
The Earth-Atmosphere System 
Atmospheric Composition 

Table 1. Composition of the Atmosphere (Clean dry air near sea level) 

Gas Constituent  Chemical Formula   Volume Mixing Ratio  Sources   
Nitrogen N2 0.78083 Biological 
Oxygen O2 0.20948 Biological 
Argon Ar 0.00934 Inert 
Carbon dioxide CO2 0.00036 Combustion, ocean, biosphere 
Neon Ne 0.00001818 Inert 
Helium He 0.00000524 Inert 
Methane CH4 0.0000017 Biogenic and anthropogenic 
Hydrogen H2 0.00000055 Biogenic, anthropogenic, and photochemical 
Nitrous oxide N2O 0.00000031 Biogenic and anthropogenic 
Carbon monoxide CO 50 - 200 10-9 Photochemical and anthropogenic 
Ozone (troposphere) O3 10 - 500 10-9 Photochemical 
Ozone (stratosphere) O3 0.5 - 10 10-6 Photochemical 
Krypton Kr 0.0000011   
Xenon Xe 0.0000001   

Air is an ideal gas. For the purposes of this course, air will be thought of as a mixture of two gases: a) dry air (see 
composition above) and b) water vapor, both of which will be assumed to behave as ideal gases. 

Ideal gases obey the Ideal Gas Law: p = ρRT  

where p is pressure in Pascals (Pa), ρis density in kg/m3, T is absolute temperature in K, and R is the Gas constant 
for the air in units of J/kg/K. For the dry air, the above equation takes the following form: 

pd = ρdRdT  

where pd is partial pressure of the dry air in Pascals (Pa), ρdis density of the dry air in kg/m3, T is absolute 
temperature in K, and Rd is the Gas constant for the dry air in units of J/kg/K and numerically equal to 287 J/kg/K. 
For the water vapor, the above equation takes the following form: 

e = ρvRvT  

where e is partial pressure of the water vapor, or vapor pressure, in Pascals (Pa), ρvis density of the water vapor in 
kg/m3, T is absolute temperature in K, and Rv is the Gas constant for the water vapor in units of J/kg/K and 
numerically equal to 461.5 J/kg/K. 

Ideal gases obey Dalton's Law of partial pressures, thus, p = pi
i
∑ = pd + e  
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Atmospheric Moisture - Water Vapor 

The hydrologic cycle describes the movement of water, in all three phases, within and between the Earth's 
atmosphere, oceans, and continents. In the vapor phase, water moves quickly through the atmosphere and, in doing 
so, redistributes energy in the form of latent heat. The movement of water vapor through the hydrologic cycle is 
strongly coupled to precipitation and soil moisture. Although the basic workings of the hydrologic cycle are well 
known, there is a general lack of knowledge about the interactions between the components of the hydrologic cycle 
at a range of spatial and temporal scales, in part due to the tremendous heterogeneity of the boundary conditions and 
complexity of these interactions and in part due to the lack of adequate observations.  

Water Vapor Definitions 

Water vapor is water in the gaseous phase. The following are a few ways of quantifying the amount of water vapor 
content in the atmosphere. 

The mixing ratio is the ratio of the mass of water vapor in a parcel of air to the mass of only the dry air. 
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where ε = Rd/Rv = 0.622. 

Specific humidity is the ratio of the mass of water vapor in a parcel of air to the total mass of the moist air, 
including both the dry air and the water vapor. 
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Both specific humidity and mixing ratio are dimensionless numbers. However, because atmospheric concentrations 
of water vapor are very low (a few percent of the amount of air at most), they are both often expressed in units of 
grams of water vapor per kilogram of (moist or dry) air. 

Absolute humidity is the same as the water vapor density, defined as the mass of water vapor in a parcel of moist 
air divided by the volume. It is also given by the ideal gas law as, 
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The partial pressure of the water vapor is called the vapor pressure. Air is said to be saturated with respect to water 
vapor when it contains the maximum possible amount of water vapor without bringing about condensation. The 
vapor pressure at saturation is the saturation vapor pressure, es(T). Its value depends only on the temperature of 
the air. The Clausius-Clapeyron equation gives the saturation vapor pressure over a flat surface of pure water as a 
function of temperature, 
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where Lv is the latent heat of evaporation equal to 2.5 106 Joules/kg . 

Relative humidity is the ratio of the actual vapor pressure to the saturation vapor pressure at the air temperature, 
expressed as a percentage. Because of the temperature dependence of the saturation vapor pressure, for a given value 
of relative humidity, warm air has more water vapor than cooler air. 

r.h. = e
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The dew point temperature, Td, is the temperature the air would have if it were cooled, at constant pressure and 
water vapor content, until saturation (or condensation) occurred. If the vapor pressure is known, Td, can be obtained 
solving the following equation: 

e = es (Td )  

If the mixing ratio is known, Td, can be obtained solving the following equation: 

wo = ε es (Td )
p

 

Other commonly used measures of water vapor content include the so-called wet-bulb temperature, Tw, which is 
the temperature an air parcel would have if it were cooled to saturation at constant pressure by evaporating water 
into the parcel. Wet-bulb temperature can be calculated using the following expression: 
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If all the water vapor in the air at a particular time were to condense and fall as rain, it would amount to a depth of 
only about 2.5 cm. This is called precipitable water. However, water vapor is not evenly distributed. In fact, the 
precipitable water is about 5 cm near the equator and less than one tenth as much at the poles. The annual global 
average precipitation is about 1 m; thus, the global atmospheric water vapor content must be recycled about 40 times 
a year, which implies that the average residence time of water vapor in the atmosphere is about 9 days. 

