
6.1 Physical Concepts of Buoyancy, Entrainment and Stability 

In order to describe the behavior of cumulus clouds, it is necessary to understand the 
fundamental concepts of stability and their relation to cumulus cloud formation and 
development. It is therefore necessary to become familiar with various thermodynamic 
variables pertinent to cloud dynamics such as potential temperature and equivalent (or 
wet-bulb) potential temperature, and with the concepts of buoyancy and entrainment 
which play significant roles in the life cycle of convective clouds. Many of these concepts 



can best be illustrated on a thermodynamic diagram such as the Skew T-Log P diagram
(Figure 6.1). Thus,_ some familiarity with this diagram is desirable, and it will be referred
to when appropriate in subsequent sections. In this section, the concepts of stability,
buoyancy and entrainment will be introduced from physical considerations.

The student of physics is familiar with the ideas of stable and unstable equilibrium.
A body is in stable equilibrium when it is in a position of minimum potential energy, and in
unstable equilibrium when it is in a position of maximum potential energy. In the former
case, if the body is disturbed from its equilibrium position, it will return there, but in the
latter case the body will seek a new (stable) equilibrium position. In general, any body
disturbed from its position of equilibrium will seek a position of stable equilibrium which
may or may not be its original position. Minute parcels of air in the atmosphere are no
exception, and we are concerned mainly with the vertical motion of parcels disturbed
from equilibrium at or near the earth's surface. In what follows we will be interested
mainly in the results rather than in the causes of the disturbance.

® 
P• 

Nearly all procedures commonly used to analyze stability
in the atmosphere are based on the parcel method, an
extension of Archimedes' Principle which states that the total
upward thrust on a body totally or partially immersed in a fluid
is equal to the weight of fluid displaced by the body. Consider
a parcel of air (fluid) of volume V and density pp surrounded

i.e.,

. 

. .

where

by air (fluid) of density Pe; applying Archimedes' Principle and
assuming that the parcel neither affects, nor is affected by,
the surrounding air (fluid) through which it moves, the net
upward force acting on the parcel is given by

net upward force = total upward thrust - weight of parcel

6p
gp' p

w is the vertical velocity of the parcel

�; is the vertical acceleration of the parcel

(6.1)

and g is the acceleration of gravity.

Eq. (6.1) shows that if the parcel is less dense that its surroundings, it will accelerate

upwards ( �; > 0) and if it is more dense, it will accelerate downwards (�; < 0). Parcels
which are less dense than their surroundings (environment) are said to be positively
buoyant, and those which are more dense are negatively buoyant. The expression on the
right hand side of Eq.(6.1) is called the buoyancy force; positive buoyancy is associa�ed
with upward accelerations or the tendency to produce rising motions and negative
buoyancy with downward accelerations or the tendency to produce sinking motions. When
the parcel density is the same as that of its environment (pp= Pe), the buoyancy force van-

ishes, and the parcel will be in equilibrium with its environment if allowed to attain the
81 



FIGURE 6.1 SKEW T-LOG P DIAGRAM (8w LINES LABELED IN CIRCLES ALONG 
200 MB ISOBARIC SURFACE). (REPRODUCED FROM SKEW T-LOG P 
MANUAL.) 



position where this condition exists. It should be noted that the sense of the acceleration 
due to the buoyancy force does not necessarily indicate or imply the sense of the motion 
at any given instant because it can be easily demonstrated that a body can be undergoing 
upward (downward) motion while simultaneously being accelerated downward (upward). 

Since density is not normally measured in the atmosphere, the buoyancy force in Eq. 
(6.1) is more commonly written in terms of virtual temperature which is directly related 
to density through the Equation of State, p = pRd T* where p is pressure, pis density, Rd is

the gas constant for dry air, and T* is the virtual t_emperature. Virtual temperature (T*) 
of moist air is defined as the temperature of dry air having the same density and pressure 
as the moist air. In terms of virtual temperature, Eq. (6.1) can be written: 

dw 
cit = g 

T *-T * 
P e 
T * 

( 6 T* = T *-T *)p e (6.2) 

Eq. (6.2) states that a parcel will be positively buoyant if it is warmer than its 
environment (internal virtual temperature greater than that of the environment), and 
negatively buoyant if colder than its environment. 

The preceding simple derivation of the buoyancy force assumes that the parcel is 
insulated from its environment, that is, no environmental fluid is allowed to mix with the 
parcel, thereby modifying its properties. In the atmosphere, however, it is more 
appropriate to consider bubbles of air being modified by the entrainment of environmental 
air. In considering a bubble, rather than a parcel, the above equation must be modified to 
include mixing of entrained. air. Scorer and Ludlam (1953) showed, on the basis of 
laboratory tank experiments and theory, that the velocity of the convective bubble 

(T * - T*) 
(illustrated in Figure 6.2a) can be expressed in terms of the buoyancy B = P

T* and 
the diameter D c of the rising bubble as

(6.3) 

where C is a non dimensional scaling coefficient approximately equal to 1.0. 

