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SUMMARY

Values giving the vertical distribution of temperature, pressure, and density
in the atmosphere from sea level up to extreme heights of the order of 5000 miles or
more have been derived for the atmosphere both at the equator and at middle lati-
tudes. In view of the rather complete lack of knowledge concerning atmospheric
conditions in regions above the F, layer of the ionosphere, calculations for-these
regions have been carried out on the basis of three different atmospheric models or
concepts. The atmospheric model I is based on the hypothesis or concept that there
is an outer atmospheric limit far beyond the F, layer where the atmosphere is in
thermal equilibrium with the interstellar gas at a kinetic temperature of 10,000°K.
This demands that the temperature continue to increase beyond the F, layer. The mean
molecular weight is assumed to decrease with height in a specified manner. Typical
results derived on this basis are given in Tables 21 and 26.

The atmospheric model II is based on the concept that above a certain height,
situated somewhere above the F_ layer, the mean free path of the gas particles be-
comes so large, and the collision frequency becomes so small, that the particles
move over dynamical orbits under essentially free flight conditions in a gravita-
tional field, and those moving fast enough would be able to rise to great distances
with but little chance of collision with other particles. If the effects of radiation
are negligible, the temperature distribution in this region will be isothermal. Typical
results derived on this basis, when the composition (molecular weight) is assumed
constant, are contained in Tables 34 and 36.

Atmospheric model III is similar to model II inasmuch as it is based upon a
free- flight dynamical orbit region ("exosphere'") which is isothermal. 1In model
111, further consideration is given to the questicn of the temperature of the exosphere
and the height where it may be considered to begin; and, unlike model II, the
composition is variable with height — the variation with height being determined
by the assumption of diffusion equilibrium. In this model the effects of diffusion
equilibrium are treatedon a more rational basis than was the case for model I. Typical
results are contained in Tables 42 and 44.

Through an oversight, the formula g’ = €, (a/r)2 ~ r® cos 6 was used for the

apparent gravity instead of the correct formula g' = 8, (a/r)? - r(2 cos®9. As far as
the results for latitude 0° are concerned, this 1ntroduces no error, At latitude
45° the values for g’ (and ¢) are slightly too low, but the error is extremely small.
The corresponding error produced in the pressure and density, etc., is entirely
negligible and is insignificant in comparison with the uncertainties which exist in

the temperature and molecular weight, From the hydrostatic relation

h
log-£=-f f ”g
Py

it is seen that if new values for g’ are introduced, the calculated values;of
pressure and density, etc., remain unchanged if they are interpreted as corresponding

to slightly different temperatures (Taew)
in the tables (1;,“) by the ratio e'/Told = lcorrect/G 4+ The correct values of g’

, which are related to the temperatures given

latitude 45° and the ratios whxch they form with the old values are shown in the

tables attached.



[

mROPHNO " e

SYMBOLS

radius of the earth.

adiabatic speed of sound.

percent composition by volume of element =z.

percent composition of oxygen.

percent composition of nitrogen.

percent composition of hydrogen.

percent composition of helium.

mean particle diameter.

kinetic energy.

electron, electronic charge.

apparent acceleration of gravity at any height.

absolute value of gravity at sea level.

apparent gravity at sea level.

apparent gravity at the height h_.
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scale height = RuT/Mg'.

scale height

height above

height above

height above

height above
height above sea level at the base of the exosphere (dynamical-orbit region}

Boltzmann's constant = 1.381 x 107'® cm dyne/°K.

mean free path of atmospheric gas particle.

mean

mean

mean

mean

T mean

mean

mass

mass

mass

molecul ar
molecular
molecular
molecular

molecular

at the base of the exosphere (dynamical-orbit region).
sea level.

sea level where diffusion equilibrium begins.

sea level of the limit of the earth’s atmosphere.

sea level of the F, layer.

weight of gas mixture.

weight at the F_ layer.

weight at the limit of the earth’s atmosphere.
weight of constituent =z,

weight at the height h*.
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of electr

of oxygen

of atom o
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atom.
f unit atomic weight = 1.6489 X 10~ 2* grams.
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mean particle mass at the height h_.

total number of particles above h‘ contained in a colum of 1 cm?® cross section.
number of particles per unit volume.

number of free electrons.

number of neutral particles.

number of positive ions.

number of oxygen atoms per unit volume.

number density of constituent x.

number of particles per unit volume at the F, layer.

number of particles per unit volume at the height h .

collision probability for a particle.

pressure.

pressure at sea level.

pressure at the limit of the earth’s atmosphere.

pressure at the F, layer.

pressure at the height h_.

pressure at the height h‘.

universal gas constant = 49677 ft-lb/slug-mole “R = 8.314 X 107 erg/gram-mole K.

distance from the center of the earth to a point in the earth’s atmosphere =
a+ h.

- distance from the earth’s center to the height where diffusion equilibrium
begins.

distance from the earth’s center to the limit of the earth’s atmosphere =
a + hL'

distance from the earth’s center to the F, layer.

distance from the earth’s center to the height h*.

collision cross section.

absolute temperature.

absolute temperature at the limit of the earth’s atmosphere = 10,000°K =
18,000°R.

absolute temperature at the F_ layer.
absolute temperature at the height h_.
ionization potential.

mean particle velocity.

vertical gradient of temperature, dT/dh.
vertical gradient of molecular weight, dM/dh.
ratio of specific heats = C;/CL.

latitude.

mean collision frequency of gas particles.
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nm = mass density.
density at sea level.

density at the limit of the earth’s atmosphere.

partial density contributed by constituent =x.
density of helium.

density of hydrogen.

density of nitrogen.

density of oxygen.

partial density contributed by constituent x at the height h‘.
density at the height h_.

the density ratio = p/p,.

apparent gravity potential function.

apparent gravity potential function at the height h_.

apparent gravity potential at the limit of the earth’s atmosphere.

constant angular velocity of rotation of the earth’s atmosphere = 7.29211 x 10-°
radians/sec.

variable angular velocity of rotation of the atmosphere.
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ANALYSIS OF TEMPERATURE, PRESSURE, AND DENSITY OF
THE ATMOSPHERE EXTENDING TO EXTREME ALTITUDES

INTRODUCTION

Owing to the recent important developments in the field of high-speed, high-
altitude rockets and jet-propelled missiles, more and more demand has arisen for
information concerning the temperature, pressure, and density of the atmosphere up
to altitudes of the order of 100 to 300 miles or more. The pressure and density at
such heights are extremely small, corresponding to conditions of a highly rarefied
gas. Nevertheless, there may still be sufficient atmosphere to affect the motion
of a long-range rocket travelling at high supersonic speeds. This would be especially
true, for example, if one should consider the dynamical effects of the atmosphere on
the motion of a high-speed body (speeds of the order of 25,000 ft/sec) travelling
about the earth on a circular orbit as a satellite. Here the rarefied gas effects,
although small in themselves, operate over a sufficiently long time interval to
give an integrated effect which may be appreciable. It is also conceivable that
estimates of the physical state of the atmosphere at extreme altitudes might be of
some use — in various ways as yet unforeseen — in connection with certain problems
which might arise in the study of interplanetary rockets.

At an altitude of about 100 miles where the mean free path of the molecules
of the atmospheric gas becomes comparable to the dimensions of a rocket, the drag
of the rocket i1in the rarefied gas must be computed on the basis of gas kinetics
or free molecule flow rather than from the gas-dynamical laws of a continuous
medium. In this case the drag coefficient is quite large, having a value of at least
2.0(V,(18),(2)  The gas-dynamical laws based on a continuous medium probably begin
to break down at even lower altitudes where the mean free path of the gas parti-
cles takes on values equivalent to the thickness of the boundary layer. Further-
more, since the thickness of a shock wave must be at least as large as the mean
free pathi, it follows that in the highly rarefied atmosphere at high altitudes
where the laws of free molecule flow apply, shock wave phenomena can no longer
take place, at least not in any sharply defined fashion as is the case under con-
ditions of normal temperature and pressure.

Thus, in evaluating the performance of very-high-speed, high-altitude rockets, it
becomes necessary to have values for the physical properties of the upper atmosphere
up to altitudes which heretofore were of little interest to the meteorologist or
the aeronautical engineer. Values for the state of the atmosphere up to 100 km have

»

For references see p.143.

t Cf Thomas, L.H., "Note on Becker’s Theory of the Shock Front," Jour. Chem. and Physics,
Vol.12, No.1l, p.449, November, 1944.



been fairly well established. Above this level, the knowledge becomes more and more

uncertain and speculative with increasing altitude. In spite of these uncertainties, a

preliminary attempt will be made here to calculate the physical properties of the

atmosphere out to great distances beyond the F, layer and to determine, for example, what

might be considered as the "limit" of the atmosphere (atmospheric model I). Although -
the results derived for the region above the F, layer are more or less open to

question, they may at least be considered as a basis for extrapolating to the regions

beyond the F, layer up to heights of the order of 500-~1000 miles (800-1600 km).

For the purpose of discussion, the atmosphere is usually divided into three
main regions. The atmosphere from sea level to 10-15 km is referred to as the
troposphere, and that above this up to about 30 km is called the stratosphere. The
region above the stratosphere extending outward to interplanetary space may be called
the upper atmosphere.

The atmosphere above about 80 km is strongly ionized and hence this region of
the upper atmosphere, from 80 km outwards, is known as the ionosphere. The iono-
sphere is of fundamental importance in radio-wave propagation since it is owing to
the reflection of radio waves by the ionosphere that long distance radio communica-
tion is possible. It seems to be established that the ionization of the ionosphere,
and therefore its electrical conductivity, is caused primarily by the ultra-violet
solar radiation.

The ionosphere itself is divided into three main regions or layers which are
stratified on the basis of electron or ion density(8):(4), The lower of these
regions, known as the E layer, is moderately ionized and is situated in the vicinity
of the 100-km level. The next higher layer, the F, layer, is more strongly ionized and
is situated in the vicinity of 200 km. Still higher and still more strongly ionized
is the F, layer at about 300 km. There is recent evidence(73) which strongly suggests
the presence of an additional ionized layer, called the G layer, situated above
the F, layer somewhere in the region from 400 to 700 km. Theupper region of ionization
comprlslng the F, and F, layers is referred to in its entirety as the F region. The
regular E layer and the f' layer are present only during the day and are most intensely
ionized during the hours of local noon. A sporadic E layer may be present at any
time.

Diurnal changes also occur in the F region. The concept and terminology used
in the older literature was that during the night there was a merging of the F; and
F, layers to form a single layer, referred to simply as the F layer. In the newer
terminology it is more clearly recognized that the F, layer maintains its identity
throughout the night while undergoing diurnal variations. The regular E layer and
the F, layer are not present during the night, and it is unnecessary to use the
term F layer in this connection. The term F region is applied to the upper region
of ionization regardless of time of day; it comprises the F, and F, layers during
the day and the F, layer during the night.

Since the main aim of this study is to arrive at tentative Qorking values for
a "standard" upper atmosphere, no attempt will be made at an especially critical
discussion; but rather the various data which are available will be presented, and
what appear to be the most reasonable deductions from them will serve as a basis

2



for the calculations. The calculations will be carried out for the atmosphere at
the equator and also at latitude 45°, Although many gaps and uncertainties still
exist in the knowledge of the upper atmosphere, it is believed that the results
presented here, at least up to the F, layer, represent about the best that can be
done considering the data which are available at the present time (see footnote 3,
page 12), and that the values given for the temperature, pressure, and density up to
the F, layer may be accepted with considerable confidence. It must be emphasized
-that the calculations for the atmosphere beyond the F, layer, where there are no
data available and where the atmospheric models considered here are based on rather
speculative reasoning, must be regarded as representing little more than possible
values. However, there seem to be no other calculations of this nature available,
and the values derived here should at least give some indication of the limits
within which the actual values would lie.

The writer asks to be excused for frequently using mixed systems of units.
This happens because all the literature on the subject is based on the c.g.s.
system, while the values used in aeronautical applications are always desired in
the engineering system.

I - THE ATMOSPHERE UP TO THE F, LAYER

The exact calculation of the variation of atmospheric pressure and density
with altitude requires a knowledge of the following quantities as a function of
altitude above the earth’s surface.

1. Temperature.

2. Composition. This includes not only the kind of constituent gases, but also
the degree of dissociation and also of ionization, since these effects can
be important in determining the value of the molecular weight which is used
in the equation of state. For example,consider a gas composed initially of
molecular oxygen having the molecular weight 32. If this gas undergoes com-
plete dissociation into the atomic state the molecular weight is reduced
to 16, If, further, the gas is not only completely dissociated but also com-
pletely ionized, the mean molecular weight is reduced to 8 owing to the presence
of positive ions and free electrons in equal number. Finally, a knowledge of
" the composition presupposes a knowledge of the degree of diffusion equilibrium
which is present; that 1is, the degree to which the constituent gases are dis-
tributed in the vertical according to their molecular weights, with the lighter
gases situated above those which are heavier.

3. The Angular Velocity of Rotation of the Atmosphere about the Axis of the
Earth. The angular velocity determines the value of apparent gravity and thus
has an effect in determining the distribution of pressure.



I-A. THE TEMPERATURE DISTRIBUTION

The temperature conditions in the troposphere and stratosphere are well known
from direct measurements by means of sounding balloons and form the basis for the
standard atmosphere used in aeronautics as given by Diehl(7). These values will
be used to represent conditions at latitude 45°. The stratosphere at a tempera-
ture of 218°K is extended from 20 km to 32 km in accordance with a recent recom-
mendation of the NACA Subcommittee on Upper Atmosphere(ia). The significant levels
for this atmosphere are shown in Table 1.

Table 1
TEMPERATURE OF TROPOSPHERE AND STRATOSPHERE, LATITUDE 45°.
Altitude, km 0 10.77 32
Temperature, °C 15 -55 -55
Temperature, °K 288 218 218

Pressure at sea level = 760 mm of Hg

The troposphere and stratosphere temperatures at the equator will be based on the
Batavia data‘®’. Values taken from the mean annual curve (Fig. 102, Ref. 8), with
linear extrapolation from 25 to 30 km, are given in Table 2.

Table 2
TEMPERATURE OF TROPOSPHERE AND STRATOSPHERE, LATITUDE 0°.
Altitude, km 0 5 10 16 30
Temperature, °C 26 -2 -37.5 -82 -42
Temperature, °K 299 271 235.5 191 231

Pressure at sea level = 1012 millibars

Between the significant levels the temperature is assumed to vary linearly with
altitude, which represents a close approximation to actual mean conditions. It
will be noted that in the tropics the stratosphere does not have well-defined isothermal
properties as in middle latitudes, but rather is characterized by temperature increasing
with height.

Above about 35 km there are no direct measurements of temperature and the only
values available are those which result from indirect methods (1l . Thus the a¥ail-
able values for the temperature of the upper atmosphere are based on the study of

[ For footnote see p.S.
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the ozone absorption of solar radiation, the anomalous propagation of sound, atmos-
pheric tides, the luminosity and speed of meteors, the spectrum of the aurora, and
the reflection of radio waves in the ionospherel2] by the E, F,, and F, layers. An
account of these studies and their results has been given by Haurwitz(®), Penn-
dorf(20):(11) = and Gutenberg(12).

The results of these studies indicate that above the stratosphere the tempera-
ture increases to a maximum value in the neighborhood of 50 km, decreases to a
minimum value at around 80 km, and then increases again to a high value at 120 km.
The tentative standard values of temperature for this region as adopted by the
NACA Subcommittee on Upper At:mosphere(13 are given in Table 3.

Table 3

TENTATIVE STANDARD TEMPERATURE VALUES
FOR THE REGION 20 - 120 km, LATITUDE 45°

. Probable Tentative Probable

Altitude Minimum Standard Maximum

ke Temp. , °K Temp., °K Temp., °K
20 --- 218 250
25 - “--- 250
32 - 218 -
45 200 --- 380
50 - 355" ; ——-
55 300 --- ---
60 --- 355" L o---
70 ——. .- 380
78 --- 240 ---
80 170 --- 300
83 --- 240 .-
120 300 375 600

* The value 355% has been inadvertently used here instead of the intended
value 350 K. However, in view of the small value of this difference, and
also the uncertainty concerning the exact value which should be used, the
effect is entirely inconsequential.

Although these values refer mainly to middle latitudes, they will also be used
for the equatorial atmosphere above 32 km, mainly because corresponding figures
for the equatorial regions seem to be lacking, and also because they would per-

{1 However, the vertical distribution of density up to 100 km has been measured recently
by using a V2 rocket. The measured values of density are in good agreement with those cal-
culated by using the temperature distribution of Table 3. See Physical Review, Vol.70,
p-985, December, 1946, "Pressure and Temperature Measurements in the Upper Atmosphere." Also,
see "Upper Atmosphere Temperatures from the Helgoland Big Bang," Bulletin American Meteor-
ological Society, Vol.29, No.2, p.78, Feb., 1948.

[2] Extended discussions of the ionosphere and the upper atmosphere have been presented by
Berkner(3), Chapman (15), Hulburt(4), Mitra(5),(85), and Millington(6),



haps not differ greatly from the values used. The values adopted for the vertical
distribution of temperature from sea level up to 120 km at the equator and in
middle latitudes are plotted in Figs. 1-4.

It will be noted that there is no isothermal stratospheric region shown for -
the equatorial atmosphere in Fig. 1. Although a very thin isothermal layer could
have been deduced from the data used (Ref. 8), this was not very clearly indicated
and the neglect of such a layer will be of no practical significance for the cal-
culations.

The temperatures used for the atmosphere above 120 km will be those values
deduced from the reflection of radio waves by the F, and F, layers. There are
two methods by which the temperature may be deduced from the ionosphere measure-
ments. In one of these, Appleton(14), it is possible to evaluate in the reflect-
ing layer a quantity H called the scale height, which is closely related to the
thickness of the ionized layer, and which is defined by

kT R T
- — _u

, (1)

r

mg Mg’

where k is Boltzmann’s constant, m is the mean mass of the molecules, Ru is the
universal gas constant, M is the mean molecular weight, and g’ is the apparent
acceleration of gravity. Thus, when the value of H is known from ionosphere mea-
surements and M is known from the composition, the value of T is then determined. The
scale height A is discussed by Chapman(16), andis derived later in Section II-F'. The
thickness of an ionized layer is usually considered to be roughly about four times
the scale height H(74). In the other method, Appleton(18)  Eckersley(17?), Farmer
and Ratcliffe(18):(10) it is possible to estimate in the reflecting layer the average
electron collision frequency v, defined byi

5 kT p WRUT
v, = 4nd = 4nd : (2)
m M

where n is the number of particles per unit volume and d their mean diameter. By
either method, it is seen that it is necessary to know the composition (i.e., the
mean molecular weight M or the mean molecular mass m ) in order to estimate the tem-
perature in the ionosphere from radio-wave soundings.

t Also see Section III-B.
* Also see Chapman, S., and Cowling, T.G., Ref.65a, p.146.
6
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Practically all the deductions of temperature from ionosphere measurements
indicate a considerable increase in temperature above 100 km (the E layer), as
shown in Table 4, and the evidence in favor of high temperature in the F, layer
is very considerable. Although the determination of the value for the temperature
in the F, layer is not one of great accuracy, it is generally recognized that a
high temperature must prevail in this region of the order of 1000°K.

Table 4

IONOSPHERE TEMPERATURES (TAKEN FROM PENNDORF‘lO))

100 km 200-300 km 350-400 km
Maris (1936) - 373°K _———
Muller (1935) 3709 --- .-
Fuchs (20) (1936) -—- 400°-1000°K 1400°-1900°K
Martyn and Pulley (23 (1936) 300°%K 1200°% ---
Appleton (1936) 100°K 1200°K .-
Godfrey and Price (22} (1937) .- 1200°K -
Das (22) (1938) 1000°K 1000°K ---
Senda(24) (1938) --- 1400°-2000°K ---
Bhar (25 (1938) 300°%K 600°K ---
Appleton (1939) 385K 700°-1300°K ---
Penndorf(26) (1940) 308°-375% 437°- 936°% -—--

As far as ionosphere temperatures at the equator are concerned, the only values
available are those given by Fuchs¢2®, which are based on observations of the iono-
sphere at Huancayo, Peru, latitude 12° south, as given by Berkner and Wells (27). The
temperatures derived by Fuchs are shown in Table 5.

Table S

TEMPERATURE IN THE F REGION AT THE EQUATOR ACCORDING TO FUCHS(20)

350
1400

420
1900

190
400

220
1000

Altitude, km
Temperature, °K

These values are plotted in Fig. 5 together with the point T = 375% at 120 km from
Table 3. Except for the point T = 400°K at 190 km,which has been discounted, the
values are represented with sufficient accuracy by the straight line shown in the
figure, and this is the linear relationship which will be used for the temperature
distribution in the F region at tlie equator. Thus it will be assumed that the tem-
perature in this region is defined by the straight line connecting the points T =
3759% at 120 km and 7 = 1800°K at 400 km. The corresponding curve in engineering
units is plotted in Fig. 6.
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In the middle latitudes it is seen from Table 4 that considerable choice exists
in the temperatures to be used in the F region. It has been decided here to adopt a
value of 1100°K at 300 km which, from data given by Martyn and Pulley(2?t) (see Fig. 5
of Ref. 21), represents a probable mean diurnal value. The distribution of temper-
ature is assumed to be linear between this value and the value 375°K at 120 km, since
there is no information available to specify the exact nature of the temperature
curve in this region. It is well known that there is a distinct diurnal variation
in the properties of the F region. During the day this contains the F, as well as
the F, layer, with the F, layer situated at about 300 km and at a temperature of
the order of 1200°K. During the night only the F, layer remains, and in middle
latitudes this is usually at a lower height and temperature than during the day.
From the data of Martyn and Pulley it is considered that the mean diurnal condition
of the F, layer is represented by the value 1100°K at 300 km. No attempt is made
here to take into account any seasonal variations which occur, mainly because there
seem to be very few data in usable form (height and temperature) available in
this respect. The vertical distribution of temperature adopted to represent con-
ditions in the F region in middle latitudes is presented in Figs.7 and 8 (pp.14 and 15).

The temperature values used for the F region at the equator are not mean diurnal
values but are based on noon observations, and are therefore probably higher than
the mean diurnal values would be. So far, no deduced temperature data for Huancayo
which could be used to determine mean diurnal conditions have come to the attention
of the writer, and although it would no doubt be possible to make such deductions
from original Huancayo data, no attempt will be made to do this here (3.

In the calculations by Fuchs using the Huancayo data, it was assumed that both
the oxygen and the nitrogen were completely dissociated. As pointed out in Section
I-C. the effect of assuming an O + N-atmosphere is to give lower temperatures than
would be the case for an O t N~ atmosphere.

As pointed out by Zenneck(28), considering the high values deduced for the tem-
perature of the F, layer together with the rarefied gas conditions existing there,
the concept of temperature requires a few remarks by way of explanation. In the
rarefied gas of the upper atmosphere it is convenient and perhaps even necessary to
think of temperature in terms of "kinetic" temperature. Consider a unit volume of
gas, assumed homogeneous for simplicity, containing n particles each of massm. It
is shown in the kinetic theory of gases that the pressure p of the gas may be ex-
pressed in the form

—_ — 2 p
— =

1 2 1
- _ " — - 77 (3)
p 3 nmv 3 n 2 mny 3 2 v

Ca] In view of the great mass of world-wide ionosphere data that has been accumulated
during the war years and which is becoming avaifable, this would seem to be a very
appropriate time to start a critical survey and study of these data from the meteoro-
logical standpoint, since the result of such a study should add greatly to the know-
ledge of the physical state of the upper atmosphere. Thus the results would give well-
established mean values for the diurnal, seasonal, and geographical variations ot the
height and temperature of the ionized layers. In the published data available at the
present time, such information is either scarce or lacking entirely. As a result of
the emphasis being placed at present on high-altitude, high-speed rocket research,
the results described above could be used to great advantage if they were available.
Recent world-wide ionosphere data will be found in the CRPL-F series (Central Radio
Propagation Laboratory) publications of the National Bureau of Standards.
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where v2 is the mean square particle velocity and p = nm is the mass density. Thus
the pressure is directly proportional to the mean kinetic energy of translation of
the gas particles.

The equation of state for a perfect gas

R
u £ T = nkT , (4)
m

L
W P

where R, is the universal gas constant, # is the molecular weight, and k is Boltz-
mann’s constant, may be derived from purely thermodynamical reasoning based only
on the assumption of thermodynamic equilibrium, i.e., space and time derivatives
equal to zero. In this case the temperature T is the absolute thermodynamic tem-
perature as defined through the second law of thermodynamics.

The equation of state (4) may also be regarded as an empirical relation de-
rived from the laws of Boyle and Gay—Lussac+,and temperature may be independently
defined by means of this relation. This, for example, would be the temperature
indicated by a gas thermometer, which depends for its operation on the concept of
pressure as expressed by relations (3). In fact, by comparing (3) and (4), it
follows that

Lmt;—;: 3

— kT
5 3 ) (5)

which shows the relationship between the mean kinetic energy of translation of the
gas particles and the temperature.

In view of this relation, Eq. (5) may be made the basis for the definition of
temperature and may be said to define a "kinetic" temperature rather than a thermo-
dynamic scale of temperaturei. From this point of view it would be possible to
speak of the temperature of a single particle if it is so desired and to define
this by the relation

1
—2—mv2 = kT , (5a)

where v and T are the instantaneous values for a single particle. From the way in
which it is defined, it is seen that the kinetic temperature satisfies the perfect
gas equation and is therefore precisely the temperature which is used in calculating
the pressure or density. Thus, when a temperature of 1000%K or more is specified in
the F, layer, for example, this is to be interpreted in terms of Eq. (5), that is,
in terms of the mean kinetic energy of the gas particles.

-t e Poynting, J.H., and Thompson, j.J., A Textbook of Physics - Heat, London: Griffin,
Chap. 4, 1928.

t ¢ Chapman, S., and Cowling, T.G., Ref.65a, p.37.
. : 13
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It is shown in statistical mechanics(2e) that when the gas particles have a
Maxwellian velocity distribution and the temperature is defined thermodynamically,
the equation of state of a perfect gas can be derived. Thus, when the kinetic and
thermodynamic temperatures are equal, the gas will have a Maxwellian distribution;
or, stated more appropriately in the converse form, the equation of state (4) de-
fines a gas having a Maxwellian velocity distribution if the kinetic temperature 1s
identical with the thermodynamic temperature. This will be the case, provided a time
interval can be chosen to correspond to a mean steady state condition, as far as ex-
ternal influences are concerned, and provided this time interval is large compared to
the relaxation time, or the time interval between collisions.

Although high kinetic temperatures exist in the F region of the ionosphere, it
must not be inferred that a body situated in this region would come into thermal
equilibrium with the gas at these temperatures. Owing to the extremely rarefied
nature of the gas at these heights, the temperature of the body would be determined
solely by radiation processes, any heat transfer resulting from the presence of the
gas particles being entirely negligible. If the body is moving at extremely high
speeds, there would also be a small amount of heat transfer resulting from the im-
pacts of the free gas particles with the skin of the body, in which the gas particles
lose all of their directed kinetic energy upon striking the surface of the body.

I-B. THE COMPOSITION

As far as the composition of the atmosphere is concerned, it is found that the
tropospheric values are maintained with little change up to about 80 km. The compo-
sition of tropospheric air, as given by Paneth(2°), is shown in Table 6.

Table 6

COMPOSITION OF TROPOSPHERIC AIR

G Volume Mass Molecular Wt
as Formula

% % (0 = 16.000)
Nitrogen N, 78.09 75.53 28.016
Oxygen 0, 20.95 23.14 32.000
Argon Ar 0.93 1.28 39.944
Carbon Dioxide C02 0.03 . .046 44.00
Helium He 5.24x10" 7.24x10°° 4.002
Hydrogen H, 5.10x10"° 3.55x10" 2.016

From the table it is seen that N, and O, account for 99 per cent of the compo-
sition, by volume, of the tropospheric air. As pointed out by Chapman(®1) and Penn-
dorf(32) | the results of auroral spectroscopy indicate that even from 100 km to 1000
km, oxygen and nitrogen are still the main constituents of the atmosphere, and it
will be assumed here that the upper atmosphere, at least up to 1000 km, is a nitrogen-
oxygen atmosphere. However, due to the absorption of ultra-violet solar radiation,
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the molecular oxygen undergoes dissociation in the vicinity of the 100-km level,
Chapman(31), Wulf and Deming(32), and the oxygen in the remainder of the upper atmos-
phere is generally regarded as existing mainly in the atomic state. It will be assumed
here that the dissociation of oxygen begins at 83 km, becoming complete at 120 km
(i.e., the E layer). The question of the dissociation of nitrogen is quite contro-
versial and not nearly so clear; it will be assumed that the nitrogen remains in the
molecular state at least up to the F, layer [s2],

From the measurements of the reflection of radio waves, it 1is known that the
upper atmosphere 1s ionized and that the electron density (number of electrons per
unit volume) reaches a maximum in the F, layer. The degree of ionization x of a gas
is defined by the ratio

x=—2° £ (6)

where
n =n_ + ny = initial number of particles before ionization,
n, = number of free electrons,
n_ = number of neutral atoms or molecules, and

, = number of positive ions,

all referred to a given mass of gas. Thus for complete ionization, x = 1. This
formula presupposes that there are no negative ions and therefore that n = n,. If
n denotes the total number of particles in thermal equilibrium (ions, electrons,
neutral atoms or molecules) in a given volume of gas, the total pressure p is given
from kinetic theory by

p = nkT , (7)

where T is the absolute temperature and k is the Boltzmann constant. This may be
written

p=(n, +n, +n) kT = n (1 + x) kT, (8)

which shows how the ionization can increase the pressure simply by adding free elec-
trons to the gas without changing its mass.

However, from data given by Cowling(34) for the E, F,, and F, layers, it is
found that x is of the order of 10°° or smaller, and may therefore be neglected com-
pared to unity in Eq. (7). Typical values of the degree of ionization in the E and

-

[s.] Although Vassy and Vassy(80) helieve that the evidence indicates the complete dis-
sociation of nitrogen in the F, layer, this view had not been widely accepted as yet and
requires further substantiation. It seems more likely that the dissociation of nitrogen
occurs in the G layer - see Section III-D.
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F regions are shown in Fig. 9. Thus, as far as the atmosphere up to the F, layer is
concerned, the degree of ionization may be entirely neglected as far as its effect
on the calculation of the pressure is concerned. The composition which will be used
to represent conditions in the equatorial atmosphere up to the F, layer 1s given 1in

Table 7.

-

Table 7

COMPOSITION OF THE ATMOSPHERE UP TO THE F, LAYER AT THE EQUATOR

Altitude Composition, Molecular Weight Ratio of Specific
km % Volume of Mixture, ¥ Heats, 7Y
0 21% 0,, 78% N, , 0.93% Ar 28.9 1.405
83 20% 0,, 80% N, 28.8 1.405
120 33% 0, 67% N, 24.0 1.46
400 33% 0, 67% N, 24.0 1.46
(F, layer)

It will be noted that the composition is assumed to remain unchanged from 120 km
up to and including the F, layer; that is, the constituent gases in this region are
assumed to be completely mixed, giving an atmosphere of uniform composition. This
agrees more or less with the results of Mitra and Rakshit(®®) who found that, for
an N,~ O atmosphere with temperature increasing with height, diffusive equilibrium
would exist only above 350 km. The values 33% O and 67% N, are based on a gas which
corresponds to 20% O, and 80% N, when there is no dissociation of oxygen. Essentially
it is assumed that the dissociation occurs at constant pressure, but that the volume
may change.

(11) (36)

In middle latitudes it appears likely, Penndorf , BRegener that there
is a slight change in composition at about 50 km to the values 18% O, and 82% N,,
Using these figures the values in Table 8 are obtained as representative of the
composition of the atmosphere up to the F, layer in middle latitudes.

Table 8

COMPOSITION OF THE ATMOSPHERE UP TO THE F, LAYER. LATITUDE 45°

Altitude Composition, Molecular Weight Ratio of Specific
km % Volume of Mixture, ¥ Heats, 7
0 21% 0,, 78% N,, 0.93% Ar 28.9 1.405
50 18% 0,, 82% N, 28.66 1.405
83 18% 02. 82% N2 28.66 1.405
120 30.5% 0, 69.5% N, 24,35 1.46
300 30.5% O, 69.5% N, 24.35 1.46
(F2 layer)

18
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I-C. EFFECT OF COMPOSITION ON THE DETERMINATION
OF THE TEMPERATURE IN AN IONIZED LAYER

It was pointed out in connection with Eq. (1) that the values derived for the
ionosphere temperatures depend on the values used for the mean molecular weight M. ‘It
should also be mentioned that the value of H depends on the vertical distribution of
the electron density’. This has been subjected to a detailed analysis by Pekeris(37)
who finds values of H which are less than those previously used as given by
Appleton< 14) | If this result is accepted, this effect alone will give lofer iono-
sphere temperatures than those derived previously. Using the H-values of Pekeris,
Penndor£(19): (26) has calculated new values for the temperature in the E and F, layers
for various assumed values of composition M. The results given by Penndorf are shown

in Table 9.

Table 9

TEMPERATURES IN THE E AND F, LAYERS
BASED ON PENNDORF (%) AND PEKERIS (7)., LATITUDE 45°.

Desi . Lo Mean Molecular | H= 11.4 km
signation Composition )
Weight, M Temperature
E Ay 812N, , 19%0, 28.78 374°K
Layer Ao 814N, ,19%0 25.74 330°K
~100 km As 679N, ,32%0 23.87 308°k
A, 75.8%N,,9%0,, 15.3%0 26. 52 346°%K -
Designation Composition Mean Molecular H=20dm | H = 30 kn
Weight, M Temperature | Temperature
By 81N, , 19%0, 28.78 625°K 936°K
F, B, 9322, 6%0, 27.92 608°K 912°K
Layer Bs 81%N,, 19%0 25.74 557 %K 834°K
~220 km Ba 369N, , 64%0 20, 30 442°K 662°K
Bs 41%N,,40%N, 19%0 20.12 437°K 655°K
B 6792, 33%0 24.03 530°K 795°K

*

Computed from Egs. (1) and (11).

** The value 220 km for the height of the F, layer is rather low and is about equal
to the height ordinarily found for the F, layer.

* For some concepts, at least, the value of H will also depend upon the vertical distribution

of dissociation. See footnote 8, p.113.
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The rather large differences between these values show the importance of an
accurate knowledge of M and H in deducing the ionosphere temperatures. From the data
given by Pekeris(37) it is inferred that the E layer values correspond to a height of
about 100 to 110 km and the F, layer values to about 220 km. Thus the E layer values
correspond approximately to the height of the middle of the E layer. Using the values
in Table 7 the composition in the middle of the E layer will be that of A, (see
Table 9), which gives a temperature of 346°K. This is in good agreement with the
value 340°K according to the adopted curve, Fig. 7, at 110-km height.

In the F, layer the values By have been computed to correspond to the composi-
tion assumed in Table 7. From Fig. 7 a temperature of 780°K is indicated at 220
km, which is in good agreement with the higher of the B, values.

The temperatures used here for the F, region at the equator, as computed by
Fuchs, Fig. 5, were based on the assumption that the nitrogen and oxygen were com-
pletely dissociated, giving a value for the molecular weight of the atmosphere of
about 15. This is much lower than the value M = 24, which is used here to represent
the composition of the F, region, and if Fuchs’ values were to be corrected to be
consistent with the composition M = 24, much higher temperatures would result. In
fact, the values shown in Table 5 would have to be increased by the factor 24/15 =
1.6. However, in view of the fact that the more exact analysis of Pekeris would lead
to values of H which are lower by a factor of about the same order, it is considered
that the temperatures adopted according to Fig. 5 are probably quite representative of
actual conditions as they stand.

I-D. THE CALCULATIONS
The calculation of the pressure and density is based upon the hydrostatic equation

dp = -pg'dh, (9)

and the equation of state for unit mass

R

= p—T
P pM ) (10)

where

= pressure

P

P = mass density

h = height above sea level

g = apparent acceleration of gravity
R, = universal gas con;tant

M = mean molecular weight

T = absolute temperature
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In the englneenng grav1tat1onal system of units, R = 1544 x 32,174 =49677 ft- lb/slug-
moleR, o is in slugs/ft°, p is in lbs/ft?, T is in degrees Rankine, and h is in feet.
In the c.g.s. absolute system of units, R, = 83.]15 x 10° erg/gram -mole®K, p is in
grams/cm®, p is in dynes/cm?, T is in degrees Kelvin, and 5k is in centimeters.

It will be assumed that the atmosphere between sea level and the F, layer rotates
with the earth as a solid so that the apparent gravity is given by

2

g = &, (%—) - r0? cost® , (11)

where g  is the absolute value of gravity at sea level at the latitude & and a is the
radius of the earth at this latitude. The angular velocity of rotation of the earth
is denoted by (), and r is the distance from the center of the earth to a point in the
earth’s atmosphere; i.e., r = a + h. The value (0 = 7.29211 X 10~5 radians/sec is
used for the rotational speed of the earth; values for the earth’s radius and acceler-
ation of gravity are given in Table 10.

Table 10

RADIUS OF THE EARTH AND THE ACCELERATION OF GRAVITY
2 =7.29211 x 10~8 radians/sec

Latitude, Radius of the Earth, Apparent Gravity Absolute Gravity
8 a g; &,
degrees miles it cm ft/sec? | cm/sec? | ft/sec? | cm/sec?
0° 3963.34 | 2.09264x107 | 6.37839x10%| 32.088 978.04 32.199 981.43
45° 3956.59 | 2,.08908%107 | 6.36751%10%| 32.174 | 980.66 32.253 | 983.07
90° 3949.92 | 2.08556X10" | 6.35691x10% | 32,258 983.22 32.258 983, 22

Combining Egs. (9) and (10) yields

h
Mg’ dh
logp—p1 = —ﬁg‘f T (12)

hy

which gives the pressure p at a vertical distance Ah = h — h; above the level h, where
the pressure is p,. The molecular weight ¥ and the apparent gravity g’ are taken out-
side the integral here, since the interval Ah is taken small enough that it is per-
missible to use the mean values of M and g’ appropriate to the interval in question.
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Since the vertical distribution of temperature up to the F, layer has been repre-
sented by straight line segments, we always have a temperature-height relationship of
the form

T = T, +a(h-h), (13)

where a = dT/dh = (T,- Ty)/(hy— hy) is the slope of any straight line segment. Thus a
is positive for temperature increasing with height and negative for temperature
decreasing with height. Introducing this relation, Eq. (12) becomes

h
P _Me dh
log‘p': - TR f T1 +a(h_h1) ’ (14)
h

which may be integrated for] giving

Py
p = Mg’ ' (15)

——

R
[1 +Til(h - hiﬂ ‘

3b . . . .

[ J\Vhen M is constant in the interval h-h,, Eq. (14) may be integrated taking into account
the variation of graavity. For an atmosphere which rotates with the earth as a solid,
g'= 8, (a/r)2 _r02 cos®f and the pressure relation may be written

h 2 2
M 4 r P 0
logl - -Z= f 8dp) - cos dr . (14a)
p R, . T +a(r—r1)

1
1

This is readily integrated yielding the result

p M Q° cos 6 gaa2
log— = -— (r-rl) -
p, B, a rr (T -ar)
agsa’ (Tl-aJ"l)Q2 cos?0 l T, a 2, T l
+ + og + g a og — s (14b
(T -ar )* o T +a(r-r ) (T -ar )? @ r 5 (14b)
1 1 1 1 1 1 1

23



This is the formula used for calculating the pressures. From the values of pressure
obtained in this way the corresponding density is obtained immediately from the equa-
tion of state,

Mp

(16)

The values of temperature, pressure, and density for a standard atmosphere up to the
F, layer at the equator and at latitude 45° are tabulated in Tables'll to 14. The
results are given in both the engineering and c.g.s. systems of units. The density
ratio o = p/P,, where p is the density at sea level, is plotted in Figs. 10 to 13. The
values 1n Tables 13 and 14 up to 20 km may differ very slightly from those given by
Diehl (7 owing to the use of a slightly different value for the molecular weight.

Other quantities of interest which have been included in the tables are the
molecular density, the mean free path, the mean molecular speed, the collision fre-
quency, and the speed of sound. The molecular density n (also called the number
density or particle density) is the number of gas particles per unit volume and
is given by the expression,

n = £ R (17)

m

where m is the mean mass of the gas particles. An equivalent form which is perhaps
more convenient 1is

_ P
nT Mmoo (18)

where M is the mean molecular weight and m;, is the mass of the atom of unit atomic
weight (m, = 1.6489 X 10"®* gram). The mean free path L is given by

1
L = ——— , (19)
7v 2n d?

where d is the mean diameter of the gas particles. Frmg sea level up to 83 km, where
all of the particles are molecular, the value d = 3 x 10" cm is considered appropriate.
Above 120 km, where electrons, atoms, and molecules are present, it is conceivable
that the value d = 2 x 10°® cm might be more appropriate. In view of this uncertainty
concerning the value for d, L and v are given in the tables for both values —

d =3 x10"® cm and d = 2 x 10°% cm.

The mean molecular speed v in a Maxwellian gas is found from

v =, /8kKT (20)
mm
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wh?re k is Boltzmann’s constant. In view of the relation k/m = R /M, this may be
written more conveniently as ’

v = : . (21)

v - = 3 —= , (22)

which differs but very little from the Maxwellian case. The mean collision frequency
v is connected with L and v by the relation v = v/L, and thus may be computed from the
relation,

v = — = dndaln— . (23)

RT
re (24)

=
©

where ¥ is the ratio of the specific heats (y = C;/(%). The speed of sound is plotted
in Fig. 14 where it will be noticed that this quantity is not given beyond a height of
100 miles. This is because the ordinary laws of sound propagation probably begin to
break down under the same rarefied gas conditions at which the gas dynamical laws
become invalid and the gas kinetic laws take over. This probably occurs at some height
less than 100 miles. The propagation of sound waves in rarefied gases has been dis-
cussed recently by Tsien and Schamberg(38). Their results indicate that with regard
to rarefied gas effects there is very little change in the speed of sound up to heights
of about 60 miles, which represents about the limit of their curves as far as height
is concerned. The damping of the sound, however, becomes appreciable at such heights.
The sonic velocities are plotted in Figs. 14 to 17.

Warfield’s'13) results giving the properties of the atmosphere up to 120 km
appeared at about the same time as those presented here. Both studies — although
carried out independently — are based on the same vertical temperature distri-
bution, Table 3.

25



9¢

Table 11

VALUES OF TEMPERATURE, PRESSURE, AND DENSITY UP TO THE F, LAYER

Latitude, 0°. Engineering Units. p_

= 2115 1b/ft?, p, = 2.286 % 1072 slug/ft?

;i- 3% 10™%cm

d*=2%X10"%n
Height Apparent| Mean | Temp Scale Pressure Pressure Density Density Number Mean Parti-| Mesn Free |Mean Colli-| Mean Free [Mean Colli-] Speed of
Gravity Mol Wt Height Ratio Ratio Density cle Speed Path sion Freq Path sion Freq Sound
h ‘ o B P P o n v L v L w I3

ft mi ft/sec® | ¥ °R fr I/ £t2 ple, slug/ fr? Plo, particles/ft?] ft/sec it 1/sec fr 1/sec fu/sec

it a 32.088| 28,90 | 538.2]2.883 x 10*|2115 1.0000 2.286 * 107 | 1,0000 7.000 x 10** [1,535 x 10%]3.321 x 10°7| 4.622 % 10%17.472 x 1077|2.054 * 10°[1,141 x 10°

5,000 L9471 32.072| 28,90 | 522.8]2.802 x 10%]|1774~ 8389 1.974 % 1072 | 8636 6.045 x 10°% [1.513 x 10%]3.845 x 10°7]3.934 » 10°{8.652 x 10°7]1.748 x 10%]1.124 x 10%
10,0001 1.894] 32.057) 28.90 ] 507,5{2.721 % 10*|1481 L7002 1.698 x 1072 | 7426 5.198 x 10%* 11,490 x 10°]4.472 x 1077|3.333 = 10°[1.006 * 107°]1.481 x 10%|1.071 x 10?
15,000 2.841] 32.041] 28,90 | 492.1]2.640 x 10°|1229 5813 1.453 x 10° | 6357 4.450 x 10%% 11,468 % 10° 5.224 x 1077/ 2.810 x 10%]1.175 x 107%[1.249 x 101,090 = Jo®
16,4041 3.107| 32,037 28.90| 487.8|2.617 x 10*| 1166 8511 1.390 x 107% | 4081 4.257 x 10%% 11.461 % 10° 5.461 x 107%) 2,676 % 10°]1,229 x 167%]1.189 x 10%{1.08% x 1¢°
20,0001 3.788] 32,026 28.90] 473.8/2,543 x 10*1 1014 L4748 1,245 % 1078 | 5447 3.813 x 10%® 11,440 x 10%/6.096 % 10°712.362 % 10°|1.372 % 16°°]1.050 % 10°|1, 070 x 10°
25,000 4,735| 32,011 28.90 | 454.3|2.440 x 10*| 830.1 L3928 1.063 * 1073 | .464% 3.254 x 10%% 11,410 = 10%[7.143 x 1077]1,974 x 10°[1,607 x 1072[8.775 x 10%]1.047 x 10°%
30,000 5.682| 31.996] 28,90 434.82.336 x 10%] 673.6 3185 9.012 x 107* | .3%2 2.759 x 10%* |1.380 % 10°18,425 x 10°7{1,638 x 10°|1,896 x 1067°]7.278 x 10*[1.025 x 10*
32,8081 6.214] 31.987] 28.901423.9]2.278 x 104] 59%.6 .2821 8.187 x 10°4 1 .3581 2.507 x 10%% 1.362 x 107(9.273 x 10"7]1.469 x 109]2.086 x 107*]6.529 x 10%|1.012 x 10%
35,000 | 6.6291 31,980 28.90 ] 415.0{2.230 % 10%] 541.4 2560 7.589 % 10741 3320 2.324 x 10%% [1.348 x 10%[1.000 x 107%]1.347 x 10°|2.251 x 107%]5.988 x 10%[1.001 x 10°
40,000 7.576] 31.965| 28.90 | 394.6/2.122 * 10%| 430.6 2036 6.348 x 1074 | .2777 1.944.x 1023 [1.314 x 16%]1.196 x 10"°[1,099 % 10%]2.691 x 10"®}4.884 x 102]9.762 x 10°
45,000 $.523] 31.950] 28.90 | 374.312.014 = 104] 338.2 -1599 5.256 x 107% | .2299 1.609 x 1039 11.260 x 107]1.444 % 1079/8.861 x 10°]3.250 x 10-%|3.938 x 10%]9.508 x }0*
50,000 9.470] 31.934] 28.90]353,9]1.905 x 104] 262.2 L1240 4.309 x 107% | .1885 1.319 x 10%% {1.245 x 10°]1.762 x 107°]7.065 x 10°]{3.964 % 107%(3,140 x 10%[9.246 x 10%
52,4931 9.9421 31.926] 28,90/ 343,8{1.851 x 10%] 229.7 .1088 3.887 x 107¢ | .1700 1.190 % 10 {].227 x 10*[1.953 x 10"°/6.280 x 10°[4.395 x 10"%[2.791 x 10%{9.112 x 10*
55,0001 10.417] 31.919] 28.90 | 347.7]1.873 x 10%] 200.8 9.494 % 107713.359 x 167 | 1465 1.029 % 10** 11,234 = 10%12.260 x 10°°15.459 x 10"]5.085 x 10°%12.426 x 10°]9.164 x 10°
60,000 | 11.364] 31.904] 28.90 | 355.6[1.916 x 10%] 154.3 7.296 x 107212.525 x 107* | .1104 7.730 x 1697 [1.248 x 10°]3.007 x 10-%/4.140 x 10%]6.766 % 10°°|1.844 x 10%]9.967 X 108
65,000] 12,311 31.888| 28,90 363.4/1.959 % 10% 119.3 5.640 x 107%]1.910 x 107* | 8,352 x 1072 | 5.847 x 10%% |1,261 x 10%{3.976 x 107%|3.172 x 108,946 % 107%|1.410 x 10%]9,368 x 10%
70,0001 13,258 31.873] 28,901371.2|2 002 = 10%1 92.74 4,385 X 10°%11,433 * 10°% | 6,356 % 107% 1 4,450 x 10%% 1,275 x 10%15,224 x 107%]2.440 x 10°11.176 * 107°]1.084 x 10%|9.469 x 102
75,000] 14.205] 31.858] 28,90 379.1]2.045 x 10* 72.50 3,428 x 107%]1.113 x 10741 4,867 x 10°7] 3,407 % 10 1.288 x 10%/6.824 = 107°| 1.888 x 10%(1.535 x 10°%]8,350 x 10719.568 x 10%
80,0001 15,152 31.842| 28.90 | 386.9{2.089 x 10*| 56.97 2.694 « 107%|8.567 x 10”% | 3.747 x 167% | 2.423 x 10%? [1.301 x 10%]8.862 x 10°%]1.468 = 10%]1.994 x 10°® 6.527 x 10719.667 x 10%
85,0001 16,098 31.827 28.90|394.8/2.133 = 10| 45.03 2.129 % 107°16.636 x 107% | 2,903 x 107%12.032 x 10°2 1.314 x 10%/1 344 x 107°11.149 x 10%12.574 » 10°%15.106 x 10719,764 x 10*
90,000] 17.045{ 31.812| 28.90 | 402.56]2.175 x 104} 35.72 1,689 x 10°315.162 = 107° | 2.258 x 10°% | 1.580 x 10°% 1]1.328 x 10°]1.471 x 10°%|9.025 x 107 |3.310 < 10°%4.01) X 107]9.860 % 10°
95,000 17.992] 31.797| 28.90] 410.4/2.219 x 10% 28.48 1,347 x 107%{4.087 x 107% | 1.766 * 10°% | 1.236 x 10%% 11,340 x 10%]1.880 x 10°%|7.128 x 107[4.231 x 10°%[3.168 x 107]9.956 x 10*
98,424 | 18.641| 31,786] 28.90 | 415.8]2.249 X 10%] 24.46 1.156 x 107%]3,422 x 107 |1,497 % 10" | 1,048 x 10%2 {1,349 x 10%]2.218 x 10°%/6.081 x 107]4.992 x 10°%|2.703 x 107|1,002 x 10°
100,000] 18,939] 31.782] 28,901 421,212,278 x 10%] 22.82 1.079 % 10°%13.152 = 10°% 11,378 X 10°%] 9,650 = 10%" 11,358 = 10%]2.409 x 107%/5.636 x 107 |5.420 = 10°5/2.5065 x 107|1.009 X 107 |
105,000 ] 19.886 31.766] 28.90 | 438.2[2.371 x 10¢] 18.41 8.703 x 107%12,449 % 10™% | 1.071 = 107% | 7.500 x 10%* |1.3B5 x 10°[3,100 = 10°%14.468 x 107 |6.974 x 107%11.986 = 107|1.029 x 10*
110,000 20.833| 31.751) 28.90 | 455.212.464 x 10¢] 14.97 7.080 x 107211.914 x 107® | 8,371 % 107°15.860 x 10*! 1,412 x 10%/3.967 % 1073{3,558 x 10718,926 x 10"*{1.581 x 107]1.048 x 0%
115,000 21.780| 31.736] 28.%0 | 472.2]2.557 x 10%] 12,28 5.804 x 1073]1.512 x 10°% | 6,616 x 10| 4,631 x 10%% ]1,438 x 10%[5.020 x 107°]2.864 x 107]1.129 x 10~%[1.273 x 107[1.068 x 10°
120,000 22,727 | 31.721] 28.90 | 489.2 2.651 x 10*! 10.14 4.793 x 107%]1.206 x 107® [5.273 x 1073 | 3.691 x 10% |1.463 x 10%]6.297 x 10-%]2.324 x 1071.417 x 10"%|1,033 % 107]1.087 x 10®
125,000 23.674] 31.706| 28.90 ] 506.22.744 x 10¢ 8.428 3.985 x 1079]9.686 x 107% 14,237 x 167 | 2.966 x 10%* |1.488 x 10717838 x 107%[1.899 x 107 /1.764 = 107*{8.441 » 10%]1.106 x 107
130,000 | 24.621 | 31.691] 28.90 | 523.2]2.838 x 10* 7.051 3.334 x 1073]7.840 X 107° {3,429 x 1073 ] 2.401 = 10** [1.513 = 10%19.683 = 1078[1.563 x 107(2.179 * 10°9]6.946 x 10%|1.124 % 107 |
135,000} 25.568 31.671] 28.90 | 540.212.932 x 10¢ 5.934 2.806 X 107716.390 x 107% 1 2.795 x 1079 | 1.957 x 10%% [1.538 % 10%]1.188 x 107+]1.294 x 107]2.673 x 10745752 x 10%|1,142 x 10%
140,000 26.515] 31.660{ 28.90| 557,2]3.025 = 104 5.021 2.374 % 107%(5.243 x 107%12.293 % 10°° | 1.605 x 10%! 11.567 x 10°]1.448 x 107%]1.078 x 107{3.258 x 167*]4,793 x 10%]1.160 = 10?
145,000 { 27,462 31.645] 28,90 574.2{3.118 x 19¢ 4.211 2.020 x 107*[4,327 % 107% [ 1,893 x 10°% | 1,325 x 1027 [1.585 x 10°|1.754 x 10°%]9,037 x 10°|3.947 x 10 %]4.016 x 10°|1.178 x 10° |
150,000 ] 28.409| 31.630] 28,90 591.2|3.213 x 10¢ 3.651 1.726 x 1073|3.592 % 107° | 1.571 x 10" | 1,100 x 10%* 11,609 x 10°(2.113 x 16°%17.612 x 108]4.755 x 10°%13.383 x 10%]1.195 = 10*
155,0001 29.3561 31.615] 28.90 1 608,213,307 x 10* 3.135 1.482 x 107®12.999 x 107 [ 1,312 % 1073 ] 9,182 x 109 {1,632 x 10%|2.532 x 10°%/6.445 % 10%(5.696 x 10~*]2.864 x 10%}1.212 x 10?
160,000 ] 30,3031 31.600| 28,90 625.3}3.401 x 10¢ 2.704 1.279 % 107%2.516 = 107% [ 1.101 x 107% | 7.705 x 10%9 |1.654 = 10%[3.017 = 1074 5.484 x 10% 6,788 x 107%]2.437 x 10°]1.239 x 10%
164,040 31.068] 31.588] 28.90] 639.0]3.477 x 104 2.407 1.138 % 107912191 x 107 | 9.584 x 1074 | 6.700 x 1090 |} 672 x 10%|3.465 % 107*14,827 x 10%{7.796 x 107*|2,145 x 108{1,242 x 10%
165,000] 31,2501 3].585] 28,90 .0]3.478 x 104 2.341 1.107 x 1072]2.132 x 307% 19,324 x 107% | 6.527 x 10%® 11,672 x 10°]3.562 x 10"*|4.696 x 10%[8.013 * 10°4]2.087 x 10%|1.242 x 10°
170,000 | 32,197 31.570 28.90 | 639.0]3.479 x 10* 2.028 9,590 x 1074[1.846 x 167% | 8.077 x 167% | 5,654 x 10%® [1.672 x 10%]4.112 x 107¢[4.068 = 108]9.251 x 10°¢ 1.242 x 10
176,000 | 33,144 | 31.555] 28.90 | 639.0]3.481 x 10* 1,757 5,205 x 1074]1.600 % 107% 16,958 x 107% | 4,809 = 10%% 11.672 x 10%14.745 x 107*|3.524 x 10%/1,068 x 10~* 1.242 x 10°
180,000 134.0011 31.540} 28.90 |639.0(3.483 x 10* 1.523 7.200 x 107411.386 x 10~ 1 6.06h % 10°*] 4,245 x 10%° |1.672 ¥ 10%{5.476 x 107%{3.054 x 10%}1.232 x 10°3 1.242 x 100
185,000 | 35,038 31.525] 28,90 | 639.0|3.484 x 10¢ 1.320 6,239 x 10°4[1.201 x 107 | 5,255 x 1074 | 3,679 x 10%°% [1.672 x 10%]6.319 x 10-%/2.646 x 10°|1.422 % 10°% 1.242 x 10°
190,000 | 35.985 | 31.510] 28.90 | 639,013.486 x 10* 1.14 5.408 x 107%]1.041 X 107® [ 4.555 x 107+ 13,188 x 10%° [1.672 x 10%]7.291 x 107%/2.294 = 10°%|1.640 x 107%)1,020 % 10°]1.242 x 10*
195,000 136,932 | 31.495] 28.90 | 639,013,488 x 10* K14 4.688 % 107419, 026 x 1077 |3.948 % 107% 12,764 x 10%° 11.672 % 10%]8,411 x 107*]1,988 = 10%}1.892 = 10°*]8.837 x 10%}1.242 x 10°




Table 11 (Cont’d)

Latitude, 0°. Engineering Units. p, = 2115 1b/ft?, p = 2.286 X 102 slug/ft?

d =3 % 107%m d = 2% 10" %m
Height Apparent| Mean | Tewp Scale Pressure Pressure Density Density Number Mean Perti-] Mean Free |Mesn Colli-] Mean Free |Wean Colli-] Speed of
Gravity (Mol We Height Retio Ratio Density cle Speed Path aion Freq Path aion Freq Sound
h rd T H P o o n ® L w L v ¢
ft ™ R fr 1b/fe? e, slug/fr? 7 particles/ft? fu/sec fr 1/sec fr 1/sec ft/sec
196,648 | 37.282 639.0)3.488 x 104  .9405 347 % 10748,562 x 107 | 3.745 = 10°% | 2.622 x 10%0 | 1.672 = 10918.867 x 10" 1,886 x 109 1,995 x 10-%B.383 x 10%1.242 = 10°

200,000} 37.879
610.4/3.335 x 10° . 7408 502 x 107417060 x 10°7] 3,088 x 10741 2,162 % 1070 [1.635 % 10°]1.075 x 10°%1.520 x 10%2.419 x 10-%6.756 x_105/1.214 x [0*
592.9|3.241 x 10* 6365 L0069 % 10™4]6.245 x 1077 ] 2,732 x 107% | 1.912 x 10%® [1.611 x 10°}1.216 x 107%]1.325 x 108]2.735 % 10°°|5.890 x 10%]1.197 x 10°
575.4/3.146 x 104 5444
557.9|3.052 % 104 4635
540.3]2.957 % 10¢ 3927

4.

