
 

 
 
Chapter 5 
Atmospheric Stability 
 

 
Chapter overview 

• Thermodynamic diagrams 
o Application of thermodynamic diagrams 

• An air parcel and its environment 
o Buoyancy force 

• Static Stability 
 
Thermodynamic Diagrams 
 
Thermodynamic diagrams are used to provide a graphical display of the 
thermodynamic state of the atmosphere and to illustrate thermodynamic 
processes. 
 
Atmospheric thermodynamic state is shown by isotherms, isobars, and 
isohumes. 
 
Sounding: A vertical profile of temperature (or other variable)  
 
Thermodynamic processes are shown by dry and moist adiabts. 
 
The figures on the next page highlight each of the lines that are plotted on 
a thermodynamic diagram to show the atmospheric state and 
thermodynamic processes. 



 
The thermodynamic diagram illustrated in the series of figures above is 
referred to as an emagram.   
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Figure 5.1
Components of an Emagram thermo diagram.  
(a) Isobars (green thin horizontal lines with logarithmic spac-
ing) and isotherms (green thin vertical lines) are used on all 
these charts as a common background.  
(b) Isohumes (from the Water Vapor chapter) are dotted light-
blue lines.  
(c) The dark-orange solid lines are dry adiabats.
(d) The dark-orange dashed lines are moist adiabats.
(e) Thermo diagram formed by combining parts (a) through (d).   

The variables are: pressure (P), temperature (T), mixing ratio 
(r), saturated mixing ratio (rs), potential temperature ( ), and 
wet-bulb potential temperature ( w).

(a)
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(c)

(d)

(e)



The figures below illustrate several types of thermodynamic diagrams 
commonly used by meteorologists and atmospheric scientists. 
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Figure 5.3
Catalog of thermodynamic diagrams.  In all diagrams, thick 
dark-orange lines represent processes, and thin lines (green 
or blue) represent state.  Thick solid dark-orange lines are dry 
adiabats, and thick dashed dark-orange are moist adiabats.  Solid 
thin green horizontal or nearly-horizontal lines are pressure, 
and solid thin green vertical or diagonal straight lines are tem-
perature.  Isohumes are thin dotted blue lines.  In addition, the 

-z diagram has height contours (z) as thin horizontal dashed 
grey lines.  

(a)

(b)

(e)
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In ATOC 3050 we will use a Stüve thermodynamic diagram as shown 
below. 

 
On this diagram: 
- Isotherms are vertical (labeled on the bottom) 
- Isobars are horizontal (labeled on the left side) 
- Isohumes (lines of constant mixing ratio or saturation mixing ratio) are 
dotted and slope up and to the left (labeled at the top) 
- Dry adiabats are red lines that slope up and to the left 
- Moist adiabats are curved blue lines that slope up and to the left 
The value of both the dry and moist adiabats can be determined by finding 
the temperature at which these lines crosses the 1000 mb pressure line. 
 
We can use this diagram to graphically depict how an air parcel’s 
temperature will change as it moves either dry or moist adiabatically 
through the atmosphere. 
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Application of Thermodynamic Diagrams 
 
Thermodynamic State 
 
Pressure, temperature, and humidity are used to define an air parcel’s 
thermodynamic state. 
 
How many points on a thermodynamic diagram are needed to describe an 
air parcel’s thermodynamic state? 
 
One point will indicate the air parcel pressure and temperature. 
 
What other property of the air parcel will this point indicate? 
 
A second point will indicate the air parcel pressure and dew point 
temperature. 
 
What other humidity property does this point indicate? 
 
What atmospheric condition is present when these two points coincide? 
 
A third point may be needed to indicate the air parcel total water mixing 
ratio (rT). This point will be plotted using the parcel pressure and rT. 
 
For what atmospheric conditions will this third point be needed? 
 
Processes 
 
Dry and Moist Adiabatic Processes 
 
For a dry adiabatic process the potential temperature and mixing ratio 
remain constant as an air parcel moves through the atmosphere. 
 
How is this illustrated on a thermodynamic diagram? 
 
How will the relative humidity of the air parcel change as it rises dry 
adiabatically? 
 
Example: Dry adiabatic ascent on a thermodynamic diagram 



If an unsaturated air parcel is lifted far enough the temperature and dew 
point temperature will become equal. At this point the air parcel is 
saturated. 
 
Lifting condensation level (LCL): The level (height or pressure) where a 
rising air parcel first becomes saturated. 
 
What feature would be visible in the atmosphere at the LCL? 
 
For a moist adiabatic process the equivalent potential temperature and wet 
bulb potential temperature will remain constant. 
 
How is this illustrated on a thermodynamic diagram? 
 
How will the temperature and dew point temperature (or saturation mixing 
ratio and mixing ratio) of the air parcel compare for a moist adiabatic 
process? 
 
Example: Moist adiabatic ascent on a thermodynamic diagram 
 
As the air parcel rises above the LCL water vapor will condense. 
 
