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29.5: Atmosphere

The atmosphere is a very complex dynamic interaction between many different species of atoms and molecules. The average
percentage compositions of the eleven most abundant gases in the atmosphere up to an altitude of 25 km are shown in Table 1.

Table 1: Average composition of the atmosphere up to an altitude of 25 km.

Gas Name Chemical Formula Percent Volume
Nitrogen Ny 78.08%
Oxygen O, 20.95%
*Water H>0O 0 to 4%

Argon Ar 0.93%

*Carbon Dioxide CO, 0.0360%
Neon Ne 0.0018%
Helium He 0.0005%
*Methane CH,4 0.00017%
Hydrogen Hy 0.00005%
*Nitrous Oxide N,O 0.00003%
*Qzone O3 0.000004%

* variable gases

In the atmosphere, nitrogen forms a diatomic molecule with molar mass My, = 28.0g - mol ! and oxygen also forms a diatomic

molecule Oy with molar mass Mg = 32.0g - mol*. Since these two gases combine to form 99% of the atmosphere, the 02
average molar mass of the atmosphere is

M =~ (0.78) (28.0g -mol ') +(0.21) (32.0g - mol ') = 28.6g - mol "

The density p of the atmosphere as a function of molar mass M,4y,, the volume V , and atm number of moles n,, contained in the
volume is given by
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How does the pressure of the atmosphere vary a function of height above the surface of the earth? In Figure 29.4, the height above

sea level in kilometers is plotted against the pressure. (Also plotted on the graph as a function of height is the density in kilograms
per cubic meter.)
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Figure 29.4 Total pressure and density as a function of geometric altitude

Isothermal Ideal Gas Atmosphere

Let’s model the atmosphere as an ideal gas in static equilibrium at constant temperature 7' = 250K. The pressure at the surface of
the earth is Py = 1.02 x 10°Pa. The pressure of an ideal gas, using the ideal gas equation of state (Equation (29.4.23)) can be
expressed in terms of the pressure P, the universal gas constant R, molar mass of the atmosphere M,;,, and the temperature T,

T M= RT RT

P: R—— =
T Vv %4 Matm pMatm

Thus the equation of state for the density of the gas can be expressed as

p= Matm P
RT
We use Newton’s Second Law determine the condition on the forces that are acting on a small cylindrical volume of atmosphere

(Figure 29.5a) in static equilibrium of cross section area A located between the heights z and z+ Az

F(z + Az)=P(z + Az)A
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Figures 29.5 (a) (left), mass element of atmosphere, and (b) (right), force diagram for the mass element

The mass contained in this element is the product of the density p and the volume element AV = AAz,

Am = pAV = pAAz

- o
The force due to the pressure on the top of the cylinder is directed downward and is equal to F (z+ Az) = —P(z+ Az)Ak
(Figure 29.5(b)) where k is the unit vector directed upward. The force due to the pressure on the bottom of the cylinder is directed

—- A
upward and is equal to F (z) = P(z)Ak . The pressure on the top P(z+ Az) and bottom P(z) of this element are not equal but
differ by an amount AP = P(z+ Az) — P(z) . The force diagram for this element is shown in the Figure 29.5b.

Because the atmosphere is in static equilibrium in our model, the sum of the forces on the volume element are zero,

—ytotal N —
F =Ama =0
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Thus the condition for static equilibrium of forces in the z -direction is
—P(z+A2)A+P(z)A—Amg=0

The change is pressure is then given by

APA=—-Amg
Using Equation (29.5.5) for the mass Am , substitute into Equation (29.5.8), yielding
APA=—pAAzg— —%AAzP
The derivative of the pressure as a function of height is then linearly proportional to the pressure,
4Py AP Mamg
dz Az0 Az RT

This is a separable differential equation; separating the variables,

dP__Matmgdz
P RT

Integrate Equation (29.5.11) to yield

P(2)
[ (2
pn P By

0

:_/z Matmgdz:_Matmgz
. RT RT

Exponentiate both sides of Equation (29.5.12) to find the pressure P(z) in the atmosphere as a function of height z above the surface
of the earth,

P(z) =P, exp(—

Example 29.2 Ideal Gas Atmospheric Pressure

What is the ratio of atmospheric pressure at z = 9.0 km to the atmospheric pressure at the surface of the earth for our ideal-gas
atmosphere?

Matmg P
RT

Solution

P(9.0km) ( (28.6 x 10°kg -mol ") (9.8m-s72)
S el —

9.0 x 10° =30
P, (8.31J-K ! -mol ™) (250K) (9.0 m)>

Earth’s Atmosphere

We made two assumptions about the atmosphere, that the temperature was uniform and that the different gas molecules were
uniformly mixed. The actual temperature varies according to the specific region of the atmosphere. A plot of temperature as a
function of height is shown in Figure 29.6.
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Figure 29.6 Temperature-height profile for U.S. Standard Atmosphere

In the troposphere, the temperature decreases with altitude; the earth is the main heat source in which there is absorption of infrared
(TR) radiation by trace gases and clouds, and there is convection and conduction of thermal energy. In the stratosphere, the
temperature increases with altitude due to the absorption of ultraviolet (UV) radiation from the sun by ozone. In the mesosphere,
the temperature decreases with altitude. The atmosphere and earth below the mesosphere are the main source of IR that is absorbed
by ozone. In the thermosphere, the sun heats the thermosphere by the absorption of X-rays and UV by oxygen. The temperatures
ranges from 500 K to 2000 K depending on the solar activity.

The lower atmosphere is dominated by turbulent mixing which is independent of the molecular mass. Near 100 km, both diffusion
and turbulent mixing occur. The upper atmosphere composition is due to diffusion. The ratio of mixing of gases changes and the
mean molar mass decreases as a function of height. Only the lightest gases are present at higher levels. The variable components
like water vapor and ozone will also affect the absorption of solar radiation and IR radiation from the earth. The graph of height vs.
mean molecular weight is shown in Figure 29.7. The number density of individual species and the total number density are plotted
in Figure 29.8.
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Figure 29.7 Mean molecular weight as a function of
geometric height
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Figure 29.8 Number density of individual species and total number as a function of
geometric altitude.

(Note that in the above axis label and caption for Figure 29.8, the term “molecular weight” is used instead of the more appropriate
“molecular mass” or “molar mass.”)
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