628.0§3.429 x 10* .8586 4,060 x 107%]7.955 x 1077 | 3.480 x 1074 | 2.436 x 10%® |1.658 x 10°19.544 x 1074 1.737 x 10% 2.147 x 10*9|7.72¢ x 10%{1.232 x 10%
3
3

210,000 39,713
215,000| 40.720
220,000 | 41667
225,000 42.614
230,000 43.561

574 % 107%]5.508 x 10°7] 2.408 x 10°% | 1.686 x 10%® |1.587 x 10%| 1.379 x 10} 1.151 x 10%3.103 x 10"/ 5.114 x 10%1.179 x 10°
192 x 107*]4.834 x 1077} 2.114 x 10°% | 1,480 x 10%° |1.563 x 10%}].571 x 107/ 9.948 x 10°]3.534 x 10°34. 422 x 10%]1.161 x 10°
857 x 10°414.996 x 10°7| 1.845 % 10-* | 1,204 x 10° |1.538 = 10%11,796 x 10°9| 5.564 = 105 4,040 X 10°3| 3,806 % 105]1,142 % 157
522.8{2.863 x 104 3309 .564 x 10743.682 x 1077 1.611 x 10°*] 1.127 x 10%¢ ]1.513 x 10°|2.062 x 10°% 7.336 x 10°]4.639 x 10°%3.261 x 10%1.124 x 107
235,000} 44.508

X
X
x
x

x

2.
2.
1.
1
508.3|2.168 x 10% 212 - 1.311 x 10°413.192 x 10°7 10741 9,714 x 10%° [1.487 x 10°]2.378 x 10*%]6.253 x 10515.351 % 10-%]2.779 x 10%{1.105 x 10?
240,000] 45,455 487‘712.673 x 104 .2309 1.0%2 % 1074{2.754 x 1077 x 1074 18.433 * 10%° 11.461 x 10°12,757 x 10"%(5.301 = 10%6.202 x 10°7]2.356 % 16°| 1,085 x 107
245,000| 46,402 470.2]2.579 x 10* L1910 9.033 x 10°52.364 x 1077
1.
6.
5
4.
3

x

1074 7.237 x 10%° |1.435 x 10%{3,212 x 1079 4,466 x 109/7.227 » 10°% 1,985 x 10| 1.066 x 10°
250,000] 47.348] 31.331| 28.90] 452.7}2.484 % 10% 1570 421 X 107%12.017 x 1077 X 10°°16.176 x 10%° |1.408 x 10°13,764 = 10°%|3,740 x 10°8.469 x 107 1.662 x 10%]1.045 x 10°
2.389 x 10% .1280

i3 10°% | 5.239 x 107°% 11.380 x 10%{4.437 x 103/ 3,110 x 105{9.984 x 10°7]1,382 x 10%|1.025 x 10°
255,902( 4B.466] 31.313] 28.90 432.02.371 x 104 .1233 828 x 107%) 1,660 x 1077

107°] 5,082 x 10*® |1.375 x 10°}4,574 x 107 3,006 x 10%1.029 x 10°%{1.336 x 10%/1.021 x 10°
260,000] 49.240] 31.301] 28.90] 432.0{2.372 x 10* .1037 902 % 10751397 x 1077 10°% 1 4.277 x 10*® 11.375 x 10%15.435 x 10°°12.530 x 105{1.223 x 10°%|1.124 = 10%/1.021 x 162
265,000| 50.189] 31.286] 28.90 432.0[2.3?3 X 10%|  8.405 % 10-{3,072 X 16°°|1.132 % 10-7

255,000] 48.295] 31.316] 28.90] 435.2 1x 10“11.711* 107

1077 13,466 x 10*® 11.375 > 107]6.707 x 1072 2,050 x 105/ £.509 x 1079]9.112 % 104]1.021 = 109
270,000] 51.136] 31.271] 28.90| 432.0[2.374 x 104  6.813 x 107%|3.220 x 10°%}9.174 x 10® 16781 2.805 x 101° §1.375 x 10%18.276 x 10"% 1.662 x 10%|1.862 x 10~2{7.385 ¥ 10%}1.021 x 10°

§£§§E§§‘s§§“

272,306] 51.573] 31.264 28.90] 432.0{2.375 x 10*]  6.184 x 107%[2.922 x 107%[8.327 x 107® 1075 12.550 x 10%® [1.375 x 10%9.117 x 1073]1.508 x 10%2,051 x 10°*]6.704 x 10%|1.021 x 10°
275,0001 52,083 31.256] 28.79( 437.3/2.414 x 108 5.528 x 107%[2.612 x 10°°]7.326 x 10°® 10°% 12,252 x 109 |1.386 x 10°(1.032 x 10°9/ 1,343 x 105|2.323 x 10-%]5.968 X 10%|1.030 % 10°
280,000] 53.030{ 31.242{ 28.59] 447.2{2.487'% 104  4.511 x 107%2.132 % 10°%/5,807 x 10°* 540 x 107° | 1,798 x 10%* | 1.407 x 10°}1.293 x 10°%)1. 088 x 10%12,910 X 10721 4,834 x 10%/1.046 x 10°
| 2850001 53,917 31.227) 28.391 457.0/2.561 x 10%] 3.703 x 10°%11.750 x 10814 630 x 107%12.025 x 107% | 1.443 x 109 11.427 x 10°]1.611 x 10°2]8.861 x 10*]3.624 x 1072]3.938 X 104]1.062 x J0°
[7290,000] 54.924] 31.212] 28.19| 466.9]2.636 x 10% 3,057 X 107#]1,445 x 10-°13,715 % 10-%§ 1.625 x 10°° | 1.166 x 10% |1.448 < 10°|1.993 x 10°*| 7.263 X 10°] 4.484 X 10°7|3,228 x 10%]1.078 = 10°
295,000 55,871 31.197] 27.98] 476.8]2.713 % 10%  2.538 x 10°%]1.199 x 10*%{2.998 x 10°%| 1.312 x 10”3 | 5.482 x 10** |1.468 x 10*|2.452 x 10°2[5.988 x 10%5.516 x 10~%|2.661 x 10%]1.094 x 10°
300,000] 56,818 31.182! 27.761486.612.790 x 10*]  2.117 x 10°211,001 * 107%|2.434 x 10"*11.064 x 107° 17,751 x 107 11.488 x 10°12.999 x 10°?/4.963 x 10*|6.748 x 10°%|2.206 x 104|1.111 x 10°
305,000] 57.765] 31.168] 27.58] 496.5]2.869 x 104 1,776 x 107218391 x 10°%]1.986 x 10°* ] 8.685 x 1075 | 6,371 x 107% [1.506 x 106*]3.649 x 10°%|4.136 = 10%18,210 x 10°*]1.838 = 10%]1.127 x 10°
310,000 58.712] 31.153] 27.38] 506.3[2.949 x 10%]  1.496 x 107%[7,071 x 10°%]1.629 x 10"* | 7.124 x 10"* [ 5.264 X 10*? [1.530 x 10°(4.416 x 10°%{3.464 x 10+{9.936 x 10-9/1,539 x 10%{1.143 x 10°
315,000] 59.656| 31.138] 27.18] 516.213.030 x 104  1.267 % 10°215.986 % 10°%11.342 x 10"2| 5.872 x 10"® ] 4,371 x 10%® |1.550 x 10%/5.318 % 10722915 x 1041.196 x 10°41,296 x 104}1.159 x 10°
320,000] 60.606] 31.123] 26.97| 526.1[3.113 x 10%]  1.077 % 107%]5.089 x 107%11,112 x 10°%| 4.862 x 1079 [ 3.646 x 10%% [1.571 x 10°]6.375 x 1072|2464 x 10%| 1.434 x 10-*|1.095 % 10%|1.1%6 % 103
325,000 | 61.553| 31.109| 26.77 535.93.187 x 10%]  9.196 x 1072]4.346 x 107%|9.248 x 10°®| 4.045 x 1073 | 3,057 x 10*® }1.591 % 10%]7.605 x 16°%|2,002 x 10% 1.711 % 10°*}9.300 x 10%]1.192 x 10°
330,000 62,5001 31.094} 26.57 | 545.8/3.282 x 104]  7.886 x 10733.727 x 10°%|7.728 x 10" 107% ] 2.574 x 104% |1,612 x 10%9.032 x 10°%]1,785 x 104/2.032 x 10°%]7.932 x 10%|1.208 x 10°

=
33

335,000] 63.447] 31.079] 26.37 ] 555.6{3.368 X 104  6.789 x 1077{3,208 x 10"%/4 485 x 10"°

&

1002176 x 107

o

633 x 10°|1.068 x 1071 1.528 x 10%]2.403 x 10-1]6.794 % 10%|1.235 x 107 ]

340,000] 64,394 | 31,085| 26.17] 565.5{3.456 x 10%|  5.867 x 1077{2,773 x 107%|5.465 X 107 390 1072 11,848 x 101* 654 x 10%11.258 * 107*/1.314 x 10%{2.830 x 107*{5.842 x 10%{1.242 x 10°
345,000 65,341 31.050] 25.97)576.413.545 x 10%]  5.089 % 10°%]2.405 = 107°14.623-% 10°°12.022 x 10°% | 1.575 x 1049 11,674 x 10°]1.47¢ x 10°4)1.135 x 103,320 % 16°%/5,043 x 10]1.258 x 10°
350,000 66,288 31.035] 25.76| 585.23.636 x 10|  4.430 x 107°]2.093 x 10°%[3.926 x 10* | 1.717 x 107% [ 1.348 x 10*® |1.695 * 10%|1.724 % 10°%19.832 x 10%[3.879 X 10°1|4,370 X 109]1.275 X 107

355,000 67,235 31.020| 25.56| 595.1/2.728 x 10%] 3,870 x 107?{1.829 x 10°%3.346 % 10"
360,000 66,1821 31.006) 25.36| 604.9/3.822 x 1047 3.39] % 10°%}1.603 x 107%12.862 x 10°°®
365,000] 69.129] 30.991] 25.16] 614.8]3.517 x 104 2.587 % 10°7|1.409 x 108]2.456 x 10°°
370,000 70.076] 30.977| 24.96] 624.7]4.014 % 10*|  2.630 X 10711.243 x 10"%*]2.115 x 10"®
375,000) 71.0231 30,962 24.751634.5/4.113 x 104 2,397 x 10°311.100 x 10-%11 #28 x 1479

&

107% | 1,158 x 101
10°° | 9,986 x 107
1078 ] 8,640 x 1017
1077 | 7.500 x 1017
1077 | 6.533 x 101!

716 x 10%12.007 x 1071 8.550 x 10%] 4,516 x 10°1}3.800 x 10%]1.292 x 10*
137 % 10°12.328 * 107 7.460 x 1015.238 X 1071]3,316 X 10%1,308 x 10°
158 x 10%]2.691 x 10°16.535 x 10%16.054 x 1071]2,504 x 10%]1.325 % 10°
L1719 % 10%13.099 x 1071 5,741 x 10%6.974 x 10~42.552 x 10%}1.342 % 10%
(801 x 10212558 x 107315.060 x 108,006 x 1071|2.249 x 10°]1.360 x 10°
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3680,0001 71.970] 30.947] 24.55 | 644.4]4.213 x 104 2.065 x 10°3]9.758 x 1077|1,584 x 10°* 7 % 1077 15,708 x 10%7 11,822 x 10%]4.073 X 1071 4,474 x 10%| 9.164 X 10°*| 1.988 X 10%|1.377 X 107
385,000 | 72.917] 30.933] 24.35| 654.2]4.315 x 10*]  1.837 x 107%|8.687 X 10""|1.377 x 10°* 021 107" | 5,002 x 10%7 | 1.844 x 10°}4.647 x 107 3,967 x 10% 1.046 1.763 X 10%]1.394 x 10°
39,0001 73.864] 30.918| 24,151 664.114.418 x 10*] 1,639 % 10°%}7,751 x 10°7]1.200% 10°° | 5,249 x 1077 | 4,307 x 10%7 |1.865 x 10°15.987 x 10°*| 3.528 x 10°] 1,190 1.568 X 10%|1.412 x 10°
393,69 [ 74.564| 30.907] 24.00 [ 671.4]4.496 x 10%] 1,469 % 10-1]¢.544 % 10-7]1.057 X 10°° | 4.622 X 10°7 | 3.896 107+ | 1881 10°]5.966 % 1077 3.153 % 10°| L.342 1.401 ¥ 107[1.424 % 107
395,0001 74.811] 30.904] 24.00 | 675.014.521 x 10%|  1.427 % 107°16.746 % 10°7[1.021 x 107° | 4.466 x 1077 | 3.688 X 10** [1.886 x 10%]6.174 x 107%[3,0855 x 10°|1.389 1.358 % 10%]1.428 x 107
400,000] 75.758| 30.889) 24.00 | 689.0(4.617 x 10%] 1,279 % 107*16.047 x 107" 8.968 ¥ 10°1% 3.993 x 107 | 3.372 x 1047 |1.906 x 10%|7.030 x 10°*{2,711 x 10®|1.582 1.205 X 10%11.443 x 10°
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Table 11 (Cont’d)

Latitude, 0°. Engineering Units. p_ = 2115 lb/ft?, P, = 2.286 X 107% slug/ft?

\ 4
dx3% 10 %y d= 2% 10"%xy
Height Apparent] Mean | Temp Scale Pressure Pressure Density Density Numbe r Mean Parti-| Mean Free [Mean Colli-| Mean Free [Mean Colli-| Speed of
Gravity {Mol We Height Batio Ratio Density cle Speed Path sion Freq Path sion Freq Sound
k g 7 4 » 4 o n v L v L v e
ft wi | ft/sec®| M R ft 1b/fc® PP, slug/ft? e, particles/ft?| ft/sec fr 1/sec {t 1/sec fr/sec
4.500 x 10%] 85.23 30.744| 24.00| B28.8|5.580 % 10414,80 x 107+ 2.27 x10°7[2,80 x 107°[1.22 % 1077 |1.03 x 107 {2,090 x 10%[2.25 9.28 x 10%|5.07 4.13 x 10% ]1,583 x 10*
5.000 x 10°] 94.70 30.600] 24.00{ 968.6/6.552 x 10%[2.12 x 10°* 1.00 x J0°7]1.06 X 107%%14.64 x 10°® [3.91 x 10'® 12,260 x 10*{5,95 3.80 x 16%11.34 x 10 [1.69 x 10%§,711 % 10%
5.280 x 10%1100.0 30.520] 24.00§1047 |7.100 x 10%/1.40 x 10°* 6.62 x 107%16.45 x 10°2112.80 x 1079 12,38 x 10'® 12,349 x 10%19.77 2.40 x 10%12.20 % 10 11.07 x 10%h.77% x 102
5.500 x 10%]104.2 30.457| 24.0011108 |7.533 x 10¢/1.04 x 10°* 4,92 % 107%(4.53 x 10711.98 x 107 {1.67 x 10*® |2.417 x 10%[1.30 x 10 |1.74 x 10%[3.13 x 10 |7.72 x 10
6.000 x 10°|113.6 30.315] 24.00{1248 [8.523 x 10%[5.57 x 107% 2.63 x 107%12.15 x 107%**|9.41 x 10°" [7.93 x 10'® [2.565 x 10*|2.93 x 10 |8.75 x 10 |6.60 x 10 [3.89 x 10
| 6,500 = 10°]123.1 30.174] 24.00{1388 |9.522 x 10%|3.20 x 10°® 1.51 x 10°%)3,11 % 10-*14.86 x 10°° [4.09 x 1O** 2.705 x 10%|5.68 x 10 14.76 x 10 |1.28 > 10% 12,12 x 10
7.000 x 10%}132.6 30.033) 24.001528 |1.053 x 10%]1.94 = 107 9,17 x107°16.13 x 107*3[2.68 x 107° |2.26 x 10%% |2.838 x 10°]1.03 x 10% |2,76 x 10 |2.31 x 107 |1.23 X 10
7.500 x 10°1142.0 29.894] 24.0011668 [1.155 x 10%1.24 x 107 5.86 x 107%|3.59 x 107**[1,57 x 10°% 1,32 x 10*® 2.965 x 10°}1.76 x 10% |1.69 x 10 |3.95 x 109 |7.50
8.000 x 10%151.5 29.756] 24.0011807 |1.257 % 10%18.16 x 10°% 13.86 x 107%]2.38 x 10-1#10.54 x 107918 04 x 10'¢ 13,087 x 10%]2.89 x 10® |1.07 x 10 |4.51 % 10* 14.74
8.500 x 10%/161.0 29.616) 24.001947 [1.361 x 10®/5,57 x 10"® 2.63 x107%11.38 x 107'7(6.04 x 10711500 x 10'% 13.204 x 10%]4.57 x 10% |7.01 1.03 x10® ]3.12
9.000 x 10%1170.4 29.482| 24.00[2087 {1.465 x 10°]3,91 x 10°° 1.85 x 107*18,05 = 1071%13,96 x I07PP13.34 x 104 {3,317 % 10%]6.97 x 10* |4.76 1.57 x 10° |2.12 »
9.500 x 10%]179.9 29,347| 24.00]2227 {1,571 X 10%|2.81 x 10°¢ 1.33 x 107°16.09 x 107'3]2.66 x 107'%2.25 x 10** 3.426 x 10°]1.04 x 10° ]3.31 2.33 x 10% 11.47
1.000 % 10%/189.4 29.212| 24.00(2367 {1,677 x 10%[2,07 x 10°° 9.79 x1071°[4.23 x 107'%[1.85 x 10"‘5{1.56 x 10%% 13,532 x 10%]1.49 x 10 [2.37 3.35 % 10% [1.05
1.050 % 10%1198.9 29.079| 24.00|2507 |1.784 x 10°%]1.55 x 107° 7.33 x1071902.99 x 1071%]1.31 x 10"*°[1.10 x 10%* [3.635 x 10%]2.11 x 10° [1.72 4.74 % 10° |7.66 x10"%
1.056 x 10%200.0 29.063] 24.0002523 11.797 x 10%}1.50 x 10°® 7,08 x10°1002.87 x 10°'*[1.26 x 10"'*/1.06 x 10'* |3.647 x 10°(2.20 x 10° {1.66 4.94 x 10% (7.38 x1072
1.100 x 10%(208.3 28.946| 24.00[2646 [1.892 x 10%1.18 x 10°% 5.58 x10710]2,15 x 1073%19,41 x 107'47,93 x 10%® 13,735 x 10%]2. 93 x 10® [1.27 6.60 % 10° |5.66 x107*
1.150 % 10%(217.8 28.814 24.00 {2786 [2.001 x 10%(9.12 x 1077 4.31 407100158 X 107%16.91 x 107'[5.83 x 10%% (1,832 x 10%|3,99 x 10 ]9.60 x10"*|8.98 x 10% ]4.27 x10°*
1,200 x 10°)227.3 28,684 24.00)2926 |2.111 X 18%17.15 x 10°7 3,38 x107*°%11.18 X 107%215 36 x 10°'*14.35 x 10** 13,927 % 10°]5.34 x 30 17.35 x30°1]1.20 x 10% 13.27 xJo~*
1,250 x 10%1236.7 28.554| 24.00 [3066 [2.222 x 10%]5.68 x 1077  [2.69 x107*°[8.95 ¥ 107**[3.® x 107%*{3.30 x 10'® |4.020 x 10°]7.04 x 10® [5.71 x10**1.58 x 10% [2.54 x]10°*%
1.300 x 1081246.2 28.424] 24.0013206 12.334 x 10%14.56 x 1077 2.16 x107'°]6.87 x 107'*[3.01 x 10°'*]2.53 x 10** 14,110 x 10°|9,18 x 10% [4.48 x10"{2.06 * 10* |1.99 x10™*
1.312 % 10%]248.6 26.393] 24.00[3240 [2.362 ¥ 10%14.33 x 1077 2.05 x10°'¢[6.45 x 107%4{2.82 x 107*%]2.38 x 10** [4.132 x 10°]9,77 x 10 |4.23 Xx10-%]2.20 x 10% |1.88 x10-!

1 1b/£t% = 0.3591 am of Hg



0 Table 12
YALUES OF TEMPERATURE, PRESSURE, AND DENSITY UP TO THE F, LAYER

Latitude, 0°. Metric Units. p, = 1013 mb, p, = 1.178 X 10”® gm/cm®

d s 3 x 107%m dw 2 10"%em

Height Apparent] MWean | Temp Scale Pressure Preasure Denaity Density Number Mean Parti~ Mean Free |Mean Colli- Mean Free |Mesn Colli-| Speed of

N va'ity Mol We T Heiﬂght » Ratio o Ratio Density cle Speed Path sion Freq Path sion Freq Sound

1 o n v L ” L v

Tan i cm/sec® ¥ X km millibars ?/p, o/ em® olp, particles/en®  cm/mec om 1/3ec om 1/ sec c'n;sec
0 0 978.03 | 28.90 | 299.01.8,787 1,013 x 10* | 1,0000 1.178 * 10-% | 1.0000 2.472 % 10%% | 4,678 x 10%] 1.012 x 10-%[4.622 x 10* | 2,277 x 10~%|2.054 x 10° | 3.477 x 104
1.524] .947 | 977.56 | 28.90 | 290.5{ 8,340 8,496 x 10% | 8389 1.018 x 10-2 8636 2,135 % 1018 ] 4,611 x 104] 1.172 x 10-2(3.934 = 10% | 2.637 = 10~9|1,748 x 10° | 3.425 x 104
1,894 977,09 m_&l, 8.294 7.092 x 102 L2002 8,950 x 10-4 | 7426 1.836 x 101° ‘Lw 1.363 x 10-%13.333 x 10° | 3.067 x 10-5/1.481 x 10° [ 3.374 x 10+
4,572 2.841 ] 976.62 | 28.90 | 273.4] 8.047 5.888 x 10% | .5813 7.491 x 10°4 6357 1.572 » 107 ] 4.474 % 10%] 1.592 x 10“512.810 » 10° | 3,582 x 10-#]1,245 x 10° | 3.323 x 104
5,000 3.107 | 976.46 | 28.90 | 271.0] 7.977 5.583 x 10° L5511 7.166 = 10~ 6081 1.503 % 10%%) 4,454 = 10%] 1.665 x 10°%12,676 x 10° | 3.745 x 10-%{1.189 » 10° | 3.308 x 104
3.786 | 976.16 1 28.90 | 263.2] 7.75] 4 x 108 L4195 6,419 x 10-¢ 5447 1.347 » 10%% 1 4,389 » JO4) 1,858 x J0-5/2.367 x 10° ! 4.181 = 10~5/1.050 x 10° | 3.260 x 10%
7.620| 4.7351 975.69 | 28.90 | 252.4] 7.437 3.975 x J0* .3925 5.478 x 1074 . 4649 1,149 x 101°] 4.298 x 104| 2.177 x 10°%/1.974 = {0° | 4.898 x 10-2[8.775 x 10° | 3.193 = 10*
9.144| 5.682 | 975.22 | 28.90 | 241.617.120 3.226 x 10% | .3185 4.645 x 10-4 .3942 9.744 *x 1012 4,205 x 104] 2.568 = 10-811.638 % 10° { 5.778 x 10-%{7,278 x 10 [ 3.124 x 104
62141 974961 20,90 | 235,50 6943 12,857 x10% | 2821 . 14,220 x {0-* 1 .358] 8.853 x JO'*| 4152 x 1041 2.826 x 107%1]. 469 x 10° | 6.359 x 10-96.529 x 10% | 3,084 x 10*
10,668 | 6.629 | 974.75 | 28.90 | 230.5| 6.797 2.593 = 10% <2560 3.912 < 1074 [ (3320 8.206 x 107 ] 4,108 x 10%| 3.049 * 10~°|1.347 x 10° | 6.861 » 10-°]5.988 % 10% | 3,051 x 104
12,192 7.576 | 974.29 1 28.90 | 219.2] 6.468 2.062 x 10® L2038 3.272 % 19-¢ .2777 6.864 x 10| 4,006 x 10%| 3.645 x 10~°]1.099 x 10® | 8.202 x 10-5{4.884 x 10° | 2.97¢ x 104
13.716| 8.523 ] 973.82 | 28.90 | 207.9] 6.139 1.619 x 10% 1599 2.709 x 10°* 2299 5.683 x 10%% | 3,901 x 10*| 4.403 X 10-5]8.861 * 10% | 9.906 x 10~°]3.938 x 10° | 2.898 % 104
15,240 9.470 ] 973.35 | 28.90 | 196.6] 5.803 1,256 » 10% L1240 2,921 =% 104 .1885 4.660 * 10181 3,794 x 104] 5.320 % 10%[7.065 x 10% | 1.208 x 10- 43, 140 x 10 | 2.818 X 10%
16,000 | 9,942 | 973,12 | 28.%0 | 191.0 5.642 1.100 x 10% | 1086 2.003 x 1074 L1700 4,203 x 10° | 3,739 % 10%| 5.954 % 107°/6.280 % 10% | 1.340 x 1074{2,791 x 10 | 2.777 x 104
16,764 ] 10. 4} 972.§_§_J 28.90 | 193.215.709 9.617 %10 [ 9,494 x 1072 11.732 x 10~4 | .1469 3.633 % 10%%) 3 760 x 10¢| 6.888 % 10-%5,459 x 10® | 1.550 x 10-*12.496 x 10* | 7.793 x j0¢
18.288 | 11.364 | 972.42 | 28.50 | 197.5 5.840 7.3% x 10 7.296 x 10~ | 1,300 x 10-% L1104 2.730 x 107% | 3.803 x 104} 9.166 x 10*8[4.143 x 10% | 2,062 x 10~%[1.844 x 10° | 2.824 x 104
19.8121 12,311 | 971.96 | 28.90 | 201.9| 5.971 5.713 x 10 5.640 x 10"*|9.842 x 107% | 8,352 X 1072 2.065 x 10'®| 3.844 x 10¢] 1.212 x 10"%{3.172 % 10% | 2.727 x 10~*1,410 = 10® | 2.855 x 10¢
21.336]13.258 | 971.49 | 28.90 | 206.2| 6.102 4.441 % 10 | 4.385 % 10-% 17,490  107% | 6,356 % J0~%]1.571 x 10| 3,886 x 10%]| 1.592 x 10°4]2.440 > 10° | 3.583 % 10-*[1.084 x 10% | 2.885 x 104
22,860 1 14,205 | 971.02 | 28.90 | 210.6} 6.233 3.472 x 10 | 3.428 % 10~% | 5.735 x 10°° | 4.867 x 10~%| 1,203 x 102° ] 3,926 x 10%| 2.080 x 10-*|1.888 x 10° | 4.680 x 10-*[8,390 x 107 | 2.916 * 10
24,384 15,152 | 970.56 | 28.90 | 215.0] 6.367 2.729 x 10 | 2,694 X 10-% 1 4,416 x 10"% | 3.747 X 10°% ] 9.263 x 107 | 3,967 x 104] 2.701 * 10~*]1,468 x 10® | 6,078 x 10~+{6,527 % 107 | 2.946 x 10%
16,098 | 970.16 219.3) 6.501 2156 ¥ 10 12,120 x 10-213.420 x 10-% 1 2,903 x 10"*1 7,175 x 10*7 | 4,007 x 104 3.487 x 10-*11.149 x 10* | 7,846 % 10-*15,108 » 107 | 2.976 x 104
27.4321 17.045 | 969.63 | 26.90 1 223.7} 6.629 1711 X 10 [ 1.689 % 107% [2.660 % 10°8 | 2,258 x 10"%1 5.581 x 10**| 4.046 x 10%| 4.483 x 104]9,025 = 107 | 1.009 x 10-2[4.011 x 107 | 3,005 x 10%
28.956 ] 17.992 | 969.17 | 28.90 | 228.01 6.764 1.364 x 10 1,347 x 1077 12,081 % 10 | 1.766 % 10"%| 4,366 * 1017 4,085 % 104| 5.731 % 10-4/7.128 = 107 | 1,250 x 10°9]3.168 x 107 | 3.035 x 104
30.000 118,641 | 968.85 | 28.90 | 231.01 6,835 1071 30 1 1.156 % 10~* 11,764 % 105 | 1.497 x 10°2 13,700 x 10%7 14,113 x JO*I 6.762 x 10°*[6.08] x 107 | 1.521 % 10-%2,703 107 | 3.054 x 10
30.480 | 18.939 | 968.71 1 28.90 | 234.0] 6.543 1.093 x 10 1,079 % 1072 11,624 x 10*% | 1.378 x 10"%|3.408 x 107} 4.138 x 10%] 7.342 x 10~*[5.636 » 107 | 1,652 » 10"212.505 x 107 | 3.074 = 10°
32,004 19.886 | 968.24 | 28,90 | 243.4] 7.227 8.815 8.703 % 1072 [ 1,262 x 107 | 1.071 % 10°%] 2.649 x 10°7] 4,221 % 104| 5.447 < 10°%/4.468 % 107 | 2,126 = 10-%[1.986 x 107 | 3.135 x 104
33.528120.833 1 967.78 ) 28,90 | 252.9} 7,510 1.171 7,080 x 10-* 19,864 x 10-® | 8.371 = 10°212.069 x 1017 | 4,302 x 104] 1,200 x 10~*13.558 x 107 | 2.72] x jo-*l1.581 x 107 | 3.196 x 1g*
35,0521 21.780 | 967.32 ] 26,90 | 262.3] 7.794 5.879 5.804 x 10°% 17,796 x 10°% | 6.616 x 10"% | 1.635 x 107 | 4,382 x 10%] 1.530 x 107212864 % 107 [ 3.442 x 10°*{1.273 x 107 | 3. 255 x 10¢
36,576 | 22,727 | 966.86 | 28,90 | 271.8] B.080 4.855 4.793 X 107* | 6,214 % 10°% | 5,273 x 10"*| 1.304 x 107 | 4,460 x 10%] 1.919 x 10-9]2,324 x 107 | 4.319 x 103]1,033 = 107 | 3.313 x 104
30,1001 23.674 | 966,40 1 28,90 | 281.21 8.364 4,037 3.985 x 1079 14.993 x 10~ | 4.237 x 30-%11.047 x 10'7| 4,537 x 104] 2.389 x 10-*]1.89¢ x 107 | 5.375 % 10°%[8.44] x 10% | 3.370 x jo¢
39,624 | 24,621 | 965.93 | 28,90 | 290.7| 8.650 3.3717 3.334 % 1077 [ 4,041 x 105 | 3.429 x 10°% | 8.478 x 107 ] 4.613 x 10%] 2.951 x 10°*]1.563 x 107 | 6.641 X 10~ *|6.946 x 10° | 3.426 X 107
41,148 25.568 | 965.47 | 28.90 | 300.1| 8.937 2.842 2,806 X 10°% {3,294 x 1078 | 2,795 x 10-%] 6.910 x 10*%| 4.687 x 10¢] 3.621 x 10-?{1.294 » 107 | 8.148 x 10-*|5.752 x 10% | 3,481 x 104
42,673 (26,515 | 965,01 | 28.90 | 309.61 9.220 2,405 2.374 x 1073 2,702 % 10~ | 2,293 x 10-% 15,669 x 10%%| 4,760 X 104 4.414 x 10~%]1.078 x 107 | 9.932 x 10"2/4.793 x 108 | 3,536 x 10+
44.197127.462 § 964.55 | 28.90 | 319.0} 9,504 2,046 2,020 % 10°% {2,230 % 10°% | 1,893 x 10°%] 4.679 » 10°%] 4,832 x 10%] 5.347 x 10-#/9.037 x 10% | 1.203 x 10°%[4.016 = 10% | 3.580 % 10+
48,721128,409 | 964.06 | 28.90 | 328.5} 9.793 1,749 1.726 x 107® | 1,852 % 10°% | 1.571 x 10°*| 3.884 x 1078 ] 4,903 x 10%] 6.442 x 107%7.612 x 10 | 1.449 x 10-9]3.383 x 109 | 3,642 x 104
129,356 1 963.63 ] 28.90 | 337.9110.08 1,502 1.482 x 107 11,546 x 107% | 1.312 x 10°%13.243 » 10**] 4.973 % 10*| 7.717 x 10°*6.445 % 10° | 1,736 x 10"%]2.864 % 10° | 3,694 % 10+
48.769 | 30.303 | 963.17 | 28.90 | 347.4J10.37 1.295 1.279 x 10°? [1.297 x 10 | 1.101 x 10-* | 2.721 x 107%| 5.043 x 104 9.196 x 1077]5.484 * 10° | 2.069 x 10"3[2,437 x 10° | 3.745 x 104
50.000 ] 31,068 | 962.80 | 28.90 | 355.0[10.60 1.153 1.138 x 1077 | 1.129 x 10°% | 9,584 x 10°%| 2.369 x 10'®| 5,097 x 104} 1.056 x 10-%/4.827 x 10° | 2.376 x 1072{2.145 x 10° | 3.787 % 104
50,293 131,250 | 962.71 | 28,90 | 355.0110.60 1.121 1107 < 1072 11,099 = 1078 | 9,324 x 10-412.305 x 10| 5057 x 10¢] 1.086 x 10°%]4.696 % 10° | 2.442 * 10-7/2,087 x 10° | 3,787 = [0*
51,817 | 32.197 | 962.25 | 28.50 | 355.0]10.60 9.714 x 10" *] 9.590 x 10-¢ | 9.517 x 10~7 | 8.077 x 10~¢] 1.997 x 106*® | 5.097 x 10%] 1.253 x 10~9|4.068 x 10% | 2.820 = 10-%]1.808 x 10% [ 3.787 * 10*
53.341133.144 | 961.79 | 28,90 | 355.0110.61 B.416 x 10-'] 8.295 % 10°4 1 8.246 x 10~7 | 6,998 x 10"%] 1.730 x 10%% 5,097 x 10*| 1.446 x 10°%]3.524 x 10® | 3.254 x 10-%]1.566 x 10%] 3,787 x 104
[ 54,8651 34.001 | 961.34 | 28.90 | 355.0110.62 7.293 % 10-t] 7,200 x 1074 17,145 x 1071 | 5,064 X 10°4) 1,499 x 101¢] 5,097 x 104} 1.669 % 10°*]3.054 * 10% | 3.756 x 10°*1.357 % 108 | 3.787 = 10+
56.389]35.038 | 960.88 | 26.90 | 355.0[10.62 6.320 % 1071 6,239 x 1074 16.192 X 1077 | 5.255 x 107*] 1.299 x 107%] 5.097 x 10°] 1,926 x 10°7[2.646 x 10° | 4,334 x 10~ #]1.176 x 106 13.787 * 10%
S1.913] 35.985 | 960.42 | 28,90 | 355.0}10.63 5.477 x 10°| 5.408 x 107% | 5,367 x 107 | 4.555 % 10~*] 1,126 x 167®| 5.097 x 10%] 2,222 x 10~2]2.294 x 10% | 5.000 % 10~%]1,020 x 10° | 3.787 x 10+
| 959.96 | 28.90 | 355.010.63 4,748 X 10"7] 4.688 % 10°% 1 4.653 x 10-7 ] 3,948 % 10~+]9.760 = 10"°] § 097 x 104] 2.564 % 10°*]1,968 x 10% | 5.768 x 1073]8,837 x 10% | 3.787 x 10%
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Table 12 (Cont’d)

Latitude, 0°. Metric Units. p_ = 1013 mb, P, = 1.178 X 107° gm/cm?

) d*3 x10"% o d=> 2% 3 o
Height Apparent] Mean | Temp Scale Pressure Pressure Density Density Number Mean Parvi-[ Mean Free |Mean Colli- | Mean Free Mean Colli-] Speed of
A Gnvuy Mol ¥We r Hei;ht , Ratio s Ratio Density cle Speed Plch sion Freq Psth sion Fregq Sound
o n v v L .
ke mi cn/sec )| M K ke millibars PP, an/cn? ele, particles/on® an/sec n 1sec o Ve a\/csec
60.000 137,282 | 959.80 | 28.90 | 355.0(10.63 4.504 % 1071 ] 4,447 % 107% [ 4.413 x 10°7 | 3.745 % 1074 | 9,258 x }018 5.097 x 10%] 2.703 x 10-%|1.886 x 10¢ 6.081 x-10~%18,383 x 10° | 3.787 x 104
60.961 § 37.879 | 959.51 | 28.90 | 348.5110.45 4.112 21071} 4,060 x 107% P00 IO | 3,480 % 1074 | 8.602 x 1015 15,053 % 104| 2,909 x 10-2{1.737 x 108 6.545 x 10"3|7 720 x 108 3‘754 x 0%
| 62.485 | 38,826 | 95005 | 28.90 | 339.1116.17 3.548 x 10113502 X J0°4 [3.639 x 107 | 3,088 x 10-% |7 ¢3¢ x joi° X 1041 3,278 « 10~211.520 x 10¢ | 7,374 x Jo-*|6 756 x 108 |3 701 108
64,009 | 39.773 | 958.60 | 28.90 | 329.4) 9.879 3.048 ¥ 10711 3,009 * 107* 13,219 % 1077 | 2,732 x 10°* | 6,753 % 105 4,910 % 10* | 3.705 x 10731325 x 108 | 8,337 x 10- % 5.890 x 105 | 3,647 x 10¢
65.533 1 40.720 | 956.14 | 28.90 | 319.7} 9.589 2.607 X 10741 2.574 X 1074} 2.837 x 1077 { 2.408 x 10-415.952 x 10%* { 4.837 x 104} 4,204 x 10-2| 1,151 x 10% | 0. 489 x 1055 114 x 10 3,593 x 104
67,057 | 41.667 | 957,68 | 28,90 | 309.9) 5,302 2220 X 10 2,192 % 1074 12,491 * 007 L 2,114 X 10°4 15,297 x 102 | 4,763 x 10% | 4.788 x 10-*{9.948 x 108 | 1077  10-*}4. 422 x 108 3,528 x 0t
66,581 | 42.614 | 957.23 | 28.90 | 300.2] 9.013 1881 X 1071} 1887 X 107% {2,179 x 10°7 | 1.849 x 104 T4.570 x 107% |4 608 » 107 '5.473  1077]8. 564 x 165 | 1252 X 10°T]3 805 107 |5 a5 =10
70.105 1 43.561 | 956,77 | 28.90 | 290.4( 8.726 1.585 x 1011 1.564 x 10~* [ 1.898 x 10" | 1.611 x 10-4 | 3.98] x 10% 1 4,611 x 10% | 6,285 x 10~*]7.336 x 10° 1,414 > 10°113.26] x 10° | 3,495 = 10¢
71.629 | 44.508 | 956,32 | 28.90 | 280.71 8.437 1,328 x 10" 11,313 % 10°% | 1.645 » 10-7 | 1.396 x 10-*|3.452 x 10*% | 4,533 x }o¢ 7.249 % 107*16.953 % 10% | 1.631 X 10-1|9.779 x 10% |3.387 104
731581 45.455 | 955.88 | 28.90 | 271.0) 8. 147 1,106 x 107%1 1.092 x 107¢ [ 1.420 % 1077 | 1.205 % 10°4 ] 2.978 x 10'° | 4.454 x 10% 1 8.402 % 10-3]5.301 x 10% | 1.890 = 10-¢ 2,356 x 10 13,308 x 10%
T4.677 | 46.402 | 955.41 ] 28.90 | 261.2] 7.861 9.149 % 107%] 9.033 % 10°% | 1.218 % 1077 | 1.034 x 10-4 ] 2.556 x 10%® 4.373 X 10* 1 9,790 x 10%14.466 x 105 | 2.903 x 101,985 * 10% 13,248 = 10¢
16.201 . 954.96 | 28.90 | 251.5! 1.571 7.517 x 10721 7,421 % 30-% 11.040 x 10°7 8,823 x 107 12.18] x 101% | 4,991 x 104 | 1,147 x 10-? 3.740 % 10% | 2.58) x 10~*11.662 x 108 |3, 187 % 104
77.725 [48.295 | 954.51 | 28.90 | 241.8 | 7.282 6.126 x 10-71 8,051 x 10"% |8.818 x 10°8 | 7.484 x 107 [1.850 x 1003 | 5 207 = 107 | 1.353 % 10°7]3.110 = 105 | 3 043  0°7 1.382 X 10° [3,125 % 107 |
78,000 | 48.466 | 954.42 | 28.90 | 240.0| 7.227 5.903 x 10°*| 5,828 x 10-® | 8.555 x 10~* { 7.260 x 10| 1,795 x 1028 4.191 x 1041 1,394 x 10~13.006 x 100 | 3,137 107%11.336 x 10% {3.113 x 10¢
79.249 149.242 | 954,06 | 28.90 | 240.0} 7.230 4961 X 10724 4.907 X 10°2 17,200 x 10 | 6110 * 10°¢ ] 1,510 x 10% ] 4,191 x 10%} 1,657 % 10~}[2.530 x 108 | 3.728 x 10-2]1 124 x 10% | 3,113 « 1ot
80.773 150.189 | 953.61 | 28.90 | 240.G) 7.2%3 4.026 x 10" 3,972 x 10°% | 5,834 % 105 | 4,951 % 1078 | 1,994 % 1018 | 4. 191 X 10412044 x 10-T[2:050 x 105 | 4.600 X 10°7 9.112 x 163,113 < 108
82,279 151,136 | 953,16 | 28,90 | 240.017.23% 3,263 % 10°°1 3,220 % 107 14.729 x 10°® | 4.013 % 10-2 19,020 x 10% | 4.19] x 104 2,522 x 101]1.662 x 10® | 5,675 x 10°*{7.385 x 10% 3.113 = Jo*
$1.573 | 952.95 | 28,90 | 017,239 2.962 x 10°212,922 % 10~3 | 4.297 x J0-% { 3 642 x 10-* {9,005 x 10%%{ 4,191 x Jo* 2.779 x 310-1{1.508 x 108 252 x 10~'16.704 * 10* [1.113 x 10¢
83,821 152,083 | 952.70 | 28.79 | 243.0] 7.358 2.648 x 10721 2.612 % 107% | 3.776 * 10~* | 3.205 x 10™% | 7.952 x 101% | 4,225 x 10 3.146 x 10~]1,343 x 10° 7.080 * 3073[5.968 x 10% | 3.140 x 104
85.343 | 53.030 | 952.25 | 28.59 | 248.4) 7.580 2.160 X 10°%1 2.132 X 10°% 1 2.993 x 10°% | 2.540 % 10°%1 6.348 x 10| 4.287 x 10¢ | 3,942 x 10-1|1.088 x 10® | 8.869 x 10-*}4.834 x 104 |3 189 x 10+
86,869 {53,977 | 951.80 | 28.39 | 253.9] 7.806 1.774 x 107%1 1,750 % 10~% | 2.387 x 10~ | 2.025 x 10-%{5.007 x 10*% | 4.350 x 10* 4.909 > 10-'18. 861 = 104 | 1.105 3.938%% 104 13.238 x 10¢
86.393 | 54.924 | 951.35 | 28.10 | 959.4 8.035 1.464 X 107} 1,445 * 10* IT.915 = 10°% | 1,625 < 107 | 4.119 x 1675 | 4.412 = 10% | 6.075 X 10°7]7.263 x 169 1.3¢7 3.228 x 10% | 37387 X 10%
B9.917 | 55.871 ] 950.90 | 21.98 | 264.9] 8.269 1.215 % 10°%] 1.199 X 107® [ 1.546 % 10°® | 1.312 x 10~%{3.348 x 10| 4,475 x 104 7.473 x 10~1(5.988 x 104 | 1.681 2.661 X 10% 13,336 x 10%
90.441 §56.818 | 950,45 ] 27.78 | 270.3| 8.504 1.014 x 1077 1,001 * 10-® | 1.254 x 10°% | 1.064 % 10-%| 2,737 x 1074} 4.537 x 10¢ 2.141 x 10-'14.963 x 104 | 2,057 2.206 % 10% | 3.385 x 10*
92.965 | 57.765 | 950.00 | 21.58 | 275.8] 8.745 8.504 ¥ 10"[ 8,391 « 107 | 1,023 x 10-9 | 8,685 x 10-9] 2.250 % 1014 | 4.595 % 10°] 1.113 4.136 X 16+ | 2.502 1898 X 10° 13435 % 155
94,489 158.712 | 949,55 | 27.38 | 281.3) 8.989 7.166 x 10°°[ 7,071 % 107°18.395 x 10~° | 7.124 % 10-%]1.860 x 1014 4.662 x 10¢ 1,346 3.464 % 10% | 3.029 1.539 x 104 | 3.484 x 104
59,659 | 949,10 [ 27.18 | 286.810.235  16.067 x 10-*) 5,986 x 10-¢ [ 6,920 x J0-® | 5,872 « ]o-* 1,544 % 10%¢ ] 4. 725 x 10411,62] 2,913 x 104 | 3 647 1,906 % 10* 13,634 x 10¢
97,837 1 60.606 { 948,65 | 26.97 | 292.31 9.488 5.158 x 10731 5,089 x 10°%[ 5,730 % 10~% [ 4.862 x 10-°{ 1.988 = 104 ] 4,788 x 10¢ 1.943 2.464 x 104 | 4.372 1,095 x 104 {3.583 x 10*
99,061 61.553 | 948.20 | 26.77 | 297.71 9.744 4.404 % 107"| 4.346 x 107® | 4.767 x 10™% | 4.045 x 1075 | 1.079 x 10*4| 4,850 x 104 2.318 2.092 x 104 | 5,215 9,300 x 10° 13,633 % 10%
100,58 1 62.500 | 947.75 | 26.57 1 303.2] 1.000 X 10]3.777 x 10| 3.797 x 1p=¢ 3.983 x 107% | 3,380 x 10-2]9.089 x 1017 | 4.913 x 104§ 2.753 1.765 * 104 | 6.194 7,932 % 10% 13,683 x 104
102.11 163.447 | 947,30 | 26.37 | 308.7] 1.027 » 10| 3.251 x 10°¥] 3.208 x 16-9 | 3.343 x 10°9 | 2.837 x 107 17,686 x 1639 | 4,977 x 104] 3.2%6 1.528 * 10% | 7.325 6.794 % 10% 13734 x 104
103,63 ]64.394 | 946.86 | 26.17 | 314.2] 1.053 x 10| 2,810 x 10°%| 2.773 x 107° | 2,817 % 10~® | 2,390 x 10-% | 6,526 *x 10} 5,040 x 104 3.834 1.314 % 10* | 8.62 5.842 x 10* 13,784 x 104
105,16 165.341 | 946.41 ] 25.97 | 319.6! 1.081 * 10 2.437 X 10-*| 2.405 x 10-%{ 2.383 x 10-® | 2.092 x 10-® 5,563 x 1013 ¢ 5 103 x 10*¢{ 4.497 1,135 % 16% | 1.012 x 10 15.043 x 10% | 3.835 x 104
106.68 | 66.288 | 945.97 | 25.76 | 325.1] 1.108 x 10 2,132 % 10-%] 2,093 x 10-° | 2.023 x 10-% | 1.717 X 10-¢ 4.761 X 107® | 8,167 x 10%] 5.95§ 9,832 x 105 T17182 x 10 |4.370 X 107 3,886 x JOF
108.20 167,235 945,511 25.56 | 330.6{ 1.136 x 10 1.853 x 10°*] 1.829 x 10~ | 1.725 x 16-° 1,464 % 10°% | 4,090 x 1032 ] 5,231 x 104} 6.118 8.550 x 10® | 1.376 x 10 ]3,800 x 10° |3.937 x 10¢
109.73 168.182 | 945.07 | 25.36 | 336.1] 1.165 % 10| 1.624 x 10-*] 1,603 x 10-% | 1.475 x 10-° | 1,252 x 19-® | 3.526 x 102 | 5 294 x 104] 7.096 7.480 x 10° | 1.596 x 10 [3.316 x 10° | 3.988 x 104
111,25 | 69.129 | 944.62 | 25.16 | 341.6] 1.194 x 10} 1.428 x 107%} 1.409 % 108 [ 1.266 x 10-% | 1.074 x 10-% 3,051 x 167 ] 5,359 = 104] 8,201 6.535 x 10% | 1.845 x 10 |[2.904 x 109 4.040 x 104
12,78 170,076 | 944.18 | 24.96 | 347.0] 1.223 x 10| 1.260 * 10~% 1.243 x 10~%{ 1,090 x 10-° | 9,252 x 107 2.549 % 108 [ 5. 424 x 10%] 9. 447 5.741 % 108 | 2,126 x 10 {2,552 % 10% {4,097 x 10*
114.30 [71.023 | 943.73 | 24.75 | 352.5] 1.254 x 10{ 1.114 x 10-*] 1.100 x {6-%] 9. 419 x jg~%0 7994 * 10" 12.307 x 10*3]5.489 x 104} 1.085 x 10 15.060 x 10® 2.440 x 10 2249 x 10% 14,144 x 10%
115.82 | 7L.970 | 943.29 | 24.55 | 356.0] 1.284 x 101 9.889 x 10-4] 9.758 x 10-7 | &, 163 x 10 1%] §.997 x 167 2.016 ¥ 1021 5,554 x 10%] 1,241 x 10 [4.474 % 10% | 2.793 x 10 |1.988 x 10% | 4.196 x J0*
117.35 | 72917 | 942,84 | 24.35 | 363.5] 1.315 % 101 8.79% x 10| 8.687 x 10~* | 7.095 x 10-1¢| 6.021 x 10** 1.767 x 10%%1 5,619 x 10%] 1.416 x 10 [3.967 x 108 3.187 x 10 11.763 % 10° | 4.249 x Jp*
1B.87 | 73.864 1 947,401 24.15 | 369.0| 1.347 X 1047.851 x 10°4| 7,750 % 10°7 16,165 x 0°20) 5,240 x 1071 1.553 x 10*® | 5.685 * 104 ] 1,613 x 10 |3.528 x 10% | 3.626 x 10 |1, 568 x 10° | 4302 x 10¢
120.00 | 74.564 | 942,07 | 24,00 { 373.0] 1.370 x 10{7.034 x 10°4] 6.944 x 10~7 | 5.447 x 10- 42 4.622 x 1077 [ 1,376 x 101*[ 5,734 x 104} 1,818 x 10 3.153 x 10¥ 4.092 X 10 [1.401 % 107 [ 4,342 x 104
120,40 | 74.811 | 941.95 | 24.00 | 375.0] 1.378 x 10| 6.833 x 10"%| 6.746 x 10-7 | 5,263 x 1029 4,466 x 10-* | 1.330 x 101* 5.749 x 10* 1.882 x 10 [3.055 x 10* | 4.235 x 10 |1. 358 * 10® | 4.354 x 1o
121,92 175756 | 941.50 | 24,00 | 382.8) 1.407 X 10) 6:125 * 10°%) 6.047 x 107"} 4.692 x 20°*%] 3.923 x 10~7] 1168 X 10**{ 5,800 x 10*| 2.143 X130 |2.71) x10% | 41821 %10 [1.205 x 10% | 4. 398 x 20°
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Table 12 (Cont’d)

Latitude, 0°. Metric Units. p, = 1013 mb, p, = 1.178 % 10 gm/cm®

d=3%10"° cm da2 % 10°% cm
Height Apparent] Mean | Temp Scale Pressure Density Density Number Mean Parti- | Meen Free |Mean Colli- Mean Free |Mean Colli-| Speed of
Grarv’it.y Mol We T Heﬁ:ht , o Ratio Density cle Speed Path sion Freq Path sion Freq Sound
g . o n v v v ¢
km on/sec? L X km millibars m/ em® olp, particles/on® an/ sec 1/sec 1/sec cm/ sec
137.2 937.08 | 24.00 | 460.5[1.701 x 10]2.30 x 10~* 1.44 x10°'°] 1,22 X 10°7 [ 3.64 x 10'® (6,37 x 104 x 10 [9.28 x10% | 1.54 x 10® [4.13 x 10® [4.82 x 104
154.2 932.69 | 24.00 | 538.1]1.997 x 10 |1.02 x 10™* 5.46 x 10~41] 4.64 x 10-% [ 1,38 x10*?[6.89 x 10* % 10° 13.80 = 10% | 4.08 x 10® [1.69 x 107 |5.21 x 104
160.9 930.25 | 24.00 | 581.6]2.164 X 10)6.71 x 10-% 3.32 x10-*'| 2.82 x 10"® |8.40 x 10'*]7.16 x 10% x 10° 12,40 x 10% { 6,70 x 10% |1.07 x 10%]5.42 x 104
161.6 928.33 | 24.00 | 615.8§2.296 x 10 | 4.98 x10°% 2.33 x 1070} 1,98 X 10"* {5.90 x 10'1{7.37 x 104 X 10% |1.74 % 10% | 9.55 x 107 [7.72 x 10
182.9 924.00 | 24.00 | 693.5}2.598 x 10| 2.67 % 10°® 1.11 % 10" 9.41 x 10°® | 2.80 x 10" ]7.82 x 10* % 10% 18,75 % 10 2.0] x 10° |3.89 x 10
198.1 919.67 | 24.00 | 771.1}2,902 X 10{1.53 X 10°® 5.72 » 10°'% 486 x 10°® 11.44 x 10'718.24 x 10* * 10% 14,76 > 10 | 3.90 x 10% {2.12 x 10
213.4 915.41 | 24.00 | 848.83.210 x 109.29 x 10~® 3.16 x 10°7%] 2,68 x 10°% | 7.98 x 10% 8,65 x 10* % 10% 12.76 x 10 [7.03 x10% [1.23 x 10
226.6 911.17 | 24.00 | 926.5| 3.520 x 10| 5.94 x 10-* 1.85 % 10"%%| 1,57 % 10°? | 4.66 * 10*°[9.04 x 104 x10% 11,69 * 10 | 1.20 x10% 7,50
243.8 906,93 | 24.00 1004 |3.8327x10/3.91 x10°% 1.1 > 1028 9.54 % 10-101 2,84 X 1001 0.41 x 0% % 10% 11.07 %X 10 11,98 x10* [4.74
25%.1 902.76 | 24.00 {1082 4.148 X 10 {2.67 x10-® 7.11 x 1073 6,04 x 10-%°]1.80 x 10%¢} 9,76 x 104 % 10% 17.01 3.13 = 10% |3.12
274.3 898.61 | 24.00 {1160 4.466 x 10/ 1,87 x10°® 4.66 x 10" 3,96 x 10"19]1 1,18 = 10'P ] 1.01 x 10% % 10% 14.76 4.7§ % 104 |2.12
289.6 894.50 | 24,00 |1237 | 4.787 X 10[1.35 x10-¢ 3.4 x10"'% 2,66 x 10°*®} 7,95 x 10° |1.04 x 10°% x 104 |3.31 7.10 % 10* 11.47
304.8 890.38 | 24.00 1315 5.111 x 10 9.91 x10°7 - 01218 x 10-3] 1.85 x 10-% 551 x 10° [1.08 x 10° % 10% 12,37 1.02 x 10% |1.05
320.0 886.33 [ 24.00 {1393 5.438 X 10{7.42 % 10~ 1.54 x 10-*% 1.31 x 10°*®} 3,88 % 10* [1.11 x I0® x 10% {1.72 1.45 % 10° |7.66 x 1671
32).9 885.84 | 24.00 1402 [5.478 x 10{7.18 x 10°7 1.48 x107%3] 1,26 x 10°*° 13,74 x10%* 11,11 x10° x 10¢ 11.66 1,51 > 108 17.38 x10-%
335.3 882.27 | 24.00 | 1470 5.768 x 101 5.65 x 1077 1.11 % 1073 9,41 x 10771 2,80 x 10 [1.14 x 10° % 104 {127 2.01 x 0% |5.66 x 10°*
350.5 878.28 | 24.00 1548 | 6.100 x 10| 4.37 x 1077 B.14 x 10714 .91 x 10731 2,06 x 10° | L17 x 16% x 108 19.60 ® 107 2,74 % 10% 427 %1077
1 365.8 B74.26 | 24.00 {18 6.436 x 10]3.42 x 1077 6.08 x 10°*) 5,16 % 1g-tt 1,54 x16% []1.20 X 10° x 108 {7.35 x 107! 3.66 x 100 {3.27 x 10~}
38L.0 870.30 | 24.06 11703 {774 x10]2.72 x 1077 4.61 x 10°34] 3,92 % 1071} 117 x 10% [1.23 x10° x 10% 15,71 x 10°7| 4.83 x 10% 2,54 x 107*
396,2 866.39 | 24.00 [1781 | 7,115 % 10]2.18 x 10°7 3.54 «10"'%] 3,01 x J0"*1| 8,93 x10® |1.25 x 10 % 10% 14.48 x 10'| 6.29 x 10% 1.9 x 1o-}
400.0 865.42 | 24.00 11800 |7.199 x 10]2.07 x 1077 3.32 x 1078 287w 10-tt] 8. 40 x 108 11,26 x 108 x 10% §4.23 > 10-*| 6.70 x 10% {1.88 x 107%

1 millibar (mb) = 10% dynes/an® = 0.750 mm of Hg
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Table 13

VALUES OF TEMPERATURE, PRESSURE, AND DENSITY UP TO THE F, LAYER

Latitude, 45°. Engineering Units. p, = 2116 1b/ft?, Py = 2.375 X 1072 slug/ft®.

