T + (g/c,,>.z (1.5 .ld)
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where z is the height above the 100 kPa (1000 mb) level , although sometimes height
above ground level (agl) is used instead, The quantity g/e" = 0.0098 KIm is just the
negative of the dryadiabatic lapse rate (9.8 °C per kilometer), where g is the gravitational
acceleration and Cp is the specific heat at constant pressure for air. Sometimes the
quantity cp·e is called the dry static energy.

z

Overoceans, theboundary layerdepth varies relatively slowly inspaceand time. The
sea surface temperature changes little over a diurnal cycle because of the tremendous
mixingwithinthe topof theocean. Also, water hasa large heatcapacity. meaning that it
can absorb largeamounts of heat from the sunwithrelatively little temperature change.
Thus,a slowly varyingsea surface temperature meansa slowlyvarying forcing into the
bottom of the boundary layer.
Most changes in boundary layer depth over oceans are caused by synoptic and

mesoscaleprocesses of vertical motion and advection of different airmasses over the sea
surface. An airmass witha temperature different than that of theoceanwill undergo a
modification as its temperature equilibrates with that of the sea surface. Onceequilibrium
is reached, the resulting boundary layer depth might vary by only 10% over a horizontal
distance of 1000 km. Exceptions to this gentle variation can occur near the borders
between two ocean currents of different temperatures (Stage and Weller, 1976) .

1.6 Boundary Layer Depth and Structure

2 70 2S0 '00 31D 320
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Fig. 1.5
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tefT1le,atu'l;. i" .
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An example of the difference between potential temperature and vinual potential
temperature is shown in Fig 1.5 for a case of moist unsaturated air. The difference is
small, but not negligible. Only when the air is very dry can we neglect the difference.

1.5.2 Example

Problem. Given a temperature of 25°C and amixing ratio of 20 g/kg measuredata
pressure of 90 kPa (900 mb), find the virtual potential temperature.

Solution. First, we must find thepotential temperature:

e = T (P.,fP) 0.286 = 298.16.(100/90) 0.286 = 307 .28 K

Theairis unsaturated. allowing us to findthevinualpotential temperature from:

e. = e·( I + 0.61·r) = 307.28-[ 1 + 0.61 ·(0.020) 1 = 311.03 K

Fig. 1.6 Schematic ofsyropnc- scalevariation ofboundary layer
depth between centers of surtace high(Ii) and low(L)
pressure. Thedotted line showsthe maximum height
reached by surface modified airduring a one-hour period.
Thesolid line encloses theshaded region,which ismost
studiedbyboudary-layer meleor1ogists.

x

Figure 6: Schematic of synoptic scale variation of the boundary layer depth between centers of surface high
(H) and low (L) pressure.

Over land surfaces in high pressure regions the boundary layer has a well defined structure that evolves with
the diurnal cycle as shown in Figure 7.
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T
he
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offourofthese
layers

are
given
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follow

ing
sym
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h

Top
ofthe

stable
boundary

layer(often
defined

as
the

top
ofthe

N
BL)

Zj
Top
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m
ixed
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ofthe

overlying
stable

layer)
'r

T
op
of
the

residuallayer
(often

defined
as
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average
base

of
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overlying
stable

layer)
z"

Top
of
the

subcloud
layer

(this
is
the

heightofcloud
base,usually

,near
the

lifting
condensation

level,
LCL)

O
verbothlandand

oceans,thegeneralnatureoftheboundary
layeristo

bethinnerin
high-pressure

regionsthan
in
low
-pressure

regions(Fig
1.6).

The
subsidenceand

low
-

levelhorizontaldivergenceassociated
w
ithsynoptichigh

pressure
m
ovesboundary

layer
air
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high

tow
ardslow

er
pressureregions.
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w
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cloud-free
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Ifclouds
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are
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fair-w
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ulusor stratocum

ulusclouds.
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pressure
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boundary-layer
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from
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ground

to
largealtitudesthroughoutthetroposphere.
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Figure 7: Schematic of synoptic scale variation of the boundary layer depth between centers of surface high
(H) and low (L) pressure.

There are three parts within this boundary layer: the mixed layer (or convective layer), the residual layer and
the stable layer. The surface layer is the region at the bottom of the boundary layer where turbulent fluxes
ans stress vary by less than 10% of their magnitude.
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• Characteristics of the ABL:

Thiner in high pressure zones, and deeper in low pressure zones due to air motion



ABL structure
• Acronyms:

BL: Boundary Layer 

CL: Cloud Layer 

FA: Free Atmosphere 

IBL: Internal Boundary Layer 

ML: Mixed Layer (CBL) 

RL: Residual Layer 

SBL: Stable Boundary Layer (NBL) 

SCL: Sub Cloud Layer 

SL: Surface Layer



ABL structure
• Characteristics of the ABL:

Over sea Over land

varies much slower in space and time (variations 

~10% over 1000km horizontal)

limited sea surface temperature changes 

due to mixing of the ocean

water large heat capacity (can absorb large 

amounts of heat with relatively small 

temperature change)

Most changes in BL over oceans are caused by 

synoptic or mesoscale processes of vertical 

motion and advection of air masses

In high pressure regions the BL has a well 

defined structure with 2 components:  

mixed layer, residual layer and stable BL

Surface layer is the region at the bottom of 

the BL where turbulence fluxes and stress 

vary <10% their magnitude

Microlayer lowest few cm where molecular 

transport dominates over turbulent 

transport
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ABL Characteristics 
!  Boundary layer depth is variable over time, typically between 

100~3000m => ratio of ABL depth to earth radius: ~1/64000  

!  Diurnal cycle over land: 
the ground warms and  
cools in response to  
solar radiation which  
forces changes in the  
boundary layer via  
transport processes 

!  Turbulence is one of the  
important transport 
processes 

ABL structure



ABL structure
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ABL structure
Convective, mixed Layer or unstable 

boundary layer

Occurs +/-30min after sunrise, a turbulent ML starts growing in depth, characterised by intense 

mixing, with thermals of warm air rising. Grows by entraining or mixing down from the less 

turbulent air above. The maximum depth occurs in the afternoon. 