The precipitable water is the vertically integrated total mass of water vapor per unit area for a column of 
atmosphere. 

W = ρv (z)dz
z=0

Z

∫  

Precipitable water represents an upper limit to the total amount of precipitation that may be realizable from the given 
atmospheric column. The above equation yields W in units of mass of water vapor per unit area, kg/m2. However, it 
is usually expressed in units of volume of liquid water per unit area or equivalent depth of liquid water.  

Density of Moist Air 

The density of moist air, ρm , is lower than the density that dry air would have if it were at the same pressure, p, and 
the same temperature, T, as the moist air. Thus, water vapor is a source of positive buoyancy in the atmosphere. 
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Buoyancy Force 

In order to bring about condensation in the atmosphere, a necessary condition for precipitation, it is necessary to 
bring moist air to saturation conditions. This can be accomplished through lifting of moist air parcels from the lower 
troposphere. As air is lifted, it expands and cools. Thus, for a fixed amount of water vapor, lifted moist air may 
eventually reach saturation conditions because the saturation vapor pressure decreases as temperature decreases. An 
important mechanism to achieve this lifting is the buoyancy force resulting from density differences in the 
atmosphere, as those that might result from differences in moisture content or differences in temperature. 

For a given parcel of air, the net force in the vertical direction can be expressed as, 

Fz = g(ρa − ρp )∑  

The above equation is the mathematical expression of Arquimedes principle. Expressing this force in units of force 
per unit mass of air parcel, the buoyancy force is: 
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The above equation indicates that a net positive vertical force (i.e., directed upward) will act on the parcel if its 
density, ρp , is lower than the density of the ambient air; ρa, or, equivalently, if its temperature, Tp is higher than the 
temperature of the surrounding air, Ta.  

Potential Temperature and Equivalent Potential Temperature 

Potential temperature is the temperature that a parcel of air would have if it were brought adiabatically to a pressure 
of 105 Pa. Potential temperature is denoted by θ and can be computed as follows: 
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where Cp is the specific heat capacity of air equal to 1004 Joules/kg/K.  Potential temperature is constant during 
adiabatic processes. 

Equivalent potential temperature, denoted θe, is the potential temperature that a parcel of moist air would have if all 
its moisture were condensed out following an adiabatic and moist-adiabatic ascent; it can be computed as: 
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Water Vapor in the Climate System 

Water vapor is the most abundant of the greenhouse gases in the atmosphere and the most important in establishing 
the Earth's climate. Without water vapor and other greenhouse gases in the air, surface air temperatures would be 
well below freezing.  



 

Mean Distribution of Water Vapor 

The mean distribution of precipitable water is shown in the figures below. Precipitable water decreases from the 
equator to the poles. As expected, amounts of precipitable water are greatest over warm, equatorial regions and 
decrease more or less continuously with increasing latitude down to very low values over the cold, polar regions. 

 



 



 

Vertical Distribution of Water Vapor 

Water vapor content decreases rapidly with elevation. In fact, most of the water vapor is contained within the lower 
5 km of the atmosphere (>90%) and more than half is actually contained within the lowest 1.5 to 2 km. Less than 5-
6% of the water is above 5 km, and less than 1% is in the stratosphere. Relative humidity also tends to decrease with 
height, from an average value of about 60-80% at the surface to 20-40% at 300 mbar (9 km). 



 



 

Figure The mean distribution of precipitable water, or total atmospheric water vapor above the Earth's surface. 
This depiction includes data from both satellite and radiosonde observations. (Image courtesy of Thomas Vonder 
Haar and David Randel, Colorado State University, Fort Collins.)  

The Role Of Water Vapor In The Climate System 

Water vapor is the link between the surface and the atmosphere in the hydrologic cycle. As is shown in the figure 
below, almost all water vapor in the atmosphere originates at the surface of the Earth, where water evaporates from 
the ocean and the continents and is transpired by plants and respired by animals into the atmosphere. Once in the 
atmosphere, water vapor can be transported horizontally and vertically by the three-dimensional circulation of the 
atmosphere and may condense to form liquid water or ice crystals in clouds. The cycle is completed when water 
returns to the Earth's surface in various forms of precipitation such as rain or snow. This cycle is closely tied to 
atmospheric circulation and temperature patterns.  



 

Figure The global water or hydrologic cycle, showing estimates of contents of major reservoirs and rates of transfer 
or fluxes of water between them. (Image used by permission of the National Academy of Science [1987].) 

The hydrologic cycle is strongly influenced by the nature of the surface of the Earth. Hydrologic processes operate 
on different timescales over the ocean and land. Over the ocean, surface temperature, which varies slowly, is a major 
controlling factor, while over land, coupled effects of surface temperature and available soil moisture, which can 
change relatively quickly, are important. 

Rivers carry water from land to oceans, from which we infer that there must be more precipitation than evaporation 
over land. To achieve balance, there must then be more evaporation than precipitation over oceans. The excess water 
vapor is transported from oceanic to continental areas and precipitates.  