d =3 %1078 d w2 % 10"%cm
Height Apparent] Mean | Temp Scale Pressure Pressure Density {ensity Number Mean Parti.| Mean Free [Mean Colli-| Mean Free |Mean Colli-| Speed of
Gravity | Mol We Height Ratio Ratio Density cle Speed Path sion Freg Path, sion Freq Sound
g T H P 2 -4 n v L v L v ¢
ft mi | ft/sec*] ¥ |- °R ft 1b/§e® pieg slug/ft? o/, particles/ft%  ft/sec fr 1/sec ft 1/sec 1e/sec
0 0 32,174 | 28.90| 518.4]2,770 x 10*]2116 1.0000 2.375 % 1073 1.0000 7.272 % 10%°|1.506 * 10713197 x 10~7|4.712 % 10%|7.193 x 10-1|2.094 » 10® 1.119 x 108
5,000 L9471 32.139 | 28.901500.6]2.676 % 10*]1761 .8322 2,047 x 10-7 ] 8615 6.268 x 10* 1,480 x 10°{3,709 x 10-7/3,99]1 x 10°|8.345 x 10-%|1,774 x 10° 1.100 % 10%
10,000 | 1.8941 32.144 | 28.90|482.712.562 * 10+|1456 .6882 1,755 x 16~ | 7300 5.374 % 10°%11.454 x 10°4.325 % 10-7}3.362 x 10°]9.732 * 10-*]1.494 x 10°| 1.080 x 10
15,000 2.841( 32,128 | 28.90] 464.9(2.487 x 10*{1196 . 5650 1.4% x 10~ | .6301 4,562 < 1075\ 1.437 » 10°]5.074 ¥ 10-7 3.813 x 10°|1.142 < 10-%|1,250 % 10° 1.060 x 109
20,000 3.786{ 32.113 | 28.90] 447.112.393 x 10*] 974.6 L4603 1,288 * 10~ | 5340 3.883 % 10%°1,3% x 10%[5.986 x 10~7]2,337 X 10°]1.347 x 10-%]1.039 x 10° 1.036 * 108
25,000 4,735} 32,097 | 28,90| 429,212,299 x 104} 787.8 L3723 1.068 * 10-2| 4496 3.269 x 10%311,371 x 10°17.111 % 10-7]1.928 * 10°|1.600 x 10-|8.569 * 10° 1,018 x 10*
30,000 5.6821 32.0B2 | 28.90/411.4/2.204 x 10%[ 631.2 .2983 8.926 x 10~%| 3758 2.733 % 10231342 x 10°(8,505 x 10~7|1.578 x 10°|1.914 x 10-97.013 % 16° 9.968 x 10%
35,000 6,629 32,066 | 28.90]393,6/2. 110 x 10%] 500.9 L2367 7.404 x 10-*} 3118 2,267 % 1073 1,313 x 107]1,025 x 10-%]1,280 x 10°]2.307 x 10-%]5.689 x 10? 9,750 x 10%
35,332 6,6921 32,065 | 28.901392.4/2.104 X 10*] 493.1 L2330 7,311 * 10-*1 ,3078 2.239 * 10%71.311 x 101,038 % 10-%}1.262 x 10%|2.337 x 10~ 5.609 x 10*]9.735 = 10
40,000 7.576F 32,051 | 28.90/392.4/2,104 % 10%] 395.¢0 1867 5,856  10-*1 2468 1.793 < 10%1,31] = 10°1.296 x 10-¥1.011 = 10°|2.917 x 10-%|4.453 X 10%] 9.735 = 16¥
45,000 8,523} 32,036 | 28.90392.412,105 x 10*] 311.6 L1472 4.619 x 10°* 1945 1.414 < 10%°11.311 x 10°]1.644 x 10~%/7.976 x 10°]3.698 x 10-%]3.545 x 10? 9,735 x 10®
50,000 9.470] 32,020 | 28,90]392.4]2,106 x 10*] 245.8 L1161 3.644 X 10°%] 1534 1,116 x 10%%11,311 x 10%12.084 » 10-%/6.29% % 104,688 x 10-%|2. 796 x 10%]9,.735 % 10%
55,000 10.417§ 32.005 | 28.90[392.4]2.107 » 10*] 193.9 9,164 x 10~% T2.875 = 10-%] 1211 8,804 x 10%%1 1,311 x 10712, 640 % 10~%4,965 WS.%I x J0-%12,207 x 10*] 9.735 x 10®
£0,000 11,364] 31.990 | 28.50]392.4/2,108 x 10| 153.1 7.232 x 1077 | 2,269 x 10| 9.554 x 10-? | 6,948 x 10%%/1,311 % 10°[3.346 x 10-°3.918 x }0* 7.528 x 10°%}1.74]1 x 10°| 9,735 x ]o®
&5, 000 12,3111 31.974 | 28,901352.412.110 x 10%] 120.8 5.709 x 16-2 | 1.791 % 10-*] 7.542 * 10-% | 5.484 x 10*3[1.311 x 10%|4.238 x 10-*|3.093 % 10*{9.536 x 10-%11.375 % 10%] 9.735 x 10%
70,600 13,258 31.959 | 28.89(392.4/2.111 = 10%] 95.46 4,511 % 107 11,415 x 10°* 5,957 > 10°3 | 4,333 % 10%3[1,311 % 10°]5.364 % 10-%|2.444 % 10° 1.207 x 10*%{1,086 x 10°[ 9,737 x 10*
75,000 14.205) 31.944 | 28.88]392.4]2.113 x 10*| 75.46 3.566 x 10-* | 1.118 x 10-*] 4,706 * 10~3 | 3,425 x 10%%[ 1,311 * 10°|6.787 x 10-9{1.931 x 10° 1.527 x 10-%8,582 x 107 | 5.739 x 10%
80,000 15.152] 31,929 | 2B,861392.412.115 x 10*] 59 67 2.820 x 10"* | 8,836 » 10=*13,720 * 103 | 2.709 x 10*%{1.311 x 10%|8.582 x 10-° 1.528 x 30°11.931 x J0~%16.791 x 107| 9.741 x 10*
85,000 | 16.0981 31.913 | 28.85|392,4[2.117 % 10%] 47.21 2231 % 10°F | 6,988 * 1077 | 2.942 % 10-% | 2,143 % 10°%] 1.312 X 10%|1.085 = 10-5|1.210 % 10°]2. 441 % 1075|5378 < 1071 6743 = 16°
90,000 | 17.045} 31.898 | 28.84/392.4{2.119 x 10*} 37,36 1.765 x 10°% | 5,528 x 10-%] 2,327 x 10-% | 1,696 x 10%3] 1,312 » 10%]1.371 % 10~%]9.572 x 107|3.084 x 10-8 4,254 % 107] 9.745 x 10%
95000 17,9921 31.883 | 28,83]392.4]2.121 x 10*| 29.59 1.398 = 10-% |4.376 x 10-%] 1.842 x 10-2 | 1.343 > 10°%]1.312 x 10°11.731 % 10~%/7.580 x 107 3.894 x 10-*[3.369 x 10*] 9,747 x 10%
100,000 18,9391 31,868 | 28.821392,4{2,.123 x 10 23.4 1.107 x 107% | 3.462 x 10-F] 1,459 % 10-% | 1.063 % 10°3| 1,312 x 109 9.187 % 10~ 96.002 107 4.920 x 10-%12.668 % 107 | 6,740 x 10*
104,986 19.884] 31,852 | 28,80{392.4{2.125 x 10*} 18.58 £.781 % 107 12.746 x 107" | 1,156 * 10°* | 8,437 x 10%3]1.313 * 10®]2.755 » 10%]4.765 x 107]6.200 » 10~ 2.118 x 167 | 9,751 » 10%
105,000 19.886 | 31.852 | 28.80]392,512.125 x 10%] 18,57 8.775 * 1072 2,744 x 10-°] 1.155 x 10~2 | 5,429 x 10%1}1,313 x 10%]2.758 = 10-9] 4.761 * 10716.205 * 16-%|2,116 % 107 | 9,752 x 10*®
110,000 20,833] 31.837 | 28.79(413.3}2.240 x 10%] 14,77 6.979 ¥ 10°% 12,071 * 10~%[ 8,720 x 1077 | 6.365 % 10°1| 1,348 x 10°|3.652 x 10~ 3.691 % 107|8.218 x 10-°]1,640 % 107 | 1.001 X 167
115,000 21,7801 31,822 | 28,78/434,212.355 % 10%| 11.88 5.615 % 10 |1.586 x 10~% | 6,676 x 10~% | 4.875 = 10%1|1,38) x 10°[4.768 x 10-%|2.896 x 10711,073 x 10-*11,287 % 107 ] 1.026 * 10
120,000 22,7274 31.807 | 28.77]455.1]2.471 x 10*] 9,665 4.567 x 10-° 11.230 x 10-%}{5.178 % 10~% | 3,783 x 10°Y]1.415 x 10°}6.145 x 10-5]2.303 x 107 1.383 x 10-%]1,024 x 107 | 1.051 x 10%
125,000 23,674 31.792 | 28.76(476.0]2.586 x 10%] 7,936 3.750 % 10-* ]9,651 % 10-° | 4,063 x 10°7 | 2,970 x 10%7[1, 447 x 10°|7.827 x 10-°] 1,849 % 107 1,761 x 10-*{8,218 x 10°] 1.075 x 10°
130,000 24,621 31.776 | 28.74}496,912.702 x 10*| 6.574 3,106 x 10°2 7,655 x 10°%13,223 % 107 | 2,357 x 10%/1,479 % 10°[9,863 x 10-%1.499 % 107|2.219 x 10~%16.662 x 10%] 1,098 x Jo*
135,000 | 25.568 31,761 | 28.73]517.7]2.818 x 10*] 5,490 2,594 % 16=* 16,133 % 16-%12.567 x 10~ | 1.889 x 10%Y1.810 x 10%|1. 231 = 30-4]1.227 x 107]2.769 x 10-4)5.453 x 100 | 1.122 x 10°
140,000 26,5151 31,746 | 28.72]538.6]2,935 x 10* 4.620 2,183 « 10°¥ 1 4958 x 10-°| 2,088 x 10-7 | 1.528 = 10°7|1,540 % 107 1,522 = 10~%1.012 x 107]3.423 * 10-*[4,49% x 10%] 1,144 % 107
145,000 27,4621 31,731 | 28.71]559.5(3.051 x 10*| 3.914 1,850 x 10-% | 4.043 x 10-%] 1,702 x 10=* | 1.246 x 10%1]1.570 x 10*]1.865 x 10-%|8.417 x 10° 4,197 x 10~%|3.741 % 10%]1.166 x 10°
150,000 28.409131.716 | 28.69/580.4/3.168 * 10*]  3.338 1,577 % 10°* 13,322 x 10°%11.399 x 10-% | 1,024 * 10%}1.600 x 10°]2,260 x 10-4 7.051 % 10%15.106 x 10-4]3.134 x 10%]1.188 x 10°
185,000 29,356 | 31.701 | 28.68]601,2[3.285 x 10*] 2.863 1.353 % J0°7 [2.449 x 10-°[1.158 = 10-3 | 8,482 x 10%9]1,628 x 16°12.740 X 10~* 5.941 x 10°%16,166 x 10-4]2,640 x 10° | 1,210 x 10%
160,000 30,303] 31.686 | 28,67} 622.1|3.402 x 10* 2.470 1.167 » J0~* | 2,291 x 10~® | 9,647 x 10~¢ | 7,071 x 10%9|1 657 x 10%]3.287 x 10=% 5.041 x 10%|7.39 x 10-4|2,240 x 10% | 1,231 x 10%
164,040 31,0681 31,673 1 28.66|639.03.497 x 10* 2,200 1.040 x 10-3 11,986 x 10-® | 8,364 x 10-* | 6,133 x 10%°{1.679 x 10°§3,790 x 10~* 4,430 x 10018 528 x 10-*l1. 969 x 100 1.248 x 183
165,000 31.25G1 31,670 | 28.66{639,0}3.497 x 10* 2.140 1,011 x 10-7 |1 1.933 x 10-% { 8,138 x 10~* | 5,967 % 10%°]1,679 x 10%[3.896 x 10-4]4,310 x 10® 8,765 x 10-411.916 x 10° | 1.248 » 10*
170,000 32,167 31.655 | 28.66]639,0{3.4% x 10* 1.456 8.768 x 10~* | 1,675 x 10 | 7,054 = 10-% | 5.177 x 10%°|],679 x 107 |4,404 x 10~ 3.736 x 10%[1,011 x 10-*11.660 % 10% | 1,248 x 10%
175,000 | 33.144131.640 | 28.661639,0/3,501 * 10} 1,609  }17.601 X 10=* }1.452 ¥ 10°® | 6,115 x 10~* | 4,484 x 10*°]1.679 x 107]5.183 x 10-¢|3.239 x 30*}1.166 x 30-*|1. 440 x 10° | 1.248 x 10°
180,000 | 34,091} 31.625 | 28.66|639.013.502 x 10%]  1.395 " [67591 x 10-* [1.355 x 1678 | 5,303 * 10-* | 3,868 X 10°°|1.679 % 10°[5,976 = 10-9]2.809 % 109]1.345  16-°]1 248 % 10%| 1 548 % 16%]
185,000 | 35,0381 31,610 | 28,65]639.013,504 x 10¢] 1,210 5.716 X 107* 11,092 % 107° [ 4,595 x 10-* | 3.372 x 10%°|1.679 x 10%|6.693 % 10**|2.436 x 10°]1.551 * 10-*1.083 * 10° 1.248 x 10°
150,000 35,9851 31,595 | 28.661639,0]3,506 % 10* 1,049 4.958 x 10-* |9.473 x 10-7 13,988 X 10-4 | 2.925 * 10%°|1,679 x 107|7.948 = 10-*|2.113. x 10°11.788 * 10-°]9.35] x 10% 11,248 x 107
195,000 36.932] 31.580 | 28.66[63%.013.507 x 10% L8101 4,300 x 10*% 18,217 x 1077 | 3,460 x 10-* | 2.537 ~ 10°9|1.679 % 10919.163 = 10-%13.832 x 10°|2.062 = 10-7|8.142 % 107 | 1248 * 10
196, 848 37,282 | 31.574 | 28.66|639,0]3,508 x 10* 8635 4,080 x 10~* [7.797 x 10-7 3,283 x 10~* | 2,407 x 10*®|1.679 x 10°|9.657 x 10-4 1,739 % 109(2.173 x 10-%17,729 % 10| 1.248 % 10°
200,000 | 37.879] 31,565 | 28.66/528.03.448 x 10%]  .7887 [3.727 x 10-* |7.246 x 10~7 [3.051 * 10-* | 2.237 = 10%°|1.668 x 10°[1.039 = 10-*|1, 605 x 10°fo. 228 x 10-*}7.133 x 10° |1.237 x 10%
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Table 13 (Cont’d)

§ . AN i = =
t 4 eering Unlts. p‘a 2116 1b/ft , P 2 325 x 10 s 3
a . lug/ft .

Height A
JApparent] Mean | T
h teparony Memd 0| e | Pressute | Densit
fr q T Fati ¥ Density Numbe d=3x10°%
mi ft/sec?| M | °R [“é ° 10 He tio b r ean Parti-| Mean Free :‘2 ﬂ& - d = 2 % 10~%m
205.00 1b/fe? / P o 124 cle Speed Path An 11i-| Mean Free |¥ean Colli
00D | 38.826) 31.550]28.66 | 610 PPy slug/fe? oo on » 3L sion Freq Path on olli-| Speed of
210,000 | 39.773] 31.535 28‘ .4/5.354 x 104 6809 . particles/f?|  ft/sec v L sion Freg Sound
215,000 .66 | 592.9(3,250 x 10% 3,218 x 10°* fr 1 v
220,000 10,720} 31520 | 28.66 | 575.¢13.16 107 -sess 9 766 x 10+ 6.436 % 1077 [2.700 % 10-* | 1,987 x 10%° [sec fe 1/ ;
el I Bl s R e (X Ea R R E oo SO bRl il O kol i
230,000 | 43.561] 3 ~490 |26.66 | 540.3]2.574 x 10¢| . 7618 % 16-C 4. -7 {2116 x 10¢ | 1,582 x 1021 8% 10°|1.322 % 101,22 -632 % 10-%16.236 x 10°
: 1.475 | 28.6 : 10¢| .3633 4,416 ¥ 1077 |1 T 10%°]1,594 x 107 L 224 x 10%]2.974 x 10~° 1.219 x 10°
235,000 | 44,508 .66 | 522.812.879 % 104 1.717 x 10-¢ 856 x 10-% | 1.363 07]1.498 x 10-* . x 10~%|5. 440 x 10°
! . 31.460 ] 28 104 .3083 3.880 x 10°" |1 363 x 16%°11,569 % 10 1.064 x 10°]3.371 v 10° 1.202 x 10°
240,000 | 45.4%% 66 1 505.32.784 % 10% 1.443 % 10*% | 3 634 % 10°% | 1.198 % 10%° T07]1.705 X 10-7[9.2 23701 x 10-°]4.729 x 10°
. 31,445 | 28.6 . 2560 L369 % 10=7 11,41 el Y 10%°1.544 x 10° 302 X 10%]3, 836 % 16°% 10%11.184 x 102
245,000 | 46.402 .66 | 487.712, 689 x 104 1.210 x 1074 418 X 10-* ] 1,040 x 10%¢ 10%]1.941 x 10°? 167¥%.090 X 10° X
. 31,430 28 ‘ 104 2134 2.923 x 107 |1 . 10%°11.519 x 10? 7.956 x 10°]4,367 P g 10° [ 1.166 x 10
250,600 | 47.348 .66 | 470.2]2.593  10* 1.008 x 10°* 23] % 10-* ] 9.025 x 10%° 012,235 x 10-%|s .367 % 10-%|3.536 x 10°
.348] 31.415| 28 104 1767 2.524 % 107 |1.0 S e 107%]1.493 x 10° 797 x 10°15.028 x 10~ 0%11.147 x 10°
255,000 | 48.29 .66 | 452.7/2.497 n 8.349 x 10-° 063 x 10-¢ | 1.7 2.576 x 10-° .028 x 10-%]3.021 x 10°
L2951 31.400 | 28 - x 10 145% 2.168 x 10-" | ¢ 792 X 101*1}.467 x 10° 5.796 x 10°]5.795 : 10°] 1.128 x 107
255,902 | 48.466 .66 | 435,212,402 x 30% | 6.855 x 10~ .128 x 10~°| 6,698 x : 10°[2.983 * 10-* 79 x 1079 2.576 % 10° 10
+ .466 31.398 | 28 104 1186 1.852 x 107 |7 2 107°)1. 441 * 10° 4.918 x 10°(6.7 Ll 10°11.109 x 10°
260,000 | 49,942 .66 1432.0]2.385 + 5.603 x 10-° 797 x 10-% | 5.7 10°(3. 473 x 10-? 712 x 10~%{2.18 10
.242] 31385 [ 28 .385 x 1079 1142 1.512 x 1077 | 6 LTI % 1018 1,414 % 10° 4.149 * J0%)7 .186 x 10°{ 1,09 x 10?
265,000 | 50,18 66 | 432.0)2.386 % 109 5.396 % 103 619 x 10-*1 4 . 10%]4.066 x 102 .814 x 109 1.8 10
, .18 31.371 1099618 = 16-% 1.525 x 10°7 854 % 10%°(1,386 x 10° 0-313. 478 x 10° .844 % 10 1.070
276,000 | 51.13 28.66 | 432.0|2.387 ;. 10-%] 4,545 % 10°° 6.400 % 102 ] 4 .386 x 10%]4.789 x 10-2 5.148 x 10-%] 1.54 070 % 10°
.136] 31,3562 .387 x 10% 7,801 x 10-2 T.284 % 107 709 = 101%]1.38) x 10° 10-2]2.894 x 108 846 % 10°] 1,050
273,306 | 51,673 8,66 | 432,002,388 x j0* 10-2]3,686 x 16-* 5468 % 10-5 1 3.9 3 % 10%4.937 % 10-* 1.078 = 10-2| 1,286 L050 x 10°
. 31.349 | 28 : 104 6.328 x 10-* 1.042 x 10-7 Gé6 % 1009 1,361 % 167 2.797 % 10% . x 10%] 1,029 x 10°
215,000 | 52.08 .66 | 432.6/2. 389 2,990 x 10-3 4.386 x 10-*| 3 1675567 X 107 1111 x 10-%1.243 029 % 10
4 .083] 31.341] 28 - % 10%5.746 % 10-2 8.451 x 10~ |3 L9017 x 10491, 381 K 10-%]2.356 x 10% = x 10%] 1.02¢ N
280,000 | 53.030 .56 | 437.412.427 102,715 x 10~ .558 x 10-°} 2,609 J381 % 10°17,227 x 1073 1.316 X 1079 1047 026 x 10
L . 31.326 L427 % 10%5.139 x 10-2 7.674 x 10-° 609 x 101%]1.38 R 10~2]1.911 x 10% 047 X 10%] 1.02
285,000 | 53.917 28.39 | 447,412,499 107212428 x 10-% 3.231 x 10-% 1 x 10%8.908 x 10-2 1.6% x 10-38 026 X 16
. 31,311 | 28 499 x 164 4. 197 x 10~7] 6,756 * 10=8 2.369 x 10491, 3 10-211.550 x 104 493 X 10¢] 1.2
290,000 | 54.924 21| 457.4{2.573 Y 10~%1 1,983 x 10-° 2.845 = 10-° 381 x 10%]9.811 " 2.004 x 10-9} 6. 8 L026 x 10%
. 31,296 28 - x 10% 3. 449 —Z 5.361 x 10-¢ 2.093 % 1018 % 10~%1 1,408 x 109 889 x 10¢] 1.0
255 000 | 55.87 .03 | 467.412.64 X 1072/1.630 % 10-% 2,957 x 10-8 1.392 x 109111 108(2. 207 x 10-# .026 x 1g*
- 871} 31.281 .647 x 1042849 x 10~ 10 4,282 x 10°8 1,671 x 1019 L110 x 10-311,2563 % 6.258 % 10
300,000 | 56 21.85 | 477.4(2.7 16-% 1,364 x 10-8 1.803 x 10-° 1412 x 10%]1 10%/2.499 x 10+3 1.026 x 10°
' .818] 31,266 412,722 x 10492, 367 - 10 3.440 % 10~ 1.343 x 10°9 .391 x 10-3]1,§ 035,570 x 10+
305, 000 57.7 ' 27,681 487_4|2 = x 10-31.118 % 10-8 10 1.448 x 10-% 1.432 x 1031 T 815 x 10%]3,130 - 1.034 x 103
’ .765] 31.252 -42.798 x 1041.97 - 10-% | 2.779 x 10-¢ 1.086 x 10%% 731 x 10°%(8.27 x 10-% 4,512 x 10¢
310,000 | 58.7 . 27.50 | 497.4]2 976 x 10-2] 9.336 % 10~ 10-% {1.170 x 10~% 1.452 x 10° 274 % 1093.8% 10¢] 1.050 x 10°
% L7121 31.237 .412.875 x 10Y1.65 Lalw 10-% | 2.258 . 10 $.830 x 1019 2,141 x 10-% 6.7 N x 10-9 3.677 = 10%
315.600 | 9. 65 27,32 507.52.9 657 = 10-%7.832 - x 10~% [ 5,508 x 10-° 101811, 472 x 109 782 x 103 4,81 10%]71.066 x 167
: -659] 31227 5l2.954 x 104 1,397 x 10- 6. 610 = 10-* | 1.844 x 10~ 16-¢ | 7,220 % 107 2.633 x 10-2]5 L 817 x 102 3,014 x 10
320,000 | 60.6 27,14 | 517.5]3. 08, 2397 % 1072 6.610 x 10-¢ | 1. 10-% | 7.766 x 10-° 10%2] 17493 x 10° .593 x 104]5.92 : 10%] 1.082 x Jo?
.606| 31.207 033 % 10%1.183 % 10-7 10-¢ | 1,514 X 100 10-°1 5,935 x 104 3.220 % 10~ . 924 x 10-% 2,486 10
325,000 | 61.55 26.97 | 527.5]3 10°%5 %88 X 1651 1 10-9 | 6.375 * 10-® 1015 1,513 x 10% 4.636 x 1047.2 2486 x 104 ] 1,098 x 10°®
.553] 31.193 .114 X 101,006 " 105 ] 1.949 = 10-¢ 4,904 X 10*8| 3,817 x 10-% .244 x 10-3 2,060 : 10
530,000 | 62 26.79 1 537.513 006 % 10~%4,752 x 10~ 16-% 15,558 x 16~8 n18l1.533 x 108 3,862 % 1048 060 % 104] 1.114
v 500 31,178 .513.195 x 108,588 s 10-° | 1.035 x 10-® 10 1,071 % 1078 4,741 x 10-2 LB13 x 103 1.7 . X 109
335,000 | 63.447 . 26,61 | 541.53,97 588 x 10°% 4,058 x 10°% | B, 10-° | 4,358 x 10-¢ 1,553 x 109§ 3,234 * 10%1.067 716 x 10| 1,130 x 102
4474 31,163 | 2 L2768 % 10%7.362 x 16°° 0-% | 8.616 x 10-* 3,396 x 1018 710 % 10-%2.7 067 x 10-Y| 1.437 x 10¢] 1. 10
340,000 | 64.394 .43 | 557.5|3. 36 107% 3479 < 10-° 3.628 % 10-® 1.573 X 107 720 x 104]1,285 104 1.146 x 100
* .394] 31.148 .362 % 10% 6,336 x 10-* B 7304 X 10°7 2.846 X 10 6.844 x 10-%12 .285 % 10-4 1,209 x 10¢ 10
T45.000 1 €5 34 26,26 | 5618 - 10-%|2.994 % 10~ 10-%13.033 x 10-° 1.593 x J0® .298 x 1041 10%71.161 x 10°
» "R41] 31134 UE13.447 % 10 5. 4 . 10-¢ | 6.048 x 10-° . 10 3,565 % 1078] 8,168 x 10-% L5400 x 10°Y 1,02 . 10
350,000 | 66.2 26.08 | 577,53 . 474 % 10-%]2,586 X 10 1079 | 2.546 x 10-® 107817613 % 10 1,950 x 1041 021 % 10%] 1,177
.288) 31.119 15[3.533 % 109[4.746 ¥ 10-%| 2, 10~ | 5,008 x 10- 10-° | 2,024 x 10t% 9.704 = 102 .838 * 16-1| 8,668 . 10
355,000 671.9 . 25.9¢ { 587.5 - x 10~ 2,242 - s 16-° | 2,146 % 10~ 108} 1,633 x 10% 1,662 x 10%2 . x 10%]1.193
: ;238] 31104 -5(3,621 x 104/4.12 24 % 107 | 4,314 % 109 | L, 10-¢] 1718 x 102 1.148 x 107t e T T % 0T L 205 10°
360, 000 7 : 256.72 § 591,513 129 x 10-91.951 ~ v 109 | 1816 % 10°5 - 10:%]1. 654 x 10° 1,422 % 104]2 7 ¥ T 1205
, 2182{ 31.000 (513,730 x 10%3.604 .951 % 10* | 3.664 x 1070 | 1. 1075 | 1,464 x 1077 654 x 103/1.353 x 10-¢ +584 x 1073 6.3 -209 X 107
365,000 | 69 . 25.55 | 607.5 604 x 10-211.703 x 10~ 664 x 10°% {1,543 x 10~ ‘ 108 1,674 x 10° 1,222 x 10¢]3 .320 % 10° ] 1.226
» .129| 31.075 L513.800 x 10%/3.156 . 10-% | 3,123 x 10-® . 10-6 | 1.950 x 10 1.588 x j0~! . 044 x 10-1]5, 43 . x 10°
370,000 | 70.¢5 25.37 1 617.63.8 156 X 10791, 491 x 10-5 ] 2. 10-° 11,315 x 30-¢ 101,694 x 10° 1.054 % 104357 431 x 10 ] 1,242
.076] 31.060 L892 X 10412.773 sy 10 2.672 < 0 1,074 x 101% 1.857 x 10-* 573 x 10-7| 4.684 .242 x 107
375606 | 716531 31 25.19 | 637,603 173 % 10+2]1,310 % 10- x 10-° | 1.125 x 10-® 101%1),714 = 10° 9.122 x 10314 .684 X 10° | 1,258 ¥ 10°
L073] 31,046 .613.984 x 1042443 x 10-%1. 10-¢ | 2,293 x 10- 10 | 9,253 x 1077 2,164 x 10-3]7 . 178 x 10-44.05 -238 x 10
380,000 | 71.970| 31, 25.01 | 637.6[4 443 % 10721154 x 10-9 | L. 10-* | 9,654 x 10" 101,734 x 10° 921 x 10°4.8 L054 x 10° | 1.274
‘70| 31.031 16|4.078 X 10%]7.159 WD 10 L.974 x 10~ . 10 7.998 x 1077 2.812 x 10-% 869 x 10-*13.520 . x 10%
385,000 | 72,9 24.84 | 647,64 . X 109 1.020 % 10~ 107 {8,312 x 10-7 017]1.755 x 10° 6.902 x 10°]5 520 x 167 ] 1.290
917} 31,016 -6]4.174 x 104191 : 1078 | 1.705 % 107 10-71 6.935 x 1027 2906 x 10-* 652 x 10-3.0 =290 x 0%
390,000 | 73.8 : 24.66 | 657,614 914 = 10-%/9,043 . 10-% | 7,180 x 10~ 101741775 x 107 6.038 x 10°]6. .068 x 109 | 1.306
.B64] 31,002 -6]4.271 x 10411 719,048 x 1077 | 1,47 - 10°7 | 6,033 % 1077 3.352 x 19 .540 x 10-4}2.68 .306 x 108
393,696 74,564 . 94.48 | 667.614 JT01 x 10-%]8,037 478 x 10-* | 4.221 x . » 1077]1.796 x 109 §.295 x 10°]7 L684 % 10%] 1,333
.564| 31.991 12 +614.370 X 10%1.5 ~°18.037 x 1077 | 1,284 x 1072 : 107 | 5.264 x 1007]1, 3.353 X 167 .542 % 10-42.3 -323 % 107
395,000 | 74.8 4,35 | 675,014 516 X 10°9]7.162 284 X 10-° | 5. 400 . 107 1,816 x 10°% 4.661 x 10° .353 x 109 1
.811] 30.987 014, 484 x 1041.39 - * 107 | 1.1 406 % 10°7 | 4.607 . 10%]4, 416 x 10-% 8.670 x 10-1}2 L339 x 10°
400,000 75,758 24.35 | 677.914_46 294 x 10-2|6.587 19 % 1079 14711 * 10-7 . % 101711837 x 10% 1 4112 x 100 079 X107} 1.356
58| 30.972 | 24.35 | 688,514, 3 % 1041354 = 10-5]6.397 x 107 | 101z x 1070 |4, 07| 308 = 107157 0%15,045 x 10-3]3 9.936 x 10-1{1.828 356 x 103
. 914,538 x 10% ° 10-316,397 % 107 4,263 x 10~* | 3 1.857 x 10%)5.748 - .641 % 10711135 N x 10%]1.372 % 10%
1.212 x 10-%|5.725 x 10-7 ?.790 x 10-39( 192 x 10-7 3.2753 x 1017|1873 x 10°|6. 318 i 10-: 3,251 x 109]1.293 1.618 x 16° | 1.389 x 109
520 » 101003 dm x 10t | e age| o0 X 0% 10-412.964 x 10211422 14367107 1406 x 10°
132 % 1071 898 x 10°7. 4 % 10-1{2,893 x 107 1317 x 109} 1.4
10%17. 421 % 10-t]2.5 1.470 1,286 x L418 % 103
.556 x 10%]1.670 L1 100 [ 1,421 x 100
(137 % 102 [1.432 x 10%




Table 13 (Cont’d)

Latitude, 45°. Engineering Units. p, = 2116 1b/ft?, p = 2.375 X 102 slug/ft3.

) d= 3% 108 d =2 X 10y
Height Apparent] Mean | Temp Scule Pressure Pressure Density Density Number Meen Parti-| Mean Free | Mesn (olli-| Mean Free | Mean Colli. Speed of
N Gravity| Mol W Height Ratio Ratio Density cle Speed Path aion Freq Path sion Freq Sound
8 T H P 4 o n v L v L ¥ P
f mi ft/sec®| ¥ R ft. 1b/fe® p/p, slug/fe® P, particles/ft¥  ft/sec f 1/sec ft Vses ft/sec
4.500 x 10%] 85.227] 30.827 | 24.35 | 799.4{5.291 % 104J4.37 x 10-*]2.06 x 10~" |2.68 x 10-1°|1.13 x 10-7 | 9.75 x 10'¢ | 2.04 x 10%|2.38 8.5 x 10°5.36 3.80 x 10% | 1.54 x 100
5,000 x 10%| 94.697] 30.682 |24.35 ] %09.9/6.050 x 104[1.81 X 10-*[8.55 x 10~® [9.75 x 10-11|4.11 x 10~% | 3,55 x 10%0 [2.17 x 102]6.55 3.32 x10%1,47 x10 [ 1,48 x102|1.64 x j0°
5.260 x 10°1100.00 | 30.602 | 94,351 971,816,476 x 104|116 x 10-45.48 x 10-¢ |5.82 x 10-*1/2.45 x 10-¢ §2.12x 10% |2.25 x 10°/1,10 x 10 | 2.05 x 103|2.47 x 10 | 911 x10 |1.70 x jo*
5.500 x 10°[104.17 | 30.539 ] 24,35[1020 [6.817 x 104]8.30 x 10-%13,92 x 10-® [3.99 x 10~*2[1.68 x 10-® | 1,45 x 10' | 2.30 x 108 1.60 x 10 | 1.44 x 10%[3.6] x 10 | 6.38 x 10
6.000 x 10°{113.64 | 30,396 | 24,35 [1131 |7.590 x 10¢{4.14 x 10-%/1,96 x 10-9 | 1.79 x 10~33]7,54 x 10-% | 6,51 x Ip1® 2,42 x 10%13,57 x 10 16,79 x 108,03 x 10 |3.02 x 1p
| 6,500 % 30°1123,11 4 30,255 | 24,3511241 18371 % 1042.91 x 10-81.04 x 30-¢ 18,73 x 30-1213.68 x 10-® | 3.17 x 10%% |2.54 x 10°]7.33 x 10 | 3.46 x 10 |1.65 x 107} 1 54 x 10
7.000 X 10°|132.58  30.114 |24.35 1352 |9.158 x 104]1.25 x 10-¢[5.51 x 10-% | 4,53 x 10-13]1.81 x 10-9 | 1,65 x 1010 |2,65 x 109|1.41 x 109] 1.88 % 10 |8.17 = 10%] .35
7.500 x 10°142.05 | 29.975|24.35 1462 |9.953 x 104]7.40 x 10-¢/3.50 x 10~* |2.48 x 10-32[1.04 x 10-® | 9.02 x 10%* |2.76 x 102[e.58 x 10°| 1.07 x 10 [5.80 x 109] 4.75
B,000 x 10°)181.57 | 29.836 |24,35[1573 [1.075 x 10%/4.57 x 10-6|2.16 x 10-%¥ []1.42 x 10-32]5.98 x 10-3%{ 5,16 x 101« |2.86 x 10%|4.50 x 03] 6,35 1.0r x 10%} 2,82
8,50 x 10%/160.98 | 29,699 |24.35[1683 |1.156 x 10°%]2,92 x 10-9|1.38 x 10-® | B.500 x 10-13[3,58 x 10-*°} 3,09 x 104 ]2.96 x 10%]7,52 x 10%] 3,03 1.69 x 10°] 1.7%
9.000 x 10%1170,45 | 29,562 | 24,35[1794 [1.238 x 10%[1.92 x 10-¢/9.07 x 10-3®[5.25 x 10-2%{2,21 x 10-*%] 1,91 x 10%*% |3,05 x 10°}1.22 x 10%] 2.51" 2.74 = 10%} 1.11
9,500 x 10%]175.92 | 29.426 | 24.35]1904 [1.320 x 10%{1.30 x 10-%/6,14 x 10-*®}3.35 x 10=13[] 41 x 10-%%] 1.22 x 10°* |3.15 x 10%{1.91 x 108} 1.65 4,29 x10%]7.34 x 10-1
9,842 x 10%]186.41 | 29.334 | 24.35[1980 [1.277 x 10%]1.01 x 10-%[4.77 = 10-70]2.50 x 10-%*[1.05 x 10-'¢] 9.09 x 107 {3.21 x 10%]2.5 x 10%]1.25 5,75 x 10%| 5,57 x 1p-!

1 1b/ft? = 0.3591 mm of Hg




SE

VALUES OF TEMPERATURE, PRESSURE, AND DENSITY UP TO THE F, LAYER

Table 14

Latitude, 45°. Metric Units. p, = 1014 mb, o, = 1.223 % 10~? gm/cm®

N d=3x10°¢ d=2%x10°% (n
Height Apparent| Mean | Temp Scale Pressure Pressure Density Density Number Mesn Parti-] Mean Free |[Mean Colli-| Mean Free |Mean Colli- | Speed of
A Gravity Mol W T Height Ratio Ratio Density cle Speed Path sion Freg Path sion Freq Sound
g H L 4 o n v L ¥ L v c

km ni | afaec?| ¥ 4 km millibars e/p, o/ cn® A, perticles/cm® om/sec om 1/sec an 1/sec anfsec
0 ] 980.69 | 28.90 1288.0 18.443 1014 10000 1.223 x 10=2 | 1.0000 2.568 x 10%% 14,590 % 10%|9.744 % 10% | 4.712 x 10%] 2.192 x 10-% | 2.094 x 10® | 3.410 x 10*
1.524 | .947 | 980.22 | 28.90 [278.1 |8.157 843.5 8322 1.055 % 102 8619 2,213 x 10%* | 4,511 x 10% | 1.130 * 10~® [ 3,991 x 10° | 2.544 ¥ 10-® | 1.774 x 10® {3.351 x 10¢
3.0481 1.894 | 979.74 | 28.90 [268.2 17.870 897.5 . 6882 9,047 x 10-4 -7390 1.898 * 10'° [ 4.432 x 104 ]1.318 x 10~% | 3.362 X 10% | 2.966 % 10°% ) 1.494 % 10° [3,29]1 x 104
4,572 2.841 | 979.27 | 28.90 1258.3 [7.580 5712.7 . 5650 T.713 x 1074 .6301 1.618 x 1019 14,350 % 10* [ 1.546 x 10"% [ 2,813 x 10° | 3.479 % 107% | 1.250 x 10° [3.230 x 1¢*
6.096 1 3.788 | 978.80 | 28.90 |248.4 |7.294 466.8 . 4605 6.537 x 1074 -5340 1.371 X 10%* | 4,264 x 104 | 1.825 x 10~% | 2.337 x 10® ] 4,106 x 16-%] 1.039 x 10° [3.167 x 10¢
7.620 1 4.735 | 978.34 | 28,90 {238.5 |7.007 377.3 .3723 5.503 x 10°4 -4496 1.155 % 10%® 14,179 = 104} 2.167 X 10°° | 1,928 x 10® | 4.876 X 10-° | 8,569 * 10° |3.104 x 104
9.144 | 5.682 | 977.87 | 28.90 {228.6 |6.718 302.3 2983 4.601 x 107% .3758 9.652 x 10°* 14,090 x 104]2.592 x 1075 [ 1,578  10* | 5,833 x 10~® [ 7.013 x 10% 13.038 x 10*
10.668 | 6.629 | 977.40 | 28,90 {218.7 [6.431 239.9 -2367 3.816 x 10~¢ .3118 8,006 % 10%° 14,002 x 104 | 3,125 x 10% | 1,280 x 10 | 7,032 x 107® | 5.689 * 10° 2,972 x 10*
| 10769} 6,69 | 977,37 | 28.90 1216.0 |6.413 236.2 .2330 3.768 x 10-¢ 3078 7,905 = 10t* 13.99¢ x 104 13,165 x 10-8 |1, 262 = 10° } 7,129 * 10-8 15,609 > 10° 12,967 x j0*
12,192 1 7.576 | 976.93 | 28.90 [218.0 |6.413 18%.2 1867 3.019 x 10°* .2466 6.333 x 10%% [3.996 x 10% {3,951 x 10~% [ 1,011 x 10° | 8.890 x 107" | 4.493 x 10® |2.967 x 10%
13.716 | 8.523 | 976.46 | 28.90 |218.0 |6.416 149.2 L1472 2.381 x 10°¢ L1945 4.995 x 107* [3.996 x 10* | 5.010 x 10~® {7.976 x 10% | 1. 127 = 10~% | 3.545 x 10® [2.967 x 10*
15,240 | 9.470 § 975.99 | 28.90 [218.0 ]16.419 117.7 . 1161 1.878 % 10-¢ .1534 3.940 x 10 13.99¢ x 10% 16,35) x 10-5 16,292 x 10% | 1,429 x 104 12,796 * 10% 12,967 x 104
16.764 1 10,417 | 975.52 | 28,90 {218.0 |6.422 92.88 9.164 x 10-7 [1.482 x 10-* L1211 3.109 x 1078 13.996 = 10% 18,048 x 10~ 14,965 = 10% | 1.811 x 104 | 2,207 x 10° |2.967 x 10*
18.288 | 11.364 | 975.06 | 28.90 |218.0 |6.425 73.30 7.232 X 10-% 1,170 x 10=4 | 9.554 x 107 2,454 x 10*® {3.996 x 10* [ 1.020 x 10"* [3.918 x 10® | 2,295 x 10~* [ 1.741 x 10° |2.967 x 10*
19.812 112.311 | 974.59 | 28.90 |218.0 |6.431 57.86 5.709 x 10-* 19.232 x 10-° ! 7.542 x 10-2} 1,937 x 10*® {3.996 x 10%|1.292 x 10~4 [3.093 x 10° | 2,907 x 10-*|1.375 x 10 |2.967 x 10*
21.336 §13.258 | 974.12 | 28.89 [|218.0 |6.434 45.72 4.511 x 10°% 17.292 x 10-% 1 5,957 x 102} 1.530 x 107® 13,996 x 104 ] 1,635 x 1074 | 2.444 > 10% [ 3.679 x 1074 ] 1,086 x 10° 12.968 x 10*
22,860 | 14.205 | 973.66 | 28.88 |218.0 |6.440 36.14 3.566 % 1072 }5.761 x 107® | 4,706 = I0"%] 1,210 % 10%® |3.996 x 104 | 2,069 x 104 | 1.931 x 10° | 4.654 x 10-¢ | B.582 x 107 12.968 x 10*
24.384 115,152 | 973.19 | 28.86 1218.0 |6.447 28.58 2.820 x 10-%® 14.554 x 107° { 3.720 x 10-%19.566 x 10*? 12,906 x 108 [ 2. 616 % 10"41].528 = 10° | 5,886 % 10-416,79] x 107 12,969 x 104
25.908 116.098 | 972.72 | 28.85 |218.0 |6.453 22.61 2,231 % 1077 [3.602 x 10-% | 2.942 % 10-%| 7.568 x 1077 | 3,999 x 10* | 3.306 x 10-* | 1.210 x 10% | 7.439 x 10-4 | 5.378 x 107 |2.970 x 104
27.432 §17.045 | 972.26 | 28.84 [218.0 |6.459 17.8% 1.765 * 107% 12.849 x 10~* | 2,327 % 10| 5,989 x 10%7 [3.999 x 10* | 4.178 x 10-% | 9.572 x 107 | 9.400 x 107*] 4,254 x 107 |2.970 x 10¢
.28.956 117,992 | 971.80 | 28.83 |218.0 6. 14.17 1.398 x 10~ 12.255 x 10°® | 1,842 x 10°2] 4,743 X 10%7 13,990 x 10%]5.276 x 10-* |7.580 x 107 | 1.187 x 10-3 | 3.369 x 107 | 2,971 x }0*
30.480 | 18.939 | 971.33 | 28.82 |218.0 |6.471 11.23 1.107 x 10°% 11.784 x 107® | 1.459 x 1073| 3.754 x 10*7 | 4.001 x 10% | 6.665 x 10~* | 6.002 x 107 | 1.500 x 10~ ? | 2.668 x 107 [2.972 x 10*
32.000 §19.884 | 970.87 | 28,80 {218.0 |6.477 8.901 8.781 x 1077 [1.415 x 10~% | 1,156 % 10-%| 2.979 x 107 | 4.002 x 104 | 8.399 x 10-% [ 4.765 x 107 | 1.890 x 10~ | 2.118 x 107 |2.972 x 10*
32.004 119.886 | 970.40 | 28.80 1218.0 |6.477 8.894 8.775 x 10-% 11.414 x 10~° | 1.185 x 10"%] 2,977 x 10*? | 4.002 = 10* [ 8.406 x 10~* | 4.761 x 107 [1.891 x 10~? 2.116 x 107 ] 2.972 x 10*
33.528 | 20.833 | 970.40 | 28.79 |229.6 |6.828 7.073 6.979 X 107% 11.067 x 10°% [ 8,720 x 1077] 2.248 x 1037 [4.109 x 104 ] 1,113 x 10°2 [3.691 x 107 [ 2,505 x 10°7] 1.640 x 107 [3.051 * 10¢
35,082 1 21.780 | 969.94 | 28.78 |241.2 |7.178 5.692 5.615¢% 1072 18.173 x 107¢ | 6.676 % 10~%| 1,792 x 107 | 4.209 x 104 1,453 = 10~% | 2.896 % 107 | 3.270 * 1077 1.287 = 107 [3.128 x 10*
36,576 122.727 | 969.47 | 28.77 1252.8 |7.532 4.629 4.567 x 1073 16.339 * 107® | 5,178 % 10731 1,336 x 107 {4,313 x 10¢|1.873 < 10~% | 2.303 x 107 | 4.214 x 1031 1.021 x 107 [3.203 x 104
38.100 | 23.674 | 969.00 | 28,76 |264.4 |7.882 3.801 3.750 X 1072 4,974 x 107 | 4,063 x 107%] 1.049 x 1037 4. 410 % 10* [ 2.38¢ x 10-® | 1.849 x 107 | 5.368 = 1072 ] 8,218 X 10° {3,276 x 10*
39.624 | 24.621 | 968.54 | 28.74 |276.0 |8.236 3.148 3.106 ¥ 1077 13,946 x 10°® | 3,223 x 10" 8.323 x 10% | 4,508 % 10* | 3.006 » 10°% 1 1.499 x 107 | 6.764 x 1072 6.662 x 10° |3.348 x 10*
41.248 125.568 | 968.08 | 268,73 1987.6 |8.589 2.630 2.594 x 10°% 13,161 x 1075 | 2.582 X 10~ §. 671 x 107 14,602 x 10*13.75] x 16-%11.927 * 107 | 8.440 X }07* | 5,453 x 10 |3.418 x 10*
42,673 1 26.515 | 967.62 | 28.72 [299.2 ]8.946 2.212 2.183 x 107% ]2,556 x 10-° | 2,088 x 10°3] 5.395 x 10°% | 4.694 x 10%* [ 4.638 x 10-% [ 1.012 = 107 { 1.043 x 102 | 4.498 x 10° |3.487 x 10¢
44.197 127,462 | 967.15 | 28.71 [310.8 [9.2%¢ 1.875 1.850 x 10-2 {2,084 x 10-% | 1.702 x 10-%] 4.401 x 10%® [ 4,785 = 104 | 5.685 x 10~3]8.417 x 10® | 1.279 x 10-%] 3.741 x 10® 13,555 x 10*
45,721 128.409 | 966.69 | 28.69 1322.4 |9.656 1.599 1.577 x 107% }1.712 x 10-8 | 1,399 x 10-2] 3.618 x 10%% {4 877 x 10¢ ] 6,917 x 10°* [ 7,051 = 10%| 1.556 x 10~%| 3.134 x 10% {3.621 x ]0*
47.245 | 29.356 | 966.23 | 28.568 |334,0 [1.001 x 10 1.311 1.353 % 10°% 11.417 x 107® | 1.158 x 10°%] 2,995 x 10%% 14,962 x 10* [8.353 x 10°? | 5.941 x 10® | 1.879 x 107%] 2.640 % 10° |3,687 » 10¢
48.769 130,303 | 965.77 | 2B.67 1345.6 |1.037 x 10 1.183 1.167 x 1077 |1.181 X 107® | 9.647 * 10~4] 2.497 x 10%® | 5,051 = 104 | 1.002 = 107% | 5.041 x 10® ] 2.254 x 102} 2.240 x 10® [3.751 x 10*

: 31.068 | 9 28,66 13850 11.066 x 10 1.054 1.040 x J0-* 024 x 10-® x J0-* X Jgre x 0% 1,155 x 10-%{4.430 x 102,599 x 10" ] 1.969 x 10% | 3.802 * 10¢ |

50.293 | 31.250 | 965.31 | 28.66 355.0 [1.066 < 10 1.025 1.011 x 1079 19.962 x 10°7 | 8.138 x 107¢] 2,107 x 10%% [5.118 = 104 | 1.180 x 10~7 | 4.310 x 108 2.672 x 10-¥| 1.916 x 16% |3.802 x 10*
51.817 | 32.197 | 964,85 | 28.66 |355,0 |1.066 x 10 8.887 x 10°1} 8.768 % 10°% 18.635 x 10°? | 7.054 x 10"%| 1,827 x 10%% | 5,118 x 10% | 1.370 x 10°2 | 3.736 x 10%3.082 X 102 ] 1.660 x 10° {3,802 x 10*
53,341 133.144 | 964,39 1 28.86 1355.0 | 1.067 X 10 7.705 X 1071} 7.601 x 107 17.486 % 1077 | 6,115 x 16741 1.584 x 10%% |5 115 % 10% | 1.560 x 10~* 13,239 x 10% | 3.555 x 10°%| 1.440 x 10° |3,802 = 10*
54.865 | 34.091 | 963,93 | 28.66 | 355.0 | 1.067 * 10 6.681 X 10771 6,501 x 1074 [4.491 x 107 | 5,303 x 10~*| 1,373 » 10°% | 5.118 x 10%| 1.822 x 10-* | 2.809 x 10% | 4,100 x 107*] 1.248 x 10° [32.802 ¥ 10*
56,389 1 35.038 | 963.48 | 28.66 ]355.0 [1.068 x 10 5.794 X 107*| 5.716 X 107% {5.630 x 10°7 | 4.599 » 10~%] 1.191 * 10%2 [ 5,118 = 10% | 2.101 x 10-*| 2.436 x 10¢| 4.728 x 10~?] 1,083 x 10 | 3,802 x 10*
57.913135.985 | 963.01 | 28.66 1355.0 11,069 x 10] 5,025 x 10-'1 4,958 x 10-* 14,883 % 10-7 | 3.988 % 10"%11.033 % 107 15,118 x 1041 2.423 % 10~212.113 x 10%{5.451 x 10721 9.39) % 10° |3.802 x 10t
§9.437 | 36.932 | 962.56 | 28.66 |355.0 | 1.069 X 10 4.359 % 1071 ] 4.300 = 10~+ [4.235 x 107 [ 3,460 x 10°¢] 8.959 x 10*# [ 5,118 x 104 ]2.793 x 103] 1.832 x 10% | 6,284 x 10-2] 8.142 x 10® {3,802 x 10*
0.000 1 37.282 | 962.% | 28.66 355.0 | 1.069 x 10 4.136 x 1071| 4.080 x 10-¢ [4.019 x 10-7 | 3,283 x 10°%] 8.501 x 1078 | 5.118 x 104 | 2.943 x 10-*| 1.739 x 10%} 6.623 x 10°2] 7.729 * 10° {3.802 x 10*
60,961 37.879 | 962.10 | 28.66 1348.9 {1.051 x 10 3777 x 107%| 3,727 % 10-% 13,735 x 10°7 | 3.051 % 10~4] 7,901 x 10** | 5,084 x 10* | 3.167 x 1077 1,605 x 10%} 7.126 % 10~2| 7.133 X 10® | 3,769 * 10*
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Table 14 (Cont’d)

Latitude, 45°. Metric Units. p, = 1014 mb, p, = 1.223 X 10°? gm/cm®

dx3 %108 o d=2%x10°® om
Height Apparent| Mean | Temp | Scale Pressure Preasure Density Density Number Mean Parti- | Mean Free |Mean Colli- | Mesmn Free [Mean Colli- Speed of
Gravivy | Mol W Height Ratio Ratio Density cle Speed Path sion Freq Path sion Freg Sound
il g 7 H P [ o n Y L v L v ¢

km mi onfsec?] M X km millibars PP, gm/em® ple, psrticles/em®l  ow/sec on aee - om 1/sec em/sec
62.485 138.826 | 961.64 | 28.66]339.111.022 ¥ 10| 3.261 X 10*{3.218 x 10~4 |3.317 x 10°7 {2,710 % 1074 | 7.017 » 1078 | 5,002 x 104 3.566  10~% | 1,403 x 10° | 6.023 x 10- 6.236 % 10% | 3.716 x 10¢
64.009 139,773 | 961.18 | 26.66 ] 329.41 9.933 2.804 % 107*12.766 x 107% {2.936 x 1077 12,399 x 10" 6.212 % 1078 { 4.932 x 10%] 4,028 x 10=* | 1,224 x 10% | 9.064 x 10-7 | 5.440 x 10 | 3.662 x 10%
65.553 140,720 | 960,72 | 28.66] 319,71 9.644 2.400 x 10°* 12,368 x 10" | 2,590 x 1077 | 2.116 X 10"*15.479 x 108 | 4.859 = 104] 4,567 x }0-7 | 1.064 x 10° | 1.028 x 10-* | 4.729 x 10 | 3.608 x 104
67.057 |41.667 | 960.27 | 28.66 | 309,9 | 5. 354 2,045 % 107* 12,018 x 1074 12.276 x 1077 | 1.859 x 10°* | 4.815 x 10%8 [ 4.782 x 10% ] 5.197 = 10-7 | 9,202 x 108 ] 1.169 x 10T | 4.050 * 10° | 3.553 % 10%
68.581 142.614 | 959.81 | 28.66 | 300,2 | 9.065 1.740 > 10~ 1 1.717 x 1074 12,000 x 1077 11,634 X 10"+ 4.230 x 10%# | 4,706 x 104 ] 5,915 x 10~% | 7,956 * 10 | 1,331 x 10°1 | 3,536 x 10% | 3,496 x 10%
70,105 143,561 | 959.36 | 28.66 | 290.4] 8.775 1462 x 107% [1.443 x $07¢ 11.736 x 10~7 11.418 % 10°413.673 x 10'% | 4,630 x 104 | 6.811 X 10-* | 6,797 x 10% | 1.533 x 107 | 3.021 x 10% | 3.439 x 10%
71.620 |44.508 | 958.90 | 28.66 | 280.7 | 8.486 1.226 x 1074 {1210 % 107¢ 11,507 x 10°7 [1.231 x 107¢[3,187 % 1078 [ 4,551 x 104 | 7,851 x 107® | 5.796 » 10° | 1,766 % 10-7 | 2.576 % 10% 13.38] = 104
73.153 |45.455 | 958.45 | 28,66 271.018.196 1.022 > 107 11,008 x 107¢ |1.301 x 1077 |1.063 x 1074 { 2.752 % 10*® £ 4,471 x 104 ] 9.093 x 10* | 4,918 x 10° } 2.046 x 10-* | 2.186 x 10* |3.322 x 104
14.677 46.402 | 957.99 | 28.66 ] 261.2{ 7,903 8,462 > 10-% £8.349 x 1075 [1.117 x 10-7 9,128 X 10~" 12.364 X 1016 {4,392 % 104 | 1,059 % 1071 {4.149 x 10° {2.382 x 10-* | 1,844 x 10° 3.262 x 104
76,201 |41.348 | 957.54 | 28.66 | 251.5 | 7. 611 6.958 X 10°% 16,865 x 10°% 19.544 x 10°% 17.797 x 10-* [2.019 x 10°5 | 4,310 X 10% | 1,239 X 10-% ] 3.478 x 10° [ 2.788 X 10-% | 1.546 X 10% | 3.200 = 10%
77.725 |48.295 | 957.08 | 28.66 | 241.8 | 7.321 5.679 x 10°* | 5.603 x 107® 18.103 x 10°% | 6,619 x 10°® { 1,714 x 10%® | 4.225 x 104] 1.460 x 10-* | 2.894 x 10® | 3.285 x 10°* | 1,286 x 10% | 3.138 x 104
78.000 | 48, 957.00 | 28.661240.0 | 7.269 5.469 x 10-715.396 > 10-° 17.860 x 1070 16,422 X 10°° 1 1,663 x 1015 | 4,200 x 104 11,505 x 10-* | 2.797 x 10 | 3.386 x J0-* | ). 243 x 10* | 3,126 x 104
79.249 49,242 | 956.63 | 28.66 | 240.0 | 7.273 4.606 % 1072 | 4.545 x 107° | 6.620 x 10~® |5.408 > 10°° [ 1.400 x 1018 | 4,209 x 10%| 1,787 x 10-1 | 2.356 x 10° | 4.020 X 10~1 | 1.047 x 108 |3.126 x 10%
80.773 |50.189 | 956.18 | 28.¢6 | 240.0 [ 7.276 3.736 X 102 3,686 x 10°® 15.370 x 10™° 4,386 % 10°° | 1.136 % 10%® [ 4.209 x 104 { 2,203 x 10~ | 1.911 x 10% | 4.956 x 10-* | 8.493 x 10% | 3.126 x 104
82.297 151,136 | 955.72 { 28.66 | 240,0 [ 7.279 3.031 X 10°%12.990 x 107® 14,356 x 10-° |3.558 X 10~%19.215 x 10%4 | 4,209 % 104 | 2.725 x 10-* | 1.550 x 10° | 6.110 % }0~* | 6.889 % 104 |3.1%6 x 10%
83,000 [51,573 | 955.51 | 28.66 | 240.0 | 7.261 2,752 ¥ 1077 12,715 x 107® [3.956 x 10°% {3.231 X J0°% [8.367 x 1074 | 4.209 x 10% [ 2.990 X 10-° | 1.408 x 10° | 6.728 X 10-% | 6,256 % 10% 13,196 % 10%
83,821 | 52.083 | 955.26 | 28.56 | 243.0]7.398 2.461 x 107% 12,428 x 107° |3.482 x 10-% | 2,845 x 107 [ 7.391 x 10%¢ | 4,243 x 10% | 3,385 x 30-* [ 1.253 x 10% §7.417 x 10-! | 5.570 x 10* |3.152 x 104
85,345 153.030 | 954.8) | 28.391248.6]7.618 2.010 x 10-% 11.983 x 107° 12.763 * 10-* |2.257 x 10~ | 5,901 x 10*4 }4.304 x 10%{4.240 x 10-* | 1.015 x 10° | 9.540 x 10~ | 4,512 x 10¢ {3,201 * 10*
86,869 | 53.977 | 954.36 ] 28.91] 254.1] 7841 1.652 x 107 11.630 x 107® |2.207 x 10~% [1.803 % 10"% 4.748 x 107 | 4.365 x 10%] 5.976 = 10-* | 8.274 x 10% | 1,187 3.677 x 10 [3.249 % 10%
88.393 | 54.924 | 953.91 | 28.03{ 259.7 | 8.067 1.365 % 107% 11.364 x 10°° [1.773 x 10* | 1.448 x 10°° | 3.834 x 10*% [ 4.426 x 10¢ ] 6.526 x 10-* | 6.782 x 10% | 1. 468 3.014 x 104 [3.298 x 104

917 155,871 | 953.45 | 27.85 2652 18.297 13323072 11,118 = 10-8 1,432 x 10~ 11,170 x 10-% | 3.118 x 10** | 4. 488 x )o* 5 % 30-1[5.503 x 104 | 1,806 2.486 % 10% |3.346 x 10:
91,441 | 56,818 | 953.00 | 27.68 ] 270.8 [ 8.529 9.462 ¥ 10°% 19.336 x 10°° {1.164 x 10°% 19.508 X 10~ [2.550 * 1074 4.549 x 10% [ 9.813 X 10-7 | 4.636 x 10% | 2.208 2,060 < 10% |3.394 x 10
92.965 | 57.765 | 952.55 | 27.50 | 276.4 | 6.764 7.938 X 1072 [7.832 x 107 [9.507 x 10°* 7.766 % 10-° {2,096 x 1614 | 4.612 x m: 1.194 3.862 x 10: z.sgg i.z;g‘k ig: g.:;g : ;g:
94.489 158,712 | 952.10 | 27,321 281.9 | 9.003 6.690 % 10°* 16.610 X 107% 17.804 X 10-* 15,375 X 10°%11.732 x 101 | 4,673 x 10%| 1.445 3.234 x 10%]3.2 431 % A
96,013 | 59.659 | 951.65 | 27.14 ] 287.5 | 9.245 5.664 * 1077 [5.588 % 1079 |6.437 x 10°° |5.258 x 10" | 1.438 x 1074 | 4.734 x 10% | 1.740 T2.720 % 10¢73.916 1.209 ¥ 10% [3,540 % 10“
97.537 | 60.606 | 951.20 | 26.97 | 293.0}9.491 4.817 X 1077 } 4.752 x 107¢ [5,335 x 10-% [4.358 % 10~% | 1.199 x 10+ ] 4,795 x 10% | 2.086 2.298 % 10% | 4.694 1.021 % m: 3.589 x m‘
99.061 161,953 | 950,75 | 26.791298.6]9.739 4.113 X 107 14.058 x 10°% 14.441 x 10"* 13 678 % 10~ 11.005 x 10%* | 4.856 x 10%| 9.4%0 1.950 x 10% | 5.602 MM
100.58 | 62,500 | 950.30 | 26.61 ] 304.2 ] 9.991 3.526 x 10°% [ 3.479 x 107% [3.713 x 10"® [3.033 X 10°° | 8,459 % 103 | 4.916 x 16% ] 2,958 1.662 X 10% | 6,655 7.387 X107 13.686 X 107
102,11 | 63.447 | 949.85 | 26.43 | 309.7 | 1.025 x 10 | 3.034 x 10~% | 2.994 x 10°% |3, 117 * 10% | 2.546  10-% | 7,149 = 103% | 4,977 x 10¢} 3.500 1.422 x 10%| 7.875 6.320 % 10% /3,735 x 10‘
103,63 164,394 | 946.40 | 26.261315.311.051 x 1012.621 x 10~* 12,586 x 10°% [2.628 * 10-* [72.146 % 1075 {6.067 x 108 16,040 x 10¢] 4,124 1.222 x 10% | 9,280 5.431 x m: 3.784 X 10°
105,16 |65.341 | 946.96 | 26.08 [ 320.8 | 1.677 x 10 | 2.273 x 10°% | 2.242 x 10°% |2.223 X 10°% | 1.816 % 10-® | 5.169 = 10°% | 5.102 x 10% | 4.841 1.054 X 109 11,089 x 10 | 4.684 % m‘ 3.834 % 1ot
106,68 | 66,288 | 948.50 | 25.90 | 326,4 | 1.104 < 10| 1,977 x 102 1 1.951 x 107% | 1.889 % 10°® | 1.543 x 10~% | 4.421 x 101% | 5,153 x 10*] 5,660 9,122 x 10* | 1.274 x 10 | 4.054 m' 3,883 x 10‘
108.20 |67.235 | 48.06 | 25.721332.0 1,131 x 10/ 1.726 x 10-% | 1.703 * 10°% |1.610 x 10~% |1.315 ¥ 10%|3.794 x 1078 | 5.224 x 10%] 6.595 7.921 x 10% 1,484 x 10 |3.520 % m‘ 3.9%
109.73 168,182 | 947,61 | 25.55 | 337.5]1.158 x 10 1.512 x 10°5 | 1.491 x 1076 |1.377 % 10-7 | 1,125 < 10°6 | 3,268 % 10°% | 5.285 x 104] 7.657 6.902 X 107 | 1.723 % 10 | 3.068 x 10. 3,982 x 10.
111.25 169.129 | 947,16 | 25.37 [343.1|1.186  10{1.328 x 10-3 [ 1.310 x 107® {1,182 x 10°® [9,654 x 10°7 | 2.824 x 101*| 5,349 x 104{ 8.859 6.036 x 10% | 1.993 x 10 | 2.684 % m’ 4.032 x m‘
12,78 170,076 1 94672 125.191348.611.214 x 30 1 1,170 x 30-3 11,154 * 10-€ 11,018 x 10~ [8.319 % 107 12.449 ¥ 10915 410 x 10%] 1,022 x 10 15.995 x 10° | 2.299 x 15 .353 x 10_ 4.082 x 10
114,30 [ 71.023 | 946.27 [ 25.01 [ 354.211.243 x 16 1.034 x 107% [ 1.020 x 10°% [8.790 x 1071 [7.180 x 10°7 {2,130 » 10%%{5.474 X 104} 1.175 X 10 ] 4.661 x 10% | 2,643 % 10 ] 2.072 x m. 4,132 x m‘
115,82 | 70.970 | 945.82 | 24.84 | 359.8 | 1.272 ¥ 10 { 9,166 % 10-% | 9,043 x 10"7 |7.615 x 1077 | 5721 x m-: 1.859 x 1?):: iggg x ig: mgg x 13 ;'éﬁ : gg: :;t;z;g : ig i'iﬁ : i‘é: :gﬁ : ;g‘

. 2. 945, 24.66]365.311.302 x 10 18.146 % 10°4 18,037 x 107 16.618 x 10" | 5.406 x 10°* | 1.627 x 1 .599 x 1.538 x I 3 . . .
3;83;» ;3.321 944.35 24,48 1370.9 11,332 x 10 17,259 x 10°% | 7.162 X 10°7 [§.767 % 1070 [ 4,71 = 1077 | 1.428 x 10%% | 5.660 x 10%] 1,752 x 16 | 3.231 % 10: 3.942 x 10 | 1.436 % 10: 4.284 X lg:
120,00 | 74.564 | 944.60 | 24.35|375.0 | 1.354 x 10| 6.677 x 104 | 6.587 x 10°* |5.218 x 10710 | 4.2¢3 x 107 { 1.299 x 1023|5708 x 10%] 1.926 x 10 | 2.964 x 10014.333x 10 | 1.317 10. 4.322: 10‘
120.40 | 74,811 | 944.49 | 24.351376.6 | 1.360 ¥ 10| 6.484 X 10~* | 6.397 x 10-7 |5.046 % 107%° 14,122 x 10~* {1,256 x 101¥ 1 5.76] * 10%] 1.992 x 10 |2.893 x 10 MW%
121,97 | 75.758 | 94404 | 24.35| 3827 1,383 X 10| 5.802 x 10-% | 5.725 * 10°7 | 4,443 % 10- 10 | 3,620 % 10°7 ] 1.106 = 107 | 5,785 = 10° [ 2,262 x 10 | 2.558 = 10%] 5.089 X 10 | 1.137 m. 4.365 N
137,16 | 85227 [ 939,60 | 2435 4441 {1613 x 10 2.9 x 10°%[2.66 x 1077 [1.33 x 10°10 | 113 x 10" |3.44 x 10%%]6.21 x104]7.27 x 10 |8.55 x 10% 1.64 % 10% {3.80 x10%[470 x m‘
152,40 | 94.697 | 935.20 | 24.35 [ 505.5 | 1.844 x 10| 8.67 x 10°% |8.55 x 10 [5.02 x 107|411 x10-*|1.25 x 10ta6.63 x 104] 2,00 x 100 [3.32 % 10%} 4.45 % 10* |1.48 x10%|5.02 x 10




Table 14 (Cont’d)

Latitude, 45°. Metric Units. p, = 1014 mb, p, = 1.223 X 107% gm/cm®

2
d=3%X10"%cm d=2Xx10"* am
Height Apparent | Mean | Temp Scale Pressure Pressure Density Density Number Mesn Parti- | Mean Free |Mean Colli- | Mean Free |Mean Colli-{ Speed of
N Gravity |Mol Wt Height Ratio Ratio Density cle Speed Path sion Freq Path sion Freq Sound
g T H P [ o n v L v L v c

km mi on/sec? ¥ X kn millibars p/p, gn/cm® o/p, particles/em®|  om/sec o 1/sec om 1/sec om/sec
160.94 [100.00 932.75 | 24.35(539.9(1.975 x 10 | 5.53 % 10-8]5.48 x 10-® |3.00 x 10~ (2,45 x 108 |7.49 x 10 |6.85 x 10*(3.34 x 10 |2.05 x10%|7.52 x 107 |9.11 x 10 |5.19 x 104
167.64 [104.17 930.83 | 24.35 | 566.9 | 2.078 x 10 |3.98 x 10-%]3.92 x 10-% [2.05 x 10-11|1.68 x 102 {5,12 x 10*1|7.02 x 10*| 4.89 x 10 {1.44 = 10%[1.10 x 10 [6.38 x 10
182.88 |113.64 92.48 | 24.351628.3 |2.313 x 10 11.98 x 10-°]1.96 x 10-% |9.22 % 10-'%|7.54 x10-° |2.30 = ]0'*]7,30 x104]1.09 x10® [6.79 x10 [2.45 x]0°% 13.02 x]0
198.127{123.11 922.179] 24.35 | 689.7 [2.551 X 10 {1.06 X 10°%[1.04 x 10-* [4.50 x 10-*2[3.68 x 10~° [1.12 x 10%![7.74 x 104[2.24 x 10° [3.46 x 10 [5.03 x10® |1.54 x 10
213.36 1132.58 917.88 - 24.35 | 751.0 | 2.791 x 10 | 5.99 x 10-]5.91 x 10-° |2.33 x 10-*#|1,91 x 10-° [5.83 x 10'®|8.07 x 10*| 4.29 x 10% |1.88 x 10 |9.66 X 10° [8.35

. 142.05 913.63 | 24.35 |812.4 |3.034 x 10 /3.54 x10-%]3.50 x10-® |1.28 x 10-'?]1.04 x 10-® |3.19 x 10%%|g8.40 x 104|7.86 = 10° [1.07 x 10 |1.77 x10* |4.75
243.84 |151.57 909.41 | 24.35[873.8 [3.278 x 10 {2.19 x10°°[2.16 x 10~% [7.31 x 10-'?[5.98 x 10-%°|1.82 x 10%° [8.71 x 10%|1.37 x 104 [6.35 »x 10 [3.09 x10* |2.82
259.08 |160.98 905.21 | 24.35[935.23.525 % 10 { 1.40 x10-°(1.38 x 10-° |4.38 x 10-?|3.58 x 10"%°(1.09 x 10%°(9.01 x 104(2.29 x 104 |3.93 x 10 |5.16 x 10* |1.75
274.32 |170.45 | 901.05 | 24.35|996.6 |3.773 x 10 |9.20 x 10-7 |9.07 x 10-%°|2,70 x 10-13]2.21 x 10-'°|6.75 x 10° |9.30 x 104|3.71 x 10* 12.50 %10 |8.35 x10* |1.11
289.56 [179.92 896.91 | 24.35 |1058 4.024 x 10 [6.23 x10-7 [ 6.14 x 10-1°[1,73 x 10-*? [ 1.41 x 10~°[4.31 x 10° [9.59 x 104]S5.81 x 10* [1.65 x 10 [1.31 x10° [7.34 x 10-*
300.00 [186.41 894.09. | 24.35 [L100 4.197 x 10 [ 4.84 x 10-7{4.77 x 10-1°[1.29 x 10-*3{1.05 x 10-°13.21 x 10° |9.78 x 10¢]7.79 x 10* [1.25 x 10 [1.75 x 10® |5.57 x 10=*

LE

1 millibar (mb) = 10® dynes/cm® = 0.750 mm of Hg
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IT - THE ATMOSPHERE ABOVE THE F, LAYER - MODELS I AND I1I

Above the F, layer there is little if any direct information available concerning
the atmosphere. Although the mass of atmosphere in this region is extremely small com-
pared with the total atmospheric mass, yet the vertical extent of this region of
the atmosphere is relatively large compared with the height of the F; layer. In- fact as
far as the knowledge of the atmosphere is concerned, it might well be divided into
two major regions, the region below the F, layer and that above.

