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Preface 

Aeronomy is the scientific discipline devoted to the study of the compo-
sition, movement, and thermal balance of planetary atmospheres. The 
need for such an area of specialization has developed during the past twenty 
years as sophisticated experiments have revealed the complexities of the 
upper atmospheres of the earth and other planets. 

As a field of research, aeronomy demands an understanding of the basic 
concepts of both chemistry and physics as applied to a highly rarefied me-
dium composed of neutral and charged particles. The first major accom-
plishments of aeronomy were associated with attempts to understand 
basic photochemical processes in the earth's upper atmosphere. Additional 
studies emphasized the importance of molecular diffusion and its effect in 
producing the transition from homogeneous molecular gases of the lower 
atmosphere to the hetrogeneous atomic and molecular gases of the upper 
atmosphere. As might be expected, progress in aeronomy has frequently 
been linked with advances in laboratory measurements or the development 
of new concepts in allied scientific specialities. 

In this text we have attempted to make a comprehensive exposition of the 
basic processes involved in the aeronomy of the earth's upper atmosphere. 
Accordingly, it has been necessary to reach a balance between generalized 
descriptions of different phenomena in terms of various models and the 
actual observed behavior. It has been our goal to emphasize the fundamental 
character of the upper atmosphere and ionosphere without detailed descrip-
tions of global morphology. Consequently, considerable discussion has 
been given to chemical and ionic reactions and to the different collisional 
interactions involving particles and radiation. The data presented have then 
been used to provide quantitative reaction rates, cross sections, and interac-
tion coefficients of aeronomical interest which reflect current best values and 
possible ranges consistent with present knowledge. 

IX 



X Preface 

Owing to the interrelatedness of many aeronomical problems the question 
of self-consistency of the different atmospheric parameters is always impor-
tant; i.e., when certain processes are examined it is necessary to question 
their relationship to the overall atmospheric structure. To avoid as much as 
possible an inconsistent choice of densities, temperatures, and similar pa-
rameters, the calculations given in Part A of this text are largely based upon 
the sets of atmospheric models described in Chapter 3, while those in Part B 
are based on Chapter 14 and Appendix B. Such an approach is somewhat 
unique and reflects the large number of calculations which have gone into 
the preparation of the text material and figures. This approach is consistent 
with our desire to present descriptions of basic processes rather than pre-
dictions of absolute values. 

The material of this text has been divided into two volumes. The first 
volume is principally concerned with the characteristics of the atmosphere 
as a whole and a presentation of the outstanding problems of chemical 
aeronomy. To assist later discussion, the topics of photoabsorption, solar 
radiation, photodissociation, collision processes and aeronomic reactions 
are introduced. Next, the chemistry of the atmospheric regions below 100 
km is discussed with emphasis on oxygen, ozone, nitrogen compounds, and 
the effects of hydrogen compounds. 

The second volume is concerned with phenomena which occur, for the 
most part, above 100 km in the heterosphere. The first topics are concerned 
with the neutral atmosphere and include the behavior of the thermosphère, 
the derivation of atmospheric models, and the formation of the exosphere. 
With regard to charged particles, subsequent chapters are devoted to the 
formation of the ionosphere, the basic ideas of plasma transport and the 
plasma thermal balance. 
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CHAPTER 14 

Thermal Structure of the Heterosphere 

14.1 Introduction 

Knowledge of all the physical parameters involved in the structure of 
the upper atmosphere can be considered as a major goal of aeronomy. 
This implies the need for atmospheric models which represent as accurately 
as possible actual physical phenomena. Using an ideal model, it would be 
possible to predict real physical properties as a logical consequence of the 
model. This final stage of development is far from being reached at the 
present time. 

A fundamental parameter for the physical description of the upper at-
mosphere is the temperature. Actually, several temperatures should be con-
sidered, since the neutral particles, the ions, and the electrons do not react 
in the same way to the heat sources and sinks which can affect the thermal 
structure of the heterosphere. In this chapter, the behavior of the neutral 
species will be discussed in relation to the fundamental conservation equa-
tions for the mass, the momentum, and the energy. Since the complete 
solution of these equations has not yet been obtained, a compromise is 
adopted which leads to the working models used in later chapters. These 
models should and will be improved, but in their present form they can be 
used as guides for the discussion of physical phenomena occurring in the 
terrestrial heterosphere. 

1 



2 14 Thermal Structure of the Heterosphere 

14.2 Conservation Equations 

14.2.1 Basic Equations 

From the Boltzmann equation it is possible to deduce general conserva-
tion equations [1, 2] for the concentration, momentum, and energy of a 
gas mixture. First, however, it is necessary to define certain velocities 
which are involved in these equations. 

When the linear velocity of a particle / is v^, the average velocity v* is 
defined by 

ν , = ( 1 Μ ) | ν ^ ( ν , Γ , 0 ^ ν (14.1) 

where η{ is the concentration of the particles / and fi(\, r, t) is the velocity 
distribution function, which eventually depends on the position r of the 
particle at a time t. 

The mass average velocity v0 is defined by 

V = ^lQ)Yjnimiyi (14.2) 
i 

where ρ = Σί n%m% *s the total density of the particles. The mass average 
velocity v0 is not the mean velocity of the molecules, but a weighted mean, 
giving to each molecule a weight proportional to its mass. If every molecule 
moved with the velocity v0, the momentum of the gas per unit volume 
would be the same as in the real situation. 

The peculiar velocity V̂  of a particle / in a gas mixture is defined by 

V< = ▼< - v0 (14.3) 

and the diffusion velocity V* for the / particles is simply the average value 
of the peculiar velocity. Using (14.3), the diffusion velocity V̂  is given by 

?< = ? < - V (14.4) 

From the definition (14.2) of the mass average velocity, it is immediately 
seen that in a gas mixture 

Σ « ^ Ϋ , = 0. (14.5) 
i 

The continuity equation for the concentration n% can now be written 

(dnjdt) + V . K(v0 + %)] = 0. (14.6) 
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This equation ignores possible production or loss processes for the /-type 
particles by photoionization, by photodissociation, or by chemical reactions. 
Summing Eq. (14.6) for all the types of particles, one obtains for the total 
concentration n 

(ßn/dt) + V · (ny0) + V · (^ Λ<Ϋ«) = 0. (14.7) 

When Eq. (14.6) is multiplied by the mass mu the same procedure leads 
to the expression 

(dg/dt) + V - (ρν0) = 0 (14.8) 

for the total density ρ where Eq. (14.5) has been used to eliminate the 
diffusion velocity V*. This equation is also valid if production and loss 
terms had been introduced in (14.6), since the total mass of the system 
is conserved. However, Eq. (14.8) cannot be applied to a single constituent 
unless its diffusion velocity is zero. 

In a viscous fluid, the general form of the momentum and energy equa-
tions is rather complicated [1-3] since the pressure is considered as a tensor 
in which a nondivergent symmetrical part of the mass average velocity-
gradient tensor is involved. When the viscosity μ is considered as constant 
and when the gradient of V · v0 is neglected, the momentum equation for 
a gas mixture can be written 

^ L o + l r 7 / ? _ ü p 2 V o _ l Z / 2 i X . = o (14.9) 
Dt q ρ ρ i 

where p is the total hydrostatic pressure and X$ is any external force acting 
on the /-type particles. The total derivative operator D/Dt is simply 
(d/dt) + Y0.r. 

Neglecting the energy dissipated by viscosity, the energy conservation 
equation is given by 

dnWIdt + V - (/igTvo) + Ρ . Ε + / 7 Ρ . ν 0 - χ «,Χ,Ϋ, = P-L (14.10) 
i 

where E is the heat flux vector and W is the total translational energy per 
particle in a coordinate system moving with a velocity v0. The production P 
and loss L terms will be discussed in Section 14.4. 

The translational energy is given by 

gT = \NkT (14.11) 
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where k is the Boltzmann constant, T the temperature, and N the number 
of degrees of freedom of the particles. For a monoatomic gas, N = 3 and 
for other gases N > 3: In the case of N2 and 0 2 , N = 5. With Eq. (14.11), 
the energy conservation equation (14.10) can now be transformed into 

Nl· f)nT Nl· 
^f^ + ^V.(nTy0) + V.E + PV.y0-j:niXi\i = P-L· 

(14.12) 

The heat flow vector E is given by 

E=-XVT+TYJcPiQl\i (14.13) 
i 

where λ is the thermal conductivity coefficient which is discussed in Sec-
tion 14.3 and cVi is the specific heat at constant pressure. The specific heats 
cv. and cv. at constant volume and at constant pressure are given respec-
tively by 

cVi = Nk/2mi (14.14) 

and 

cVi = (k/mMl + (N/2)] (14.15) 

where mi is the molecular mass of the /-type particles. In a gas mixture, 
the specific heats cv and cp will be defined formally by expressions similar 
to (14.14) and (14.15) with the mean molecular mass m = ΣρίΙΣηί, 
instead of πΐχ. The first term in (14.13) is the usual heat flow resulting from 
temperature inequalities. The second term results from the energy carried 
by the molecular flow Σ^ η$ι. This term disappears when the heat flow 
is measured relative to the mean velocity of the molecules instead of relative 
to the average mass velocity v0. A third term, proportional to the thermal 
diffusion factor aT (see Section 15.3) should appear in (14.13); it is, how-
ever, neglected in all atmospheric studies since thermal diffusion is not 
important for the major constituents. When the second term in (14.13) 
is equal to zero, Σΐ nim$i is generally different from zero. This last term 
has then to be introduced in the density continuity equation (14.8), whereas 
Σΐ n$i is removed from the concentration continuity equation (14.7). A 
similar modification appears also in the energy equation (14.12). It should 
be noted that only the translational energy has been considered in (14.12) 
and (14.13). When an exchange occurs between the translational energy S? 
and the internal energy, Eq. (14.10) is of the same form for the sum of these 
energies. 
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Introducing the specific heat cv = Nk/2m and using the density con-
tinuity equation (14.8), it is possible to write the energy equation (14.12) 
in the form 

Q(D/Dt)(cvT) + / ? [ 7 . v 0 + l 7 . E - X mXSi = P-L. (14.16) 
i 

The last term in the left member of (14.16) disappears only when the external 
accelerations XJra^ are independent of the index /; i.e., of the nature of 
the particles. This is, for example, the case when gravity is the only external 
force. Finally, it should be noted that the Eqs. (14.9) and (14.16) are not 
valid for a single constituent since a nonzero collision term is involved for 
each species in the Boltzmann equation [1, 2]. 

To build a complete and detailed atmospheric model is a formidable 
task which requires the simultaneous solution of the three-dimensional 
time-dependent conservation equations (14.8), (14.9), and (14.16) coupled 
with the diffusion equations leading to the velocities V^. This problem is 
insoluble at the present time without simplifying assumptions and without 
more experimental information on the physical processes responsible for 
the thermal structure [4]. In the most complete attempt to date [5] it has 
been pointed out that from a mathematical point of view it remains to be 
proved that there exists a unique solution for this system of integropartial 
differential equations. The results of this same three-dimensional computa-
tion [5] show, unfortunately, that above 200 km the temperature peaks 
earlier than the density. This is in contradiction with the drag data analysis 
[6, 7] which indicate a density maximum around 14 hr local time, whereas 
incoherent scatter observations [8-11 ] show a temperature maximum around 
17 hr local time. 

Several analyses [12-18] have been made for steady state conditions. 
A one-dimensional time-dependent calculation [19, 20] required the intro-
duction of a hypothetical heat source in order to explain the satellite drag 
data. In another time-dependent calculation [21], the second heat source 
was not introduced and the diurnal maximum of the density occurred 
around 17 hr local time. Coriolis forces and ion drag terms have been 
introduced [22] in the hydrodynamic equations in order to analyze the 
effects of horizontal movements. But in a two-dimensional model the equa-
tions become so complicated that important simplifications were necessary, 
Finally, a completely different approach to the thermal structure of the 
upper atmosphere has been made in terms of atmospheric waves [23-25]. 
This model takes into account vertical and horizontal mass and energy 
transport. The conservation equations are linearized to a set of complex 
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differential equations which require boundary values which are not well 
known at the present time. 

From the foregoing discussion it is clear that the computation of models 
describing the structure of the upper atmosphere is far from being complete. 
All the present models are based on several simplifying assumptions which 
make the conservation equations more tractable. Some of these assumptions 
will now be discussed starting from the basic equations. 

74.2.2 Simplifying Hypotheses 

The general conservation equations have never been solved for a planetary 
upper atmosphere. Several forms, implying different assumptions, have, 
however, been treated. Before describing these simplification, it is necessary 
to specify the nature of the external forces X{ acting on the atmospheric 
constituents. Among all possible forces, one should consider the gravita-
tional attraction, the Coriolis force, and several frictional forces resulting 
from the relative movement between the neutral gas and the ionic species. 
The gravitational and the Coriolis accelerations are independent of the 
nature of the neutral particles. Therefore, the term Σ nï&$i disappears 
for these forces, according to (14.5). This is, however, not the case for the 
frictional forces or ion-drag terms which depend on the relative velocities 
and on the collision frequencies between the particles. These forces will 
now be represented by F$. 

The gravitational force for each particle with mass mi is m^g, g being 
the gravity acceleration vector. When ω is the constant angular velocity 
vector of the earth, the Coriolis force at a geocentric position vector r is 
«ι ί[2ωχν0 + ωχ(ωΧΓ)] < With these definitions, the conservation equa-
tions (14.8), (14.9), and (14.16) can now be written 

(βρ/dt) + V - (ρν0) = 0, (14.17) 

^ + - Vp - -V-FX - g - 2 ω χ ν 0 - ω χ ( ω Χ Γ ) - 1 χ ^ = 0, 
Dt ρ ρ P i 

(14.18) 
and 

Q(D/Dt)(cvT) +pV · v0 + F · E - £ » ^ Ϋ , = Ρ - L. (14.19) 
i 

All the external forces appear in the momentum equation, whereas only 
the friction forces F* are present in the energy equation. Using atmospheric 
models, the momentum equation (14.18) has been applied extensively in 
horizontal wind calculations [26, 27]. These computations require, how-



14.2 Conservation Equations 7 

ever, a knowledge of the vertical thermal structure, which should be deduced 
from the energy equation (14.19). 

A major simplification can be made by assuming that the diffusion 
velocities V$ are equal to zero. The density continuity equation (14.17) and 
the momentum equation (14.18) are not affected by this hypothesis. But, 
the concentration continuity equation (14.7) becomes now 

(dn/dt) + V · (/!▼<,) = 0. (14.20) 

Using the definition of the specific heat cv and Eqs. (14.17) and (14.20), 
the energy equation (14.19) is written 

Qcv(D/Dt)(T) +pV · v0 + F E = P-L (14.21) 

where the heat flow is simply 

E = -λ VT (14.22) 

instead of the expression (14.13). 
When one assumes that no net diffusion flow occurs in the atmosphere 

(Σΐ n$i = 0), it is necessary to introduce the contribution from the terms 
Σίηί$ίΫί m t n e energy equation (14.19), whereas the other conservation 
equations are not modified. The only way to avoid the complications arising 
from diffusion transport is to assume V.j = 0 for every constituent. This 
means that the atmosphere should always be in diffusive equilibrium when 
the temperature changes. Such an assumption is actually questionable since 
it implies that the time necessary to reach diffusive equilibrium is negligible 
compared to the heat conduction time. This simplification has, however, 
been introduced by several authors [19-22] in order to estimate dynamical 
effects in the upper atmosphere. 

Since several analyses of the atmospheric thermal structure are based 
on Eq. (14.21), the forms taken by (14.21) for different assumptions regard-
ing the mass average velocity v0 will now be shown. First of all, when v0 

is neglected the energy equation takes the rather simple form 

QCv(dT/dt) + V -E = P- L. (14.23) 

With a diffusive equilibrium distribution for the atmospheric constituents, 
it is possible to solve the one-dimensional form of (14.23) using an implicit 
numerical technique. The mass average velocity can, however, be taken 
into account by noting that, from Eqs. (14.17) and (14.20), 

V ° Q Dt 
1 Dn 
It Dt ' 

(14.24) 
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This relation implies that DmIDt = 0, i.e., the mean molecular mass m 
should not vary with height under steady state conditions. Such an effect 
is a direct consequence of the previous assumption Vf = 0. The energy 
equation (14.21) is now written 

«-K-Î-5- + '·"-'-*- (14'25) 

Using the perfect gas law p = nkT and an expression similar to (14.15) 
for the specific heat cv at constant pressure, Eq. (14.25) becomes 

^^r--w + v-E = p-L- <1 4-2 6> 
This equation shows that the specific heat at constant pressure is indirectly 
introduced through the term pV · v0. The same equation is also obtained 
when the second term in (14.25) is (ρ/ρ)(Όρ/ϋί). 

Heat production and loss processes are balanced by the three terms on 
the left-hand side of Eq. (14.25). These terms respectively correspond to 
the rate of change of internal energy following the motion of a fluid cell, 
to the adiabatic warming or cooling, and to the downward heat transport 
by conduction. The system of partial differential equations (14.17), (14.18), 
and (14.26) can in principle be solved for the dependent variables v0, ρ, p, T. 

Up to now the energy equation (14.26) has been numerically integrated 
for a one-dimensional case [19, 21]. Further simplifications are, however, 
made for the mass average velocity. In the one-dimensional case it has been 
assumed [19] that Dp/Dt = 0. This condition leads to the following expres-
sion for the vertical component w0 of the velocity v0 : 

w0 = T 
1 9T , 

Yl^fdz (14.27) 

where z0 is the altitude of the lower boundary. When the horizontal flow 
effect on the vertical pressure gradient is neglected, i.e., when dp/dz = —gg, 
the condition Dp/Dt = 0 leads to 

M 9 P dz 

*'=-ΗΊ>Γ}ΗΊΓ ( 1 4 · 2 8 ) 

where H = kT/mg is the atmospheric scale height. For a constant mean 
molecular mass, Dm/Dt = 0, this expression is equivalent to (14.27), since 
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(14.28) can also be written 

u P l dH 
dz. (14.29) 

Such an expression has also been used in a study [28] of the dynamical 
response of the atmosphere to short-period heating through approximate 
analytical solutions of the heat conduction equation. Actually, it can be 
shown that (14.27) or (14.29) is an approximate solution of the vertical 
component of the continuity equation (14.24). 

When horizontal movements are taken into account, the vertical velocity 
is not given by (14.29), since a contribution to the vertical movement 
arises from a lateral net inflow [29]. Such a horizontal mass divergence, 
characterized by a velocity of the order of 1 m sec-1, can lead to an adiabatic 
warming comparable to the solar ultraviolet heating. As a consequence, 
atmospheric movements should be taken into account in the heat balance 
equation. The ideal situation would be, of course, a three-dimensional 
solution of the conservation equations leading simultaneously to the com-
position parameters and to a wind system. 

14.3 Viscosity and Heat Conductivity 

Practical applications of the conservation equations to the terrestrial 
atmosphere require a knowledge of the transport coefficients for the atmo-
spheric components. The diffusion coefficients will be discussed in the next 
chapter. In the earth's upper atmosphere, atomic oxygen, molecular oxygen, 
and molecular nitrogen are the major neutral components responsible for 
the thermal and dynamical structure. Since helium and hydrogen become 
important constituents above 500 km altitude, their viscosity and heat con-
ductivity are also analyzed in this section. 

Theoretical expressions for the viscosity μ and the heat conductivity λ 
depend on the adopted interaction potential between the atoms and mole-
cules [1, 2]. For smooth rigid elastic spherical molecules of diameter di9 

the viscosity μί is given by [1] 

μ, = ( 5 / 1 6 ^ 2 ) ( ^ 7 > ) 1 / 2 (14.30) 

where mi is the molecular mass. This expression shows that the viscosity 
for a single gas is independent of the concentration. Experimental results 
[30] indicate, however, that the temperature dependence of the viscosity 
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is not exactly given by (14.30). For aeronomical applications, it is useful 
to represent the viscosity by an expression like 

μί = ΑίΓ. (14.31) 

Several theoretical and semiempirical formulas have been developed for 
gaseous mixtures [31-33]. An accurate formula for the viscosity μ of a 
mixture of n constituents is [31] 

p=i — ί — (i4·32) 
*1 OM) Σ ηΐΦν 

where μί is the viscosity of the single gas / with concentration n{. A simple 
expression for φ# is 

h = [1 + (^y'\rnM)^ . ( 1 4 J 3 ) 

2 V 2 [l + imjmj)]^ 

It should be noted that the viscosity of a mixture depends on the viscosities 
μΐ of the different species and of the relative abundances of these con-
stituents. From the expression (14.33), it is seen that φ^ is independent of 
the temperature when the different viscosities μ{ are characterized by the 
same temperature dependence. It is therefore worthwhile to attempt a 
fitting of the individual experimental data by expressions similar to (14.31) 
with a common temperature dependence. 