We will discuss entrainment with reference to the vertical equation of motion for a 
finite cloud bubble volume. If w is the momentum per unit mass, Mc, the mass of the

cloud bubble, and Tc*· The virtual temperature of the bubble (i.e. Tp*), then the vertical

momentum of the bubble must be conserved except for external pressure (buoyancy) 
forces on the whole bubble. Thus, omitting subscript e to denote the environmental 
reference, 

vertical momentum 
change of bubble 
mass Mc

(T * - T*)C 
= 

g T* 

buoyant force 
per unit mass 
of bubble 

X Mc

Mass of 
bubble 

(6.4) 



Zc 

CLOUD 

BASE 

SEA 

SURFACE 
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Therefore 
dw dM (T * - T*)C C 

Mc dt + w 
�

= g T*

or 

dw (T * - T*)C w 
dMC

dt 
= g T* M C 

dMC In a steady state � =
dMC w --az- • Therefore

dw 
dt= g

(T * - T*) 
C 

T* 
2 

w µ 

Mc

(6.5) 

(6.6) 

l dMc where the symbol µ - M --az-is called the entrainment parameter. The stars indicate 
C 

virtual temperatures and subscript c identifies cloud properties. 

In reality cloud elements behave not only like bubbles but also like rising plumes or 
jets. Sustained, rather than bubble-like, ascent within cumulus clouds is more 
characteristic of larger cloud towers, but a typical aggregate of convective cells within a 
large cumulonimbus cloud contains a variety of buoyant elements of various sizes and 
shapes which are manifested at the visible top of the cloud by turrets rising out of a 
matrix of less active cloudy material. One crucial aspect of the bubble theory of 
convection is that buoyant elements (as opposed to the overall visible cloud mass} undergo 
an increase in size with height due to entrainment of outside air into the element. The 
entrainment is illustrated in Figure 6.2a which shows that the influx of ambient air is 
favored underneath the bubble cap within the stem of the rising element; clearly, 
entrainment is not an adiabatic process. Detrainment, the evaporation of cloudy air to 
the surroundings, occurs within the cloudy wake of the bubble and along the outer skin of 
the rising cap. 

In general, active towers suffer relatively little detrainment until they begin to 
dissipate. One measure of entrainment rate is defined as the fractional increase in bubble 

dM 
"h h " h . . l c mass wit e1g t as 1t nses, or M ciz" , the parameter µ in the above equation. In 

C 

accordance with the entertainment concept, cloud bubbles are observed to broaden with 
height as they ascend. Both laboratory and numerical studies support actual observations 
which show that rising, buoyant cloud elements broaden -linearly with height (as in Figure 
6.2b), obeying a general relationship between bubble diameter D and height Z given by 

C . C 

D = m (Z - Z ) 
C C 0 

where m is a broadening coefficient and Z , the height of the apex of the cone of 
0 

broadening, depends physically on the initial size of the bubble at cloud base Zb, i.e.,
20 = Zb -Db/m. Since Zb and m are virtually independent of the environmental properties
at cloud base, the physics of convection depends critically on the size of the bubble 



element at cloud base. It is evident that if M C
3 = 1/6 pnD , then 

(6.7) 

The quantity m, the entrainment parameter, is the fractional rate of cloud expansion due 
to entrainment and is inversely proportional to cloud size. Therefore the destructive 
effects of entrainment are minimized in large cumulus towers. The destructive effects of 
ingestion of outside air are, of course, minimized when large clouds grow in a saturated 
environment. Cloud towers with sizes greater than several km in diameter suffer a 
vanishingly small amount of destructive entrainment. In theory and in observation m 

I 
is 

found to be about 0.2; i.e., a 1 km diameter cloud element will broaden by 60 percent per 
kilometer rise. The detailed mechanisms of entrainment are still not fully understood; 
however, 1 is evident that entrainment will reduce the acceleration of a bubble due to the 
term - µ w in the bubble velocity eauation, causing positively buoyant rising bubbles to 
attain an equilibrium quicker than if there were no entrainment. 

The notion of stability is now easily acquired from consideration of parcel or bubble 
vertical motions in response to density or virtual temperature differences between parcel 
or bubble and environment. Consider a bubble of air displaced vertically from its 
equilibrium position. If at the end of the vertical displacement, the bubble's virtual 
temperature is greater than that of the environment, the bubble will be subject to positive 
buoyancy and will accelerate upwards; conversely, if the bubble's virtual temperature is 
less than that of the environment, the bubble will be subject to negative buoyancy and will 
eventuaily return to its original position. The environment is said to be stable if the 
displaced bubble tends to return to its original position, and unstable if it tends to 
continue accelerating away from its original position. These ideas are applied to 
soundings on a Skew T-log p diagram to determine the stability conditions in the 
atmosphere. When using soundings plotted on thermodynamic diagrams, it must be clearly 
understood that the adiabat lines which make up the diagram represent parcel processes, 
while the plotted sounding represents the state of the environment at a given time. 