In view of the uncertainties and lack of information concerning the properties of
the atmosphere above the F, layer, it becomes necessary to analyze this region on the
basis of whatever concepts or hypotheses appear reasonable or possible; and it is
hardly likely, owing to the present lack of knowledge, that any single concept would
prove entirely satisfactory at the present time. The manner in which this region of
the atmosphere is analyzed here is based on three different atmospheric models or
concepts which are intended to serve as a preliminary approach to the problem. The
first atmospheric model is based on the concept that there is a limiting region far
beyond the F,_ layer where the atmosphere is in thermal equilibrium with the interstellar
gas. The second model is based on the concept that at a sufficient height above
the F, layer the particles begin to move as free bodies in a gravitational field,
rising and falling over large distances without colliding with another particle, and
that this region is i1sothermal. The third model is discussed in Part III.

IT-A. THE TEMPERATURE DISTRIBUTION
AND THE INTERSTELLAR' GAS

Perhaps the first question which arises concerning this region of the upper
atmosphere is that of temperature. The temperature rises rapidly from the E layer to
the F, layer; and one may ask whether, above the F, layer, the temperature continues
to rise, remains more or less constant, or decreases. The answer is certainly not
clear, and a consideration of conditions existing in this region is necessarily some-
what hypothetical and speculative. Thus when it 1s desired to consider the atmosphere
above the F, layer, it becomes necessary, in view of the lack of any direct informa-
tion, to find some means of extrapolation. For example, there are certain conditions
which exist in interstellar space, and an attempt may be made to use these as a possi-
ble basis for extrapolation. Thus it is known that gas particles exist in inter-
stellar space(39)'(40), and it is tempting to make the hypothesis that the outer limit
of the atmosphere is defined by the condition that equilibrium exist between the
atmospheric gas and the interstellar gas. It isgenerally recognized(41)'(42)'(43)'(44)
that the interstellar gas has a high kinetic temperature of the order of 10,000 to
15,000°K, and according to the equilibrium hypothesis, it will therefore be assumed
in Model I that the outer limit of the atmosphere is in thermal equilibrium with the
interplanetary gas particles at this temperature.

' As used in the present connection it would probably be more appropriate to use the term
interplanetary gas, since it is the gas in the vicinity of the planet Earth which is being
considered.
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Thus it will be assumed as a first approach that at the outer limit of the atmos-
phere the atmospheric gas particles have a kinetic temperature of 10,000°K. In view
of the rather hypothetical nature of this approach, a second and perhaps more accept-
able atmospheric model will be used in which the limit of the atmosphere is defined by
the existence of an outer region where the mean free path becomes so large that the
the gas particles begin to establish dynamical orbits. With the first atmospheric
model in which it is assumed that the atmosphere at its outer limit is in thermal
equilibrium with the interstellar gas at a temperature of 10,000°%K, it is reasonable
to suppose that the temperature increases monotonically from the F, layer out to the
atmospheric limit; and it will be assumed that this is the case.

The exact form of the vertical temperature distribution must next be decided
upon., This of course is somewhat arbitrary; and 1f we wished, the vertical tempera-
ture distribution could be taken as a linear one. However it seems more satisfactory
physically to have a temperature distribution such that dT/dr (where r is distance
measured from the center of the earth) is smaller at large distances, since this gives
more uniform continuity with the limiting conditions. In fact if the analogy 1s made
here with the transfer of heat between two concentric spheres, we are led to the
conclusion that dT/dr is proportional to 1/r. Since this relation seems satisfactory
as far as conditions at the limits are concerned, it will be adopted to represent the
approximate manner in which the temperature changes with the vertical distance r.
Thus the approximate relation will be dT/dr = A/r®. The reason that this relation
will be satisfied only approximately in the calculations will become clear from the
following discussion.

As will be discussed in Section II-B, in this upper region of the atmosphere it
will no longer be assumed that the atmosphere rotates with the earth as a solid; and
the constant angular velocity () in Eq. (11) must be replaced by a variable angular
velocity w = w(r), The apparent gravity relation then becomes

2
a

g’ = g, (—) -ro coszﬁ , (25)

r

where the first term is the absolute gravity force and the second term is the centri-
fugal force. It will be found convenient to use, instead of g‘, the apparent gravity
potential function ¢ defined by

¢

a2
ar g = 84(7) - r &’ cos”d. (26)

It will be shown in Section II-B that the centrifugal force term, which in itself is
small, goes to zero as T increases so that d¢/dr is approximately proportional to
1/r?, the approximation becoming more exact with increasing r. Thus d¢/dr will be
very nearly directly proportional to d7/dr, that is, to 1/T2-

From Eq. (18) we have

P = fg' dr + const. (27)
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It will be convenient to choose the constant of integration so that ¢ = 0 at the

Sistance o corresponding to the height of the F, layer. The expression for ¢ then
ecomes

r
¢ = Baa2 (%—*}.—)—cosz@f r[w(r)]zdr , (28)
To

where cos 6 is a constant depending upon the latitude 6. It will be seen later on
that the integration of the hydrostatic equation becomes especially easy if the
temperature distribution, starting from the value Ty in the F, layer, is linear in ¢
and therefore of the form

T = Tot+taod . (29)

In addition it is seen that, since dT/dr = a ddy/dr *51/r2, this form for the tempera-
ture distribution is a satisfactory representation of the inverse square relation for
the temperature. It will therefore be assumed that the temperature distribution is of
the form given by (29). The constant a is evaluated from the relation

o = 2 _° (30)

where ¢; and T; denote the values at the limit of the atmosphere where it is assumed
that T; = 10,000°K.

I1-B. THE DISTRIBUTION OF
ANGULAR VELOCITY

In the treatment of the atmosphere from sea level up to the F, layer it was
assumed that the atmosphere rotated with the earth as a solid body with angular velo-
city (.. This is the usual assumption in the meteorology of the lower atmosphere, and
since there seems to be no evidence to the contrary at higher levels, say up to
100 km, the assumption of constant angular velocity was more or less arbitrarily
extended to include the F, layer. However it does not seem acceptable physically to
assume the constant angular velocity {1 at all heights, since at the limit of the
atmosphere where by hypothesis we have equilibrium with the non-rotating interplanet-
ary gas one should certainly expect the linear velocity and therefore the angular
velocity to approach zero. This, of course, does not include the thermal molecular
velocities but only the mean motion of the gas as a whole.

Thus it seems reasonable to assume that starting with the value w = () at the F,
layer, the angular velocity begins to decrease and becomes zero at the limit of the
atmosphere. As in the case of the temperature, here again there is little to serve
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as a guide to show how w should vary with r. However, Jeans(45) has found that in the
outermost gaseous layers of a star the angular velocity w must vary as 1/"2; and since
this also seems acceptable as far as the atmosphere is concerned, it is the law of
variation which will be adopted. Above the F, layer it is therefore assumed that
dw/dr = C/r? which gives

w=n—c(i—l)ﬂ. (31)

C = ——, (32)

where r, is the distance from the center of the earth to the limit of the atmosphere.
The expression for w may then be written

11
w = 0N 1 - To r . (33)
1 1
o T
Using this expression for w, the formula for @, Eq. (28), becomes
. 11
r r
- 2 (1 _1)_ L9 .2
¢ = Bg,a (,—O T) cos r@ 1 T 1 ar (34)
re To 1|

which,when integrated, results in the expression

[M]

r

o}

a 1 r 1 r’
- 2 & —_—f — = - —_— —
¢ - ga ro r- (-—ro - 1) - ro 02 COSs 8 2 . 1 rO ( rL )

r? r r.
LY At AL (_’; s (35)
g e e k|
(=
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II-C. THE COMPOSITION

. As mentioned before in the discussion of the composition up to the F, layer, the
evidence from the aurora and the light of the night sky indicates that the upper
atmosphere is composed mainly of nitrogen and oxygen. This is certainly true up to
1200 km since the aurora has been observed to this height. However we are concerned
here with heights which, as will be seen later, are much greater than this. Although
there is no evidence of the presence of hydrogen or helium, the presence of these
gases has not been absolutely disproved. Lindemann{46) is of the opinion that helium
may form the major part of the gas in the limit regions of the atmosphere. The argu-
ment here is,that since helium is being continually supplied at the surface of the
earth and since the total amount in the atmosphere remains constant, it must be con-
tinually escaping from the top of the atmosphere and may therefore constitute the
major portion of the gas in this limit region. This of course presupposes that some-
where above the F, layer the gases reach a state of diffusion equilibrium in which the
constituent gases are distributed in the vertical according to their molecular weights
with the lightest gases predominating at the top of the atmosphere. As mentioned
previously, Mitra and Rakshit(33) have shown that diffusion equilibrium of neutral gas
particles should be practically complete above 350 km if there are no forces in
operation which would produce mixing of the gases or prevent their settling out once
they are mixed.

However, it seems a possibility that in the outer limit region of the atmosphere
practically all of the gas particles may be ionized, and in this case it would be
necessary to consider the effect on diffusion of the earth’s magnetic field. The
effect of the earth’s magnetic field on the motion of a charged particle in the upper
atmosphere is discussed by Chapman(ls), and a study of the effect on diffusion in the
F, layer has been made by Ferraro!4?) and Cowling!34),

In any event, if neutral hydrogen and helium are present in the outer portions of
the ionosphere, it follows as a necessary consequence of the high temperature which
has been assumed to exist there that they must be continually escaping into space,
since their mean molecular velocities will much exceed the critical escape velocity.
According to Jones(48), 1t would require a temperature as low as 400°K at the top of
the atmosphere in order that the rate of loss for neutral particles should be small
for hydrogen and therefore negligible for the other gases. However, i1t seems quite
possible that the gases in the outer limit region of the atmosphere may be ionized, so
that the presence of the earth’s magnetic field may be expected to alter considerably
the mechanism of the escape process. In particular, the effect of the magnetic field
is to cause a spiral motion which, in effect, limits the size of the mean free path and
which should therefore make the escape of a particle much more difficult. However, in
view of the high temperatures assumed here (10,000°K), if the molecular velocity
distribution is Maxwellian, it appears likely that there will be some escape of gas,
al though perhaps small, regardless of what the gas is. To preserve continuity the mass
of escaped gas would have to be made good by equal replenishment at the bottom of the
atmosphere. From this point of view one could refer to the outer limits of the iono-
sphere as the dissipationsphere, since the processes there would be quite analogous to
those which occur in the evaporation of s liquid.
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Aside from the questian of what are the constituent gases in the outer ionosphere,
th?re are also the questions of dissociation and ionization. It has already been
pointed out that dissociation of oxygen takes place in the E layer and that there is
increasing ionization up to the F, layer. The question of the dissociation of nitro-
gen, on the other hand, is a very controversial one. Al though Chapman and others
favor the view, based on auroral observations, that there is no appreciable dissocia-
tion of nitrogen, it seems quite possible that at sufficiently great heights the
dissociation of nitrogen could take place due to solar radiation and that eventually,
at sufficient distances, all nitrogen would be in the atomic form. This is supported
to some extent perhaps by the work of Wulf and Deming (Ref. 33, p. 291) who point
out that the short wave-length radiation available for the nitrogen absorptions,
although much less intense than that in the oxygen absorption region, will be
absorbed at greater heights where the gas pressure is much lower than for the
oxygen absorptions, and where, therefore, the dissociating and ionizing effects
on nitrogen may be as important as those produced at lower levels on oxygen by
much more intense radiation. These authors state further (Ref. 33, pp. 287 and
295) that at least the positive nitrogen-molecule ion N must certainly exist in
the high atmosphere and that it seems quite possible that (even) in the F region the
nitrogen absorptions may lead to the production of N}, N*, and N, that is, to some
dissociation as well as ionization of nitrogen.

As far as ionization is concerned, it is seen in Fig. 9 that the degree of ioni-
zation is increasing in the F, layer even though the ion density goes through a
maximum 1n this layer. The maximum in the ion density is a peculiar circumstance
resulting from degree of ionization plus the variation of density with height, and it
is not to be inferred that the degree of ionization itself goes through a maximum in
the F, layer, On the contrary, all evidence points toward increasing degree of ioni-
zation with height; and it will be assumed for model I that complete ionization exists
at the limit of the atmosphere so that the atmospheric gas there consists of positive
ions and free electrons in equal number.

In fact if the formulas for thermal dissociation{36) and ionization(50) be ap-
plied to the limiting region of the atmosphere assumed here, it will be found that at
such low pressures and high kinetic temperatures complete dissociation and ionization
would be indicated. Thus in order to be consistent with the high kinetic temperature
assumed to exist at the limit of our hypothetical atmosphere, it appears necessary to
assume also that complete dissociation and ionization exist in this region. It is not
intended to imply here that the dissociation and ionization are due to the direct
addition of heat, as would be the case for example, in a high-temperature flame, since
the initial process responsible for producing the high kinetic temperatures must be
something quite different. However, once the high kinetic temperature (high kinetic
energy of particles) is attained, regardless of the mechanism responsible, it would
seem that the formulas for thermal dissociation and ionization must apply, since they
are based upon the impact effects of the mutual collisions of high-speed particles
and electrons.

From the remarks which have béen made so far concerning the composition, Table 15
has been prepared to show the range of possibilities regarding the state of the atmos-
phere at its limit. The molecular weight at the limit r; is denoted by #, and free
electrons in the gas by e.
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Table 15

ATMOSPHERIC MODEL I

Possible Composition States of the Atmosphere at Its Outer Limit

58

H* +e #
H +e M
Het + e. M;
He . M,
N* +e. M,

20%0% + e + BOINT + e.
M, =7.2.

ot + e. A&

33%0 + e + 6T%NS + e.
M, =12.02.

B | ot

:8.

Diffusion equilibrium with hydrogen present.
dissociated and ionized.

Hydrogen

The same as case 1, except hydrogen ionized but not dis-
soclated.

Diffusion equilibrium. Helium present but no hydrogen.

Helium ionized.

The same as case 3, except helium not ionized.

Diffusion equilibrium. Hydrogenand helium absent. Nitro-
gen dissociated and ionized.

Complete mixing. Same percentage composition as at 83 km,
but oxygen and nitrogen dissociated and ionized. Hydrogen
and helium can be present if the amounts are small.

Diffusion equilibrium. Hydrogen and helium absent.
Nitrogen not dissociated but can be ionized. Oxygen dis-
sociated and ionized.

Complete mixing. Same percentage composition as in F,
layer, but oxygen and nitrogen ionized. Hydrogen and
helium can be present if the amounts are small.

Diffusion equilibrium. Hydrogen and helium absent.
Nitrogen dissociated but not ionized. Oxygen can be dis-
sociated and ionized.



It will be readily appreciated that it is not easy to specify just which one of
these possibilities is to be chosen as the most likely, although it would seem that
some may be more likely than others. The tabulation does show, however, the limits
within which the value of M; must lie, and it is to be concluded that M; must cer-
tainly lie between % and 14. Although this leaves a large range in the possible
choice for M;, it will be found that for heights of the order of 500 to 1000 miles,
which is probably the limiting height of interest at present in connection with rocket
applications, it makes very little difference what value is used for M;, since any of
the possible values for M; will give about the same values for the density at these
heights. In view of the remarks concerning helium this would seem to be the most
tempting possibility to consider for the composition at the outer limit. Owing to the
relatively large ionization potential for helium, this might very well remain in the
neutral state, and in this case the value M; = 4 would be appropriate. However in
choosing any single value to be used for M;, it would be necessary, in view of the
high kinetic temperature, to investigate the escape mechanism to make sure that the
composition assumed would not lead to extravagant losses of the earth’'s atmosphere.
Although some loss is required for helium, this is not especially permissible for the
other gases, except possibly in the case of hydrogen, for, since the interstellar gas
is composed mainly of hydrogen, it would be permissible to have hydrogen escaping from
the atmosphere provided an equal amount were returned from the interstellar gas.

If the composition consists of charged particles (positive ions and free elec-
trons), the effects of magnetic and electric fields would play a large role in the
escape process. For example it might be supposed that at a temperature as high as
10,000°K the free electrons, which have a much higher velocity than the ions, would
easily escape from the atmosphere in large numbers. However, it is found that there
can be very little separation of positive and negative charges and that positive ions
and the associated free electrons must remain together to give a field which is
neutral as a whole. It is readily shown that the loss of only relatively few elec-
trons would immediately set up an electrostatic field sufficient to hold all the
remaining electrons in the atmosphere.

As discussed by Chapman(ls), a free electric charge moving in the presence of a
magnetic field will execute a spiral motion around the lines of magnetic force so that
a balance is established between the centrifugal force and the deflecting force due
to the magnetic field. For a kinetic temperature which would give a transverse com-
ponent of velocity of 107 cm/sec for an electron or 1077200 = 5x10* cm/sec for an ion
(based on M = 20 for ions), the radius of the spiral in the F, layer at the equator is
found to be 2 cm for electrons and 400 cm for ions. Thus, in the F, layer, when the
mean free path is greater than 4 meters, the paths of the charged particles would be
determined in large part by the spiral motion; and it would appear that this effect
would reduce considerably the probability of escape of a particle as far as heights of
the order of that of the F, layer are concerned. It is seen that the magnetic field
has the effect, essentially, of limiting the size of the mean free path. It can be
shown, incidentally (Ref. 57, p. 95), that a Maxwellian velocity distribution is un-
affected by the presence of a magnetic field. However, the limiting effect of the
magnetic field on the mean free path decreases fairly rapidly with distance from the
center of the earth at a rate approximately as the inverse cube of the distance,
Hewson(31), and at distances of the order of 5000 to 10,000 miles the magnetic effects
would be considerably reduced.
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Rather than attempt to deduce the variation of M = M(r) as a function of r on
some basis of diffusion equilibrium, etc., it is considered sufficient here simply to
assume a reasonable function for M(r). Here again a variation with dM/dr proportional
to 1/7‘2 is considered satisfactory; and, as in the case of the temperature, this is
closely approximated by the linear relation,

M:MO_/B¢: (36)

where My is the molecular weight at the F, layer, and 2 is given by

The relation (36) is supposed to represent adequately the effects of whatever degree
of diffusion equilibrium is present. Thus M first decreases rapidly above the F,
layer and then decreases very slowly at great distances near the outer limit, which
agrees qualitatively at least with the concept of diffusion equilibrium.

It will be assumed that the composition of the interstellar gas is that given by
Langer(SZ), Table 16.

Table 16

ASSUMED COMPOSITION OF THE INTERSTELLAR GAS
IN THE VICINITY OF THE PLANET EARTH

Ionic Species e H* H Na
No. per cm? 1 1 10-2 2 x107°
Density, gram/cm® 10-% 1.7 X 10724 | 1.6 X 10726 10-31

Ionic Species Na* Ca Cat Catt
No. per cm® 3 x10°° 2 x 10714 107° 3 %1077
Density, gram/cm? 10727 1.3 x 1073% 6 % 10732 2 X 10720

It is usually considered, (Ref. 39), that about half the mass of the interstellar gas
is due to dust particles. These have been omitted in the tabulation above, since at
the earth’s distance from the sun the solar radiation pressure would probably be suf-
ficient to "blow™" the dust particles out of the solar system. The radiation pressure
on ionized gas particles is considerably less, and it is assumed that they would

remain in the solar system.

It is at once evident from Table 16 that themain constituents of the interstellar
gas are the positive hydrogen atom ion and the free electron, and, as far as the

density and molecular weight of this gas is concerned, all of the other constituents
may be neglected. It should be pointed out here that the equilibrium condition as-
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§umed between the atmospheric and interstellar gases does not necessarily imply equal -
ity of composition. It is seen however that if the atmospheric composition at the
outer limit is taken to be H'+ e, then the two gases are of practically the same
comPosition (the other constituents of the interstellar gas being negligible in com-
parison to the proportion of H*+ e present), and in this case equilibrium would also
be accompanied by equality of composition.

IT-D. THE LIMIT OF THE ATMOSPHERE

A limit for the height of a planetary atmosphere may be defined in a number of
different ways, each according to the concept used, and each leading to a different
result. In fact, if one can imagine an isothermal atmosphere on a non-rotating planet
for which there is no variation of gravity with distance, it is found, Jeans(53),
mathematically at least, that the atmosphere would extend to infinity. If, on the
other hand, an atmosphere be maintained with an adiabatic temperature distribution, it
is found(53) that the gas must have a definite upper limit. If an isothermal atmos-
phere rotates as a solid with a rotating planet in which gravity obeys the inverse
square law, it is found, Eﬁerknes(54), Jeans(53), that there is a limiting distance
where the gravity and centrifugal forces exactly balance producing a minimum in the
density distribution. For the equatorial plane this distance is found to be r = §.607a
or h =r —-a= 21,826 miles above sea level, and this value might be regarded as an
indication of the order of magnitude of the limiting height of the atmosphere. In
this type of analysis no account is taken of the ultimate molecular structure of the
gas, nor is it necessary to specify the isothermal temperature of the gas.

As conceived by Bryan(SS), Milne(56), and Jeans(53), at sufficiently great
heights where the mean free path becomes very large and the collision frequency very
small , the gas particles, in the time interval between collisions, will begin to behave
as free bodies in a gravitational field and will therefore begin to move in elliptic,
parabolic, and hyperbolic orbits depending upon the velocity possessed by the parti-
cle. 1In this region of the atmosphere the particles will move outward over large
distances and fall back again into the denser atmosphere under the influence of gra-
vity. Those which are moving fast enough will establish parabolic or hyperbolic
orbits; and, if there are no further collisions, will escape from the earth entirely,
since they will have attained the escape velocity.

This type of atmospheric configuration has been considered in detail by Milne(56),
who considers the limit of the atmosphere, which he calls the "surface region'", to be
situated at the height where the particles begin to move approximately in free flight
as described above. In his analysis, which was made before the high ionosphere
temperatures were known, Milne assumed a temperature distribution which started with
the value 219°K in the stratosphere and decreased continually with height at a rate
proportional to 1/r®’® where r is the distance from the center of the earth. For
molecular hydrogen he finds the height of the "limit" of the atmosphere to be 1400 km

t Also see Jones, J.E., "Free Paths in a Non-Uniform Rarefied Gas With an Agplication to the
Escape of Molecules from Isothermal Atmospheres", Transactions o{ the Canbridge Philosophical
Society, Cambridge University Press, Vol.22, No.28, pp.535-556, 1923.
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and for helium, 630 km. In view of the high temperatures now known to exist in the
lonosphere, it would be interesting to apply Milne’s analysis anew, assuming a tempera-
ture distribution abqve the F, layer comparable with the resylts derived here.

The concept of a limit of the atmosphere may be considered in still another way.
From this point of view one may gain an approxiriate indication of the greatest value
which the height of the limit of the atmosphere might have by assuming, for example, a
constant speed gas at temperature T, at its limit, and considering the critical
distance r; at which the escape velocity will exist. The escape velocity v, at this
distance is specified by the condition that the kinetic energy of the particle be
equal to the work done against gravity in transporting the particle from the position
r, to infinity. This condition is imposed through the relation

1 . _ 3 B C say¥  gam
g omy = -2—-kTL = m ga(7) dr = rL , (38)
which gives

2 2
o 280m gl (29)
L 3 kTL T3 RuTL °

Introducing the values of the constants gives

r, = 1.973 X 105%mi1es, (40)

where T is inoK. This is tabulated in Table 17 for different values of M with T =
10, 000°K.
Table 17

MAXIMUM POSSIBLE HEIGHT OF LIMIT OF ATMOSPHERE
BASED ON ESCAPE VELOCITY FOR A CONSTANT SPEED GAS

Gas " T rg hi Frp-a
K miles mles
1 10, 000 1973 -1990
. 2 10,000 3947 -17
He 4 10,000 7893 3930
N 14 10,000 27,627 23,663
0 16 10,000 31,573 27,610
N, 28 10,000 55,253 51,290
0, 32 10, 000 63, 146 59,183

‘hL = height above sea level.
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The calculations, through Eq. (38), are based essentially on the assumption that
the gas particles do not undergo any collisions so that all of the kinetic energy is
available to overcome gravity. On this basis it is seen that H and H, could not re-
main within the earth’s gravitational field even at sea level, although the other
gases can remain to relatively great heights. For a Maxwellian gas these heights
would be somewhat lower, since there would always be a certain percentage of the
particles with velocities greater than the mean velocity.

Consider again the concept of the atmosphere in which an "outer" region is
reached where the mean free path becomes so large that the gas particles, between
collisions, move over dynamical orbits under the influence of the earth’s gravi-
tational field. In the denser region at the lower boundary of this region the gas
particles will have a Maxwellian velocity distribution. It can be shown, Kennard
(see pp. 74-78, 90, of Ref. 57), that when the particles move upward in a force field
for which a scalar potential exists, such as the field of apparent gravity, the
Maxwellian distribution is automatically preserved at all levels above the lower
boundary provided the temperature is the same at all levels in this outer region[3¢],
Thus if the dynamical orbit region is isothermal, the velocities there will be
Maxwellian; and therefore the density distribution will be given by the Boltzmann law,

(g - d)
o = paekTe . (41)

for an isothermal Maxwellian gas in a potential force field, where ¢ is the apparent
gravity potential, see Eq. (28), and the star subscript denotes conditions at the
lower boundary of the dynamic orbit region where r = ry, h = h,. Since the hydro-
static equation in terms of the potential function is dp = -pd¢, where o = mn and
p = nkT, the use of this equation gives the same result as (41). Therefore even in
the case where there is a dynamic orbit region, the hydrostatic equation may still be
applied provided the atmosphere in this region is in thermal equilibrium, i.e., iso-
thermal temperature distribution. This would not be especially evident a priori.
When the interval of height is small enough that the variation of gravity may be
neglected, the density distribution may be written

~Me8e
(r = rs) —==(r -~ r,)
P e fule ' (42)

* L]

s
o
n

where, in terms of height above sea level, r — r, may be replaced by h ~ h,, It will
be observed that since this equation is based on constant temperature, increases in
energy resulting from radiation absorption are not allowed; and since the composition
{My) must be treated as constant, dissociation and ionization are also not allowed.

(3]  In models II and III the dynamical orbit region is conside{eq to be isothermal, sipce
the average time of flight of a particle in this region is negligibly small compared with
the time necessary for radiation to affect the particle.
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. Since the motion of the particles in the dynamical orbit region is conservative
1f‘the_temperature distribution is isothermal, the total energy of each particle
(kinetic plus potential) must remain constant as expressed by

1
e (V= 0]) t b)) = 0. (43)

InFroducing the kinetic temperature from Eq. (5a) and neglecting variations in gravity,
this may be written

k(T-T. + mgi (h-h,) = 0, (44)

which shows how the temperature of each individual particle must vary over the dynami-
cal orbit. However, owing to the existence of the Maxwellian distribution, the mean
temperature at any level, considering the integrated effect of all the particles at
that level, will be such that the vertical temperature distribution is isothermal
throughout the dynamic orbit region.

Realizing that a limit of the atmosphere may be defined in several different
ways, we proceed first with the analysis based on the atmospheric model I, which is
defined or specified by the assumed condition that it be in equilibrium at its outer
limit with the interstellar gas. Thus this condition of equilibrium automatically
defines the outer limit of the atmosphere. Although this atmosphere will not be iso-
thermal in the dynamic orbit regions, it will be assumed nevertheless that the hydro-
static equation may be used to calculate the pressure. Before proceeding to the
calculations it is necessary to obtain the values ¢ and the corresponding limiting
distances r; of the top of the atmosphere. These values are needed in order to deter-
mine the values of the constants a [Eq. (30)], C [Eq. (32)], and B [Eq. (37)]. Using
the potential function ¢, the hydrostatic equation becomes simply

dp = -pdo , (45)

which, when combined with the equation of state, gives

b _ LK
R (46)

Introducing the expressions (29) and (36) for T and M, this becomes

i: lMo—,Bd)

_ L1 M -BP a1
p R Totad 9% (47
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which is easily integrated giving

P
N : (48)
[ Moa + AT,

R,a?
a
1+ TO ¢

the subscript zero referring to the F, layer where ¢ is zero.

Replacing a and 8 from Egs. (30) and (37), the pressuré ratio may be written

1 My (1 - M, /M)

ex —_—
P Ru TO (TL/TO - ].)
£ o i (49)
P, 1 Mo (T /To =My /Ho) é
R, To (T /To-D? L
H(E ) 2
To &
At the limit of the atmosphere where p = p;, & = ¢, this becomes
ex _l_ﬁ_ (1 — M /M)
, PR, To (T/T, - D)
L. . (50)
p

1 Mo (T /Ty - M1 /¥Ho)

L
R, To (T /To-1)*?

v

Having values for My, To, My,

T;, and p;, the corresponding value of ¢; may then be
determined from Eq. (50). .
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Now, introducing the limit conditions, ¢ = ¢l when r = r;, in Eq. (35) we have

2
2 r r r r
_ a 1/(1L (L __LfL _
A = targr\te ) "= g\ 2 ) T \r !
o ¢ L ees? °
2
(rL ) (rL> r
20— + 1 - -
r r r r r
, (L ° ) °/ e log-t | . (51)
2\r, r r (rL 2 re
—=-1 = -1 L -1
To To To

Then by using the value of ¢; found from Eq. (50) the corresponding value of r, is
evaluated from Eq. (51).

To evaluate ¢ from the relation (50) the value of p; must be known. By analogy
with the condition for equilibrium of two fluids in contact it will be assumed that
at the distance r; the pressure is the same in the atmospheric gas as in the inter-
stellar gas. It is possible of course to impose an equilibrium condition which would
require continuity of density with the interstellar gas, but this in general would not
allow continuity of pressure. For, since it has been assumed that thermal equilibrium
must exist, it follows from the equation of state p = pT R /M that continuity of pres-
sure and density can exist simul taneously only when the composition M is the same for
both gases. In the cases treated here it will be assumed that the condition of con-
tinuity in pressure must be satisfied regardless of the density.

Since the composition of the interstellar gas is mainly H* + ¢, the density for
one hydrogen atom per em® is 1.67 x 10°°* gram/cma, the molecular weight is 1/2, and
if the value T = 18,000°R (10,000°K) is used in the equation of statel*!, it will be
found that p; = 5.78 X lO’lslb/ftQ. This is the value which will be used for the
pressure at the limit of the atmosphere. For the equatorial atmosphere we had h, =
400 km, M, = 24.0, p, = 2.08 ~ 10-7 millibars, and 75 = 1800°K. Using these values
plus the value for p; derived above, the values of ¢i and r; for various values of M;
are found as shown in Table 18. In determining the values of ¢ it is convenient to
use the plot shown in Fig. 18 (p. 68), which represents solutions of Eq. (50). This is
also convenient to use if it is desired to investigate other values for py - The values

[4] This may also be computed from the formula p = nkT, where n is the number of
particles per unit volume (in this case 2 particles per cm3), and & = Boltzmann’'s
constant = 1,381 X 10718 erg/deg.
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in Table 18 show that the lowest value of A

to be expected is 6600 miles and that

the greatest value is about 2.5 times this large. Similar results may be obtained
for the atmosphere in middle latitudes.

ATMOSPHERIC MODEL I.

Values of ¢, and r, for the equatorial atmosphere

Table 18

LIMIT OF THE ATMOSPHERE AT LATITUDE 0°, BASED

ON CONTINUITY OF PRESSURE WITH THE INTERSTELLAR GAS
1)

Gas My &, fr-1b ry, miles h =r, —a, miles
H+ e 1/2 5.018 X 108 20, 490 16, 530
H teorH 1 4.960 % 108 19, 580 15, 620
He + & 2 4.851 x 10% 18,110 14,150
+He 4 4.640 % 108 15,880 11,920
N+ t e 7 4.351 x 108 13,520 9,560
+ e 8 4.245 % 108 12,820 8,860
33% 7 + e + 6T + e 12 3.950 X 10% 11,210 7,250
N +N 14 3.808 X 10% 10, 590 6,630

(1}

Based on 2 = 5,78 % 1071% Ib/fe?. hL = height of limit of atmosphere.

1f the condition for continuity of density had been specified at the distance
r; rather than continuity of pressure, the values of hﬂ contained in Table 19 would be

obtained,

ATMOSPHERIC MODEL I.

Table 19

LIMIT OF THE ATMOSPHERE AT LATITUDE 0°, BASED
ON CONTINUITY OF DENSITY WITH INTERSTELLAR GAs ‘'),

Gas M ¢, ft-1b rp, miles hy =rp ~ @, miles
Ht e 1/2 5,018 X 108 20, 490 16, 530
Hi *eor H 1 5.149 X 108 23,810 19, 850
HE + . 5,212 X 108 24,060 20, 100
He 4 5.169 x 108 23, 200 19, 240
B+ . 7 4.985 % 108 19, 970 16,010
of + 8 4.926 % 108 19,090 15,130
33w + et TN t e | 12 | 4.644 X 10° 15,910 11,950
N+N 14 4.509 % 108 14,710 10, 750

Ll)Based on 'OL = 3.24 X 10‘24 i{l%ﬁ = 1.67T X 10724 gram
t

cm*

3
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II-E. THE CALCULATIONS FOR
ATMOSPHERIC MODEL 1

Having obtained the values of ¢i and r;, the calculations for the temperature,
pressure, and density may now be carried out, The pressure is computed from Eq. (49)
using values of ¢ computed from Eq. (35) for various assumed values of r. Knowing &
the values of a and 8 are determined, and the temperature and molecular weight are
calculated from Eqs. (29) and (36). The density is computed from the equation of
state (16) using the calculated values of T, M, and p.

The final results depend, of course, upon the value used for M,, that is, upon
the composition assumed for the atmosphere at its outer limit. It was seen from Table
15 that the appropriate value of M; must certainly lie between % and 14. In view of
the difficulty of specifying any s1ng1e most representative value for Al the calcu-
lations are carried out for M, =), 7, and 14, which appear to cover the entire range
of possibility. The results of the calculations for the equatorial atmosphere are tabu-
lated in Tables 20 to22 in engineering units, and in Tables 23 t025 in the metric system.

Comparing the density values in Tables 20, 21, and 22, for example, it is some-
what surprising perhaps to find that the vertical distribution of density is of the
same order of magnitude, clear up to the limit h; , regardless of the value of M. In
view of this result it is considered quite adequate to use the results for the average
value M; = 7, Tables 21 and 24, as representative of the conditions in this region of
the atmosphere; and these results may be considered as the adopted values for the
atmospheric model I, These adopted values based on M; =7 are plotted in Figs. 19 and
20 up to a height of 1000 miles (1609 km), and the corresponding variation of the
density ratio o is shown in Figs. 21 and 22. In view of the results found above con-
cerning the small effect of M;, the atmospheric values at latitude 45° were computed
for the single case M; = 7. These results are given in Tables 26 and 27, The tem-
perature distribution up to a height of 1000 miles is plotted in Figs. 23 and 24 while
the corresponding variation of the density ratio o is shown in Figs. 25 and 26.

It is seen from Eqs. (19) and (23) that the estimate of the mean free path L and
collision frequency v is rather strongly affected by the value used for the diameter
d. According to Chapman(1%), when a gas contains free electrons and gas particles, d
is usually interpreted as the weighted mean (weighted according to the relative number
of electrons and gas particles) of the electron and gas particle diameters. Since the
electron diameter is negligibly small as far as physical size is concerned, when
electrons and gas particles are present in equal numbers (complete ionization) the
mean value used for d is about half that of the gas particle diameter. On this basis
the value d = 1 x 1078 cm would be associated with completely ionized atoms and d =
1.5 X 1078 cm with completely ionized molecules, corresponding to the value d = 2 x
10-8 cm for neutral atoms and d = 3 X 107® cm for neutral molecules. It should be
mentioned that the effective gas particle diameter is somewhat temperature dependent
(58), (89) jp such a way that at high temperatures (high particle velocities) the
effective diameter decreases. On the other hand when a gas is highly ionized, the
effect of the electrostatic fields of the particles is to give a considerably greater
effective collision cross section. “However, except at extreme heights, the degree of
ionization in atmospheric model I remains quite small and most of this atmosphere
can probably be represented with sufficient accuracy by a value of d lying within
the limits 2 X 10°® cm £d £ 3 X 107% cm.
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Table 20
ATMOSPHERIC MODEL 1 - VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE I"2 LAYER, BASED ON l!L =
Latitude, 0°. Engineering Units. p_ = 2115 1b/fe2, Pg = 2.286 % 10-% slug/fe?
d=3x10"¢ am d=2x 10" em
Height Potential |Apparent] Mean | Temp Scale Pressure Pressure Density Density Number Mean Parti-| Mean Free |Mean Colli-| Memn Free {Mesn (olli.
Gravity |[Mol We Height Ratio Ratio Density cle Speed Path sion Freq Path sion Freq
k @ g T B P A o n v L v L v
mi ft ft-1b fysect| M “R fr e »/p, slug/ft? £/, particles/ft*| ft/sec fr 1/sec ft 1/sec

248,86 1.312 x 100,000 28.393 {24.00 | 3,240/2.362 x 10%|4.33 x 1077 [ 2,05 x 1071°]6.45 x 1072%|2.82 x 10~**| 2,38 x 102 [4,13 x 10* [9.77 x 10* | 4.23 x 10-* 2,20 x 10* |1.88 x 10°*
300 |1.584 x 10°17.612 x 10%| 27,726 [23.64 | 3,464]2.625 X 10%[1.46 * 1077 ]6.90 x 10721} 2,00 x 107*¢]8.75 x 10712 7.49 x 10*® [4,30 x 10% | 3.10 x 10* {1.39 x 10" 6.98 x 10* |6.16 x 1o°®
350 11,848 x 101,484 x 107 ] 27.087 [23.30 | 3,677)2.894 x 10°%{5.60 % 10-° {2.65 x 10-**]7.14 X 107813.12 x 10-'3} 2 71 x 10*® 14.47 x 107 8,58 x 10* 15,21 x 1073}1.93 x 10% |2.39 x 10"
400 12.112 % 10°]2.191 = 107 | 26.498 [22.97 | 3,885|3. 171 X 16%]2.34 x 10°% |1.11 x 10771[2.79 x 30"%3]1.22 x 10°7#] 1.07 x JO'® {4,62 x 10° |2,17 x 10° | 2,13 X 10-*] 4.89 x 10° 9,45 x 1p-°
450 {2.376 x 10%{2.881 % 107 | 25.872 {22.65 | 4,987[3.465 x 10%1.06 x 10-% [5.01 x 10~**|1.18 x 10~*%]5.16 x 10°1%] 4.61 % 10%7 14,78 x 10° |5.04 x 10% [9.48 x 10~2] 1,13 x 10°® {4, 21 x 1~?
500 12,640 x 10%13.556 % 107 | 25.295 122.33 | 4,28613.769 % 10%|5.09 x 107° 12.41 x 10*%15 34 x 1072912 34 x 107%%] 2,12 x 10** 14,93 x 16% 11,10 » 10% 14,50 x 10"%{2.47 x 10® |2.00 x 10-°
600 |3.168 % 10°]4.862 x 107 | 24.197 121.72 | 4,670]4.414 x 10%[1.40 X 10°® J6.62 x 10°3[1.31 x 10718{5,73 x 107 %] 5,34 x 10%° [5.21 x 10® [4.35 x 10% |1.20 x 107%] 9,79 x 10® |5.32 x 10~
700 |3.696 x 10%]6,111 % 107 | 23.170 |21.14 | 5,038[5.110 X 10%14.60 x 107%°|2.17 x 1071?{3.88 x 10"'7|{1.70 x 10-1¢| 1.62 » 10*°® {5.49 x 1p® 1.44 % 107 |3.83 x 1074[3,23 x 10" |1,70 x 107¢
800 |4.224 x 10%17,308 x 107 | 22,206 120.58 | 5,390/5,859 x 10%1.75 X 10711827 x 10~411.35 x 10-17|5,91 x 10-18] 5 80 x 10° 15,76 x 107 | 4,01 % 10" 11.44 % 10-¢/9.02 x 107 |6.39 x 108
900 [4.752 x 10%]8.456 x 107 21.301 [20.04 | 5,727|6.665 x 10%7,53 x 1071113,56 x 10774[5.30 = 1072%]2,32 x 10°2%| 2,34 x 10% [6.01 x 10® 19,93 x 107 {6.05 x 107%]2.24 ¥ 10Y {2,69 x 10°%
1,000 5,280 x 10%9.557 % 107 | 20,451 |19.52 | 6,05117.530 % 10%{3.58 x 10°'1}1.69 x 107'4]2,32 x 107'# 11,01 ¥ 10°?8] 1,05 x 10® 16.26 x 10% {2.21 x 10% [2.83 % 10°%4.98 » 10® |1,26 x 16~%
1,206 16.336 x 10%11.163 x 10| 18,897 ]18.55 | 6,66119.440 ¥ 10%]1.02 x 10-1%14,82 » 10728]5 73 X J0-'%i2,81 x 10°**] 2,73 % 109 16.74 % 10° |8.52 x 108 17,92 x 10%]1,92 x 107 {3.52 x jo~¢
1,400 17,392 x 10%]1.355 x 10%* | 17.512 [17.65 | 7,226]1.161 x 10%03.73 % 1073] 1,76 x 10725[1,63 x 107*¥]8,01 » 10737] 9.17 x 107 [7.20 = 10% [2.54 x 10® | 2.84 = 107%5,706 x 0¥ [1.26 x 10°°
1,500 ]7.920 % 10%]1,446 * 10% ] 16.876 |17.23 | 7,494]1.280 % 10°%12.42 x 107*?| 1. 14 * 1077811, 12 % 10°%%14,90 % 10727] 5,75 % 107 [7.42 x 16® |4,04 x 10 11,84 % 10°%]9,10 x J0* 18,16 % Io°7
1,750 19,240 x 10811.659 x 108 | 15 430 115,23 | 8,120/ 1,611 x 10%]9,64 = 10"38]4 5 x 107'#]3.85 x 10-°1.70 x 10-17] 2,12 X 107 17,96 x 10% [1. 10 % 10°9/7.26 % 10°712.47 % 10*%43.23 x 1¢°7
2,000 [1.056 x 107(1.854 % 10%] 14,162 [15.32 | 8,694{1,991 * 10%]4,61 x 10"18}2,18 x 107*®|1.64 x 10722]7.17 x 10738] 9,47 x 10° 18,47 X 10% [2.45 x 107°[3.45 = 10°7]5.52 % 10*®|1,53 % 1077
2,500 [1.320 x 10712.199 x 10%| 12.709 |13.70 | 9,709]2.770 x 10%]1.54 x 10~%2]7.28 = 10727|4,37 x 107%1.91 x 10~*®! 2,82 x 10® |9.47 x 10 [8.24 x 10°°] .15 x 10~7[1.85 x 10%*|5.11 x Jo~®
3,000 [1.584 % 107{2,494 x 10%| 10,385 112.32 §10,577/4.107 x 10%[7,18 x }0"**]3.39 x 10~'7]1.68 X 10"**]7,35 x 10~'%] 1,21 x 10% |3.04 x 10* 11.92 x 10'[5,4] X 107%]4,32 x 10**[2, 41 x }0°*
4,000 2.112 x 1672.973 x 108 7.940 [10,08 111,586} 7. M40 x 108]2.75 x 10°7411.30 X 10-17]4.65 » 107%212,03 x 10~1°] 4.08 x 105 [1.23 % 10* |5.70 x 10%%;2.16 = 10°%]1,28 = 10*%9,50 x 107°
5,000 12,640 x 1073.346 X 10°| 6,267 | 8.33 113,083] 1.245 = 107|1.58 % 10"**|7.47 ¥ 107%#12.03 x J07%718,88 = J07*%| 2.16 x 10% 1,41 x 10% [1,08 x 10°*11, 31 % 107"[2.42 » 10*%]5,82 x 10"*
6,000 (3.168 X 107]3.644 x 107 5.073 1 6.93 113,959/1.973 X 1071, 13 X 10145, 34 x J0-48]1. 13 x 10-32]4 94 x 10791 1.44 x 10® 13.60 * 10* |1.61 X 1012]9,9] x 107®]3,63 X 1034 41 % 10°°
7,000 13,696 x 107[3.887 x 10%] 4,190 | 5.79 |14,674,3.005 x 107]9,07 % 1071814.29 x 10~1%/7,20 x 10-8213.15 x 10-%¢] 1 )0 x 305 [L.79 = 10* 12,11 x 1012]8,47 * 10°%14.75 % 10'%]3,76 x 10"°
8,000 [4.224 % 10%14.090 x 10%| 3.520 | 4.84 |15,27114.453 x 107]7.84 x 107253, 70 x 1071%5.00 % 1072912.19 % 10"*°] 9 14 x« 10% 2,00 x 10* |2.54 x 10'%}7,86 x 10"*{5.72 x 10°¥]3.50 * 107"
5,000 4,752 X 107]4.262 % 10%| 2.999 | 4,04 |15,777/6.469 X 107|710 x 10725]3.36 x 10719]3,66 x 107231,60 x 10%°| 8,02 x 10* 12,92 < 10* [2.89 x 10**]7.68 X 10-%|6,51 x 10*213.41 x 10-°
10,000 |5.280 X 107|4.409 x 10%| 2.586 | 3.35 |16,210{9,295 x 107[6.63 x 107*5{3.13 x 10"*#[2.76 X 1073%]1,21 x 10°2%[ 7,29 x 10% [2,47 x 10* {3.19 * 10?3]7.75 x 10°%[7.17 * 10%3|3.44 x 10~°
11,000 [5.808 % 107]4.536 x 10%| 2,252 | 2.76 |16,583]1.325 = 108]6,32 x 10~3®|2,99 X 107?#]2,12 X 10722/9,27 x 107**| 6,80 x 10* [2,76 x 10* {3.42 % 1D**{8.07 * 107*|7,69 * 10'*[3,59 x 10~*®
12,000 16,336 * 107{4.648 > 10%] 1.980 1 2.23 |16,91311.903 x 10%16.11 ¥ 10°16/2,89 x 107181 62 x 10-%3:7.09 x 107341 6,43 x 10* 13.10 x 10% 13.62 x J0'?|g 57 x 10"%15.13 ¥ 10°7]3 g1 * 10-®
13,000 16,846 X 107| 4,746 < 10°] 1.754 | 1.77 |17,201]2.752 ¥ 10%/5.97 x 1075|282 x 107*#|1,24 x 107"%]5.42 x 10°%*] 6,20 ¥ 10* 3,51 = 10% |3,75 % 107%(9,36 x 1077 |8.44 x 10™%[4,16 X 16°°
14,000 {7.392 x 107/4.834 x 10%| 1,565 | 1.36 |17,460{4.076 x 10%]5.88 » 10~75[2.78 x 10~7%{9,22 x 107°%14,03 x 10"**| .00 x 10* [|4.03 x 10* |3.87 * 10*%[1.04 % 107%{8.72 % 10**[4.62 x 10°°
15,000 17.920 x 107|4,913 = 10%| 1.405 1 .95 117,692/6.318 x 168|582 x 107'*12,75 x 107*816.55 x 10~2*12,87 * 10"**] 5,85 x 10* 14,76 x 10* 13,97 x 10*3{1.20 * 10°%18.94 X 10'*|5,32 x 10°®
16,000 |8.448 x 107]4.983 » 10%] 1.268 66 117,898]1.062 < 10%]8,79 x 10775]2,74 x 10779]4.29 x 1079%11.88 x 10°%3] 5.75 x 10* |5.86 » 10% 14.04 x 107%[1.45 x 10°9(9.10 x 107%[6. 44 x 107
16,523 8.724 % 107}5.017 x 10% | 1.206 | .50 |15,000]1.483 * 10°{5.78 x 10°512,73 x 1072%{3.24 x 10°**|1,42 x 10"%*| 5.66 x 10 [6.75 X 10* |4.11 X 10*%|1,64 x 10°%19.24 x 10**{7,30 x 107°

1 Ib/ft® « 0.3581 mm of He

0.5
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Table 21
ATMOSPHERIC MODEL I - VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE F, LAYER, BASED ON ¥, = 7

Latitude, 0°. Engineering Units. p_ = 2115 1b/ft?, p = 2.286 X 10~?slug/ft?

d = 3% 1079 em d = 2%X1078 em
Height Potential [Apparent| Mean | Temp Scale Pressure Pressure Density Density Number Mean Parti-| Mean Free | Mean Colli-| Mean Free | Mean Colli.
Gravity [Mol We Height Batio Ratio Density cle Speed Path sion Freq Path sion Freq
d 4 P T H r 2 I n v L v L v

mi ft ft-1b ft/sec®| ¥ R ft 1b/fe? /e, slug/ft® R/0, particles/ft%  ft/sec fr 1/sec fe 1/sec
248,6] 1. 312 x 10%] 0.000 28.393 124.00 | 3,240 12,362 x 10%] 4,33 x 1077 12,05 % 1072%| 6,46 x 10°74] 2,83 x 10714] 2,38 X 10*® [4.13 x 10® Jo,77 x 10% | 4.23 ¥ 1071} 2.20 x 10* | 1.88 % 10-1
300 }1.584 x 10%§ 7.613 x 10%] 27,719 23,70 | 3,498 | 2.645 % 105 ] 1.46 x 10~7 | 6,90 ¥ 10711 | 1,99 % 10~44] 8,71 % 10*19| 7.43 x 10'® |4,32 x 10? |3.13 x 10% | 1.38 x 10" | 7.04 x 104 | 6.14 % 1072
350 1.848 x 10%]1.484 x 107) 27,078 |23.42 | 3,743 2,932 x 105} 5,67 x 10-% 12,68 % 10714 ]7.14 x 10-*%} 3,12 x 10-*3| 2,70 x 10%2 14,50 x J0% }8.61 x 10* | 5,23 x 167%] 1.94 x 10% | 2.32 x 10-2
400 [2.112 = 10°] 2,191 % 107 | 26.459 [23.14 | 3,983 [3.232 x 10%] 2,41 x 10°% | 1,14 x 1077 | 2,82 x 10775] 1.23 x 103 [ 1.08 * 103 [ 4,67 x 10° [2.15 x 10° | 2,17 x 10"*[ 4.84 x 10° | 9,64 x 10°?
450 12,376 x 10%] 2.881 x 10| 25.86] ]22.87 | 4,217 [3.542 x 10%] 110 % 10°® 1520 % 107191 1.20 x 10~2°] 5.25 x J0-1%] 4.64 X 10%* 14.83 = 10 [5.01 = 10% | 9,64 x 107%] 1,13 % 10® | 4,28 % 10~?
500 12.640 % 10813 557 % 1071 95,264 122,61 | 4,447 13.864 x 10%] 5. 40 x 10°% | 2.55% 107181553 x 30-18) 9,49 x 10-124 2. 16 % 10*! 14,99 % 16° 1,08 % 300 {464 % 70| 2. 42 % 308 | 2,06 % 1072
600 13.168 x 10%] 4.862 % 107] 24.184 22,10 ] 4,880 14.544 % 10%] 1,53 % 107% [ 7,23 X 10739 | L300 x 107181 6,08 = 107341 5,57 x 10%° |5.26 X 16% 14,17 % 10% { .27 x 1079 6.39 x 168 | 5,63 % 107*
700 [3.696 x 1001 6,112 x 107} 23,155 21.61 | 5,313 [5.275 X 105 6,21 % 1073% ) 2,46 x 10729 14,27 x 10°%7] 187 x 10°%4] 1.75 % 10%¢ }5,58 x 107 11.33 x 107 | 4.20 x 107%] 2.99 = 107 | 1.87 = 10°*
BOO {4.224 x 10°] 7.309 x 107 ] 22.190 {21.14 | 5,719 |16.056 % 10°| 2,05 x 10~'° 19,69 x 10**4 [ 1.53 x 10-17} 6.69 % 107**| .40 * 10° 15,85 x 10° 13,63 % 167 | 1,61 x 16"*] 8,17 x 307 | 7,16 * 10°®
900 14.752 % 10° | B,457 X 107 | 21.284 [20,70 | 6,100 | 6,888 X 105 ] 9,08 % 10727 | 4,27 X 10-34 | 6,16 X 10°79} 2.69 = 10-2°] 2.63 * 10® |6.11 x 10° |8.84 x 107 | 6.91 x 10-7| 1.99 x 107 | 3.67 % 10-°
1,000 15.260 x 10%1 9,559 x 107 20.432 |20.27 | 6,482 7,775 % 10%] 4.39 % 10°'7 | 2,08 x 10774 | 2,76 x 10776 1.21 x 10°%3] 1,20 x 10® ]6.36 x 10° [1.92 % 10% | 3.31 % 1073} 4,32 x 10% | 1.47 x 1075
1,200 [6.33% x 10°] 1.163 » 10%] 18,904 {19.46 | 7,185 {9.702 * 105 ] 1.30 x 3021 16,16 % 10-2®]7.09 x 1079 ] 3,10 x 10716] 3.22 % 10% |6.83 % 10° {7.22 % 10% | 9.46 % 10°%] 1.62 x 10° | 4,20 x 10°
1,400 |7.392 x 10° | 1.356 x 108 17,520 [18.70 | 7,840 [1.189 x 10% [ 4,87 x 10773 | 2,30 x 10" *%[2.34 x 107**[ 1,02 x 10"%e| 1,11 x 10® |7.28 x 10" [2.09 x 10° | 3.48 x 10°%] 4.71 * 10° | L.55 x 10°°
1,500 |7.920 x 10° | 1.446 * 10%] 16.885 [18,35 | 8,145 | 1.306 x 10% | 3,19 x 10°3% | 1,51 x 10"'% ]| 1.45 x 10-1%| 6,34 x 10-27] 6.99 x 107 }7.49 x 10% [3.33 x 10° | 2,25 x 10"%| 7.48 x 10° | 1.00 x 10°®
1,750 19.240 x 10% | 1.659 x 10%] 15.440 117,52 | 8,867 11,628 x 10% 11,29 x 10°2 } 6.10 X 107*® | 5.13 x 0°3°) 2,24 x 107271 2,59 % 107 18,00 X 10° 18,98 x 10° }8.91 X 1077} 2,02 x 10**} 3,96 x 1077
2,000 {1.056 x 107 ] 1,854 x 108 14.173 [16.76 | 9,529 11,993 x 10%]6.20 x 16-31%[2,93 » 10718 12,20 x 10*%[ 6,62 x 107 %] 1.16 x 107 [8,48 = 107 [2.00 » 10%%] .23 % 1077} 451 = 160™%] 1.8 x 1677
2,500 11.320 » 107 2,200 x 108} 12,720 [|15.40 |10,703 [2.714 % 10% | 2,05 x 10"% | 9,69 x 10717 | 5.94 x 10721 | 2,60 x 1019 3,41 % 10° [9.38 x 10® |4.82 x 10°| 1.38 x 1077 1.53 x 10*] 6,12 x 107
3,000 11.584 % 10712.495 x 1621 10,398 114.25 111,703 13.924 x 1051 9,32 x 10724 14,41 % 1077 12,28 % 10" 19,97 x 1072®] 1.42 x 10% }1.02 x 10* 11.64 x 10%*] 6.23 = }18°% | 3.68 x 103} 2.77 x 10°°
4,000 2112 x 107 [ 2.975 x 10%] 7.953 {12.38 13,331 [6.721 x 105 3,32 x 10°77 | 1,57 x 10°%7 ['6,21 x 107%%] 2,72 x 10°*% [ 4.44 % 10° |1.17 x 10% 15,24 x 10771 2,23 x 10°* [ 1.18 » 10"*} 9,93 x 10°*
5,000 12.640 x 107} 3.349 x 10°] 6,281 {10.92 |14,600 [1.057 x 107 | 1.78 x 10724 | 8,42 x 10"*¥ | 2,68 x 10°2%§ 1,17 x 10?% [ 2,77 x 10® [1.30 x 10¢ | 1.07 x 10%%| 1.21 x 10”%] 2.41 x 10'3{ 5,39 x }0-*
6,000 [3.168 % 107]3.647 x 10%] 5.086 | 9.75 {15,611 |1,564 X 107 {118 % 10°24 15,58 X 10°2% | 1.48 x 10°%* § 6.47 x 107291 1,34 x 10% 11.42 x 10* |1.73 x 10*#18.19 x 10"*| 3. 90 x 10*3] 3.64 x 10-°
7,000 [3.696 x 107 3.891 » 105] 4.203 | 8.80 [15,439 12.208 x 107 [ 8,85 X 10-T5 74,18 x 10718 [ 9,54 x 10°38] 4,17 x 1072°]1 9,59 x 10* ]1.54 x 10% [2.42 x 1073} 6,35 x 107} 5.45 x 10*®] 2.82 x 10"
8,000 |4.224 x 107 | 4.005 x 10°] 3,531 | 8.00 |17,131 |3.013 x 107 | 7,21 x 10~ 3,41 % 107*® } 6,78 x 10722 | 2,97 x 10~%°] 7.50 % 10* [1.65 x 10% ]3.10 x 10'#] 5,32 * 10"* 6.97 x 10**] 2,37 x 10-°
9,000 14,752 x 107 | 4,267 » 10%| 3,009 | 7.33 |17,714 §3.990 % 107 | 6,19 % 10"*#{ 2,93 x 1018 [ 5.16 x 107321 2,26 x 10"2¢| 6,23 x 10* [1.75 x 10% 3,73 x 10°* | 4,69 x 10"} 8.40 % 10*#| 2,08 x 10~¢
9,553 |5.044 x 107 4,351 x 10®] 2,768 | 7.00 |18,000 |4.615 x 10% | 5.78 X 10725 2,73 X 107*% [4.43 x 10?7 ] 1,94 * 102°} 5.66 x 10* ]1.80 x 16* |4.11 * 10*] 4.38 X 107°] 9.24 x 10'*] 1.95 x 10°°