Numerous measurements of N2 and 0 2 viscosity have been made and 
analyzed for different interaction potentials [34]. Between 200° and 2000°K, 
these data can be approximated by 

μ(<32) = 4.03 x 10-6Γ0·69 gm cm"1 sec-1 (14.34) 

and 
μ(Ν2) = 3.43 x 10-6Γ0·69 gm cm"1 sec-1 (14.35) 

with an accuracy better than 5%. From a measurement [35] of the 0 - 0 2 

diffusion coefficient, the viscosity of atomic oxygen is estimated by the 
following expression [36]: 

μ(Ο) - 3.90 x 10-6Γ0·69 gm cm"1 sec-1. (14.36) 

This expression is in good agreement with the formula 3.44x 10-6Γ0·71 

obtained from theoretical computations [37] of the effective viscosity cross 
section of atomic oxygen. 
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The experimental results for helium [30] can be approximated by 

^(He) = 3.84 x 10-6Γ0·69 gm cm-1 sec-1 (14.37) 

between 200° and 2000°K. From theory [38, 39] it is possible to express 
the atomic hydrogen viscosity by 

μ(Η) = 1.22 x 10-6Γ0·69 gm cm-1 sec"1. (14.38) 

between 200° and 2000°K. 
Since the individual viscosities (14.34)—(14.38) have the same tempera-

ture dependence, it is clear that the expressions φ^ given by (14.33) reduce 
to values independent of the temperature distribution in an atmospheric 
model. Figure 14.1 gives the vertical distribution of the atmospheric viscosity 
computed with expression (14.32). The temperature distributions correspond 
respectively to the 750°K and to the 2000°K models given in Appendix B. 
The atmospheric viscosity does not vary to a great extent above 200 km 
altitude. The effect of atomic hydrogen can be seen above 500 km in the 
750°K model and the decrease of μ above this altitude is due to the smaller 
numerical coefficient in (14.38). 

700 

600 

-. 500 

E 
LU 
Q 
Z> 
î= 400 
I — 
_ i 
< 

300 

200 

Fig. 14.1 Atmospheric viscosity 
coefficient for two models with 750°K i 5 io 
and 2000°K thermopause temperature. VISCOSITY (10~4gm cm-'sec-1) 

T =2000°K 
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Instead of expression (14.32) it is possible to use a more simple formula, 
namely 

μ = ATQ™ (14.39) 

with 
Α = ΣΑίηί/Σηί. (14.40) 

The coefficients A{ are given by the numerical factors of (14.34)-(14.38). 
The difference between the viscosity obtained from (14.32) and from (14.39) 
is less than 1% for the adopted atmospheric models. 

The thermal conductivity coefficient λχ of a gas / is connected with the 
viscosity coefficient μχ by the relation 

λ%=ίμ&η (14.41) 

where/is a number depending on the interaction potential. For monoatomic 
gases / i s approximately equal to 2.5. With this value and a specific heat 
cv. = 3k/2mi, the thermal conductivity becomes 

Λ = (15/4)(£/Wi)/V (14.42) 

Since this relation is valid for monoatomic gases, one obtains between 200° 
and 2000°K 

λ(Η) = 379Γ0·69 erg cm"1 sec"1 °Κ~1, (14.43) 

A(He) = 299Γ0·69 erg cm"1 sec-1 °K"1, (14.44) 

and 
λ(Ο) = 75.9Γ0·69 erg cm-1 sec-1 °K"1. (14.45) 

The diatomic molecules N2 and 0 2 are, however, also characterized by 
an internal energy which can affect the usual translational energy. Different 
expressions o f / h a v e been established [1, 2] to take the internal energy 
into account and an interaction between the translational and the internal 
energy is not excluded [38]. An analysis [36] of the experimental data [34, 
39] leads to the conclusion that for 0 2 and N2 the thermal conductivity 
can be expressed by 

λ(ϋ2) = 39.3Γ0·69 + 2.55Γ - 92.7 erg cm-1 sec-1 °K"1 (14.46) 

and 

A(N2) = 38.2Γ0·69 + 1.90Γ +51 .4 erg cm"1 sec-1 °K\ (14.47) 
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Fig. 14.2 Thermal conductivity of O and 02 as a function of temperature. The dashed 
curve corresponds to the simplified expression for 02 and N2 (see Fig. 14.3); i.e., 
λ(02) = 56Γ° ·69. 

This first term in (14.46) and (14.47) represents a pure translational effect, 
whereas the last two terms represent the transport due to internal energy. 
The thermal conductivities of O, 0 2 , N2, H, and He are shown in Figs. 
14.2 and 14.3. In order to have an expression of the same type for 0 2 and 
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Fig. 14.3 Thermal conductivity of H, He, and N2 as a function of temperature. The 
dashed curve corresponds to the simplified expression for N2 and 02 (see Fig. 14.2); i.e., 
A(N,) = 56Γ0·69. 
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N2 as for O, He, and H, the relation 

λ(02, Ν2) = 56Γ0·69 erg cm-1 sec-1 °Κ-χ (14.48) 

is represented by the dashed line on Figs. 14.2 and 14.3. It is clear that 
this approximation is sufficiently accurate for atmospheric applications. 

The determination of the thermal conductivity of the atmospheric mixture 
is similar to that for the viscosity of a gaseous mixture. The relations (14.46) 
and (14.47) suggest an expression such as 

λ = AT0-™ + BT + C. (14.49) 

The coefficient A is given by a relation analogous to (14.32) where μ{ is 
replaced by λ{. For 0 2 and N2, only the first term of (14.46) and (14.47) is 
involved in the coefficient A. The coefficients B and C are given by [36] 

1Λ=\ φ-κ%%η% 2A-i ΦοΛηι 

and 
51.4*(N2) 92.7 ( 1 4 5 1 ) 

2- i =1 ψΉ 2i
ni 2^i=l902i

ni 

where φ$2ί and φο2ί are given in Table 14.1. 

TABLE 14.1 

COEFFICIENTS OF EQS. (14.50) AND (14.51) 

0 ( / = l ) 0 , ( / = 2) N a ( / = 3) H e ( / = 4) H (ι = 5) 

<f>N2i: 0.771 0.975 1 0.301 0.195 

Po2i-
0.718 1 1.02 0.293 0.192 

The thermal conductivity obtained from (14.49) is shown in Fig. 14.4 
for two atmospheric models. As for the viscosity, it is also possible to use 
an expression like (14.39). In this case, relation (14.48) should be adopted 
for 0 2 and N2. This procedure is rather good since it leads to an accuracy 
of the same order as for the approximation of A(02, N2) shown in Figs. 14.2 
and 14.3. Finally, it should be noted that the increase of the atmospheric 

(14.50)

(14.51)
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Fig. 14.4 Thermal conductivity of the atmosphere for two models with 750°K and 
2000°K thermopause temperature. 

thermal conductivity above 500 km (see Fig. 14.4) in the 750°K model is 
due to the presence of helium and atomic hydrogen. A similar effect appears 
also for higher temperatures, but at greater altitudes. 

14.4 Energy Sources and Sinks 

14.4.1 Atmospheric Heating 

It has been shown in Chapter 5 that the slow decrease of the total density 
above 100 km is related to the diffusive separation of the atmospheric con-
stituents and to the increase of temperature in the thermosphère. The 
gradients necessary to raise the temperature from above 200°K at 100 km 
to values ranging approximately from 600° to 2000°K at 500 km require 
the absorption of a certain amount of energy which is transformed 
into heat. 

Since heat conduction is the principal transport process for thermal 
energy above 100 km, it follows from (14.22), (14.45), and (14.48) that 
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the vertical temperature gradient is given by 

dT/dz = 13.2Γ-°·69£ °Κ km-1 

in a pure atomic oxygen atmosphere and by 

dT/dz = 17.8Γ-°·69£ °Κ km"1 

(14.52) 

(14.53) 

in a molecular oxygen-nitrogen atmosphere. In (14.52) and (14.53) E is 
the absolute value of the downward heat flow expressed in erg cm~2 sec-1. 
Values of dT/dz for temperatures between 300° and 1000°K are given by 
expressions (5.25) and (5.26). It is clear from Fig. 14,5 that a heat flow of 
the order of 1 erg cmr2 sec^1 can lead to temperature gradients between 
35° and 10°K km-1 depending on the temperature of the altitude through 
which the heat is conducted. In a steady state, Eq. (14.23) shows that the 
divergence of the heat flow is simply the balance between the various heat 
sources and heat loss processes. 

An important heat source during the day is solar ultraviolet radiation 
[13, 15, 16]. It has already been shown [16] how the temperature gradient 
in a sunlit atmosphere is related to the fraction of the absorbed solar ultra-
violet energy. The heat production by ultraviolet absorption at wavelength λ 
is 

Ρ(λ, z) = £ e<(A, ζ)^αΚ(ζ)£Μ„α>-*<^> (14.54) 

10 10 10" 10" 

HEAT FLOW (erg cm^sec"1) 
Fig. 14.5 Heat conduction flow as a function of the temperature gradient for two 

temperatures, namely 300°K and 2000°K. Solid curve, 0 2 , N2 atmosphere; dashed curve, 
O atmosphere. 
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where Κ^λ) is the absorption cross section of the constituent with con-
centration tii. The summation is taken over the atmospheric constituents 
which can absorb the ultraviolet energy flux EUV{X) available at the top of 
the atmosphere. The heat efficiency ε{ represents the fraction of the ultra-
violet energy which is converted into heat. The optical depth τ(Λ, ζ) is 
defined by 

/»CO 

τ(λ,ζ) = £ niKi(X)Fdz. (14.55) 
i J Z 

The optical depth factor F is equal to the secant of the zenith distance χ 
when χ < 75°. For larger zenith angles, the earth's curvature has to be 
taken into account and F is given by the Chapman function for which 
several approximations are available [40, 41]. 

The total heat production over a certain wavelength interval is obtained 
by integrating (14.54) over λ. The relevant absorption cross sections have 
been discussed in Chapter 6 and data on the solar ultraviolet radiation are 
given in Chapter 7. The whole solar spectrum should be involved in the 
heat production, but Eq. (14.54) indicates that the maximum heat produc-
tion occurs in the height range where the optical depth is practically unity. 
Therefore, the extent of the spectral region leading to a heat production is 
related to the optical absorption by the atmospheric region. For practical 
purposes, the solar spectrum can be divided into two parts : the Schumann-
Runge continuum below 1750 Â and the wavelength region below Lyman ß 
(1026 Â) down to 80 Â. Longer and shorter wavelengths need not be con-
sidered since they are not absorbed above 100 km altitude. 

The absorption cross sections are relatively well known, with perhaps 
an exception for molecular nitrogen below 1000 Â. However, the major 
uncertainty in the heat production (14.54) results from the heat efficiencies 
Si which are poorly known compared to the other quantities. From the 
data described in Chapter 7, it is seen that the available energy flux in the 
Schumann-Runge continuum is of the order of 15 erg cm -2 sec-1. Between 
1026 and 80 Â the total ultraviolet flux can vary from 1.7 to 4.5 erg cm -2 

sec-1 depending on the solar activity. In this interval the variation is, how-
ever, not the same for all wavelengths and a correlation with the solar 
decimetric flux can only lead to a rough approximation [42]. It is seen 
from Fig. 14.5 that a simultaneous knowledge of the solar flux and of the 
efficiencies is of fundamental importance for the values of the temperature 
gradients. Values for the efficiency between 0.1 and 1 have been used 
in the literature and it is very difficult to adopt an average value for 
the eim 
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In the Schumann-Runge continuum, molecular oxygen is dissociated 
into 0(3P) + O^D). The metastable *D state can undergo collisional de-
activation to a 3P state, releasing an energy of 1.967 eV in this process. 
Therefore, it has been assumed [43] that all the excess photon energy 
above the dissociation energy of 0 2 into two normal atoms 0(3P) is con-
verted into heat. In such a way, the efficiency increases linearly with wave-
length from 0.28 at 1750 Â to 0.59 at 1026 Â. In a more detailed analysis 
[44, 45], collisional deactivation of 0(XD) and of 02(b 1Σ(/+) as well as 
radiative emission of the excited states are taken into account. An average 
efficiency [45] of 0.3 is suggested between 1750 and 1350 Â. The altitude 
range for which heating occurs in the Schumann-Runge continuum depends 
on the absorption in this wavelength region. Figure 14.6 shows the optical 
depth between 1750 and 1300 Â for three altitudes, namely 100, 120, and 
150 km. It is clear that practically no heating occurs above 150 km, where 
the optical depth is less than 10~2. The major absorption takes place below 
120 km. Figure 14.7, corresponding to an average efficiency e = 0.3, indi-
cates that the maximum heat production in the Schumann-Runge con-
tinuum occurs around 100 km for an overhead sun. 

Below the first ionization potential of 0 2 at 1026 Â, the evaluation of 
the heat efficiency is even more complex since O, 0 2 , and N2 simultaneously 
absorb strongly the solar radiation. The photoelectrons which are then 
produced can lead to secondary ionization and excitation. The ions, mole-

1700Â 1600Â 1500Â U00Â 1300A 

, u 60,000 65,000 70,000 75,000 

WAVE NUMBERicm"1) 
Fig. 14.6 Optical depth in the Schumann-Runge continuum for an overhead sun 

(X = 0°). 



14.4 Energy Sources and Sinks 19 

HEAT PRODUCT ION (erg cm'3sec"1) 

Fig. 14.7 Heat production as a function of altitude for 750° and 2000°K thermo-
pause temperature. The heat efficiency is 0.3. Solid curve, Schumann-Runge continuum; 
dashed curve, λ < 1026 Â. 

cules, and atoms react with each other and it is very difficult to estimate 
what fraction of the absorbed energy is converted into heat. Finally, one 
should keep in mind that for the whole spectrum the heat is not necessarily 
released at the height where the ultraviolet absorption occurs since mass 
transport cannot be neglected a priori. It is also possible that the heat 
efficiency depends on the solar cycle because the relative abundances of the 
different ions, atoms, and molecules are involved in the determination of 
the various ε{. 

The heat production below 1026 Â is shown in Fig. 14.7 for two atmo-
spheric models corresponding respectively to thermopause temperatures of 
750° and 2000°K. A constant efficiency ε = 0.3 has been used over the 
whole wavelength interval between 1026 and 80 Â. The 750°K curve cor-
responds to the minimum solar ultraviolet flux whereas the 2000°K one 
corresponds to the maximum values given in Chapter 7. Above 140 km, 
the ultraviolet heat production for λ < 1026 Â is higher than the production 
in the Schumann-Runge continuum. The heat energy available below 
1026 Â is large enough to raise the thermopause temperature up to values 
between 600° and 2000°K. When the heating in the Schumann-Runge 
continuum is introduced, it is necessary to add a downward heat transport 
by turbulence [43] below 120 km since kinetic heat conduction alone would 
lead to extremely large temperature gradients around 100 km. 
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Other heat sources can play a role in the thermal structure of the upper 
atmosphere. The most important is probably the Joule heating [46, 47] 
arising from electric currents in the ionosphere. During geomagnetically 
disturbed periods, the global input of heat by Joule dissipation can be 
larger than that due to ultraviolet absorption. During the night [47] the 
Joule heating rate can exceed that in the day by a factor of two. Under such 
conditions, the whole thermosphère is perturbed and equatorward wind 
systems occur in the upper atmosphere. Even for geomagnetically quiet 
conditions, auroral Joule heating plays an important part in the dynamic 
and thermal structure of the thermosphère [48]. It is not excluded that 
auroral Joule heating alone is more important than the ultraviolet heating. 

Joule heating in the regions outside the plasmasphere arises from localized 
auroral electric fields and the more widespread magnetospheric electric field 
responsible for plasma convection [48]. The magnitude of the convection 
field (10-100 mV m_1) and its large geographic application (all regions 
poleward of 60° invariant latitude) are sufficient to imply a strong coupling 
between ion motions and the thermosphère, both in terms of direct heating 
and in the establishment of global wind patterns [49]. 

To illustrate the importance of the polar convection electric field, the-
oretical computations have been made of the rate of neutral gas heating 
when a 40 mV m_1 transverse electric field is applied to the summer polar 
cap in the form of a time quasi step-function (E± = 0 for t < 0; 

ENERGY RATE (ergs cm"3 sec1) 

Fig. 14,8 Heat input to the polar thermosphère for a quasistep electric field of 40 mV 
m_1 at selected times after onset. The solid curves indicate the Joule heating rate while 
the dotted curves give the heating rate due to viscous dissipation. 
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Fig. 14.9 The height integrated heating rates corresponding to Fig. 14.8 for a quasi-

step function electric field. 

Ej_ = 40 mV m_1 for t > 1 hr). The results, shown in Figs. 14.8 and 14.9, 
indicate that the combination of Joule and viscous dissipation is of the 
same order of magnitude as solar EUV heating (see Fig. 14.13). Equally 
important, however, is the horizontal momentum transferred to the thermo-
sphère since the neutral wind velocities associated with the heating of Fig. 
14.8 can reach 500msec- 1 within I h r at 150km altitude. Such results 
indicate the importance of the polar regions to the global energy and mo-
mentum budget of the thermosphère; i.e., the behavior of the thermosphère 
cannot be isolated from the terrestrial plasma environment. 

It would be very interesting to include Joule heating in theoretical at-
mospheric models but more information is required for the external electric 
fields which drive the ions through the neutral gas. Since the heating occurs 
through ion-drag the relative speed between the ions and the neutral par-
ticles is a fundamental parameter in any evaluation of the Joule heating 
which is also accompanied by viscous heat dissipation through the thermo-
sphère. 

Tidal dissipation [25, 50] can also contribute to the heat input entering 
in the thermosphère from below. However, the excitation mechanisms of 
tides in the thermosphère have not yet been fully explored and it is extremely 
difficult to evaluate the effect of viscosity, thermal conduction, and hydro-
magnetic forces [51]. 
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14.4.2 Atmospheric Cooling 

If all the previous heat sources are really so effective as shown in the 
literature, heat sinks have to be introduced in the heat balance equation. 
The day and night airglow of the atmosphere in the infrared represents a 
possible heat loss. However, most of the infrared emissions of the earth's 
atmosphere arise below 100 km from minor constituents such as H20, OH, 
C0 2 , and 0 3 . Since molecular nitrogen and oxygen do not possess a per-
manent dipole moment, they cannot emit in the infrared. Atomic oxygen 
can, however, radiate in the infrared at 63 and 147 μπι. The ground state 
of neutral atomic oxygen is a triplet for which the 3P0 and 3PX levels lie 
only 226.5 and 158.5 cm- 1 above the ground level 3P2. The excitation po-
tentials, i.e., 0.028 and 0.020 eV are of the same order of magnitude as the 
kinetic energy of the atmospheric constituents. Since the collision frequency 
is high enough in the thermosphère, the following excitation mechanism has 
been suggested [13]: 

X + 0(8P,) — X + 0(3Ρ,,) (14.56) 

where X is any atmospheric constituent. The quantum number J is equal 
to 2 or 1 and J' is equal to 1 or 0. If process (14.56) is fast enough, it is 
reasonable to assume that the oxygen atoms are distributed on the levels 0, 
1, 2 according to a Boltzmann distribution. With the transition probabilities 
A0_1= 1.70 x 10-5 sec-1 and A12 = 8.95 x 10~5 sec-1, the emission rate at 
63 μηι and at 147 μχη can be written 

h69xl0-^n(O)e-228/T
 3 _λ ΠΑ „ . 

6̂3̂ m — j _|_ o.6e-228/T + 0.2e~32ß/T e r g c m s e c U 4. :> / ; 

and 
j 4 . 59x l0 - 2 MO)e - 3 2 ^ _3 _χ 

M47/*m — j _[_ o.6<?-228/T + o.2é?-326 /T erg cm sec u4·^; 

where n(0) is the atomic oxygen concentration. These relations show that 
in a first approximation, the 147 μπι emission is negligible compared to 
the 63 μγη emission, which has been detected [52, 53] in the earth's atmo-
sphere. The theoretical energy rate (erg sec-1) emitted at 63 and 147 μτη 
is given in Table 14.2 as a function of the temperature. For temperatures 
between 300 and 2000°K, the infrared flux at 63 μη\ is given approximately 
by 

Λοο 

^WmO) ^ 7 x 10-19 n(Q) dz erg cm-2 sec"1. (14.59) 
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TABLE 14.2 

ENERGY** EMITTED AT 63 AND 147 μπ\ 

T (°K): 200 300 400 500 600 700 800 900 1000 1500 2000 

R^m xlO19: 4.36 5.83 6.65 7.17 7.53 7.78 7.97 8.13 8.25 8.61 8.79 

IWmXlO2 0: 0.73 1.15 1.42 1.61 1.75 1.85 1.93 1.99 2.04 2.20 2.29 

a Values are in erg sec-1. 

The total contents of atomic oxygen above 120 and 150 km are respectively 
of the order of 1.8 X 1018 and 5.3 x 1017 cm-2 for a thermopause temperature 
of 750°K. These values lead to an infrared cooling rate of 1.3 erg cm-2 sec-1 

at 120 km and 3.7 x 10_1 erg cm-2 sec-1 at 150 km, i.e., values of the same 
order of magnitude as the ultraviolet heating below 1026 Â. 

The expressions (14.56) and (14.57) are, however, valid only for an 
optically thin atmosphere. For the 63 μνα radiation, unit optical depth is 
reached around 100 km. It is therefore necessary to investigate the effect of 
the absorption of the 63 μτη radiation and the effect of induced emission. 
This implies the solution of a radiative transfer equation [54-56]. At the 
top of the earth's atmosphere it can be assumed that the solar radiation 
at 63 μνη has no effect, whereas at the lower boundary a blackbody emission 
corresponding more or less to the tropopause temperature can be introduced. 
The radiative transfer solution can be presented in a form such that [56] 

L(z) = L(63 μιη)[1 - X] (14.60) 

where X depends on the optical depth at 63 μτη and L(63 μπι) is the optically 
thin expression (14.57). With a lower boundary emission corresponding to 
a blackbody at 190°K, the volume emission rate (14.60) is given in Fig. 
14.10 for an atmospheric model characterized by a 1000°K thermopause 
temperature. Below 100 km a small heating results from the lower boundary 
emission. Between 150 and 100 km, the cooling is always overestimated by 
expression (14.57). The departure from an optically thin layer is indicated 
in Fig. 14.11, where the reduction factor 1 — A" is shown for two models 
corresponding to thermopause temperatures of 750° and 2000°K. A com-
parison between Figs. 14.10 and 14.7 indicates that the atomic oxygen in-
frared loss cannot be neglected in the thermal structure, despite the reduction 
resulting from reabsorption of the 63 μπι radiation. The mean net flux is 
directed upwards [56] above 100 km and the infrared emission is lost into 
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Fig, 14,10 Infrared volume emission rate at 63 μτη in a 1000°K atmospheric model 
with an overhead sun. The radiative transfer curves i:re shown dashed for heating and 
solid for cooling. 
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Fig, 14,11 Reduction factor resulting from radiative transfer. Values are for the 
atomic oxygen 63 μπι emission. 
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the interplanetary space. At 300 km the mean upward infrared flux is 
between 0.1 and 0.2 erg cm -2 sec-1 for thermopause temperatures between 
750° and 2000°K. 

