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Phenomenology of the Atmospheric Boundary Layer (PBL).

In classical fluid dynamics, a boundary layer is the layer in a nearly inviscid fluid next to a surface
in which frictional drag associated with that surface is significant (term introduced by Prandtl,
1905). 

Such boundary layers can be laminar or turbulent, and are often only mm thick.

In atmospheric science, a similar definition is useful. The atmospheric boundary layer (ABL,
sometimes called P[lanetary] BL) is the layer of fluid directly above the Earth’s surface in which
significant fluxes of momentum, heat and/or moisture are carried by turbulent motions whose 
horizontal and vertical scales are on the order of the boundary layer depth, and whose 
circulation timescale is a few hours or less (Garratt, p. 1). A similar definition works for the ocean.

The complexity of this definition is due to several complications compared to classical aerodynamics.

i) Surface heat exchange can lead to thermal convection
ii) Moisture and effects on convection
iii) Earth’s rotation
iv) Complex surface characteristics and topography.

BL is assumed to encompass surface-driven dry convection. Most workers (but not all) include
shallow cumulus in BL, but deep precipitating cumuli are usually excluded from scope of BLM
due to longer time for most air to recirculate back from clouds into contact with surface.

BLM also traditionally includes the study of fluxes of heat, moisture and momentum between
the atmosphere and the underlying surface, and how to characterize surfaces so as to predict these
fluxes (roughness, thermal and moisture fluxes, radiative characteristics). Includes plant canopies
as well as water, ice, snow, bare ground, etc.
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PBL characteristics
The boundary layer itself exhibits dynamically distinct 
sublayers:

i) Interfacial sublayer - in which molecular 
viscosity/diffusivity dominate vertical fluxes
ii) Inertial layer - in which turbulent fluid motions dominate 
the vertical fluxes, but the dominant scales of motion are 
still much less than the boundary layer depth. 

This is the layer in which most surface wind measurements 
are made.

• Layers (i) + (ii) comprise the surface layer. Coriolis turning 
of the wind with height is not evident within the surface 
layer.

iii) Outer layer - turbulent fluid motions with scales of 
motion comparable to the boundary layer
depth (‘large eddies’).

• At the top of the outer layer, the BL is often capped by an 
entrainment zone in which turbulent
BL eddies are entraining non-turbulent free-atmospheric air. 
This entrainment zone is often associated with a stable 
layer or inversion.
• For boundary layers topped by shallow cumulus, the outer 
layer is subdivided further into subcloud, transition, 
cumulus and inversion layer.
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PBL meteorology- applications.

The boundary layer is the part of the atmosphere in which we live and carry out most human
activities. Furthermore, almost all exchange of heat, moisture, momentum, naturally occurring 
particles,
aerosols, and gasses, and pollutants occurs through the BL. Specific applications:

i) Climate simulation and NWP - parametrization of surface characteristics, air-surface 
exchange, BL thermodynamics fluxes and friction, and cloud. No climate model can succeed
without some consideration of the boundary layer. In NWP models, a good boundary layer
is critical to proper prediction of the diurnal cycle, of low-level winds and convergence, of 
effects of complex terrain, and of timing and location of convection. Coupling of atmospheric
models to ocean, ice, land-surface models occurs through BL processes.

ii) Air Pollution and Urban Meteorology - Pollutant dispersal, interaction of BL with mesoscale
circulations. Urban heat island effects.

iii) Agricultural meteorology - Prediction of frost, dew, evapotranspiration.

iv) Aviation - Prediction of fog formation and dissipation, dangerous wind-shear conditions.

v) Remote Sensing - Satellite-based measurements of surface winds, skin temperature, etc. 
Involve the interaction of BL and surface, and must often be interpreted in light of a BL model
to be useful for NWP.
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Some history

1900 - 1910 • Development of laminar boundary layer theory for aerodynamics, starting with 
a seminal paper of Prandtl (1904).

• Ekman (1905,1906) develops his theory of laminar Ekman layer.
1910 - 1940 • Taylor develops basic methods for examining and understanding turbulent 

mixing
• Mixing length theory, eddy diffusivity - von Karman, Prandtl, Lettau

1940 - 1950 • Kolmogorov (1941) similarity theory of turbulence
1950 – 1960 • Buoyancy effects on surface layer (Monin and Obuhkov, 1954)

• Early field experiments (e. g. Great Plains Expt. of 1953) capable of accurate
direct turbulent flux measurements

1960 - 1970 • The Golden Age of BLM. Accurate observations of a variety of boundary layer
types, including convective, stable and trade-cumulus. Verification/calibration
of surface similarity theory.

1970 - 1980 • Introduction of resolved 3D computer modelling of BL turbulence (large-eddy
simulation or LES). Application of higher-order turbulence closure theory.

1980 - 1990 • Major field efforts in stratocumulus-topped boundary layers (FIRE, 1987) and
land-surface, vegetation parameterization. Mesoscale modeling.