ABL structure
Convective, mixed Layer or unstable 

boundary layer

Turbulence is convectively driven!!

Occurs +/-30min after sunrise, a turbulent ML starts growing in depth, characterised by intense 

mixing, with thermals of warm air rising. Grows by entraining or mixing down from the less 

turbulent air above. The maximum depth occurs in the afternoon. 



ABL structure
Convective, mixed Layer or unstable 

boundary layer

Turbulence is convectively driven!!
Radiative cooling from the top of the cloud 

layer creates thermal of cool air sinking from 

the cloud top

Occurs +/-30min after sunrise, a turbulent ML starts growing in depth, characterised by intense 

mixing, with thermals of warm air rising. Grows by entraining or mixing down from the less 

turbulent air above. The maximum depth occurs in the afternoon. 



ABL structure
Convective, mixed Layer or unstable 

boundary layer

Turbulence is convectively driven!!

1.5.1 Mixed or Convective layer (CBL)

Turbulence in this layer is convectively driven. Convective sources: heat transfer from the ground (creates
thermals of warm air rising from the surface), and radiative cooling form the top of the cloud layer (creates
thermals of cool air sinking from the cloud top). Even if convection is the dominant mechanism, there is
usually wind shear across the top of the mixed layer that contributes to turbulence generation.

Process of creation of the CBL: on initially cloud-free days, the CBL growth is tied to solar heating of the
ground, starting 0.5h after sunrise. This mixed layer is characterized by intense mixing in a statically unstable
situation where thermals o warm air rise from the ground. The layer reaches its maximum depth in late
afternoon. It grows by entraining, or mixing down into it, the less turbulent air form above. The resulting
turbulence, tends to mix heat, moisture and momentum uniformly in the vertical.

A stable layer at the top of the convective layer acts as a lid to the rising thermals, thus restraining the domain
of turbulence, this zone is called entrainment zone because entrainment into the CBL occurs there. Most
pollutant source are near the earth’s surface, thus pollutant concentrations build up while free atmosphere
concentrations remain low. Thermals will push pollutant upwards, but the inability of thermals to penetrate
very far into the last stable layer means that pollutants may be trapped below that “inversion layer”.

If clouds are present, the reduce the insulation at ground levels, reducing the intensity of thermals, and the
convective layer may exhibit slower growth, or even become non turbulent or neutrally stratified if the clouds
are thick enough.
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1.6.1 Mixed Layer

The resulting turbulence tends to mix heat, moisture, and momentum uniformly in the
vertical. Pollutants emitted from smoke Slacks exhibit a characteristic looping as those
portions of the effluent emitted into warm thermals begin to rise (Fig 1.8). The resulting
profiles of vinual potential temperature , mixing ratio. pollutant concentration. and wind
speed frequently are as sketched in Figure 1.9.

Virtual potential temperature profiles are nearly adiabatic in the middle portion of the
ML. In the surface layer one often finds a superadiabatic layer adjacent to the ground.

cM

---J-- ...---i--\j .---- -- --- ------...)M.'d'-"'"
••• •• • • • • • • _- - _. •• • •••••• Surface Layer

Typical daytimemomesof1Jlean virtual potential temperatureev •windspeedM (whereM2... watervapormixing
ratioT, andpollutantconcentrationc.

e,
_.\._.....

Fig. 1.9

•

A stable layer at the rep of the ML acts as a lid to the rising thermals, thus restraining the
domain of turbu lence. It is called the entrainment zone because entrainment into the
ML occurs there.

At times this capping stable layer is strong enough to beclassified as a temperature
inversion; that is, the absolute temperature increases with height In fact, it is frequently
called an inversion layer regardless of the magnitude of the stability. The most
common symbol for ML depth is which repre sents the average height of the inversion
base.

Wind spe eds are subgeostrophic throughout the ML, with wind dir ections
crossing the isobars at a small angle towards low pressure. The middle portion of
the ML frequently has nearly constant wind speed and direction. Wind speeds decrease
towards zero near the ground, resulting in a wind speed profile that is nearly
logarithmic with height in the surface layer. Wind directi ons cross the isobars at
increasingly large angles as the ground is approached , with 45 degre e angles not
uncommon near the surface.

Mixing ratios tend to decrease with height, even within the center portion of the ML.
This reflects the evaporation of soil and plant moisture from below, and the entrainment of
drier air from above. The moisture decrease across the top of the ML is very pronounced,
and is often used together with potential temperature profiles to identify the ML top from
rawinsonde soundings.

Most pollutant sources are near the earth's surface. Thus, pollutant concentrations can
build up in the ML while FA concentra tions remain relatively low. Pollutants arc
transported by eddies such as thermals; therefore. the inability of thermals to penet rate
very far into the stable layer means that the stable layer acts as a lid (0 the pollutants too.
Trapping of pollut ants below such an "inversion layer" is common in high- pressure
regions, and sometimes leads to pollution alerts in large communities.

Idealization of thermals in a mixed layer. Smokeplumes
loopup anddown In themixed layer eventuallybecoming
uniformlydistributed.

Fig. 1.8

The turbulence in the mixed layer is usually driven, although a
nearly well-mixed layer can fonn in regions of strong winds. Convective sources include
heat transfer from a warm ground surface. and radiative cooling from the top of the cloud
layer. The firs; situation creates thermals of warm air rising from the ground . while the
second creates thermals of cool air sinking from cloud top. Both can occur
simultaneously, panicularly when a cool stratocumulus topped mixed layer is being
advected over wanner ground.