Since it appears that heat sources other than the ultraviolet heating 
should be introduced into the energy balance equation, it seems that the 
63 μπι infrared loss is not sufficient to avoid the buildup of very large 
temperature gradients and very high thermopause temperatures. Therefore, 
other loss mechanisms have to be discovered. The downward heat transport 
by turbulence [43] below 120 km offers an attractive possibility. It also 
cannot be excluded that a significant amount of the available energy is 
expended in the vibrational or rotational excitation of different neutral and 
ionic species or both [57]. Such a process is actually related to the heating 
efficiencies ε .̂ Experimental determinations [58] indicate that in the 3 -
8 μτη region a radiation flux between 1 and 10 erg cm -2 sec-1 sr_1 occurs 
above 90 km even under geomagnetically quiet conditions. Various excita-
tion mechanisms [59] including electron impact and the effect of an electric 
field have been discussed in relation with this infrared emission. 

It seems that the problem of the various heat sources and sinks is far 
from being completely solved. The importance of the different effects should 
emerge from a complete solution of the heat balance equation. At present 
there are, unfortunately, no available theoretical models which take all 
these effects into account. 

14.5 Working Models 

It is impossible at present to build atmospheric models which are able 
to represent in detail all the correct experimental facts. Two fundamental 
reasons can be advocated: First, the existent numerical techniques are not 
yet developed enough to perform the integration of the three-dimensional 
conservation equation. Second, all the physical processes responsible for 
the structure of the upper atmosphere are not yet completely understood. 
It is, however, necessary to have models which can be used as a guide for 
aeronomical investigations. 

Using the assumption of diffusive equilibrium above a certain height, 
it is very easy to compute the concentration, pressure, and density when a 
vertical temperature distribution is adopted and when the partial concen-
trations are known at the lower boundary. An empirical expression for the 
temperature distribution is, for example [60], 

T(z) = Τ^+ (Τ0 - O exp(^z) (14.61) 
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where T0 and Τ^ are respectively the temperatures at the lower boundary 
and at the thermopause. The parameter s determines the shape of the curve. 
In recent models [61], the temperature profiles are given by polynomials 
and by an inverse tangent function. The success of this type of model 
results from its ability to help in the interpretation of satellite drag data. 
The choice of a specific model is made according to the thermopause 
temperature, which can be given by an empirical function [61, 62] of the 
solar decimetric flux at 10.7 cm or at 8 cm. For geomagnetically quiet con-
ditions {Kv = 0) the nighttime minimum of the global temperature is given 
on a specific day by [61] 

ΓΝ = 379 + 3.24S10.7 + 1.3(S10.7 - 510.7) (14.62) 

where S107 is the daily solar radioelectric flux at 10.7 cm expressed in units 
of 10-22 W m- 2 Hz-1. The 510 7 value should be the value for the previous 
day since temperature variations occur with a time lag [63] of the order 
of 1 day with respect to the solar flux. S107 is a smoothed solar flux over a 
period of 27 days. 

The daytime maximum temperature is given by 

ΤΏ = 1.37V (14.63) 

More complex formulas [61] are available to evaluate the temperature at a 
specific geographic location as a function of local time. When geomagnetic 
activity cannot be neglected, an increase of the temperature can be com-
puted [64] as a function of the planetary geomagnetic index Kv. 

Before describing the physical parameters given in the working models 
it is, however, interesting to discuss a time-dependent case. In the widely 
used one-dimensional time-dependent models [19, 20, 65] a hypothetical 
"second heat source" has been introduced for two reasons. First, without 
this "second heat source" the maximum temperature occurs around 17 hr 
local time and the amplitude of the diurnal variation is of the order of 2.5. 
With an arbitrarily adopted second heat source the diurnal temperature 
fluctuation amplitude was reduced to 1.5. The additional heat source was 
taken to have a maximum at 0900 LT with a total flux of 1 erg cm-2 sec-1 

and a value of the order of 0.25 erg cm-2 sec-1 during the night. 
Numerical integration of Eq. (14.23) by an implicit technique [66] leads 

to an amplitude of the order of 2 for the diurnal variation of the tempera-
ture when ultraviolet heating and infrared cooling are introduced. Since 
all the production and loss mechanisms are not exactly known, an arbitrary 
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production or loss can be introduced by 

1 f z — z0\* 
Pc = C exp y mi (14.64) 

where z0 is the altitude of the maximum value for Pc. The constant C is 
related to the height integrated flux Ec by 

Ec = (2n)1/2Cs. (14.65) 

Adopting s = 50 km, one obtains C = 8 x 10~10 erg cm- 3 sec-1 for an in-
tegrated flux Ec = 0.1 erg cm-2 sec-1. When the peak of this production 
(C > 0) or loss (C < 0) is located at z0 = 350 km, integration of (14.23) 
leads to the temperature variation shown in Fig. 14.12. The computation 
has been made for a geographic latitude of 30°N and a solar declination 
of 0°. These parameters enter in the ultraviolet heat production (14.54) 
through the optical depth factor F9 which is a function of local time. The 
height integrated production or loss (14.65) is also shown on Fig. 14.12 
as a function of local time. The total loss during the day is approximately 
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Fig. 14.12 Time dependent thermopause temperature showing the effect of an addi-
tional heat source or loss. The upper part of the graph shows the height integrated flux 
which is maximum at 350 km. Values are for a solar declination of 0° and a latitude of 30°. 
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equal to the total heat input and the absolute value of Ec never exceeds 
0.1 erg cm-2 sec-1 during 1 hr. The diurnal amplitude of the temperature 
is equal to 1.5 with the additional production or loss Pc whereas it reaches 2 
with the ultraviolet production and the infrared loss. A comparison between 
Pc and the ultraviolet production at 1200 LT is given in Fig. 14.13. The 
dashed curve corresponds to an integrated flux of 0.1 erg cm-2 sec-1 and 
the maximum ultraviolet heating flux is 1.7 erg cm-2 sec-1 at 1200 LT. It 
is clear that even a small additional source or sink can strongly influence 
the amplitude of the diurnal variation. Therefore, further studies are nec-
essary to investigate all physical processes which could lead to additional 
production and/or loss terms in the heat conduction equation. 
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Fig. 14.13 Comparison between the UV heating at 1200 LT and the additional source. 

The atmospheric models given in Appendix B, Tables Bl -Bl l , are ob-
tained in a slightly different way. They are numerical solutions of the heat 
conduction equation (14.23) where the heat input is the solar ultraviolet 
radiation below 1026 Â and the heat loss is the 63 μνη radiation computed 
for the optically thin atmosphere. In this way the infrared loss is slightly 
overestimated between 120 and 150 km. The largest temperature gradients 
are probably still too high since turbulent conduction has been neglected. 
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No local time or latitude is given for the model since a one-dimensional 
solution of (14.23) cannot lead to a final description of the upper atmo-
sphere. Table B7-B11 in Appendix B give the vertical temperature distribu-
tions for thermopause temperatures ranging from 600° to 2000°K with 
50°K steps. The other atmospheric parameters are not given for these 
models since they can be easily computed from the temperature distributions. 
In these models the downward heat conduction flow ranges from 0.35 to 
1.2 erg cm -2 sec-1 according to the thermopause temperature. The working 
models do not refer to a specific geographic location or to a specific local 
time. The boundary conditions have been taken constant at 120 km and 
correspond to the data given in Table 4.3d. The concentrations O, 0 2 , 
and N2 are computed in diffusive equilibrium. The distributions of helium 
and hydrogen are described in the next chapter. The total density ρ and the 
total concentration n are used to compute the mean molecular mass m = ρ/η 
which leads then to the atmospheric scale height 

H = kT/mg (14.66) 

where k = 1.38 X 10~16 erg °K_1 and g is the acceleration of gravity. Since 
the atmospheric scale height varies strongly with altitude, the gradient 

β = dH/dz (14.67) 

has also been computed. When the temperature becomes constant with 
height above the thermopause, an analytical expression is available for β 
under diffusive equilibrium conditions. The gradient β goes successively 
through two maxima [67, 68] at the altitudes where @(He) = ρ(Ο) and 
ρ(Η) = ρ(Ηβ). 

Using the relations p = nkT and ρ = nm, the pressure and density varia-
tions may be written 

± = ^- + ^ = - J J L (14.68) 

and 
d<L=dn_+dm^_dz 
ρ n m Ηρ 

From (14.68) and (14.69), the relation between the pressure scale height H 
and the density scale height HQ becomes 

' ■ - ■ + / . - [ £ / ( « + , ) ] <i4'7o) 
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where R is the earth's radius. The density scale height is never greater than 
H and in the heterosphere HjHQ varies and can reach values [68] of the 
order of 1.5. The density scale height HQ and its gradient βρ = dHJdz is 
extensively used in satellite drag data analysis [69]. It is important to note 
that βρ is not less than ß in the thermosphère. Above the thermopause βρ 

can even become greater than the pressure scale height gradient. This can 
be seen by taking the derivative of (14.70) is which β is not constant. 

The parameters which were briefly described are given in the tables of 
Appendix B for working models characterized by the following thermopause 
temperatures: 750°, 1000°, 1250°, 1500°, 1750°, and 2000°K. 
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CHAPTER 15 

Effects of Diffusion in the Heterosphere 

15.1 Introduction 

As mentioned previously, the relatively slow decrease of atmospheric 
density above 100 km altitude is reflected in the increase of the scale height 
H = kT/mg. When the hydrostatic equation is valid (see Chapter 3) such 
an increase can be produced through increases in neutral gas temperature 
or through a decrease in the mean molecular mass arising from diffusive 
separation of atmospheric constituents or through both effects. 

The importance of molecular diffusion in determining the structure of 
the upper atmosphere was predicted from theory [1] and later confirmed 
by the first rocket observation [2] of the distribution of molecular oxygen 
to altitudes of 180 km. In addition, mass spectrometer measurements [3, 4] 
of argon and helium have shown that diffusive separation begins to be im-
portant near 110 km. Finally, the discovery of a Lyman a nightglow [5] 
indicated that atomic hydrogen must become an important atmospheric 
constituent at great altitudes. From these results it can be correctly con-
cluded that diffusion is an important process in the atmosphere, both for 
major and minor constituents. 

In this chapter the general diffusion equation is discussed with applica-
tion to the minor constituents of the lower thermosphère. It is shown that 
minor constituents having atomic masses less than the mean atmospheric 
mass are subject to a diffusion condition which limits the maximum upward 
flow rate. This maximal condition can be used to estimate the effects of 
transport on the light gases. 

32 
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When atmospheric constituents of low mass reach a certain height 
(called the critical level) where collisions become infrequent, a fraction of 
the particles, by virtue of their thermal kinetic energy, can escape from 
the earth's gravitational field. The net escape flux depends upon the tem-
perature of the atmosphere and the supply of atoms available from below. 
Since there exists an ultimate limit to the atmospheric diffusive flow, the 
vertical distributions of the light gases are subject not only to the ballistic 
conditions for escape, but also to the diffusive properties of the neutral 
atmosphere. 

The application of these ideas is given here for hydrogen, deuterium 
and helium distributions in the atmosphere. It is shown that the transport 
of these light constituents is such that even with concentration mixing 
ratios of 2x 10-6 and 5x 10~6 at 100 km for hydrogen and helium, respec-
tively, these gases become the major constituents of the upper heterosphere 
and exosphere. 

15.2 Diffusion Equation 

For a binary mixture the general diffusion equation giving the relative 
diffusion velocity v = νχ — v2 of gas 1 with respect to gas 2, can be written 
as [6] 

(15.1) 

where nl9 n2 are respectively the concentration of particles 1 and 2, 
n = nx + n2 is the total concentration of the binary mixture, T is the ab-
solute neutral gas temperature, p = p1 + p2 is the total pressure, k is the 
Boltzmann constant, m1, m2 are the masses of particles 1 and 2, m = (n1m1 

+ n2m2)Kni + «2) is t n e mean molecular mass, F l 5 F2 are the accelerations 
of particles 1 and 2 due to external forces, D12 is the molecular diffusion 
coefficient of gas 1 in gas 2, and aT is the thermal diffusion factor. 

In place of the thermal diffusion factor in (15.1) it is also possible to use 
the thermal diffusion ratio kT or the thermal diffusion coefficient DT defined 
by 

&T = {η^η2\η^αΎ (15.2) 

and 
DT = kTD12. (15.3) 



34 15 Effects of Diffusion in the Hetero sphere 

While DT and D12 retain physical dimensions, aT and kT are dimensionless 
quantities. 

When neutral gases diffuse in a gravitational field, the term Fx — F2 is 
equal to zero. This term is, however, very important when ions and electrons 
diffuse in the presence of an electric or a magnetic field or both. 

The vertical component of Eq. (15.1), when applied to neutral gases, can 
be written as 

ΗΊ — w2 = -Dv 
n2 d(njn) m2 — m1 1 dp aT dT 

)n1n2 dz m p dz T dz 
(15.4) 

This equation shows that diffusion is caused by concentration gradients, 
by pressure gradients, and by temperature gradients. If it is assumed that 
there is no net flow through an elementary surface at height z, i.e., if 

n1w1 + n2w2 = 0, 

then Eq. (15.4) can be transformed into 

wx = -D12 

(15.5) 

1 dn± 1 dn (m2 — m^) n2 dp n2 1 dT 
L nx dz n dz mn p dz T n T dz 

(15.6) 

With the hydrostatic equation and the perfect gas law, Eq. (15.6) can be 
written for time-independent conditions as 

Wi = -Dt 

1 dn* M l _!_ (i i "A l dT 
(15.7) 

where Hx = kT\mxg. 
When component 1 is a minor constituent, (15.7) becomes 

Wi = " A : 
1 ^ ι . l _L n i Λ

 l dT 
(15.8) 

For a multicomponent gas, the diffusion velocity u^ for the ith minor 
constituent can be written [6, 7] as 

Wi = — A 
1 drij , J _ , _1__ dT 

rii dz +~H^+~f~ ~dz~ 

with an average diffusion coefficient D{ given by 

1/A = Σ ("j/»*>v) 

(15.9) 

(15.10) 
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where n = Σ «j is the total concentration. In the past, thermal diffusion 
has been introduced [7] into Eq. (15.9) through analogy with (15.8) and 
in this way (15.9) becomes formally identical to (15.8) if D12 = Ώ{. It 
should be noted that the expression for the diffusion velocity of a major 
component is more complicated since the diffusion coefficient ϋ{ or D12 

and the thermal diffusion factor aT depend strongly on the concentration 
of the major constituent. 

Equation (15.8) does not represent all the possibilities giving rise to a 
vertical transport. Molecular diffusion tends to separate the atmospheric 
constituents according to their mass. Turbulence tends to mix the atmos-
pheric constituents and in this way prevents any separation by molecular 
diffusion. Whereas turbulence mixing prevails in the homosphere, diffusive 
separation occurs in the heterosphere. There is, however, a region around 
100 km where both processes are of the same order of magnitude. For this 
reason, Eq. (15.8) has to be modified. The vertical eddy diffusion velocity 
wE for the constituent nx can be defined [8] by 

H>E 
-K\d{nx\n)\dz\ 

(njn) 
(15.11) 

where K is the eddy diffusion coefficient. Using the general relation 

*!.= * ! - + " = - * 05.12) 
p n T H 

where H is the atmospheric scale height, Eq. (15.11) becomes 

wE = -K 
ηΛ dz H T dz 

(15.13) 

It is clear from (15.13) that a mixing distribution for nx leads to a zero eddy 
diffusion velocity. Using (15.8) and (15.13) the total transport velocity 
w> = vvx + wE can now be written in the form 

w = —Dv 

K 

' 1 
- " l 

Γ 1 
L «i 

dnx . 1 ( 1 dT~ 
^ Γ + ^ - + ( ΐ + « τ ) — — 
dnx 1 1 άΤΛ 

~dz~+~ËT+~T ~dz'. 
(15.14) 

Diffusive equilibrium (wx = 0) leads to 

/fxCz)//!^) = ( r 0 / 7y+«Texp( -£ dz/H^ (15.15) 
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where «i(z0) is the concentration at a height z0 characterized by a tempera-
ture T0. 

Perfect mixing (wE = 0) leads to 

/I1(Z)//I1(Z0) = (TJT) e x p ( - JZ </z/ff) (15.16) 

which is identical to (3.3). Usually, (15.16) is used in the homosphere and 
(15.15) is used above a certain altitude which is sometimes called the turbo-
pause, i.e., the level above which turbulence is no longer effective [9]. 
Actually, there should be a smooth transition from perfect mixing to dif-
fusive equilibrium. But the use of (15.16) in the homosphere and (15.15) 
above a level where diffusive equilibrium prevails, introduces a discontinuity 
in the concentration. This discontinuity is most important when the mass 
m1 is very different from the mean molecular mass. The general equation 
(15.14) shows, however, that an equilibrium distribution (w = 0) can exist 
between mixing and diffusive equilibrium. With Λ == K/D12 and w = 0, 
integration of (15.14) gives the equilibrium distribution: 

*i(*o) (T) «HJL {-k+4)<Ι+Λ>- * + Γ «τ<>+Λ>- T _ 

(15.17) 

If Λ = 0, i.e., there is no turbulence, (15.17) reduces to the diffusive equilib-
rium solution (15.15). If Λ = oo, i.e., no molecular diffusion, (15.17) leads 
to the perfect mixing distribution (15.16). 

When a constituent 1 is subject to transport (w Φ 0), the total flux F 
is given by 

F = n1w1 + «]H>E. (15.18) 

Using (15.14) and the ratio Λ = K/D12, the differential equation for the 
concentration nx is then 

dn, , f 1 / 1 , A \ I «T \ 1_£Π = _ _ 
dz ~*~ [l + Λ \ H, H ) ^ { ~f 1 + A) T dzl1 D, i2(l + A) ' 

(15.19) 

This flow is usually subject to certain continuity conditions which can 
involve chemical reactions or which are related to the escape of light con-
stituents [10, 11]. 
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When time-dependent problems are considered, the concentration nx must 
satisfy the general continuity equation 

(dnjdt) + (d/dz)(niw) = P (15.20) 

where P and L respectively are the eventual production and loss for the 
constituent nx. Equation (15.20) can only be solved analytically for certain 
special cases [12, 13]. As an example, Fig. 15.1 shows the time evolution 
for helium and argon between 100 and 120 km when P = L = 0 and for 
negligible eddy diffusion. The atmospheric parameters were taken from 
Table 4.3 characterized by atmospheric scale height gradients ß = 0.2. The 
initial distributions at time t = 0 are assumed to be mixing distributions. 
The equilibrium diffusive distributions are computed with arbitrary turbo-
pause levels at 105, 110, and 115 km. It is seen that Ar tends more rapidly 
toward diffusive equilibrium than He, since the difference between mixing 
and diffusive equilibrium is less important for argon than for helium. 
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The tendency toward diffusive equilibrium can be estimated from the 
expression [13] 

TB = A(H*/D12) (15.21) 

where A is a numerical constant, H is the atmospheric scale height, and 
D12 is the molecular diffusion coefficient for the considered component. 
Usually the diffusion time rD is applied with A = 1. In this case, however, 
it gives only an order of magnitude accuracy. With the results of Fig. 15.1 
it is possible to determine the constant A in a more precise manner. After 
10 days, the He concentration at 120 km is the same as if diffusive equilib-
rium starts at 115 km; the time needed to decrease the diffusive equilib-
rium level by 5 km is then rD(He) = 9.6H2/D12. For argon, one finds 
TD(Ar) = l.6H2/D12. In those cases, the diffusion times have a very precise 
meaning. 

15.3 Diffusion Coefficients 

In the previous sections it has been shown that three coefficients are 
used in the diffusion equation, namely the molecular diffusion coefficient 
D12, the thermal diffusion factor αΎ, and the eddy diffusion coefficient K. 
Numerical values for these quantities must be available for applications of 
the diffusion equation. Although D12 and aT can be estimated from gas 
kinetic theory, the eddy diffusion coefficient is a much more speculative 
parameter. It is actually related to the hydrodynamical regime of the at-
mosphere and it represents, to a certain extent, the degree of turbulence. 
Measurements of the turbulence [14, 15] and theoretical estimates of the 
thermal balance [16, 17] indicate that the eddy diffusion coefficient becomes 
equal to the molecular diffusion coefficient in the 100-120 km region. 
Maximum values between 106 and 107 cm2 sec-1 are possible and K is 
decreasing downwards to the mesopause. Although analysis has been made 
of the atmospheric stability [18] above the tropopause, it is not clear at the 
present time which values for the eddy diffusion coefficient should be used 
in the transport processes of the minor constituents in the homosphere. 
Direct or indirect measurements of the eddy diffusion coefficient are, how-
ever, of fundamental importance in any analysis of minor constituents in the 
stratosphere, mésosphère, and lower thermosphère (see Chapters 12 and 13). 

