Classnote – 6
Atmospheric Stability
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Motion of an Air Parcel in the Atmosphere

Consider an air parcel of mass mp (with density p)
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and temperature Tp moving upward or downward

in an environment of T = Te and  = e,

the Newton=s 2nd law of motion requires
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Since mp =  p Vp, 
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By the gas law, the density is inverse proportional to the temperature if the pressure is held at constant.  Therefore, 
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Equation 2 states that if the parcel temperature is greater than the temperature of the environment, the air parcel will move upward (in the positive z direction), and downward (in the negative z direction) if the parcel temperature is less than that of the environment.  We may further rearrange the terms in Equation 2 to be

[image: image11.wmf]a

g

T

dT

dz

dT

dz

dz

e

p

e

=

-

×

(

)

[image: image12.wmf]=

-

-

-

×

g

T

dz

e

{(

)

(

)}

G

L


[image: image13.wmf]=

-

×

g

T

dz

e

(

)

L

G


Assuming Te = Tp, the above equation can be rewritten as:
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where  dTp/dz = - and dTe/dz = - Λ
Thus, if  Λ =  ,  Neutral, no upward or downward movement enhanced

               Λ > ,  Unstable, buoyancy-enhanced vertical movement dominated

    Λ < ,   Stable, buoyancy-enhanced vertical movement suppressed

Consider a patch of dry foreign air parcel is placed in an atmosphere, the air parcel will move upward or downward according to the dry adiabatic lapse rate,  while the surrounding air in the atmosphere (environment) will move according to the actual lapse rate, Λ.  If Λ  =  ,  there will be no buoyancy-enhanced movements in either upward or downward direction.  However, if Λ is greater than , the air parcel will move farther away from its initial position, as indicated in the following figure.

For a superadiabatic condition (Λ >  the temperature distribution of the ambient air is indicated by line a-a (i.e., for example, Λ = 12 oC/km) in Figure S-1.  If a dry parcel of air is suddenly brought from Point A to Point B adiabatically in the atmosphere, which is only a small distance dz above Point A, the temperature of air will change according to the dry adiabatic lapse rate (line c-c, for example, 9.7 oC/km) from point A to Point B.  This sudden displacement of air parcel could easily occur by any mechanical disturbances, such as birds flapping their wings, in the air.  The temperature of the air parcel is only slightly higher than that of the atmosphere at Point B with an initial displacement dz from Point A.  At Point B, the air parcel will soon move to Point B' along the c-c line while the ambient air temperature will vary according to the actual lapse rate Λ.  At the new position Point B', the temperature difference between the air parcel and the surrounding air grows wider than at Point B.  The relative higher temperature difference at Point B' will result in further upward movement of the air parcel until the ambient temperature catches the temperature of the dry parcel of air.

On the other hand, if the parcel of air could be brought downward from Point A to Point D by some mechanical disturbances.  Because the temperature of the dry parcel of air at Point D is colder than the ambient temperature at Point D, as a result, the dry air parcel will sink to a new position Point D' after some time.  At Point D, the temperature difference between the dry parcel of air and the surrounding air is wider than that at point D.  Consequently, the parcel of air will move further downward until the ambient temperature is in equilibrium with the parcel of air at some point.  In either case, the vertical movement of the parcel of air is strongly enhanced by the condition of Λ >  and, therefore, creates an unstable atmosphere with abundant vertical movements. 

Follow the same arguments as discussed above, the buoyancy-enhanced vertical movements are strongly suppressed for the atmospheric condition of Λ < displaced parcel of air from the equilibrium Point A will move back towards Point A.  Under this circumstance, the atmosphere lacks of vertical movements and is called a stable atmosphere.

Figure s-1 Movement of an air parcel in the atmosphere
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 Stability Defined by Potential Temperature   

As defined before, the potential temperature is
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(One should note that the exponent in Equation 6 differs from that of Equation 14.12 of SP by a sign.  This is the consequence of a reversal in the 1000/po term.  Using the 1000 mb at sea surface as the reference pressure, Equation 14.12 becomes 
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  , which is the same as Equation 6 in this note.) 

