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Announcements

HW2 is due. Please upload to Canvas by the end of day. Let me know if you 
need an extension. 


HW3 is online. It’s a doozy. Start working on it early. 
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Announcements

Next week we will discuss Held and Soden (2006): Robust Responses of the 
Hydrological Cycle to Global Warming.  

Please come ready for a discussion again. It will complement HW3. See Canvas 
file “Held&Soden2006.pdf”
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Supplementary reading

Petty Sections 7.3-7.5

Wallace and Hobbs 3.5.1
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First law of thermodynamics: Gibbs form

Gibbs version of the first law

dG = αdp − sdT

Maximum work that can be done by a system at constant temperature and 
pressure 

What advantages might this equation have over other forms of the first law? 

G = h − sT The Gibbs free energy.
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Gibbs free energy

We are specifically interested in isobaric, isothermal processes

dG = 0

Let’s think of a system in which contains liquid water and water vapor, and is 
whose temperature and pressure remain constant.
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Gibbs free energy

Imagine you have a tank that is completely closed. The tank has liquid water, dry 
air and water vapor. Evaporation and condensation happen simultaneously in it, 
but one rate may exceed the other initially.  

Eventually the liquid and the gas reach thermodynamic equilibrium.

Wallace and Hobbs (2006)



8

Gibbs free energy

Wallace and Hobbs (2006)

DG
Dt

= 0

Gv = Gl

Which means that the change in G for 
evaporation and condensation must be equal 

In this state of equilibrium, the tank satisfies

The vapor pressure for equilibrium is known as the saturation vapor pressure es
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Gibbs free energy

Wallace and Hobbs (2006)

The vapor pressure for equilibrium is known as the saturation vapor pressure es

RH =
e
es

If the RH is 100%, you have reached 
equilibrium. That is, the rate of evaporation to 

condensation is the same* 

(*This only applies for flat surfaces of water. 
The story is different for cloud droplets)
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The Clausius-Clapeyron equation

Wallace and Hobbs (2006)

dGv = dGl

This means that if the tank is warmed for example, G in both systems must 
change equally when equilibrium is reached again.

des

dT
=

sv − sl

αv − αl

Solving this equality and taking the limit 
yields the Clapeyron equation



Latent energy of vaporization

Written in terms of entropy
Lv = T(sv − sl)

Physically-speaking, Lv describes the increase in enthalpy that the system obtains 
from the breakage of the molecular bonds in liquid. 

If thought as a potential energy (PE), then you can think of the following 
conservation

(PE + h)l = (PE + h)v
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Wallace and Hobbs (2006)

Plugging the definition of Lv into the Clapeyron equation yields the Clausius-
Clapeyron Equation.

des

dT
=

Lv

T(αv − αl)

αv ≫ αl

Assuming that 

Yields a solution of the form 

es ≃ es0 exp
Lv

Rv [ 1
T0

−
1
T ]
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The Clausius-Clapeyron equation: solution



Wallace and Hobbs (2006)

A simplified version of the solution takes the 
following form

es = A exp (−
B
T )

A = 2.53 × 109hPa

B = Lv/Rv = 5.42 × 103K

This is a nice version that you can use to obtain 
other variables that are related to the Clausius-
Clapeyron equation. 

The Clausius-Clapeyron equation: solution

3.5 Water Vapor in Air 81
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Fig. 3.8 A box (a) unsaturated and (b) saturated with respect
to a plane surface of pure water at temperature T. Dots repre-
sent water molecules. Lengths of the arrows represent the
relative rates of evaporation and condensation. The saturated
(i.e., equilibrium) vapor pressure over a plane surface of pure
water at temperature T is es as indicated in (b).

26 For further discussion of this and some other common misconceptions related to meteorology see C. F. Bohren’s Clouds in a Glass of
Beer, Wiley and Sons, New York, 1987.

27 As a rough rule of thumb, it is useful to bear in mind that the saturation vapor pressure roughly doubles for a 10 °C increase in
temperature.

to a plane surface of pure water at temperature T, and
the pressure es that is then exerted by the water vapor
is called the saturation vapor pressure over a plane
surface of pure water at temperature T.

Similarly, if the water in Fig. 3.8 were replaced by a
plane surface of pure ice at temperature T and the
rate of condensation of water vapor were equal to
the rate of evaporation of the ice, the pressure esi
exerted by the water vapor would be the saturation
vapor pressure over a plane surface of pure ice at T.
Because, at any given temperature, the rate of evapo-
ration from ice is less than from water, es(T) ! esi(T).

The rate at which water molecules evaporate
from either water or ice increases with increasing
temperature.27 Consequently, both es and esi increase
with increasing temperature, and their magnitudes

depend only on temperature. The variations with
temperature of es and es " esi are shown in Fig. 3.9,
where it can be seen that the magnitude of es " esi
reaches a peak value at about "12 °C. It follows
that if an ice particle is in water-saturated air it will
grow due to the deposition of water vapor upon it.
In Section 6.5.3 it is shown that this phenomenon

It is common to use phrases such as “the air is sat-
urated with water vapor,” “the air can hold no
more water vapor,” and “warm air can hold more
water vapor than cold air.” These phrases, which
suggest that air absorbs water vapor, rather like a
sponge, are misleading. We have seen that the
total pressure exerted by a mixture of gases is
equal to the sum of the pressures that each gas
would exert if it alone occupied the total volume
of the mixture of gases (Dalton’s law of partial
pressures). Hence, the exchange of water mole-

cules between its liquid and vapor phases is
(essentially) independent of the presence of air.
Strictly speaking, the pressure exerted by water
vapor that is in equilibrium with water at a given
temperature is referred more appropriately to as
equilibrium vapor pressure rather than saturation
vapor pressure at that temperature. However, the
latter term, and the terms “unsaturated air” and
“saturated air,” provide a convenient shorthand
and are so deeply rooted that they will appear in
this book.

3.3 Can Air Be Saturated with Water Vapor?26
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Fig. 3.9 Variations with temperature of the saturation (i.e.,
equilibrium) vapor pressure es over a plane surface of pure
water (red line, scale at left) and the difference between es

and the saturation vapor pressure over a plane surface of ice
esi (blue line, scale at right).



e(Td) = es

Td(p, qv) =
B

ln ( Aε
pqv )

A = 2.53 × 109hPa
B = Lv/Rv = 5.42 × 103K

Is the temperature in which an unsaturated air parcel will reach saturation if we 
adiabatically cool it and keep the mixing ratio and the pressure constant.

Can use Clausius-Clapeyron to obtain it

Dew Point



We can obtain saturation values of the mixing ratio and specific humidity

Saturation mixing ration and specific humidity

rs = ε
es

pd

ε = Rd /Rv = 0.622

qs ≃ ε
es

p

Same as the quantities defined previously, but for saturation vapor pressure



Importance of Clausius-Clapeyron (CC)

dqs

dT
≃

Lv

RvT2

To a good approximation, saturation humidity scales with CC

RH =
qv

qs



Skew-Ts

Dew Point depression 

ΔTd = T − Td

Separation between 
temperature and dew point



Skew-Ts

See now why the spacing for 
mixing ratio is not linear?


We are actually looking at the 
saturation mixing ratio. 



RH vs dew point

The RH tells you how 
close you are to being 

saturated

RH =
qv

qs

Dew point tells you the 
absolute value of 
moisture content. 


They are different, but 
useful