The situation is clearer for the molecular diffusion coefficients. According 
to the classical gas kinetic theory [6, 19], the first approximation of the 
molecular diffusion coefficient D12 is given by 

D12 = 3kT(m1 + m2) / l6nQ12m1m2 (15.22) 
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where n is the total concentration ηλ + n2 and Ω12 is a collision integral 
which can be written [19] as 

Ω - _ L -
^ 1 2 - 2 π 1 / 2 

mxm2 

2kT(m1 + ra2) 
5/2 

Λ2 · (15.23) 

P12, an integral depending on the relative speed g of the particles 1 and 2, 
is given by 

Λ« = <7D(£)£5 exp - [m1m2g2/2(w1 + Α«2)£Γ] <fe (15.24) 

where qvig) is the momentum transfer cross section given by Eq. (9.31). 
For rigid elastic spheres, qv(g) does not depend on the velocity and is equal 
to nr\2. The radius rl2 of the interaction sphere is the arithmetic mean 
value of the effective diameters rx and r2. Since the atmospheric constituents 
are not perfect elastic spheres, a mean momentum transfer cross section £2D 
can be written 

Qj>=Mf2 (15.25) 

where / i s a correction factor to the rigid sphere model. With a mean cross 
section QO, Eq. (15.24) leads to 

Pi2 = QvVlkTfa + m2)\mxm2f. (15.26) 

The diffusion coefficient (15.22) can now be written 

32<2D« \ m2 ) \ nm1 J 

where [1 + (m1/m2)]
1/2(SkT/nm1)

1/2 represents the relative speed of gas 1 
with respect to gas 2. 

With an effective interaction radius f1/2r12 = 3xl0~ 8cm, the diffusion 
coefficient is given in centimeters squared per second by 

/ 1 1 \ l / 2 ΤΠ/2 
D12= 1.96 xlO6 h (15.28) 

when m1 and m2 are expressed in grams or 

i i \ i / 2 7-1/2 
A 2 = 1 . 5 2 x 1 0 - 1 ^ + ^ ) _ (15.29) 

when Mx and M2 are in amu. These expressions can be used for numerical 
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estimates of the diffusion processes in the atmosphere. In particular, when 
a minor constituent diffuses through the atmosphere, M2 will be identified 
with the mean atmospheric molecular mass and n is then the total atmos-
pheric concentration. 

For a specific pair of gases (15.28) shows that the diffusion coefficient 
D12 is proportional to Tm and inversely proportional to the concentration n. 
Equations (15.22)-(15.24) show however that D12 is proportional to some 
power of Γ, which depends on the adopted momentum transfer cross sec-
tion; i.e., on the interaction potential. It can be shown [6, 19] that 

D12ocTs/n (15.30) 

where \ < s < 1. The value s = 1 corresponds to Maxwellian molecules 
for which the repelling force varies inversely as the fifth power of the dis-
tance. The value s = \ corresponds to elastic spheres. From a detailed 
analysis of numerous experimental data [20], it is possible to represent the 
binary diffusion coefficients by expressions similar to (15.30). The coefficient 
of proportionality A entering in (15.30) and the exponent s are given in 
Table 15.1 for several pairs of atmospheric gases [20]. The values of A 
and s given in Table 15.1 lead to diffusion coefficients which agree to at 
least within ±10% with the experimental data available. For certain gas 
mixtures more accurate expressions than (15.30) are available [20]. Since 
there exist practically no experimental data for mixture with atomic hy-
drogen, it is necessary to use the theoretical self-diffusion coefficients for H 
in order to compute the binary diffusion coefficients [21, 22]. When the 
results are presented in a form similar to Eq. (15.30), the coefficients A 
and s valid between 200° and 2000°K are given [23] in Table 15.2. 

The final kinetic parameter involved in the diffusion equation is the 
thermal diffusion factor aT which is associated with the temperature gra-

TABLE 15.2 

BINARY DIFFUSION COEFFICIENTS FOR ATOMIC HYDROGEN" 

System: A ( x 1017) s 

H-He 8.84 0.706 
H-O 5.70 0.708 
H-N 2 4.87 0.698 
H - 0 2 4.75 0.711 

a Values are in cm2 sec-1. D12 = ATs/n. 
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dient. Theoretical expressions show [6] that aT is strongly dependent on 
the interaction potential of the particles. On the other hand, the thermal 
diffusion factor varies with the ratio njn2 of the concentrations of particles 
1 and 2. This means that in Eq. (15.7) aT depends simultaneously on nx 

and n2. The variation of αΎ is illustrated in Fig. 15.2 for Ar and for He 
diffusing through molecular nitrogen. The computation has been made for 
rigid spheres. Experimental values [24, 25] of aT are usually 50% lower 
than in Fig. 15.2 when nx\(nx + n2) = 0.5. This difference reflects the effect 
of the interaction potential. However, for minor constituents the effect of 
the interaction potential is less important [26] and aT can be taken as a 
constant for He, D, and H since the relative abundance of those con-
stituents is always less than 5x 10~4 in the region where important temper-
ature gradients exist. Using the rigid sphere formulas [6] for minor con-

Fig. 15.2 Variation of the thermal diffusion factor ατ and of the thermal diffusion 
ratio kT for argon-40 and helium-4 as a function of nJi^ + n2), when n2 is molecular 
nitrogen. 
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stituents, one find that 

ατ(Η) ~ aT(D) ~ aT(He3) ^ aT(He4) ~ -0 .38 (15.31) 

and 
a T ( A r ) ~ 0 . 1 7 . (15.32) 

These values are obtained when the second component is N2. The sign of 
the thermal diffusion factor is obtained from the following rule: 

1. when πιλφ m2, aT > 0 if m1 > m2, 
2. when m1~ m2, aT > 0 if rx > r2. 

This means that the heaviest (or the biggest) particles diffuse towards the 
coldest region. As an example, thermal diffusion increases the helium con-
centration [26] by approximately a factor of 2. For atomic hydrogen, the 
effect of αΎ is less important since the large diffusion flow (see Section 15.8) 
leads to practically a mixing distribution in the region with large tempera-
ture gradients. For the major components (O, 0 2 , N2), aT is usually 
neglected. 

15.4 Maximum Transport Velocities 

In Section 15.2 a general expression for the concentration has been 
established when the vertical transport velocity is zero. Equation (15.19) 
shows, however, that any departure from an equilibrium solution is directly 
related to the importance of the transport flow F compared to D12 + K. 
It is therefore useful to estimate the magnitude of the flow which can be 
transported by molecular or by eddy diffusion without solving the differential 
equation for the actual concentration profile. The concept of maximum 
transport flow was introduced several years ago [27, 28] in relation with 
minor constituent distributions. 

It is always possible to express the concentration gradient of a minor 
constituent nx as a function of the total concentration gradient in the 
following form: 

_L 4?L = X{z) 1 ±. (15.33) 
nx dz n dz 

where X{z) is the vertical distribution factor which is height dependent. 
With (15.12), Eq. (15.33) can be transformed to 
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The total transport velocity (15.14) can now be written 

w = 
A2 
H 

H H dT 
X--B =- -τ- (1 + ατ - *) 

H, Τ dz 
+ ^Τ[Χ-\Υ (15.35) 

The contributions due to molecular diffusion and to eddy diffusion are 
respectively represented by the terms proportional to D12 and to K. 

When the minor constituent is characterized by a mixing distribution 
over a certain height range, the vertical distribution factor is such that 
X= 1. In this case (15.35) becomes simply 

w = 
A2 
H -f aTH dT 

T ~dz~ 

or when aT is negligible 

w = 
A2 
H 

m1 

m 

(15.36) 

(15.37) 

where m is the atmospheric mean molecular mass. These equations give 
the maximum molecular diffusion velocity for a constituent which follows 
the distribution of the major constituents. When the mass mx of the minor 
constituent is less than the mean molecular mass, Eq. (15.37) shows that w 
is positive; i.e., an upwards velocity. When mx > m, w is negative and it 
corresponds to a downward velocity. With the atmospheric model of Table 
4.4 and with the diffusion coefficient (15.29), the maximum diffusion veloc-
ities for 40Ar, 4He, 2H, and XH are given in Table 15.3. The negative values 
for argon indicate that this constituent is subject to a maximum downward 
flow velocity. Around 100 km, the limiting molecular diffusion velocities 

TABLE 15.3 

MAXIMUM MOLECULAR DIFFUSION TRANSPORT VELOCITIES* 

z (km) 

90 
95 

100 
105 
110 
115 
120 

40Ar 

- 5 . 6 5 x 10-2 

- 1 . 4 3 x 10-1 

- 3 . 3 8 x 10-1 

- 7 . 8 3 X 10-1 

- 1 . 6 0 x 10° 
- 3 . 0 9 x 10° 
- 5 . 7 2 x 10° 

4He 

3.01 x 10-1 

7.63 x 10-1 

1.78 x 10° 
3.94 x 10° 
7.35 x 10° 
1.32 x 101 

2.30 x 101 

2H 

4.44 x 10-1 

1.13 x 10° 
2.62 x 10° 
5.82 x 10° 
1.09 x 101 

1.96 x 101 

3.40 x 101 

Ή 

6.40 x 10-1 

1.62 x 10° 
3.78.x 10° 
8.34 x 10° 
1.56 x 101 

2.82 x 101 

4.91 x 101 

a Values are in cm sec-1. 



15.5 Effusion Velocities 45 

for 4He, 3He, 2H, and 1H are always of the order of a few centimeters per 
second. Once the concentration is known, the maximum transport velocity 
immediately gives the maximum flow which can be transported by diffusion. 
For example, applications of Eqs. (15.36) and (15.37) were made for nitric 
oxide in Chapter 12. 

It is important to note that the maximum diffusion velocity is a char-
acteristic parameter of the ambient medium and that it can be estimated 
without any knowledge of the concentration of the minor constituent. The 
magnitude of w depends, however, strongly on the molecular diffusion 
coefficient and any error in the momentum transfer cross section is reflected 
in the maximum diffusion velocity. 

The concept of maximum diffusion velocity can also be used to deduce 
some requirements for the eddy diffusion coefficient in the chemosphere 
(see Section 13.6). If it is assumed that the minor constituent is distributed 
according to a concentration scale heighten Eq. (15.33) leads to 

X=£r 1 
i + (H/T)(dT/dz) y ( 1 5 , 3 8 ) 

The term (H/T) dT/dz is usually small compared to one and Eq. (15.35) 
is written 

Dv 
w = H 

H "^ + Λ " i %?! m) ' \%fx 
(15.39) 

When the term {HIT) dT/dz is included, it is necessary to define an effective 
mass [29, 30] mf to obtain an expression similar to (15.39). When a trans-
port flow and a ratio H\^fx are adopted, Eq. (15.39) can be used to compute 
the corresponding value for A = K/D12. In such a way, an eddy diffusion 
coefficient can be estimated to fulfill imposed transport conditions. 

15.5 Effusion Velocities 

The molecular diffusion velocity increases exponentially with altitude, 
since it is proportional to the diffusion coefficient D12. Above a certain 
height, the diffusion equation can no longer be applied since collisions 
become less frequent. This altitude, termed the critical level, is the beginning 
of the exosphere which is discussed in the next chapter. At the critical level 
a substantial fraction of the particles with velocities greater than the escape 
velocity (~11 km sec-1) can leave the heterosphere. When a Maxwellian 
velocity distribution function is integrated from the escape velocity to 
infinity over the upward hemisphere, one obtains an average velocity called 
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the effusion velocity. At a geocentric distance r, the effusion velocity ve 

for a constituent characterized by a scale height H is given by [31, 32] 

ve = (g/2n)1/2rH^1/2(l + Hx\r)e-rl^ (15.40) 

where g is the gravity acceleration at the distance r. The effusion velocity 
depends essentially on Hl9 i.e., on the mass and on the temperature. Nu-
merical values of ve are given in Table 15.4 for an altitude of 500 km. The 
effusion velocity increases slightly with the height, but it is shown in Sec-
tion 16.4 that the escape flux is not very sensitive to the choice of the critical 
level height. 

TABLE 15.4 

EFFUSION VELOCITIES'1 AT 500 KM 

Temperature 
(°K) 

600 
700 
800 
900 

1000 
1250 
1500 
1750 
2000 

Ή 

9.53 x 10° 
4.74 x 101 

1.57 x 102 

3.98 x 102 

8.30 x 102 

3.11 x 103 

7.45 X 103 

1.38 x 104 

2.20 X 104 

2H 

1.31 x 10-4 

3.36 X 10-3 

3.79 x 10-2 

2.48 x 10-1 

1.11 X 10° 
1.63 x 101 

9.65 x 101 

3.41 x 102 

8.75 x 102 

3He 

1.48 x 10-9 

1.97 x lO 7 

7.66 x 10-6 

1.31 x lO"4 

1.27 x 10-3 

7.45 X 10-2 

1.11 X 10° 
7.57 x 10° 
3.18 x 101 

4He 

1.52 x lO"14 

1.06 x 10-11 

1.44 x 10-9 

6.49 x 10-8 

1.36 x 10-6 

3.21 x 10-4 

1.21 x 10-2 

1.60 x 10-1 

1.10 x 10° 

a Values are in cm sec-1. 

Without loss or production in the upper atmosphere, the flow introduced 
in Eq. (15.19) must follow the continuity equation 

W = F2r* (15.41) 

between two levels at geocentric distances rx and r2. Above a certain altitude, 
molecular diffusion is no longer effective and the flow must be supported 
through other processes such as thermal escape or polar wind escape (see 
Chapter 21). When thermal escape is considered, the time necessary to 
reduce the concentration by 50% at 500 km is given approximately by 
[11, 31] 

T - 0.693^(500 km)/i?e. (15.42) 

Figures 15.3 to 15.6 show the thermal escape time for 1H, 2H, 3He, and 
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Fig, 15,3 Escape time for Ή as a function of temperature. 
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Fig, 15,4 Escape time for 2H as a function of temperature. 
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600 1000 1500 

TEMPERATURE ( °K) 
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Fig, 15,5 Escape time for 3He as a function of temperature. 

600 1000 1500 
TEMPERATURE ( °K) 

Fig. 15.6 Escape time for 4He as a function of temperature. 

2000 
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4He as a function of the thermopause temperature. It is clear that thermal 
escape has an appreciable effect in a very short time on the quantity of 
thermospheric atomic hydrogen. For helium-4, however, a temperature of 
2000°K leads to a lifetime of the order of one year and upward diffusion 
transport should take less than one year to replenish the isothermal layer. 

The effusion velocity (15.40), corresponding to a Maxwellian velocity 
distribution function, leads to the concept of a maximum thermal escape 
flow. This classical approach was introduced by Jeans [33]. Since particles 
from the high velocity tail of the distribution are escaping, the velocity 
distribution function cannot be exactly Maxwellian. In the past several 
years controversy has developed concerning the accuracy of the Jeans' 
escape flux [34-41]. Monte Carlo calculations have been used and con-
flicting results obtained. Recent analyses [42, 43] seem to indicate that in 
the earth's atmosphere the Jeans' escape formula can overestimate the 
actual escape flux by not more than 20 to 25%. Although such a departure 
is important for very accurate calculations, it cannot significantly modify 
the conclusions based on an expression similar to (15.40). 

15.6 Helium Distribution 

Around 1920 considerable discussion existed about the nature of the 
major constituent at high altitudes. With the assumption that diffusive 
equilibrium prevailed above 20 km, Chapman and Milne [44] concluded 
that helium was the major constituent above 100 km. Using a high abun-
dance (^10~4) for H2 at ground level, Jeans [33] concluded that hydrogen 
should be the predominant constituent above 75 km. At that time it was 
not realized that turbulence is effective up to 100 km and it was puzzling 
that no optical emissions of helium and hydrogen could be detected in the 
auroral features. 

The first experimental evidence for the presence of helium in the upper 
atmosphere came from optical observations [45] of the orthohelium 2 3S-
2 3P transition at 10,830 Â. But it was only in 1961 that helium was shown 
to be an important constituent in the upper atmosphere [46]. Later analysis 
of drag data [47, 48] of several satellites led to the conclusion that an in-
crease of helium in the upper atmosphere occurs at high latitudes for winter 
conditions. This helium bulge has also been detected by mass spectrometric 
observations [49] and recent measurements [50] indicate a larger amplitude 
than was first indicated. The satellite drag data show an increase of a factor 
of 3 to 4 in atmospheric density between the summer pole and the winter 
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pole, whereas the mass spectrometric observations show an increase of 
approximately a factor of 10. Rocket observations [51] made at White 
Sands (32°N) give helium concentration between 6 x l 0 6 and 5xl0 8 cm~ 3 

at 120 km whereas an observation [52] at Fort Churchill (58°N) indicates 
a concentration of 1.2 x 108 cm- 3 at 120 km. Drag data, satellite, and rocket 
mass spectrometric observations, and optical ground based observations 
[53] have clearly shown that a latitudinal variations occurs in the helium 
distribution. 

It is now necessary to discuss the theory of the preceding sections in light 
of these experimental facts. It has been shown that an increase of 5 km 
for the beginning of the molecular diffusion equilibrium leads to a decrease 
by a factor of 2 in the helium concentration at high altitudes [11]. Such a 
variation of the turbopause level has been used several times to explain 
increases or decreases of the helium concentration. The transport flow of 
helium cannot affect the vertical distribution, since the actual flow relating 
to Eq. (15.19) is negligible compared to the maximum flow which can be 
transported upwards from the 100 km level. With a helium mixing ratio 
of 5.24 x 10~6 in the homosphere, the maximum diffusion velocity for 4He 
(see Table 15.3) gives a maximum flow at 100 km 

F ( H e ) ~ 1 0 8 cm-2 sec-1. (15.43) 

Recent measurements of the 4He profile in the deep sea [54] indicate a flux 
of the order of 7.7 x 105 cm2 sec-1. Even with a value [31 ] of 1.7 x 106 cm-2 

sec-1, it is clear that the true upward flow of helium originating from the 
radioactive decay of uranium and thorium in the crust and in the mantle 
of the earth is negligible compared to the maximum flow (15.43). There-
fore, Eq. (15.19) can be used without the second term and the helium dis-
tribution is given by Eq. (15.17). Since the eddy diffusion coefficient is 
poorly known, Fig. 15.7 gives helium distributions computed with several 
constant values for K. Generally, it can be seen that the introduction of an 
eddy diffusion coefficient produces steeper concentration gradients in the 
helium distribution. The available rocket observations [51, 52] fall practi-
cally between the two extreme curves of Fig. 15.7 and it is clear that large 
helium concentration gradients can be produced by introducing the effect 
of eddy diffusion. 

The true atmospheric eddy diffusion coefficient is, however, not constant 
with altitude. Figure 15.8 shows two possible distributions of K which are 
similar to the worldwide average values deduced from an analysis of the 
downward heat transfer by turbulence [55]. The corresponding helium 
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10 10 
CONCENTRATION (cm"3) 

Fig. 15.7 Helium distribution for several eddy diffusion coefficients. The mixing 
distribution is shown for comparison. Values are for a 750°K thermopause temperature. 

distributions are shown on Fig. 15.9. Actually, it is the peak value of the 
eddy diffusion coefficient which determines the helium concentration gra-
dient in the 100-120 km range. In Fig. 15.9, the dotted curves corresponding 
to constant K values are shown for comparison. Figure 15.10 shows the 
variation of the helium concentration at 120 km as a function of the eddy 
diffusion coefficient. When K = 0, the helium concentration at 120 km is 
1.2x 108cm-3. From Fig. 15.10, it is clear that a variation of a factor 10 
is obtained when K varies by a factor of 50. Therefore, the helium bulge 
amplitude of a factor of 4 deduced by drag data can easily by explained 
by changes in the eddy diffusion coefficient. 
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Another explanation for the existence of the bulge is based on a merid-
ional transport [55] combined with lateral flows [56, 57] in the exosphere. 
Such a wind system toward the winter polar region can also provide an 
increase of the helium concentration, but the effect of eddy diffusion cannot 
be neglected in a detailed explanation. 

Satellite mass spectrometric observations [50] from OGO-6 indicate a 
variation of a factor of 10 between summer and winter helium densities. 
Figure 15.11 gives an example of the observed variation as a function of 
geographic latitude. This variation is explained by eddy diffusion, if K 
changes with latitude as indicated on Fig. 15.11. The unsolved question 
is to know if such variations of AT are really possible with latitude. Although 
wind and temperature data indicate [18] that the winter polar mésosphère 
is more turbulent than the summer polar mésosphère, there are not enough 
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data available between 90 and 120 km to investigate a latitudinal variation 
in this height range. The fact that the winter high latitude thermosphère 
is not much cooler than the summer high latitude thermosphère seems to 
indicate that less heat is transported by turbulence toward the mésosphère. 
In the summer high latitude thermosphère, the solar ultraviolet heating 
and Joule heating are effective over long periods. Therefore, the same 
amount of heat should be transported downward by conduction in the 
thermosphère and by turbulence in the lower thermosphère. This implies 
larger eddy diffusion coefficients in the summer polar region. 

-50" 0° 50 

GEOGRAPHIC LATITUDE 

Fig. 15.11 Observed latitudinal variation of helium at 400 km and corresponding 
values of the eddy diffusion coefficient. The dashed curve is from Reber et al [50]. 
(1) /i(He) = 106 c m 3 at A - 20°N; (2) «(He) = 2 x 106 cm-3 at λ = 20°N. 

From the previous discussion it is seen that the vertical transport flow 
has practically no effect on the helium distribution, since it is too small 
compared to the maximum diffusion flow. The helium concentration is, 
however, strongly dependent on the adopted eddy diffusion coefficient in 
the lower thermosphère. Therefore, the helium concentrations given in 
Appendix B actually correspond to an eddy diffusion coefficient of the order 
of 106cm2sec_1. It should also be mentioned that the 3He distribution 
has the same characteristics, although the 3He thermal escape is more 
effective. 
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15.7 Deuterium Distribution 

In the earth's atmosphere deuterium never becomes a major constituent. 
Its vertical distribution is, however, interesting since it involves all of the 
properties of the general diffusion equation. The production mechanism of 
deuterium is probably similar to the production of atomic hydrogen, i.e., 
above the mesopause the main production should result through photo-
dissociation of deuterated water vapor. Therefore, reactions similar to those 
described in Chapter 13 have to occur, although isotropic effects could 
modify the effectiveness of certain processes. 