If we take the logarithmic of Equation 6, we have
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The value of ratio of R/cp can be expressed as ((-1) /( The ratio of the specific heat γ is defined as ( =  cp / cv and cp = R + cv..  Now, Equation 7 can be expressed as
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Differentiate Equation 8 with respect to z,

By the hydrostatic equation and the gas law, Equation 9 can be rewritten as
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If   =  T,  then
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Again, if  Λ =  Neutral,       dθ/dz = 0,  (constant potential temperature gradient)

                Λ >  Unstable,     dθ/dz < 0,  (negative potential temperature gradient)      

                Λ <  Stable,          dθ/dz > 0,  (positive potential temperature gradient)

Analogy of Stability between Atmosphere and Object
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Other Expressions for Atmospheric Stability

Stability Parameter: 
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Substitute Equation 11 into Equation 5, the buoyancy acceleration can be expressed in terms of potential temperature (Equation 12),   
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We define a new parameter, called static stability parameter s, to indicate the atmospheric stability as below:
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This parameter is independent of the origin and thermodynamic properties of different parcels and depends only on the vertical stratification of the environment.

If s > 0,   »»»  dθ/dz > 0,   »»»  a < 0,   »»»  stable

If s = 0,   »»»  dθ/dz = 0,   »»»  a = 0,   »»»  neutral

If s < 0,   »»»  dθ/dz < 0,   »»»  a > 0,   »»»  unstable

Richardson Number, Ri: 
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The stability parameter may be thought of as being proportional to the rate at which stability suppresses the generation of turbulence.  Since turbulence is generated by mechanical shear forces at a rate proportional to (δu/δz)2.  The ratio of the two processes is called the Richardson number.
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Richardson number is a dimensionless measure or criterion of the effect of turbulence energy by the wind shear and the consumption by buoyancy forces.

Monin-Obukhov Length Scale, L: 
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The mean and turbulence properties in the surface layer depend on the height, a buoyancy parameter, the friction velocity, and the surface temperature flux.  These parameters define a length scale, a velocity scale, and a temperature scale.  The length scale is called the Monin-Obukhov length and is an indication of the atmospheric stability.
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L > 0, stable

L = (, neutral

L < 0, unstable

Further Discussion on Temperature Changes of a Rising (or Falling) Parcel of Air (SP 14.1)

From the definition of potential temperature, T/To = (p/po)R/cp,   
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 where ( is the potential temperature and ( = cp/cv
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Let T be the temperature of an air parcel and T' be the temperature of the surrounding environment.  At any height z above the ground, the surrounding temperature can be described as: 
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For a rising air parcel, the temperature inside the air parcel, cp dT - Vdp = 0, can be described as:
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 Combine the above two equations, we have
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If ( is the actual lapse rate in the atmosphere, then T' = T'o -(z and 
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Substitute T into dT/dz or by differentiate the above equation, we obtain,
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Temperature Changes of a Rising Moisture Parcel of Air

Recalling the rate of change of water vapor in terms of the altitude from Classnote-4. 
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 The rate of change of water vapor is actually documented in terms of temperature.
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Further Note on Potential Temperature

The potential temperature is a measure to relate a particular atmospheric combination of temperature and pressure to the dry adiabatic condition.  It is a characteristic property of an air parcel that is invariant (conserved) during adiabatic movements of the parcel.  In an adiabatic atmosphere, potential temperature must remain constant with height.  It the potential temperature decreases with height, the atmosphere is unstable.  If it increases with height, the atmosphere is stable.

Proof of the Potential Temperature Variation with Height in an Adiabatic Atmosphere
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From Equation 4,
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 Thus,
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Morning Inversion at the Paso del Norte Air Basin
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Morning Inversion at the Paso del Norte Air Basin
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Figure S-  Plume Behavior in the Atmosphere, (( and ((: Horizontal and vertical wind-direction standard deviations
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