The amount of water vapor that condenses in the air parcel, the liquid water 
mixing ratio (rL), is given by:  
 
rL = rLCL - rs 
 
The total water mixing ratio, rT, is given by: 
 
rT = rs + rL 
 
If precipitation falls from the air parcel this will reduce the liquid water (rL) 
and total water (rT) mixing ratios.  
 
If all of the condensate falls out of the air parcel then the liquid water mixing 
ratio is zero and rT = rs. 
 
How will the liquid water (rL) and total water (rT) mixing ratios change if 
precipitation falls into an air parcel from clouds above the air parcel? 
 



Radiative Heating and Cooling 
 
An air parcel, especially a cloudy one, can be cooled or warmed by infrared 
radiation or warmed by shortwave radiation. 
 
Any type of external heating or cooling is referred to as a diabatic process. 
 
How would this radiative cooling or warming (or any other diabatic process) 
be shown on a thermodynamic diagram? 
 
How will the air parcel potential temperature, equivalent potential 
temperature, and wet bulb potential temperature change as a result of 
diabatic heating (or cooling)? 
 
An Air Parcel & Its Environment 
 
Air parcel: An imaginary mass of air that can freely expand or contract but 
does not mix or exchange heat with the surrounding air 
 
Environment: The air surrounding an air parcel. 
 
A sounding observed by a radiosonde, or other weather observing device, 
represents the temperature profile of the environment. 
 
Environmental lapse rate (γ): The negative of the vertical temperature 
gradient of the environment 
 
γ = -ΔTe/Δz 
 
The processes illustrated on a thermodynamic diagram represent the 
change in air parcel state as it moves vertically through the environment. 
 
Note: The air parcel state and the state of the environment do not need to 
be the same. 
 
  



Buoyant Force 
 
The buoyant force acting on an air parcel depends on the density 
difference between the air parcel (ρp) and its environment (ρe). 
 
F
m buoyant

=
ρe − ρp

ρp

g  

 
Under what conditions will the buoyant force be positive (upward) or 
downward (negative)? 
 
The ideal gas law can be used to calculate the density of the air parcel and 
environment. 
 
At a given height in the atmosphere an air parcel will have the same 
pressure as the environment and thus the densities in the equation above 
can be replaced with virtual temperature or virtual potential temperature. 
 
F
m buoyant

=
Tvp −Tve
Tvp

g   F
m buoyant

=
θvp −θve
θvp

g  

 

 

Based on this equation, under 
what conditions will the buoyant 
force be positive (upward) or 
downward (negative)? 
 
At which altitudes will the air parcel 
shown at the left be positively or 
negatively buoyant? 
 
 

Plotting environmental temperature and air parcel temperature on a 
thermodynamic diagram allows us to easily identify where the buoyant 
force is positive or negative. 



Static Stability 
 
Stability: A characteristic of how a system reacts to small disturbances 
 
If the disturbance is damped the system is said to be stable. 
 
If the disturbance amplifies the system is said to be unstable. 
 
Static stability assesses the behavior of air as it is displaced vertically. 
 

 

Stable: Air will return to 
its original position after 
being displaced. 
 
Unstable: Air will 
continue to accelerate 
away from its initial 
location after being 
displaced. 
 

To determine atmospheric stability we need to determine if an air parcel will 
rise, sink, or remain at a given height in the atmosphere after being 
displaced vertically.  
 
The sign of the buoyancy force indicates how an air parcel will respond 
when it is displaced vertically. 
 
How can we determine the sign of the buoyancy force? 
 
Since the buoyancy force depends on the difference between an air 
parcel’s temperature and the temperature of its environment we assess 
static stability by comparing the air parcel’s temperature to the temperature 
of environment. 
 
  



Consider an environment where the environmental lapse rate is less than 
both the dry and moist adiabatic lapse rates. 
 

 
 
How does the temperature of a rising unsaturated (saturated) air parcel 
compare to the environmental temperature in this example? 
 
Based on the comparison of the unsaturated (saturated) air parcel 
temperature and the environmental temperature is this a stable or unstable 
atmosphere? 
 
Absolutely stable: An atmosphere in which an air parcel that is displaced 
either up or down will return to its original position. 
 
The atmosphere is statically stable when: 
 

γ <
Γd  if air parcel is unsaturated
Γs  if air parcel is saturated
⎧
⎨
⎩

 

 
or 
 
Δθenv
Δz

>
0 if air parcel is unsaturated
Γd − Γs  if air parcel is saturated
⎧
⎨
⎩

 



Neutral stability: An environment where the air parcel and environmental 
temperature is equal. 
 
The atmosphere is statically neutral when: 
 

γ =
Γd  if air parcel is unsaturated
Γs  if air parcel is saturated
⎧
⎨
⎩

 

 
or 
 
Δθenv
Δz

=
0 if air parcel is unsaturated
Γd − Γs  if air parcel is saturated
⎧
⎨
⎩

 

 
Consider an environment where the environmental lapse rate is greater 
than both the dry and moist adiabatic lapse rates. 
 