The deuterium content of standard mean ocean water [58, 59] can be 
adopted as a working value for the atmospheric content. This leads to a 
concentration ratio of n(D)/n(H) = 1.6 x 104 . With an atomic hydrogen 
concentration of 3 x 107 cm- 3 at 100 km, the corresponding deuterium con-
centration is then 4.8x 103 cirr3. 

Only a few experimental observations of deuterium have been made in 
the upper atmosphere. In 1965 deuterium ions [60, 61] were detected in the 
topside ionosphere. The ratio n(D+)/n(H+) was estimated [61] to be of the 
order of 1.1 x 10~3 below 1000 km and it decreases by a factor of 10 above 
2000 km. Optical observations [62, 63] of the solar Lyman a line seem to 
indicate an observation effect of terrestrial deuterium in the blue wing of 
the line at 1215.346 Â. The observed ratio n(D+)/n(H+) and the optical 
absorption indicate that the ratio n(D)/n(H) has to increase in the upper 
atmosphere. It has been shown [11] that the ratio n(D)/n(H) can increase by 
a factor of 20 between 100 and 500 km when molecular diffusion is acting in 
the thermosphère. The effect of eddy diffusion has also been analyzed [64]. 

With a concentration n(D) = 4.8 x 103 cm~3, the maximum diffusion 
velocity for 2H == D in Table 15.3 gives a maximum flow at 100 km 

F(D) = 1.3 x 104 cm-2 sec-1. (15.44) 

Since the real flow of deuterium is not known, the complete differential 
equation (15.19) should be used. Integration of this equation [65] leads to 

" i0) = ne 

1 - Γ D ~Γ - * 
2(i + ^ K 

(15.45) 

where the zero flow distribution «eq is given by (15.17). A similar equation 
[66, 67] has been applied in different studies in the atmosphere of Venus. 
When thermal escape is the mechanism for removing particles from the 
upper atmosphere, the flow F can be normalized to the effusion velocity 
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(15.40) since Eq. (15.19) is linear. Numerical results [64] of (15.45) are 
used in Fig. 15.12, which gives the deuterium concentration at different 
altitudes as a function of the thermopause temperature. It is seen that the 
deuterium concentration peaks at various heights for temperatures between 
600° and 1500°K. Above 1500°K, n(D) always decreases with increasing 
temperature, i.e., shows a behavior similar to atomic hydrogen [10, 11 ]. This 

10 C i I I | I I I I | r 

TEMPERATURECK) 

Fig. 15.12 Deuterium concentration at different altitudes as a function of the ther-
mopause temperature. The eddy diffusion coefficient is K = 107 cm2 sec-1. 

means that the thermal escape flux is only effective for temperatures above 
1500 °K. For lower temperatures the deuterium distribution has a tendency 
to become similar to the helium distribution, since at 500 km there is 
practically no change in the concentration when the temperature varies. 
Combining the deuterium concentrations with the effusion velocities of 
Table 15.4, it is clear that the thermal escape flux cannot be constant over 
a wide range of temperatures, as is the case for atomic hydrogen. Table 15.5 
gives the thermal escape flux for three different values of the eddy diffusion 
coefficient. These fluxes have to be compared with the maximum diffusion 
flow of 1.3 x 104 cm-2 sec-1. It is clear that a charge transfer process with 
atomic oxygen ions has to be considered in order to obtain an equivalent 
ionic escape flux through the polar wind which is described in Chapter 21. 

It can be deduced from Table 15.5 that the effect of eddy diffusion is 
most important for low temperatures. Figure 15.13 shows the variation of 
n(D) at 120 km as a function of the eddy diffusion coefficient. The most 
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TABLE 15.5 
DEUTERIUM THERMAL ESCAPE FLUX" 

T (°K) 

600 
700 
800 
900 

1000 
1250 
1500 
1750 
2000 

K= 107 

1.39 
3.85 
4.57 
3.14 
1.43 
1.81 
5.59 
7.97 
8.92 

(cm2 sec-1) 

x 10-2 

x 10-1 

x 10° 
x 101 

x 102 

x 103 

x 103 

x 103 

x 103 

K = 106 (cm2 sec-1) 

4.61 x 10-2 

1.27 x 10° 
1.51 x 101 

1.02 x 102 

4.56 x 102 

4.50 x 103 

9.25 x 103 

1.08 x 104 

1.13 x 104 

K = 0 (cm2 sec-1) 

6.74 x 10-2 

1.86 x 10° 
2.20 x 101 

1.49 x 102 

6.56 x 102 

5.78 x 103 

1.05 x 104 

1.17 x 104 

1.21 x 104 

a Values are in cm-2 sec-1. 

important variations appear for thermopause temperatures less than 1500°K. 
It should be noted that for helium (see Fig. 15.10) the variation of the con-
centration is independent of the thermopause temperature, since the thermal 
escape flow and the real diffusion flow are always negligible compared to the 
maximum diffusion flow. For deuterium, however, the thermal escape flow 
is of the same order of magnitude as the maximum diffusion flow for tem-
peratures higher than 1500°K. The eddy diffusion coefficient becomes the 
leading factor only for temperatures below 1500°K. 

The combined effect of eddy diffusion and of thermal escape influence 
therefore the vertical distribution of the ratio n(D)/n(H) shown in Fig. 15.14. 

i i n i 
10° 10 10 

EDDY DIFFUSION COEFFICIENT (cnr/sec"1) 

Fig. 15.13 Variation of the deu-
terium concentration at 120 km as 
a function of the eddy diffusion 
coefficient for several thermopause 
temperatures. 
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Fig. 15.14 Height dependence of 
the ratio n(O)/n(H) for several 
thermopause temperatures. The eddy 
diffusion coefficients are K = 0 (solid 
curve) and 107cm2sec_1 (dashed 
curve). 

This ratio has been computed with the hydrogen distributions discussed in 
the next section. A maximum of n(D)/n(H) occurs at an altitude depending 
on the thermopause temperature. Below 1500°K, the enhancement of 
n(D)/n(H) depends on the adopted eddy diffusion coefficient. The maximum 
enhancement occurs however around 400 km for T= 1250°K and it cor-
responds to almost 60 times the natural abundance of 1.6 x 10~4 when 
K = 0 above 100 km. Such an enhancement is about a factor of 3 less than 
the experimental value [63] deduced at 160 km. The experimental ion ratio 
[61], n(D+)/n(H+) is of the same order of magnitude as the results of Fig. 
15.14. Above a certain height n(D)/n(H) begins to decrease and reaches 
values less than the abundance at 100 km. Actually, diffusion can increase 
the ratio n(D)/n(H) only over a limited height range. 

Owing to its small relative abundance, deuterium is very difficult to 
observe in the earth's upper atmosphere. Since the deuterium concentration 
reaches the maximum value around 1250°K, and since the maximum en-
hancement of the ratio n(D)/n(H) occurs above 200 km at the same temper-
ature, it can be concluded that medium solar activity conditions offer the 
best possibilities for mass spectrometric and optical observations of deute-
rium in the upper atmosphere. 

15.8 Atomic Hydrogen Distribution 

The first far-ultraviolet study [5] of the night sky made in 1955 resulted 
in the discovery of the night Lyman a glow at 1216 Â. This measurement 
was used to compute a hydrogen distribution [10] in the thermosphère 
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with a concentration of 8.4xl06cm~3 at 100 km. A systematic analysis 
was then made [11, 68], using this value of «(H) at 100 km, in order to 
show the variation of atomic hydrogen in the thermosphère. It was found 
that the effect of the transport flow in Eq. (15.19) plays the essential role. 
It was shown that hydrogen for all practical purposes follows a mixing 
distribution between 100 and 120 km and that the concentration in the 
thermosphère is higher when the thermopause temperature decreases. 

Since 1960 numerous Lyman a observations have been made by rockets 
and satellites. An analysis of the observations [69] indicates that the con-
centration at 100 km should be of the order of 3x l0 7 cm - 3 . Balmer a 
observations show [70] that atomic hydrogen is increasing from solar max-
imum to solar minimum. The OGO-4 observations [71] also require a con-
centration of 3 x l 0 7 c m r 3 at 100 km. However, other observations [72] 
seem to indicate values between 1.25 x 107 and 2x l0 7 cm - 3 . Actually, the 
Lyman a observations show a variation, or an uncertainty, of about a 
factor of 2 for the hydrogen concentration at 100 km. It is also true, how-
ever, that the Lyman a geocoronal observations require the solution of a 
radiative transfer equation [73] in an optically thick atmosphere which is 
not spherically symmetrical. 

Above the mesopause, photodissociation of water vapor is the principal 
production mechanism [74] for atomic hydrogen. This process can also 
lead to a production of molecular hydrogen (see Chapter 13). Since there 
is an uncertainty in the reaction rate coefficients and in the eddy diffusion 
coefficient, it has been concluded [74] that mixing conditions lead to the 
best approximation for atomic hydrogen in the lower thermosphère below 
100 km. Therefore, values between 107 and 3xl0 7 cm~ 3 deduced from 
Lyman a observations may reflect in a certain way the complexity of the 
thermospheric processes. 

With a concentration of 3 x l 0 7 c m - 3 and with the maximum diffusion 
velocity of Table 15.3, the maximum diffusion flow at 100 km is 

F(H) = 1.1 X 108 cm-2 sec"1. (15.46) 

Since the real flow is of the same order of magnitude, it is necessary to 
compute the vertical distribution with Eq. (15.45). Figure 15.15 gives the 
vertical distribution for two extreme values of the eddy diffusion coeffi-
cient. It is seen that the exact value of K is not important for high tem-
peratures. Figure 15.16 indicates how the hydrogen concentration varies at 
120 km as a function of the eddy diffusion coefficient. Above 1000°K, the 
concentration is not affected by changes in the eddy diffusion transport 
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Fig. 15.15 Hydrogen vertical distri-
bution for two thermopause temper-
atures. The eddy diffusion coefficients 
are K = 0 (solid curve) and 107 cm2 

sec-1 (dashed curve). CONCENTRAT ION(cm"3) 

flow which leads practically to a mixing distribution between 100 and 120 km 
altitude. When the thermopause temperature is below 1000°K, the thermal 
escape becomes less efficient, as is shown in Table 15.6. This implies that 
for low temperatures the value of the eddy diffusion coefficient or the 

< 
z 
LU 
U z o o 

"T—I » I I M i—i—i i i i i 

T = 750 eK 

T = 1000 eK 

T = 2000 eK 

I I I I I I 

EDDY DIFFUSION COEFFICIENT (cm2sec'1) 

Fig. 15.16 Variation of the hydrogen concentration at 120 km as a function of the 
eddy diffusion coefficient for three thermopause temperatures. 
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TABLE 15.6 

ATOMIC HYDROGEN THERMAL ESCAPE FLuxa 

T (°K) 

600 
700 
800 
900 

1000 
1250 
1500 

K = 107 (cm2 sec-1) 

1.40 x 107 

3.24 x 107 

6.72 x 107 

7.90 X 107 

8.40 X 107 

8.89 X 107 

9.52 x 107 

K = 106 (cm2 sec-1) 

3.40 x 107 

7.39 x 107 

9.27 x 107 

9.95 x 107 

1.02 x 108 

1.06 x 108 

1.13 x 108 

K = 0 (cm2 sec-1) 

4.20 x 107 

8.28 x 107 

9.95 x 107 

1.05 x 108 

1.08 x 108 

1.11 x 108 

1.18 x 108 

a Values are in cm - 2 sec-1. 

height of the thermopause level influences the concentration and the escape 
flux at high altitudes. 

The preceding computations are valid for steady state conditions. If the 
hydrogen gas responded instantaneously to the diurnal thermopause tem-
perature variations, a day-night asymmetry as high as 20 might be expected 
in the hydrogen concentration during low solar activity conditions. This 
problem has recently been critically reviewed [75]. When a hydrogen buildup 
occurs during the night, a lateral flow should exist in the exosphere since 
there is a nonuniform concentration and temperature distribution over the 
globe. Calculations of such a flow have been made extensively [56, 76-79] 
and show that the maximum day-to-night variation can be of the order of 
3 to 4. Recently, the atomic hydrogen concentration was derived from 
n(H+) measurements [80] using the equilibrium charge transfer between 
H+ and O. This analysis shows a diurnal variation of about a factor of 2 
for the period June 1966-January 1967, with a phase delay of about 3 hr 
between the temperature and the hydrogen concentration. A long term 
variation is superimposed on the day-to-night variation. This indicates that 
a significant increase of the atomic hydrogen concentration occurs during 
solar minimum conditions. 

Up to this point the discussion of hydrogen, deuterium, and helium 
densities has been based on escape flows induced through pressure gradients 
established by thermal escape. In the regions outside the plasmasphere, 
however, there is a continual loss of ionization through the polar wind 
(see Chapter 21). Since this plasma ultimately derives from the photo-
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ionization of the neutral atmosphere, such a loss can be just as effective as 
ballistic escape in affecting the vertical distributions of the light gases. 

Although complete analyses have not been made, it appears that for 
hydrogen the polar wind flux is greater than the thermal escape flux for 
thermosphère temperatures below 1200°K. Thus, for higher temperatures 
the results of this section apply, but the effects for lower temperatures may 
be seriously modified at high latitudes. For example, polar wind ion fluxes 
are typically found to be 2-4 x 108 cm-2 sec-1, somewhat larger than the 
maximum hydrogen flux of 1.1 X 108 cm-2 sec-1. Thus, polar wind flow 
will always act to deplete the neutral hydrogen densities of the thermo-
sphère. No complete analysis of this problem has yet been made, however. 

For deuterium, ion escape can be important because, unlike thermal 
escape, the escape flux is not exponentially dependent upon the mass of 
the ion. Thus, the ratio of escape flows for hydrogen and deuterium ions 
is essentially the concentration ratio. As a consequence, the escape of ions 
along convecting field lines strongly affects the deuterium density and in-
creases the temperatures at which thermal escape becomes more important 
than the polar wind. In polar regions, i.e., poleward of 60°-65° invariant 
latitude, it should be expected that the deuterium concentration show a 
great variability corresponding to the changes in magnetospheric convection. 

With respect to helium, computations show that the polar wind flux is 
~ 2 x l 0 6 ions cm-2 sec-1, a value far less than the limiting flux. Thus, 
although ion escape plays a part in the global helium budget, it does not 
affect the altitude variation (see Chapter 21). 

In summary, it has been shown how the general diffusion equation can 
be applied to minor constituents such as helium, deuterium, and atomic 
hydrogen. Actually the diffusion transport is such that helium and hy-
drogen, with relative abundances of the order of 10-6 at 100 km, become 
progressively the major components above 500 km altitude. Therefore these 
two constituents will be responsible for the structure of the exosphere 
discussed in the next chapter. 
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CHAPTER 16 

The Neutral Exosphere 

16.1 Introduction 

The first far-ultraviolet study of the night sky [1] in 1955 showed the 
presence of a substantial Lyman a emission, which indicated the existence 
of a large cloud of atomic hydrogen surrounding the earth. That such an 
envelope of light gas should be present in these regions can be predicted 
from the equations used in the last chapter to describe the altitude distribu-
tion of the constituents of the heterosphere. However, physical behavior 
of light gases such as H and He is greatly different from that for the heavier 
gases such as O, 0 2 , and N2 as a result of gravitational escape. 

In the heterosphere the major and minor constituents are subject to 
molecular diffusion in the earth's gravitational field. There the collision 
frequency between particles is large enough to ensure to high accuracy 
the existence of a Maxwellian velocity distribution. However, the mean 
free path for collisions varies inversely as the gas concentration, so that 
there is an exponential increase in free path with altitude. At sufficiently 
high altitudes collisions become infrequent and the velocity distribution 
function is no longer Maxwellian. This altitude corresponds to a critical 
level which defines the beginning of the exosphere. Particles entering the 
exosphere with sufficient energy are able to escape from the earth's gravita-
tional field. This outwards flux alters the density distribution of the escaping 
gas so that the simple equation of hydrostatic equilibrium no longer applies. 
For the temperatures found in the earth's upper atmosphere escape is 
limited to hydrogen and helium. 

64 
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In this chapter the general principles of exosphere behavior are discussed. 
These results are then applied to the distributions of light gases in the 
earth's atmosphere. 

During the nineteenth century, it was shown [2, 3] that particles with 
sufficiently high velocities would escape from a planetary gravitational field 
if the ambient medium was such that collisions were infrequent. At the 
beginning of the present century, the first analysis of escape using Max-
wellian velocity distributions [4, 5] was made and the effect of the earth's 
rotation was introduced [5]. It is now known that in addition to these 
effects the vertical distribution of an exosphere constituent is related to the 
interactions between the neutral and ionized gases, to the presence of a 
magnetic field, and to the winds prevailing in the upper atmosphere. 

With a Maxwellian velocity distribution, the concentrations, n, of an 
exospheric constituent above the critical level located at a geocentric 
distance rc is expressed by 

n(y) = n(\)cxp[-E(l-y)] (16.1) 

where 

E=rJH(rc) (16.2) 

and 

y = rjr. (16.3) 

Equation (16.1) is the usual hydrostatic distribution characterized by the 
scale height H(rc) = kT(rc)/mg(rc). At the critical level y = 1 and at infinite 
distance y = 0. Such a result can be criticized [6], however, since the colli-
sion frequency in the exosphere is not high enough to provide a Max-
wellian distribution and Eq. (16.1) cannot represent the correct vertical 
distribution. To do the problem correctly, a correction factor, based on 
the different types of trajectories of exospheric particles, must be deduced 
from an exospheric theory. In such an analysis it is of fundamental impor-
tance to consider the possible existence and importance of different types of 
trajectories, since the neutral gas is simultaneously subject to solar ultra-
violet radiation and interaction with charged particles. 

In a gravitational field the different types of trajectories above the critical 
level can be divided into two categories corresponding to 

I. The particles which cross the critical level, and 
II. The particles which never reach the critical level. 
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Four types of particles belong to the first category (see Fig. 16.1): 

1. the ballistic particles leaving the critical level with a velocity less than 
the escape velocity, 

2. the ballistic particles coming back to the critical level with a velocity 
less than the escape velocity, 

3. the hyperbolic or parabolic particles escaping from the gravitational 
field, and 

4. the hyperbolic or parabolic particles coming from interplanetary 
space. 

Fig. 16.1 Types of particles which can exist in an elementary volume above the 
critical level: φ1 ballistic, φ2 satellite, φ3 hyperbolic, φ4 external hyperbolic. 
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In a steady state the first two types of particles are of equal abundance 
and represent a fraction φ± of the hydrostatic concentration. In the same 
way, the hyperbolic particles crossing the critical level represent a fraction 
φ3 of the total hydrostatic concentration. 

The second category is composed of two types of particles: 

1. the satellite particles whose perigees are above the critical level ; they 
represent a fraction φ2 of the total hydrostatic concentration, and 

2. the external hyperbolic particles which come from interplanetary 
space; they represent a fraction φ^ of the total hydrostatic con-
centration. 

When all types of particles are present in the exosphere, the following 
relation is valid at all heights: 

Φι + Φ* + Φ* + Φ* = 1. (16.4) 

Two methods can be used to compute the fractions, φί. The first has 
been introduced by Öpik and Singer [6-8] and is based on Liouville's 
theorem. Öpik and Singer [7, 8] obtained integral expressions for the 
fractions φλ and \φζ since they omitted particles coming from the inter-
planetary space with velocities greater than the escape velocity. Analytical 
expressions have been deduced [9-11] for these types of particles. 

The second method, introduced by Johnson and Fish [12], is based on 
solutions for the Boltzmann equation. Since it is not possible to create 
satellite and external hyperbolic particles at the critical level, it is necessary 
to use the Boltzmann equation to compute the fractions φ2 and φ±. In 
addition, the same equation can be used to obtain the fractions φ1 and φ3. 
Although the methods based on Liouville's theorem and Boltzmann's equa-
tion are different, they lead to the same result for the fractions φχ and φ3 

which cross the critical level. 

16.2 Method Based on Liouville's Theorem 

According to Liouville's theorem, the distribution function, f(r, v), of 
the velocities v at a geocentric distance r is related to the distribution func-
tion f(rc, vc) at the critical level by 

f(r,v)=f(rc,v0). (16.5) 

The quantities (r9 v) are related to the critical level values (rc, vc) by energy 
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and momentum conservation. When a particle leaves the critical level rc 

with a velocity vc making an angle 0C with the vertical, it is possible to 
compute the value of v and the angle Θ at a geocentric distance r using the 
relations 

v = W - 2gMl - y)Y/2 (16.6) 

and 
v sin Θ = vcy sin #c (16.7) 

where gc is the gravitational acceleration at the critical level and y = rc/r. 
For a spherical symmetry, the concentration n{r) at a geocentric distance r 
is then given by 

n(r) = An f ί / ( r , φ 8 sin β έϋ? dB (16.8) 

or, using (16.5), by 

n(r) = 4π ί ί f(rc, pc)t;2 sin Θ dv άθ. (16.9) 

With the conservation laws (16.6) and (16.7), it is now possible to transform 
(16.9) into an integration over the velocity vc and the angle 0C at the critical 
level. This leads to 

(16.10) 

The integration limits over the angle 0C are given by 

(16.11) 

The integration limits over the velocity vc can be obtained by expressing 
the fact that at the critical level rc the particle has a velocity such that it 
can reach the altitude r, i.e., v2 cos2 Θ > 0. Using Eqs. (16.6) and (16.7), 
this condition can be written 

(16.12) 

where 

and 

(16.13) 

(16.14) 

The quantity a can be recognized as the escape velocity at the critical level rc. 
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In order to compute the concentration distribution from (16.10), it is 
necessary to determine the velocity distribution function f(rc, vc) at the 
critical level. This is actually a very complex problem which has not been 
completely solved. Atomic hydrogen, for example, is subject to large dif-
fusion fluxes in the thermosphère and finally escapes from the atmosphere. 
The velocity distribution function is therefore affected simultaneously by 
the vertical transport and by the depletion of particles with velocities greater 
than 11 km sec1 . Several authors have studied this problem using mainly 
Monte Carlo techniques. Their results are somewhat different since the 
physical models did not have the same characteristics. It seems, however, 
that the escape flux computed from a Maxwellian velocity distribution 
function can be decreased by approximately 25% for atomic hydrogen 
[13, 14]. 