Even when convection is the dominant mechanism, there is usually wind shear
across the top of the ML that contributes to the turbulence generation. This free-shear
situation is more akin to CAT, and is thought to be associated with the formation and
breakdown of waves in the air known as Kelvin-Helmholtz waves.

On initially cloud-free days, however. ML growth is tied to solar heating of the
ground. Starting about a half hour after sunrise. a turbulent ML begins to grow in depth.
This ML is characterized by intense mixing in a statically unstable situation where thermals
of warm air rise from the ground (Fig 1.8). The ML reaches its maximum dep th in late
afternoon. It grows by entraining. or mixing down into it, the less turbulent air from
above.

Figure 8: Schematic of synoptic scale variation of the boundary layer depth between centers of surface high
(H) and low (L) pressure.

1.5.2 Residual layer

0.5h before the sunset, thermals cease to form, allowing turbulence to decay in the convective boundary layer.
Since this layer of air has initially the mean state variables and concentration variables of the CBL, that is
why is known as the “residual layer”.

This layer is neutrally stratified, resulting in turbulence that is nearly of equal intensity in all direction
(isotropic) æ therefor plumes tend to disperse at equal rates in the vertical and lateral directions, creating
cone-shaped plumes.

The residual layer has no contact with the ground. During the night, the nocturnal stable layer increases in
thickness by modifying the bottom of the residual layer, therefore this isn’t a�ected by turbulent transport of
surface related properties, and therefore do not belong to our definition of the boundary layer.
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1.5.1 Mixed or Convective layer (CBL)

Turbulence in this layer is convectively driven. Convective sources: heat transfer from the ground (creates
thermals of warm air rising from the surface), and radiative cooling form the top of the cloud layer (creates
thermals of cool air sinking from the cloud top). Even if convection is the dominant mechanism, there is
usually wind shear across the top of the mixed layer that contributes to turbulence generation.

Process of creation of the CBL: on initially cloud-free days, the CBL growth is tied to solar heating of the
ground, starting 0.5h after sunrise. This mixed layer is characterized by intense mixing in a statically unstable
situation where thermals o warm air rise from the ground. The layer reaches its maximum depth in late
afternoon. It grows by entraining, or mixing down into it, the less turbulent air form above. The resulting
turbulence, tends to mix heat, moisture and momentum uniformly in the vertical.

A stable layer at the top of the convective layer acts as a lid to the rising thermals, thus restraining the domain
of turbulence, this zone is called entrainment zone because entrainment into the CBL occurs there. Most
pollutant source are near the earth’s surface, thus pollutant concentrations build up while free atmosphere
concentrations remain low. Thermals will push pollutant upwards, but the inability of thermals to penetrate
very far into the last stable layer means that pollutants may be trapped below that “inversion layer”.

If clouds are present, the reduce the insulation at ground levels, reducing the intensity of thermals, and the
convective layer may exhibit slower growth, or even become non turbulent or neutrally stratified if the clouds
are thick enough.
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1.6.1 Mixed Layer

The resulting turbulence tends to mix heat, moisture, and momentum uniformly in the
vertical. Pollutants emitted from smoke Slacks exhibit a characteristic looping as those
portions of the effluent emitted into warm thermals begin to rise (Fig 1.8). The resulting
profiles of vinual potential temperature , mixing ratio. pollutant concentration. and wind
speed frequently are as sketched in Figure 1.9.

Virtual potential temperature profiles are nearly adiabatic in the middle portion of the
ML. In the surface layer one often finds a superadiabatic layer adjacent to the ground.
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A stable layer at the rep of the ML acts as a lid to the rising thermals, thus restraining the
domain of turbu lence. It is called the entrainment zone because entrainment into the
ML occurs there.

At times this capping stable layer is strong enough to beclassified as a temperature
inversion; that is, the absolute temperature increases with height In fact, it is frequently
called an inversion layer regardless of the magnitude of the stability. The most
common symbol for ML depth is which repre sents the average height of the inversion
base.

Wind spe eds are subgeostrophic throughout the ML, with wind dir ections
crossing the isobars at a small angle towards low pressure. The middle portion of
the ML frequently has nearly constant wind speed and direction. Wind speeds decrease
towards zero near the ground, resulting in a wind speed profile that is nearly
logarithmic with height in the surface layer. Wind directi ons cross the isobars at
increasingly large angles as the ground is approached , with 45 degre e angles not
uncommon near the surface.

Mixing ratios tend to decrease with height, even within the center portion of the ML.
This reflects the evaporation of soil and plant moisture from below, and the entrainment of
drier air from above. The moisture decrease across the top of the ML is very pronounced,
and is often used together with potential temperature profiles to identify the ML top from
rawinsonde soundings.

Most pollutant sources are near the earth's surface. Thus, pollutant concentrations can
build up in the ML while FA concentra tions remain relatively low. Pollutants arc
transported by eddies such as thermals; therefore. the inability of thermals to penet rate
very far into the stable layer means that the stable layer acts as a lid (0 the pollutants too.
Trapping of pollut ants below such an "inversion layer" is common in high- pressure
regions, and sometimes leads to pollution alerts in large communities.

Idealization of thermals in a mixed layer. Smokeplumes
loopup anddown In themixed layer eventuallybecoming
uniformlydistributed.

Fig. 1.8

The turbulence in the mixed layer is usually driven, although a
nearly well-mixed layer can fonn in regions of strong winds. Convective sources include
heat transfer from a warm ground surface. and radiative cooling from the top of the cloud
layer. The firs; situation creates thermals of warm air rising from the ground . while the
second creates thermals of cool air sinking from cloud top. Both can occur
simultaneously, panicularly when a cool stratocumulus topped mixed layer is being
advected over wanner ground.

Even when convection is the dominant mechanism, there is usually wind shear
across the top of the ML that contributes to the turbulence generation. This free-shear
situation is more akin to CAT, and is thought to be associated with the formation and
breakdown of waves in the air known as Kelvin-Helmholtz waves.

