
Thermodynamics

Jintai Lin

1
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Ideal Gas Equation
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Å Ideal gas: negligible molecular size and no interactions 
except elastic collisions

ÅAmbient air is close to ideal gas, and is treated as so

Universal gas constant R*:
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!ǾƻƎŀŘǊƻΩǎ IȅǇƻǘƘŜǎƛǎ ᴥꜘ
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!ǾƻƎŀŘǊƻΩǎ Number NA:

Gram-molar massM:

!ǾƻƎŀŘǊƻΩǎ ƘȅǇƻǘƘŜǎƛǎ (1811): gases containing the 
same number of molecules occupy the same 
volumes at the same temperature and pressure. So:



5ŀƭǘƻƴΩǎ [ŀǿ ƻŦ tŀǊǘƛŀƭ tǊŜǎǎǳǊŜǎ ⅎ
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John Dalton in 1787: 
The total pressure exerted by a mixture of gases that 
do not interact chemically is equal to the sum of the 
partial pressures of the gases

Partial pressure of a gas is the pressure it would exert 
at the same temperature as the mixture if it alone 
occupied all of the volume that the mixture occupies
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Dry Air
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For dry air:

Apparent molar mass:

= 28.97 g/mol

Therefore:

ÅBelow turbopause(> 100 km), R 
is constant (287.0 J kg-1 K-1)
ÅAbove turbopause, heavier gases 

decrease with height faster!



Water Vapor
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Water vapor:

Therefore:



Virtual Temperature 
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Virtual temperature:
The temperature that dry air would need to attain in 
order to have the same (mass) density as the moist air 
at the same pressure

Density of moist air:



Virtual Temperature
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5ŀƭǘƻƴΩǎ ƭŀǿΥ

and

Virtual temperature:

Thus:



Water Vapor in the Atmosphere
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Mixing ratio:

Specific humidity:

Water vapor pressure:
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Hydrostatic Equation Ⱶ
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Hydrostatic Equation
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Often used to calculate atmospheric mass



Geopotential r ɻGeopotential Height rשׂ שׂ
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DŜƻǇƻǘŜƴǘƛŀƭ ∑Υ

Hydrostatic:

Geopotential height Z:

g0 is the globally 
averaged gravity at 
ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ



Acceleration of Gravity
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Geopotential Thickness
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Geopotential thickness:



Scale Height 
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Isothermal atmosphere :

ÅBelow turbopause(> 100 km), R is constant (287.0 J kg-1 K-1)
ÅT = 255 K, so that H ~ 7.5 km
ÅAbove turbopause, heavier gases decrease with height faster!



Thickness of Height of Constant Pressure Surfaces
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Warm core lows Cold core, warm core



First Law of Thermodynamics

20

For our purposes, we only discuss the case in the absence 
of changes in nuclear energy, internal inter-molecular 
potential energy, and macroscopic kinetic energy

q: heat (interaction, not transported)
w: work (interaction, not transported)
u: internal kinetic energy (function of state)

Precisely,
▀▲should be ♯▲
▀◌should be ♯◌



Work
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Thermodynamic diagram
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Specific Heats
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Closed system (no phase change) for dry air:

At constant 
volume:

At constant 
pressure:

Ὠή Ὠό ὴὨ ὧὨὝ ὨὴIn general:



Enthalpy 
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Closed system (no phase change) for unit massof dry air:

Therefore, under hydrostatic balance:

ƘҌ∑: dry static energy

Enthalpy is a state function, like u, p, v, T



Air Parcel Ẑ
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Dry Adiabatic Process
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Dry adiabatic lapse rate:



Potential Temperature r
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Potential temperature of an air parcel:
The temperature that the parcel of air would have if it 
were expanded or compressed adiabatically from its 
existing pressure and temperature to a standard 
pressure p0 (generally taken as 1000 hPa)



Equilibrium (Saturation) Vapor Pressure
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es: Saturation vapor pressure wrt a plane 
surface of pure water at T

esi: Saturation vapor pressure wrt a plane 
surface of pure ice at T

К



Saturation Mixing Ratio
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Relative Humidity
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Td: Dew point temperature
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Latent Heat 
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Latent heat of vaporization or evaporation Lv:
The heat that has to be given to a unit of mass of 
material to convert it from the liquid to the vapor 
phase without a change in temperature

Lv = 2.5 x 106 J kg-1 for water at 1 atm and 100хC

Lv is weakly dependent on T

▀▲ḙ ╛○ɇ▀◌for a unit mass of moist air (dry + H2O)

Ὠύ> 0: Ї dq < 0
Ὠύ< 0: ₆ Ї dq > 0



Saturated Adiabatic and PseudoadiabaticProcesses
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Thus:

where: For T = 15�ö��, P from 1000 to 950 hPa

Moist adiabatic lapse rate:


