Classnote 8: Atmospheric Boundary Layer

Boundary Layer:  The layer of a fluidflow in the immediate vicinity of a material surface in which significant transfers of momentum, heat, and mass between the boundary surface and the fluid occur.

Atmospheric Boundary Layer (0 – 1,000 m above the surface):  The lower part of the atmosphere which forms as a consequence of the interactions between the atmosphere and the underlying surface (sea or land) over time scales of one day or less.  The atmospheric boundary layer can be divided into three sub-layers:

Outer Layer (100 – 1,000 m above the surface):  The region that the air flow shows little dependence on the nature of the surface.  The Coriolis force due to the earth’s rotation is important to the flow movement in this layer.

Surface Layer or the Inner Layer (10 – 100 m above the surface):  The region that the air flow is mainly dependent on the surface characteristics and is little affected by the earth’ rotation.

Roughness Layer or the Interfacial Sub-layer (0 – 10 m above the surface):  The layer of air within and just above the roughness elements comprising the land or sea surface.  In this layer, molecular diffusion is an important process by which heat and mass are exchanged between the surface and the air.

Shear Stress (τ):  The shear stress is the tangential forces between two layers of fluid caused by the velocity difference between the two layers of fluid and by the retardation of motion by the viscosity of the fluid.  The shear stress can be expressed as:

τ = μ du/dz  

where τ is the tangential stress on a unit area of the fluid; μ is the dynamic viscosity of the fluid; and du/dz is the vertical shear of the horizontal fluid flow (wind).  The above equation is also known as the “Newton’s Law of Friction”.

Convective Boundary Layer:  During the mid-day or afternoon periods, the heating on the surface by solar energy intensifies and buoyancy dominates the air motion in the planetary boundary layer.  Wind shears in the boundary layer become insignificant and the wind velocity distribution becomes more uniform.  This afternoon atmospheric boundary layer is called a convective boundary layer.  Development of this boundary layer can be described as below (Garratt, 1992, The Atmospheric Boundary Layer, Cambridge University Press):

a) the breakdown of the nocturnal inversion through heating, and the development of a shallow, well-mixed layer;

b) the subsequent development of a deep, well-mixed boundary layer, possibly with a strong capping inversion; this elevated inversion layer atop the convective boundary layer is called the interfacial layer,

c) evidence of stable stratification in the upper regions of the convective boundary layer, which is relates to entrainment processes across the inversion

d) prior to sunset, development of a surface inversion related to surface cooling.

Diurnal Evolution of the Atmospheric Boundary Layer 
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Mixing Height (or Mixing Depth):  Mixing height is defined in two ways.  First, it is defined, in general, as the distance between the surface and the top of the planetary boundary, where turbulence diminishes and surface friction becomes insignificant, is called the mixing height.  Second, more specifically, it is defined by the thermal effects in the atmosphere.  When an air parcel is heated up, it will continue to rise until its temperature equals the temperature of the surrounding environment.  As a matter of fact, due to the inertia of the air parcel, the air parcel will actually overshoot and be brought back to the region where its temperature is the same as that of the environment.  The layer from the ground-level to the altitude about where the neutral condition is reached is a region that vertical mixing would occur more rigorously.  This layer is defined as the mixing height (or mixing depth).  

Air pollutants emitted in the boundary layer are transported and mixed throughout the whole depth of this mixing height.  The height varies diurnally in response to the diurnal heating and cooling of the surface.  It typically grows rapidly in the morning and reaches its maximum in the afternoon.  At sunset, it collapses rapidly with the nocturnal boundary layer.  The nocturnal boundary layer covers the surface inversion layer formed at the ground-level after sunset.  The above figure demonstrates the evolution of diurnal mixing height.

Determination of the Mixing Height: To determine the height of the mixing depth, which is of particular usefulness in dispersion modeling, US EPA developed a technique to estimate the morning and afternoon mixing height (Holzworth 1972) as follow:

1. Draw a representative atmospheric temperature profile using the temperature observations recorded during the period 0200 – 0600 local standard time.

2. Determine a representative morning ground-level temperature (TAM) based on the lowest ground level temperature during the period 0200 – 0600 local standard time,

TAM = Tmin of (0200 – 0600) + 5 oC. 

3. Determine a representative afternoon ground-level temperature (TPM) based on the highest ground level temperature during the period 1200 – 1600 local standard time,
TPM = Tmax of (1200 – 1600)
4. From the points TAM and TPM, draw lines with the slope equals the dry adiabatic lapse rate from the ground upward until it intercept to thc morning or afternoon atmospheric temperature profile.  The height between the ground and the point of interception is the mixing height. 
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Typical ambient temperature profile for a city in the U.S. 
Turbulence:  The actual atmospheric flow is always turbulent in nature and never follows the law of ideal fluid.  Turbulence is an irregular condition of flow in which the various quantities show a random variation with time and space coordinates, so that statistically distinct average values can be discerned (Hinze, 1975). 
Atmospheric Modeling:  Atmospheric flow is mainly governed by 6 equations: the equation of continuity (1), the equation of momentum (or the Navier-Stokes equations, 3), conservation of thermal energy (1), and the equation of state (the gas law, 1).  To be complete, one additional equation should be added, i.e., conservation of water vapors (the humidity equation).  Numerical solution to the mean movement of the atmospheric flow can thus describe the flow field (u, v, w), the air density ((), the temperature (T), and pressure (p).   (see Seinfeld, p 841 for definitions of symbols)
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Conservation of Energy
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Figure 3.15 Schematic of the various flow regions around a two-dimensional wall or a building: (a) Mean stream-
line pattern. (b) Mean velocity profiles at various locations along the flow. From Halitsky, 1968
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Unfortunately, the atmosphere is always turbulent, the above description can only be applied to the mean motion (large-scale motion) of the air flow.  To address the turbulent flow, we assume that the flow properties can be divided into the sum of an average component and a fluctuating component (called Reynolds Averaging), i.e.,

ui = Ui + ui’   (i.e., u = U + u’; v = V + v’; and w = W +w’)

p = P + p’

( = ( + (’

T = T + T’

For any two flow properties, A and B, the following rules apply:

[image: image7.png]Figure 4.3 Diurnal variation of potential temperature profiles and the planetary boundary layer (PBL) height during
() Day 33 and (b) the night of Days 33-34 of the Wangara Experiment. (c) Curve A is the PBL height during day-
time and curve B is the surface inversion height at night. After Deardorff, 1978.
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Figure 3.15 Schematic of the various flow regions around a two-dimensional wall or a building: (a) Mean stream-
line pattern. (b) Mean velocity profiles at various locations along the flow. From Halitsky, 1968




We now can represent the mean and fluctuating portions of flow movements in the atmosphere.  However, we introduced new unknown properties into the governing equations, terms such as u'v', u'w', u'(', …etc.  It increases the level of complexity in the mathematical description of the flow motion and solutions to these equations become very laborious to obtain in terms of computational time and labor time.  To close the problem, assumptions will have to be made to reduce the numbers of variables (Turbulence Closure). 
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Mean Mixing height for the U.S. continent: (a) winter morning, (b) winter afternoon,

Mixing heights are reported by 100 m.
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