 
 
How does the temperature of a rising unsaturated (saturated) air parcel 
compare to the environmental temperature in this example? 
 
Based on the comparison of the unsaturated (saturated) air parcel 
temperature and the environmental temperature is this a stable or unstable 
atmosphere? 



Absolutely unstable: An atmosphere in which an air parcel that is displaced 
either up or down will continue to move in the direction of the original 
displacement.  
 
If air is forced to rise in an absolutely unstable environment the air will 
continue to rise. 
 
The atmosphere is statically unstable when: 
 

γ >
Γd  if air parcel is unsaturated
Γs  if air parcel is saturated
⎧
⎨
⎩

 

 
or 
 
Δθenv
Δz

<
0 if air parcel is unsaturated
Γd − Γs  if air parcel is saturated
⎧
⎨
⎩

 

 
Consider an environment where the environmental lapse rate is greater 
than the dry adiabatic lapse rate but less than the moist adiabatic lapse 
rate. 
 

 
 



How does the temperature of a rising unsaturated (saturated) air parcel 
compare to the environmental temperature in this example? 
 
Based on the comparison of the unsaturated (saturated) air parcel 
temperature and the environmental temperature is this a stable or unstable 
atmosphere? 
 
Conditionally unstable: An atmosphere in which a saturated air parcel that 
is displaced either up or down will continue to move in the direction of the 
original displacement but an unsaturated air parcel that is displaced either 
up or down will return to its original position. 
 
When an air parcel rises because it is unstable this type of vertical motion 
is referred to as convection. 
 
Convection and clouds 

 
Level of free convection (LFC): The level in the atmosphere where an air 
parcel first becomes warmer than its environment. 
 
Lifting condensation level (LCL): The level at which a rising air parcel first 
becomes saturated. 
 
Equilibrium level (EL): The level above the LFC at which a rising air parcel 
first becomes cooler than its environment. 
 
What physical features would you notice at the LCL and EL? 



Use the thermodynamic diagram below to illustrate the change in air parcel 
temperature and dew point temperature for the example on the previous 
page. 
 
For this air parcel find the LFC, LCL, and EL. 
 
You may assume the air parcel starts with a temperature of 35°C, a dew 
point temperature of 27°C, and a pressure of 1000 mb. 

 
What is the depth of the cloud formed by this air parcel? 
 
How would the cloud depth change if the temperature at 700 mb were 
cooler? 
 

 
Entrainment: Mixing of environmental air into an air parcel 
 
What impact does entrainment have on the state of the rising air parcel? 
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Environmental Lapse Rates and Stability 
 

 

As shown above how the 
environmental lapse rate compares 
to the dry (or moist) adiabatic lapse 
rate determines the atmospheric 
static stability. 
 
 

 

 

These figures illustrate the five possible 
static stability classes. 
 
The dry and moist adiabats graphically 
represent the dry and moist lapse rates. 
 
The heavy black line shows the 
environmental temperature profile and 
lapse rate. 
 

 
The discussion above showed us how to assess the local stability by 
comparing the air parcel’s lapse rate (either dry or moist adiabatic) to the 
environmental lapse rate at a specific point in the atmosphere. 
 
By comparing an air parcel’s temperature to the environmental temperature 
over a large depth of air, using a thermodynamic diagram, we can assess  
both local and non-local stability. 
 
Example: Assess the stability of an observed sounding. 
 



The environmental temperature profile will vary in time and as the 
environmental temperature changes the static stability will also change. 
 

 
 

What changes in the 
environmental temperature 
profile will cause the 
atmosphere to become 
stable? 
 
What physical processes can 
cause these changes in the 
environmental temperature 
profile? 
 

 

How will the 
environmental lapse 
rate change if a 
layer of air is forced 
to sink? 
 
Subsidence 
inversion: An 
inversion that forms 
as a result of sinking 
air. 

 



 

What changes in the 
environmental 
temperature profile will 
cause the atmosphere to 
become unstable? 
 
What physical 
processes can cause 
these changes in the 
environmental 
temperature profile? 
 
 

 
How will the atmospheric stability change over the course of a typical day? 
 

 

Why does the 
wind speed at 
the surface of 
the Earth tend to 
increase from 
morning to 
afternoon? 

 



 

How will the 
environmental lapse 
rate change if an 
unsaturated layer of 
air is forced to rise? 
 
 

 
 

 

How will the 
environmental lapse 
rate change if a layer 
of air that is 
saturated at the 
bottom but 
unsaturated at the 
top is forced to rise? 
 

 



 

How will the stability 
of an initially stable 
layer of the 
atmosphere change 
as a result of 
vertical mixing? 
 
What physical 
processes result in 
vertical mixing? 
 
What environmental 
lapse rate will result 
if the mixing 
continues until the 
layer is well mixed? 

 
 


