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Lecture Ch. 4a
•  Equilibrium
•  Phase changes
•  Enthalpy changes from phase changes

–  Latent heat
–  Clapeyron equation
–  Clausius-Clapeyron equation

Curry and Webster, Ch. 4 (pp. 96-115; skip 4.5 (except 4.5.1), 4.6)
Reminder: Homework Problem Ch.4 Prob. 4, 5

Take-home point: Water is very unique, as is its high latent heat and existence 
in 3 phases in the atmosphere.

Atmospheric AþComponentsAÿ
Phase Diagrams

•  Pressure-temperature diagrams
•  Degrees of freedom

•  Pressure-volume diagrams

Take-home point: For mixtures with more than one chemical component, 
there are more than 2 independent variables; if more than one phase exists, 
there are less than 2.  Hence, when we look at phase changes, we are 
constrained in state space.
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Pure water
(1 component)

Phase Equilibrium

•  Thermal equilibrium

•  Mechanical equilibrium

•  Chemical equilibrium

Chemical Equilibrium

•  Two phases in equilibrium
– Constant T, P

•  Phase changes
– Constant T, P

•  (What was G?)
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Enthalpy Change

•  Enthalpy for phase transition

•  Define latent heat

Definition: 

From 2.32 at dp=0: 

Key Combined 1st+2nd Law Results
•  1st Law: du=dq+dw; u is exact Eq. 2.8

¥  du=dqrev-pdv (reversible, expansion only) p. 56
•  Define Enthalpy: H=U+PV  Eq. 2.12

¥  dh=du+pdv+vdp (also Eq. 2.32: dh=vdp+Tdη)
•  2nd Law: [dqrev/T]int.cycle=0 Eq. 2.27
•  Define Entropy: dη=dqrev/T Eq. 2.25a

¥  Tdη=dqrev

¥  du=Tdη-pdv
•  Define Gibbs: G=H-Tη Eq. 2.33

¥  dg=dh-Tdη-ηdT=(du+pdv+vdp)-Tdη-ηdT
¥  dg=du-(Tdη-pdv)+vdp-ηdT=vdp-ηdT p. 58

•  (! p/! t)g=η/v Eq. 2.40

Small Inconsistency in Terms, 
but Results are Correct; Why?

•  p. 56 G=mg and p.105 μ=δG/δn
•  But p. 105 also says μ=g; how is this true?
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So µ # g
This is likely what text 
meant. So keep your units 
straight and youÕll be ok. 

This is true for G and 
n since they are linear 
with no offset. 

Clapeyron Equation

•  Enthalpy change for any phase transition

Exact! (tangent) 

DefAûn: dg=-ndT+vdp  (Eq. 2.34)  

Not exact but usually 
good (on average) at 
equilibrium 

Since dp=0 

By definition of 
latent heat 

Clausius-Clapeyron ���
Equation

•  Latent heat of vaporization

pv=RT 

Phase Change Relationships

•  Clapeyron equation
– All phase changes
– Non-ideal equations of state

•  Clausius-Clapeyron equation
– Liquid-vapor equilibrium only:    vL << vV
–  Ideal gas law for vapor:    vV = RT/p
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Water Saturation Pressures 

es doubles with every 10C!

T(C) eS (hPa)

10 12.3

20 23.4

30 42.4

40 73.8

(this is one consequence of 
Clausius-ClapeyronAûs equation)

Reminders
•  Virtual Temperature:  The temperature air would have at the given pressure and density if there 

were no water vapor in it 

•  Potential Temperature: The temperature a parcel would have if it were brought adiabatically and 
reversibly to p0 (usually 1 atm) 

•  Virtual Potential Temperature:  The temperature a parcel would have if there were no water vapor 
in it (only condensed water) and if it were brought adiabatically and reversibly to p0 (usually 1 atm)
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Water Vapor Metrics Temperature Metrics
•  Virtual Temperature:  The temperature air would have at the given 

pressure and density if there were no water vapor in it 
•  Potential Temperature: The temperature a parcel would have if it 

were brought adiabatically and reversibly to p0 (usually 1 atm) 
•  Virtual Potential Temperature:  The temperature a parcel would have 

if there were no water vapor in it (only condensed water) and if it were 
brought adiabatically and reversibly to p0 (usually 1 atm)

•  Equivalent Temperature: The temperature that an air parcel would 
have if all of the water vapor were to condense in an adiabatic isobaric 
process

•  Equivalent Potential Temperature: The temperature a parcel would 
have if all of the water were condensed in an adiabatic isobaric process 
and if it were brought adiabatically and reversibly to p0 (usually 1 atm)

Water Vapor Metrics

Mixing ratio SpeciÞc humidity Relative humidity

Water vapor by 
mass

Water vapor by 
partial pressure

Water saturation

Virtual 
temperature

Virtual potential 
temperature
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Consider moist air at a temperature of 30¡C, a pressure of 1,000 hPa, and a relative
humidity of 50%.  Find the values of the following quantities:

a) vapor pressure
b) mixing ratio
c) specific humidity
d) specific heat at constant pressure
e) virtual temperature

10% 
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Clausius Clapeyron Example

The saturation vapor pressure at a temperature of 30°C is 42.4 hPa.  The gas constant for
dry air is 287 J K-1 kg-1.  The gas constant for water vapor is 461 J K-1 kg-1.

In addition to the constants given above, here is one more: the saturation vapor pressure
at a temperature of 40°C is 73.8 hPa. Assuming that the latent heat of vaporization is
constant,  use this information to calculate the numerical value for this latent heat.

Clausius Clapeyron Example
The saturation vapor pressure at a temperature of 30°C is 42.4 hPa.  The gas constant for
dry air is 287 J K-1 kg-1.  The gas constant for water vapor is 461 J K-1 kg-1.

In addition to the constants given above, here is one more: the saturation vapor pressure
at a temperature of 40°C is 73.8 hPa. Assuming that the latent heat of vaporization is
constant,  use this information to calculate the numerical value for this latent heat.

The Clausius Clapeyron equation can be integrated if L is assumed constant, and the
result is Eqn. 4.23.  Using 30°C=303K and 40°C=313K, and knowing saturation
vapor pressure values for each, the only unknown is L.  Solving Eqn. 4.23,
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L=2.4x106 J/kg.

What did we learn in Ch. 4?
•  Phase equilibrium definitions

–  Criteria of phase equilibria (thermal, mechanical, 
chemical)

–  Degrees of freedom reduced by phases
–  Phase diagram of (pure) water

•  Clausius-Clapeyron equations
–  Strong dependence of esat on temperature (and Llv)

•  Doubles every 10C
–  There are two ways to saturate, i.e. H=e/esat=1

•  Increase water vapor in parcel (e)
•  Decrease temperature (and hence esat)

Midterm Wed. Nov. 19
•  Chapters 1-4, excluding ocean-specific sections 

–  Composition, Structure, State
–  First and Second Laws of Thermodynamics
–  Transfer Processes plus Simple Thermo Model
–  Thermodynamics of Water

•  In class 80 min (12:30-1:50 pm, NTV 330)
•  Closed book
•  Constants provided

Curry and Webster, Ch. 1-4