On initially cloud-free days, however. ML growth is tied to solar heating of the
ground. Starting about a half hour after sunrise. a turbulent ML begins to grow in depth.
This ML is characterized by intense mixing in a statically unstable situation where thermals
of warm air rise from the ground (Fig 1.8). The ML reaches its maximum dep th in late
afternoon. It grows by entraining. or mixing down into it, the less turbulent air from
above.

Figure 8: Schematic of synoptic scale variation of the boundary layer depth between centers of surface high
(H) and low (L) pressure.

1.5.2 Residual layer

0.5h before the sunset, thermals cease to form, allowing turbulence to decay in the convective boundary layer.
Since this layer of air has initially the mean state variables and concentration variables of the CBL, that is
why is known as the “residual layer”.

This layer is neutrally stratified, resulting in turbulence that is nearly of equal intensity in all direction
(isotropic) æ therefor plumes tend to disperse at equal rates in the vertical and lateral directions, creating
cone-shaped plumes.

The residual layer has no contact with the ground. During the night, the nocturnal stable layer increases in
thickness by modifying the bottom of the residual layer, therefore this isn’t a�ected by turbulent transport of
surface related properties, and therefore do not belong to our definition of the boundary layer.
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usually wind shear across the top of the mixed layer that contributes to turbulence generation.

Process of creation of the CBL: on initially cloud-free days, the CBL growth is tied to solar heating of the
ground, starting 0.5h after sunrise. This mixed layer is characterized by intense mixing in a statically unstable
situation where thermals o warm air rise from the ground. The layer reaches its maximum depth in late
afternoon. It grows by entraining, or mixing down into it, the less turbulent air form above. The resulting
turbulence, tends to mix heat, moisture and momentum uniformly in the vertical.

A stable layer at the top of the convective layer acts as a lid to the rising thermals, thus restraining the domain
of turbulence, this zone is called entrainment zone because entrainment into the CBL occurs there. Most
pollutant source are near the earth’s surface, thus pollutant concentrations build up while free atmosphere
concentrations remain low. Thermals will push pollutant upwards, but the inability of thermals to penetrate
very far into the last stable layer means that pollutants may be trapped below that “inversion layer”.

If clouds are present, the reduce the insulation at ground levels, reducing the intensity of thermals, and the
convective layer may exhibit slower growth, or even become non turbulent or neutrally stratified if the clouds
are thick enough.
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The resulting turbulence tends to mix heat, moisture, and momentum uniformly in the
vertical. Pollutants emitted from smoke Slacks exhibit a characteristic looping as those
portions of the effluent emitted into warm thermals begin to rise (Fig 1.8). The resulting
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speed frequently are as sketched in Figure 1.9.

Virtual potential temperature profiles are nearly adiabatic in the middle portion of the
ML. In the surface layer one often finds a superadiabatic layer adjacent to the ground.
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A stable layer at the rep of the ML acts as a lid to the rising thermals, thus restraining the
domain of turbu lence. It is called the entrainment zone because entrainment into the
ML occurs there.

At times this capping stable layer is strong enough to beclassified as a temperature
inversion; that is, the absolute temperature increases with height In fact, it is frequently
called an inversion layer regardless of the magnitude of the stability. The most
common symbol for ML depth is which repre sents the average height of the inversion
base.

Wind spe eds are subgeostrophic throughout the ML, with wind dir ections
crossing the isobars at a small angle towards low pressure. The middle portion of
the ML frequently has nearly constant wind speed and direction. Wind speeds decrease
towards zero near the ground, resulting in a wind speed profile that is nearly
logarithmic with height in the surface layer. Wind directi ons cross the isobars at
increasingly large angles as the ground is approached , with 45 degre e angles not
uncommon near the surface.

Mixing ratios tend to decrease with height, even within the center portion of the ML.
This reflects the evaporation of soil and plant moisture from below, and the entrainment of
drier air from above. The moisture decrease across the top of the ML is very pronounced,
and is often used together with potential temperature profiles to identify the ML top from
rawinsonde soundings.

Most pollutant sources are near the earth's surface. Thus, pollutant concentrations can
build up in the ML while FA concentra tions remain relatively low. Pollutants arc
transported by eddies such as thermals; therefore. the inability of thermals to penet rate
very far into the stable layer means that the stable layer acts as a lid (0 the pollutants too.
Trapping of pollut ants below such an "inversion layer" is common in high- pressure
regions, and sometimes leads to pollution alerts in large communities.

Idealization of thermals in a mixed layer. Smokeplumes
loopup anddown In themixed layer eventuallybecoming
uniformlydistributed.
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The turbulence in the mixed layer is usually driven, although a
nearly well-mixed layer can fonn in regions of strong winds. Convective sources include
heat transfer from a warm ground surface. and radiative cooling from the top of the cloud
layer. The firs; situation creates thermals of warm air rising from the ground . while the
second creates thermals of cool air sinking from cloud top. Both can occur
simultaneously, panicularly when a cool stratocumulus topped mixed layer is being
advected over wanner ground.

Even when convection is the dominant mechanism, there is usually wind shear
across the top of the ML that contributes to the turbulence generation. This free-shear
situation is more akin to CAT, and is thought to be associated with the formation and
breakdown of waves in the air known as Kelvin-Helmholtz waves.

On initially cloud-free days, however. ML growth is tied to solar heating of the
ground. Starting about a half hour after sunrise. a turbulent ML begins to grow in depth.
This ML is characterized by intense mixing in a statically unstable situation where thermals
of warm air rise from the ground (Fig 1.8). The ML reaches its maximum dep th in late
afternoon. It grows by entraining. or mixing down into it, the less turbulent air from
above.

Figure 8: Schematic of synoptic scale variation of the boundary layer depth between centers of surface high
(H) and low (L) pressure.