1 1b/ft® = 0.3591 »m of Hg
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Table 22

ATMOSPHERIC MODEL I - VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE F, LAYER, BASED ON ¥, = 14

Latitude 0°. Engineering Units. p, = 2115 1b/ft?, p = 2.286 X 10™® slug/ft?

d= 3% 10 em d=2X 10" e
Height Potential |Apparent] Mean | Temp Scale Pressure Pressure Density Density Number Mean Parti<f Mean Free Mean Colli- Mean Free | Mean Colli-
Gravity | Mol Wy Height Ratio Ratio Density cle Speed Path sion Freq Path sion Freq
h ¢ ! T H P 4 o 3 v L ¥ L v
m fr fr-1b fr/sec? 4 °R fr 1b/fed plrg slug/ft® o/p, iperticles/ft® ft/nec ft 1/sec fr 1/sec
248.6/1.312 x 10%] 0,000 28.393 | 24,001 3240 2.3620 x 10%] 4.33 x 1077 2,05 x 10"'0) £.46 x 107'¢] 2,83 x 1073*| 2.38 x 102 | 4,13 x J0*}9.775 x 10% | 4.228 % 10~'| 2.1994% 10% | 1.88 % 10°*
300 |1.584 x 10%] 7.613 x 10| 27,732 | 23.80) 3535] 2.6606 x 10%] 1.47 x 1077 ]6,95 % 10723 | 1.99 x 10"** | 8.71 x 10°*%] 7.40 x 10*® | 4.33 x 103[3.141 x 10¢ | 1,3785x10"*| 7.067 x 10* | 6.13 x 10-*
350 [1.848 x 10°11,484 = 1071 27,093 | 23,611 381512,9627 x 10°] 5.74 % 107 12,71 x 10°'* 17,45 % J07'8 ] 3.13 x 107181 2,66 x 01 | 4,52 % 0*98,674 % J0¢ | 5,215 % J6-2]1.952 x Jo® | 2.32 x jo-*
400 12,132 % 1081 2.191 x 107} 26,505 | 23.42] 4089)3.2723 x 10%] 2.46 x 1077 J1.16 x 10"2% | 2,84 x 10778} 1.24 x 107" 107 x 103% | 4,70 = 10°]2.173 x 10% | 2.163 x 10-*] 4.888 x 10% | 9,61 x 10°%
450 12,376 = 10° | 2.881 x 107] 25.879 | 23.24] 4357 2.5988 x 10°} 1. 14 % 10°° [5.39 % 107" | 1.22 x 107** 5.34 % 10°'®] 4,65 x 10*! | 4.87 x 10°(4.999 % 10° | 9,742 x 107"} 1,125 x 10° | 4.33 x 10"
500 42 x 10 13,557 % 107125303 123,071 461939308 X 10%]1 5. 66 % 107® 12.68% 107121 2 60 x 10181 2 40 x J0~23] 2 18 x 1037 | 503 x 10%11 066 x 108 | 4,7186x10-"] 2,398 X 10% | 2,10 x 14-%
800 13,168 x 10% | 4.862 x 107 24.207 | 22,72 5125] 4.6291 = 10%] 1,64 x 10°% [ 7,78 x 10-%%] 1.46 x J07** | 6.39 x 107**] 5.6% x 10 | 5,34 x 10%[4,085 = 30° { 1,307 = 10°%] 9,191 x 10% | 5,81 x 10°*
700 |3.696 * 10% ] 6.112 x 107{ 23,180 1 22.39| $5609[5.3687 x 10%| 5.70 x 10°*® | 2.70 x 10?2} 4.58 x 107 | 2,00 x 10°2#| 1.81 x 10*® | 5,63 x 10*|1.284 x 10" | 4,385 x 107* 2.889 » 107 | 1,95 % 10°*
800 J4.924 x 10° 17,310 x 107] 22,218 ] 22.08) 6074} 6.1507 x 10%] 2.28 % 10"*® 11.08 x 10-1%] 1.67 * 10-*7 ] 7,31 % ]0-*®| §.69 x 10° | 5,90 % 10°§3.475 x 107 | 1.698 ¥ 107*} 7,819 x 10% | 7,55 x 10°%
900 14.752 > 10% [ B.458 x 107] 21,314 | 21. 78] 65191 6.9761 x 10%] 1.02 = 107" [ 4,82 * 10°**] 6.86 x 10"*%{ 3,00 x 107*5] 2,79 x 10° | 6.15 x 10%[8.332 x 107 | 7.381 x 10"%] 1,875 x'10® | 3.28 = 10°®
1000 [5.280 x 10° | 9,560 % 107] 20.465 | 21.49] 6946 ] 7.8459 x 10} 4.99 x 107** } 2,36 x 107**] 3,11 * 107'®] 1,36 x 107*5] 1,28 % 10° | 6.39 x 10*]1.816 x 10® | 3.513 x 10°°{ 4,086 * 10® | 1.56 x 10~®
1200 16,336 x 10%]1.164 % 10°] 18.912 1 20.94] 775219.7240 x 10°11.49 x 10" /7,04 x 10°'%18.10 » 1072° 1 3.54 x 10770} 3. 42 x 10" | 6.84 x 10%]6.797 x 10°® | 1.006 * 1072} 1,529 x 10° | 4.47 x 10°°
1400 [7.392 x 102 11,356 x 10%] 17,529 | 20.44| B496| 1.1780 x I0%] 5.55 x 1077 2,62 x 107701 2,69 x 10771 1,18 x 1072%] 1,16 x 10% | 7.25 = 10%]2.004 x 10" | 3.618 x 10°®| 4,509 x 10® | 1,61 x 10°®
1500 [7.920 x 10° [ 1.447 x 10°| 16.894 | 20.20| 8849 ] 1.2881 x 10®] 3.61 x 107*2 } 1,71 * 107*®| 1.66 x 107*°] 7.26 x 107*7| 7.27 % 107 | 7.44 x 10%{3,1975%10* | 2.327 x 107%| 7.194 % 10° | 1,03 x 1¢"®
1750 19.240 x 10% | 1.660 * 10%] 15.450 | 19.64] 9675]1.583% x 10°] 1.44 x 10"12 16,81 x 10-*®} 5,88 x 10°*¢] 2,57 x 10-*7] 2,65 x 107 | 7.89 x 10*18,772 x }0% | 8,995 x 10°"] 1.974 * 10*°] 4,00 x 10°7
3000 |1.056 = 107 | 1,855 X 10°9| 14.183 | 19.13/10,430 | 1.9007 x 10°] 6.713 X 10°72 | 3.18 x 10-7%] 2.48 X 10-7° | 1.08 ¥ 10-77] 1.15 % 107 | B.30 = 10°]2.021 x 10°9] 4.107 x 10°7] 4.547 x 10%%] 1.83 x 10°7
2500 11,320 x 10712,201 = 10°} 12,732 | 18.22111,772] 2.5200 » 10°] 2.08 % 10722 19,83 x 107'7] 6,48 x 10"*| 2,83 x 1072} 3,15 % 10% | 9,04 x 10°[7,380 x 10*®} 1,225 % 107"} 1.660 » 10*?] 5,44 x 10°°
| 3000 ]1.584 x 107 12,467 x 10%] 10,400 § 17.42112.919] 3.535¢ x J0°] B.79 x 104 | 4.16 x 1071 2.39 % 10°¥111.05 x 10710 1.91 x 10*% | 9,48 x 10%11,921 x 10**] 5,039 x 107%] 4,322 x 1o*'] 2,24 x 10°® |

4000 12,112 x 107 12,977 x 10%| 7.964 | 16.18[14,779] 5.6974 x 10%] 2,71 x 107*¢ 11,28 x 10717[ 5,97 » 107**§ 2,61 x 1072} 3,27 x 10* | 1.07 % 10*}7,109 *x 10**| 1.505 * 10°®{ 1.600 * 10**] 6,69 x 10°°
5000 12,640 x 107 | 3.351 % 10%] 6.290 | 15.20(16,229 ] 8.4324 x 10%] 1.27 x 1071*[6.00 x 10°*®] 2.39 x 10"#% ] 1,05 x 10~*®] 1,35 x 10® | 1.16 x 10%|1,672 x 10*®] 6.938 x 10°®| 3.762 x 10**] 3.08 x Jo~®
6000 13,168 x 107 ] 3.650 x 10°| 5.094 | 14.41]17,388 ] 1.1767 » 107] 7.44 x 10728} 3,52 x 10°1®1 1,24 % 10°2% | 5,42 x 1073°| 7,61 x 10* | 1.24 x 10*]3.055 x 10'®] 4,059 * 10°%} 6.674 * 10°*] 1.80 x 10°*
6622 |3.496 x 107 ] 3,808 x 10%] 4.514 | 14.00]18,000| 1.4149 x 107] 5.78 x 107*% | 2.73 x 1023} 9.26 = 107%* | 4.05 x 10"*7] 5.66 x 10* 1.28 % 10*}4,107 x 10'2 ] 3,117 x 10~%] 9.241 x 10**] 1.39 x 10°°®

1 1b/fe® = 0.3591 mm of Mg



Table 23
ATMOSPHERIC MODEL I - VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE F2 LAYER, BASED ON ”L = 0.5

Latitude 0°. Metric Units. p, = 1013 mb, o, = 1.178 X 10"® gm/cm®

-

d= 3% 10"%n d= 2% 107%n
Height Potential |Apparent] Mesn | Temp Scale Pressure Pressure Density Density Number Mean Parvi-| Mean Free | Mean Colli-] Mean Free | Mean Colli-
Gravity Mol Wt Height HRatio Batio Densivy cle Speed Path sion Freg Path sion Freq
h & g T H r ] o n v L v L

km m ergs o/sec®| M K km millibars pip, on/cm? ole, particles/om® cn/sec om 1/sec em 1/sec
40.0]  248.6{0.000 865.42 124.00| 180017.159 x 10 [2.08 x 1077 {2.05 % 10719{3,32 x 107*4{2.82 x 10"**|  £.40 x 10°} 1,26 x 10°/2.98 % 10% }4.23 x 10°*]6.70 x 10° |1.88 x 107*
s82.8] 300 |1.032 x 10%%1845.10 [23.64| 1924{8.002 x 10 |6,98 % 10"® 16.90 % 107**{1.03 x 107*4]8.75 % 10"** 2.65 % 10%1 1,31 x 10%19.46 x 10° | 1.30 % 10"*]2.13 % 10® |6.16 % 10°®
563.3] 350 2,012 x 10**/825.60 [23.30| 204318.822 x 10 ]2.68 % 107 [2.65 X 107'*13.68 x 1071%]3.12 ¥ 10"*2| 9,57 % 107 1.36 x 16°[2.61 x 16° 15.21 % 10°*|5.88 x 10% 12.32 x 10°%
643.8] 400 |2.971 x 10°%| 807.66 | 22.97| 2158]9.665 x 10 11,12 x 1078 [1.11 X 107 **[1,44 % 1075|122 X 10 #] 3,78 % 107| 1.41 x 10°(6.62 x I0° |2.13 % 10-°{1.40 % 107 ]9.45 % 10-°
724.2| 450 |3.907 x 10| 788,57 |22.65| 2271|1.056 x 10°]S5.07 x 107 |5.01 % 10"*%]6.08 x 107**[5.16 x 107*%| 1,63 x 10°] 1.46 x 10°[1.54 x 107 |9.48 x 107|3.46 x 10" |4.21 % 10
804.7| 500 4.822 ¥ 10*4{770.99 122.33| 2381]1.149 x 10%|2.44 % 107® [2 .41 X 10712]2.75 x 107**12.34 X 107**] 7.49 x 10%] 1.50 x 10%]3.34 * 107 14.50 x 10°%{7.52 x 107 |2.00 x 10°*
965.6| 600 |6.593 x 10°3|737.63 |21.72| 2594|1.345 % 10%/6.68 X 1077°16.62 x 1672916,75 x 10°37[5,73 x 10"**| 1,89 x 10%] 1.59  10°/1.33 X 10° | 1,20 x 10°7]2.55 % 10% [5.32 x 16°°
1127 700 |8.287 x 10°4706.21 |21.14] 2799]1.557 x 10°]2.20 x 10°*°{2,17 X 1071#]2,00 x 107'7]{1.70 X 1672¢] 5,72 x 10%| 1.67 x 10%/4,37 % 10* |3,83 x 10°*/9.84 x 10% [1.70 x 10~¢
1287 800 ]9.910 x 10**1676.84 |20.58] 299411.786 % 10°18.39 x 107*1]8. 27 X 107'*]6.95 x 10~'*[5,91 % 107381 205 % 10% 1.76  10%]1.22 = 10* 11.44 % 10°*12.75 x 10° |6.39 x 16°®
1448 900 |1.147 x 10°°1649.26 | 20.04] 3182{2.031 * 10%]3.60 x 1071113.56 % 1077%|2.73 x 107**]2.32 x 10°*3] 8,26 x 10*] 1.83 x 10°]3,03 x 10° |6.05 x 10°5/6.81 % 10° |2.69 X 10-®
1609 1000 |1.296 x 10*%/623.34 |19.52| 3362|2.295 x 10°|1.71 % 107''[1.69 % 107241119 * 1071®}1,00 * 107*°| 3,71 x 10| 1.91 x 10%16.75 % 10° [2.83 x 10°"|1.52 x 101°|1.26 x 10°%
1931 1200 |1.577 x 10'8575.94 |18.55| 3701|2.877 x 10%[4.90 X 1071%]4,82 x 1072812 95 x 30"**|2.51 x 10-1¢ 9.64 % 10°] 2.05 x 10%12.60 x_10%®|7,92 % 10°%|5.84 x 10]3.52 x 1079
2253 1400 |1.837 x 10'%[533.75 | 17.65| 4014{3.540 x 10%[ 1,79 x 107*%|1.76 x 107'%19,42 X 1072°18.01 x 107*"| 3,24 x 10°] 2,19 % 10%|7.73 % 10%%]2.84 % 10-°|1.74 X 109%]1.26 X 10°
2414 1500 |1.961 x 10'*|514.37 [17.23| 4163/3.902 % 10%1.16 ¥ 10°'%1.14 X 107%{5,77 X 107°/4.90 x 10"*7| 2.03 x 10%] 2.26  10%[1.23 x 10'*|1.84 * 107°]2.77 x 107*]8.16 x 1077
2816 1750 |2.250 % 10'%{470.31 |16.23 | 4511(4.909 x 10%/4.6} * 107*2]4.56 x 107*%2.00 x 1072°]1.70 X 10737 | 7,49 x 10%] 2.43 x 10°13.34 x 107,26 * 10-7|7.52 x 10'* 13,23 x 107"
3219 2000 |2.514 x 10'°[431.67 [15.32] 4830[6.067 x 10%{2.21 * 107217 x 10°7%[8.45 * 1072 {7.17 x 0% | 3,34 x 10%] 2,58 % 10°|7.48 x 10'%]3.45 % 10°7|1.68 x 10°%]1.53 % 16-7
4023 2500 [2.962 x 10'%(387.36 |13.70| 5394|8.444 x 10°7.38 % 107'%|7.26 X 10°1712.25 x 10"} |1.91 x 107** | 9,96 x 10 | 2.89 x 10%[2.51 x 10'*|1.15 x 10°7|5.65 » 10**|5,11 x 10-®
4828 3000 {3.382 % 10%%|316.52 [12.32] 5876/1.252 x 10%[3.44 ¢ 10714[3,39 X 107'718.65 % 10°*2(7.35 ¥ 1072%] 4,27 x 10 | 3.17 x 10°5.86 X 10'25.41 » 10°%11.32 x 16**{2.41 % 10°®
6437 4000 [4.031 x 10°%242.00 [10.08] 6659|2.268 x 10°1.32 x 107°*[1.30 x 10727(2.39 x 107**12,03 x 10°°| 1.44 % 10 | 3.75 x 10°|1.74 % 10°7]2.16 X 10°%]3.91 % 10°9]9.69 x 10-9
8047 5000 |4.537 x 10°°1191,02 | 8.33| 7268/3.795 % 10°[7.58 % 1071%17.47 x 107'°{1.05 x 10"**{8.88 x 1072°| 7,63 4.30 % 10°13.28 % 10'?/1.31 x 107*{7.38 x 10%%{5,82 x 10°*
9656 6000 |4.941 x 10%%154.62 | 6.93 W%k&uxm’&wxlm“534xm“’auxxm“&QX1v" 5.09 4.88 % 10%14.92 * 16*%19.91 x 107°|1.11 X 10°%]4.41 x 107°
11,266 7000 {5.271 10%137.72 | 5.70] 8152 9,159 X 10*[4.35 X 10"*#]4,29 X 10"*%[3,71 x 107%]3.15 x Jo~?° 3,88 S.46 X 10°16.44 x 107]8.47 x 10~%[1.45 x 167%(3,76 x 10°9
12,875 8000 |5.546 x 10%107.92 | 4.84| B8484|1,357 x 10%/3.76 x 107*®[3.71 x 10718]2.58 x 10"**2.19 x 10"%| 3,23 6,10 % 1081775 * 10%%{7,86 x 10°*{1.74 x 10%*|3.50 x 16
14,484 9000 [5.779% 10*®] 91.40 | 4.04| 8765/1.972 % 10*13.40 % 10°*%{3.36 X 10°*#11.86 % 10"**|1.60 ¥ 10"3°] 283 &W*u%&ﬂxlmaL&X]U'walm‘&axmﬂ
16,004 10,000 |5.979 X 10'8| 78.81 | 3.35| 9006]2.833 X 10°]3.17 X 10-3]3.13 x 10°7%]1,42 X 10-7°|1.21 ¥ 10° ¥ |  2.57 7.53 x 10%19,72 x 1073[7,75 X 14°°]2.19 % 101%]3.44 X 10°° |
17,703 {11,000 |[6.151 % 10°% 68.65 | 2.76] 9213]4.040 * 10%13.03 x 107812,99 x 107121109 x 1072%19.27 x 10"t | 2,40 8.41 x 10%11.04 x 10"48.07 x 10°°]2.34 x 10'4|3,59 x 10°°
19,312 112,000 16.303 * 108 60.35 | 2,231 9396/5.800 % 10*12.93 x 10°*{2.89 x 10"*813.34 x 10-2417,09 x 10"3*| g.27 9.45 x 10°11.10 x_10"4]8,57 x 10-°12.48 X 104{3.81 % 10-*
20,922 (13,000 |6.436 x 10'% 53.46 [ 1.77] 9556]8.389 x 10*]2.87 x 1077%]2.82 X 107'8].39 x 10°°*[5.42 x 10 2% | 2,19 1.07 x 108 /1.14 * 10'*16.36 x 16°°]2,57 x 107#[4.16 % 10°°
22,531 [14,000 |6.555% 10'% 47.70 | 1.36| 9700/1.242 % 10°(2.81 x 1671°/2,78 X 1073814.75 x 1073%/4,03 * 10"** | 2.12 1.23 x 10%]1,18 % 101,04 % 10°°12.66 * 10**]4.62 % 10°°
24,140 115,000 |6.662 X 10*®] 42.41 (99| 982911.926 % 10°%12.79 % 167251275 % 107*#]3.37 x 10734|2.87 x 10"3! | 907 1.45% 101,21 X 10'11.90 x 10°*[2.73 % 10'*]5.32 x 10°°
25,75¢ 16,000 |6.757 X 1079 38.65 .66 | 994313.238 % 10%12.77 x 10781274 * 10"%[2,21 % 10" ]1.88 x 107" | 2,03 1.79 % 10%(1.23 X 10%]1.45 % 16-72.77 X 10% |6.44 X 10-*
26,591 116,523 |6.803 x 10*°] 36.76 J50-10,000]4,520 * 165]2.78 % 107*%12,73 % 1071%|1.67 x 107%*|1.42 x 107 2,00 2.06 X 10%(1.26 x 10**]1.64 x 10*°[2.82 x 10'%}7.30 % 10*?

1 millibar (mb) = 10® dynes/cm* = 0.750 nm of Hg
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Table 24
ATMOSPHERIC MODEL I - VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE Fz LAYER, BASED ON ”L = 7

Latitude 0°. Metric Units. p, = 1013 mb, p, = 1.178 X 1072 gm/cm®

d=3X10"%n d=2%10%n
Height Patential |Apparent] Mean | Temp Scale Pressure Pressure Density Density Number Mean Parti-| Mean Free [Mean Colli-| Mean Free |Mean Colli-
Gravity | Mo) We Height Batio Ratic Density cle Speed Path sion Freg Path sion Freq
k E g T H P I 4 n v L v L v

o ey ergs on/sec®| M oK n millibars ple, g/ om® Ao, particles/cn® an/sec om 1/sec om 1/sec
400.0] 248.6,0 865,42 | 24,00 1800{7.199 X 10 {2.07 x 1077 {2.05 X 107!°{3,33 x 10°%/2,83 x 107'*| 8.40 x 10* |1.26 % 10° |2.98 x 10° |4.23 x 107*16.70 x 10® |1.88 x 107!
482.8] 300 |1.032 x 10'*| 845.18 |23.70 | 1943/8.062 % 10 |6.99 % 10 | 6.90 ¥ 10"*1{1.02 X 107**18.70 % 107**} 2.62 % 10° |1.32% 10° [9.54 % 10° |L.38 x 107*|2.15 x 10° |6.14 % 10°¢
563.3] 350 12.012 % 10'*| 825.69 123.42 207918.937 x 10 |2.72 % 10" 12.68 X 10°'*13.68  107%%/3,12 X 107*3] 9.54 % 107 |1.37 % 10®}2.62 % 10° {5.23 x 107%|5.90 x 10* §2,.32 x 10°*
643.8] 400 |2.971 % 10%9| 807,76 [23.14 | 2213]8.850 % 10 [1.15 X 10°® | 1.14 X 10°17|1.45 X 16°7]1,23 X 10°"%| 3.81 % 107 | 1.42 < 105 6.56 % 10° (2. 17 X 10°711.48 X 70 16 €5 < 10
724.2] 450 13.907 x 10**| 7B8.69 [22.87 2343]1.080 % 10%]5.27 x 107* {5.20 x 10"7%{6.18 x 107**{5.25 x 10°*?| 1.64 x 107 |1.47 x 10° | 1.53 % 107 9.64 % 107°(3.44 x 107 |4.28 x 10°?
804,7! 500 14.823 x 30**| 771.11 |22.6) 2471(1.178 X 10%|2.59 10"“_{2.55 X 107181285 % 107*%12.42 % 1071°] 7,63 % 10® |1.52 X 10 [3.28 x 107 |4.64 x 10°° T.38 % 10" (2,06 x 10°®
965.6] 600 |6.593 % 10131 737,68 (22.10 | 2716{1.365 X 10°]7,33 X 10°1917.23 X 10779 7.16 X 1077716, 08 % 107+ L9TX 10° | L.61 X 16° | 1.27 105 |1.27 X 10°]2 86 X 10° 15 63 X 1075
127 700 |8.288 X 10%%| 706.37 |21.61 2952 1,608 X 10°)2.50  107*°2.46 x 107*(2.20 % 1071711.87 x 1071} 6.18 % 10® 11,70 x 10° { 4.05 % 10" |4.20 x 10°%]9.11 x 100 |1.87 % 107
1287 800 [9.911 % 10**] 677.02 |21.14 317711846 ¥ 10°19.82 x 1071*19.69 x 10"*417.88 x 107'%16.69 x 16728 2.26 X 10% 31,78 % 10° | 1,11 x 10° |1.61 x 10°*|2.49x 10° 7.16 % 1078
1448 | 900 1,147 x 10°°] 649.46 [20.70 | 3394/2.100 x 10°/4,32 X 107**14,27 x 107*#]3.17 X 107"%]2.69 x 107*] 9,26 x 16* |1.86 X 10° | 2.69 X 10* |6.01 X 16-5 6,06 x 10° (3,07 x 10*%
1609 1000 |1.296x 10%| 623.56 120.27 | 3601[2.370 X 10°2,10 x 1073%|2.08 x 1074|142 % 1016|121 x 10715 4.24 % 10¢ 11.94 X 10° | 5.86 x 10° |3.31 x 10°%|1.32 x 1018|147 x 10~
1931 11200 11.577 % 10'S| 576.19 119,46 399212.957 % 10716.23 X 10"*#16.15 x 107"®13.65 X 107'%13,10x 1077%] 1,34 x 10* |2.08x 10° 12,20 x 10'|9.46 x 107 4,95 x 1{)"; 4.20x 107°
2253|1400 |1.839% 10"°] $34.02 |16.70 | 4356(3.629 ¥ 10°|2,33 X 10°°8|2.30 % 10 '%|1.21 * 107**[1,02 * 10778 | 3.92 % 10° 12,22 X 10° | 6.38 x 1070]3.48 X 10°511 44 % 1077|155 % 109
2414 (1500 |1.961 x 10'®] 514.65 |18.35 | 4525/3.980 x 10°}1.53 x 1073|151 x 10°18]7.47 x 10°°/6.34 x 10717| 2.47 % 10° {2.28 % 10° | X.01 x 10°*{2.95 x 107*12.28 x 101*}1.00 X 10-¢
2816 {1750 |2,250 X 10°%| 470.61 |17.52 | 4926/4.963 % 10°/6.18 % 10°'%|6,10 x 107*%[2.64 X 107°°|2.24 % 10°*" | 9.15 % 10° 12,44 % 10° 12,74 x 10**}a.01 x 10""|6.15 x 164]3.06 x 30°7
3219 {2000 |2.514 % 1075] 432.00 [16.76 | 5294[6.074 % 10%(2.97 X 107°5(2.93  10°79]1,13 % 1069.62 X 10°79] 4.16 % 10° |2.58 X 10° | 6.11 X 10°1]4.23 ¥ 10-7]1 37 % 10%9]1 68 X 167
423 12500 [2.983 % 10'°} 387,73 |15.40 | 5946|8.273 x 10°19.82 X 10714|9.69 x 1071713.06 x 107*12.60 x 10°*#] 1.20 % 10% |2.86 X 10° [2.08 x 10**|1.38 x 10°7|4.68 x 10t*|6.12 x 10
g8 |3000 |3.383 x 10'%| 316.92 114,25 | 6502(1,196 X 10°|4.46 X 107*414.41 ¥ 10717]1.17 % 1071997 % 107'%] 5.01 % 30 13.11 % 10° | 4.99 x 10'*16.93 % 10°°}1.12 x 10%*|2.77 x 10°*
6437 14000 14.034 X 10°%] 242,42 112.38 | 7406/2.048 x 10%11.59 x 107 7#|1.57 x 10°*7[3.20 % 107*%]2,92'% 10°**| 1.57 X 10 |3.57 % 10 | 1.60 X 10°%|2.23 % 10°%]3.50 X 10°°]9.93 x 10°F
84T [S000 |4.541 x 10'®} 191.44 |10.92 | 8111{3.223 x 10°[8.52 x 108,42 x 10°1911.38 X 107*7{1,17 x 16-%*| 7.66 3.96 x 10° [3.26 x 101*|1,21 X 10°°{7.35 x 10t%/5.38 x 10°®
9656 16000 14945 x 10*°] 155.02 | 9.75 | 867314.767 x 10°|5.65 X 107*%]5.58 x 10°'*]7,62 % 10"%°16.47 x 10°*°| 4.73 4.33% 10° |5.29 % 10'%]8,19 % 107*]1.19  101*|3.64 x 10~°
11,266 |7006 [5.276 x 10'®| 12B.10 | 8,80 913316.730 * 10%14.24 x 107*%]4.18 x 1075[4.91 x 10™** 4,17 x 1673%] 3,39 4,69 % 10° {7.39 % 10*¥]6.35 x 107%[1.66 x 10'%|2.82 X 107
12,675 {8000 |5.553 x 10*%| 107.63 | 8.00 | 9517/5.162 * 10%/3.45 x 10°1%/3.41 x 1071813,49 x 10"%%{2,97 x 1074°} 2.65 5,03 x 10° |9.45 x 10'?]5.32 x 10-°]2.13 x 10%¢]2.37 x 107
14,484 |9000 [5.786 x 10'®] 91.70 } 7.33 984111.216 % 10%{2.96 x 107'°]2,93 x 10"1*]2.66 x 107%?]2,26 x 10"%9| 2,20 5.33 % 10° |1.14 x 104 14,69 % 107%2.56 x 10%*12.08 x 10°°
15,374 [9553 |5.903 x 10*%| 84,38 | 7.00 |10,000{1.407 X 10*|2.71 % 1072%[2.73 x 107%%|2,28 x 10**|1.94 x 10"°°| 2.00 5.50 X 10% 11.25 x 10%*{4.38 x 10°%12.82 x 101%}1.95 x 1¢°®

1 millibar (mb) = 10° dynes/cn® = 0.750 mm of Hg
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Table 25

ATMOSPHERIC MODEL I - VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE Fy LAYER, BASED ON ¥,6 = 14

Latitude 0°. Metric Units. p_ = 1013 mb, p, = 1.178 X 10°% gw/cm®

d = 3x10°® om d = 2x10"% am
Height Potential | Apparent| Mean | Temp Seale Pressure Pressure Density Density Number Mean Parti- | Mean Free | Mean Colli-| Mesn Free | Mean Colli-
Gravity | Mol Wt Height Ratie Ratio Density cle Speed Path sion Freq Path sion Freq
L ¢ I's T i e 4 o n v L v L v
km mi ergs em/sec® 4 K Tm millibars #le, gn/em® p/o, particles/em®]  em/sec om 1/8ec m 1/sec
400.0] 248.6] 0 865.42 | 24.00 | 1800 7.199 x 30 | 2.07 x 1077 | 2.05x 10"*9] 3,33 x 10-7%| 2.83 x 10-** | 8.40 x 10® | 1.26 X 10%)2.98 x 10® | 4,23 x 10"*| 6.70 x 10* { 1.88 x 107!
482.8] 300 | 1.032 x 10** | 845.26 | 23.80 | 1964 | 8.110 % 10 | 7,04 x 10°% | 6.95x 10~**] 1,02 x 10-*%] 8,71 x 10°** | 2,61 x 10® | 1.32 x 10%] 9,57 x 10% | 1.38 x 10"'§ 2.15 x 1¢® | 6.13 x 10~°
563.3] 350 | 2.012 > 10%* ) 825,79 ] 23.61) 211919.030x 10 12.75% 10"® | 271 % 10-3'}13.68% 10"*3|3. 13 10"** ]| 9.46x 107 } 1.38 x 10°]2.64 x 10® }5.21 x 1072} 5,95 x }0° {2.32 x 10°*
643.8| 400 | 2.971 X 107 | 807.87 | 23.42 | 2272 9.974 %X 10 | 1.18 X 10°® | 1.16 X 10°TF| 1.46 = 10°7%] 1,24 X 10-1% | 3.76 x 10" | 1.43 x 107 | 6.62 X 10° | 2.16 X 10-2| 1.49 % 107 | 9.61 % 10~¢
724.2] 450 | 3.907 x 10°* | 788,80 | 23.24 | 2421] 1.097 x 10*]| 5.46 X 10°® | 5. 39 x J01%] 6,28 x 10718] 5,34 X 10719 | 1.64 x 107 | 1.48 x 10% | 1,52 x 107 | 9,74 x 10°7| 3.43 x 107 | 4.33 x 10°*
804,7] 5061 4.823 x 10%* ] 771,24 1 93,071 256611.198 x 10%} 2,71 x 10°° |2 ©281203x 10" | 2,49 % JO"** | 7.70x 10% | 1,53 x 10%13,95 x 107 § 472 x 10°°] 7,31 % )07 | 2,10 x 102
965.6] 600 | 6.593 x 10 | 737.83 | 20.72 | 2847 1411 % 10%| 7.85 X 10"® {776 % 10"“ 7.52 x 10"37 4 6,39 x 10°'* | 2,01 x 10® | 1.63 x 10% [ 1,25 x 10® | 1,33 X 10" | 2.80 % 10® | 5.81 x 1o~*
1127 700 | 8.288 x 10*4 | 706.54 | 22,391 3116 1.636 % 10%{ 2.73 > 10°12 ] 2,70 % 10722 2,36 % 1077 2,00 x 10~** ] 6.39 x 10% | 1.72 % 10% | 3,91 x 10% | 4.38 % 10°*| 8.81 % 10* | 1.95 % 10°*
1287 | BOO 1 9,912 % JO** | 677.20 §22.08 | 3374]1.875 x 10°]1.09 x 107'°]1.08 % 10727 | 8,60 x J0-3% 7,31 x }0-*¢| 2.36 x 10% | 1,80 x i0°11.06x 10% }1.70 x 10*12.38 % J0° | 7.55 x 10°*
1448 900 1.147 % 10%% | 649.66 | 21.78 3622 1 2.126 x 10% | 4.89 » 10°*% [ 4,82 x 107741 3,53 x 10"'%] 3,00 x 10715 | 9.85 x 10¢ | 1.87 x 10%]2.54 x 10 | 7.38 x 1075 5.72 x 10° | 3.28 x 10~®
1609 11000 | 1.296 x 10'® | 623,77 | 21.49 | 3859 2.391 x 10°] 2,39 x 1071 [ 2,36 x 107'*] 1.60 x 1071%] 1.36 x 107° | 4.52 x 10% | 1.95 x 10% | 5.54 x 10° | 3,52 x 10°%] 1.25 x 16'?} 1.56 x 10°°
1931 | 1200 11578 x 10°° ] §76.43 1 90,94 | 430712.954% 10%] 7.14 X 1072 | 7,04 % 10781 4,17 % 107'* | 3,54 x 10°"8 | 1,20 % 10* ] 2.08 x 10° ] 2,07 x 10'°] 1,01 % 10°%] 4,66 x 10'°] 4.47 x 10°®
2053 | 1400 | 1.839 x 10'° | 534,29 | 20.44 | 47201 3.591 x 107 | 2.66 x 1073% | 2,62 x 10"t8§ 1,39 x 10°*®| 118 x 107%% | 4,10 x 10° | 2.21 X 10%}6.11 x 10'®] 3.62 % 107 | 1.37 x 10**] 1,61 x 10"
2414|1500 | 1.962 x 10'® | 514.93 | 20.20 | 4916 3.926 % 107 | 1.73 x 10"'* | 171 x 10°#] 8.55 x 107*°| 7,26 x 107" | 2,57 x 10° | 2,27 x 102 | 9.75 x 101°] 2,33 x 108 2.19 % 10**| 1,03 x 10-®
2816 11750 § 2.9510 x 10'% | 470,91 119.64 | 537514.828 x 10%16.96 x 10°'? | 6,81 x 107391 3.03 % 1078 2.57 % 3017 9.36 x 10° | 2.40 x 108 |2.67 % 10**19.00 % 10°7| 6.02 % 10**| 4,00 x 30-%
3219 12000 | 2.515 % 10°% 1 432,30 | 19.13 | 5794]5.821 x 16%] 3,22 % 10°** ] 3,18 x 107161 | 28 % 10°%% | 1,08 % 10727 | 4,06 % 10° | 2.53 x 10% [ 6.16 x 10%1] 4.11 % 1077 1.39 x 10*?} 1.83 x 1077
4023 [ 2500 | 2.985 % 10%% | 388.07 | 18.22 | 6540 7.684 X 10§ 9.96 x 10°*4 [ 0,83 % 10°37 ] 3.34 % 167" [ 2,83 x 1078 | 111 x 10% | 2,76 x 10% | 2.25 % 10*® ] 1.22 x 10”7} 5.06 = 10**] 5.44 x 10°¢
4878 13000 13,386 % 10'% | 317.26 117,421 717711.078 % 3081421 x 10-14|4.06% 107*7| 1,23 x 10°%* 11,05 x 10°** | 4.27x 10 12,95 x 10° [5.86 > 10* 15 04 = 10-*| 1,32 x 10*%] 2.24 x 10°® |
6437 14000 | 4.037 x 10*% | 242,75 [ 16.18 | 821111.737 x 10° [ 1.30 > 1072¢{1.98 x 10717 [ 3,07 x 1072 | 2,61 x 10"*° | 1.15x 10 [3.26 x 10% [ 2.17 x 1079] 1.51 x 107 | 4.88 * 10'*] 6,69 x 10°°
BO4T 15000 | 4.544 % 10 | 191,73 1 15.20 | 5016 | 2.570 x 10%] 6.08 % 10715 1 6,00 x 107271 1,23 % [0 1,05 < 107t* ] 4,91 3.54 % 105 15,10 x 10**{ 6.94 % 107®| 1.15 % 10**] 3,08 x 10°¢
9656 16000 | 4.949 x 10'% | 155.25 | 14.41 | 9660 [3.587 x 10%] 3.56 x 107'% [ 3,52 x 107*% | 6,39 x 107%% | 5,42 x 30°3¢ | 2,69 3.78 % 10% | 9.3 x 10"% ] 4,06 x 107" | 2.10 x 10**| 1,80 x 10°°
10,657 }6622 | 5.163 * 10*® | 137.58 | 14.00 {10,000 |4.313 x 10%] 2.83 x 10*°} 2,73 x 107** [ 4.77 x 10"%% [ 4.05 x 10%° | 2.00 3.89 x 108 11,25 % 10140 3,12 = 10°% | 2,82 % 10**] 1,39 x 107°
4

1 millibar {mb) = 10° dynes/om® = 0,750 mn of Hg
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Table 26

ATMOSPHERIC MODEL 1 - VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE F, LAYER,

Latitude 45°. Engineering Units. P,= 2116 1b/ft?, p, = 2.375 x 107? slug/ft?

BASED ON ¥, = 1

d = 3% 10"%m d=2% 10"%n
Height Potential ([Apparent] Mesn | Tewp Scale Preasure Pressure Density Density Number Mean Parti~| Mean Free [Mean Colli-] Mean Free |Mean Colli-
Gravity {Mel We Height Ratio Ratio Density cle Speed Path sion Freg Path sion Freq
h ¢ ‘ T H P P o n v L v L v

i ft fr1b fr/sect| W °R fr 1b/fe® r/p, slug/ft* P/PB particles/ft?]  ft/sec fo 1/sec ft 1/sec
186.41 9.842 x 10% 0 29,308 |24.35 1980/1.378 x 101,01 % 10°® |4.77 x 10719/ 2.50 x 1073?]1.05 x 10"'%| 9.09 x 10** [3.21 x 10® |2.56 x 10* | 1.26 5.75 X 10% (5,56 % 10"
200 1.056 x 10°2.098 x 10%| 29.117 | 24.25 2072]1.458 x 10%16.07 X 1077 [2.87 X 107%9/1.43 x 1074%16.02 % 107 5.22 x 10% | 3.29 % 10* | 4.45 x 10* | 7,39 % 103 1,00 % 10% |3.28 x 107}
225 11,188 % 10%/5.922 % 10°| 28.769 |24.07 | 2239{1.606 % 10%]2.56 % 1077 J1.21 X 107'%]5,54 X 1072¢j2.33 x J0"'*| 2.04 ® 1073 3,43 x 10° }1.14 X 10* [3.01 % 1073/ 2,56 x 10* |1.34 x 30*
250 [1.320 % 155{ 9,700 < 16°| 28.427 [23.89 | 2404|1.758 X 10°]1.17 X 107 |5.53 X 107°%/2,34 X 107°*/9.85 x 107*] @.67 % 10'® | 3.57 X 10" | 2.68 X 10° | 1.33 % 1074 6,03 x 10* | 5,92 x 10
275 1.452 % 10%]1.343 x 107} 28.091 [23.71 2567]1.915 % 10%[5.68 = 1075 [2.68 % 10711/ 1,06 x 107*4[4.46 X 107*%] 3,96 = 10'* [ 3,70 x 10* |5.87 % 10* | 6.30 % 10°% 1,32 x 10% |2.80 x 107
300 1.584  10°11.712 x 107} 27,762 |23.54 | 2728]2.074 X 10%]2.93 x 10" [1.38 x 10"} 5.09 x 1071%{2.14 x 107**] 1,91 x 10** |3.83 % 10* [1.22 % 10® 3.1 % 10°% 2,74 % 10% [1.40 % 107%
350 11.848 x 10°]2.438 % 107 27,119 [23.20 | 3045/2.404 % 10°]8.9% % 107" [4.23 x 1073%[1.37 x 107%%15,77 X 10"'?] 5.23 x 10'! 14.07 x 10% | 4.44 X 10° | 9.16 X 1077 1,00 x 10* |4.07 x 16~
400 2,112 X 10% 3,146 x 107} 26.499 | 22.86 3354{2.750 % 10%3.21 = 107 [1.52 x 107%4.40 % 10778 1.85 x 107 170~ 107 | 4.31 % 10% | 1.37 X 10° 1 3,15 % 10°%4 3,08 % 10° | 1.40 % 10°%
450 12,376 x 10°3.838 X 307] 25.900 |22.53 365613.112 x 10%]1,30 > 107° 16,14 x 10°**|}.61 X 1072°]6.78 x 107**] 6.32 x 160 14.53 % 10% 11.68 x 10° | 1.23 % 10°%8.28 % 10% |5.47 x 107*
500 |2.640 X 10°] 4.515 X 107] 25.320 |22.21 | 3952]3.491 * 10%5.83 X 10°99|2.75 X 10733} 6.60 x 10°%7|2.78 X 10°7%] 2.63 % 1010 | 4.74 X 10° | 8.84 x 105 | 5,36 X 1079 1,99 % 10" |2.38 X 10-*
600 3,168 % 105,825 * 107 24.219 121.59 4524/4.298 x 10°|1.49 % 1072°| 7,04 % 10"2%[ 1.43 x 1077(6.02 x 107**| 5,86 x 10° |5,15 % 10% { 3,97 x 107 | 1.30 x 104 8.93 % 10% |5.77 » 10~
700 13,696 % 10°17,078 X 107 ] 23.187 21,00 507215.174 % 10°14.85 * 10°3]2.29 x 10°**14.04 x 1073%11.70 x 10-2°| 1.70 x 10* 15.53 % 10% |1.37 x 10" 14.04 % 107 3.08 » 10* |1.80 x 10°%
800 |4.224 x 10°18.278 x 107 22,291 [20.43 | 5596 6,123 X 10%11.90 % 1071% 8,98 % 10775/ 1.40 X 1073*]5.89 x 10°'¢| .66 X 10® {5.89 x 10® [ 3.84 x 10% [1.54 x 1679 8.63 x 10" | 6.82 x 107
900 {4,752 % 10 9,430 = 107] 21.313 | 19.89 | 6099 7.147 % 10%]8,52 x 107*% 4,03 x 107*¥ 5,59 x 10°1°/2.35 x 10%°} 2,49 % 10° |6.23 % 10* | 9.30 x 10° | 6,70 % 1079 2.09 x 10¥ | 2.98 x 10°°
1000 |5.280 % 10%1.053 x 10%| 20.460 119,37 6580{ 8.248 % 10%14.29% 107%/2.03 % 10°*%/2.54 x 107*°}1.07 x 10"2%] 1,16 % 10* |6.56 % 10® | 2,00 x 10° | 3.24 x 10"9 4.51 % !.()3 1.44 x 1070
1200 |6.336 x 10%] 1,262 x 10%| 18.901 | 18.38 749311068 X 10°]1.38 % 10-19 6.52 X 10-°% 6,81 X 10799|2,87 X 10717] 8.27 X 107 |7.18 X 10° | 7.11 X 10 | 1.0L X 10°% 1.60 X 1079] 4.49 X 10-F
00 17.392 % 16°] 1.454 % 10°| 17,513 [ 17.47 | 8331]1.353 X 10°/5.76 = 10°'%)2,72 % 1077°12.43 x 107°°]1.02 x 10"*7] 1.28 x 16" | 7.77 x 10* | 1.89 x 10*9 4.1 x 1077 4,25 % 1019/ 1,83 X 1077
1500 7.920 % 18%11.545 x 10*} 16.876 117.04 872911,508 x 10°]3.98 % 10"*3}}.88 x 10"'%|1.56 x 10°3°]6.57 x 107**} 8. 10 = 10° 18.05 x 10% |2.87 x 101 2,80 x 10~} 6.46 % 10'°{1.25 x 1077
1756 [9.240 x 10%/1,759 x 10%| 15.428 [ 16.03 9663|1.94] X 10°[1.83 X 10719[8,65 ¥ 10727|6.11 * 1073%[2,57 x 107**] 3.37 x 10° [8.73 x 10° | 6.90 x 1079 1,27 x 10-7| 1.55 X 107%]5.62 x 10°®
2000 |1.056 x 107]1,954 x 10®| 14.158 |15.11 |10,515]2.442 x 10%[9.99 X 10"%¢]4.72 x 10°*712.89 x 107%2|1.22 x 10™?%] 1.69 = 10° [9.38 % 10° |1.38 x 10%* 6,82 x 10°%3.09 % 101%{3.03 x 10™®
2500 ]1.320x 107]2.300 X 10*| 12.049 |13.47 {12 027|3.681 x 10%/4.12 X 107*4]1.95 x 10°17]9,29 x 10"*2]3.91 x 10°**] 6,10 % 10> |1,06 % 10* 13,81 x 10**| 2,78 * 10°% 6,57 X 10**|1.24 X 107*
3000 1.584 x 107 2,597 x 10%| 106,381 [12.06 113,324/5.287 x 10°]2,25 x 1074 1,06 x 107271410 % 10°%3]1,73 x 1077%] 3,00 16% J1.18 10* | 7.72 x 107*[ 1.53 X 10"% 1,74 % 10°% €.79 X 10-*
3500 |1.848 x 107/2.854 ¥ 10%| 9.038 | 10.85 |14,446]7.318 % 10%]1.47 X 1074/ 6.95 X 10°1#12.22 % 10°%219,35 x 10°%°] 1.81 x 10° |1.30 x 10* {1.28 x 10'%] 1,01 x 10°®2.89 % 10%* 4,50 x 10°¢
4000 12,102 < 10713.078 > 10%] 7.942 1 9.79 |15,425/9.855 x 10°]1,08 % 107*%/5,10 % 107**11.38 x 10"*215.8] x 10°%°] 1.25 x 10® }1.41 x 10* |1.86 x 16*3|7.58 x 10°%  4.18 % 10*3|3.37 % 10°*
4500 |2.376 % 107]3.276 % 10°| 7.037 | 6.85 16,201,340 X 10°[8.52 x 1071%/'4,03 x 1077%9,32 x 1072%{3.52 x 107°°| 9.32 x 10* [1.53 x 10% |2.49 x 107%| 6.13 x 10°9|5.61 % 10%3/2,73 x 10-®
5000 2,640 x 107) 3,452 % 108] 6.280 | 8.02 |17,059/1.683 x 107|7.12 x 1071513 36 x 10°'%16.74 X 107%%|2.84 x 1072%] 7.44 % 10¢ |1.64 x 10* {3.12 x 10" 5.5 x 1079 7.03 X 10*3}2,33 X 10~°
5500 |2.904 x 10713.609 % 10®| 5.642 | 7.28 |17,744[2.146 % 107]6.19 > 10°1°12,92 x 1073*15.11 x 107°%12,15 x 10"%°] 6.21 x 10* [1,76 % 10* |3.74 x 10**}4.70 x 107%| 8.42 % 10*|2.0% x 10"°
5526 |2.917 x 107|3.668 x 10°} 5.402 | 7.00 |18,000{2.365 x 107]5.78 x 1072%]2.73 % 1072*[4.52 x 107?|1.5) x 10°%°] 5.66 x 10* [1.80 x 10* [4.11 x 10**|4.38 x 107°}9.24 x 10*3|1.95 x 10°*

1 1b/£t* = 0.3591 mm of Hg
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Table 27
ATMOSPHERIC MODEL I - VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE F, LAYER, BASED ON ¥, = 7

Latitude 45°. Metric Units. p, = 1014 mb, o, = 1.223 x 10~? gm/cm®

11 % 1077

1
2.

87 x 107} 1.15 x 10% {2.
2 x 1012]1,83 x 1077
2

—
=
x
o
&
-
e
P B GO ON

1

1 1.

1 . 2.

1.972 x 10*%] 533.80 [17.47| 4628]4.123 % 102|2.76 x 10-#|2,72 x 10~28(1.25 x 10~*°]1.02 X 10-?7| 4,34 x 10%
2414 1500 |2.085 x 10*%]| 514.38 117.04| 4849]4.596 % 10%[1.91 x 10~*2|1.88 x 10~*4/8.03 x 10~%*|6.57 x 10-'®| 2.86 x 10% .80 % 1077

2 2.

2 1.

3

1
4
1
2
[
2
§
8.
10°]2.10 x 10%3{1.27 x 10°7
4
1
2
3
§
7
9
1
1

1385 % 16°¢| 470.25 [16.03| 5368{5.916 x 10%[8.76 x 10- 518,65 x 10~17|3,15 x 10"2%|2.57 x 10" %3] 1,19 x 10% x 10*%{5.62 x 10~*

22 X 16°'%] 5.97 x 10 .19 % 10%%16.82 x 10-* X 10%13.03 x 10"

9
2
6
4.87
1.30
1,97 x 10'*11.25 % 167
4.73
%.43

16 % 10'%12.78 x 10"#19. 61 x 107211.24 x 10°%
5.30
8
1
1
2
2
2

650 % 10'%1 431.54 115.11| 5842{7.442 x 10%]4.78 % J0"*414.72 x 107171, 49 x 10~#*
1

119 % 1081 367.25 113.47| 6682]1.122 x 10%|1.97 x 10~*#11.95 x 10~7)4.78 X 10°2%/3.9] % 10-1°] 2.15 x 10

4898 13000 [3.522 % 1078 316.41 [12.06| 7402]1.612 x 10%1.08 x 10~ *4{1.06 x 107 *7[2.11 x 10°3%{1.73 x 10-1] 1.06 x 10

2
2
3
3. .35 % 10%811.53 x 10°#
5633 |3500 |3.870 x 10®] 275.48 |10.85] 8026]2.231 x 10%{7.04 X 10-16]6.95 x 10~ 8|1, 14 x 10"3%]9,35 x 107%¢| 6.39 3.
4
4
5
s
5

.91 % 10%4]1.01 x 1074
(67 % 10%4]7,58 x 10°
L60 % 109[6.13 = 107
.52 % 10%[5,95 x 10°®
.14 x 101¢[4.70 % 10°¢
,25 % 1014]4.38 % 10-*

x 10%%16.79 x 10"°

dx«3%x107" em d=2x10%
Height Potential |Apparent|Mean | Temp Scale Pressure Preasure Density Density Number Mean Parti-{ Mean Free [Mean Colli-| Mesn Free |Mean Colli-
Gravity [Mel Wt Height Batio Ratio Density |cle Speed] Path aion Freq Path sion Freq
b 4 'S T ] P P - n v L v L v
™ ni ergs a/sec?| ¥ K lon millibars v/p, gt/ cm® o/, particles/om® en/sec o 1/sec o 1/sec

300.0| 186.41§0 893.31 [24.35| 1100]4.201 x 10 [4.84 x 10°7 4,77 x 1071129 x 10°'%[1.05 % 1072 3.21 x 10° {4.78 = 10%{7.79 x 10* [1.26 1.754 x 10°{5.58 x 10°*
321.9] 200 |2.845 x 10'%| 887.49 124.25| 1151[4.443 % 10 |2.91 % 10°7 |2.87 % 1071°{7,36 x 10724]6.02 x 10-1°} 1.84 % 10° 11.00 x 10%11.36 x 10° 7,39 x 107*{3.05 x 10° {3.28 x 10~*
362.1) 225 18,030 x 10%?] 876.88 124.07 124414.896 x 16 11,23 x 10"7 |1,21 x 10~29/2.85 x 10-4|2,33 x 10-**] 7.20 x 10® |1.05 X 10%13.47 x 10° {3.01 % 10-117.42 x 10° |1.34 * 10-*
402.3] 250 ]1.315 % 10%%| 866.45 [23.89] 1336[5.360 x 10 15.60 x 10°% |5, 1,21 % 10-%%[9.85 x 10" T%] 3.06 x 10¢ [1.09 x 10%]8.317 x 10° [1.33 x 10~ T[1.84 x 10° |5.92 x 10~*
42.6] 275 | 1.821 x 104 856.21 [23.71] 1426{5.836 x 10 |2.72 x 10" |2, 5.46 % 10718(4. 46 x 1071%] 1.40 % 10% 1,13 x 10%/1.79 x 10® 16,30 x 10°*|4.03 x 10% |2.80 X 10°#
482.8] 300 12.321 x 10| B46.19 123.54| 151616.32) x 10 {1.40 % 10-* {1. 2.62 x 1072802 14 x 10-'3] 6.75 x 107 [1.17 x 10*|3.71 % 10% |3.15 X 10-*[8.35 x 10° |1.40 % 10~*
563.31 350 13.306 % 10'4] 826.59 [23.20] 165217.328 % 10 [4.28 x 10°* |4, 7.06 x 10738]5,77 x 10-*%] 1,85 x 107 [1.24 x 10%[1.35 x 107 [9.16 * 107¥]3.05 x 107 [4.07 x 10~
643.8] 400 14.266 x 1074 807.69 122.86] 1863(8.384 x 10 {1.54 % 10~* [1,52 % 10=2%{2,27 x 10°2%{1.85 x 10-1?] 6,00 x 10% {1.31 X 1021417 x 107 [3.15 x 10°%{9.38 x 107 [1.40 x 10~°
724.2] 450 15.204 x 10'¢! 789.43 122.53] 203119.487 x 10 |6.23 x 10-10)¢, 8.9 % 107176,78 x 10-3¢] 2.23 =« 10° [1.38 x 10%11.12 % 10® 1,23 % 10°*12.52 % 10° 15.47 x 10°*
804.7| 500 |6.122 x 10%| 771,75 |22.21] 2196]1.064 x 10%[2.79 x 10~19[2, 3.40 x 10~17[2.78 x 10~7¢] 5.29 x 10° [1.44 x 105]2.69 X 10* [5.36 X 10"4]6.06 x 10® [2.38 x 1074
965.6] 600 |7.899 x 10%4| 738.20 |21.59] 2513{1.310 x 10%|7.14 X 10~7*{7, 7.36 x 1071%6.02 x 10 %} 2.07 x 10° {1.57 x 10%{1.21 x 10* |1.30 x 107%]2.72 x 10% |5.77 % 10-°
1127 | 700 19.598 x 10%4) 706.74 [21.00] 2818{1.577 x 10%[2.32 x 10~ **|2,29 x 1072¢4/2,08 x 10°'8]1.70 x 10-'°| 6.00 x 10* [1.69 % 10°/4.17 X 10° [4.04 % 10~%/9.38 x 10 11.80 X 10°°
1288 | 800 |1.122 X 1078| £77.30 |20.43| 3109|1.866 X 10%]9.10 X 10~ 1%[8.98 X 10~ '5]7.21 x 10"1°[5. 89 x 10°1° 2.14 x 10% [1.80 x 1051.17 x 1079]1,54 x 10-%[2.63 x 10%°|£,82 x 10°°
1448 | 900 279 % 10*%] 649.62 |19.89] 3388|2.178 x 10°{4.08 x 10~ 1%/4,03 x 10~25(2.88 x 10~26{2,35 x 10"!8] 8.79 x 10* 10%]2.83 x 10%°{6,70 x 107%/6,38 x 10%°|2,98 x 10-°
1609 11000 .428 % 10'8{ 623.62 119.37] 3656|2.514 % 103]2.05 x 10~3*|2,03 x 10~5]1.31 x 10~1%]]1,07 x 10~ 4.10 x 10° 10%/6.11 x 10%%13.24 x 10-8]1.37 x 10%%1.44 % 10-°®
1931 ]1200 LTI X 10%8] 576,10 [18.38] 4163]3.254 x 103[6.61 x 107 3%/4,52 % 10~ 18[3,5] x 107% 10 .01 x 10"%[4.87 x 10%1/4.49 x 1077

1 x 10%%14.50 % 10°°
6437 14000 14.174 x 10%%] 242.07 | 9.79| 8569]3.004 % 10%[5.17 x 10-*6]5 10 x 10-1#)7.1) x ]0~#?|5.8} x 10~2° 8 % 10%413.37 x 10°%
1
4

7242 4500 | 4.442 x 10*%| 214.49 | 8.85] 9050/4.085 x 10%[4.08 x 10~1*

x|x x xix x x[x x x}x X x|x X
-
i=1
=

03 x 10°'814,80 x 10°*%]3,92 % 10-2° 71 % 10%42.73 x 10°°
14 x 10%4[2.33 x 10°?
§7 x 102,09 % 107

82 % 10%%/1.95 x 10-°

BESRBRIWEREHBESR

4.4
4, 3.2
8047 |5000 | 4.681 x 10°%| 191.41 | 8.02| 9477/5.12% x 10%/3.41 x 10°*#]3,36 x 10~4¥13,47 x 10-7%{2.84 x 10°%%| 2.6
8852 |5500 |4.894 x 10%%] 171.97 | 7.28| 9858/6.541 x 10%|2.96 x 10-'5{2.92 x 10~3]2.63 x 10-**]2.15 x 1073°| 2.1
8890 |S526 | 4.973 % 10*®| 164.65 | 7.00]10,000|7.208 % 10%]2.78 % 10~ 1542, 7 2.0

SO QD e

3 % 107181234 x 10-**11,9] % 107%°

1 millibar {mb} = 10* dynes/cm® = 0.750 wn of Hg
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IT-F. THE CALCULATIONS FOR
ATMOSPHERIC MODEL II

There is no doubt that many objections may be raised concerning the use of atmos- .
pheric model I as a representation of conditions existing in the atmosphere, and it
was originally conceived only as a means for extrapolating beyond the F, layer up to
heights of the order of 500 to 1000 miles. It may be more acceptable from many peints
of view to treat the atmosphere beginning someghere above the F, layer on the basis of
the existence of a dynamical orbit region composed of particles moving essentially in
free flight in a gravity field, as conceived by Bryan(55) and Milne(56). This con-
cept, which was discussed to some extent in Section II-D, will be made the basis for
atmospheric model II. Thus, according to this alternate concept designated as atmos-
pheric model II, there will exist a certain height h, situated somewhere above the
F, layer, where the mean free path becomes so large and the collision frequency so
small that the gas particles may be considered to behave more or less as free bodies
in a gravity field. A particle moving upward from h« would find so few particles
above it that if it had sufficient velocity [ the escape velocity, Eq. (38)], it could
escape from the earth entirely with but little chance of having a collision with
another particle. The height h, will therefore be defined by the condition that there
is but small probability of collision for a particle moving upward from this height
with the escape velocity, that is, for a particle moving through the remainder of the
atmosphere above h,.