Two cases for the exospheric concentration distribution will be considered 
here. First, it will be assumed that at the critical level the velocity distribu-
tion function is Maxwellian, i.e., hyperbolic particles are coming from the 
interplanetary space. Second, a truncated Maxwellian distribution will be 
used in order to eliminate the particles coming from infinity and crossing 
the critical level. 

16.2.1 Complete Maxwellian Velocity Distribution 

At the critical level, the velocity distribution function can be written as 

f(rc,vc) = n(\)(m/2nkT)3/2 exp(-mvc
2/2kT) (16.15) 

where n(\) is the critical level concentration, m is the particle mass, k is 
Boltzmann's constant, and T is the temperature. The distribution function 
given by (16.15) corresponds to a steady state in which the ballistic particles 
reaching the critical level are in equal number. Since this distribution is 
isotropic, the two last types of particles of the first category (see Section 
16.1) are present in the same amount. Therefore, introducing Eq. (16.15) 
into (16.10) one obtains the concentration 

fn/2 
ηί + η3 = 4nn(l)y2 sin 0C cos 0C /(0C) d% (16.16) 

Jo 

/ m \*'* p» vcs expi-mv^/HcT) dv0 

\2nkTj )au lvc2(i-y2sm20c)-2gMi-y)]1/2' ( " ; 

Using Eqs. (16.2), (16.13), (16.14) and with the transformation w = vja, 

with 

•We) = 
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or 

This expression [15] gives the concentration of the ballistic («x) and hyper-
bolic (n3) particles crossing the critical level where a complete Maxwellian 
velocity distribution has been adopted. At infinity (y = 0), Eq. (16.23) 
leads to a zero concentration; this is not the case for a pure hydrostatic 
distribution. 

16.2.2 Truncated Maxwellian Velocity Distribution 

The introduction of hyperbolic particles coming from interplanetary space 
and crossing the critical level in a way such that the velocity distribution 
function becomes Maxwellian is rather arbitrary. Therefore, several authors 
[6, 8, 11, 12] have eliminated these particles by a truncation of the velocity 
distribution function. Actually the distribution function (16.15) has to be 
modified for the particles with velocities greater than the escape velocity 
given by Eq. (16.14). Since the distribution (16.15) implies equal concentra-
tions for incoming and outgoing particles with velocities greater than 
(2gcrc)

1/2, the incoming hyperbolic particles can be eliminated by defining 
the velocity distribution function f(rc, vc) in the following way : 

f(rc, i?c) = an{\){mllnkTf/2 exp(-mvc
2/2kT) (16.24) 

(16.23) 

Introducing (16.22) into (16.16) one finally obtains after integration 

(16.20) 

(16.21) 

(16.22) 

Therefore, 

and 

it can be shown that 

(16.18) 

(16.19) 
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with 
a = 1 for vc< a (16.25) 

and 
a=\ for D C > a. (16.26) 

This distribution function will then lead to the concentration ΛΙΟ>)+Ο.5Λ3Ο0; 
i.e., the three first types of particles of the first category described in Sec-
tion 16.1. With the previous notations, Eq. (16.10) leads to 

(1/8π) e x p ( - ^ 2 ) { ( l + 2Eu*){\ + φ(χ)] - χφ'(χ)} 
'(fle) = ( l - ^ s i n » e e ) " - ( 1 6 ' 2 7 ) 

with 
x = E(l - u2), (16.28) 

φ(χ) = (2/π1/2) Γ β χ ρ ( - ί * ) Λ , (16.29) 
Jo 

φ'(χ) = (2/π1/2) exp(-x2) . (16.30) 

Introducing this expression for J(6C) in an equation similar to (16.16) gives 

ni(y) + 0.5n3(y) = 0.5«(1)(1 - yf* 

r(1+",1/2 exp(-£«2){(l + 2£w2)[l + φ(χ)] - x f (x)} <*/ 
J (16.31) 

I (1-^)1/2 M 

Integration of (16.31) finally leads to 

«XÖ0 + 0.5if3C) = 0.5ii(l) e x p [ - £ ( l - y)] 

x j l + ^ ^ - a - J ^ e x p ^ - p Ç ^ J f l + ^ y l y ) ] } (16.32) 

where the function ψ(ζ) is defined by 

ψ(ζ) = φ(ζ1/2) - 2(ζ/π)1/2 exp(-z) . (16.33) 

Expression (16.32) gives the concentration of all the ballistic particles and 
of the escaping hyperbolic particles. Öpik and Singer [8] obtained values 
for the correction factor to the hydrostatic equation by numerical integra-
tion of Eq. (16.10). Other authors [9-11] deduced analytical expressions 
equivalent to (16.32). 

With a complete Maxwellian velocity distribution function at the critical 
level, Eq. (16.23) shows that ηλ + n3 = «(1), i.e., the concentration at the 
critical level. With the truncated Maxwellian distribution function, Eq. 
(16.32) indicates, however, that at the critical level (y = 1), the concentra-
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tion is given by 
nx + 0.5«3 = 0.5/i(l)[l + ψ(Ε)]. (16.34) 

This expression shows that the difference n(l) — (n1 + 0.5AZ3) increases 
when E decreases. For a fixed critical level a decrease of E = rc/Hc corre-
sponds either to an increase of the temperature or to a decrease of the atomic 
mass. This means that the discontinuity introduced at the critical level by a 
truncated distribution is the most important for atomic hydrogen. 

16.3 Method Based on Boltzmann's Equation 

With the Boltzmann equation it is possible to compute the concentrations 
nl9 n2, «g, «4, of the four types of particles defined in Section 16.1. When a 
particle reaches a point P in the exosphere, it will be considered as belonging 
to one of the four types if it has at that point a velocity characterizing one 
of the four types of particles. Therefore, the concentration n^r) is given by 

n.(r) = An f f f(r, v)v2 sin θ άθ dv (16.35) 

when the integration is extended over the velocity domain of the particles 
of the type /. Integral expressions have been deduced [12, 16] for the four 
types of particles. It is, however, possible to obtain analytical expressions 
for each type of particle. 

At a certain point P the energy and momentum conservation equations 
can be written 

v2 — a2y = Vp2 — a2yP (16.36a) 

and 
rv sin Θ = rPvP sin ΘΡ. (16.36b) 

When v2 is negative, zero, or positive at infinity, the trajectory is elliptic, 
parabolic, or hyperbolic. Equation (16.36a) leads to the following con-
ditions : 

Vp2 < a2yP for elliptic trajectories (16.37) 

Vp2 > a2yP for parabolic or hyperbolic trajectories. (16.38) 

Another criterion must be established in order to know whether or not 
a particle crosses the critical level. This can be done by determining the 
angle θ = ω for which a particle, with a velocity vP at the point P, has a 
trajectory tangent to the critical level rc. When Θ is smaller than ω, the 
particle crosses the critical level. At the tangent point y = 1 and θ = π/2 
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and Eqs. (16.36a) and (16.36b) become 

^ - ^ 2 ^ Vp2 _ a2yp (16.39) 

rcv = rPvP sin ω. (16.40) 

Therefore 
vP

2 sin2ω = yP
2[vP

2 + a2(\ - yP)]. (16.41) 

If the velocity vP is decomposed into its radial (t>r) and transversal (vt) 
components, Eq. (16.41) leads to 

(1 - yP
2W - yPW = a2yP\\ - yP). (16.42) 

In the plane (ντ, vt) this equation always defines a hyperbola since at 
any point P in the exosphere, 0 < yP < 1. The inside central region of the 
hyperbola corresponds to the trajectories crossing the critical level. Accord-
ing to Eqs. (16.37) and (16.38) the limit between elliptic and hyperbolic 
particles is given by 

v2 + vt
2 = a2yP. (16.43) 

The curves (16.42) and (16.43) fix the limits of the domains Dl9 D2, Z>3, 
and Z>4 for the particles with concentration ηλ, n2, n3, and /?4. At any point P 
in the exosphere, these domains are similar to the example given in Fig. 16.2. 
The domain Dx for the ballistic particles is inside the circle and the hyper-
bola; the satellite particle domain is inside the circle and outside the hyper-
bola; the domain Dz for the hyperbolic particles is outside the circle and 
inside the hyperbola; and the external hyperbolic particles domain Z>4 is 
outside the circle and the hyperbola. 

Since the domains of existence are now defined for the different types 
of particles, the vertical distribution for the type / can now be obtained by 
introducing a Maxwellian distribution in Eq. (16.35) and by integrating 
over the domain ϋ%. 

The results are 

n2(y) = /i(l)(l -y2)1,2y)[Eyl{\ + y)] cxp[-Ey2/(l + y)], (16.44) 

«iW + n2(y) = n(\)W{Ey) e x p [ - £ ( l - y)]9 (16.45) 

n,(y) = i ( l ) ( l - / ) 1 / 2 0 - vlEyKl + y)]} exp[-£y2 / ( l + y)]9 

(16.46) 

^ ω + n,(y) = n(l)[l - y>(Ey)] e x p [ - ^ ( l - y)] (16.47) 

where ψ(χ) is defined by Eq. (16.33). 
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Fig. 16.2 Domains of existence for the different particles: Dx ballistic, D2 satellite, 
Z>3 hyperbolic, and D4 external hyperbolic particles. 

It is easy to work with these formulas since the second term of Eq. (16.33) 
is half of the second derivative of the error function with x1/2 as argument. 

For «x + «g and nx + 0.5«3, Eqs. (16.44)-(16.47) lead to expressions 
which are identical to those obtained with Liouville's theorem. This is a 
consequence of the fact that a MaxwelHan velocity distribution is also a 
solution of the Boltzmann equation when the collision term is neglected. 
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When the four types of particles are present in the exosphere, Eqs. (16.45) 
and (16.47) clearly show that the vertical distribution of an exosphere 
constituent is given by the hydrostatic equation 

lini = n(l)cxp[-E(l-y)]. (16.48) 
i=l 

Therefore, any departure from a hydrostatic distribution can be interpreted 
by the absence of one or several types of particles. This problem will be 
discussed in more detail in Section 16.6. For practical computations, it is 
often useful to represent the different types of particles by their fraction 
<f>i = «ΐ/Σ?=ι rii of the hydrostatic distribution. These fractions are given 
by the following expressions: 

for ballistic particles: 

φλ = ψ(Εγ) - (1 - γψ*ψ[Εγ/(1 + y)] exp[-£y 2 / ( l + y)] (16.49) 

for satellite particles: 

Φζ = (1 - y2)mf[Ey/(l + y)] e x p [ - £ / / ( l + y)] (16.50) 

for hyperbolic particles: 

& = 1 - y(Ey) - (1 - j 2 ) 1 ' 2 e x p [ - £ y 7 ( l + y)]{l - W[Ey/(l + y)]} 

(16.51) 
for external hyperbolic particles: 

Φ* = (1 - y2)1'2 cxp[-Ef/(l + y)]{l - ψ[ΕγΙ(1 + y)]}. (16.52) 

16.4 Critical Level 

With a given velocity distribution function, it is possible to compute an 
escape flux at any height in the atmosphere. The effective value for the 
escape flux depends, however, on the number of collisions of the particles 
having velocities greater than the escape velocity. Therefore, Jeans [17] and 
Spitzer [18] defined the critical level as the height at which particles with 
great velocities have a probability l/e to escape from the gravitational field 
without suffering any further collision. This probability is directly related 
to the mean free path of the particles. For a Maxwellian velocity distribu-
tion, the mean free path generally depends on the speed of the particles. 
When a particle 1 has a speed vl9 its mean free path Lx is given by [19] 

LliPl) = VOl l + 1̂2 + *13 + ' * * ) (16.53) 
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where v±j is the collision frequency of particle 1 with the particles of y other 
elements present in the ambient medium. The velocity dependent collision 
frequencies v±j are given by 

νυ = njQvilkT/nmjmexpi-Xj2) + (π1/2/2)(2^· + l/x^(xj)] (16.54) 

where rij is the concentration of the component with mass nij and Q±j is the 
collision cross section between particle 1 and j . The argument Xj of the 
error function <f>(Xj) is given by Xj = v^nij/lkT)1'2. With Eq. (16.54), the 
mean free path can then be written 

LM) = π1/2{Σ n^Fix^lx^Y (16.55) 

where the function F(XJ) is defined by 

F(Xj) = Xj e x p ( - x / ) + (π1/2/2)(2χ/ + \)<f>(xj). (16.56) 

For particles with velocities greater than the escape velocity (~11 km sec-1) 
a good approximation for Eq. (16.56) is given by 

Γ(χι)/χ?^π1/2. (16.57) 

The mean free path for high velocity particles can therefore be written 

A = ( £ » i ß u ) _ 1 · (16.58) 

With the atmospheric models described in Chapter 14 it is possible to 
compute the mean free path as a function of height. Figure 16.3 gives the 
vertical distribution for the atomic hydrogen mean free path computed for 
several thermopause temperatures with a mean collision cross section of 
2.8 X 10~15cm-2. The mean free path increases rapidly with height, since 
the total concentration decreases exponentially. At a specific height the 
mean free path increases when the thermopause temperature decreases. At 
500 km altitude, the atomic hydrogen mean free path is of the order of 
15 km for a thermopause temperature of 2000°K, whereas, it reaches a 
value of 750 km for a temperature of 750°K. The altitudes at which the 
mean free path is equal to the atmospheric scale height are also shown on 
Fig. 16.3. This condition is often adopted as a definition for the critical 
level [18]. It should be noted, however, that expression (16.58) has been 
deduced for the case when the concentrations do not change along a mean 
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Fig. 16.3 Vertical distribution of the atomic hydrogen mean free path for several 
thermopause temperatures. The crosses indicate the altitude where the mean free path 
is equal to the atmospheric scale height (H = L). 

free path. The results shown on Fig. 16.3 are therefore only valid along a 
line of equal density. 

For the escaping particles, it is nevertheless necessary to consider the 
vertical mean free path. The probability P for an infinite mean free path 
above the critical level rc is given by 

P = expi- f°° dr/ΐΔ. (16.59) 

When the concentration is constant along the trajectory, Eq. (16.59) shows 
that the probability for an infinité mean free path is zero. When the con-
centration decreases with distance, the probability P can be different from 
zero and the total content of the different species must be known. Since 
the velocity distribution function is not Maxwellian in the exosphere, a 
correction factor has to be applied to the approximation j™ rij dz = njcHjc. 
With a correction factor Gj defined by 

Λοο 

Gj=\ njdr/njcHjc (16.60) 
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Eq. (16.59) can be written 

p = e x p ^ - £ Q^njçHjcGjj. (16.61) 

The correction factor Gj becomes important for atomic hydrogen (see Sec-
tion 16.8). In the height range where Eq. (16.61) has to be used, atomic 
hydrogen is however still a minor constituent and Gj can be taken equal 
to one. For an atmosphere with a single element, Spitzer [18] fixed the 
critical level at a height where 

«1C#1C= o i l · (16.62) 

This level actually corresponds to an altitude where the particles s have a 
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Fig. 16.4 Altitude of the critical level as a function of the thermopause temperature 
for the escape probabilities P = 0.37, 0.50, and 0.64. 
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probability e~x for an infinite mean free path. This level is also the altitude 
where the horizontal mean free path is equal to the atmospheric scale 
height. Equation (16.61) shows that the altitude of the critical level depends 
on an arbitrary value of the probability P. This reflects the physical fact 
that the critical level is not a sharp transition between the heterosphere and 
the exosphere. 

With an escape probability P = (0.50 ± 0.14), Fig. 16.4 shows the alti-
tude of the critical level as a function of the thermopause temperature. 
For a fixed value of P, the altitude of the critical level always increases 
the thermopause temperature. From Fig. 16.4 it can also be seen that the 
altitude of the critical level is approximately a linear function of the thermo-
pause temperature. Round figures for the critical level height are given in 
Table 16.1. 

TABLE 16.1 

ALTITUDE OF THE CRITICAL LEVEL 

Temperature (°K): 2000 1750 1500 1250 1000 750 

Altitude (km): 800 700 650 550 450 400 

With an escape probability of (0.50 ±0 .14) the critical level at 2000°K 
is determined within ±50 km and at 750°K the uncertainty is of the order 
of ±25 km. It is therefore necessary to know the effect of such an uncertainty 
on the escape flux, which is usually evaluated at the critical level. 

The number of atoms escaping per unit time through a unit surface can 
be written [20] 

(16.63) 

where nc and Hc are respectively the concentration and the scale height 
(kT/mgc) of the escaping element at the critical level located at a geocentric 
distance rc. With the notations of Section 16.1, expression (16.63) can be 
transformed into 

(16.64) 

If two arbitrary critical levels rx and r2 are chosen for the same thermo-
pause temperature, the ratio between the escape fluxes Fx and F2 is given by 

(16.65) 
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With the values given in Table 16.1, a variation of ±50 km leads only to 
a change of the order of 1% for the escape flux. Therefore, the flux can be 
computed without an exact knowledge of the altitude of the critical level. 

To complete the discussion, it is now necessary to analyze the behavior 
of the different types of particles at the critical level. According to Eqs. 
(16.50) and (16.52), there are no satellite and no external hyperbolic par-
ticles at the critical level (φ2 = φ± = 0). The fractions of φλ and φ3 of the 
particles crossing the critical level are given by 

φχ = ψ(Ε) (16.66) 

and 
φ3 = 1 - ψ(Ε) (16.67) 

where the function ψ(Ε) is defined by Eq. (16.33). Figure 16.5 shows the 
effect of a variation of the critical level on the relative abundance φχ of the 
ballistic particles for atomic hydrogen. For low temperatures a variation of 
±250 km in the critical level altitude has no effect in the abundance of 
ballistic particles. At 2000°K, the number of ballistic particles changes only 
by 1%. 

The critical level altitudes given in Table 16.1 are therefore sufficiently 
accurate for the computations of vertical exospheric distributions. Varia-
tions of ±50 km in the critical level heights have no effect on the escape 
flux or on the abundance of ballistic particles. 

750 1000 1250 1500 1750 2000 

TEMPERATURECK) 

Fig. 16.5 Relative abundance φ1 of the ballistic particles for atomic hydrogen as a 
function of the thermopause temperature for three arbitrary critical levels at 500, 750, 
and 1000 km altitude. 
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16.5 Terrestrial Exosphere up to 50,000 km Altitude 

The earth's neutral exosphere is mainly composed of helium and atomic 
hydrogen since the concentration of light elements decreases less rapidly 
than the atomic oxygen concentration. It is necessary, however, to deter-
mine if atomic oxygen follows a hydrostatic distribution. This problem is 
only of importance below roughly 3500 km where the atomic oxygen con-

50000 

40000 

30000 h-

D 

2 0 0 0 0 ^ 

10000 

FRACTION OF HYDROSTATIC DISTRIBUTION 

Fig. 16.6 Vertical distributions of the different types of particles for a thermopause 
temperature of 2000°K. E(U) = 3.36; £(He) = 13.3. 
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centration is greater than 1 particle cm-3. At 3000 km, the fraction φλ + φ3 

of atomic oxygen particles always represents more than 99% of the hydro-
static distribution. Therefore, the atomic oxygen concentration is given by 
the hydrostatic approximation (16.1) with an accuracy better than 1%. 

For helium and hydrogen the departure from a hydrostatic distribution 
is related to the presence or absence of the particles ?φ3 and φ^ and to the 
possible existence of the satellite particles φ2. Before discussing this problem 

0 I ' ■ ' I ' i . . i i i . I 

10"
2
 10'

1
 10° 

FRACTION OF HYDROSTATIC DISTRIBUTION 

Fig. 16.7 Vertical distributions of the different types of particles for a thermopause 
temperature of 1500°K. £(H) = 4.57; £(He) = 18.1. 
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(see Section 16.6) it is interesting to present typical distributions for the four 
types of particles described in Section 16.1. Figures 16.6-16.8 show the 
vertical distributions of the four types of particles obtained with the critical 
level of Table 16.1. It is seen that the fraction of escaping particles \φζ 

decreases with temperature. The ballistic particles φ1 however increase when 
the thermopause temperature decreases and the fraction φλ is more important 
for helium than for atomic hydrogen. Comparing the satellite particles φ2 

10-2 10'1 10° 

FRACTION OF HYDROSTATIC DISTRIBUTION 

Fig. 16.8 Vertical distributions of the different types of particles for a thermopause 
temperature of 1000°K. £(H) = 7.06; £(He) = 28.0. 
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with the external hyperbolic particles, one sees that for helium φ2 is always 
greater than φ^ below 50,000 km whereas the opposite situation occurs for 
hydrogen at sufficiently high altitudes. Using Eqs. (16.50) and (16.52), the 
ratio φ21φι is 

<f>2 

Φ* Ψ 
Ey 

i+y 
1 Ψ(Ί 

Ey 

+ y 
(16.68) 

Figure 16.9 shows the ratio φ2/φ4 as a function of Z = [Ey/(l + y)]1/2 

which is the argument entering in the error function of Eq. (16.33). When 
Z is greater than 1.09 the satellite particles are always more abundant than 
the external hyperbolic particles. For the height range considered in Figs. 
16.6-16.8, the parameter Z is always greater than 1.3 for helium. For 
atomic hydrogen, the values of Z are greater or less than 1.09 according 
to the thermopause temperature. This is the reason why the curves φ2{Η) 
and 04(H) cross each other at a height depending on the thermopause 
temperature. 