1.5.2 Residual layer

0.5h before the sunset, thermals cease to form, allowing turbulence to decay in the convective boundary layer.
Since this layer of air has initially the mean state variables and concentration variables of the CBL, that is
why is known as the “residual layer”.

This layer is neutrally stratified, resulting in turbulence that is nearly of equal intensity in all direction
(isotropic) æ therefor plumes tend to disperse at equal rates in the vertical and lateral directions, creating
cone-shaped plumes.

The residual layer has no contact with the ground. During the night, the nocturnal stable layer increases in
thickness by modifying the bottom of the residual layer, therefore this isn’t a�ected by turbulent transport of
surface related properties, and therefore do not belong to our definition of the boundary layer.
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1.5.1 Mixed or Convective layer (CBL)

Turbulence in this layer is convectively driven. Convective sources: heat transfer from the ground (creates
thermals of warm air rising from the surface), and radiative cooling form the top of the cloud layer (creates
thermals of cool air sinking from the cloud top). Even if convection is the dominant mechanism, there is
usually wind shear across the top of the mixed layer that contributes to turbulence generation.

Process of creation of the CBL: on initially cloud-free days, the CBL growth is tied to solar heating of the
ground, starting 0.5h after sunrise. This mixed layer is characterized by intense mixing in a statically unstable
situation where thermals o warm air rise from the ground. The layer reaches its maximum depth in late
afternoon. It grows by entraining, or mixing down into it, the less turbulent air form above. The resulting
turbulence, tends to mix heat, moisture and momentum uniformly in the vertical.

A stable layer at the top of the convective layer acts as a lid to the rising thermals, thus restraining the domain
of turbulence, this zone is called entrainment zone because entrainment into the CBL occurs there. Most
pollutant source are near the earth’s surface, thus pollutant concentrations build up while free atmosphere
concentrations remain low. Thermals will push pollutant upwards, but the inability of thermals to penetrate
very far into the last stable layer means that pollutants may be trapped below that “inversion layer”.

If clouds are present, the reduce the insulation at ground levels, reducing the intensity of thermals, and the
convective layer may exhibit slower growth, or even become non turbulent or neutrally stratified if the clouds
are thick enough.
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The resulting turbulence tends to mix heat, moisture, and momentum uniformly in the
vertical. Pollutants emitted from smoke Slacks exhibit a characteristic looping as those
portions of the effluent emitted into warm thermals begin to rise (Fig 1.8). The resulting
profiles of vinual potential temperature , mixing ratio. pollutant concentration. and wind
speed frequently are as sketched in Figure 1.9.

Virtual potential temperature profiles are nearly adiabatic in the middle portion of the
ML. In the surface layer one often finds a superadiabatic layer adjacent to the ground.

cM

---J-- ...---i--\j .---- -- --- ------...)M.'d'-"'"
••• •• • • • • • • _- - _. •• • •••••• Surface Layer

Typical daytimemomesof1Jlean virtual potential temperatureev •windspeedM (whereM2... watervapormixing
ratioT, andpollutantconcentrationc.

e,
_.\._.....

Fig. 1.9

•

A stable layer at the rep of the ML acts as a lid to the rising thermals, thus restraining the
domain of turbu lence. It is called the entrainment zone because entrainment into the
ML occurs there.

At times this capping stable layer is strong enough to beclassified as a temperature
inversion; that is, the absolute temperature increases with height In fact, it is frequently
called an inversion layer regardless of the magnitude of the stability. The most
common symbol for ML depth is which repre sents the average height of the inversion
base.

Wind spe eds are subgeostrophic throughout the ML, with wind dir ections
crossing the isobars at a small angle towards low pressure. The middle portion of
the ML frequently has nearly constant wind speed and direction. Wind speeds decrease
towards zero near the ground, resulting in a wind speed profile that is nearly
logarithmic with height in the surface layer. Wind directi ons cross the isobars at
increasingly large angles as the ground is approached , with 45 degre e angles not
uncommon near the surface.

Mixing ratios tend to decrease with height, even within the center portion of the ML.
This reflects the evaporation of soil and plant moisture from below, and the entrainment of
drier air from above. The moisture decrease across the top of the ML is very pronounced,
and is often used together with potential temperature profiles to identify the ML top from
rawinsonde soundings.

Most pollutant sources are near the earth's surface. Thus, pollutant concentrations can
build up in the ML while FA concentra tions remain relatively low. Pollutants arc
transported by eddies such as thermals; therefore. the inability of thermals to penet rate
very far into the stable layer means that the stable layer acts as a lid (0 the pollutants too.
Trapping of pollut ants below such an "inversion layer" is common in high- pressure
regions, and sometimes leads to pollution alerts in large communities.

Idealization of thermals in a mixed layer. Smokeplumes
loopup anddown In themixed layer eventuallybecoming
uniformlydistributed.

Fig. 1.8

The turbulence in the mixed layer is usually driven, although a
nearly well-mixed layer can fonn in regions of strong winds. Convective sources include
heat transfer from a warm ground surface. and radiative cooling from the top of the cloud
layer. The firs; situation creates thermals of warm air rising from the ground . while the
second creates thermals of cool air sinking from cloud top. Both can occur
simultaneously, panicularly when a cool stratocumulus topped mixed layer is being
advected over wanner ground.

Even when convection is the dominant mechanism, there is usually wind shear
across the top of the ML that contributes to the turbulence generation. This free-shear
situation is more akin to CAT, and is thought to be associated with the formation and
breakdown of waves in the air known as Kelvin-Helmholtz waves.

On initially cloud-free days, however. ML growth is tied to solar heating of the
ground. Starting about a half hour after sunrise. a turbulent ML begins to grow in depth.
This ML is characterized by intense mixing in a statically unstable situation where thermals
of warm air rise from the ground (Fig 1.8). The ML reaches its maximum dep th in late
afternoon. It grows by entraining. or mixing down into it, the less turbulent air from
above.