1990 - The Age of Technology
• New surface remote sensing tools (lidar, cloud radar) and extensive space-

based coverage of surface characteristics;
• LES as a tool for improving parameterizations and bridging to observations.
• Coupled ocean-atmosphere-ice-biosphere and medium-range forecast
models create stringent accuracy requirements for BL parameterizations.
• Accurate routine mesoscale modelling for urban air flow; coupling to air 

pollution
• Boundary layer - deep convection interactions (e. g. TOGA-COARE, 1992)
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PBL equations – Boussinesq approximation

For simplicity, we will use the Boussinesq approximation to the Navier-Stokes equations to 
describe boundary-layer flows. This is quite accurate for the ABL (and ocean BLs as well), since:

1. The ABL depth O(1 km) is much less than the density scale height O(10 km).
2. Typical fluid velocities are O(1-10 ms-1), much less than the sound speed.
The Boussinesq equations of motion are:
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Can be neglected outside the 
surface layer



  10



  11

If geostrophic wind u
g
 is defined in the standard way, the ensemble-averaged momentum 

equations are:

Often, but not always, the 
tendency and advection 
terms are much smaller 
than the two terms on the 
right hand side, and there 
is an approximate three-
way force balance between 
momentum flux 
convergence, Coriolis force 
and pressure gradient force 
in the ABL such that the 
mean wind has a 
component down the 
pressure gradient. The 
cross-isobar flow angle a is 
the angle between the 
actual surface wind and the 
geostrophic wind.
If the mean profiles of actual and geostrophic velocity can be accurately measured, the 
momentum flux convergence can be calculated as a residual in the above equations, and 
vertically integrated to deduce momentum flux. This technique was commonly applied early in 
this century, before fast-response, high data rate measurements of turbulent velocity 
components were perfected. It was not very accurate, because small measurement errors in 
either u or u

g
 can lead to large relative errors in momentum flux.
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In most BLs, the vertical fluxes of heat, moisture and momentum are primarily carried by 
large eddies with lengthscale comparable to the boundary layer depth, except near the 
surface where smaller eddies become important. 
The figure below shows the cospectrum of w´ and T´, which is the Fourier transform of w´T´, 
from tethered balloon measurements at two heights in the cloud-topped boundary layer we 
plotted in the previous lecture. The cospectrum is positive, i. e. positive correlation between w
´ and T´, at all frequencies, typical of a convective boundary layer.
Most of the covariance between w´ and T´ is at the same low frequencies n = ω/2π ~ 10-2 Hz 
that had the maximum energy. Since the BL is blowing by the tethered balloon at the mean 
wind speed U = 7 ms-1, this frequency corresponds to large eddies of wavelength λ= U/n = 
700 m, which is comparable to the BL depth of 1 km.

Cospectrum of w´ and T´ at cloud 
base (triangles), top (circles) in 
convective BL.
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TKE equation in horizontally homogeneous PBL.

Shear production of TKE occurs when the momentum flux is downgradient, i. e. has a component opposite (or ‘down’) the 
mean vertical shear. To do this, the eddies must tilt into the shear. Kinetic energy of the mean flow is transferred into TKE. 

Buoyancy production of TKE occurs where relatively buoyant air is moving upward and less buoyant air is moving 
downward. Gravitational potential energy of the mean state is converted to TKE. 
Both S and B can be negative at some or all levels in the BL, but together they are the main source of TKE, so the vertical 
integral of S + B over the BL is always positive.

The transport term mainly fluxes TKE between different levels, but a small fraction of TKE can be lost to upward-
propagating internal gravity waves excited by turbulence perturbing the BL top. 

The dissipation term is the primary sink of TKE, and formally is related to enstrophy. In turbulent flows, the enstrophy is 
dominated by the smallest (dissipation) scales, so D can be considerable despite the smallness of n.
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Porównanie wartości turbulencyjnego strumienia ciepła utajonego liczonego dla 
półgodzinnych i jednogodzinnych przedziałów uśredniania z wynikami 
otrzymanymi na podstawie pomiarów 15-minutowych.

Fortuniak, 2009
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Usually, the left hand side (the ‘storage’ term) 
is smaller than the dominant terms on the 
right hand side. 
The figure  shows typical profiles of these 
terms for a daytime convectively driven 
boundary layer and a nighttime shear-driven 
boundary layer. 
In the convective boundary layer, transport is 
considerable. Its main effect is to 
homogenizing TKE in the vertical . 
With vertically fairly uniform TKE, dissipation 
is also uniform, except near the ground 
where it is enhanced by the surface drag . 
Shear production is important only near the 
ground (and sometimes at the boundary 
layer top). 
In the shear-driven boundary layer, transport 
and buoyancy fluxes are small everywhere, 
and there is an approximate balance 
between shear production and dissipation.
The flux Richardson number:
Ri

f
 = - B/S

characterizes whether the flow 
is stable (Rif > 0), 
neutral (Rif » 0), 
or unstable (Rif < 0). 
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PBL and its interaction with 
the surface
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Diurnal cycle of PBL.
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Lidar returns (532nm) in the atmospheric boundary layer allow to investigate its evolution. 
Notice that lidar signal are scattered by dust and cloud droplets, 
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Convective rolls: 
organization of 
convection.
Turbulence?
Coherent structures in 
turbulence!
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Convection rolls in cold air outbreak over a warm sea surface