Fig. 16.9 Ratio between satellite and external hyperbolic particles as a function of 
[Ey/(l + J>)]1/2. 
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Fig. 16,10 Vertical distribution of the ratio between the particles crossing the critical 
level φλ + φζ and the particles <f>2 + <̂ 4 which never reach it. Solid curve, hydrogen ; 
dashed curve, helium. Temperatures: (1) 2000°K, (2) 1500°K, (3) 1000°K, and (4) 750°K. 

Using Eqs. (16.49)—(16.52), it is possible to compare the particles φλ + φζ 

which cross the critical level with those never reaching it. This ratio is given 
by 

(Φι + ΦυΚΦζ + Φυ = (1 - y2)-1'2 exp[^ 2 / ( l +y)]-l. (16.69) 

Figure 16.10 shows that the particles crossing the critical level are more 
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important in the case of helium. On the other hand, the altitude at which 
φ2 + ^4 becomes more important than φλ + φζ is lower in the case of atomic 
hydrogen. 

The fractions φ^ can be used to compute the absolute concentrations 
for each type of particle. Table 16.2 gives the results for helium and hydro-
gen. The helium boundary concentration was taken to be 2 x 107 cm- 3 at 
120 km and the adopted hydrogen concentration is 3 x 107 cm- 3 at 100 km 
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Fig. 16.11 Helium and hydrogen distributions for a temperature T = 2000°K. Com-
parison between the hydrostatic distribution (dashed curve), the minimum distribution 
«i + in3 (solid curve), and nx + n3 (dotted dashed curve). 

(see Chapter 15). Since important latitudinal variations of the helium con-
centration occur in the thermosphère (see Chapter 15), Table 16.2 is in-
tended only to be a guide. 

Even without discussing the possible existence of satellite and external 
hyperbolic particles, Table 16.2 shows that the hydrostatic distribution is 
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a good approximation for helium when the temperature is less than 1500°K. 
In the height range where helium plays a role in the total concentration, 
most of the helium particles are ballistic. Figures 16.11-16.14 give the 
maximum hydrostatic distribution and the minimum distribution ηχ + \nz 

for the particles originating in the heterosphere. At 40,000 km, the ratio 
between the hydrostatic distribution and the distribution ηλ + \nz is 16 
for H and 4 for He when T = 2000°K. This ratio decreases with temperature 

50000j 1 1 I I I l l l | 111 I I I I l l l | 1 | l I I I l l l | 1 1 I I I I I I ! 

0 I i I I i i ml 1 i i i i ml 1—ι ι ι ι ml 1—ι ι u ml 
10° 101 102 103 10* 

CONCENTRATIONIcm"3) 

Fig. 16.12 Helium and hydrogen distributions for a temperature T = 1500°K. Com-
parison between the hydrostatic distribution and the minimum distribution nx + £w3. 
See Fig. 16.11 for explanation of the curves. 

and it reaches a value of 6 for H when T = 750°K. It is clear therefore 
that the satellite and external hyperbolic particles have to be analyzed for 
all thermopause temperatures in the case of atomic hydrogen. For helium, 
these particles can only play a role at very high temperatures of the order of 
2000°K (see Fig. 16.11). 
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16.6 Satellite and External Hyperbolic Particles 

The importance of satellite particles has been discussed by Chamberlain 
[11] in terms of a satellite particle critical level above which the collisional 
creation of the satellite particles can be neglected. This level is fixed at a 
height where the production of satellite particles is balanced by several loss 
processes. It is, however, possible to study the behavior of satellite particles 
in a slightly different way. 

A satellite particle Xs can be lost by photoionization 

Xs + hv -> X+ + e, coefficient I (sec-1), (16.70) 

by charge exchange 

Xs + X+ -> Xs+ + X, coefficient y/i(X8) (sec"1), (16.71) 

or by kinetic collisions with other particles. 
The production of satellite particles is proportional to the concentration 

«i + «3 + «4 and to the kinetic collision frequency rk. Since certain angular 
and energetic conditions must be met to put a particle into orbit, it is 
necessary to introduce an efficiency factor ε. With Eqs. (16.70) and (16.71) 
the time dependent evolution for the satellite particles ns is given by 

dnjdt = v ( « i + «3 + Ό — ̂ k(l — ΦΒ — In* — W * + (16.72) 

where n+ is the positive ion concentration introduced in (16.71). The effi-
ciency factor ε actually represents the probability of putting a particle 
into orbit by a collision with the other particles ηλ, η3, and «4. The maximum 
efficiency is obtained for a complete Maxwellian distribution and from Fig. 
16.2 it is seen that 

ε = f f(r, v) dvi £ f f(r, v) dvV = nj £ "i = Φ* (1 6 ·7 3) 

where dV is the volume element in the velocity space. From Eq. (16.73) 
it is clear that the efficiency factor is considerably reduced at great heights 
if the external hyperbolic particles are absent. Therefore Eq. (16.72) repre-
sents the most favorable case for putting particles into orbit when ε is 
given by (16.73), i.e., the maximum efficiency is equal to the relative abun-
dance φ2 of the satellite particles under steady state conditions. Equation 
(16.72) can now be written 

dns/dt = μη2 — Jn% (16.74) 
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with 
μ = *k(l - e) = *k(& + & + &) (16.75) 

and 
J=IJrγn+ + μ (16.76) 

With na(t = 0) = 0, integration of Eq. (16.74) leads to 

"s(0 = ( W ^ ) [ l - e - J r l · (16.77) 

When the loss processes through ionization and charge exchange are ne-
glected, the time necessary to reach 50% of the equilibrium value for the 
satellite particles is given by 

r1/2 = 0.69///. (16.78) 

The loss times through photoionization or through charge exchange are 

Tion = 1// (16.79) 

and 
τ6χ = l/yn+. (16.80) 

The question of whether or not satellite particles play a role is now answered 
by comparing the production time τυ2 with the loss times τίοη and τβ χ. 

The charge exchange rate coefficient [21] for hydrogen is y(H) = 4.0 
X 10~9 cm3 sec-1 at 2000°K and 2.6 x 10~9 cm3 sec"1 at 1000°K. For helium, 
a value of 10-9 cm3 sec-1 is sufficiently accurate for the present analysis. 
The ionization times for low solar activity can be estimated to be of the 
order of 8.2 x 106 sec for H and 1.3 x 107 sec for He. The vertical distribu-
tion of τβχ requires the knowledge of the ion profiles up to 50,000 km. 

TABLE 16.3 

BOUNDARY VALUES'1 AT 500 KM FOR H+, He+, AND 0 + 

T (°K) 

2000 

1000 

n+(0) 

9.8 X 105 

1.8 X 105 

/z+(He) 

1.4 X 104 

1.6 X 104 

n+(U) 

1.2 X 101 

3.0 X 102 

Ση+ 

1.0 X 10e 

2 .0 X 105 

a Values are for cm-3. 
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Since there are large uncertainties at high altitude, the vertical profiles for H+ 
and He+ will be approximated by the usual ion diffusion equation [22]. The 
adopted boundary values are shown in Table 16.3. These should be consid-
ered only as indicative values necessary to illustrate the physical processes. 
Figures 16.15 and 16.16 give the vertical distribution of the charge exchange 
time rex and of the time τ1/2 necessary to reach 50% of a steady state satellite 
particle distribution. Figure 16.15 shows that, in the case of helium, charge 
exchange destroys satellite particles above 10,000 km and photoionization 
becomes important above 20,000 km. The loss processes are, however, not 

30000 

10° 10' 10β 

TIME (sec) 
Fig, 16.15 Time τ1/2 necessary to reach 50% of the equilibrium value for the H and He 

satellite particles compared to the ionization time τ1οα and to the charge exchange time τ β χ 

for a thermopause temperature of 2000°K. 
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Fig. 16.16 Time τ1/2 necessary to reach 50% of the equilibrium value for the hydrogen 
satellite particles compared to the ionization time τ1οη and to the charge exchange time τβχ 

for a thermopause temperature of 1000°K. 

effective below 5000 km. Nevertheless, at those heights the helium satellite 
particles are negligible compared to the ballistic particles (see Fig. 16.6). 
It can, therefore, be concluded that photoionization and charge exchange 
are always effective for preventing the formation of an appreciable amount 
of helium satellite particles in the earth's exosphere. A similar conclusion is 
obtained for atomic hydrogen. Finally, it should be mentioned that, in any 
case, the production of satellite particles has been overestimated at great 
heights since external hyperbolic particles «4 were assumed to be present. 

The interplanetary hydrogen distribution has been computed [23] from 
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Lyman a observations and a concentration of 5 x l 0 _ 2 c m - 3 was deduced 
for particles with a speed of several hundred kilometers per second in the 
vicinity of the earth's orbit. Such a value is negligible compared to the 
external hyperbolic particle concentrations shown in Table 16.2. Therefore 
the external hyperbolic particles «4 should not be taken into account in a 
normal exospheric distribution. Actually, they are not necessary to explain 
the Lyman a observations in the earth's geocorona [24-26]. Even when 
atomic hydrogen flows enter into the solar system [27, 28], it is practically 
impossible for them to match a Maxwellian velocity distribution. Neverthe-
less, they can contribute to the Lyman a background which is observed 
beyond the geocorona. 

Finally, it should be mentioned that the difference between the distribu-
tions nx + nz or nx + |« 3 is not significant below 50,000 km. Therefore, 
it can be concluded that the neutral earth's exosphere depends essentially on 
the ballistic particles and on the hyperbolic particles crossing the critical level. 

16.7 Temperature in the Exosphere 

The critical level is located in the isothermal region of the heterosphere 
where solar radiation cannot be sufficiently absorbed to create significant 
temperature gradients. Above the thermopause the physical parameters are 
usually computed in an isothermal atmosphere. The constant temperature 
is actually defined by the mean translational kinetic energy \mv2 = \kT. 
The mean square velocity v2 is given by 

v2 = f v2f(r, v) dvl i / ( r , v) dV (16.81) 

where /(/*, v) is the velocity distribution function and dV is the elementary 
volume in velocity space. The integration extends over all angles and veloc-
ities. Since the satellite and external hyperbolic particles can be neglected 
in the exosphere, the velocity distribution function is no longer Maxwellian. 
Using the notations of Section 16.2, it is however possible to deduce an 
expression for the mean square velocity v%x in the exosphere, 

or 

j v*f(r, v) sin Θ d6 dv 

j v2f(r,v) sin Θ dd dv 

4nn(l)y2 j£ /2 sin 0C cos dcK(6c) d% 

ni(y) + n3(y) 

(16.82) 

(16.83) 
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where 

*Yfl Λ = I m Y'' Γ ^c3k2 - "HI - y)] vip(-nWe*l2kT) dvc 
Κψο> \2nkT) ) a u [ i ; c

2 ( l - / s i n 2 e c ) - a 2 ( l - j ) r 

The integrations in (16.83) and (16.84) lead to 

1 - (Φι + Φζ) 

(16.84) 

-i 3kT 
v£ = 
ex m Ι'-Κτϊτ) Φΐ + </>3 

(16.85) 

where T is the Maxwellian temperature at the thermopause. 
Expression (16.85) can now be used to define an equivalent kinetic tem-

perature Tex for each exospheric constituent: 

At the critical level ^ + ^ 3 = 1 and Tex = T, i.e., the usual Maxwellian 

yHe)=3«5eK Tœ(H):377eK Tœ(He) = 715°K Tœ(H)=840°K 

1000 1500 

EQUIVALENT KINETIC TEMPERATURECK) 

Fig. 16.17 Equivalent temperatures of helium and hydrogen in the exosphere when 
the thermopause temperature is 1000°K or 2000°K. 
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kinetic temperature. Above the critical level, the absence of certain particles 
in the velocity distribution function leads to a decrease of r e x . Figure 16.17 
shows the vertical distribution of Tex for thermopause temperatures of 
2000°K. The decrease of Tex is more pronounced for atomic hydrogen 
since in this case the departure from a Maxwellian velocity distribu-
tion function is more important. The asymptotic value of Tex at infinity 
is given by 

Tex(oo) = m(2E + 3)/(2E + 1)]. (16.87) 

Actually the equivalent kinetic temperature has no physical meaning at 
infinity since the concentration ηλ + n3 becomes zero. The decrease of Tex 

reflects the decrease of the velocity dispersion with altitude. The tempera-
ture Tex defined in this section represents the mean kinetic energy in all 
directions. It is also possible to define a kinetic temperature in specific 
directions by changing the integration limits of Eq. (16.82). 

16.8 Total Content 

Optical observations of an exospheric constituent always require the 
knowledge of the total content J^° n dr above a certain geocentric distance r. 
Usually the expression nH is a good approximation in the thermosphère. 
However, when ballistic particles φ1 and hyperbolic particles φ3 are the 
most important, such an approximation is no longer valid. The correction 
factor Gj [see Eq. (16.60)] should be used. With a complete Maxwellian 
distribution at the critical level, one obtains 

G(E) = Γ ΕΓ\φχ + φ,) e x p [ - £ ( l - y)] dy. (16.88) 
Jo 

Numerical integration of (16.88) leads to the results given in Table 16.4. 
It is seen that G(E) is most important for atomic hydrogen since it changes 
between 1.5 and 1.3 when T ranges from 2000° to 750°K. For helium, G(E) 
changes from 1.2 at 2000°K to 1.1 at 750°K. Since E is always greater than 
50 for atomic oxygen, the correction factor is always less than 1.05. When 
a truncated Maxwellian distribution is adopted at the critical level, the 
correction factor is slightly decreased [9] for E < 10. 

The total content for atomic hydrogen is shown in Fig. 16.18 as a func-
tion of thermopause temperature. Two values have been adopted for the 
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TABLE 16.4 

CORRECTION FACTOR G(E) 

E 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

2. 

3. 

4. 

5. 

6. 

7. 
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eddy diffusion coefficient (see Chapter 15). For low temperature the total 
content changes in a substantial way. Even if atomic hydrogen distributions 
cannot respond instantaneously to diurnal temperature variations, an in-
crease of the total content will however occur on a longer time scale during 
decreasing solar cycle activity. 
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Fig, 16,18 Atomic hydrogen total content as a function of the thermopause tempera-
ture. Solid curve, K = 107 cm2 sec - 1 ; dashed curve, K = 0. 
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CHAPTER 17 

Formation of the Ionosphere 

17.1 Introduction 

The preceding chapters have been devoted to the characteristics of the 
neutral atmosphere with only occasional reference to ionization processes 
or the dynamics of the ionosphere. In the historical sense such a progression 
reverses the actual way knowledge of the upper atmosphere has advanced. 
The first measurements of physical processes above 50 km were accom-
plished inadvertently through the use of radio waves for telecommunications 
[1]. Following the development of pulse echo transmitters and receivers [2], 
great progress was made in the exploration of the ionosphere with the 
discovery of the D, E, and F regions. Since the radio techniques relied 
upon the interaction between radio waves and free electrons, many early 
studies of the basic ionospheric processes tended to place undue emphasis 
on the behavior of the electrons. In fact, such emphasis was actually inevi-
table since it was not until 1946 that the first direct observations of the 
in situ neutral atmosphere and solar ultraviolet radiations were made 
possible through high altitude rocket flights. (For a more detailed biblio-
graphy of early accomplishments, see references given in Ratcliffe [3].) 

During the past two decades a more complete understanding of the for-
mation of the ionosphere has developed simultaneously with our know-
ledge of the composition and dynamics of the atmosphere and solar radia-
tions. As rocket and satellite data have become available the older electron 
based ionosphere theories have given way to a more balanced perspective 
which recognizes the ionosphere as a multiconstituent plasma whose be-
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havior is closely linked with that of the neutral atmosphere, the solar ioniz-
ing radiations, and the electrodynamic influences of the magnetosphere. 

The main body of the ionosphere arises from ionization created by the 
atmospheric absorption of solar ultraviolet radiation of wavelengths less 
than 1026 Â. Such radiation ionizes O, 0 2 , and N2. These initial ions are 
not necessarily the principal ionospheric ions, however, due to the secondary 
reactions which occur between these ions and the neutral gases. A typical 
profile of ion composition [4] in the ionosphere is given in Fig. 77.7. It is 
interesting to note that in the E and F regions NO+ is an important ion, 
even through NO itself is a minor atmospheric constitutent. 

10 10 10" 

CONCENTRAT ION (cm"3) 

Fig. 17.1 Ion composition of the E and Fx regions measured at White Sands, New 
Mexico on February 15, 1963 at 0934 MST for a solar zenith angle of 60° [30]. 

There are four major interrelated areas of scientific research relating to 
the ionospheric plasma. The first, and most explored area, is the ionic 
composition of the different regions including normal quiet diurnal varia-
tions, peculiarities arising from local phenomena, and the broader changes 
associated with seasonal and solar cycle effects. The dynamic motions of 
the ionospheric plasma is a second area of research with involves the dif-
fusion of ions in response to gravity, pressure gradients, motions of the 
neutral atmosphere, and the presence of electric fields. Of more recent 
interest and perhaps the best understood field of study is concerned with 
the thermal structure of the ionosphere. This includes the different sources 
of heat, the possibility of different temperatures for the different plasma 
species, and the ultimate heat sinks. The fourth and most recent area of 
research concerns the question of the degree of interaction between mag-
netospheric processes and the behavior of the ionosphere. It is known, 
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for example, that the ionosphere provides most of the thermal plasma of 
the magnetosphere through a daily ebb and flow of ions along magnetic 
field lines. Perhaps more importantly, electric fields having their source in 
the magnetosphere can create widespread motions of the ionospheric 
plasma and, through collisions, winds in the neutral gases of the thermo-
sphère. 

In the following chapters the basic aspects of these physical processes 
are discussed in the way they affect the formation of the ionosphere and 
its subsequent behavior in the terrestrial environment. Although large col-
lections of morphological data are available describing ionospheric behavior 
during the past half century, detailed discussions of such information are 
not attempted here. Details of the observed ionospheric behavior can be 
found in several of the general references listed at the end of Chapter 1 or 
in Ratcliffe [3]. 

This chapter introduces the problems of photoabsorption and photo-
ionization in the upper atmosphere. The major portion of ionization in 
the upper atmosphere results from the absorption of solar ultraviolet radia-
tion. As shown in Table 6.4, radiation of wavelengths less than 1026 Â is 
able to ionize the major atmospheric constituents and these are of principal 
interest for the formation of the ionosphere. However, radiation of longer 
wavelengths can be of importance in the ionization of minor constituents. 
The ionization of nitric oxide by solar Lyman a at 1216 Â, for example, 
provides an important contribution to the ionospheric D region. 

Ionization by energetic particle impact can also be important. During 
normal conditions cosmic rays penetrate deeply into the atmosphere, creat-
ing ionization in the regions below 70 km altitude during both day and 
night. At lower energies, auroral particles create intense narrow rings of 
ionization in the polar regions. In the daytime auroral zones the particles 
are of relatively low energy (ε < 1 keV) associated with the magnetosheath 
and cannot penetrate much below 200 km. In the nighttime auroral zones 
the average particle energy is greater than 1 keV and penetration to 100 km 
is a common occurrence. However, it is generally true that impact ionization 
is neither as consistent nor as dominating as that arising from the absorption 
of radiation. 

17.2 Absorption of Radiation 

Consider the problem of radiation entering an atmosphere and being 
gradually diminished in intensity by atomic and molecular absorption. If 
the radiation flux in the wavelength interval λ, λ + άλ is represented as 
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φ(λ), the change in flux άφ due to absorption by a neutral gas in traveling 
a distance ds is 

άφ = —ησΆφ ds (17.1) 

where n is the altitude-dependent neutral gas concentration, σα is the wave-
length-dependent absorption cross section, and ds is an increment of path 
length in the optical ray direction (see Fig. 17.2). This relation is valid only 
if there are no local sources of radiation and if resonance scattering of the 
radiation does not occur. These conditions are generally met in the terrestrial 
daytime atmosphere for the solar ultraviolet ionizing radiations. 

Fig. 17.2 The relationship between 
the increment of lengths, ds and dz, in 
a plane stratified atmosphere. 

The altitude dependence of the incident photon flux follows from Eq. 
(17.1) as 

φ(λ) = φ^λ) expf- ησΛ ds) (17.2) 

where φοοβ) is the radiation flux outside the atmosphere and the integration 
is taken from the observation altitude z along the optical ray path. 

The argument of the exponential in Eq. (17.2) is called the optical depth 
and represented by the symbol τ: 

- J : naa ds. (17.3) 

Radiation entering the earth's atmosphere is normally absorbed by 
several neutral gases, each with its own absorption cross section. The 
generalization of Eq. (17.3) to a multiconstituent atmosphere is straight-
forward and leads to the expression 

Λοο 

= Σ *»' m 
i J z 

ds (17.4) 
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so that each constituent contributes to the attenuation in proportion to its 
cross section and column density. 