Figure 8: Schematic of synoptic scale variation of the boundary layer depth between centers of surface high
(H) and low (L) pressure.

1.5.2 Residual layer

0.5h before the sunset, thermals cease to form, allowing turbulence to decay in the convective boundary layer.
Since this layer of air has initially the mean state variables and concentration variables of the CBL, that is
why is known as the “residual layer”.

This layer is neutrally stratified, resulting in turbulence that is nearly of equal intensity in all direction
(isotropic) æ therefor plumes tend to disperse at equal rates in the vertical and lateral directions, creating
cone-shaped plumes.

The residual layer has no contact with the ground. During the night, the nocturnal stable layer increases in
thickness by modifying the bottom of the residual layer, therefore this isn’t a�ected by turbulent transport of
surface related properties, and therefore do not belong to our definition of the boundary layer.
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Turbulence in this layer is convectively driven. Convective sources: heat transfer from the ground (creates
thermals of warm air rising from the surface), and radiative cooling form the top of the cloud layer (creates
thermals of cool air sinking from the cloud top). Even if convection is the dominant mechanism, there is
usually wind shear across the top of the mixed layer that contributes to turbulence generation.

Process of creation of the CBL: on initially cloud-free days, the CBL growth is tied to solar heating of the
ground, starting 0.5h after sunrise. This mixed layer is characterized by intense mixing in a statically unstable
situation where thermals o warm air rise from the ground. The layer reaches its maximum depth in late
afternoon. It grows by entraining, or mixing down into it, the less turbulent air form above. The resulting
turbulence, tends to mix heat, moisture and momentum uniformly in the vertical.

A stable layer at the top of the convective layer acts as a lid to the rising thermals, thus restraining the domain
of turbulence, this zone is called entrainment zone because entrainment into the CBL occurs there. Most
pollutant source are near the earth’s surface, thus pollutant concentrations build up while free atmosphere
concentrations remain low. Thermals will push pollutant upwards, but the inability of thermals to penetrate
very far into the last stable layer means that pollutants may be trapped below that “inversion layer”.

If clouds are present, the reduce the insulation at ground levels, reducing the intensity of thermals, and the
convective layer may exhibit slower growth, or even become non turbulent or neutrally stratified if the clouds
are thick enough.
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The resulting turbulence tends to mix heat, moisture, and momentum uniformly in the
vertical. Pollutants emitted from smoke Slacks exhibit a characteristic looping as those
portions of the effluent emitted into warm thermals begin to rise (Fig 1.8). The resulting
profiles of vinual potential temperature , mixing ratio. pollutant concentration. and wind
speed frequently are as sketched in Figure 1.9.

Virtual potential temperature profiles are nearly adiabatic in the middle portion of the
ML. In the surface layer one often finds a superadiabatic layer adjacent to the ground.
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A stable layer at the rep of the ML acts as a lid to the rising thermals, thus restraining the
domain of turbu lence. It is called the entrainment zone because entrainment into the
ML occurs there.

At times this capping stable layer is strong enough to beclassified as a temperature
inversion; that is, the absolute temperature increases with height In fact, it is frequently
called an inversion layer regardless of the magnitude of the stability. The most
common symbol for ML depth is which repre sents the average height of the inversion
base.

Wind spe eds are subgeostrophic throughout the ML, with wind dir ections
crossing the isobars at a small angle towards low pressure. The middle portion of
the ML frequently has nearly constant wind speed and direction. Wind speeds decrease
towards zero near the ground, resulting in a wind speed profile that is nearly
logarithmic with height in the surface layer. Wind directi ons cross the isobars at
increasingly large angles as the ground is approached , with 45 degre e angles not
uncommon near the surface.

Mixing ratios tend to decrease with height, even within the center portion of the ML.
This reflects the evaporation of soil and plant moisture from below, and the entrainment of
drier air from above. The moisture decrease across the top of the ML is very pronounced,
and is often used together with potential temperature profiles to identify the ML top from
rawinsonde soundings.

Most pollutant sources are near the earth's surface. Thus, pollutant concentrations can
build up in the ML while FA concentra tions remain relatively low. Pollutants arc
transported by eddies such as thermals; therefore. the inability of thermals to penet rate
very far into the stable layer means that the stable layer acts as a lid (0 the pollutants too.
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regions, and sometimes leads to pollution alerts in large communities.
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nearly well-mixed layer can fonn in regions of strong winds. Convective sources include
heat transfer from a warm ground surface. and radiative cooling from the top of the cloud
layer. The firs; situation creates thermals of warm air rising from the ground . while the
second creates thermals of cool air sinking from cloud top. Both can occur
simultaneously, panicularly when a cool stratocumulus topped mixed layer is being
advected over wanner ground.

Even when convection is the dominant mechanism, there is usually wind shear
across the top of the ML that contributes to the turbulence generation. This free-shear
situation is more akin to CAT, and is thought to be associated with the formation and
breakdown of waves in the air known as Kelvin-Helmholtz waves.

On initially cloud-free days, however. ML growth is tied to solar heating of the
ground. Starting about a half hour after sunrise. a turbulent ML begins to grow in depth.
This ML is characterized by intense mixing in a statically unstable situation where thermals
of warm air rise from the ground (Fig 1.8). The ML reaches its maximum dep th in late
afternoon. It grows by entraining. or mixing down into it, the less turbulent air from
above.

Figure 8: Schematic of synoptic scale variation of the boundary layer depth between centers of surface high
(H) and low (L) pressure.

1.5.2 Residual layer

0.5h before the sunset, thermals cease to form, allowing turbulence to decay in the convective boundary layer.
Since this layer of air has initially the mean state variables and concentration variables of the CBL, that is
why is known as the “residual layer”.