In model I it is assumed that the interstellar gas has no effect upon the
atmosphere, and that the dynamical orbit region is isothermal. Reasons for assuming
the isothermal property are given by Spitzer(61), where 1t i1s pointed out that the
kinetic energy (kinetic temperature) of a particle is increased whenever a molecule
is dissociated by the absorption of radiation or whenever an atom is photo-ionized.
Kinetic energy i1s lost by the reverse processes and also by inelastic collisions
between electrons, atoms, and molecules. Since, by definition, there is little
probability of collision in the dynamical orbit region, it is concluded that there
can be no temperature change resulting from collisions. Also, by comparing the
small time of flight of a particle in the dynamical orbit region with the large
time interval required for radiation to affect the temperature, Spitzer concludes
that radiation effects are unimportant, and that this region of the atmosphere must
be 1sothermal. The main problem in the analysis of atmospheric model II 1is the
determination of the height h. at which the dynamical orbit, or free-flight region, may
be supposed to begin+, and the temperature T« of this isothermal region.

In order to determine the height h., it is first necessary to specify the proba-
bility that an upward-moving atmospheric gas particle will have a collision in the
course of its flight with some other such particle. The only criterion that we have
here is that the collision probability must be small (compared to 1), but otherwise
the choice is quite arbitrary. Let this probability be denoted by P. In a Maxwellian
gas the collision rate or frequency », as determined by the relation

v = V2mnvd

' The writer is indebted to Dr. Lyman Spitzer, Jr., for valuable discussions concerning this
region of the atmosphere.
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may also be thought of as the probability per second that a particular particle will
u?dergo a collision, and from this point of view could be called the collision proba-
bility per unit time (Ref. 57, pp. 99, 100, 113). Letting t be the time required for
a particle moving upward from h. to reach the top of its trajectory, which is assumed
to be at a great distance (i.e., infinity), the probability P that the particle will
undergo a collision in its upward travel may be expressed by

t t ©

P:fvdt:ﬁﬂdzfnvdt2/'_277d2fndh, (52)

0 0 h,

since v = dh/dt. Since n is the number of particles per cm®, the integral is simply
the total number of particles above the level h, contained in a colwm of 1 cm” cross
section. Indicating this number by N., it follows that

N, = ;755;25 . (53)

Using in this region a mean value d = 2 x 10~° cm, which corresponds to a collision
cross section S = 77 d° = 12.6 x 10°*% cm®, the values obtained for N« are tabulated
« below, Table 28, for several assumed values of the probability P.

Table 28

ATMOSPHERIC MODEL II. TOTAL NUMBER OF PARTICLES N.
TO GIVE THE COLLISION PROBABILITY p‘V),

p 1/5 1/10 1/20 1/100 1/1000

N. 1.13 x 10** | 5.64 x 10" | 2.08x 10*® | 5.64 x 10*% | 5.64 x 10**

(V) Based on d = 2 x 10°8 cm.

Before proceeding further it is necessary to introduce the concept of the scale-
height H which was mentioned previously in connection with Eq. (1). This may be done
by use of the Boltzmann distribution of particles in a gravitational field, see
Eq. (42), or more directly by use of the hydrostatic equation dp = - p g’ dh. Using
L = nm and p = nkT, it follows from the hydrostatic equation that

P _ o_m - 1y (53a)
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kT

where m is the mean particle mass and H “mg' - When m, T, and g’ may be considered
to remain constant in a given interval of h and have, for example, the values m, T,,
and g, appropriate to the initial height h,, the equation may be integrated to give

(h=h,)
— - Hl
p = p,e ) (54)
kT, R,T, .
where H, = ;= — . Since m; and T, are assumed to remain constant above the
mlgl Mlgi
height h;, it follows from (54) that
_ (h-hy) _(h=hy)
H H
n = nye 1 , and p T p,e o (55)

To interpret the meaning of H, it is pointed out that when h-h, = H,, it follows that

p1 /01 nl
P =% P ==, ad n = -,

showing that in the distance H, the atmospheric values decrease to 1/e¢ of their values
at the height h,. The total number of particles N; above h, contained in a column of
unit cross section may be obtained from Eq. (55) by the integration

o (h—hl)
N, = nlfe By d4n, or (56)
hy
N, = n H, . (57)

The relation N, = n, H, points out a further interpretation of H, as the distance to
which the atmosphere would extend above the height h, if the atmosphere in this region
were homogeneous (i.e., constant temperature, density, and composition corresponding to
the values at h ).

Egs. (55) and (56) were obtained by assuming a constant value of gravity (g’ =
g, = const.) even though in Eq. (56) the upper limit of integration extended to
infinity., The question may be asked, how serious is the assumption of constant
gravity as far as the determination of the value for hs is concerned. Actually it
would not be necessary to integrate to infinity in Eq. (56) or in Eq. (52), but only
to an upper limit h, such that most of the particles contained in a unit column would
be included in the integration. Since the number density decreases approximately in a
logarithmic fashion, this upper limit does not have to be so very large. This may be
seen from the following considerations.
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Since the kinetic temperature of the equatorial atmosphere at the height h, will
be of the order of 2000°K, the mean speed of the particles at this height, Eq. (21),
will be of the order of v, = 1.5 x 10° cm/sec (based on My = 20). Accordingly, as far
as the particles hav1ng the mean speed are concerned, it follows from the relation
Av = v 2gAR = 1.5 x 10° that these particles would be able to rise only about 130 km
above h, before they are pulled back again by the action of gravity. Taking a speed
of 3 x1.5x 10° cm/sec, which is certainly large enough to include practically all of
the particles of a Maxwellian distribution at 2000°K, it is found that particles
having this speed at h, are able to rise about 1200 km above h.. Hence, for all
. practical purposes, instead of infinity, the value h, = h; + 1200 km could be used for
the upper limit in (52) and (56). Over this range in height the variation in gravity
is about 25 per cent, which is considered negligible in view of the approximate method
used for the determination of h,. Although it is possible to take the variation of
gravity into account, by using the potential function as is done below in calculating
the pressure, this refinement is hardly justified as far as the determination of h, is
concerned,

The relation (57) when used in conjunction with relation (53) makes it possible
to determine the value of hy. To do this it is necessary to have values for H and n
for heights immediately above the F, layer. These could be obtained, for example, by
assuming constant temperature above the F, layer, or by extrapolating the linear
distribution of temperature existing in the F region. This represents two possible
extremes. However, 1t is considered more satisfactory to use the results obtained for
atmospheric model I in this region, since these values are intermediate between the
two extreme possibilities mentioned. Using values for h,, M,, T,, g;, and n, from
Table 24 for the equatorial atmosphere, the values obtained for H, and N, are shown in
Table 29; a plot of N, as a function of h  is given in Fig.27 (p.92). Corresponding
values for H , and N, at Latitude 45° are found in Table 3la (p.94).

The determination of ha is based upon the fact that when the value of N, = f(h,),
Fig. 27, is equal to the value of N. given by Eq. (53), see Table 28, the condition is
such that h, = h,, and h, is thus determined from Fig. 27. Using Fig. 27 in this way
(ha = h, when N, = N.), the heights h, corresponding to the different probabilities P
have the values given in Table 30. Depending upon the value of P, it is seen that h.
may have values ranging from 800 to 1800 km. To specify hi more definitely, it will
be assumed that P =1/10 is a sufficiently small collision probability(5] tosatisfy the
conditions for h., and the value h, = 865 km (537 miles) is therefore adopted. Making
use of Table 24, the conditions found at this height in the equatorial atmosphere are
as given in Table 31. The value of gj is derived on the basis that the atmosphere
rotates with the earth as a solid up to the height hs. It differs only slightly from
the value g’ contained in Table 24 .

It is worth noting that since the effective diameter d of the gas particles
occurs to the second power in Eq. (53), the value derived for the height h, will
depend rather strongly upon the value used for d. If d = 3 X 10°° cm were used, for
example, the resulting value for h. would be 980 for P =1/10. Thus an increase in d
from 2 X 10°® to 3 X 10°® cm causes an increase in hs of about 100 km. Tt is apparent
from Eq. (53) that as far as the determination of h. is concerned, an increase in d
(or the collision cross section .S) has the same effect as a decrease in the collision

[5] See Section III-B, where the ccllision probability is specified with less smbiguity.
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probability P. Accordingly, the value h, = 865 km will remain unchanged for varia-
tions in P and d })1reovided these wggriations are such as to give the constant value
1/10 /7 x 4 X 10°°° = 7,97 x 10" for the ratio P/ d° or P/S, where S is the

collision cross section.

Following the same procedure used for the eguatorial atmosphere, the values for
the atmosphere at latitude 45° are obtained as shown in Fig. 28 and Table 32. Corre-
sponding to P = 1/10, the value hy, = 630 km (391 miles) is adopted. Making use of
Table 27, the atmospheric conditions given in Table 33 are found for the height h, at
latitude 45°.

Having decided upon an appropriate value for h., the calculation then proceeds on
the basis of an isothermal atmosphere in static equilibrium. As pointed out in
Section II-D, even in this outer (dynamic orbit) region of the atmosphere, if condi-
tions are isothermal the density will be distributed according to the Boltizmann law,
which gives a result identical with that of static equilibrium. Since variations in
the acceleration of gravity and the centrifugal force will be taken into account in
the calculation of the pressure, it will not be permissible to use the approximate
formula (54) but rather the hydrostatic equation will be used in the form, Eq. (46),

p— M‘
dlogp = -RT, 4¢

(it

1
- H.a: d¢ , (58)

where Hy = R, T./Msg8+« and where it is assumed that the composition and temperature re-
main constant above h. with the values M« and T. respectively. Defining the potential
function so that ¢ = 0 when r = r, the integration gives

Mo o, _ 4
P = pee RyTe = pae Hege o (59)

From Eq. (28) with ¢ = 0 when r = r,, it follows that

r
¢ = gaa2 (71: -%)"coszﬁf rw’(r) dr. (60)

It will be assumed that the atmosphere out to the distance r. rotates with the earth
as a solid with angular velocity 2. In the dynamic orbit region where the particles
are considered to be more or less in free flight, they will move under the condition
of constant angular momentum such that r?w(r) = constant. Since rw = ry’Q) at the
distance 74, the angular velocity w must satisfy the relation

w = (-)20, (61)
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which, when introduced into (60), results in the expression

o 1 1\ 1 :
Bt e @

1 1 "2 ,
bens L) __rfgf[ -(r_)]cog,»e. (6
re 1 \rs« 2 r
I

Thus, the pressure is computed from Eq. (59), using ¢ as given by (63). The density
is then computed as usual from the equation of state, (16). Using h. = 865 km
(537 miles) and the values of Table 31 for the equatorial atmosphere, and h. = 630 km
(391 miles) and the values of Table 33 for the atmosphere at latitude 45°, the compu-
tations give the results shown in Tables 34 to 37.

It will be recalled that in determining the value for h., it was assumed that the
conditions existing in the region between the F, layer and the height h. were those
corresponding to atmospheric model I with M; = 7, Tables 24 and 27. For completeness,
the values in this range are repeated in Tables 34 to 37. The variation of the
density ratio o from the height hs up to 1000 miles is shown in Figs. 29 to 32.
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Table 29

ATMOSPHERIC MODEL II.
TOTAL NUMBER OF PARTICLES N, ABOVE THE HEIGHT A,
CONTAINED IN A COLUMN OF 1 CM? CROSS SECTION.

LATITUDE 0°.

By, km 400 483 563 644 724 805 966 1287
Hy, km 72.1 80.7 89.4 98.5 108.0 117.9 138.6 184.6
ny, Vem® | 8.40x10° | 2.62x10° | 9.sm10” | 3.81x10” | 1.6ax10” | 7.63x10° | 1.97x10® | 2.26x10°
N, 6.05¢10"° | 2.11x10%% | g.sax10™ | 3.7s5x10™ | 1.77x10%* | 8.99x10™® | 2.72x10%% | 4.17x10%2

Table 30
ATMOSPHERIC MODEL II. LATITUDE 0°,
Values of the height h, as a function of the probability P%’,
P 1/5 1/10 1/20 1/100
N, 1.13 x 10** 5.64 x 102 2.82 x 10'° 5.64 x 102
hy, km 180 865 960 1225

‘Based on Eq. (53), Fig. 27, and d = 2 X 10°% cm.
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Table 31

LATITUDE ¢°,
865 km {537 miles).

ATMOSPHERIC MODEL II.
Conditions at the height h« =

g's My i Px P M L Vs Va
757.2 cm/sec®|22.42 | 2563°K | 1.18X107% mm of Hg | 1.66%X1070 gram/cm?® | 4.48%10% 1/em® | 2.23%10% cm |1.55%X10% cm/sec | 6.97X10°% 1/sec
24.84 ft/sec®|22.42 | 4613°R | 3.30%10°% 1b/fe? 3.23%X10° 1% slug/ft? | 1.27500%1 1/£¢3 | 7.32>10% £t |5.10X10° ft/sec | 6.97X107% 1/sec

Table 31a
ATMOSPHERIC MODEL II. LATITUDE 457
TOTAL NUMBER OF PARTICLES ¥, ABOVE THE HEIGHT h CONTAINED IN A
COLUMN OF 1 cm® CROSS SECTION.
hy, km 300 322 402 483 563 644 724 805 966 1127

H km |42.0 44.3 53.3 62.6 72.4 82.6 93.3 104.4 128.2 153.9
n, 1/em® | 5.38%10% | 3.10%x10° 5.14x108 1.13%108 3.07<107 | 9.87x10% | 3.63x10° 1.49%108 3.24%10° 9, 922%10%
N, 2.26X1018 | 1,38X1018] 2,74X10%%| 7.07>q0%%| 2.22x10%4| 8.15%101% 3.38x10%3 1.55X101% | 4,16x1012%| 1,42x1012
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Table 32

ATMOSPHERIC MODEL II.

LATITUDE 45°

.

Values of height h. as a function of the probability P*’.

p /5 1/10 1/20 1/100 1/1060
N, 1.13 x 10%* | 5.64 x 10%? 2.82 % 10*® | 5.64 x 10 | 5,64 x 10"
o km 575 630 695 870 1220
{1} . — -8
Based on Eq. (53), Fig. 28, and d = 2 X 107~ cm.
Table 33
ATMOSPHERIC MODEL II. .LATITUDE 45°,
Conditions at the height h« = 630 ki {391 miles).
g‘* Me Ta Dx Lx nx La Vs Vx
810.28 cm/sec® |22.92 |1833%K | 1.37X10"® mm of Hg | 2.75%10° 16 gram/cm® | 7.27%10% 1/cm® | 1.37X10® cm [1.30%10% cm/sec | 9.46X107* 1/sec
26.584 ft/sec?| 22.92 | 3299°R | 3.82X107° 1b/ft? | 5.34X107 18 slug/ft3 | 2.06X101 1/£¢3 | 4.51%10% ft |4.27X10% ft/sec [9.46X107% 1/sec
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Table 34

ATMOSPHERIC MODEL II - VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE F, LAYER

Latitude 0°. Engineering Units. p, = 2115 1b/ft?, P,

= 2,286 X 10°3 slug/ft®

d=3x%x10°cp de 2% 107® e
Height Potential | Apparent| Mean |Temp Scale Pressure Pressure Density Denaity Number Mean Parci-] Mesn Free | Mean Colli- | Mesn Free | Mean Colli-
N d’ (kav'it,y Mol We r ﬁeiﬂght » Ratio o Ratio Density cle Speed Path sion Freq Path aion Freq
o n I’ L ¥
wi ft fe-1b frfsect | M| o st 1b/f2® /P, slug/ft? o/e,  |particles/ft®] fi/sec ft 1/sec fi l/:ec
248.6| 1.312 x 10* 28.393 | 24.00 | 3240 | 2.362 x 10%§ 4,33 x 10°7 | 2,05 x 1071%] 6.46 % 10°'# 12,83 x 1011} 2,38 x 10*® | 4,13 x 10° | 9.77 x 10* | 4.23 x 10~ | 2.20 x 10¢ | 1.88 x 10-1
300 | 1.584 x 100 27,707 | 23,70 | 3498 | 2.646 X 10%1 1.46 X 1077 | 6,90 x 107*T] 1,99 % 107} [ B.71 % 10717} 7,43 x 10%% | 4.32 % 10° [3.13 % 10* | 138 = 10°* |7.04 x 10% | 6.14 x 10°9
350 | 1.848 % 10° 27064 | 23.42 137431 2.934 x 10%| 5,67 % 10°% | 2.68 = 1071] 7,14 x 10°*® 13,12 x 10-%%] 2,70 x }0** | 4.50 x 10% {8.61 x 10* | 5.03 % 10°* | 1,94 x 10* | 2.3 x 10°%
400 | 2,112 x 10° 26444 12373473983 13.234 % 10% 2,41 X 107" [ 114 x 10771282 X 10718 11,23 » 107°% | 'T,08°% 10°% | 4.67 % 10° [ 2,15 X 10° | 2,17 X 10°F | 4.84 x 10° | 9.64 = 10°°
450 | 2.376 % 10° 25.844 | 22.87 | 4217 | 3.544 % 10°] 1.10 X 107 §5.20 x 107** | 1.20 x J07'® | 5,25 x 107**| 4.64 x 10** | 4.83 x 10° | 5.001 ¥ 10° | 9.64 x 1072 |1.13 x 10° | 4.08 x 10-*
500 | 2.640 % 10° 25.264 | 22.61 | 444713.867 X 10°] 5.40 X 107 | 2,55 x 10°2%§ 5,53 x J0°*® 12,42 x 10°**| 2.16 x 0! | 4.99 % 10° 11,08 % 10° | 4.64 x 10~* | 2.42 x 10° | 9,06 x j0-*
537 | 2.835 % 10° [0.000 24.847 | 22.42 [4613T 4. 114 X 10¥1 3,30 x 10°% | 1.56 x 107191323 x 1073 1141 % 10°°* | 1,27 x 1077 | 5.10 x 10° | 1.83 x 10° | 2.79 % 10°% [4.12 x 105 | 1 24 X 16°%
550 | 2,904 x 10° |1.61 x 10%] 24.704 | 22.42 [4613]4.137 * 10°] 2.82 x 10°® | 1.33 x 107" 1 2.76 x 107 [ 1.21 X 10°*#] 1.09 x 10** | 5.10 x 10% | 2.13 % 10° | 2.39 % 10°* |4.80 x 10° | 1.06 x 10°*
600 13,168 % 10° 18,06 X 10°| 24,167 | 22.42 4.229 % 10°01,50 x 10 1 7.00 % 10741 1.47 x 30°1% 16,43 % 10°*¢1 5,80 x 101® 15,10 x 10° 14,01« 36° | 1,27 x 10~% {902 x 10% | 566 » 107
650 |3.432 X 10° [1.44 X 107} 23.€48 | 22.42 [4613]4.322 X 10°18.07 x 107171 3,82 % 10°2°| 7,90 x 1077 13,46 X 107*4] 3,12 x 10'° | 5.10 x 107 | 7.45 X 10° | 6,85 x 10% | 1.68 x 107 | 3,04 x 10-%
700 | 3.696 x 10% 12,06 * 107 23.144 | 22.42 | 4613 4.416 x 10°] 4.40 X 107°1 2,08 x 10717 | 4.30 ¥ 1077 | 1.88 ¥ 107*¢] 1,70 x 10*® | 5,10 x 10° | 1,37 % 107 | 3,73 x 10°* |3.08 x 107 | 1.66 x 107
750 13,960 X 10% 12,66 X 07| 22.657 122,42 146131 4,511 = 101 2,45 % 1020 1,16 % 107%31 2,40 X 10"27 } 1,05 x }0~2¢] 9.47 x }p® 1530 x 107 {345 x 30" | 2.08 % Jo-¢ |55 % 107 | 9,93 x J0°°
800 | 4,224 % 10* 13,25 x 107} 22.185 | 22.42 (4613 4.607 X 10%/ 1,37 X 10°2°| 6.48 x 1077 1.34 ¥ 10""" f5.86 x 1072%15.20 » 10° | 5,10 x 10° 4,39 % 107 | 1.16 % 10~ | 9.89 x 107 | 5.16 % 10°%
900 | 4.752 % 10% [4,40 x 107| 21.284 | 22.42 |4613|4.802  10°) 4,46 ¥ 107 { 2,11 x 10"1* 1 4,36 % 107'* 11.91 X 1077%} 1,72 x }0* | 5.10 x 10° | 1.35 x 10% | 3.77 x 10°° |3.04 x 10% 1:(,3 x 10-8
1000 15280 x 10° 15,50 x 107 20,437 | 22,4 {461315.000 X 10%1 1,52 x 10°** | 7.19 x 10"2%] 1.49 x 10°%® |6.50 x 30~#] 5,88 x 10° | 5,10 x 30° 3,95 % 30* | 1.29 x 10-* 18 90 x 10® | 5.73 x 10-%
1200 16,339 % 10% [7.58 x 107 18.888 [ 22,42 [4613[5.411 * 10%] 1,99 X 107 21 9,41 * 107*#11,95 % 107% [8,53 ¥ 1017 [ 7,70 x 107 | 5,10 X 10° | 3.02 X 10° | 1.69 X 10-® | 6.70 % 10¥ | 7.51 % 10°7
1400 | 7,392 x 10* 19,50 x 107| 17,509 | 22.42 |4613]5.838 x 10 3.03 x 10721 1.43 x 10°*% | 2,96 x 1072° | 1,29 x 107*7| 117 107 | 5.10 = 10* {1.99 x 10*°] 2.57 x 10°7 |4, 47 x 10'°] 1.14 x 107
1500 17.920% 108 11,04 * 10%] 17,161 |22.42 146135959 % 10%) 1,96 10191596 x }0"*7]1.23 * 10°%% §5,36 % 10~**| 4.85 % 10% } 5.10 % 10 14.79 x 10*°] 1.06 x 10"* |1.08 x 10**] 4.73 x 102
1756 19,240 x 10° [1.25 < 10° | 15.433 | 22,42 {4613 6.623 X 10%]| 1.61 x 107241 7.61 x 107*8| 1.58 x 10°%' J6.91 x 10" [ 6.24 x 10% | 5.10 x 10° | 3.73 x 1037 | 1.37 X 10-% 18.38 x 10°7] 6.08 X 10°° ]
2000 § 1.056 * 107 [1.45 x 10°| 14.169 | 22.42 | 4613 | 7.214 % 10%| 2.28 x 107151 1.08 x 1023 [ 2.23 x 107% 19,75 x 10~*%| .80 x 10* | 5,10 % 10% | 2.64 x 10°®] 1.93 x 10"* |5.94 x 10**| .58 x 10-1°
2500 11.320x 1307 11,79 < 10°]| 12,065 {22.42 |461318.47210%18,18 x 10"37] 3,87 x 10"°19.00 x J0°*¢ 13,50 x 10"*! | 3.36 x J0° | 5.10 x 10° | 7,36 % 10*?] 6.93 x J0~** | 1.66 x 10?4} 3.08 x 1g-1*
3000 | 1.584 % 107 [2.09 x 10%] 10.397 | 22.42 {46131 9.831 X 10} 4,35 X 107*%1 2,06 x 10°%2 | 4,26 X 107*% 11,86 x 10""*] 1.68 x 16 | 5.10 x 10° | 1.38 X 1075 3,69 X 10°%% | 3.11 = 10°5| 1.64 X 10°F
4000 | 2,112 * 107 | 2,569 x 10°| 7.953 | 22,42 | 4613 1.285 x 10%| 4.01 X 10°2°] 1.90 % 1077%] 3,92 x 10°37 | L.7] * 10-%¢] 1.55 5.10 x 10° | 1.50 % 10'*] 3.40 x 107*% | 3.37 x 1077| 1.51 x 10~*%
5000 | 2,640 % 107 12,943 % 10°| 6.27% |22.42 [4613]1.628 x 10%] 1.03 X 1031 | 4,87 x J0~°11.01 % 30"** 14,45 x 107%%] 3,99 x 19~% | 5,10 x 10° |5.83 % 10**]| 8.75 % 1019 1.31 % 10**| 3.89 x 10-¢
6000 | 3.168 x 107 [3.241 X 10°| 5.084 | 22.42[4613] 2.011 X 10°] 5.59 x 10°"3 | 2,63 x 10°**{ 5,47 x 1072® [2.39 x 107*" [ 2,16 x 10~% | 5,10 x 107 [ 1.08 x 10°%] 4.74 < 10°77 ] 2.42 X 10°%] 2.11 x 10537 |
7000 | 3.6% x 107 13,485 x 10% | 4,199 | 22,42 14613 ] 2,435 % 10°] 5,14 x 10774} 2.43 % 1077 5,03 x J0"* 12,20 x 1073 1.99 x 107% | 5,10 x 10¥ | 1.17 % 10°*| 4.37 x 107'* [ 2,63 x 10°*] 1.94 x 10-'®
8000 | 4.224 % 107 }3.688 x 10" | 3.527 122,42 | 4613 2.898 X 10%| 7,05 X 107*21 3,33 x 10°3 § £.90 x 107** {3.02 X 10°** | 2,72 x 10°% { 5,10 x 10° | 8.55 x 10°*{ 5,97 x 10-%¢ | 1,92 x 109 | 2.65 x 10-%°
9000 | 4.752 x 107 |3.860 X 10%| 3.004 | 22.42 14613 3.402 X 10°] 1.31 X 107**} 6.19 % 107*°| 1,26 X 107"* {5.60 X 107%°] 5.05 % 10°® | 5.10 * 10* | 4.60 x 10**| 1.11 % 107** | 1.04 X 10**| 4.92 x 10-%*

1 lb/ft® = 0.3591 mm of Hg



Table 35
ATMOSPHERIC MODEL II - VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE FB LAYER

Latitude 0°. Metric Units. p, = 1013 mb, p, = 1.178 X 10~? gm/cm®

d = 3% 10™%m d» 2% 3107%m
Height Potential |Apparent|Mol We|Temp| Scale Pressure Pressure Density Density Number Mean Parti-| Mean Free | Mean Colli- | Mean Free | Mean Colli-
Gravity Height fatio Ratio Densivy cle Speed Path sion Freq Path sion Freq
h & 's T H P o o a v L v L v
Tan mi ergs cw/sec | M | XK I millibars ?lp, g/ em® #lo, particles/om®|  cm/mec cm 1/sec om 1/sec

248.6] 855.41 124.00 [1B00|7,199 x 10 |2.07 * 1077 |2.05 % 1077°/3.33 % 107242.83 x 107**18.40 ¥ 10° |1.26 % 10°® [2.98 x 10® {4.23 % 10! |6.70 % 10° | 1.88 x 107

4831 300 844,52 {2370 |1943{8.066 * 10 16.99 % 10°* |6.90 X 10°%1[1,02 % 10714{8.71 x 10"** 2.62 % 10° 1,32 % 10% |9.54 % 10® {1.38 * 107" [2.15 % 10® | 6.14 x 107%

- 563] 350 824.92 123.42 1207918.941 * 10 12.72 x 10™% |2.68 * 107**13.48 X 107'513,12 % 10"**19.54 % 107 |1.37 X 10° 12.62 % 10° [5.03 x 1672 ]5.90 % 10° |2.23 X 10°*
644] 400 806.00 |23.14 |2213]9.856 X 10 |1.15 % 10°® |1.14 % 10-3%]1.45 % 107 15| 1.23 x 10°%|3.81 x 107 |1.42 x 10° | 6.56 X 10® |2,17 X 10> |1.48 * 16 |9.64 X 10™°
724] 450 787.71 {22.87 12343]1.080 X 10%]5.27 % 107 {5.20 X 10"**/6.18 X 10781525 % 1013/ 1.64 X 10"  {1.47 X 10° |1.53 x 10" [9.64 x 10"° [3.44 x 107 {4.28 x 10~®
805] 500 770,03 [22.61 |247111.179 % 10°2,59 % 107° [2.55 %X 10°°|2.85 X 107%]2.42 < 10~**|7,63 % 10° 11,52 % 10° 13.28 * 107 14.64 % 1072 17,38 x 10” |2.06 x 10~°
865} 537 [0.000 757.34 | 22.42 |2563{1.254 % 10711.58 x 107% |1.56 % 10°*%(1.66 x 10775 1.41 x 10"/ 4.48 * 10°  11.55 % 10° {5,58 x 107 [2.79 x 10"° [1.26 = 10% |1.24 x 10"
885 550 2.18 x 10*%] 752.98 122.42 |2563(1.261 % 10%1.35x 10°® |1.33 x 107"%|1.42 % 1078 1.21 x 107" 3.85 % 10° [1.55 % 10° [ 6.50 % 107 |2.39 % 10°* |1.46 % 10° | 1.06 x 10
600 11.09 x 10%| 736.6% {22.42 |2563(1.289 x 10° 7.09 X 1072%/7,57 % 1071"]6.43 x 10°*4 2,05 10° 11.55 x 10® |1.22 % 10° |1.27 X 10* [2,75 x 10% | 5.66 X 107*

1646] 650 |1.95 x 10°*| 720.78 |22.42 |2563[1.317 x 10%|3. 3.82 % 10°134.07 x 10"27[3.46 x 10724 1,10 % 10% [1.55 % 10® [2.97 % 10° | 6,85 x 10™* [5.11 x 10" [3.04 x 107*
1127] 700 2,79 x 10'%| 705.44 122.42 |2563/1.346 x 10%|2,11 x 10710{2.08 x 1072%12.21 % 10°17}1.88 % 107'% 6,00 % 10° 1,55 x 10% | 4,17 x 10% {3,73 % 10™* 19.38 % 10* |1.66 % 107
| 1207] 7so 13.61 % 10°%) 690.50 122.42 1256311,375 % 30%11.17 % 10°*°11.16 % 107%%11.24 % 10°%711.05 X 1074 3.34x 10° ]1.55 % 10% 17.48% 10° 12,08 % 107 |1.68% 10° 19,23 x 103
1288 800 [4.41 x 10%*| 676.20 |22.42 |2563]1.404 X 10%|6.56 x 10™**[6.48 x 107*4|6.90 x 107*¢[5.86 x 10°*% 1.87 x 10® |1.55 X 10® |1.34 x 10° [1,16 > 10™* |3.01 % 10° [5,16 x 1073
1448| 900 |5.97 x 10"%| 648.74 |22.42 |2563|1.464 x 10%[2.14 x 107**|2.11 X 10"*¢[2.25 x 107*®{1.91 % 10"*%{6.07 x 10* |1.55 x 10® |4.12 x 10* |3.77 % 10°® |9.27 x 10° |1.68 x 107°
160911000 [7.46 x 10°*| 622.92 |22.42 |2563]1.524 X 10*]7.28 x 107*#]7,19 x 10"*°|7.67 x 107*%16.52 X 10"2#|2,08 x 10* [1.55 x 10° |1.21 X 10*®}1.29 X 1075 |2.71 * 10'®/5.93 x 10°°
193111200 11,03 x 10'%] 575.70 |22.42 2563]1.649 % 10*(5.53 x 1072719.41 = 10"*%[1.00 x 107*%{8.53 x 107*7[2.72 x 108 |1.55 x 10® [9.20 x 109]1,69 x 107 2,07 x 10**/7.51 x 10°7
225311400 |1.29 > 10'®] 533.66 122.42 1256311.779 % 10%11.45 x 1071%]1.43 % 107811,52 x 107%°11.29 x 10°*7{4.13 % 10° 11.55 % 10° |6.06 x 16**12,57 % 10°7 }1.36 x 10'*|1.14 x 10°7
2414{1500 |1.41 x 10'®| 522,77 [22.42 12563[1.816 X 10*{6.03 x 10-2*{5,96 % 10"'7]6.33 X 107%*/5.38 x 1p"**[1.71 % 10* 11.55 x 10% | 1.46 % 10%%/1.06 X 10°7 13.29 x 10%{4.73 x 10°*
28161750 1.70 x 10'®] 470.39 122,42 12563[2.019 X 10%7.71 x 10°%8[7.61 x 107%%]8.14 X 107%%],91 x 107*%/2.20 % 10 1.55 x 10® |1.14 x 10%3[1.37 % 10"® [2.55 x 10%3]6.08 x 10°*
3219(2000 [1.97 x 10'®| 431.86 |22.42 |2563(2.198 X 10*|1.09 x 10°*%{1,08 x 10°**[1.15 x 10"*%|9.75 x 107%¢|3.11 1.55 % 10° [8.05 % 10*°|1.93 % 10”° [1.81 X 10'#{8.58 x 10-'¢
402312500 |2.43 x 10°| 367.73 [22.42 {2563]2.582 X 10%]3.92 x 10°713,87 x 1073®]4,12 x 10°%4|3.50 x 107%*]1.12 % 107! 1.55 x 10°® {2.24 x 10%%]6.63 x 10"2%]5.05 x 10%|3.08 x jo-!*
48283000 12.83 x 10'® 316,90 [22.42 |256312.996 x 10°]2.08 x 1077%12.06 ® 10°21]2.19 x 10°%%11.86 x 107%[5,93 x 10°% [1.55 x 10® 14,22 % 107%[3.69 % 10"*#9.49 x 10181,64 x 107
6438|4000 [3.48 x 108 242,41 |22.42 |2563/3.917 x 10°]1.92 X 1072°]1.90 X 107%2,02 % 10731 1.71 % 1074/ 5.47 X 107® [1.55 x 10° |4.57 X 10*%|3,40 ¥ 10"1%{1,03 X 10*%/1,51 x 10°1¢
804715000 13.99 X 10'°] 191.40 22,42 1256314.961 % 10%(4,93 x 107251487 X 10°28]5,20 X 10"2%]4.46 * 107*%]1.4] x 1075 11,55 X 10® |1.78 X 10°°18.75 X 1071]4.00 % 10%°/3,89 x 10"18
965616000 [4.39 x 107%] 154.95 |22.42 |2563]6.125 X 10%]2.68 X 10°29(2.63 X 10-25[2,82 % 10°9°|2,39 X 10°37|7.63 X 10-° |1.55 X 10° |3.28 X 109%]4.74 % 10°37(7.38 X 10°1]2.11 % 10°17
11,266]7000 14.72 X 10'%] 127.99 |22.42 |2563|7.422 x 10%|2.46 X 107%%|2.43 x 107%*]2,59 x 10"31{2,20 = 107** 7.03 x 10™* {1.55 x 10° |3.56 x 10%%[4,37 x 107*®|8.01 X 10°%|1.94 x 10™1*
12,87518000 [5.00 * 10*°| 107.51 122.42 |2563|8.833 x 10%)3.38 x 1072513,38 x 107%8]3,55 x 10"2%13.02 X 10791 9.61 x 10"'° [1.55 % 10° [2.60 % 10%%|5,97 X 1071°/5,86 x 10*°]2.65 x 107*®
14,484[9000 |5.23 % 10'® 91.57 {22.42 |2563|1.037 x 10%]6,27 x 1079%(6.19 % 10°%%{6.59 x 107%|5,60 x 107361 1.78 % 107*% [1.55 % 10% [ 1,40 x 1074/ 1.11 X 107*%{3.16 % 10%*|4.92 % 1p"*¢

1 millibar (mb} = 10* dynes/cn® = 0.750 om of Hg
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Table 36
ATMOSPHERIC MODEL II - VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE F_ LAYER

Latitude 45°. Engineering Units. p, = 2116 lb/ft?, p = 2.375 % 1072 slug/ft®

. d=3x 10"%m d w2 % 10"%n
Height Potential [Apparent| Mesn |Temp| Scale Pressure Preseure Denaity Density Munber Mean Parti-! Mean Free | Mean Colli- | Mean Free | Mean Colli-
Gravity |Mol Wt Height Ratio Ratio Density cle Speed Path sion Freq Psth sion Fm;
h ¢ g T H p 2 o a v L v L v
mi fr fr-1b ft/sec®| ¥ | R fu b/ fe* p/p, slug/fe? plpy  |particles/ft®|  ft/sec fr 1/sec fr 1/sec
186.41}9.842 X 10® 29,334 [24.35 [1980{1.377 x 108{1.01 x 10°® |4.77 % 10729]2,50 x 107**|1.05 X 1074¢] 9,09 » 10%* {3.21 % 10* |2.56 % 10% |1.2¢ 5,75 % 10* |5.58 x 1071
200 |1.056 * 10° 29.141 [24.25 |2072[1.457 x 20%]6,07 X 1077 12,87 x 1071°]1.43 x 10°2%6.02 X 10"} | 5,22 x 10'* |3.29 x 10® |4.45 x 10* |7.39 % 10"* |1.00 x 10* |3.28 x 10!
295 11,188 % 10° 28.793 [24.08 1223911, 604 x 105(2,56 X 1077 11,21 X 10°1°5.54 X 10°%4]2.33 x 1074 | 2,04 10*® |3.43 x 16* [1.14 x 10* |3.01 % 10" {2.56 x 10% |1.34 x 10~
250 |1.320 x 10° 98.450 [23.90 {2404/ 1756 x 10°[ 1,17 x 1077 |5.53 X 107112.34 x 107*¢]9.85 x 10°**| 8,67 x 10°* [3.56 x 109 | 2.68 X 10° |1.33 X 107 |6.03 X 10° |5.90 x 10°3
2715 |1.452 % 10 28.113 |23.73 {2567|1.888 % 10°)5.68 % 10® [2.68 % 107741.06 X 107'*14.46 % 10°*%| 3.96 x 10'* |3,70 x 10* |5.87 x 10% |6.30 x 10" |1.32 % 10* |2.80 x 10-*
300 |1.584 > 108 27.782 |23.56 |272812.070 X 108|2.98 ¥ 10°® [1.38 X 10°13{5.00 x 10°*?|2.14 % 107*] 1,91 * 16** 13,83 x 10° |1.22 x 10® [3.15 x 10" |2.74 x 10° |1.40 x 1g-*
325 [1.716 x 10° 27.457 123,40 [288712.226 % 10%/1.46 x 10" [6,90 X 107%*/2,04 x 107*%]8.58 x 10™**| 7.87 x 10°* [3.95 x 10° [2.95 x 10° [1.34 % 10°° |6.65 x 105 |5.54 x 10°3
350 |1.848 % 100 27.138 [23.23 |3045[2.399 x 10%]8.96 X 10°° |4.23 x 107%|1.37 X 10°'®|5.77 x 10"*%| 5,23 x 10'* [4.07 % 10 [4.44 x 10° {9.16 x 10°® |1.00 X 10° |4.07 x 10°*
375  |1.980 = 10% 26.82¢ |23.07 |3201{2.570 % 10°)5.46 X 10°° |2.58  107%|7.64 X 107'°%[3.21 x 10°**| 2,95 % 10'* |4,19 % 10 |7.88 x 10° |5.32 x 10°® |1.77 x 10° |2.36 x 10-?
391 |2.064 % 10°10.000 26.626 122.92 |3299]2.685 X 10°]3.82 X 10°° |1.81 ¥ 107*3/5.34 x 10778|2,25 X 10°17 | 2,06 * 1017 [4.27 x 10° {1.13 X 10° |3.78 % 10°% 12.54 % 10° 11 68 % 105 ]
400 [2.112 x 10%/1.204 % 10°| 26.517 |22.92 {3299/2.697 x 10°/3.23 x 10"® [1,53 x 1073/4,52 % 107*°|1.96 x 10"**| 1.75 % 10** [4.27 % 10" |1.33 x 10% [3.21 x 10"* 12,99 x 10° |1.43 % 10°*
450 12,376 % 10%/8.126 % 10°] 25.919 |22.92 3299]2.759 = 10°/1.23 % 107° [5.81 X 1073172 x 10°'*{7.24 x 10°%*| 6.64 % 10'® |4.97 x 10° |3.21 x 10® ]1.33 x 16" 17.22 x 10° |5.01 x 1o¢
415 [2.508 x 105]1,153 X 107 | 25.628 |22.92 {3299(2.790 X 10%|7.62 x 1073%(3.60 x 107*3{1.07 x 107%]4,51 X 1077% | 4,13 x 1'% |4.27 x 10° 5,63 * 10° |7.59 X 10°% |1.27 % 107 [3.37 X 16°¢
500 |2.640 % 10°]1.489 x 107 | 25.342 [22.92 |3299(2.822 x 10%]4.76 ¥ 107%9(2.25 X 107/ 6.66 X 10717 2.80 x 10714 2.57 x 10*® (4,27 x 10° |9.05 x 10° |4.72 x 10* |2.04 ¥ 107 |2.10 x 107*
$50 12,904 % 10°12.151 % 107 | 24.783 |22.92 {3299]2.885 x 10°|1.89 x 1072°|8.93 X 10714/ 2.64 X 10°*7|1.11 * 10°**] 1,02 % 10'® 14.27 x 10° |2.28 % 107 {2.87 x 10" |5.13 x 107 |1.28 x 10~
600 | 3.168 % 10°]2.798 X 107| 24.243 | 22.92 | 3209|2.945 X 10°|7.63 X 10°11[3.61 X 10 4| 1.07 X 107 77[4.51 % 10°75] 4,13 % 10° |4.27  10° |5.63% 107 7.5 X 160°F |1.27 % 10° [3.37 X 16°F
700 |3.696 x 10°]4,051 x 107] 23.215 |22.92 |3299]3.076 x 10°|1.32 x 107**[6,24 x 107*°|1.85 x 107°%{7.79 % 1075 7,14 x 10 [4.27 x 10% |3.26 x 10 |1.31 x 10°* |7.33 x 10* |5.88 * 10°®
800 |4.224 x 10%15.251 x 107 ] 22,250 |22.% 13299/3.214 X 10%(2.47 % 10°*3/1.17 % 1072%]3.45 % 102%[1.45 ¥ 10"'¢] 1.33 % 10* 14,27 * 10° [1.75 % 10° [2.44 * 10°® |3.98 x 10° {1.09 x 10°¢
900 [4.752 x 10°/6.401 % 107 | 21.345 122,92 13299/3.350 X 10%/4.95 x 10"*32.34 % 10°1%6.92 x 107%°|2.91 % 10"?7] 2.67 x 10° [4.27 x 10 |8.71 X 10° |4.90 X 10°7 | 1.96 X 10%9]2,18 X 16°7
1000 |5.280 x 10%|7,505 x 107 | 20.493 |22.92 |3299/3.489 x 10%]1.05 X 1075496 % 10717/ 1.47 % 107%0}6.19 % 107!%| 5.68 X 10° 14.27 % 10° |4.09 X 10'°]1.04 x 10" |6.21 = 10%°|4.64 x 10°*
1200 16.336 x 10°]9.586 x 107 | 18.223 |22.92 |32993.924 x 10°|5.75 % 2,72 % 1071*%18.04 X 10°2%13,39 x 10"*°1 3.10 x 10® 4,27 10? |7.50 x 10%2{5.69 X 107° |1.69 * 10°*(2.53 x 10°*
1400 |7.392 % 10°|1.151 % 10° | 17.551 |22.92 | 3295|4.074 % 10°[3.90 x 1.84 X 107'°[5.45 x 107271229 x 10759 | 2,10 x 10° 14.27 X 10° [1,11 X 10°%|3.86 X 10-19|2.49 x 107¥]1.71 % 10°
1500 |7.920 x 10°]1.242 % 10*| 16.914 | 22.92 |3269]4.227 x 10%1.09 * 5,15 % 1072 1,52 x 107**16.40 % 1071} 5,87 % 10 [4.27 % 10" |3.96 x 10%*/1,08 % 10°1°|8.51 x 10%%{4,79 x 10°1
1750 19,240 % 10°|1.456 x 10° | 15.466 |22.92 |3299/4.623 * 108|548 x 2,59 % 10°%1]7.66 X 1072%13.23 x 107" | 2.96 X 10° 14.27 % 10* |7,85 x 10°%|5.44 = 107'2]1,77 x 10%%|2.40 x 10**®
2000 | 1.056 % 107|1.651 x 10°| 14.197 |22.92 |32995.087 x 10°|3.58 % 1.69 X 1073 5,01 107281211 X 10°%° [ 1.93 % 10 |4.27 X 10° | 1.20 X 10°°|3.55 X 10-1%] 2,71 X 10°%]1.56 % 10°1%
2500 §1.320 % 107|1.997 x 10*| 12.085 [22.92 |3299/5.917 x 10%|2.84 x 1.34 ¥ 1079¢/3,97 x 107%11.67 = 107%%| 1,53 x 10°% [4.27 % 107 |1,52 % 10%¢|2.81 * 1072%[3,42 * 10°%]1.25 x 10~
3000 11.584 % 107]2,293 % 108 10.412 |22.92 |3299]6.867 % 10°|4.52 % 2,14 % 107%516.32 x 1074912.66 X 10°%7 1 2.44 x 10°° 14,27 % 10® |9.53 x 10*%4.48 x 10°17|2.14 x 10°]1.99 x 1077
3500 |1.848 % 107|2.550 X 10° | 9.064 |22.92 [3299]7.889 x 10°[1.24 X 1072%|5.86 % 10 2° 1,73 X 10-°117.28 % 10°2% | 6.68 % 10°% |4.27 % 10° |3.48 X 16%9]1.23 x 10-77.88 ¥ 18715 45 % 10°
4000 12,112 % 107]2.774 x 10° | 7.96% |22.92 |3299{8.981 X 10%]5.41 x 107**|2.56 x 1072°/7.57 X 107%2{3.19 % 107*°| 2.9 x 10°% {4.27 x 10% |7.96 x 10%%5.36 x 10-*%{1.79 x 10°*|2.38 x 10-1%
| 4500 12.376% 107|2.972 X 10°| 7.049 {22.92 |3209!1.014 x 10°/3.3¢ X 10™®7/1.60 X 107°%14,74 X 1073412.00 % 10°3! | 1.83 x 10°7 14,27 x 10° [1.27 x 10%¢{3.36 x 1079*]2.86 x 10%%|1.48 x 10"
S000 [2.640 x 107]3,147 x 10°| 6.284 |22.92 [3299{1.138 x 10%]2.54 * 107*%[1,39 X 1077%/ 4,11 x 107*5{1,73 % 107°%[ 1,59 x 10°% [4.27 x 10 | 1.46 % 10°5|2.92 X 10°3%]3,29 % 10%%]1.30 x 10-%
5500 |2.904 * 1073.304 x 10°| 5.638 |22.92 |3299|1.268 x 10°]3,27 x 1079%|1.55 % 1073{4.57 x 107%°{1.92 x 10732 | 1,76 x 10™® |4.27 x 10* {1.32 x 10°%]3.23 x 107%*12.97 x 10%*|1.44 x 10**

1 1b/ft* = 0.3591 mm of Hg
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Table 37

ATMOSPHERIC MODEL II.- VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE F, LAYER

Latitude 45° Metric Units. p, = 1014 mb, o, = 1.223 X 10°® gm/cm®

d=3x%10"%n d=2X10%m
Height Potential |Apparent{MolWe|Temp] Scale Pressure Pressure Density Density Number Mean Parti-| Mean Free | Mean Colli-| Mean Free | Mean Colli-
Gravity Height Ratic Batio Density cle Speed Path sion Freg Path sion Freq

h ) T H I3 I o n v L v L v

km | i ergs g ¥ | K ke millibars o/p, go/ca® ole, particles/em®|  on/sec em 1/sec cm 1/sec
300} 186,41 894,09 124.35{110014.197 % 10 14,84 x 10°7 14,77 % 10-7°11.29 % 10-*7{1.05 x 10-1°] 3.21 % 10° 9.78 x 10%|7.79 % 10* | 1,26 1.75 x 10° | 5.58 x 10-%
3221 200 888.23 {24.25]1151]4.439 x 10 |2.91 x 10°7 |2.87 % 10719|7.36 x 10-1%|6.02 x 10-**| 1.84 x 10 | 1,00 x 10°|1,36 x 10® | 7.39 x 10-* [3.05 x 10° |3.28 x 10-!
3621 225 877,60 {24,0711244/4.890 = 10 11,23 » 19-7 11,21 x 30-° x 10-**12,33 x 10-*'] 7,20 x 10% 1.05 x 10%13.47 = 10° 13.0] x 107! |7.8]1 x 10° 11.34 x 10-*
402 250 867.15 |23.89(1326]5.353 x 10 [5.60 x 10® 15,53 x 10-1%|1.21 x 10-**]9.85 x 10-'*| 3,06 x 10* 1.09 x 10%[8.17 x 10% 1,33 x 10-* [1.84 x 10° [5.90 x 10-3
431 275 856.89 [23.71/142615.755 x 10 |2.72 % 10~® 2,68 x 1071|5.46 x 10-1%{4.46 x 10-*®| 1.40 x 10* 1.13 x 10%[1.79 x 10° [6.30 x 10~ |4,03 x 10% |2.80 x 10-*
| 4831 300 846,81 123.541151616,311 = 10 11.40 x }0-° x 19°2112. 62 x 10~18 x 10-'2] 6,75 x 107 1,17 x 10°03.71 x 10% |3.15 x 102 8,35 x 10® |1 x 30~
5231 325 836.90 123,38]160416.786 x 10 17.00 x 10-* [6.90 x 10-2*]11.05 x 10-1%{8.58 x 10-**] 2,78 x 107 1.21 = 10%[9.00 x 10% |1.34 x 10-% |2.03 x 107 |5.94 x 10-3
563 | 350 827.17 }23.20]1692]7.313 x 10 |4.29 x 10-* 14.23 x 10-*2]7.06 x 10-2®}5,77 x 10-*%] 1.85 x 107 1.24 % 10°11.35 x 107 1 9.16 x 10-* 13,05 % 107 14,07 x 103
6041 375 817.60 123.04]177917.832 x 10 |2.61 x 10-° 2,58 x 10-*%/3.93 x 10-1%13 2] x 10-**] 1.04 x 107 1,28 x 10%12.40 x 107 |5.32 x 10-® |5.40 x 10” |2.36 x 10-*
6301 391 3.000 811.57 |22.9211833{8.185 x 10 [1.83 x 10-® {1.81 x 10~'312.75 x 10-1%]2.25 x 10-**] 7,27 x 10° 1.30 x 10%]3.44 x 107 [3.78 x 10~* [7.74 x 107 [1.68 x 10-7
644 400 1.633 x 10**] 808.22 [22.92/1833{8,219 x 10 [1,55 x 10~ |1.53 x 10-1%/2.33 x 10-%#]1.90 x 10-**{ 6.18 x 10* 1.30 x 10%4.05 x 107 13.21 % 10® 19.11 x 107 |1.43 x 10-*
7241 450 1.102 x 10**] 790.01 122.9211833]8 ® x_10-*° % 10-*°18.86 x 10-1"17.24 x 10-*4] 2,34 x 10° | 1.30 x 10%]9,79 x 167 11,33 % 10- [2.20 x 36° 15.91 x 10-*
651 415 1,563 x 10**] 781.14 }22.92{1833]8.504 x 10 |3.65 x 10-1*]3.60 x 10-*3{5,51 x 10-*7[4.51 x 10-*4] 1.46 x 10° 1.30 x 10%11.72 x 10% |7.59 x 10~* [3.86 = 10% 13.37 x 10~*
8051 500 2.019 x 10*] 772.42 122.92|1833(8.600 x 10 2.28 x 10-2°]2,25 x 10-1*|3,43 x 10-*7]2.80 x 10-1¢| 9.08 x 10* 1.30 = 10%(2.76 % 10°® |4.72 x 107* 16.20 x 10® {2.10 x 10-*
885} 550 2.917 x 10%¢] 755.40 [22.,92/183318.794 x 10 19.05 % 10-'*]8.93 x 10-1411.36 x 10-*7]1.11 x 10-2¢1 3 60 x 10® 1.30 x 10%15.95 x 10* 12 .87 » 1g-* 11.56 x 10° 11,28 x 10-*
966 1 600 3.794 x 10*1 738,94 122.9211833]8.975 % 10 13.65 x 10-**[3.61 x 10-415.51 x 10-*#4.51 x 10-*%] 1.46 x 10% 1.30 x 10%{1.72 x 10° [7.59 x 10 |3.86 x 10% [3.37 x 10-%
1127 | 700 5.493 = 10'*| 707.59 |22.92]1833[9.375 x 10 [6.32 x 10-1%]6,24 x 10-2°|9,53 x 10-17(7.79 x 10-%%] 2,52 x 10* 1.30 x 10°19.92 % 10* {1.31 x 10-% |2.23 x 10°}5,83 x 10-®
1288| 800 7.120 x 10**1 678.19 122.921183319.795 x 10 {1.18 * 10-*2]1.17 x 30-**]1 78 x 10-*7|1.45 x 19-**| 4 70 x 10° 1.30 % 10°15.33 = 10 2.44 = 10-% [1.19 x 10'*11.09 x 10-%
1448| 900 8.680 x 10**] 650.59 122.92[1833]1.021 x 10%[2.37 x 10-1%]2,34 x 10-*%[3.56 x 10-3¢[2.9] x 10°17] 9,43 x 10® 1.30 % 10%]2.65 x 101 4.90 x 107 [5.93 x 10%3[2.18 x 107
1609 {1000 1.018 > 10°°] 624,64 122.92{1833]1.063 x 10%]5.03 x 10-74]4.96 x 10-37|7.57 x 10-31]6.19 x 10-**| 2,01 x 10% 1.30 x 10%]1.25 x 10%%] 1,04 x 107 12,79 x 10'%] 4.64 x 10-°
931 11200 1.300 x 10%] 555,43 122.9211833[1.196 = 10%]2,75 x 10-15{2.72 x 10~**/4.14 x 10-%%{3 39 x 10-**| 1.09 x 10 1.30 x 105[2.29 x 10%%]5,69 x 10-* 15,11 x 101|253 x 1p-®
2253 [1400 1,561 x 108} 534,95 122.92{1833[1.242 x 10*]1.87 x 10-*%]1.84 x 10-™ (2,81 % 1072* [2.29 x 10°*° | 7.42 x 10-* | 1.30 x 10%]3.37 x 107%/3.86 x 100 [7.54 x 107%| 1,71 % 10-*°
2414 11500 1.684 % 10*%] 515,54 |22.92{1833]1,289 x 10%[5.22 x 10°27]5.15 » 10-29}7.83 x 10-*#16.40 x 10-%*] 2.07 x 10-* | 1.30 x 10°]1.21 x [0°% 1.08 » 10-'%{2.70 x 10%#/4.79 x 10-1!
2816 11750 1.974 x 10*®%1 471.41 122.92]183311.409 x 10%{2.62 x 10-'®]2 50 x 10-%213.94 % 10-9213 93 x y0-**| 1,05 x 10-* { 1.30 x 10%]2,39 x 10*® 5.44 x 10-1215.35 x 10*#| 2,42 x 1¢-1®
321912000 2.239 x 10*°1 432,72 [22.92]1833(1.535 x J0¥[1.71 x 10~**[1,69 x 10-7%/2.58 x 10~?%[2,11 x 10-2%] 6.82 x 10~* | 1.30 x 10%[3.67 x 1077 3.55 x 10-138.20 x 10°7] 1.58 x 10-18
4023 2500 2.708 x 1081 368.36 |22.92]1833{1.803 x 10%]1.36 x 10-*]1.34 x 10-34]2.04 x 10-2*]1.67 x 10-°%] 5.40 x 10-® | 1.30 x 10%|4.63 x 10*®|2.81 x 10-75]1,03 x 108%1.25 x 10-1®
482813000 | 3,109 x JO'} 317.36 |22.921183312.003 x 10%]2.16 x 10-%*]2 14 x 10-%%|3.25 % 10-%°12.66 x 10-7] 8,62 x 10~ | 1,30 x 10%12.90 > 10°1/4.48 x 10-*|6.49 x 10*Y1.99 x 10-1*
5633 13500 3.458 x 10'%| 276.27 122.92]183312.404 x 10°]5.94 x 10-%°]5.86 x 10-**|8.91 x 10-2]7.28 x 10-*| 2.36 x 10-* | 1.30 x 10%[1.06 % 1073 1,23 x 10-7%|2.37 x 107°| 5.45 x 10- 4o
6438 4000 3.762 x 108} 242,66 [22.92]1833]2.737 x 10%2.59 x 10-2#]2.56 x 10-%®|3.90 x 10-7*[3.19 x 10-%¢] 1,03 x 10-1°| 1,30 x 10°]2.43 x 1094/ 5,36 x 10-1%]5.42 x 10%4|2.38 x 10-3*
7242 14500 4.030 x 10'°] 214,84 22,92{1833]3.092 x 10°|1.62 x 10-27]1 .60 x 10-*° X 10°%%12.00 x )0-%1] 6.46 x 10-'2] 1.30 x 10°13.87 x 10%%3.36 x 10-**18.65 x 10%°}1.49 x 10-**
8047 15000 4.267 x 10%°] 191.54 {22,92/183313.468 x 10%[1.41 x 10-58]1.39 x 10-2%]2.12 x 10-3%]1.73 x 10-%%] 5.62 x 10-3] 1.30 x 105/4.46 x 10%%] 2,52 x 10-2%|9.95 x 10%°] 1,30 = 10-38
8851 {5500 4.480 % 10'®| 171,83 |22.92/1833/3.866 x 10%[1.57 x 107%%/1.55 x 10-*%|2.35 x 1073°]1.92 x 10-°%| 6.22 x 10-**{ 1.30 x 10%}4.03 x 10%7]3.23 x 10°?*|B.99 x 10°7} 1.44 x 10-2°

1 millibar (mb} = 10° dynes/cn* = 0.750 om of Hg
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ITI. THE ATMOSPHERE ABOVE THE F, LAYER -
ATMOSPHERIC MODEL III

In atmospheric model I the atmospheric gas was treated as a continuum with no
account taken of the motion of the individual particles, even though at sufficiently
great heights the gas becomes attenuated to a degree comparable to that of the inter-
stellar gas. In this model the degree of diffusion equilibrium was automatically
specified by the assumed law of variation of M with height (Eq.36) and by the value
used for the constant M (see Section II-E). The vertical temperature distribution
was specified by the assumption of thermal equilibrium with the interstellar gas
(at 10,000°K) at the "limit" of the atmosphere, where both gases have the same
pressure.

