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Water Vapor in the Atmosphere 
 
I. Conceptual Background 
 Water molecules are electrostatically polarized because the electron in each 
of the two hydrogen atoms shifts slightly toward the oxygen atom, leaving the 
hydrogen atoms with a slight positive charge and the oxygen atom with a slight 
negative charge. As a result, the negatively charged oxygen atoms in water 
molecules weakly attract the positively charged hydrogen atoms of other water 
molecules. It is these electrostatic attractions that hold water molecules together to 
form liquid water and ice.  
 Molecules of all substances, including water, are in constant, random 
motion, vibrating, rotating and translating (that is, moving from place to place). 
The molecules in any substance exhibit a range of energies of these random 
motions. Temperature is a measure of the statistical average energy of these 
random molecular motions, while heat is a measure of the total energy of the 
random molecular motions in a sample of material.   
 If the energy of random motion of a water molecule at the surface of liquid 
water is great enough, then the molecule will break its electrostatic bonds with 
other water molecules, fly away from the surface, and enter the gas phase; that is, it 
will become a water vapor molecule, with no electrostatic bonds to other 
molecules. We call this process evaporation (when molecules break away from a 
liquid surface) or sublimation (for an ice surface). 
 As in any substance, water vapor molecules also exhibit a range of energies 
of random motions. Water vapor molecules that collide with the liquid or ice 
surface and lack sufficient energy will be held at the surface by electrostatic bonds 
with other molecules there⎯that is, they will stick and become part of the liquid or 
ice. We call this process condensation (when molecule stick to a liquid surface) or 
deposition (for an ice surface). In contrast, molecules that are sufficiently energetic 
will bounce off the surface and remain in the gas state. 
 As long as there are some water vapor molecules present, evaporation and 
condensation will occur simultaneously. That is, some water vapor molecules will 
always be colliding with the liquid or ice surface and some will be sticking, while 
other, sufficiently energetic molecules will be breaking away from the surface and 
entering the gas state. When evaporation and condensation occur at the same rate, 
then the liquid or ice will experience no net gain or loss of water molecules. This 
state we call a state of equilibrium. When a liquid or ice surface is in equilibrium 
with the water vapor next to it, we say that the space adjacent to the liquid or ice 
surface is saturated with water vapor. 



   

 2 

 The rate at which water evaporates from a liquid or sublimates from ice 
depends on the average energy of random molecular motion of the water or ice 
molecules⎯that is, on the temperature of the liquid or ice. The warmer the liquid 
or ice is, the greater is the proportion of molecules that have sufficient energy to 
break away from the surface and hence the greater is the evaporation or 
sublimation rate.  
 The rate at which water vapor condenses onto a liquid surface or deposits 
onto an ice surface also depends on the average energy of random molecular 
motions of the vapor molecules⎯that is, on the temperature of the water vapor. 
The warmer the vapor is, the smaller is the proportion of molecules that have 
sufficiently little energy to stick to a liquid or ice surface when they collide with it 
and hence the lower is the condensation or deposition rate. 
 Hence, if water vapor is at equilibrium with a liquid water or ice surface, and 
the temperature of the system increases, then the evaporation or sublimation rate 
will increase while the condensation or deposition rate decreases, upsetting the 
equilibrium. More water molecules will break away from the liquid or ice surface 
and become vapor molecules than vice versa, so the number (and hence density) of 
water vapor molecules near the surface will increase.   
 However, as the density of water vapor molecules increases, the rate at 
which water vapor molecules collide with the liquid or ice surface also increases.  
That is, the more crowded the water vapor molecules become near the liquid or ice 
surface, the more of them will, in their random motions, collide with the surface in 
a given period of time. All else being equal, increasing the collision rate should 
also increase the rate at which vapor molecules stick to the surface and become 
liquid or ice⎯that is, condense or deposit. Eventually, when the number of vapor 
molecules near the surface becomes great enough, the condensation or deposition 
rate should once again equal the evaporation rate, and equilibrium will again be 
restored⎯that is, the space next to the liquid or ice will once again become 
saturated. At that point, though, there will be more water vapor present than before 
the temperature of the system increased. 
 We conclude from the foregoing that when a liquid water or ice surface is in 
equilibrium with the water vapor next to the surface⎯that is, when the space next 
to the surface is saturated with water vapor⎯then the amount of water vapor 
present depends on the temperature of system. The warmer it is, the more water 
vapor will be present at saturation. 
 It’s worth repeating that as the temperature of the system increases, the 
evaporation or sublimation rate increases and the condensation or deposition rate 
initially decreases. This throws the two processes out of equilibrium in favor of a 
net transfer of molecules from the liquid or ice to the water vapor, and the amount 
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of water vapor present therefore begins to increase. As the amount of water vapor 
increases, the condensation or deposition rate begins to increase again. However, 
to achieve a new equilibrium at the higher temperature, the condensation or 
deposition rate must not only recover to its original rate but increase further, to 
match the increased evaporation or deposition rate. For this reason, the amount of 
water vapor present at equilibrium does not increase just linearly with 
temperature⎯it increases more rapidly than that. In fact, the increase is roughly 
exponential with respect to increasing temperature.  
 
