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ABSTRACT 

Results of new calculations of temperature, pressure, density, and other physical quantities in the strato
, sphere up to an elevation of 100 km are given and discussed. 

The development of jet-propelled missiles and 
rockets and their use in obtaining more information 
concerning the structure of the atmosphere requires 
the utilization of all data on the stratosphere available 
at present. For this reason such results are presented 
here, although it is to be expected that they will 
become obsolete in the near future. (For discussions 
of earlier data and literature, see Gutenberg, 7, 8, or 
Haurwitz, 10.) 

There are two fundamental quantities on which all 
calculations are based: the composition of the at
mosphere and its temperature. For both, accurate 
measurements are available only up to an elevation 
of about 30 km, but inferences may be drawn regarding 
higher elevations by using theory in combination with 
observations of other phenomena. 

Air samples taken at elevations between the ground 
and 29 km (see Paneth, 17) indicate that the oxygen 
content of the air varies from 20.9 per cent in volume 
between the ground and an elevation of about 20 km 
to 20.4 per cent at an elevation of 28! km. However, 
this (possibly partly local) difference of about t per 
cent was not compensated by a corresponding larger 
amount of the light gases; especially, helium remained 
at about 0.0005 per cent up to 25 km (0.00052 per cent 
at the ground and 0.00054 at 25 km). Relatively small 
amounts of hydrogen and helium are to be expected 
at even greater elevation since, according to Jeans 
(11), both gases escape at the top of the earth's 
atmosphere; Peterson (19) found that under such 
circumstances these gases are of Ii ttle importance 
throughout the whole atmosphere. · 

Theoretical investigations as to the time which is 
required to restore equilibrium after gases of the at
mosphere have been mixed, by Epstein (1) and Maris 
(15, 16), indicate that it takes many months to restore 
even half of the difference between the actual distri
bution and the equilibrium distribution of the gases at 

1 Paper presented at the Aeronautical Symposium, California 
Institute of Technology, 15 March 1946. 

2 Balch Graduate School of the Geological Sciences, Contribu
tion No. 391. 

elevations below 100 km, after the atmosphere has been 
mixed by air currents. Consequently, the composition 
cannot be expected to differ appre{;iably over this 
range. This result is confirmed by the interpretation of 
the spectrum of the aurora by Kaplan (14). Thus, in the 
following, it is assumed that the atmosphere has the 
same composition between the ground and an eleva
tion of nearly 100 km. 

If a homogeneous atmosphere is assumed, all major 
mechanical properties can be expressed as functions 
of the temperature alone. The fundamental equa
tio~s for average air consisting of molecules of the 
gases are given in equations 1-5. 

Sound velocity in m/sec: 

v = 20.dr, 
T = absolute temperature centigrade. 

Molecular velocity in m/sec: 

fD2 '\J--=- = 1.46 v, average c = 1.35 V. 
n 

Pressure p at elevation h in km: 

i hdh 
log p = log Po - 14.837 -. 

o T 
Density in g/ms: 

d = 348 p/T, pin millibars. 

Mean free path of molecules in cm: 

f = 0.007648/d. 

(1) 

(2) 

(3) 

(4) 

(5) 

The best information regarding the temperature be
tween 30 and 60 km is derived from observations 
which give the velocity of sound waves at these alti
tudes. At higher levels the absorption of sound in
creases so fast with elevation that the usefulness of 
sound waves for temperature determinations de
creases rapidly above the level of 60 to 70 km. In 
Figure l3 the fundamental data of Schrodinger (20) 

3 The figures were drafted by Mr. R. Gilman. 
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FIG. 1. Absorption of sound energy per km in an isothermal 
atmosphere after Schrodinger. 

have been used to indicate the loss of energy in sound 
waves of various wave lengths and at various altitudes. 

Thus far, no difference in sound propagation has 
been found when the energy was changed within wide 
limits. However, it is to be considered that for eleva
tions above 60 km the change in pressure due to sound 
waves may approach the pressure itself, and that under 
such conditions equation (1) must be replaced by 
equations for shock waves at greater heights. (See, 
for example, Gutenberg, 8, p. 143.) 