This layer is neutrally stratified, resulting in turbulence that is nearly of equal intensity in all direction
(isotropic) æ therefor plumes tend to disperse at equal rates in the vertical and lateral directions, creating
cone-shaped plumes.

The residual layer has no contact with the ground. During the night, the nocturnal stable layer increases in
thickness by modifying the bottom of the residual layer, therefore this isn’t a�ected by turbulent transport of
surface related properties, and therefore do not belong to our definition of the boundary layer.
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very far into the last stable layer means that pollutants may be trapped below that “inversion layer”.

If clouds are present, the reduce the insulation at ground levels, reducing the intensity of thermals, and the
convective layer may exhibit slower growth, or even become non turbulent or neutrally stratified if the clouds
are thick enough.
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1.6.1 Mixed Layer

The resulting turbulence tends to mix heat, moisture, and momentum uniformly in the
vertical. Pollutants emitted from smoke Slacks exhibit a characteristic looping as those
portions of the effluent emitted into warm thermals begin to rise (Fig 1.8). The resulting
profiles of vinual potential temperature , mixing ratio. pollutant concentration. and wind
speed frequently are as sketched in Figure 1.9.

Virtual potential temperature profiles are nearly adiabatic in the middle portion of the
ML. In the surface layer one often finds a superadiabatic layer adjacent to the ground.

cM
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••• •• • • • • • • _- - _. •• • •••••• Surface Layer

Typical daytimemomesof1Jlean virtual potential temperatureev •windspeedM (whereM2... watervapormixing
ratioT, andpollutantconcentrationc.

e,
_.\._.....

Fig. 1.9

•

A stable layer at the rep of the ML acts as a lid to the rising thermals, thus restraining the
domain of turbu lence. It is called the entrainment zone because entrainment into the
ML occurs there.

At times this capping stable layer is strong enough to beclassified as a temperature
inversion; that is, the absolute temperature increases with height In fact, it is frequently
called an inversion layer regardless of the magnitude of the stability. The most
common symbol for ML depth is which repre sents the average height of the inversion
base.

Wind spe eds are subgeostrophic throughout the ML, with wind dir ections
crossing the isobars at a small angle towards low pressure. The middle portion of
the ML frequently has nearly constant wind speed and direction. Wind speeds decrease
towards zero near the ground, resulting in a wind speed profile that is nearly
logarithmic with height in the surface layer. Wind directi ons cross the isobars at
increasingly large angles as the ground is approached , with 45 degre e angles not
uncommon near the surface.

Mixing ratios tend to decrease with height, even within the center portion of the ML.
This reflects the evaporation of soil and plant moisture from below, and the entrainment of
drier air from above. The moisture decrease across the top of the ML is very pronounced,
and is often used together with potential temperature profiles to identify the ML top from
rawinsonde soundings.

Most pollutant sources are near the earth's surface. Thus, pollutant concentrations can
build up in the ML while FA concentra tions remain relatively low. Pollutants arc
transported by eddies such as thermals; therefore. the inability of thermals to penet rate
very far into the stable layer means that the stable layer acts as a lid (0 the pollutants too.
Trapping of pollut ants below such an "inversion layer" is common in high- pressure
regions, and sometimes leads to pollution alerts in large communities.

Idealization of thermals in a mixed layer. Smokeplumes
loopup anddown In themixed layer eventuallybecoming
uniformlydistributed.

Fig. 1.8

The turbulence in the mixed layer is usually driven, although a
nearly well-mixed layer can fonn in regions of strong winds. Convective sources include
heat transfer from a warm ground surface. and radiative cooling from the top of the cloud
layer. The firs; situation creates thermals of warm air rising from the ground . while the
second creates thermals of cool air sinking from cloud top. Both can occur
simultaneously, panicularly when a cool stratocumulus topped mixed layer is being
advected over wanner ground.

Even when convection is the dominant mechanism, there is usually wind shear
across the top of the ML that contributes to the turbulence generation. This free-shear
situation is more akin to CAT, and is thought to be associated with the formation and
breakdown of waves in the air known as Kelvin-Helmholtz waves.

On initially cloud-free days, however. ML growth is tied to solar heating of the
ground. Starting about a half hour after sunrise. a turbulent ML begins to grow in depth.
This ML is characterized by intense mixing in a statically unstable situation where thermals
of warm air rise from the ground (Fig 1.8). The ML reaches its maximum dep th in late
afternoon. It grows by entraining. or mixing down into it, the less turbulent air from
above.

Figure 8: Schematic of synoptic scale variation of the boundary layer depth between centers of surface high
(H) and low (L) pressure.

1.5.2 Residual layer

0.5h before the sunset, thermals cease to form, allowing turbulence to decay in the convective boundary layer.
Since this layer of air has initially the mean state variables and concentration variables of the CBL, that is
why is known as the “residual layer”.

This layer is neutrally stratified, resulting in turbulence that is nearly of equal intensity in all direction
(isotropic) æ therefor plumes tend to disperse at equal rates in the vertical and lateral directions, creating
cone-shaped plumes.

The residual layer has no contact with the ground. During the night, the nocturnal stable layer increases in
thickness by modifying the bottom of the residual layer, therefore this isn’t a�ected by turbulent transport of
surface related properties, and therefore do not belong to our definition of the boundary layer.
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Heat transfer from a warm ground 

surface, creates thermals rising from 

the ground

Radiative cooling from the top of the cloud 

layer creates thermal of cool air sinking from 

the cloud top

Wind shear across the top contributes to 

turbulence generation —> free shear situation 

(CAT)

Occurs +/-30min after sunrise, a turbulent ML starts growing in depth, characterised by intense 

mixing, with thermals of warm air rising. Grows by entraining or mixing down from the less 

turbulent air above. The maximum depth occurs in the afternoon. 

Turbulence mixes heat, moisture and momentum uniformly in the vertical. 