In model IT it is recognized that above the F2 layer, beginning at some height
hs, the mean free path becomes so large that the atmospheric gas particles begin to
move over paths which are essentially dynamical orbits in a gravitational field, sub-
ject to the dynamical condition of constant angular momentum. Thus, model II is
characterized by the concept of a dynamical orbit region above the height h. where in-
dividual particles are rising and falling over large vertical distances, and where any
particle having a sufficiently high velocity — the escape velocity, Eq.(38) — would
have a probability of escaping from the earth entirely. Using the particle velocity
4.5 x 10% cm/sec mentioned on p.89, it is found that the time of vertical flight of
such a particle in a gravitational field is of the order of 15 minutes. Since this
time interval can be shown to be negligibly small compared with that required for
ionization by solar radiation, it is permissible to assume that the total energy of
each particle remains unchanged during its flight in the dynamical orbit region. It
then follows from the discussion on p. 63 that the atmosphere above the height h, will
be isothermal, will have a Maxwellian velocity distribution, and will have a vertical
density distribution given by the Boltzmann law — Eq.(41). If, in addition, there is
no appreciable increase in the degree of ionization of the atmosphere between the
F, layer and the height hs, it follows that the particles situated above hy will also
be predominantly neutral. In model II no account was taken of diffusion equilibrium
{composition and temperature were assumed constant), and the temperatures used in
establishing the height h, were taken from model I.

In model III an attempt will be made to combine the idea of an 1sothermal
dynamical orbit region — used in model II — with the effects of diffusion equilib-
rium, treating the latter on a more rational basis than was employed for model I.
Further consideration will be given to the temperature above the F, layer and, in
particular, to the temperature 7. of the dynamical orbit region and the height h,
where it may be considered to begin.
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The atmosphere above 300 km has been studied recently by L. Spitzer, Jr, (61)  yho
uses the term "exosphere" to denote the free-flight dynamical orbit region abové the
height h,. Among other things, Spitzer has derived certain theoretical results con-
cerning the height h, and the temperature T., and these results will be used in con-
nection with model III. 1In view of the rather complete lack of information and
theoretical results concerning the temperatures which might exist above the F_ layer
Spitzer's analysis will be presented below in detail (581, : '

ITI-A. THE MAXIMUM TEMPERATURE OF THE
UPPER ATMOSPHERE (EXOSPHERE)

It will be recalled that in model II the highest temperature attained in the
upper atmosphere was the constant value T, at and above the height h,, and that this
temperature was derived from the temperature distribution of model I. Spitzer(®!) has
considered the maximum possible temperature that might be expected throughout the
atmosphere at and above the level h. on the basis of a simplified analysis of the
ionizing absorption of ultra-violet radiation by oxygen atoms and the electron excita-
tion of neutral oxygen atoms. His analysis is based upon a consideration of the oxygen
atom, and in particular upon the fact that the oxygen atom has an excited 1D2 state
corresponding to an excitation potential of 1.96 electron volts (ev) above the ground
state(862), (63)  Thys an electron with more than 1.96 ev of kinetic energy can, by
collision, excite an oxygen atom to the D, state.

That excited states of the oxygen atom are present in the upper atmosphere is
fully attested by the analysis of the spectrum of the light of the night sky(&4). (642)
(e4b), (64¢) Wy the temperature analysis isbased on the excited 'D, state of the oxy-
gen atom rather than on some other excited state of oxygen, or on an excited state
of nitrogen, is explained by Spitzer{®”) in the following remarks:

"Since the overwhelming majority of atoms in the upper atmosphere will be in the
ground level, collisional excitations from the ground level will have thelargest
effect on the temperature. Most excited states have such high energy that no
electrons in the upper atmosphere would be moving fast enough to excite them;
hence it is the lowest excited state, or level, which has the greatest influence.
For example, the lowest excited level of the oxygen atom is the 1D2 state, which
lies 1.96 volts above the ground level. An electron can excite an atom to this
level only if it has an energy greater than 1.96 volts. The existence of this
level reduces the temperature until the number of electrons with energies above
this critical value will be fairly small. The next higher excited level is the
1So level; this level lies 4..17 volts above the ground level and the number of

[52] | The results presented here for the temperature T, of the exosphere are based on a
preliminary analysis which has been revised to some extent in Ref.(61).
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electrons capable of exciting to this state an atom originally in the ground
level will be negligibly small at any temperature which seems likely for the

upper atmosphere.

"Nitrogen atoms should also be considered in this connection, of course. The
first excited state of nitrogen lies 2.37 volts above the ground level. Since
the number of electrons with energies greater than 2.37 volts is much less than
the corresponding number with energies greater than 1.96 volts, nitrogen atoms
will not be so effective in depressing the temperature as oxygen atoms will be.

"Two other mechanisms should also be considered in this connection. The excited
levels of the nitrogen molecule lie considerably closer to the ground level than
do the excited atomic states. If there is any appreciable number of nitrogen
molecules at great heights, these may have an important effect on the tempera-
ture. Also, the oxygen negative ion should be considered. Detachment of an
electron from such an ion, resulting from absorption of a quantum of radiation,
will tend to increase the temperature, while detachment of an electron by
collision with another electron will tend to decrease the temperature. Prelimi-
nary calculations show that neither of these effects can change appreciably the
conclusions reached(®!) on the basis of the neutral oxygen atom."

The analysis is based upon the consideration that the loss in free electron
kinetic energy resulting from the excitation collision process is replenished in
equal amount by the process of photo-ionization. In order to proceed with the analy-
sis, it is necessary to know the collision cross section corresponding to the excita-
tion process. This collision cross section may be expressed as a fraction ¢ of the
geometrical cross section 77d®*/4 of a rigid sphere of diameter d. For this purpose
Spitzer uses the value ¢ = 1/5 based on the results of Hebb and Menzel(®3) for the
OIII ion (i.e., the doubly ionized oxygen atom, O**). The energy density of the
excitation collision process will be proportiocnal to the collision frequency of the
electrons with the oxygen atoms, and to the free electron kinetic energy given up in
the excitational collisions producing the excited !D, state of the oxygen atoms. The
general theory of the motion of electrons in a gas when inelastic (excitation) col-
lisions are possible is very complicated(®%®), and since Spitzer's analysis is intended
only as a rough, first approximation, several simplifying assumptions are used. If
Ei = mevf/2 (v; = electron velocity corresponding to kinetic energy Ei) denotes the
energy level of the excited 1D2 state of the oxygen atom, all electrons with kinetic
energy E greater than Ei (velocity greater than ”i) can, by collision, excite the
atom to the 'D, level. It is therefore necessary, first of all, to estimate the
number of electron-oxygen collisions per cm® per sec for the electrons with velocity
greater than v.. Letting v, ,denote the electron-oxygen collision frequency consid-
ering only the electrons with velocity greater than v, -and assuming a Maxwellian
distribution for both gases, it is found (Ref. 65a, p.92) that

3
2 LAY S Y
Yo :‘\/-7-7—' "e"OSeO (_k;‘> f e eV J2kT dv (64)
v

I
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where

n, = number of free electrons per cm®

n, = number of oxygen atoms per cm?

m, = mass of electron

my = mass of oxygen atom 2
Seo = collision cross section for electron and oxygen atom = ¢ X~
k= Boltzmann’s constant

<
"

electron velocity,

Owing to the small mass of the electron, it is assumed in deriving (64) that the ratio
mg/mo 1s negligible compared to 1, and also that the velocity of the atoms is negli-
gible relative to the electron velocity.

Eq. (64) can be integrated (Ref. 65a, p.92) yielding the result
E.

1 - =5
2 kTN | /e \? kT
Ye0 _-\/7 nenOSeO m, kT, t1 € ’ (64a)

where E; = m v%/2. The term (m_/2kT)? is very small compared to 1 and may be neg-
lected. Using the relation(sfb between the temperature and the average electron
velocity v, the term (2k7'/me)/2 may be replaced by Vi v,/2, and the collision fre-
quency equation becomes

E.

13

T

S € (64b)

VeO = nen0

e0Ve
It is assumed as a rough approximation that every collision of an electron having
kinetic energy greater than E. is an excitation collision, although actually there
exists only a certain probability that these collisions will be excitational(®5¢)., On
the basis of this assumption, each electron-oxygen collision, (64b), represents a loss
E. (= 1.96 electron volts for the D, state) of free electron kinetic energy. Replac-
ing the collision cross section by S,y = 1/5 X 7d®/4, where d is the diameter of the
oxygen atom, and letting P = exp (-Ei/kT)' the total loss in free electron kinetic
energy is 1.96 neq)wdzveP/20 electron volts per cm® per sec. The quantity P may be

written
Ei 5040
- — -1.,968 X T
P=e kT =g = 10-1.969' (65)

where & = 5040/T with T in degrees Kelvin.

For thermodynamic equilibrium the loss in free electron kinetic energy resulting
from the excitational collision précess with the neutral oxygen atoms must be balanced
by a gain in free electron kinetic energy brought about by photo-ionization resulting
from the absorption of ultra-violet solar radiation. The photo-ionization of the
atoms is governed by the photoelectric equation(69)
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1
?mevf = hy - eVi

(66)

1}

where
% m_v? = the kinetic energy with which-the photoelectron is ejected
h = Planck’s constant
v = the frequency of the ionizing radiation
e = the electronic charge
V. = the ionization potential.

Thus the excess kinetic energy of the photoelectron depends upon the frequency of
the photo-ionizing radiation. A knowledge 6f this excess energy is essential for
the analysis. Spitzer obtains an average value of one electron volt for the excess
photoelectron kinetic energy on the basis of the following argument (87),

"Although the excess kinetic energy depends on the frequencies of the photo-
ionizing radiation, the average energy carried off by photoelectrons tends to
be proportional to the temperature of the surface which produces the ionizing
radiation, quite independently of how weak this radiation may be. An analysis
of this effect has been given by Eddingtonf. The color temperature radiation
from the sun at the high frequencies of interest is somewhat uncertain. Radia-
tion from a black body at 5000°K would yield photoelectrons with an average
kinetic energy of about 0.3 of an electron volt. The actual energy will depend
on the detailed slope shown by the curve of radiation intensity as a function
of frequency. On the assumption that the radiation in the ultra-violet corre-
sponds to a higher temperature than in the visible region of the spectrum, one
volt is taken as the average kinetic energy of the photoelectrons. A more precise
estimate would be difficult to obtain, and would depend both on the variation
of the photoelectric absorption of oxygen with increasing frequency, and also
on the detailed radiation from the sun in the ultra-violet!®]. Similar consid-
erations would also apply to the nitrogen atom. If the ionizing radiation from
the sun at the appropriate frequencies corresponds to that of a black body at
about 10,000°K, the excess kinetic energy of the photoelectron will again be
about 1 volt. It should be noted that this excess kinetic energy depends not
upon the absolute intensity of the radiation but upon the variation of this
intensity with frequency. As long as this frequency variation corresponds to
that of a black body at temperature T, the ejected electrons will tend to have
an average kinetic energy corresponding to a kinetic temperature 2/3 T."

1f 1t is the probability of ionization per unit time, the number of photoelectrons
released per cm® per second is M ng; and since each electron is released in the ion-
ization process with a kinetic energy of about 1 electron volt, u n, also gives the
gain in energy per cm® per second. For equilibrium conditions this gain in energy

U Eddington, Sir A.S., The Internal Constitution of the Stars, Cambridge: University Press,
pp.376-377, 1926.

[6] The appropriate equations governing this effect have been given by Spitzer in a paper to
appear in the Astrophys. J., Vol.107.
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from ionization must be balanced by the loss in free electron kinetic energy which
occurs in the excitational collision process with the oxygen atoms. The energy bal-
ance is therefore represented by

7 d? 7 d®

png =1.96 —55 nngr P =1.9 55 nngv, 10-1-986  op
md2 "
101°%7 = 1.96 T35 L %, - (67)

Since 1 electron volt = 1.6 X 107'* ergs, v, has a value of about 6 x 107 cm/sec.
Using d = 2 X 10°% cm for the diameter of the neutral oxygen atom, Eq. (67) may be
written

n

101968 = 7 4 x 10-° ,—f (68)

Since, for steady state conditions, the electron density n, is related to the
recombination coefficient o and the ionization probability w by the equation (Ref, 59,

p.98)
n, y,%
"e:(a) , (69)

the energy balance equation, (68), may be written

%
n
0
980 = -9 | —
101 ®° -7.4x10°(a/_) . (70)

It now remains to evaluate a and . In the absence of any information concerning
these quantities in the atmosphere above the F, layer, Spitzer assumes the values are
approximately the same as in the F, layer. The values of n, and a for the F, layer
as given by Bates and Massey (%®) are:

maximum electron density n_ = 1.0 X 10% per cm® (day), 2.5 X 10® per cm® (night).

recombination coefficient a = 8 x 107! cm®/sec (day), 3 X 107!*® cm®/sec (night).
On the basis of these figures the mean values n, = 6 X 10% per cm® and a = 2 x 10-*°
an®/sec will be used. The corresponding value for yx may be obtained from (69},
pa—. ' (71)
Using 7 = 3 x'10° per cm® for the total number density in the F, layer (i.e., per
latitude 45°, Table 14), and assuming that the comp051t10n in thls layer is 22% O by

mass (corresponding to 33% O and 67% N, by volume), it is found that for the F; layer

0.22 X 3 x 10° x m_x 24
0 m X 16

=1 x 10° per cm?® , (71a)
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where m_ is the mass of an atom of unit atomic weight (m = 1.6489 X 1024 gram) and
where M = 24 is used as the mean molecular weight in the F, layer. On the basis of
the values above it is found from (71) that

36 x 10°

= 2 X 10-10
K 1 x 10°

=7 x 107® per second,

and Eq. (70) becomes 101-069 = 9 ng , OT

- 9878 .
T=0.301 +0.5 log,, ny * X (72)

This i1s the expression which results for the temperature of the isothermal ex-
osphere, or free flight region, when the value d = 2 X 107® cm is used (7],

If the percentage composition by mass is the same at the height of the base of
the exosphere, h,, as in the F, layer — i.e., ng = 0.22 n,, My = 24 — the temperature
T. at the base of the exosphere' is determined by

R 9878 _ 19756
0.5 log,, 0.22 ny + 0,301 1log , ns = 0.056

(73)

T,

Replacing n, in terms of T, by means of relation (79) derived below, this may be written
19756
T, = > , (74)

1 __ Meer 0.056
%10gmd2 RT.

where g+« is the apparent gravity at the height h,. For the purposes of this equation
it 1s assumed that the atmosphere rotates with the earth as asolid out to the distance
r« =a + hy, and therefore that Eq. (11) is applicable. If it should be assumed that

the composition at hs is 100% O (M, = 16), then no = ns and the temperature equation
isl?] '

19756
T, = y R (75)
1 M‘ga +0.602
(o) - . .
10T a2 R T.
("] When d = 3 x 1078 cm is used, Eq. (72) becomes
9878
T=70.653 + 0.5 log ny * (72a)
and Egs. (74) and (75) become respectively
19756 19756
T, = (74a), Te = (75a).

M.g.

M.g. 1
og, ———————
10-\,2 T d2 R"T.

log, ———— " 4+ 0.648
51047 7 & R T,

+ 1.306
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These equations may be solved for T,, provided M, and g« are known. The
apparent gravity g. is a quantity which varies very slowly with altitude and need be
specified only very roughly. For this purpose, advantage may be taken of the results
of model II — Tables 29-33 — which indicate that as far as order of magnitude is
concerned the height h. may be expected to lie somewhere within the limits of 500 and
1000 km. It is also reasonable to suppose that the relative amount of atomic oxygen
present at the base of the exosphere lies between the limits given by 16 $ M. S 24.
On this basis, Table 38 has been prepared to show the possible values of T,. Since
there is some uncertainty concerning the exact value which should be used for d, the
calculation was made for the two valuesd = 2 X ]10"® cmand d = 3 x 10°® cm. No account
is taken here of any possible variation of T, with latitude, although this could have
been done by using the appropriate value for nj in the F, layer at the equator — Eq.
(71a).

It is seen from Table 38 that the value of T4 is fairly insensitive to the rather
wide range of conditions imposed. For this reason an average value T, = 2500°K will
be adopted.

Table 38

POSSIBLE VALUES FOR THE TEMPERATURE T, IN THE EXOSPHERE

g« d
M. em/sec? . cm T.
—
24 840.272™(500 km) 2 X 1078 2581
24 840.272~500 km) 3 X 1078 2457
24 730.655~(1000 km) 2 x 1078 2598
24 730.655~(1000 km) 3 X 1078 2477
16 840.272~(500 km) 2 x10°8 2420
16 840.272~(500 km) 3 x10°8 2311
16 730.655~(1000 km) 2 X 1078 2435
16 730.655~(1000 km) 3 X108 2328

IIT-B. THE HEIGHT OF THE BASE OF THE EXOSPHERE
(DYNAMICAL ORBIT REGION)

The height h. of the base of the exosphere has already been discussed to some
extent in Section II-F in connection with model II. The treatment given there was
slightly ambiguous, inasmuch as the collision probability of a particle escaping to
infinity was not specified as definitely as could be desired. The concept of the
exosphere — or dynamical orbit region — is that there will exist a certain height
h, (actually a transition layer), situated somewhere above the F_ layer, where the
mean free path of neutral gas particles becomes so large and the collision frequency
so small that particles moving upward from this height begin to behave more or less as
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free bodies moving in a gravitational field. A particle moving upward from the height
h, will travel over large distances before it collides with another particle, the
total number of collisions experienced depending upon the starting height hs and the
vertical distance travelled.

The probability of collision P of an atmospheric particle in travelling upward
through a vertical distance L has aiready been discussed in Section II-F, where it was
shown, Eq. (52), that P = 2 ﬂ‘dz_L n dh. The height h, of the base of the exosphere
may be conveniently defined as the height at which the mean free path L of .an upward-
moving gas particle becomes infinite. Thus the height h. is defined by the condition
that the gas particle is certain to undergo a collision (P = 1) only when the mean
free path is infinite (L = ®). Or, stated in a slightly different manner, a particle
moving upward from h. would, if it had sufficient velocity (i.e., the escape velocity),
travel to infinity experiencing only a single collision with another particle. On
this basis, the relation which defines h, isT

1=w/2‘wd2f°°ndh. (76)

he

From the hydrostatic equation {dp/p = - Mg'dh/HuT = - dh/Hl, see (53a)) and the
equation of state (p = nkT), the vertical distribution of the particle density
(number density) above a height h, may be expressed by

n = Ne T e — Ny T e * (77)

where H = kT/mg' = Ru77Mg' is the scale height. Since in model III the region above
h, is considered to be isothermal, T = T, is to be used in the region h > h,. Con:
sider now a particle moving vertically upward from h. out to infinity. As far as the
collision probability of this particle is concerned, this depends only upon the total
number of particles it passes through above h, and not upon how these particles are
distributed in the vertical. Therefore it is not necessary to know the actual dis-
tribution of M (i.e., n) but only the total number of particles N. above h. contained
in a column of unit cross section. The total number of particles N, may be obtained
from the simple concepts of the scale height.

Although the scale height was discussed previously in Section II-F, it is
instructive to examine this quantity from a slightly different point of view. Con-
sider the pressure p, at a given (but arbitrary) height h, in the atmosphere. This
pressure is simply the weight of the total atmosphere above h. contained in a column

of unit cross section, and is therefore expressed by ps« = ﬁ? pog' dh. Suppose now
*

that the actual atmosphere above h, is imagined to be replaced by an equivalent
atmosphere having the constant density px and the constant temperature T., and that
this equivalent atmospheric layer has exactly the correct thickness to give the same

Y The value P = 1 used here is considered the correct value to use in order to define the
height h,. The value P = 1/10 used in connection with model II is somewhat ambiguous and is
unnecessarily small.
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pressure p. as before. Also, as a further property specified in the definition of
the equivalent layer, assume that gravity is constant with the value gi throughout
this layer. Denoting this thickness by the quantity H,, we have the relation

® hy+H, h,tH,
b :f eg'dh :f pxgadh = p*gif dh = pegalls , (77a)
h, h, h,

which defines He. It is evident that the equivalent layer has the properties of an
incompressible fluid and therefore does not satisfy the equation of state. At the
level h,, however, the equation of state p«/ps = RHTQ/M* is still valid and, when
combined with (77a), yields the relation Hs« = R T«/Mxg«. This gives the thickness
of the equivalent isothermal incompressible (i.e., homogeneous) layer and is called
the scale height. Since, in deriving relation (77a), there werenorestrictions
concerning the amount of dissociation or of diffusion equilibrium which might be
present above h, in the actual atmosphere, the value of the scale height is unaffected
by the presence of these processes. Since p = p, is constant in the homogeneous
layer, it follows from (18) that neither n nor M are necessarily constant in this
layer, but only that the product Mn = constant = M.n,. It does not appear that this
concept of the scale height, (77a), is capable of yielding any information concerning
the value of N..

Suppose now that the actual atmosphere above h, is imagined to be replaced by a
second hypothetical atmosphere having the same mass and therefore giving the same
pressure p, as the actual atmosphere, but for which the temperature, composition, and
gravity are assumed constant, with the values T,, M., and g respectively. Unlike
the first case, in which that atmosphere above h, was considered as an incompressible
fluid, in this second case the atmosphere behaves as a gas (is compressible) and
obeys the equation of state. Theoretically, this atmosphere will extend to infinity.
It is evident that even though diffusion equilibrium may exist in the actual atmos-
phere, this second hypothetical atmosphere will give the correct value for the total
number of particles N, provided no dissociation occurs above h,[8]l. It is also
evident that the scale height has the same value as before —i.e., H = Hy = RUTk/M*gQ.
Using this value for fl, the number density equation, (77), becomes simply

(h - h,)
n =n«e H, . (78)

The total number of particles N, is therefore obtained by the integration

@® RuT*
N« :f ndh = nH, = n, Mgl ° (78a)
h

*

(8] The simple procedure used here for obtaining ¥, is valid, since, in model III, all
dissociation processes which occur are assumed to have taken place below h,. In particular,
all dissociation is assumed to take place below the level of diffusion equilibrium, h, — see
Section III-D. If dissociation should be present at levels above h,, it is evident that
it would not be possible to replace the atmosphere above h, by an equivalent (same mass)
atmosphere of constant composition M, and still obtain the correct value for ¥,. Since .
dissociation requires that H change with height, in order to calculate the correct value
of N, in this case it would be necessary to have information concerning the variation of
H with height.
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In this second concept H. 1s simply interpreted, (78), as the increase in height
necessary for n to decrease to l/e of its value at n,. (Also, see Chapman, Ref. 15,

pp. 489-492.)
Using the result contained in (78a), it follows from (76) that

1 M.g'c

= = . 9
2 m d? H. ‘\@-wd"RuT* (79

ny

This is essentially the equation which defines the height h. of the base of the

exosphere.

The height h, may now be obtained by applying Eq.(77) between the level h  (the
height of the F, layer) and the level hs« (the height of the base of the exosphere).
In this interval it will be assumed that the temperature variation is linear, such
that T = T  + a(h - ho), where a = (Ts - T&)/(h.; - ho). Since in model IIT the atmos-
phere will be treated on the basis that complete diffusion equilibrium exists beginning
at about 100 km above the F, layer, it follows that the molecular weight M, will
be less than M . For the purpose of determining h, it will be assumed that the
variation of M may be approximated by the linear relation M =M, - 8 (h - h ), where

B = (M, - Ma)/(he - hy)-

It follows from Eq. (77) that

N Mg _ T g’ "My = B(h ~ hy)
n*—_\/_ 2R T —no—Q exp —| — dh
2 7 T, T, R,J, Ty +ath-hy)
_ To g M, - B(r - ‘o d
=n_— exp ~-|—
° T P Ru . To - a(r - ro) " (80)
where r = a + A, and g' = g (a/r)® - r 0% cos 6 is the apparent gravity. In compari-

son with the uncertainty involved in the molecular weight and temperature, the
variation in gravity may be neglected in the interval (h. - h,) and it is sufficiently

accurate here to use a mean value Z'. Performing the integration, Eq.(80) may be
written
Mgl T z | Y
n —_— - — - — — — ~—
T VT dz R T, "o . &P R | @ log la(re = ry) + T} ~ log T,
re =1, T, To
-B\—F - ; log [afrs - o)+ To] + ; log T, . (81)
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Inserting a = (Ts — T,)/(rs = r,) and B= (M, M)/(re =1,), this gives the relation

Mgl _ TO z ; <Y‘* - ro) . T.
- Y .. .. - n exp < - —_ og —
~NZnd2RT., o1 S0 YR |Te\m -1 /)% 1
=% © o (82)
- | 4" - — .
T. - T \[" © T -T, &1

The height h. of the exosphere (hs« = ry -a) is found by numerical solution of
this equation for r., using T = 2500°K and the following values for the Fz layer:

Latitude 0°: h

. = 400 km, T, = 1800°K, M_ = 24, a = 6378.4 knm
Latitude 45°: h

300 km, T, = 1100°K, M_ = 24.35, a = 6367.5 km

(o]

Although the exact value of M« is as yet unknown (since this depends upon the results
of a diffusion equilibrium calculation), it appears safe to assume that the composi-
tion must lie between the limits 24 > M, > 12. The particle diameter d may likewise
be taken to lie within the limits 2 X 107® em < d <3 X10°® cm. On the basis of
these limits, a range of values for hi is obtained as shown in Table 39. From these
results i1t is believed satisfactory to adopt the average values h, = 750 km at lat.
0°, and hy = 650 km at lat. 45°. These values are not greatly different from those
obtained for model II.

Table 39

POSSIBLE VALUES FOR THE HEIGHT h, OF THE BASE OF THE EXOSPHERE
(Calculated From Eq.{(82))

Latitude, Molecular Particle Calculated
Weight, Diameter, Height,
o M, d h,

0° 24 2 %X 1078 cm 614 km
0° 24 3%X10°% cm 691 km
0° 16 2 X 1078 cm 617 km
0° 16 3%X10°% cm 682 km
0° 12 2 %X 1078 cm 790 km
0° 12 3 %X 1078 cm 900 km
45° 24.35 2 X 1079 cm 517 km
45° 24.35 3X10°% em 576 km
45° 16 * 2 %1078 cm 514 km
45° 16 - 3% 1078 cm 565 km
45° 12 2 X 1078 cm 685 km
45° 12 3 X 10°% cm 772 km
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ITII-C. DIFFUSION EQUILIBRIUM

It seems reasonable to suppose that at sufficiently great heights above the
earth’s surface, the processes, such as convection and turbulence, which cause mixing
of the atmosphere (and therefore constant composition) will become inoperative, and
that the constituent gases of the atmosphere will then become distributed in the
vertical according to their molecular weights, with a greater concentration of heavy
gases below and of light gases above. Thus, when the particle densities of the gases
are distributed in the vertical in such a way that each constituent is in gravity
equilibrium with its own partial pressure (Dalton’s law) at all heights above a
certain lower level, the atmosphere above this level is said to be in diffusion
equilibrium. The minimum height above which this state of affairs exists will be
referred to as the level of diffusion equilibrium.

An analysis of the diffusion or settling-out process in an atmospheric gas
mixture has been given by Maris(®®’ and Epstein‘7®). Calculations of the composition
of the upper atmosphere at various heights on the basis of diffusion equilibrium
have been made by Chapman and Milne™") (1920), and by Maris(®®’ (1928-1929). Chapman
and Milne assumed that diffusion equilibrium would exist beginning in the strato-
sphere at heights of the order of 20 to 50 km; and, since their analysis was made
before the high ionosphere temperatures were known, they assumed the remainder of the
upper atmosphere above 50 km to be at the constant low temperature 219°C (492%).
Maris concluded that diffusion equilibrium must exist above 100 km and assumed that
the temperature of the upper atmosphere never exceeds 360°C (633°K). In view of the
high ionosphere temperatures which are now believed to exist above 100 km, the
results of these two investigations are no longer applicable, and it is therefore
necessary to consider anew the effects of diffusion equilibrium on the basis of the
ionosphere temperatures which have been presented.

For this purpose advantage may be taken of the results of Mitra and Rakshit (39
(1938) who — realizing the implications of the high ionosphere temperatures in this
connection — investigated diffusion equilibrium in the upper atmosphere on the basis
of the high F region temperatures. They assumed in their calculations a temperature
of 300°K at 100 km, increasing linearly to 1100°K at 300 km — the same temperature
distribution as used in the present study for the atmosphere at lat. 45° (Fig. 7).
Since the results of their calculations show that complete diffusion equilibrium will
certainly exist above 400 km at lat. 45°, this figure will be adopted as the height
of the diffusion equilibrium level at lat. 45°. Similar results are not available
corresponding to the vertical temperature distribution used at the equator (Fig. 5),
and in view of the fact that these temperatures are higher than those at lat. 45°
500 km will be adopted as the height of the diffusion equilibrium level at lat. 0°

I1I-D. DENSITY CALCULATION FOR THE REGION BETWEEN THE
F, LAYER AND THE LEVEL OF DIFFUSION EQUILIBRIUM

In order to carry out the calculation of the vertical distribution of density
above the F layer, the atmosphere above this level must be treated as three separate
regions — “the region between the F, layer and the level of diffusion equilibrium,
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the region between the level of diffusion equilibrium and the base of the exosphere
and the region of the isothermal exosphere extending outward into space. As pointed
out above — Section III-B — the temperature is assumed to increase linearly
between the Fz layer at distance T, from the center of the earth (r. = a + h ) and
the base of the exosphere at distance rv (rv = a + hs). The temperatgre at an;nlevel
r in the region R S re is determined by

T=T7 +a(r-r),
(83)
L
= - A

At the equator, a = 2 X 1075 °K/cm; at lat. 45°, a = 4 X 1075 °K/cm. If the sub-
script d is used to denote the level of diffusion equilibrium, then since rq is less
than r« it follows that (83) also gives the temperature distribution in the first
region to be considered — r_ 2 r 2 r . Consideration must next be given to the
distribution of the mean molecular weight ¥ in this region.

Recent observational evidence from ionospheric radio reflections in the trop-
ics(72), together with theoretical considerations of physical processes in the upper
atmosphere, strongly suggest the existence, above the F, layer, of an additional
ionized layer called the G layer, which is situated at heights of the order. of 400
to 700 km(7®_ The existence of a G layer is interpreted as indicating that the
nitrogen must be dissociated at these levels, since otherwise the number density
would not be great enough to produce, by ionization, a sufficiently large electron
density to account for the reflection of radio waves. In the absence of any further,
more precise, information concerning the dissociation of nitrogen, it seems permis-
sible — and is at the same time convenient — to assume, as an average condition,
that complete dissociation of nitrogen exists beginning at the level of diffusion
equilibrium. Accordingly, all nitrogen will be assumed to exist in the atomic state
beginning at the height hd' and the composition at this level will be that correspond-
ing to complete dissociation of a mixture originally composed of O, and N, in the
proportions shown at 83 km in Tables 7 and 8. We thus have the following conditions
upon which the calculations will be based:

Latitude, 0°

F; layer: ho = 400 km, composition = 33% O + 67% N, by volume, M = 24.00, 7})=I800°K
500 km, composition = 20% O + 80% N by volume,
14.40, T, = 2000°

Level of diffusion equilibrium: h
M

d
Latitude, 45°

F2 layer: ho = 300 km, composipjon = 30.5% O + 69.5% N, by volume, Mb = 24,35,
o = 1100°K
Level of diffusion equilibrium: hd =400 km, composition = 20% O + 80% N by volume,
M, =14.40, T, = 1500°K
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Although the composition at 83 km at lat. 45° — 30.5% O + 69.5% N , — would lead
to the value Md 14.33 (for 18% O + 82% N), it will be noted that the value M,
14.40 (20% O + 80% N) has been used instead. This has but negligible effect on t:he
calculations and allows the convenience of having the same composition at the dif-
fusion level at both latitudes.

Between the heights h  and h, a linear variation of the molecular weight will be
assumed, as given by the relation

_ Mo - Md <

—,B(r-ro)andﬂ—rd_ro,forro=r=rd. (84)

At the equator, 8 = 9.60 x 107 1/cm; at lat. 45°, 8 = 9.95 X 10~7 1/em. From Eqgs.(9)
. . < < . . 9]
and (10) the pressure p in the region r, =T 21, 1s given by

p _ 1 Mg
log';,;--rf—f dr .
r

o

[e] Introducing (83) and (84) and the relation (11) for g’, the pressure equation may be

written
2
1 r(M - Br} I:ga(%) 12 cos B:I
Tf T +a(r-r,) 4
o

(Mo + ,Bro) rEa (%)2 - 2 cosZ 6]
- R, f T,
r

log

& o

v (r-1) dr . (84a)

The second integral has already been evaluated and is given as Eq.(14b). The first integration
is readily carried out yielding

\ f’(u - ) [6.(8)" - 12 cose]
"R

dr
T va (o7
r
(4]
! eef P e )] T ra-g)
=" Ru [Moa + B (To - aro )] (To - a.ro)2 + a3 log 7;
2 B 2
g,2 r, 2 cos’® Mogaa
- p— )2 log T - ) (ry - ro) + (r, - ro) _ror.(,’; _aro)
£ o 2 +r ) (84b)
t Ia cos (r, r .

By combining (14b) and (84b) it is therefore possible to calculate log p/p exactly, for
the case with ¥, T, and g’ variable. However, these expressions are so involVed that it is
preferable to use small intervals with the simpler expression (86).
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As in model II, it is assumed that the atmosphere rotates with the earth as a solid up
Fo the base of the exosphere. Introducing (83) and (84), and assuming that the
Integration will be carried out step-wise for individual intervals Ar =r., - r,
which are sufficiently small that an average value g' may be used in each i#ttervall
the formula used for calculating the pressure becomes ' ,

ri+1

pi+1 _ é_l,, [Ml e ﬁ(r - r,:)]

P = exp ~ Ru [7} + a(r - ri)] dr|. (85)
r.

1 4

Performing the integration — see (81) — this gives the pressure formula

pi+1 _ E: Mi
p, P YR, | o los la(riy, )+ 1 - log T,
r. -r. T. T.
141 1 1 1
B\ — - _az log [a(ri“ -r)+T] +-a; log T; . (86)

Having the pressure, temperature, and mean molecular weight, the density is calculated
as usual from the equation of state, Eq.(16).

IIT-E. DENSITY CALCULATION FOR THE REGION BETWEEN
THE LEVEL OF DIFFUSION EQUILIBRIUM AND THE
BASE OF THE EXOSPHERE

Above the level hd of diffusion equilibrium the gases begin to separate according
to their individual molecular weights, and it is necessary to determine the density
distribution separatély_for each constituent gas. Let the subscript x denotea
constituent gas. According to Dalton’s law of partial pressures, each constituent
x of the mixture behaves as though it alone were present, and we have

R
dp, == p,8'dr , p_=p, ]fi T , and
x
px Mx rg'
= expl- dr (87)
Prd P Ruf T
"d
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Making use of the equation of state and introducing g’ = g, (a/r)? - r Q2 cos*d and
T=T, +a(r -r,;), Eq.(87) yields the density relation

Td gaa2 (B cos 49 ]

o wf
Peg Tyta(r-r;) PTR (r=ry) rrg(Ty —ary) ~ a

ag,a? (T, - ar;)(® cos*O T, o
- + l -
T --ard)2 a? °8 Ty +al(r - rq) (Td - cv.rd)2 €

r
a® 10g‘,3 , (88)

see Eq.(14b). This formula is used to calculate the partial densities from h; up to
the level of the base of the exosphere h,. It is noted that since there are no
approximations involved in this equation, it is not necessary to carry out the cal-
culations step-wise by means of small height intervals.

Since the lighter gases become important in the diffusion equilibrium region
above h,, it is necessary in this region to consider hydrogen and helium as possible
constituents of the atmosphere. No attempt will be made here to enter into a discus-
sion of the controversial question regarding the existence of hydrogen and helium in
the upper atmosphere(!8)s(46),(74),(78) = Sipce the existence of these elements has
not been disproved, it will be assumed that hydrogen and helium are present and that
at the level h) of diffusion equilibrium the relative amounts present are approximately
the same as in the troposphere (Table 6, p.16). Since all oxygen is dissociated at the
level hd' and since hydrogen has a lower dissociation potential than oxygen, it is not
considered unreasonable to expect that all hydrogen will be dissociated at and above
h;, and it will be assumed that this is the case. The composition used at the level
h, for starting the calculations in the diffusion equilibrium region is given in Table
40t. The percentages of helium and especially of hydrogen are not exactly the same as
those given in Table 6, but have been rounded off to an even number. In view of the
order of accuracy of the analysis as a whole, this approximation seems entirely jus-
tified. Other atmospheric constituents which occur in the troposphere, such as
Ar, CO,, and H,0 are probably relatively unimportant in this region of the atmosphere
and have been neglected.

Knowing the total density g; at the level h; (from the calculations of Section
ITI-D), the partial densities p, ; at this level are determined from the relation

= Red ™xd = de Pg » (89)

Pyd

T For Tables 40 through 45 see pages 125 through 130.
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w?ez; n_ 4 is Fhe partial number density gnd C;d is the percentage composition by mass
o e constituent x at the level of diffusion equilibrium (h = h;). Using these
values of p_, (Table 40), the partial gas densities in the region from h, to h, are
calculated according to Eq.(88). The total gas density p at any level is obtained
as the sum of the partial densities, p = 2 p,. The mean molecular weight M is de-
termined from the relation['°] (Ref.(71), p.365)

M= —l (90)

R
and the total pressure is then obtained from the equation of state, p = p‘M;'T. The
percentage composition by mass, C_, is determined by the ratios C, = p,/p. Since
P, =mn_=pC , the partial number densities may be calculated from the relation

_ A PG
x Mm ™ Mmnm
1 x 1

(91)

n
x

where m_ is the mass of unit atomic weight (m = 1.6489 X 10%% gram). On the basis
of the calculations described, the conditions obtaining at the base of the exosphere
h, are as shown in Table 41.

IITI-F. DENSITY CALCULATION FOR THE EXOSPHERE

In the free-flight region, or exosphere, above h, it is no longer permissible to
assume that the atmospheric particles rotate with the earth as a solid, and in this
region, since the particles move in individual orbits, their motion will be governed
by the condition of constant angular momentum as described in Section II-F. Since
this condition requires that w = (r/r)3Q, Eq.(61), the expression for the apparent
gravity becomes

2 . a 2 rtle <
g = g, (%) - rw?® cos@ = g, (7) - *r" cos“O * (92)

[30] This may be shown as follows: The mean molecular weight ¥ is defined by ¥ = p/nm_,
where p is total density, n is total number density, and m is the mass of a particle of
unit atomic weight - see Eq.(18). This may also be writtep M =.p/u12nx. ‘Eq.(IB) al§o
holds for the partial densities and we have n_ = px/mlMx. Using this expression for n_, it
follows that

L]

1
M= = = = T
EERINND ST SR Yo

x x
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Owing to the isothermal property of the exosphere, the density formula becomes
relatively simple. Thus for the exosphere where T = T+ = const., the variation
in density is given by

ro . )

P M a\2 a2 :

5T ew 'F?—lf l:ga (7) -= 00519] dr o, or (93)
u

pz Mx. da L™ ]_ I"_2 o
i I Sl [ga T (1 - )= 5rae (1 —:) cost O] >. (94)

The total density, mean molecular weight, and total pressure are calculated as
explained in Section III-E.

The basic characteristics of atmospheric model III together with the methods
employed in its calculation have now been completely described. The results of the
calculations are given in Tables 42-45. The vertical distribution of the density
ratio 0 from the F, layer-up to 1000 miles is plotted in Figs.33-36%. The correspond-
ing vertical temperature distribution is shown in Figs.37 and 38.

IV. CONCLUSIONS

Three different atmospheric models have been treated, which, while exactly the
same below the F, layer, have different properties and characteristics above this
level.

As far as the atmosphere below the F, layer is concerned, the results derived
here up to 120 km may be compared with those given by Warfield(*?®) — both studies
were carried out independently and appeared at about the same time. To make this
comparison, a plot of the density ratio and the mean molecular weight used (for
lat. 45°) is shown in Figs. 39 and 40. Both calculations were based upon exactly the
same vertical distribution of temperature, Table 3 and Fig. 3. It is seen fromFig.
39 that the density distribution is practically the same for both calculations, par-
ticularly up to about 80 km, where the dissociation of oxygen begins to take place.
The slight differences shown are due mainly to the differences in the values used for
the vertical distribution of composition (Fig. 40) and possibly, to some extent, to
differences in the manner in which gravity has been treated.

t For Figs.33 through 44 see pages 131 through 142.
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.Above the F; layer a comparison may be made between the three atmospheric models
cons1der?d here by using, for example, the values derived for lat. 45° these are
plotted in Fig. 41 (temperature), Fig. 42 (composition), and Fig. 43 (den;ity ratio)
Above 1000 km there is little doubt that model II, based on constant M, gives value;
for densigy which are much too low, and either model T or model IIT 1s much to be
pr?ferred 1n this region. Except for the uncertainties in the determination of Ty —
yhlch could have a considerable effect if the value used for Ta« is much too high — it
1s believed that model IIT is the most acceptable of the three models considered.

An outstanding feature of Fig. 42 is the large vertical distance above h, over
which the composition for model III remains practically constant. This is the result
of the fact that the atomic weights of nitrogen and oxygen are nearly equal and the
circumstance that the atmosphere is composed almost entirely of these two elements at
the level h,. It is only above 3000 km that the presence of helium and hydrogen
begins to have any appreciable effect in determining the composition. Above 10,000
km atomic hydrogen is the predominant element, and the composition again remains
constant.

It was pointed out in connection with model I (Section II-E) that the vertical
distribution of density obtained did not seem to be much affected by the particular
value — 0.5, 7.0, 14.0 — used for Mi. This result is shown in Fig. 44, where it is
seen that the three curves lie very close together. It is on the basis of this result
that it is considered satisfactory to use adopted values for model I, as calculated
for the single average value M, = 7.0.

In view of the concepts leading to models I, II, and III, it appears unlikely
that it would be necessary to consider as a possibility the condition dT/dh < 0 at
any level above the F2 layer. That is, the temperature above the F2 layer may be
expected to increase or at least to reach an isothermal condition, but not to decrease.
However, it is realized that the atmosphere has been considered herein from a rather
broad point of view, and it has not been possible in the time available to analyze
all the various implications of the concepts used. In particular, the extremely high
temperatures associated with model I, and even the considerably lower temperatures
associated with the exosphere of models II and III, might imply such a large amount
of escape of the atmospheric gas particles that the possibility of the occurrence of
such high temperatures would have to be abandoned. In this connection the following
remarks by Spitzer(®7) are of particular interest.

"It is difficult to reconcile the high temperatures found for the upper atmos-
phere of the earth with what is known about the atmosphere of Mars. It is well
established that Mars has a considerable atmosphere, and Kuiper (Yerkes Observa-
tory) has shown recently from infrared spectra that this atmosphere contains
about as much carbon dioxide as does that of the earth. On the other hand, it
is also well established that the velocity of escape from Mars is about % the
velocity of escape from the earth. Since theoretical analysis shows that the
shape of the radiation intensity-frequency curve is more important than the
absolute intensity of the radiation, one would suppose that the temperature of
the upper atmosphere of Mars would be about the same as for the earth. At such
a high temperature the carbon and oxygen atoms would have left Mars long ago, in
contradiction to the observed presence of these elements. The answer to this
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dilemma is certainly not clear, since the various lines of evidence pointing to
a high temperature for the upper atmosphere of the earth seem rather strong
However, one cannot wholly exclude the possibility that the temperature of the
earth’s upper atmosphere may be considerably less than that which we have been
led to assume.”

Although the implications of the high temperature as regards the escape of
atmosphere present a problem of very real concern and one which must certainly be
investigated, it must be pointed out again — as mentioned in Section II-B in connec-
tion with model I — that the escape process is greatly hindered by the presence of
the earth’s magnetic field if the gas is more or less completely ionized. Thus it
appears that the escape process cannot be adequately discussed until more is known
concerning the degree of ionization of the upper atmosphere above the F, layer. Model
I, for example, although having a very high temperature at its limit, was assumed to
be completely ionized there. Models II and ITI, on the other hand, although having a
lower temperature, were assumed to consist mainly of neutral particles,

It was pointed out in Section I-A that the temperature (or more exactly, the
quantity T/M in the F region may be deduced in two different ways from radio wave
measurements: (1) by evaluating the scale height H in the reflecting layer from
measurements of virtual height vs. reflected frequency, and (2) by evaluating the
electron collision frequency v, in the reflecting layer from measurements of change
in amplitude*of the reflected wave. Although the presence of high kinetic tempera-
tures in the F region seems to be fairly well established, it would be extremely
valuable — and of fundamental importance — tohave further theoretical investigations
of the relation between the radio wave properties of the ionized layers and the
quantities H and v_. Since it is the ratio T/M only which is determined by these
methods — Eqs. (13 and (2) — the determination of the temperature itself is no
more accurate than the value M used for the composition, which must be known or
determined by independent means. Thus, there i1s a great need for more accurate
information concerning the composition of the F region, and, in particular, the
level at which the dissociation of nitrogen begins and the level at which the dis-
sociation becomes complete.

Also, as pointed out in footnote [3], it would be a valuable contribution to the
knowledge of the upper atmosphere if the extensive world-wide ionosphere data were
analyzed and a deduction made of the corresponding temperature-height relationships
These results could then be analyzed to determine mean values for the diurnal, sea-
sonal, and geographical variations in the height and temperature of the ionized
layers. Work along these lines — based on the CRPL data published by the Na-
tional Bureau of Standards — has been initiated at RAND. This will give, for
example, information concerning the temperature characteristics of the polar atmos-
phere, information which is entirely lacking at present. It should also give values
for the temperature of the ionosphere in the equatorial region which are more accurate
than those which have been used here.

In conclusion, it may be pointed out that the results which have been presented
here, especially those pertaining to the region above the F; layer, must be considered
in the nature of a first attempt at the deduction of the vertical distribution of
density up to extreme altitudes. It is to be expected that these values will have
to be changed, more or less, as more theoretical results and experimental data become

available.
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Table 40

COMPOSITION ASSUMED AT THE BEGINNING OF THE REGION
OF DIFFUSION EQUILIBRIUM, h = h,

3

Lat. 0°: h, = 500 km Lat. 45% A, = 400 km
= 310.7 mi = 248.5 mi
Py = 6.500 X 10715 gr/cm® Py = 1.120 X 1071% gr/cm?

= 1,262 X 10714 slug/ft?® = 2,174 %X 107 slyg/fe?®
Element O N He H
% composition by volume 19.9994 80. 0000 5 X 1074 1% 104
% composition by mass, C_, 22.221- 77.778~ 1.39 X 1074 6.0 X 1078
Lat. 0% partial density p_,, gr/cm? 1.444 x 10710 5.056 X 1078 | 9.035x 10" 21 3.90 x 10722
Lat. 0°: partial density 0_,, slug/ft? 2.804 X 10715 9,817 x 10°1° 1.754 % 10729 7.57 %1922
Lat. 45°: partial density o_,, gr/cm® 2.48% X 10713 8.960 x 10718 1.557 x 1029 6.72% 10722
Lat. 45°: partial density p_,, slug/ft? 4.833 X 1071° 1.740 X 107 | 3.023%107%° 1.30 10721
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Table 41

CONDITIONS AT THE BASE OF THE EXOSPHERE, k = h,

LATITUDE 0°

frd

ft?

h, = 750 km, T, © 2500°K, Py = 1.57 X 1079 mb, Py T 1.083 X 1078 gr/em®, n, = 4.58 X 107
cm
1
= 466.0 mi = 4500°R T 3.28 X 107° lb/fe? = 2,103 X 10730 glug/fe? =1.30 X 10 *® —
Element 3] N He H
Molecular weight 16.000 14.000 4. 000 1.608
Partial density p_, gr/cm® 2.022 X 10718 8.805 X 19718 | 4,675 X 10721 2.796 X 10722
Partial density p, slug/ft® 3.926 X 10°1@ 1.710 X 10°18 9.078 X 10°*1 5.429 X 10°%2
% composition by mass, C_, 18.68 81. 32 4.32 X 10°* 2.58 X 10°°
LATITUDE 45°
1
he & 650 km, Te = 2500, ps = 1.53 X 1078 mb, Pe T 1.055 X 10715 gr/cm®, ne = 4.46 X 107 ——
cm
- - ) 1
= 403.9 mi = 4500°R * 3,20 X 1078 1b/ft2 T 2,049 X 10718 slug/fed = 1.26 X 1012 —
Element 0O N He H
Molecular weight 16.000 14. 000 4.000 1.008
Partial demsity p.. gr/cm? 1.908 X 19718 8.636 % 10718 5.639 x 10-2! 3.542 X 10722
¥
Partial density o, 1b/ft? 3.705 x 10°16 1.677 X 10718 | 1.095 X 10~ %° 6.878 X 10722
3
% composition by mass CI. 18.10 81.90 5.35 X 10”4 3.36 X 10°°
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Table 42
ATMOSPHERIC MODEL III - VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE F, LAYER

Latitude 0°. Engineering Units. P, = 2115 1b/ft?, p = 2.286 x 10°? slug/ft?

d=2x10"% em d=3%x10°% em
Height ‘Appntent. Terp ’7 Percentage Composition by Mass Mean Scale Pressure Pressure Density Density Number  |Mean Parti-[ Mean Free [MeanColli- | Mean Free |Mean z‘o i-
h Gnv‘ny T _ C, Mol We| Height Ratio Ratio Density cle Speed Path sion Freq Path sion Freq
g Atomic Atomic Atomic Avomic H P P o n v L v L v
mi fr ft/sec?| R Oxygen Nitrogen Helium Hydrogen M ft 1b/ft® p/p, slugs/ fr? p/p¢ particles/ft?| ft/sec fr 1/sec fr 1/sec
248.5(1.312 x 10%| 28.393 | 3240| 33% 0 615 N, .- - 24.00[2.364 x 10%14.33 x 10-7 (2,04 x 10~'°|6.43 x 10-14[2.82 x 10-7* 2.37 x 10'%[4.13 x 102(2,21 x 10¢ |1.87 x 10-1[9.81 x 10° [4.22 x 1¢-?
264.1]1.394 x 10%| 28.183 | 3330 - - .- -- 21.60(2.720 x 10°(3.12 x 10=7 (1.47 x 10-'°(4,08 x 10~14{1.79 x 10~ '*| 1.67 x 10*%| 4,43 x 10°(3.14 x 10% |1,4]1 x 10-! 1.39 x 10* |3.17 x 10-*
279.6[1.476 x 10%| 27.976 | 3420 - -- - .- 19.20(3.166 x 10%]2.36 x 10°7_[1.11 x 10~°|2.66 x 10"'4|1,17 % 10~''| 1.23 x 10'®|4.76 x 10%|4.26 x 10¢ |1.11 x 10-* 1.89 x 10* |2.51 x 10-*
295.111.558 x 10%{ 27.771 [ 3510 -- - - -- 16.80 3.740 x 10%71.86 x 107 18.77 x 107'1]1,79 x 10-14]7.85 x 10" "®] 9.43 x 10™%5.15 x 10°]5.58 x 10* |9.24 x 10-2{2.47 % 10° [2.08 x 10T
310.7|1.640 x 108| 27.568 | 3600(22.21 71.718 1.39 x 10741 6.00 x 107%/14.40(4.509 * 10%|1.57 x 10°7 |7.41 x 10-%1,26 x 10~'4|5.54 x 10~'2| 7.76 x 10!3|5,64 x 10%(6.76 x 10* [8.32 x 10-2]{3.00 x 10* 1.88 x 10-*
326.2|1.722 x 108! 27.367 | 3690]21.79 78.21 1.58 x 10-4| 7.09 x 10-*|14.394.659 x 10°1.31 x 10-7 |6.20 x 10-**[1.03 x 10~14|4.51 x 10-22| 6.31 x 103[5.7) x 10°|8.30 x 104 |6.87 x 10-3|3.67 x 104 |1.55 x 10-*
341.8(1.804 x 10°| 27.169 | 3780 [21.41 78.59 1.80 x 10-¢] 8,34 x 107%|14.38(4.810 % 105[1.10 x 10-7 [5.20 x 1071¥[8.43 x 10°8[3.69 x 10-**] 5.18 = 1079]5,77 x 10°|1.01 x 10® |5.70 X 10-7[4.49 % 10* |1.29 x 16-T
108 26.972 | 3870(20.99 79.01 2,03 » 107*( 9.75 x 1079{14.38 [4.961 x 10%(9.32 x 10~® 4.40 x 10"116.97 x 10~18/3,05 x 10-12{ 4.28 x 101%)5.84 x 10°]1.22 x 108 [4.77 x 10-2]5.41 x 10¢ 1.08 x 10°*
10%) 26.778 @20.62 79.38 2.28 x 10°*] 1.13 x 10"%]14.3715.118 x 10°%|7.92 x 10~ |3.74 x 10~!]5.79 x 10°18|2.53 x 10-*2| 3.57 x 10'#|5.91 x 10%|1.47 x 10® [4.01 x 10-2 6.53 x 10* |9.04 x 10°3
10°%| 26.590 | 4050 [20.26 79.74 2.56 % 107¢| 1.21 x 107%[14.36{5.272 x 10%6.76 x 10-% {3.20 x 10-7%4.83 x 10~*8[2.11 x 10-22| 2.97 x 10'%[5,97 x 10%[1.77 x 10° [3.39 x 10-2{7.81 x 10° 7.64 x 10-2
¢ 10%| 26.396 | 4140(19.92 80.08 2.86 x 1074] 1.53 % 107%/14.36(5.433 x 105/5.80 x 10-° {2.74 x 10°2?[4,06 x 10°18|1.77 x 10~17( 2.49 x 102|6.04 x 10°2.10 x 10° |2.88 x 10-2{9.32 x 10¢ |£.49 x 1o-*
10%| 26.208 | 4230(19.59 80.41 3.18 x 10°¢[ 1.7. 5.590 x 10%[5.00 x M .36 x 10-113.42 x 10°18/1,50 x 10~12/ 2,10 x 10%/6.10 x 10%/2.49 x 10® [2.45 x 10-2/1.11 x 10% |5.53 x 10-2
10°%| 26.012 | 4320[19.27 80.73 3.53 % 10°4| 1.9 5.758 x 10%/4.33 x 107* [2.04 x 10°**|2.89 x 10~15{1.27 x 10-*%| 1,78 x 1029[6.17 x 107(2.94 x 10® |2.10 x 10-2]1.30 x 10® [4.74 x 10
10%] 25.838 | 4410(18.95 81.05 3.94 % 10741 2,29 x 10°%114.34(5.919 x 10%3.72 x 10=® |1.76 x 10~1!]2.45 x 10"1°{1,07 x 10~12| 1.50 x 10*2|6,23 x 102|3,48 x 10% [1.79 x 10~%{1.54 x 10® |4.04 x 10-2
10°] 25.656 | 4500]18.68 81.32 4.32 x 1074[ 2.58 x 107%|14.33]6.083 x 10%3.28 x 10-* |1.55 x 10-'}|2.10 x 10-*¢(9.21 x 10-29] 1.30 x 102|6.30 x 102 |4.04 x 10* |1.56 x 10-2|1.79 x 108 [3.52 x 10-3
10%] 25.300 | 4500[18.12 81.88 5.24 x 10741 3,31 x 10"5[14.32[6.174 x 10° 1.18 x 10-**[1.61 x 10~%5[7.04 x 10-**] 9.91 x 1077[4.30 x 103]5.28 x 10° [1.20 x 10-?]2.34 x 10% [2.69 x 10°F |
10®| 24.952 | 4500{17.58 82.42 6.34 x 1074| 4.24 % 10~%]14.31[6.265 x 10° 9.11 x 1071211.23 x 10718(5,40 x 10~12] 7.62 x 1016.30 x 10?[6.86 x 10% {9.20 x 10-%|3.05 x 10° {2.07 x 10-®
10° | 24,612 | 4500(17.06 82.94 7.65 x 10"*[ 5.40 % 10-°14.30(6.355 x 10° 7.02 x 10°'?]9.51 x 10~'%[4.16 x 10-**| 5.89 x 10*}{6,31 x 10°|8.89 x 10°® [7.10 x 10~*[3.94 x 10° |1.60 x 1¢=2
10°] 24.278 [4500]16.56 83.44 9.21 x 1074 6.86 x 10~5(14.30(6.447 x 10°[1.15 x 10-* [5.44 x 10~2|7,36 x 10-78[3.22 x 10-12] 4.56 x 10'%[6.31 x 10°{1.15 X 10° [5.49 x 10-2]5.12 x 10° |1.24 x 10-%
10°| 23.950 | 4500(16.07 83.92 1.11 x 10~*| 8.68 x 10-°{14.29(6.539 x 10%(8.94 x 10-® [4.22 x 10712[5.71 x 10718[2,50 x 10~2%{ 3.54 x 101%(6,32 x 102]1.48 x 108 {4.27 x 10-2{6.56 x 10® {9.6]1 x 10~
10°) 23.316 [4500[15.16 84.84 1.58 x 10-*| 1,38 x 1074|14.27(6.725 x 10°]5.45 x 10-° [2.57 x 10-*2[3.48 x 10-1%|1,52 x 10~**] 2.15 x 30%*/6.33 x 10°{2.42 x 10° |2.60 x 10°*]{1.08 x 10° [5.86 x 10-?
10°| 22.706 |4500(14.31 85.68 2.24 x 107*[ 2,15 % 10°4[14.2516.913 x 10°(3.36 x 10-® [1.59 x 10~'*|2.16 x 10°199.40 x 10~¢[ 1.33 x 10776.33 x 10%[3.94 x 10° {1.61 = 10-7|1.75 x 10° [3.62 X 10-°
104 22.119 | 4500]13.53 86.47 3.14 x 10-*] 3.33 x 1074]14.24 {7,104 x 10%]2,11 x 10-° ]9.96 x 10~!9|1.34 x 10-18|5.88 x 10~ 4| 8.35 x 10*®]6.33 x 102|6.27 x 10® {1.01 x 10-*[2.79 x 10¢ |2.23 x 10-2
10°| 21.556 | 4500(12.79 87.20 4.36 % 107*] 5.09 x 10-4(14.22|7.297 x 10%|1.34 x 10-° {6.31 x 10-**[8.50 x 10~'7[3.72 x 10~*4| 5.30 x 10'°[6.33 x 10?[9.88 X 10° [6.40 X 10~%[4.40 x 108 [1.44 x 10-9
10%] 21.013 {4500]12.11 87.88 6.00 x 10°¥[ 7.70 x 10°%[14.21[7.492 x 10%[3.58 x 10-1°|4.05 x 10~ '®|5.46 x 10-37]2,39 x 10-14| 3.40 x 10'°[6.33 x 10°[1.54 x 107 [4.11 X 10" %]6.86 x 10° 9.25 x 1074
10° | 20.491 | 4500|11.48 88.51 8.19 x 10-°f 1.15 x 10-%]14.20|7.690 x 10%|5.58 x 10-1¢2.63 x 10-7(3.53 x 10~17|1.55 x 10-*4( 2.20 x 10%*°[6.33 x 10%]2.38 x 107 [2.67 x 10-4{1.06 x 107 [6.00 x 10-¢
10° | 19.988 { 4500/10.89 89.09 1.11 x 107%] 1.70 x 10°%)14.18)7.892 x 105]3.65 x 10-'°[1.73 x 10-*#/2,31 x 10°'7[1.02 x 10~¢| 1.44 % 10%°|6.34 x 10%3.61 x 107 [1.75 x 10-*{1.61 x 10? [3.94 x 10+
10° | 19.503 |4500(10.34 89.64 1.49 x 10-7] 2,50 x 10"%[14.17]8.095 x 108|2.42 x 10-1°1.14 x 10~ **[1.54 x 107*7[6.73 x 10-7®[ 9.60 x 10® {6.34 x 10°|5.45 x 107 |1.16 x 10-%(2.42 x 107 [2.62 X 10-%
10° | 19.035 | 4500| 9.814 90.16 1.97 x 1072 3,62 x 10~%114.16(8.301 x 10%[1,63 x 10-1°|7.69 x 10-24]1.03 x 1027[4.51 x 10-*¢( 6.43 x 10° {6.34 x 10%{8.14 x 107 |7.80 x 10-%|3.61 x 107 |1.76 x 10-¢
10° | 18.584 | 4500 9.350 90.62 2.63 x 10-%| 5,21 % 10-*114.15(8.51% x 10%/1,10 X 10-1°|5.19 x 10-14]6,95 x 10~#3.05 * 10-'®| 4.36 x 10° |6.35 x 107[1.20 x 10* |5.28 x 10-%5.35 x 107 [1.19 x 10-*
10° { 16.554 {4500( 7.379 92.50 9.72 % 107%) 2.83 x 10°2]14.04]9.624 x 108]1.79 x 10-*]8.46 x 10-25]1.13 x 10~18]4,93 x 10~ 7.08 x 10° [6.36 x 10°[7.38 x 10% |8.64 x 10-°|3.28 x 10° |1.94 x 10-¢
9. 10° | 14.839 | 4500| 5.936 93.62 .3105 L1274 13.77]1.095 x 10%]3.61 x 10-23(1.71 x 10-'®|2.23 x 10~'®|9,75 x 10-'7| 1.43 x 10° |6.43 x 10°(3.64 x 10° [1.76 x 10-°)1.62 x 10% [3.96 x 1p-¢
2175 |1.148 x 107 | 13.377 |4500| 4.836 93.80 8740 .4885 12.98(1.289 x 10819.02 x 10-12]4.26 x 10~'%|5,24 x 1073°]2.29 x 107!7| 3.57 x 107 ;6.63 x 10%|1.47 x 10*°(4.52 x 10-7{6.53 x 10® |1.02 x 10-®
2485 |1.312 x 107 [ 12,122 |4500] 3.947 92.25 2.186 1.616 11.13(1.659 x 10°[2.90 x 10-19]1,37 x 107*¢|1.44 x 10°3°(6.31 x 10-1*| 1.14 x 107 [7.15 x 10%(4.56 x 10*°[1.57 x 10°7[2.03 x 10'°[3.52 x 10-7
2796 [1.476 x 107 { 11.035 | 4500( 3.156 87.40 4.836 4.606 8.18(2.478 x 10%11.27 x 1071%{5.99 x 10~ 714,64 x 10°%112,03 x 10~'®| 5.01 x 10° | 8.33 x 10°[1.04 x 101%{8.00 x 10~*]4.63 x 10'°|1,80 x 10-7
3107 |1.640 x 107 | 10.087 | 4500( 2.389 17.22 9.212 11.12 5.26(4.217 x 10°|7.56 x 10-4]3.57 x 10-17[1,78 % 10"°%[7.78 x }0-'°| 3.00 x 10% |1.04 x 104[1.75 x 10%%{5.95 x 10-|7.78 x 10'°[1.34 x 10-?
3728 |1.968 x 107 | 8.525 [4500( 1.010 42.86 20.02 36.10 2.28(1.153 x 107[4.70 x 10-4{2,22 x 10-17|4.78 x 10723{2.09 x 10-®| 1.85 x 10°® {1.58 x 104[2.82 x 10*1]5.61 x 10~*[1.25 x 10"*[1.26 x 10°7
4350 |2.297 x 107| 7.300 [4500| .2973 15.90 23.62 60.19 1.50(2.046 x 107]3.80 x 10-14|1.80 x 10°*%(2,54 x 10°2911,12 x 10-%} 1.50 x 10® |1.95 x 1043.48 x 10**|5.61 x 10-*(1.55 x 10**|1.26 x 10-7
4971 2.625 x 107 | 6.321 4500M 5.306 21.34 72.69 | 1.282.775 x 107]3.32 % 10~ *4/1.57 x 10-%7/1.89 x 1073%/8.29 x 10-3%] 1.31 x 10% /2,11 x 104/3.97 x 10'!/S.31 x 10-°)1.77 x 10%!}1.19 X 10-7
5592 ]2.953 x 107 | 5,527 | 4500( 2.42 x 10~2| 1.881 18.00 80. 10 171,193,405 x 107[2.99 x 10-74[1.41 x 10-*7]1.59 x 10-8]6.95 x 10-2°| 1.18 x 108 [2.19 x 104[4.43 x 107"[4.94 x 10"*[1.97 x 1071|111 x 10-7
6214 3,281 x 107 | 4.873 {4500| 8.14 x 107% .7357 15.07 84.19 1.14(4.010 x 107(2.74 x 10-14]1.29 x 1077|1.40 x 10722(¢.12 x 10-%°| 1.08 x 10® {2,23 x 10%[4.86 x 10*|4.61 x 10-°|2.15 x 10**|1,04 x 10°7
9320 14.92) x 107} 2,862 | 4500] 1.48 x 10-4] 2.31 x 10-?] 7.310 92.67 1.06[7.331 x 107[2,02 x 10~14]9,54 x 10~'#{9.63 x 10-33(4,22 x 10-2°| 7.99 x 10® 12,31 x 104[6.53 x 10'*|3.53 x 10-#|2.91 x 10'|7,95 x 10-®
12427 [6.562 x 107| 1.880 | 4500 1.19 x 10°%| 2.61 x 10-®| 4.528 95.47 1.04[1.141 x 10%[1.69 x 10-14[7.98 x 10~18|7.88 x 10°23{3.45 x 10-2°| 6.68 x 108 [2.34 x 104{7.84 x 10}(2.99 x 10-¥{3.48 x 101'[6.72 x 10~*
15534 [8.202 x 107| 1.329 [ 4500] 2.12 x 10| 5.87 x 10-4{ 3.244 96.76 1.03[1.630 % 10%|1.50 x 10~'4|7.07 x 10~'|6.91 x 10-2#(3,03 x 10-9°| 5.92 x 10% 2,35 x 104|8,83 x 10'!|2.66 x 107%|3.94 x 10*?|5.99 x 10-*
18641 |9.842 x 107 | 0.989 | 4500| 6.06 x 10-7] 1.69 x 10-¢] 2.541 97.46 1.03[2.202 x 10%|1.37 % 10-4/6.49 x 10-1%]6.31 X 1079%/2.76 X 10-8%] S5.44 X 10° | 2.36 x 104|9,61 X 1011|2.45 x 10-°}4.26 x 10*!|5.5) x 10-*
21748 |1.148 x 10%] 0.764 [ 4500/ 2.34 x 10-7| 8.71 x 10-5] 2.109 97.89 1.02]2.858 x 10%]1.29 x 10-1%6.08 x 10~ | 5.88 x 10°2%(2,58 x 107%°] 5.10 x 10° [2.36 x 10[1.03 x 107%|2.30 x 10"®[4.56 x 10*'[5.17 x 10°®
24855 [1.312 x 10| 0.609 | 4500{ 1.11 x 10°7| 4.56 x 10-°| 1.822 9.18 1.02(3.598 x 10%]1,22 x 10~*4]5.77 x 10~#/5.59 x 10-2%(2,45 x 10°2° 4.84 x 10° | 2,36 x 104{1,08 x 10'%/2.18 x 10~°(4.79 x 101}{4.9] x 10-*
21961 11.476 % 10°| 0.496] 4500 6.08 x 10°%] 2.71 x 10-%] 1.618 98.38 1.02(4.422 x 10%1.17 x 10~14|5,54 x 10-2%[5.36 x 10-39(2.34 x 10~2°| 4.64 x 10° | 2.36 x 10¢|1.13 * 10*%/2.10 x 10-%(5.02 x 10*%]4.72 x 1o~®
31068 | 1.640 x 10°] 0.412[ 4500 3.71 x 10-°[ 1.76 x 10-5| 1.468 98.53 1.02[5.330 x 10%]1.73 x 10-13[5.36 x 10" 79]5,16 x 10°¥¥[2.26 x 10-*°| 4.47 x 10% [ 2.37 x 104]1.16 x 101312,03 x 10-*(5.18 x 10 4.5 = ®
34175 [1.804 x 10°| 0.347 ( 4500 2.45 x 10-% 1.23 x 10-®] 1.352 98.65 1.02]6.322 x 10°]1.10 x 10-14)5.21 = 10-!*|5.03 x 10-9%[2.20 x 10-3°| 4.36 x 10® | 2.37 x 104|1.20 x 10:' 1.97 x 10-%[5.31 10:‘ L4
371282 [1.968 x 100 0.297| 4500{ 1.72 x 10-*| 9.08 x 10-¢| 1.261 98.74 1.02{7.400 x 10°]1.08 x 10-14[5.08 x 10°18]4.89 x 10733(2.15 x 10-29| 4,25 x 10° [2.37 x 104]1.23 X 207%[1.93 X 10-%(5.45 x H'{4 34 ~ ¢
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Table 43
ATMOSPHERIC MODEL III - VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE F_ LAYER
2