II. Measures of Water Vapor Content 
 Meteorologists define a number of measures of the amount of water vapor in 
the air, some more obvious and direct than others. Some of these include: 
 
 Mixing ratio:  

 

w ! mv md  
 Specific humidity:  

 

q ! mv m = mv mv + md( )  
 Water vapor density: 

 

! v " mv V  
 Specific volume:   

 

! v " V mv = 1 # v  
 Vapor pressure:   

 

e   (partial pressure exerted by water vapor) 
 Dew point temperature:  

 

Td  (the temperature to which air must be   
     cooled at constant pressure to become saturated) 
 
Note that w and q express the amount of water vapor present in terms that are in 
some sense relative to the amount of dry air present, whereas 

 

! v , 

 

! v , e, and 

 

Td  
don’t depend in any way on the presence of other gases and can be defined whether 
any such gases exist or not. 
 
III. Measures of Water Vapor Content at Saturation 
 As noted in section I above, the amount of water vapor that is present in a 
particular volume when it is saturated depends primarily on the temperature of the 
liquid or ice and water vapor with which the liquid or ice is at equilibrium. The 
amount of vapor present at saturation does also depend on other factors, such as the 
concentration of any solutes dissolved in the liquid or impurities present in the ice, 
and the degree to which the liquid surface is curved (such as in a cloud droplet or 
rain drop) or flat. The common standard for purposes other than the study of cloud 
and aerosol physics is to assume a flat surface of pure liquid water or ice at 
equilibrium with water vapor at the same temperature. (When the liquid or ice and 
water vapor are not at the same temperature, such as when cold air flows across 
warm water, additional complications arise.) 
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 It is interesting to note that the presence or absence of other gases (such as 
dry air) has little affect on the amount of water vapor present at saturation. Hence, 
expressions such as “there is a limit to the amount of water vapor that air can hold, 
and when that limit is reached we say that the air is saturated”, are misleading. We 
nonetheless often use such expressions for convenience, even though they don’t 
really have any physical basis. 
 Meteorologists define a number of measures of the amount of water vapor 
that would be present if the air were saturated, including: 
 
 Saturation mixing ratio:  

 

ws 
 Saturation specific humidity: 

 

qs 
 Saturation water vapor density: 

 

! vs 
 Saturation specific volume: ! vs !1 "vs   
 Saturation vapor pressure: 

 

es 
 
These quantities are similar to the measures of water vapor content in section II 
above, except that they express a hypothetical idea: how much water vapor would 
be present if the space next to a liquid or ice surface (if such a surface were 
present) were saturated? (There is nothing analogous to dew point temperature on 
this list, but if there is such an analog it would have to be temperature itself.) 
 
IV. Relative Humidity 
 The distinction between the amount of water vapor actually present (that is, 
the water vapor content) and the amount that would be present at saturation under 
otherwise identical conditions (the saturation water vapor content) allows us to 
define a hybrid measure of water vapor content, the relative humidity. Relative 
humidity is defined as the amount of water vapor present relative to (in particular, 
as a percentage of) the amount that would be present at saturation. It would seem 
that any of the first five quantities in sections II and III above could be used to 
construct this percentage, but it turns out that they are not all quantitatively 
equivalent. By convention established by the United Nations’ World 
Meteorological Organization (WMO), relative humidity is defined as: 
 
 Relative humidity:  RH ! e es( ) "100%  
 
By this measure, when the actual amount of water vapor present (as measured by 
the vapor pressure, e) equals the amount that would be present at saturation (as 
expressed by the saturation vapor pressure, es ), then the relative humidity is 100%. 
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That is, the “air is saturated” (even though this has little or nothing to do with air 
and everything to do with water vapor). 
 