The results on the propagation of sound waves 
(Fig. 5, up to an elevation of 60 km) indicate that their 
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FIG. 2. Examples of vertical temperature distributions. 

velocity increases to a maximum at elevations of 
roughly 60 km, where it exceeds the velocity near the 
ground. (For details see, for example, Gutenberg, 9.) 
Data are available only for central and western 
Europe in summer and winter, California in winter, 
and some data for arctic areas during summer and 
winter (Wolcken, 26). 

From equation (1) it follows that the temperature 
must reach a maximum at the same level of about 60 
km as the sound velocity, and that it must be higher 
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FIG. 4. Vertical distributions of mean free path of molecules. 

there than near the ground (Fig. 2). There are some 
indications (see, for example, Whipple, 25) that above 
60 km the temperature decreases with increasing ele
vation to a minimum at an elevation of about 80 km, 
but it is believed by many specialists on the iono
sphere that much higher temperatures prevail above 
90 km. In Figure 2 all values for elevations above 60 
km are very uncertain. There are definite indications 
that the temperature throughout the stratosphere 
shows seasonal differences and differences in latitude. 

The distance from the source of the sound to the zone 
of "abnormal audibility" of sound waves at the ground 
undergoes strong seasonal variations. The more 
rapidly the sound wave velocity increases (and corre
spondingly the temperature) at the elevations of 30-40 
km and the lower the level of the beginning of this 
increase, the less the distance at which the strong 
sound waves return to the ground. Compilations of 
data have been published by Whipple (23, 24), A. 
Wegener (22), and others. Wegener found that in 
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central Europe the distance of the maximum sound 
intensity from the source varies between 120 km in 
February and about 240 km in August. 

Many attempts have been made to explain the high 
temperatures at heights between about 40 and 60 km. 
The seasonar and geographical changes in the tem
perature at these levels show fluctuations similar to 
those in the ozone content at the same levels, and 
there is little doubt that the absorption of the solar 
radiation by ozone and water vapor play the major 
roles in producing these high temperatures. (See, for 
example, Pekeris, 18, Fabry, 2, Gowan, 4, 5, 6.) As 
soon as the solar radiation reaches the upper level in 
which sufficient ozone is present to absorb the solar 
radiation appreciably, higher temperatures result, 
and relatively high temperatures persist downward as 
far as sufficient absorbable radiation remains. By the 
time the rays reach the layer of maximum ozone con
tent at an elevation of about 25-30 km, practically 
all the radiation of the wave lengths which the ozone 
is able to absorb has been absorbed. The high tem
peratures in the ionosphere are due to other processes. 

From equation (3) the pressure can be calculated 
and from equation (4) the density. Both are given in 
Figure 3 on the assumption of an atmosphere of 
uniform composition with the temperatures indicated 
in Figure 2. Figure 4 shows the mean free paths of the 
molecules, calculated from equation (5). Again, all 
data for elevations above 60 km are rather uncertain. 

Figure 5 indicates the approximate mean charac
teristic values of the wind speed and direction and the 
sound velocity. Data for the wind velocity have been 
estimated by using observations of noctilucent clouds 
(elevation about 80 km), smoke from meteors in day
time (30-80 km), sparks from meteors at night 
(90-120 km), in addition to direct observations. (See 
also Fennell, 3, for movements of clouds of high ionic 
density, and Johnson, 12, for direction and velocity 
of wind over England at an elevation of about 30 km.) 
In general, the results agree with the pressure field 
which is indicated by generalization of the calculated 
values of the pressure in Figure 3. 

The sound velocity (Fig. 5) for the troposphere has 
been calculated from the temperature; between about 
20 km and 60 km the original data are given; above 
60 km the values have been calculated from the tem
perature and consequently are uncertain'. 

The mean velocity of the molecules is about 1.4 
times the sound velocity and has not been plotted 
separately. 

It is very difficult to extrapolate the data beyond 
an elevation of about 90 or 100 km; the composition 
of the atmosphere probably begins to change notice-

ably with elevation and the temperature (over 100 C?) 
is high_ly uncertain. In addition, due to the increase in 
free paths of the molecules and the relative increase 
in the number of individual atoms the equations used 
grow more and more inaccurate with higher altitudes. 
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