Latitude 0°. Metric Units. p_ = 1013 mb, Py = 1.177 x 102 gm/cm®

Height  |Apparent] Te P L iti = -
& Gravity g ereentage ngranlm by Mass uﬁ.;t }ie«‘l: Pressure Presq“re Density Density Number | Mean Parti] Mn: Frzex vfa:can' Me g
" . — — — p— }? t Batio Batio Denaivry cle Speed Path ston Frel- .l;l F}:‘!e Mcfn o
km mi | ew/sec®] °K | Oxygen Nitrogen Helium Hiydrogen L ken '11% v A I s . a it I
millibars #/p, gram/cm® ©/p, particles/on®  em/sec om 1/sec em l/v
w0| 248.5| ses.az |1m00]  33%0 615N =
w0 w3 s |10 . 20.00 | .20 x 10 |2.07 x 107 12.04 ¢ 1072013.31 x 107102 82 x 10-1] £.37 x 10° | 1.26 x 10° | 6.74 x 100 -1
450| 279.6l 852.70 | 1900 1,60 {829 x 10 1,49 = 107|147 % 10-29] 2110 x 10-341.79 x 10-23] 589 100 | 125 % 105 | 9.8 % 105 |1 61 » 10-t| a0 190 |3 22 ¢ 10
415] 295.1] 846.45 § 1950 ig ég_ A LI 10T 1AL x 107010 97  J0-14 1,07 ¢ Jo-11] 4,33 x Jou 1.45 % 10% 1,30 x 1g¢ 11'4111 ] 110-‘ ;‘.324 - 1109. 251 % 1071
so0|  310.7 840.27 | 2000]22.21 7778 1.39 x 10°%) 6,00 x 10-%| 14,40 114 < 107]6.89 x 10°7 ST X105 21 % 10 7T 85 % 10 333 x 107 T 1o 107 T30 0 a0 1o oy s e o A X 10
s95| 396,27 834.16 | 2050 21.70 78,21 1.58 x 10-4| 7.0 x30-#]14.39 |1 42 107,51 % 1070|741 X 10°1216.50 x 10-1915.54 x 10°22) 2.74 % 10° | 1772 x 10 2,06 % 10° [552 % 10-2]5 25 » 10° |1 08 u 1ot
0] 341.8] 28,11 | 230021 .41 78.59 R BT T FTa ) FWRT R T LT 13—:: e R M L x A0 255 10" 6.7 x 10> ? g - ’13° L5 ig‘
575 357.3] sz2.12 | 2150 20,99 19,01 2.03 x 104 9.75 x 10-%14.38 |1, ) . “TT14.34 % 10-77|3.69 x 10-%%] 1,83 x 108 | I.76 x 105 ] T
. . . 10-%[14.38 {1.51 x 10%|4.46 x 10-® [4.40 x 103 -1 : 100|573 % 100 400 vore |10k« 1o |2 2 100}
00|  372.8] 816.20 | 2200 [20.62 79.38 2.28 x 10-4] 1.13 x 10- . 74 2 10-13]08 % 10151283 10| 136 » 1o¢ | 1 . . o0
; : 10-2{14.37 [1.56 x 10%(3.79 x 10-0 {3.74 x 30-12 -5 . 20 2 10% | 4143 % 100 |01 % lore] o0 x oo -
35| 3664 B10.45 | 235020.26 574 2.56 % 10-¢ ; g R b E R PR TR TR B R R By T : i lsss i
- . ; .91 = 10°5]14.36 [1.61 » 10%|3.24 X 10-% |3.20 x 10-1% BU : i e =
650 403.9| 804.56 | 2300115.92 80.08 286 x 10-% 1.53 x 10-8 X YR ey - o TR ol p ; o
. . . 10751 14,36 | 1.6 x 10%/2.76 = 10-* |2.74 x 10-3* _se : B2 1001538101339 X 107742, 38 x 107 "
675]  419.4! 798.82 | 2350(19,59 80.41 3.18 x 104 1.74 x 10-% . . T |y e Mo B 10T L a0n . S0
. : . 10-3]14.35 11,70 x 10*12.39 = 10-* 2,36 x 10°* -15 56 100 | 780 % 10° |3148 x ool o 1ou "
0G| 435.0| 792.85 | 2400 16,87 W73 7.5 % 1079 1 . (36 % 10°1| 1,76  10-*511 50 x 10-1%] 7.43 x 107 | 1.86 x 10* . e
; : ; 1.75 % 109]2.07 % 10°% 2.0 X 10-77[1.49 x 10-15 TG R R R AR R =
725 450.5] 787.54 |2450 1895 81.05 3.94 % 104 2 . 126 % 1008|107 « 10-1%] 531 % 107 | 1190 x 100 : ce
. . . 1.80 x 101,78 = 10-* ]1.76 x 1011 ~18 - 90100 | 308 % 200 |Erg o[0T o7 .
st 104 - L. 1.26 x 10°2°/1.07 x 10-*°| .31 x 107 | 1,90 x 10° 4 - D
800] 497.1| 773,15 {2500 18,12 w) TERTE R R SR L.": 157 x 100 11,65 x 0741|108 x Jo-tel5.21  10-12) 4.5 x 107 | 1(5g lmgu {'0623 X 1;37 1; '752 . ,wg-: 45'2 < JIQB: 43’224 x ,190"
8s0] so8.2| 76055 |2500h17.58 82.42 S e e e e 107 8:28 10081 7,04 % 10°39] 3.50 107 | 152 s 105 161 % 107 (120 51050 1 e 100 | 2 od s
%00]  559.2) 750,16 | 2500 117,06 82,94 o el by it s o “glz X 1"9'" 5‘355 X 10-55{ 540 x 1019 265 x 107 | 1792 100 | 2109 x 107 {920 1002|529 u 108 |2 ok 0y
50|  590.3 739.98 | 2600 [16. 56 83.44 oI 109 e a6 % 101430 [T X 106 n 10 gu . m-:: ETET e E e <ol s iz i e o
1000]  621.4] 730,01 | 2500 16,07 §3.92 11 % 107 868 x 107 14.25 |1 X 20 % 10431304 * 101003030 x 10ur] 158 % 1% | 1om 1o . i
. . .68 x 10°%14.29 [1,99 x 10°(4.28 x 10°* |4.22 x 10+*% 10 . oy 100 |48l n o e e 107 »
o0} 6214 73001 2500 .7 . - - . 122 % 10-43(2.94 x 167291250 x 10-17| 1.25 x 107 . : S
1200]  745.6] 692.07 [ 2500]14.31 wa L5h x 10 136 x 10-414,27 2,05 x 1001261 x 10-¢ 12,57 % 10-2%11.79 % 10191 1.52 x 10-2%| 7.6] x 10° 13'9223 X ‘,"Q» 41’5321 X 1;01 ;‘2; y 130_‘ 2 b |28z 10
1200]  807.8] 674.20 | 2500]13.53 8.47 T 1o 3% 10 ] .25 1211 % 107761 10V 159 > 1073 111 % 1075980 % 10| 470 107 | 108 = 10 |1 20 1g° e 0
. . . : -3 333 « 10-4 14.24 | 2.17 = 10%]1.01 x 10 [9.96 = 10-1 S SO ) . 91 RO Mool ESC R
) 61420 1.5 w1 1 > » 6.91 % 10-77)5.88 x 10-*4| 2.95 x 10° | 1.93 x 10 o - 10
1500]  932.0] 640.48 | 2500]12.11 87,88 X TERTE TR TR TR ERTR {g: T 10':: Yy 1‘9_9_::—‘1@——1" 057|372 % 10-14| 17 % 100 | 159 w208 el i?w 6ot igv: Th ig: e lgd
1500 s2.0f e da [250012.11 5.5 8_19 e N - R , . - B85 x 10-7%2.81 x 10-3712.39 x 10-%4] 1,20 x 10 | | S Tl . 1.44 x 1072
. . 1.15 x 10-%] 14.20 | 2.34 x 10%|2.67 x 1010 - -17 : 2 % 100|724 % 108|267 % 104|303 » 100 .
1700] 1056 | 609.93 |2500]10.89 89.09 111 %109 . LT3 % 10151195 % 10-17] 1203 » 102 510 oo : zi oo
: : ' LS < 140 |2.34 < 103267 x 1070 - - . 1.95 % 10% ] 7.24 x 10" |2.67 x 10-*]3.22 % 10° -
1600] 1118 | 594.45 | 2500 10.34 89.64 1.49% 1077 2.50 % 10-9 LI3.% 1003119 % 10771 1.02 x 10-4) 5710 x 108 | 1.9 s o 100 |3 oex 1s
. . . 50 x 1079 14.17 | 2.47 x 10%]1,16 x 10°'°] 1,14 x 10- %) “TE ; e e e 0 - 10 e
1900 1181 | 580.20 |2500| 9.814 30.16 1.97 x 10°9 3.62 x 10 : 14 10719791 % 10-1%16.73 x 10-1%] 3.39 x 108 g g AT
. . . .62 x 10-9 14.16 | 2.53 x 10%}7.79 x 10-41|7.69 x 19-34 -10 . 198 % 100 | 2248  10% 700 x 1ovel1 0 100 )
2000) 1243 | 56%.4¢ |2500| 9.350 50,62 2.63 x 10-4 5.21 x 10- . 19 1014 3158 % 20101308 1015|350 x 108 : Lo 1o
. . . .21 x 10-*114,15 | 2.59 % 102]5 96 x 10-13]5.19 x 10-14 -1e . e Fr i e .
2506] 1553 | 504.58 | 2500] 7.375 52,56 572 % 169 2.83 x 107 : IR FR R IR T e ra : : : ¥
. ; ; B3 % 10 14.0¢ | 2.53 = 10| 6.56 % 10-79]g T - ; e ER R TN reaTE byt S
3000 1864 | 452.30 |2500| 5.936 93.62 3108 12 : 46 x 107195 60 x 10°1°14.93 x 1078172 50 x 108 ® X TIERD
) . 1274 13.77 |3.34 x 10%]1.73 x 10°12}1.71 % 10-13 -10 SR Ll E o O .
00 1064 | 4230|2300 .99 3 ! . 71 % 1044115 x 10-2%]9.75 x 10-17] 505 x 109 | 1.96 x 108 " = 3o x 10
w000 2485 | 369.47 | 2500] 3.947 92.25 3 ?36 1.616 m 913 : ge : 10°1 4,32 > 10" 414,26 x 10719 2.70 x 10~ 2.0 x 10-31] 196 x 16° | 2.09 x 10° 1'3 X ;g“ :753 . lg-: R e
asoo| 2796 | 336.3¢ | 2500] 5.156 8.4 4.836 4.606 LIsTs.06 107139 x 1071137 W0 T2 < 10T 631 X 10 04 107 | 216 X 105198 10T e e el 0
sooo} 3107 | 307.47 | 25000 2,380 .22 9.272 112 3.1 (58 1071607 x 10-1416.99 x 1077 2.39 x 10°2112.03 x 10720 L7 x 102 | 2.54 % 108 3116 % 10%[8.00 x 104|141 x 10023 on s 0n
§000| 3726 | 259.86 | 2500] 1.010 42.86 20,02 36. 16 2 §§ S }g?%'ﬁ . ig:: 3 gg 2 10-1719,15 x 10281 7.78 x J0-1e) 1,06 x 102 | 5.7 x 108 5.3 x 2013|806 » 1043797 x 1ora]yog x 2oer
7000 4350 | 222.51]2500] .2973 15.90 23.6 - . . 25 = R0TM2.92 X 10717 2.46 x 10-*%[2.09 % 10-1%] 6.55 x 10 - WTa - © {287 x 1.34 x 10°7
e R L 2?3} ggg L3062 ¢ 101,62 1014/ 1.80 X 10-37/1.31 x 10-32/ 112 x 10-2%] 5.31 x 10 gg;.: o ig:: N H e
9000] 5592 | 168.46 | 2500] 2.42 % 10°°] 1.881 18.00 80,10 WO RO ST s e 410 {6t 00 L) x t0n il e
Ioguol 214 | 148.53 | 2500 6.1¢ x 104 73 iso7 B4.13 119 [Loa 107145 071410070 10 < 107 6.95 1077l 407 % 10| 6.67 x 10%[1.35 x lo's 3’31 e
15.000] 9320 | 87,22 |2500] 1.48 x 10-¢| 2.31 x 10-* 7.30 : 0612 . o35 0ol 2+ 10430 % torvo] 303 ’ s e
. . . 92.67 1.06 |2.23 » 10%]9.67 x 30-t* - . e 10 | 70 108 | 150k torelaen » . ;
36,000| 12,427 | 57,31 | 2500] 1.19 X 10°%] 2.61  10-%] 4.528 0612, 9.67 x 30-*%|9,54 x 10°1%4.96 x 10-**14.92 x 10-%| 2,82 x 10 s . 5106 % 207198 x 10t
Z000) 15,534 | 40.51 | 200| 2,12  10°¢| .07 < 10" o poi| Lon |40 ig: .09 10T T 50 < 1074 06 > 10T 345 % 100 SR A UER R L ig:; 1 igk: K igi‘ e
B0 IS8 | 051 B0) 202 % 10 ST 107 3.2 . .03 |4, 7 % 10381 7,07 % 10-43.56 x 10-%%] 5,03 x 10-%| 2.08% 10 | 7. : : o120 % 1000 3 0e ko
: : : : . - . . 116 x 108 . - 5
35.00021,748 | 23.30 | 2500] 2.34 % 10°7| 8.71 % 16°%] 3 109 ;;;g Toe :;i i 3‘?? :ig_li: 2'33 x Jo-iel 3,25 « 0 7.76 « 1072 1oa w0 | 7 18 % 100 | 703 x ig:* T ig: 130 1313 A
40,000 24,855 | 16.55] 2500 1.11 x 10°7| 4.56 x 10-*| 1,822 98. ozl . [ STTT 10010299 % 107573 48 x 10re 1 : : S
: : : : 789 LG [8.T 0616 X 10770 T o B0 %10 | 7.19 X 108 | 3.13 % 109]3.36 = 10-% e
45,000/27,961 | 1512 12500] 6.08 x 10-*| 2.7) x 10°%} 1.6 . .85 % 10°1815.77 x 10°¥8[2,88 x 10722/ 2.45 x 10-%9] 1.7 . . s PR
. X . 618 98.38 1.0213.35 = 1095 -9 - i 10 | 720 % 100 | 3t waorelai 2 l0 "
50,000 31,068 | 12,55 ] 2500] 3.71 % 10°8] 1.76 % 10-¥| 1.468 KR ER N ESURN R R AY [y aaTRE i oxiehis i <
: . : : 2.2 Loz 1136« d08ls 67 x 1002 - . .64 % 10 | 7,20 x 10% | 3.43 x 10°*|2.10 x 10°* 13
55,000/34,175 | 10.59 | 2500] 2.45 x 10°*| 1.23 x 10- : S0 % 1019{3.21 < 1o-1e2.59 x T0-s2{5.20 x tovon ol e
: : oL : - . 1.56 x 10 | 7.2 % 1% v -
SSO00ITS | 10.59| 2500 245 x 10| L2 10 52 » 33 102|198 x 109528 x 107141521 x 10-2¢12.59 x 10-522.90 x 10-2%| 154x 10 | T si < :g‘ 225 O o o L R
. ! 1102 [ 2126 x 109515 * 1099508 « 10-19|2.52 x 10-93 215 x 10-%0] 1750 x 10 | 721 x 105 | 3.74 o 10191 0 o 1yraly ol 7 M0 44 x 2070
. .21 % 10°] 3,74 % 10°°] 1,93 x 10%]1.66 x 10'3|4.34 x 10-*

1 millibar = 10 dynes/cm® = 0.750 wm of Hg
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Table 44

ATMOSPHERIC MODEL III - VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE F_ LAYER

Latitude 45°. Engineering Units. p, = 2116 1b/ft?, p = 2.286 x 102 slug/ft?

d= 2% 10" on d =310 on
Height App Temp Percentage Composition by Mass Mesn Scale Pressure Pressore Density Denaity Musber [MeanParti- | Mean Fres [Mean Colli-| Mean Free |Mean Colli-
Gravity Cy Mol Wil Height Ratio Ratio Density |cle Speed Path sion Freq Path sion Freq
A g | T [ Atomic Atomic Atomic || Atomic H » 2 o n v L v L v
mi fr ft/sec®| X Oxygen Nitrogen Helium Hydrogen H ft 1b/ft* vle, slug/fe® wo, particles/fd]  fu/sec ft 1/ sec fr 1/zee
186.419.842 > 10%] 29.334 11980 30.5% 0 69.5% N, - -- 24.35(1.370 * 10%|1.01 x 107® [4.78 x 10729(2,50 x 10°*® 1,05 x 10-'9(9.09 x 104%(3.21 x 10%5.77 x 10% |5,56 x 10°*{2.56 x 10" |1.26
201.911.066 x 10°%] 29,114 {2160 .. .- - - 21,861,687 * 10%]5,94 x 10°7 [2.81 % 107%%|1.21 x 10°2%15,09 = 10~*114.90 x 10%*(3.54 x 10°[1.07 x 104 |3.30 x 10-t{4.76 x 10% |7.46 x 10~
217.5(1.148 » 10°] 28.897 12340 ~- -~ -~ - 19.3812.078 = 10%13.83 * 10~7 11,82 x 10-*°16.39 x 107*4|2.68 x 20-2*12.92 x 10¥]3.90 x 10%]1.80 x 104 12.18 x 10~2]7.97 x 10* | 4,01 x 1=
333.0[1,230 X 10°] 28.682 |2520 = = p = 16.89(2.586 X 108]2.69 X 1077 |1.27 X 10-19]3.63 = 10-1¥1.50 % 10-73|1,90 X 1077 |4.33 X 109|276 % 10 |1.57 = 10-1|1.27 x 167 [3.55 x 16°7
248.511.312 = 10°] 28,469 {2700122.22 77.78 1,39 ¥ 10741 6.00 * 10781 14.4013.275 = 10%12.03 x 1077 [8.57 = 10°(2.17 x 107*%{9.14 x 107*?|1.34 % 10'* 14,86 % 10%/3.94 x 10* |1.24 x 107*|1.74 x 10* }2.80 x 10**
264.1]1.394 > 10% 28.260 ;2880121.64 78.36 1,66 x 10741 7,51 x 1079/14.3913.520 = 10°]1.59 x 10°7 17.52 x 10~1111.60 x 10-1%]6.74 x 10~ *319.85 x 103915 62 x 10%15,3] x 10% |9.45 x 10°*12,36 x 10* |2.13 x 10-*
279.6[1.476 x 10% 28.052 {3060{21.13 78.87 1,95 x 10°4] 9.26 = 107°]14.38]3.786 x 10¥]1.27 x 10-7 {6,001 x 10-*%:1.20 x 10~*%]5.07 x 10"7%[7.39 = 10°#[5.18 x 10%]7.09  10° |7.32 % 10°%|3.14 x 10% | 1.65 x 10° %
295.111.558 x 10% 27.846 |3240(|20.64 79.36 2,27 x 1074 1,13 x 107%14.37]4.026 » 101,03 X 107 |4.87 x 107%3;5,20 ¥ 10~ **{3.88 x 10°*%|5.66 x 10%%]5.35 x 107]9.25 = 10% |5.78 % 10~%]4,10 x 10* [1.30 % 10°!
310.711. 640 x 109 27 649 | 3420120, 20 79.80 2,62 X 10741 1.35 % 107114.35]4.261 = 10818, 47 % 10°* 14.01 = 10-11[7, 36 % 10%28/3.01 X 10"1314.42 x 10191548 x 10%11.19 « 109 |4.62 % 1079]5.90 % 10% 11.04 x 10!
326.2/1.722 x 108} 27,442 |3600]19.78 80.22 2.99 x 1041 1.61 x 107%[14.35}4,544 * 108[7.03 x 107% {3.32 x 10~ **[5.65 x 10"18{2,38 x 107%3]3.48 x 10'215.64 * 10%[1.51 *x 10° [3.74 * 10"%[6.69 = 10°% [8.43 = 10~ *
341.8/1.804 x 10%] 27.242 |3780|15.40 80. 60 3.40 x 10°%{ 1,89 % 107%114,35/4.810 x 10%5.90 % 10"% 12.79 x 10~*4{4,50 x 10"!%|1.90 » J0~!*{2.78 x 10%3{5.97 = 10%1.89 x 10® {3.06 x 10-%18.37 = 104 {4.91 x 109
357.311.886 x 10°] 27.046 | 3960]19.04 80.96 3.83 » 10741 2,23 * 1078114, 34]5.075 % 10%15.00 x 1078 [2.37 x 10-11]3.65 x 10710]1.54 = 107!32,25 » 103%]5,91 x 10%]2,33 x 10% |2,54 = 10~%{1,03 x 10% |5,72 x 10~*
372.8(1.968 x 10°%] 26.884 | 4140/18.70 81.30 4.29 x 10°%] 2.36 x 10°%/14.33/5.341 x 10%]4.28 x 107* 2,02 x 10"17/2.99 x 10°1%[1,35 x 10" **|1.84 = 10°716.04 = 10%]2.85 x 100 |2.12 x 10-¥]1.96 x 1% [4.78 % 10°%
38B.412.050 * 10% 26.659 |4320/18.39 81.61 4,78 x 30%41 2,94 % 107%{14.33]5.623 % 10%]3.48 x 10°% [1.74 x 10°"%{2.47 x 1073%/1,04 x IO *8]1.52 x 10'¥ 6,17 x 10%]3.44 ¥ 10°% |1.79 % I0"%}1.53 X 10% {4.04 % 15-7
403.912.133 % 10%] 26 468 1450011810 81.%0 5.35 X 10-%1 3.36 x 10~*114.3215.902 x 10%13.20 x 10°® [1.51 x 10°7212.064 x 10°'®18.62 x 10-**1.26 = 10'#]6.30 x 10%/4.13 x 10° 11.52 x 10-*|1.B4 = 10° {3.43 x J0-*
435.0{2.297 x 10%] 26.09¢ | 4500]{17.53 82.47 6.53 % 107%] 4.34 x 10-8]14.3115.991 x 10%]2,42 x 10"% [1.14 x 0" *1[1.55 x 10" '5]6.54 x 10°7%/5.60 ¥ 106,30 x 10¥]5.45 % 10% {1.16 x 10°712,42 % 103 |2.60 X 10°%
466.0|2. 461 x 10%] 25,731 { 4500|16.99 £3.01 7.95 x 107%] $.60 x 107%14.30/6.079 x 108/1.85 » 10*% {8.73 x 10~*311.18 * 10-*814.98 » 10"1%17.3]1 x 10*1[6.30 x 10%|7.15 x 10% 18.83 x 10-%/3.16 x 10% [1.,99 x 10"®
497.112.625 x 104] 25.374 14500(16.47 83.53 9.64 x 10~*] 7.18 = 10°%114.2916.168 x 10%11.4]1 x 10-* |6.68 = 10°**19.05 x 10~38]3,8] x 10-*3|S. 81 = 10**6.31 % 10%19.35 x 10® |6,75 » 10-*14.17 x 10% [1.52 = j0°*
528,212,789 x 10%| 25.024 |4500{15.96 84.03 117 X 16°%]6.15 = 10°%| 14.28]6.260 % 109)1.09 % 10-% |5.13 % 10-%|6,93 % 10°19]2,92 % 10°79(4.30 = 1077 |§.22 = 10%]1.22 = 108 |5,19 x 10°9|5.41 x 108 11.17 X 10°F
559.212.953 = 10°) 24,681 14500]15.48 84,52 1041 % 10°7) 117 % 107¢114.2816,352 = 10°(8.37 » 102 {3.96 = 107'%(5.34 % 107**12.25 x 10-*13,31 x 10*116,33 % 10%]1.58 x 10® 14.00 % 10°*{7.02 % 10% {9.01 x 10°?
§90.313.217 x 10® 24,346 {4500(15.02 $4.98 1.6% x 10731 1.49 x 30~4/14.2716.440 % 10%}6.47 = J0°® 13.06 x 10-%214.14 x 10-1%]1.74 * 1071%12.56 x 107]6.33 x 16%]2.04 = 10% 13,10 * 10-%19.06 * 10% |6.97 % 10~
621.4]3.281 * 10%] 24.017 {4500{14.57 85.43 2.03 x 10°%] 1.88 x 10°¢14.26]6.535 x 10%{5.03 x 10°° [2.38 x 10°7%[3.20 x 10779(1.35  10° 13| 1.99 % 10 |6.33 * 10¥]2.63 x 10% |2.41 x 10°%]1.17 x 10° |5.42 x 10°9
6B3,5(3.609 x 107 23.379 {4500[13.73 86.27 2,91 X 10°?| 2,98 x 10741 14.24{6.719 x 10%]3.07 ¥ 10"® {1.45 x 107131 1,96 x 10728(8,22 x 19=14{1,2] x 10%716.33 = 10%/4.30 x 10% [1.47 x 107%{1.92 x 10° }3.30 x 10°
748.613.937 % 10%| 22.766 {4500{12.94 87.08 411 x 107} 4.67 * 10°%|14.2316.906 * 10%|1.89 x 10~ [8.95 * 10-13]1 .21 x J0~!%{§.08 x 10**4|7.50 x 10'°16.33 x 10%]6.99 x 10° [9,07 x 1074]3.10 x 10° {2 .04 x 1%
B07.814.265 x 10%] 22.308 [4500]12.22 87.78 5.77 x 107%] 7,23 x 1074]14.21[7.100 = 10%]1,19 x 107® [5.60 x 10°718[7.53 x 10°M713.17 X 10°*%[4.70 x 107°5,33 x 10%/1.12 x 307 |5.68 x 10°414.95 x 10% {1.98 x 10°*
869.9/4.502 x 1081 21.611 14500]11.58 B8.44 8.01 % 10°%] 1.11 x 10°%114.207.290 x 10%|7.52 x 107 '®{1.55 x 1071314, 78 x 10°77{2.01 x 10"*%]2,97 x 10'%16.33 x 10%|1.76 x 107 [3.60 * 10"*|7.81 * 10% {8.11 x 10~4
932,004,921 = 10%] 21.065 {4500110.92 85,06 110 x 10721 1.67 x 10°%/14.19]7.487 x 10%]4.82 x 10*#12.28 x 10-%%13.07 x 10°'711.29 % 10~ 441,91 x 10"’&6.34 X 10°12,74 % 107 12.31 X 107¢11.22 x 107 &5,20 x 1074
994,215,249 = 10¢] 20,541 {4500110.34 89.64 1.50 * 30-9] 2,50 x 107%/14.17{7.687 = 10%]3.13 x 10*1°11.48 = 10°1%{1.98 x 10~1718,35 x 10~18{1.24 » 1070/6.34 x 10%14.23 = 107 |1.50 = 10~411.88 % 107 ;3.38 % 10°¢
1056 18,577 % 100} 20.034 {4500] 5.804 9. 17 2.04 X 107%] 3,70 * 10°%14.16(7.887 x 10®2.05 % 10°1%]9.70 » 107%4(1.30 x 107171547 » 10°%%/8,13 * 10° [6.35 x 10%{£.43 = 107 [9.85 x 10°%]2.86 % 107 {2,22 x 10~*
1243 16.562 = 10°] 18.626 |4500] 8.397 91,54 4,84 % 10°%] 1,13 x 107%|14.11]8.514 = 108]6.18 » 10-1212.92 x 10-1413.90 » 10-*2]1.64 x 10°1%2.44 x 10° 6.36 x 107{2.14 x 108 [2.97 x 10#]9.51 x P? [6.58 x 10~¢
1553 {8.202 x 10®] 16.568 | 4500] 6.604 93,16 1788 §.15 x 16-7113.94]9.675 % 10°|1,01 X 10- 114,78 X 10- 8|6, 31 = 10-19|2.65 x 10-1%]3,95 x 105 |A.40 x 10%[1.31 x 10% |4.89 x 10-6]5.81 x 10° |1.16 x 10°8
1864 19.842 x 10° 14.866 | 4500| 5.286 93.81 . 569% 2767 13.4211,122 x 10%]2.08 x 10~ '#]9.83 x 1078/1.25 x 10~ *%15.26 x 10"*7]8.2]1 » 107 |6.53 % 10%}4.36 = 10* {1.02 x 10~¢|2.82 = 10* {2.31 = 10°°
2175 11,148 x 107] 13.309 | 4500} 4,262 93.10 1.591 1,052 11.96]1.396 * 10°]5.51 x 107%*12,60 x 107'812.95 x 10**|1.24 * 10-*7|2.19 = 107 16.89 x 10%]2,39 x 10*]2.88 x 10"7]1.06 x 10%°]6. 49 = 10~7
2485 [1.312 = 107} 12.139 | 4500] 3.392 89.32 3.8087 3,402 9.314{2.016 x 10%]2.04 x 10 *#]9.62 x 107*¥[8,33 x 10-%1/3.50 x 10°%{8.04 = 10% |7.91 » 10*{6.50 x 107°]1,22 x 10"712.89 x 101°]2.74 % 107?
2796 [1.476 % 107} 11.04% | 4500 2,566 80. 16 6.148 5.194 | 5.87[3.451 = 10°]1.08 % 10° 25,09 * 1077|283 = 10°%[1,19 » 10"'*/4.25 = 10° |9,84 x 10%|1.23 x 10*1]8,03 x 107*]5.45 x 10°{1.61 = 10°*
3107 11.640 x 107] 10.100 | 4500] 1,757 64,02 14.13 20,160 3.5506.237 % 10%]7.52 % 10~ 1413, 58 x 1071711,20 x 10°%1|5.04 » 30*%12.97 x 10 ]} 27 % 10%11.76 % 1011]7.21 x 10-*]2.8) x 10*°]1.62 x 10*7
728 (1,968 % 107] 8.534 [4500| 5616 2%.86 23.13 49.44 1.76]1.489 = 107]5.39 % 16~ #[2,58 x 10°1714.23 x 10"3%[1,76 = 1013713 % 10° [1.B0 x 10%]2.46 = 1077)7.32 x 10°¥|1,69 x 1677]1.65 x 15-7
4350 12,297 * 107| 7.306 |4500{ .1378 8.306 22.76 68.80 1.35|2,267 x 107}4.49 x 107%4]2,12 x 1¢*17(2.72 x 10"%2{1,14 = 10"1°11.78 x 10® |2.05 x 10%]2.95 x 10%%16.97 » 107%1.31 x 10}%{1.57 x 1077
4971 12,625 % 107| 6.322 [4500] 3.51 % 10°3] 2.584 19.18 78.20 1,212,922 x 107]3.95 = 10"*411.88 x 10-1712.16 % 10"#%19.09 » 30=#%|] 58 % 10 12,17 ¥ 104]3.3] % M0*116.54 % 107%]1,47 = 10111} 47 % 107
5592 12.953 x 107| 5.529 [4500f 1.02 »x 1073 .8932 15.78 83.32 1,15{3.507 x 107]3.59 x 10-34[1.70 x 10~17/1.85 »* 10722|7.81 * 1073°1.42 x 10% (2,22 x J0*[3.67 = 101]6.04 * 10~%[1,63 x 10*1]1.36 1077
6214 [3.281 x 107] 4.875 | 4500] 3.38 x 107 .345) 13.12 #6.53 1.12]4.091 % 10713,30 x 107 41,56 x 1074711, 65 x 10°%%16.96 » 107%°11,3]1 x 10° [2.25 x 10%/4.00 x 10**{5,42 x 10~%{1.78 x 10**]}1.26 x 10"
9320 14.921 x 107 2.981 [4500] 6.05 x 10-% 1.07 x 10-*| 6.234 93.76 1.0617.395 x 10712.44 * 10~ 14]1,15 x 10~V 11,16 = 1073314, 88 x 10-3%19 68 x 10® 12.32 x 10*15,38 x 10%(4,30 x 10-%12,40 x 103319 68 x 10%
12427 §6.562 % 107]  1.879 | 4500] 4.85 x 10°%) 1.20 x 10°% 3.847 96,23 T.04]1. 148 X 109]2.05 X 10-79]9.69 < 10- 18]G, 51 ¥ 10-3¥]4,00 « 15-35]8.10 % 100 [2.34 x 10%]6.43 x 1077[3.64 * 10-9]2.85 = 1071|4.18 * 10-F
15534 [8.202 x 107] 1.328 | 4500 8.64 % 1077 2.70 x 10°%! 2.749 97.25 1.03]1.637 x 10%]1.82 x 107*%]6.59 = 10*#]8.37 % 10"%313.53 x 10°*217.19 x 10% 12,35 x 10*/7.25 x 10*7{3.24 % 10"%13.23 x 10*}}7,29 x |0°*
18641 9,842 x 10* . 988 &500{ 2.47 < 107 9.12 x 108 2,152 97.85 1,0212.210 % 10%]11.65 % 10"4417.79 x 10-2#[7.65 = 10-2413 22 x 10-2°1¢ 60 x 10% [2.36 x 10%17,91 * 10'*}2.98 x 10-%]3,51 * 1611670 x 10"
21748 {1,148 % 10°] 764 [ 4500 9.54 * 10°®] 4,00 x 10°%¢ 1,788 98.21 1.02[2,867 x 10°[1,56 = 10714[7.39 x 10" **{7,15 x 10"*%13.01 = 107*°|4,17 x 10® |2.36 x 10%]8,46 % 10°*]2,79 x 107*{3,77 x 101%]6,28 x }0~*
24855 |1.312 = 10* .608 [4500] 4.52 * 107%] 2,10 x 1078 1.541 98. 46 1.02{3.609 % 10%]1.48 X 10°%417.01 = 10°1815,78 x 10°2212.85 x 10°3°(5.85 x 10® 12,35 x 10418.89 * 10"1[2.56 x 10°*|3,97 x 104/5.98 x j0°¢
27961 11.476 % 10%| 495 14500] 2.48 = 107%] 1.24 » 10°%] 1.369 98.63 1,02/4,436 % 108]1.43 x 10~ %4]6.74 x 10-'%16, 49 % 10°%2]2,73 % 10"*°|5 64 x 108 |2.37 x 10%{9,25 x 101"}2.55 = 10°/4.13 x 10*}]5,74 x 10°%
31068 11.640 x 10% 411 14500] 1.51 % 10-%] .11 = 10-9] 1.241 98.76 1.02]5.344 % 109[1.38 % 107 2¢|6,51 % 10° 116,27 x 10°¥%|2.64 x 10-70]5.47 x 107 |2,37 x 105,58 x 1077|247 = 10-9|4.26 x 10°7]5,56 x 1o¥
34175 |1.BO4 x 10%] (347 [4500) 9.98 X 107% 5.66 X 10°%| 1.144 98.86 1.0216.338 x 100]1.34 x 1072416.33 % 10°**]5,10 x 10"**/2,57 x 10"*°]5.30 * 10® [2.37 x 10%(9,88 « 10%*{2.40 % 10°*]4.40 x 10**{5.40 x Jo~*
37282 {1,968 = 10% 297 [ 4500] 7.02 = 1079} 3.92 % 10°%| 1.067 98.93 1.0217.421 x 10%]1.31 = 107*4[6,19 = 10-*%{5.94 x 10"*#|2,50 x 105,18 x 10% 12,37 x 10%]1.01 x 10*9{2.34 x 10~*14.49 x 10%!]5.28 x jo~*
43496 12.297 x 10°% 1224 | 45001 3.99 ¥ 10~ 2.56 x 10°%] 9536 99.05 1.02{9.833 x 10%]1.26 x 107*4[5.95 x 10~ &[5 71 X 10°®%1 2,41 % 1072°|4.98 x 10® |2.37 x 10%/1.05 * 10'%12.26 x 10"*|4.66 x 10°*]5.08 x }0—*
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Table 45
ATMOSPHERIC MODEL III - VALUES OF TEMPERATURE, PRESSURE, AND DENSITY ABOVE THE F, LAYER

Latitude, 45°. Metric Units. p, = 1014 mb, p, = 1.223 x 102 gm/cm?

d=2%10%n d=3x 10 %m
Height Apparent] Temp Percentage Composition by Mass Mean Scele Pressure Pressure Densivy Density Number Mean Parti-| Mean Free [Mean Colli-| Mean Free |Mean Colii- ]
Grnvny Cy MolWil Height Ratio Batio Density cle Speed Path sion Freq Path sion Freq
d T | Atemic Avomic Atomic Atomic ? P o n v L v L v
km mi cw‘sec K Oxygen Nitrogen Helium Hydrogen ¥ H millibars #/p, gran/cn® po, particles/em’]  ew/sec om 1/sec o 1/nec
300 186.4] 894.09 | 1108 30.5m0 695, 24.35 | 4.20 X 10 |4.84 % 10-7 |4.78 x 10791 1.29 x T0-#?[ 1,05 x 10-*°| 3.21 x 10% | 9,78 x 10%]1.76 x 10% |5.56 x 10-1|7.79 x 10% |1 26
325! 901.9] 887.39 | 1200 21.86 | 5.14 x 10 12.85 x 107 12,81 x 10-1016.24 x 10-*4]5.09 x 10-12] 1.73 % 10° | 1,08 x 10°/3,26 x 10° {330 = 10-*]|1.45 x 108 |7.46 = 10-*
350)  217.5| 880.77 | 1300 19.38 16,33 % 16 {1.84% 10~ 11,82 % J0-1013.29 x 10°-*42.68 x 10-1*] 1.03 x J0° | 1.19 x 10%5.48 x 10% |2.18 x 10-3]2.43 % 10 | 4 01 x 10-*
375 233.0] 874.22 | 1400 16.89 17,88 x 10 11,25 % 10°7 [1.27 % 10-*°11.87 % 16-74]1.52 % 10-3%[ 6,70 = 10% 1 1,37 x 105|8.42 x 10% |1.57 = 10°7|3.73 x 16% |3.55 % 107
400 248.5] 867.75 | 1500122.22 71.18 1.39 x 10°% 6.00 x 10-%114,40 1 9,98 > 10 9,70 x 10-F 18,57 x 10-111.12 = 10-'¢19.14 x 10-2%| 4,72 x 10% | 1.48 x 10%]1,20 x 10* |1.24 x 10-*]5.30 x 108 2.80 x 10°?
4251 264.1] 861.35 | 1600 121,64 78,36 1.66 % 10°4| 7,51 % 10-%114,39 | 1.07 x 10%7.62 X 10°* |7.52 X 10-*4/8.24 x 10-*/6,74 x 10~22| 3,48 x 30% | 1.53 x 10%11.67 X 30% |5.45 x 10-*|7.20 x 108 2 13 x jo-t
450 279.6| 855.01 [1700121.13 78.87 1,95 x 10-%] 9.26 = 10-°] 18,38 | 1.15 x 10%[6.09 x 10-% [6.01 x 10-*+| 6,20 x 10-15]5.07 x 10-7%| 2.61 % 10° | 1.58 x 105 2.16 X 10° 7.32 x 10-%[9,57 » 10% {1.65 x 10-%
415]  295.1] 848.75 | 18002064 7%.36 2,27 x 1074 1.13 % 10-%{14.37 | 1.23 x 10%)4.94 x 10°* 14.87 x 10~} 4.74 x 10-7%/3.88 x 10-37| 2,00 = 10° | 1.63 x 10%}2.82 x 10° [5.78 x 10} 1.25 x 10° | 1.30 x 10-*
500 310,71 842,73 11900(20.20 19.80 2.62 % 10-4) 1.35 x 10-%114.36 | 1,30 x 10%14,06 x 10-®* 14.01 x MMMM 1.67 x 10%13.63 x 10% 14,62 x 10-%/1.6] x 10% [ 1,04 x 1g~*
525| 335.2 36,42 | 2006 [19.78 80,92 2.99 % 10°%] 1.61 % 10-9]14.35 | 1,38 X 10%13.57 x 10°% [3.32 » 10° 71 2.91 x 10-19]2.38 = 1079 1.23 % 10° | 1.72 = 10%]4.50 % 10° |3 74 » 16-% 3 04 » 10%] 3 43 % 10-F
550 341.8] 830.36 | 21001940 80.60 3.40 » 1074 1,89 x 107%14.35 | 1.47 * 10%{2,83 x 10-° 12079 % 10-'3) 2,32 x 10-1%1.90 % 10-**| 9.82 x 107 1.76 = 10%]5,75 x 10® | 3.06 = 10-% 2.55 x 10¢ 6.91 % 10-*
575 357.3] B24.36 12200119.04 80.96 3.83 x 10-4] 2.21 % 10-%14.34| 1,55 % 10212.40 x 10-% 12,37 x 10-141.88 % 10-2%/1.5¢ = 10-2% 7.94 % 107 | 1.80 x 10%7.11 x 10® {2.54 % 10-® 3,18 % 10% 15,72 x 10-%
600 372.8| 819.4% | 2300{18.70 81.30 4.29 x 10-* 2.56 x 10-5/14.33 [ 1,63 x 10%2.05 » 10-° 12,02 x 10-1111,54 % 10-73]1,26 x 10°13] 6,49 % 107 | 1.84 x 10%/8.69 x 10° | 2.12 x 10-2] 3.85 x 10° 4.79 x 10-%
625 388.4| 812,56 | 240018.39 81.61 4.78 x 104} 2,94 x 10-3/14.33 [ 1.7] % 10%11.76 x 10°* [1.74 x 10-%3/ 1.27 x 10-*9|1.04 x 10-**| 5.36 x 107 | 1.88 x 10%(1.05 x 10" [1.79 x 10-%]4,66 x 106 4,04 x 10~
650 403,9| BO6.75 }2500118.10 81.9%0 5.35 x 104 3.36 x 10-514.32| 1.80 x 10%/1.53 % 107% 11.51 % 10-11/1.05 x 10°*518.62 x 10~1%] 4 46x 107 1,92 x 30%/1.26 » 10° 1 1.52 x 10-Y5.60 x 10° 3.43 = 10°%
00 435,01 795.40 | 250017.53 82.47 .53 x 10-%] 4.34 x 10-°|14.31 | 1.83 x 10| 1.16 = 10-% |1.14 x 10-17| 8.00 x 10-19] 6,54 x 10-19 3,39 % 107 1 1,92 x 10%1.66 x 107 [1.16 x 10-*/ 7,38 x 10% [4.60 % 16-%
750 466.0! 784.28 { 2500]16.9% 83.01 7.95 x 1074 5.60 x 107% 14,30 1.85 x 10%/8.85 x 107% 18,73 x 10-2%/ 6.09 x 10~*2/4.98 x 10-*3| 2,68 x 107 1.92 x 10%2.18 x 107 | 8,83 x 10-% 9.69 x 10° 1.99 x 10-*
800 487,11 773.39 | 250011647 83.53 9,64 > 10°% 7.18 x 10-% 14.29 X J0M6.77 % 10-% 16.68 x 10°1% 4 66 % 10-3%]3.81 x 10-1%| .98 x 307 | 1.92 x 10°2.85 % 107 16.75 x 163 1.27 x 107 1.52 x 18-%
850 528.2] 762,73 | 2500]15.%6 84.03 1.17 x 1073 919 % 10-5]14,28 1 1.9} x 10%(5.20 » 10°% [5.13 x }0-12(3 57 x 10-2%/2,02 X 10-12 1.52 x 107 | 1.92 x 10%3.71 = 107 [5.19 x 10-°1 1.55 x 107 1,17 = 10-%
800 559.2] 752.29 | 2500]15.48 84.52 1,41 x 1073 117 % 10°4]14.28 | 1,94 x 10%(4.01 x 10°® 13,96 x 10°3%12 75 x 10"3%/2,25 x 10~**| 1,17 x 107 | 1.93 x 10%4.81 x 10* |4.00 = 10-3/2.14 = 107 9.01 x 107
950 590.3) 742,06 |2500]15.02 84,98 1.69 % 1073] 1.49 = 10-*]14.27 | 1,96 x 10°{3.10 % 10-* [3.06 x 1033/ 2.13 x 10-2®|1.74 = j0~**| 90§ x 10° | 1.93 % 10%6.22 x 107 |3.10 x 10-%}2.76 x 10% 6.97 x 169
1000 621.4] 732.04 | 2500114.57 85.48 2,03 x 10°7) 1.88 x 10°%114.26 | 1.99 = 10°]2.41 = 10-® [2.38 x 10-3%/1.65 x 10-%%[1.35 x 10°%%] 7.03 x 16% | 1.93 x 10%/8.01 = 107 |2.4]1 X 10-%|3.56 x 107 5.42 x 10-%,
1100 683.5] 712,59 | 2500313.73 86,27 2.91 X 107%| 2.98 x 1079]14.24 | 2.05 * 10%]1.47 x 107® | 1.45 X 10-*3]1.01 » 107'918.22 x 10~%%] 4.28 » 10% | 1,93 x 10%/1.31 x 10% |1.47 x 10-® 5.84 x 107 13,30 x 10-%
1200 745,61 693,91 12500112.94 87.95 4,11 x 10-7] 4.67 x 10-4114.23 2,10 X 10%]9.07 x 10-*218.95 x 10-**/6.21 x 10-17/5.08 x 10~3%{ 2,65 x 0% | 1,93 % 10%2.13 x 10% |9.07 x 10-# 9,45 x 107 | 2,04 x 10-%
1300 807.8] 679.96 | 2500]12,22 87.78 S.TT % 1078 7,237 10-4714.21[ 2.16 x 10%5.68 x 10-2°[5,60 = 10-73] 3,88 x 10-27[3.17 x 10-3%[ 1.86 x 16% | 1.93 x 10% 3,40 x 10° £.68 % 10°%1.50 x 10% | 1.28 x 109
1400 869.9| 658.69 ] 2560(11.55 88.44 8,01 x 10°7| 1,11 % 10°214.20{ 2,22 x 10%/3.60 x 10-2® 3,55 x 10~'3]2.46 x 10-27}2.01 x 10-*¢| 1.05 % 10° | 1,93 x 10%{5.36 x 10% |3.60 x 107412.38 x 10® 18,11 x 10-¢
1500 932.0} 642.07 | 2500/10.92 89,06 1,00 % 10-41 167 % 10-%114.1912.28 % 10%12.31 x 1071912.28 x 10-1%) 1,56 x 30-27]1.26 x 10-14| 6.73 x 10%| 1,93 x 10%8.36 x 10* {7.31 x 10-* 3.71 x 10% {5.20 % 10-%
1600 994,21 626.08 | 2500)10.34 89.64 1.50 < 10°F] 2.50 x 10-3]14.17 | 2.4 % 10%]1,50 % 10-1%| 1,48 % 10-121.02 x 10-¥78.35 » 10-18] 4,37 x 10% | 1.53 x 105 1.29 x 10% | 1.50 % 10-4]5.72 X 10° 3.38 x 1O0-%
17001 1056 610.64 1 2500| 5.804 80.17 2.04 % 10°% 3.70 x 10°7) 14,16 | 2,40 % 107(9.83 x 10"**1 2,70 % 10-14/6.69 x 10°1%|5 .47 x 10-*8] 2,87 x 0% | 1.93 x 10%1.96 x 10* [5.85 x 10-% 8,72 x 10" | 2.92 x 1o~¢
20001 1243 567.73 | 2500] 8.3987 91.5¢ 4,84 > 10721 113 x 10-2134 111260 x 1032 96 x 10-%1]2 92 x 10412 01 x 1081164 x 10-1%| B.62 x 10% | 194 x 10%6.52 % 10° |2.97 x 10-%2.90 x 10° 16,68 x 108
25001 1853 505.5% | 2500| 6.504 $3.16 1788 6,15 % 107311394 | 2.95 % 1031484 x 10°*214,78 x 10-25]3.25 % 10-1%[ 2,65 % 16-2%] 1.41 x 10%| 1.55 x 10% 3,99 x 1019] 4.89 x 10-° 1.77 % 16%9) 1,10 * 16-%
3000 1864 | 453.12 |2500| 5.286 93.87 5699 2767 13,42 | 3.42 x 105,56 x 10-**19.83 x 10-2%/6.43 x 10"2°/5.26 x 10-*7| 2,90 x 10° [ 1.99 x 10°] 1,94 x 10*%[1,02 x 10-*|8.61 = 10 2.31 x 10-*
3500 2175 408.41 12500] 4.262 53.10 1.591 1.052 11.9614.25 % 10%12.64 x 10°%12.60 x 10-1¢]1.52 = 10-2°1.24 x 10-*7] 7.72% 10%| 2.10 x 10%7.29 x 10*}2.88 x 10", 3,24 % 10*% 649 x jO-7
40001 2485 370.01 | 2500| 3.392 89.32 3.887 3.402 5.14 | 6.14 % 109]5.75 * 10-°415.62 % 10- 17 4,96 X 10-7]3,50 x 10-1% 2.84 x 10 | 2,41 x 10% 1,98 % 10°%{1.22 x 10-7|8.80 x 101%] 2.74  10-7
4500| 2796 | 336.78 | 2500 2.566 80.10 8.148 9.194 5.87 [ 1.05 x 10%]5.16 x 10°34/5.09 x 10-*7] 1.46 x 10-**]1.19 x 10~**| 1,50 x 107 | 3.00 x 10% 3.74 x 10*%18.03 x 10~°|1.66 x 10%% 1.81 x 10~*
50001 3107 307.84 | 25001 1.757 §4.02 14.13 20,10 3.55[1.90 % 103,60 x 10-1413.55 x 10-**| 6.16 x 10-**|5.04 x 10-**| 1.05 x 30| 3.86 x 10% 5,35 x 10'*7.2] x 10-|2.38 x 10? 1.62 * 1077
8000; 3728 260.11 | 2500] .5616 26.86 23.13 49 .44 1.76 1 4,54 x 10%[2.58 x 10-2%12.55 x 10-1"15 18 x 10~ 1. 78 x 10-'8| 7.53 x 10 | 5.48 = 108 7.49 x W7 % 10-919.33 x 109%| 1.45 % 16-7
7000{ 4350 222.68 {2500 1378 8,306 22.76 68,80 1.3516.91 x 10%12.15 x 10°%%/2.12 % 10-7]1.40 x 10-%%[1.14 x 10-**| 6,27 x 10 6,26 % 10%8.98 % 1015 97 x 10-%3.99 x 10'%1.57 x 10~7
80001 4571 192,68 | 25001 3.51 % 10~ 2.584 19.18 78.20 1.21 18.91 = 10°11 91 x 10°411.88 % 10-""f1.11 « 10-%*19.09 x 10-3%| 557 x }0 5,61 % 10%1.01 x 10*¥/6.54 x 10-%/4.49 x 109|147 = 10~?
9000] 5592 168.53 | 2500] 1.02 x 10~% 8932 15.78 83.32 1,15 1.07 % 10%1.72 x 10-*411.70 x 10-17[ 9,55 x 10-%¥|7.81 « 10-**[ 5,02 x 10 &.77 « 10%1.12 x 10%3[ 864 % 16-¥]4.98 x 107%1,36 x 10°7 |
10,000 6214 148,58 | 2500] 3.38 x 107% .3451 13.12 86.53 1.12 | 1.25 x 10%1.58 x 10-**[1.56 % 10"'7] 8,52 x 10°*3/6.96 x 10-7°| 4.61 » 10 | 6.87 x 10%]1.22 x 103} 5,62 x 10-*15.43 x 10 1.26 x 1077
15,000 9320 87.21 | 2500 6.05 x 107 1.07 x 10-%| 6 234 93.76 1.0612.25 x 164117 x 10-*#11.15 x 30-2%15 97 x 10-%*14.88 x 10-**] 3,42 x 10 7.08 x 10%11.64 x 10%%[4.30 % 10-7]7.31 % 10**/9 68 x 10-*
20,000(12,427 57.28 | 2500 4.85 x 10°% 1.20 x [0-7] 3,847 96.23 1,041 3.50 x 184]9.82 x 10-1%/9.69 x 10-7%] 4,90 % 10-*8[400 x 10-%°| 2.8% x 10 T.14 x 10571.96 x 10%313 64 ¥ 10-¥18,73 % 10°¥ §.18 X 10°F
25,000{15,534 40,48 | 2500| 8,64 x 1077 2.70 x 10-%| 2.749 97.25 1,03 4.99 x 10418.71 % 10-%8.50 x 107%%) 4.31 x 107**3.53 x 10-%] 2,84 x 10 7.17 x 108]2.21 * 10**13,24 % 10-*9.84 % 104 7,29 x 10-°
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