Pollutants experience looping due to the thermals
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ABL structure
Convective, mixed Layer or unstable 

boundary layer
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• From the profile, we an see that a stable layer acts 

like a lid to the rising thermals 

• Entrains air into the ML 

• When this stable layer is strong enough it can be 

classified as an inversion layer 

• ML: nearly adiabatic (no temperature variation) 

• SL: often superadiabatic
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• Both decrease with height, even at the 

centre portion of the MK 

• Entrainment zone very pronounced 

decrease, which can be used to identify the 

ML end. Acts as a lid for pollutants, since 

thermals cannot cross far into.  

• r is related to the evaporation of soil and 

plant moisture from below and the 

entrainment of drier air from above  

• C can build up in the ML and remain low in 

the FA. Transported by eddies, such as 

thermals. Trapping pollutants below the 

inversion layer is common in high pressure 

regions
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ABL structure
Residual layer

30min before sunset: thermals cease to form in absence of cold air advection & turbulence 

decays in the formerly well-mixed layer.
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Near neutral

Weakly stable

Strongly stable

• The initial mean state variables and 

concentration variables are the same as 

those of the recently decayed mixed-layer.  

• It is not a boundary layer per se. 

• In the absence of advection: passive 

tracers dispersed into the daytime ML 

remain aloft the RL during the night 

• RL is neutrally stratified, so turbulence is 

nearly equal intensity in all directions 

• Smoke plumes tend to disperse at equal 

rates in the vertical and lateral directions, 

conning
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Exists at the bottom of the RL ~0-200m, also can form during the day as well, when the 

underlying surface is colder than the air (common during warm-air advection over a colder 

surface: frontal passage, near shorelines). Poorly defined top that blends within the RL, the SBL 

top is defined as the height where TI is a small fraction of its surface value. 
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ABL structure
Stable or nocturnal boundary layer

Exists at the bottom of the RL ~0-200m, also can form during the day as well, when the 

underlying surface is colder than the air (common during warm-air advection over a colder 

surface: frontal passage, near shorelines). Poorly defined top that blends within the RL, the SBL 

top is defined as the height where TI is a small fraction of its surface value. 

Turbulence is weaker and more sporadic

Suppressed by statically stable 

Free 

Atmosphere

Former entrainment zone

Residual Layer

Stable Boundary Layer

z

Geostrophic

Turbulence generated by enhanced wind shears from 

nocturnal jet. Short bursts, that cause mixing throughout the 

SBL, intermittency. 

During non-turbulence periods, the flow becomes 

decoupled from the surface



ABL structure
Stable or nocturnal boundary layer

Free 

Atmosphere

Former entrainment zone

Residual Layer

Stable Boundary Layer

Geostrophic

z

• Complex behaviour due to the 

intermittency 

• Just above ground level the state is calm 

• Around 200m, wind speeds up to 10-30m/

s, supergeostrophic in the nocturnal jet or 

low-level jet 

• Few hundred meters higher: wind speed is 

smaller and closer to its geostrophic value
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Near neutral

Weakly stable
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• Relatively little dispersion in the vertical 

direction 

• More rapid dispersion in the horizontal 

direction: fanning 

• When winds are lighter: meanders and 

drifts downwind
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ABL structure
Definition of atmospheric stability

Stability Lapse rate

NEUTRAL

UNSTABLE

STABLE

Dry adiabatic, no convection

Superadiabatic
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Quiz

Instructions: go to menti.com ! 

Then compete in the quiz!

http://menti.com
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Micrometeorology
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Micrometeorology

Micrometeorology is the study of turbulence with space scales smaller than ~ 3km and with 

time scales under 1h. 

• Stochastic methods: deal with the average statistical effects of the eddies 

• Similarity theory: involves the common behaviour exhibited by many empirically-

observed phenomena, when properly scaled 

• Phenomenological classifications: the largest size structures such as thermal are 

classified and sometimes approached in a partially deterministic manner.  

• Field and Laboratory experiments 

• Numerical Simulations

Since the phenomena is so transient in nature, deterministic description and forecasting of 

each individual eddy is virtually impossible. Therefore, micrometeorology relies on: 
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Wrap Up:

Next class:

Some mathematical and conceptual tools used in fluid dynamics

1. The Atmospheric Boundary Layer is….. Some applications:.…can benefit on knowing 

the state of the ABL. 

2. Looking at the profile of temperature in this picture…we can say that the  

Atmospheric Boundary Layer structures corresponds to approximately daytime…
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Don’t forget the one-min note for me!

1. The Atmospheric Boundary Layer is….. Some applications:.…can benefit on knowing 

the state of the ABL. 

2. Looking at the profile of temperature in this picture…we can say that the  

Atmospheric Boundary Layer structures corresponds to approximately daytime…
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Quizz questions

What is the height of the atmospheric boundary layer? 
- From 1 to 2 km 
- From few hundred meters to 3 km
Assuming the Taylor hypothesis, with mean flow in X direction of 5m/s, how long it will 
the wind to cover a distance of 250m 
- 25 seconds 
- 50 seconds

What does the Reynolds number relate? 
- Intersticial forces and viscous forces 
- Inertial forces and viscous forces

When is the atmospheric boundary layer typically deeper? 
- During the day 
- At night

When are vertical wind flows stronger typically? 
- During the day 
- At night
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Quizz questions

The Reynolds number of a fluid is 5000, can we assume the flow is turbulent? 
- Yes 
- No

What is the importance of vertical motions in the atmospheric boundary layer? 
- Important 
- Very low

The change of the depth of the atmospheric boundary layer is equal over the sea than 
over land? 
- Yes 
- No
Turbulence nowadays is an unsolved problem because… 
- It is highly chaotic and we do not have analytical solution of the Navier-Stokes 

equations 
- The equations do not have an analytical solution

What is the importance of vertical motions in the free troposphere? 
- Important 
- Very low
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