III. Some Quantitative Relations 
 We know that the vapor pressure, e, can be related to the water vapor density 
and the temperature: 
 
  

 

e = ! v RvT  
 
 Similarly, the partial pressure of dry air can be related to the density of dry 
air and the temperature: 
 
  

 

pd = ! d RdT  
  
 Using the definitions of density and mixing ratio (w) and the fact that total 
pressure equals the sum of the partial pressures, we can show that: 
 
  w = ! !e pd = ! !e p " e( )  
 
where ! ! Rd Rv ! R* Md( ) R* Mv( ) = Mv Md and R* is the universal gas 
constant. 
 
 Although I’ll skip the derivation here, it can be shown that the saturation 
vapor pressure adjacent to a flat surface of pure liquid water depends only on 
temperature: 
 

  es T( ) = es Tref( )exp Lv
Rv

1
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! 1
T

"

#
$
$

%

&
'
'

(
)
*

+*

,
-
*

.*
 

 
where “exp” means “the number e⎯as distinct from the vapor pressure⎯raised to 
the power of the exponent in parentheses”; T is the temperature in Kelvins; Tref is a 
reference temperature (typically taken to be 0°C or, in this context, 273.15 K); 
es(T) is the saturation vapor pressure at temperature T; es(Tref) is the (known) 
saturation vapor pressure at the reference temperature; Lv is the latent heat of 
evaporation of water at the reference temperature; and Rv is the gas constant for 
water vapor. This is a version of the Clausius-Clapeyron equation. (Its derivation 
ignores the weak dependence of the latent heat of evaporation on temperature.) 
This is an approximately exponential relationship between saturation vapor 
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pressure and temperature (which you can see more clearly by algebraically 
remodeling the argument of the exponent in the relation to put temperature into the 
denominator). 
 Using the relation between mixing ratio and the vapor pressure, we can 
construct a similar relation between the saturation mixing ratio (ws ) and the 
saturation vapor pressure (es T( ) ). The saturation mixing ratio is the mixing ratio 
that the air would have if it were saturated at the same temperature and pressure 
(p): 
 
  ws ! mv( )s md = ! "es T( ) pd = ! "es T( ) p # es T( )$% &'  
 
where mv( )s  is the mass of water vapor “mixed in” with a mass of dry air, md , 
when the parcel is saturated.  

(Note that if T and p are held constant while vapor is added until saturation 
is reached, then the vapor pressure would increase and the partial pressure of dry 
air, pd, would necessarily decrease. The mass of air in the parcel is greater due to 
the additional water vapor, and the gas constant increases slightly because the 
composition of the gas changes. To satisfy the gas law, the density of the air must 
decrease slightly in proportion to the increase in the gas constant, which requires 
that the air expand in response to the addition of the water vapor.)  

The expression above for ws shows that ws depends not only on temperature 
(through the saturation vapor pressure, 

 

es T( ) ) but also on the total observed 
pressure (p). In this respect, ws differs from saturation vapor pressure as a measure 
of the water vapor content at saturation (because saturation vapor pressure depends 
on temperature only). To emphasize this multiple dependence we can write mixing 
ratio as ws T, p( ) = ! !es T( ) p " es T( )#$ %& .  
 If the mixing ratio were to exceed the saturation mixing ratio (w > ws)⎯that 
is, if there were more water vapor actually present than would be present at 
saturation⎯then the condensation or deposition rate would exceed the evaporation 
or sublimation rate. The amount of water vapor would therefore decrease, which in 
turn would decrease the condensation or deposition rate until it equals the 
evaporation or sublimation rate, at which point equilibrium (and hence saturation) 
is achieved. This tends to happen very rapidly⎯so rapidly that we can’t measure it 
without special equipment. For most practical purposes, we can assume that the 
actual water vapor content doesn’t exceed the water vapor content that would exist 
at saturation. We can express this constraint in any of the following ways: 
 
 

 

w ! ws,  

 

q ! qs,  

 

! v " ! vs,  

 

! v " ! vs,  

 

e ! es, 

 

Td ! T , and 

 

RH !100%  
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