Using Eqs. (17.2) and (17.4) the attenuation of φ(λ) due to atmospheric 
absorption can be written as 

φ(λ) = 0oo(A)e-1 (17.5) 

where the height dependence is implicitly contained in the optical depth. 
This equation can be used to estimate the atmospheric regions where absorp-
tion of a particular wavelength radiation will occur. Since most atmospheric 
gases vary exponentially with altitude, a similar behavior follows for τ. 
Thus, the condition τ = 1 (unit optical depth) defines an altitude below 
which the incident radiation flux rapidly goes to zero. If NT = j™ n ds, 
the altitude where unit optical depth occurs can be found by searching for 
the altitude where the relation 

NT = I K (17.6) 

is satisfied. 
Accurate evaluation of the optical depth requires that the geometrical 

ray path be specified with respect to the vertical distribution of the absorbing 
gases. Consider first a simple model where the neutral gases are distributed 
according to the barometric law 

dp/p = -dz/H (17.7) 

where / / i s the absorbing species scale height. A single integration of (17.7) 
gives 

(17.8) [ - Γ dz'/H p=p0 exp 

or, with the perfect gas relation p = nkT9 

n = n0(TJT) exp - Γ dz' 
J z0 

IH (17.9) 

Several possibilities exist for the altitude variation of the scale height 
and temperature. First, if one assumes T and H are constant, the density is 

n = n0 exp[ - (z - z0)/H0] (17.10) 

where the subscripts indicate evaluation at the altitude z0. Second, it is 
possible to take g to be constant and permit the scale height to vary as 

H = H0 + β(ζ - z0); (17.11) 
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i.e., a linear variation with altitude with a scale height gradient ß. In this 
case the density can be expressed as 

n = n0(H/H0)-
{1+P)/ß (17.12) 

if ß is a constant. 
To progress further in the derivation of the optical depth, it is necessary 

to find an expression relating the optical path distance ds to the altitude 
increment dz. As a first approximation, suppose that the atmosphere is 
plane stratified with the sun at an angle χ with respect to the zenith (see 
Fig. 17.2). From simple geometry the relation between ds and dz is given 
by ds = — sec χ dz. Using Eq. (17.3) the optical depth for the density 
distributions defined by Eqs. (17.10) and (17.12) can be obtained as 

r = ηΗσα sec χ (17.13) 

for a single constituent atmosphere where the quantities are evaluated at 
the altitude for which the optical depth is needed. Following Eq. (17.4), 
the optical depth for an atmosphere of several gases, each obeying its own 
diffusive distribution, is 

T = s e c * ] r / i i f W . (17.14) 
i 

Referring to Eqs. (17.10) and (17.12) it can be seen that τ increases 
exponentially with altitude. Since τ itself is the argument of an exponential, 
it follows that the absorption of radiation occurs extremely rapidly after 
the point τ = 1 has been reached. 

Both (17.13) and (17.14) show that the optical depth at each altitude 
increases as the solar zenith angle increases; i.e., as the sun moves towards 
the horizon the atmospheric column content becomes progressively larger. 
At large zenith angles, however, the sec χ factor appearing in Eqs. (17.13) 
and (17.14) is incorrect since the curvature of the earth makes the atmo-
spheric column content a complicated function of solar zenith angle (see 
Fig. 173). 

Fig. 17.3 The relationship between 
the optical ray path and atmospheric 
density for large zenith angles in a 
spherically stratified atmosphere. 
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A number of studies [4-10] have been made to correct the optical depth 
expression for large solar zenith angles (χ > 70°). The formulas derived 
are themselves approximations to the actual behavior and for accurate 
computations numerical integration of Eq. (17.2) is necessary. For some 
purposes, however, approximate expressions are useful. These methods 
express the optical depth at an altitude z in the form 

τ(Χ, χ) = nHaAF(X, χ) (17.15) 

where X = (R^ + z)/H with i?E being the earth's radius, H is the local 
scale height, n the local gas concentration, and F(X, χ) some given function. 
Tabulations of F(X, χ) are available for different conditions. For a constant 
scale height atmosphere F(X, χ) is commonly written as Ch(X, χ) and 
referred to as the Chapman function [4, 11]. 

When more general atmospheric conditions apply, approximate analytic 
forms for F(X, χ) can be used. Several of the more common forms are given 
below [7, 8, 10]: 

(17.16) 

(17.17) 

(17.18) 

Analysis of the accuracy of these expressions has shown [10] that (17.16) 
differs by less than 0.5% from the result for Οι(Χ, χ). However, (17.17) 
and (17.18) are accurate to better than 2% and represent a considerable 
decrease in computation. 

For χ > π/2 these expressions must be used in the form 

(17.19) 

where 

with Y being the parameter X evaluated at the minimum height, a, of the 
grazing solar ray (see Fig. 17.3). As an approximation, (17.20) can be 
replaced by 

(17.21) 
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17.3 Production of Ionization 

Values of the atmospheric density and solar ultraviolet radiation absorp-
tion cross sections have been given in previous chapters. Using the unit 
optical depth condition the formation of the different ionospheric regions 
can be related to portions of the solar ultraviolet spectrum in the following 
way: 

A. The D region is formed by radiation whose absorption cross section 
is smaller than 10~19 cm2. This includes solar x rays having wavelengths 
less than 10 Â and ultraviolet radiation of wavelengths greater than 1750 Â. 
In addition, Lyman a (1216 Â) can penetrate deeply into the atmosphere 
because the 0 2 absorption reaches a very small value (~10~20 cm2) at this 
wavelength. Thus, x rays ionize 0 2 and N2 , while Lyman a ionizes NO 
and other low ionization potential gases. 

B. The E region is formed by radiation whose absorption cross sec-
tion is less than 5x 10~18cm2. Solar radiation in the range 100-31 Â and 
λ > 800 Â are of principal importance. The solar Lyman β line at 1025 Â 
and the C(III) line at 977 Â are of special importance since they both ionize 
0 2 . The Lyman continuum at A < 910 Â also contributes through ioniza-
tion of O. 

C. The F region derives from radiation whose absorption cross section 
is greater than 10~17 cm2. This includes the range 100 < λ < 800 Â and 
results in the photoionization of N2, 0 2 , and O. 

The vertical distribution of ionization in the upper atmosphere depends 
on both the rate of ion production and the different ion loss processes. 
Using Eq. (17.5), the ionization resulting from a flux φ(λ) of radiation is 

qj = nja1^00ß)e^ (17.22) 

where n$ is the concentration of the yth ionizable gas and σ^ is the wave-
length-dependent ionization cross section. Following the method introduced 
in Chapter 7, the product of the ionization cross section and solar flux can 
be combined to give the photoionization rate coefficient, Ij(X) = σ^φ^λ). 
Thus, (17.22) becomes 

qj = njIjWe-* (17.23) 

with the total yth species ionization rate, Qj, given by a summation over 
the different wavelength bands: 

Ο,— Σ^";!^)^'. (1 7 ·2 4) 
λ λ 
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Depending upon the assumption affecting the altitude distribution of the 
neutral gases, Eq. (17.23) can be manipulated to find the altitude of the 
peak ionization rate and the shape of the ionization production layer [4, 
11, 12]. 

Since numerical analysis has largely replaced analytical approximation 
for computations, the basic ideas of ionization production are best illustrated 
in terms of absorption and ionization in a single constituent, constant scale 
height atmosphere. For such a model the neutral gas can be represented by 

q/qo 

Fig. 17.4 Normalized values of ion production for a Chapman layer in an idealized 
isothermal, plane-stratified atmosphere for different solar zenith angles. 

(17.10) and, as shown by Fig. 17.4, a production layer is formed. The 
maximum ion production rate, qm of this layer can be obtained as 

qm = ^ιφοο^-1 cos χ/σάΗ (17.25) 

which occurs at an altitude where the implicit relation 

n= (tfa/Zsec*)-1 (17.26) 

is satisfied; i.e., at unit optical depth. 
The altitude dependence of the ion production rate follows from (17.22), 

(17.25), and (17.26) in the form 

q = qm exp[l - z/H - e~z/H sec χ] (17.27) 
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where the altitude z is measured relative to unit optical depth for χ = 0; 
i.e., where 

n = (σ^Η)-1 (17.28) 

is satisfied. 
Equation (17.27) is the classical Chapman formula which predicts the 

form for ionization production due to the absorption of solar radiation in 
an isothermal atmosphere. At high altitudes absorption of the radiation 
is small; i.e., exp(—z/H) can be neglected and the ion production rate 
increases proportionately to the neutral gas density. Eventually, however, 
absorption reduces the intensity of the radiation so that a maximum rate 
is reached at unit optical depth, followed by a very rapid decrease at lower 
altitudes. 

The normalized form for (17.27) is shown in Fig. 17.4 for different solar 
zenith angles. As χ increases the magnitude of the peak decreases according 
to (17.25) while the peak altitude moves upward as predicted by (17.26). 

Using Chapman's expression for ion production, it is possible to antici-
pate the results of the next chapter and assume that electrons and ions are 
lost in a dissociative recombination process of the typical form 

AB+ + e - ^ A + B (17.29) 

with a recombination coefficient a. The equation for ionization equilibrium 
follows from (17.27) and (17.29) as 

anG
2 = q (17.30) 

or 
ne = (q/ay* (17.31) 

giving 
"e = (<7m/«)1/2 exp H I - z/H - e~*'H sec χ] (17.32) 

as the vertical distribution of ionization in a simple Chapman layer. 
Using (17.25) for the peak production rate it follows that the peak electron 

density depends on solar zenith angle as 

«eimax = fa^«»*"1 cos χ/σαΗα)1/2 (17.33) 

which has formed the basis for many experimental analyses. 
Although the Chapman formulas provide a very convenient analytical 

form to describe the formation of the ionosphere, they are subject to sub-
stantial correction. In the first place there are a large number of wave-
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length bands which contribute to the overall ionization of the D, E, and F 
regions. These radiations are absorbed by three gases (O, 0 2 , N2) having 
different cross sections and vertical distributions. This problem is especially 
important for the ionization of atomic oxygen since in the wavelength range 
910-796 Â N2 is not itself ionized but acts as an absorber preventing the 
penetration of radiation. Next, the distribution of gases in the atmosphere 
is not the simple isothermal expression of (17.10) but more complicated 
owing to the presence of important thermal gradients arising from the 
absorption of solar radiation. Using (17.12) it is possible to derive expres-
sions equivalent to (17.33) for an atmosphere where there is a constant 
scale height gradient [13]. However, such an analytical form is useful only to 
the extent that it gives physical insight for the problem of photoabsorption. 
For example, the extension of Eq. (17.33) to conditions appropriate to a 
constant scale height gradient atmosphere shows that the peak density of a 
Chapman layer becomes 

ne\m^œ(cosXyi^\ (17.34) 

showing that the existence of a scale height gradient can appreciably affect 
the dependence of the peak density upon solar zenith angle. 

Nevertheless, for the actual atmospheric conditions it is usually necessary 
to use numerical methods to integrate the density of atmospheric species 
along the optical path through regions which have substantially different 
conditions than those found lying directly above the observation point. 

17.4 Calculations of Atmospheric Photoionization 

The absorption of solar radiation is the initial process in the chain of 
complicated actions ultimately resulting in the ionosphere. The emphasis 
of the preceding chapters has been directed towards the presentation of the 
basic physical quantities which affect the aeronomical processes of the 
upper atmosphere. At this point, however, it is possible to combine basic 
atomic cross-section data, the most recently available information concern-
ing the solar ultraviolet radiations, and a set of working models of the 
atmospheric composition to give an indication of the expected ionizations 
which can take place. In such a synthesis of information it cannot be claimed 
that an accurate representation of the actual ionosphere productions has 
been made. Nevertheless, the results are consistent within the approxima-
tions adopted and serve as guides to further studies. 
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Any discussion of ionospheric ionization processes divides naturally at 
about the mesopause. Above this altitude the E and F regions are produced 
by long wavelength x rays and the extreme ultraviolet, while below the 
mesopause the D region ions arise from short wavelength x rays, cosmic 
rays, and Lyman a. This division of processes is emphasized in the separate 
treatments given in the following two sections. 

17.4.1 Production of Ionization in the E and F Regions 

The basic photoabsorption and photoionization data needed to compute 
the altitude distribution of initial ions have been given in Chapters 6 and 7. 
The atmospheric models are those described in Appendix B. To show the 
actual penetration of the adopted bands of radiation, Fig. 17.5 shows the 
transmission of the solar flux for two model thermosphères: The 1000°K 
model to represent low solar activity and the 1500°K model for maximum 
solar activity. It can be inferred that the absorption by N2 is especially 
effective in the range 796-275 Â and acts to prevent ionization deep in the 
atmosphere by these radiations. Because of the greater column densities, 
absorption in the 1500°K model takes place at a substantially higher altitude 
than for the 1000°K model. Although the changes associated with varying 

1 i i | | | | | | | I 
0.0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0 

(a) TRANSMISSION (b) 

Fig. 17.5 Penetration of solar radiation 1026-80 Â at a 60° zenith angle into two 
model thermosphères, (a) T = 1000°K; (b) T = 1500°K; (1) 1026 Â, (2) 977 Â, (3) 910-
796 A, (4) 796-732 A, (5) 732-665 A, (6) 665-375 A, (7) 375-275 A, (8) 275-150 A, 
and (9) 150-80 A. 
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10" 10 10 

TOTAL ION PRODUCTION RATE (ions cm^sec"1) 

Fig. 17.6 Total ion production rate for various solar zenith angles in a 1000°K model 
thermosphère using photoionization rates for low solar activity. 

the solar zenith angle from 0° to 60° are not dramatic, they represent real 
effects. At twilight such a behavior is more pronounced. 

To show the dependence of the total ion production rates on solar zenith 
angle and thermopause temperature, the ionization rate coefficients given 
in Table 7.19 have been applied to the T = 1000°K and T = 1500°K model 
thermosphères. The results, shown in Figs. 17.6 and 77.7, include three solar 
zenith angles (χ = 0°, 60°, 90°) and take account of all ground state and 
excited ions of a given species. As expected, it is found that the ionization 
maxima moves upward in the warmer atmospheric model with some slight 

LU 
Ω 
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- 200 

X= 90· 

I I I I I I I 

10 10" 10" 

TOTAL ION PRODUCTION RATEIions cm^secf1) 

Fig. 17.7 Total ion production rate for various solar zenith angles in a 1500°K model 
thermosphère for high solar activity. 
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Fig. 17.8 Individual ion production rates for a 60° solar zenith angle in 1000° and 
1500°K model thermosphères for low solar activity and high solar activity, respectively. 

change in initial abundances due to the N2 absorption effect. The production 
rates for individual ions at χ = 60° are shown in Fig. 17.8. 

As indicated in the discussion of Chapter 6, substantial numbers of the 
initial photoions are created in excited states. For metastable states this 
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Fig. 17.9 Production rates of 0 + in a 1000°K model thermosphère at 60° solar zenith 
angle for low solar activity. 
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Fig. 17.10 Production rates of 02
+ in a 1000°K model thermosphère at 60° solar 

zenith angle for low solar activity. 

introduces the possibility of additional reactions which cannot be accom-
plished with ground state ions. Production rates of the major excited species 
are shown in Figs. 17.9-17.11 for the 1000°K thermospheric model for a 
zenith angle of 60°. The production of 0+(2D) is of special importance since 
it leads to a direct charge exchange reaction with N2, producing N2

+ rather 
than the NO+ which follows 0+(4S) reactions. 

■ ■ I I ' ' 

io2 icr 

ION PRODUCTION RATE(ions cnrrW1) 

Fig. 17.11 Production rates of N2
+ in a 1000°K model thermosphère at 60° solar 

zenith angle for low solar activity. 
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Fig. 17.12 Total ion production rates 
for a 1000°K model thermosphère at two 
solar zenith angles for low solar activity. 

To illustrate twilight effects, Fig. 17.12 shows the total ion produc-
tion rates for zenith angles of 90° and 95°. These computations are based 
on a laterally uniform 1000°K model thermosphère. It is seen that the 
ionization rate becomes rapidly less at lower altitudes with an upward 
change of the E-region ionization production. 

17.4.2 Production of Ionization in the D Region 

Penetration of radiation into the mésosphère is governed by the absorp-
tion cross sections of the major constituents and, in at least one case, by a 
minor constituent. For the range 1 0 0 < A < 9 1 0 Â , N2 and O absorb 
strongly and solar radiations of these wavelengths are absent in the méso-
sphère. This is not the case, however, for radiations of both shorter and 
longer wavelength. At the x-ray side of the spectrum, absorption cross 
sections become progressively smaller so that solar x rays are an important 
source of ionization in the upper mésosphère. 

The situation for A > 910 Â is somewhat more complex. Here 0 2 presents 
an absorption cross section which is very irregular, permitting penetration 
of radiation in some windows having cross sections as small as 4x 10-21 cm2 

while absorbing radiations only a few angstroms away with cross sections 
of 10~18 cm2. Thus, by chance Lyman a is not greatly absorbed and is 
available to ionize low ionization potential molecules such as NO down 
to 75 km. 

It is generally thought that the ionization of NO by Lyman a is the 
principal source of ions in the upper mésosphère [14]. However, because 
the x-ray spectrum changes greatly during periods of solar disturbance 
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there are times when the x-ray production of 02+ and N2+ is able to be of 
the same magnitude as the Lyman a photoionization of NO. Deeper in the 
atmosphere, i.e., from 70 km down to 30 km, galactic cosmic rays produce 
a steady ionization through particle impact. Since these energetic particles 
are ions, they are deflected by the geomagnetic field and a magnetic latitude 
dependence is introduced into the ion densities of these lower regions. 
Following large solar flares in the proper solar sector, large fluxes of MeV 
protons penetrate the mésosphère, producing intense ionization for several 
days following the onset [15]. 

Because the D region is subject to these various ionization sources, it is 
useful to discuss separately the effects of long wavelength x rays, Lyman a, 
short wavelength x rays, galactic cosmic rays, and solar protons. 

31 < λ < 80 and Lyman β 

X radiation in the range 31 < λ < 80 Â and Lyman β (1026 Â) have 
sufficiently large absorption cross sections such that unit optical depth is 
reached above 100 km. Consequently, the ionization rate decreases very 
rapidly on the bottom side of the E region [16]. 

Because a large fraction of the ionization produced by these long wave-
length x rays depends upon secondary electron impact, calculations of the 
ionization yield in air mixtures are necessary. This problem involves evalua-
tion of all possible channels of electron energy loss including ionization 
and excitation. Because the various cross sections are not known with 
sufficient accuracy only estimates can be made of the fractions of different 
ions. From a recent study [15], if q is the total ion production rate, the 
individual ion production rates are expected to be in the ratios: 

q(O2+)/q = 0A79 <7(N+)/<7 = 0.14, q(N2+)/q = 0.62, and q(0+)/q = 0.07. 

Lyman β is able to penetrate deeply into the atmosphere since 0 2 is the 
only effective absorber. Unit optical depth for this radiation is reached 
near 115 to 120 km. Thus, ionization from this source decreases rapidly 
in intensity below 100 km and is very sensitive to minor changes in 0 2 

column content. The altitude profiles for the Lyman β 0 2
+ production are 

included in Fig. 17.6 for several solar zenith angles. 

Lyman a 

Through a chance of nature Lyman-α radiation falls in an absorption 
window of 0 2 and reaches unit optical depth near 75 km. Although the 
ionization thresholds of the major atmospheric constituents lie at shorter 
wavelengths than Lyman a, ionization of NO occurs and is a major source 
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of ions in the upper D region [14, 17]. lonization rate coefficients for NO 
have already been given in Table 7.16 for three solar zenith angles but the 
absolute production rate for NO+ remains in doubt because the NO con-
centration is not satisfactorily known. (The discussion of these uncertainties 
is given in Chapter 12.) The ion production rate shown in Fig. 17.14 has 
been obtained assuming that «(NO) = 1 X 107cm~3. Thus, the NO+ pro-
duction rate profiles illustrated cannot be regarded as definite. 

Nonflare Solar X Rays (1-10 Â) 

The altitude of unit optical depth for x rays in the wavelength range 
1-10 Â varies from 58 to 100 km (compare the absorption cross sections 
of Tables 6.1 and 6.2 with the atmospheric column contents of Table 3.2). 
As shown by the ionization rate coefficients of Table 7.6, the relative impor-
tance of these radiations is closely linked with the degree of solar activity, 
a range of 103 existing between the completely quiet and disturbed condi-
tions. These variations obviously affect the mesospheric ionization rate and 
introduce a degree of variability connected with solar rotation. Plots of the 
ionization production rate for the rates of Chapter 7 are given in Fig. 17.13. 
The actual initial ion ratios can be obtained from the factors quoted in the 
last section. 

1001 1 1 1 I I I I I | 1 1 1 I I I I l | 1 1 I I I I I l | I 1 1 I I I I I 

10~3 10"2 10"1 10° 101 

ION PRODUCTION RATE (ions cm^sec"1) 

Fig. 17.13 Ion production arising from 1 to 10 Â x rays with a solar zenith angle of 
60° for several solar conditions given in Chapters 6 and 7. Solar activity: (1) completely 
quiet, (2) quiet, (3) lightly disturbed, and (4) disturbed. 
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Galactic Cosmic Rays 

Cosmic rays of galactic origin penetrate deeply into the atmosphere 
creating ionization in proportion to the atmospheric density. Scattering of 
cosmic rays occurs in the interplanetary medium, but the principal effect 
on the global distribution arises from their interaction with the geomagnetic 
field [17]. This effect is reflected in the exclusion of particles lacking a 
minimum magnetic rigidity. Experiments have shown a solar cycle effect 
on cosmic ray fluxes near the earth, presumably related to the structure of 
the solar wind. Measurements of global ionization rates [18, 19] during 
1954 showed a factor of 10 increase between 0° and 60° magnetic latitude, 
with little change from 60° to the poles. At solar maximum (1958) the 
latitudinal increase was reduced to a factor of 5 while the 1954 flux was 
about twice the 1958 flux. 

The variation of the incident cosmic ray flux with latitude is important, 
but an insufficient number of studies have been made to deduce its depen-
dence upon geomagnetic coordinates. Table 17.1 gives the dependence of the 
overall ionization rate upon geometric latitude for solar minimum and 

TABLE 17.1 

GALACTIC COSMIC RAY IONIZATION COEFFICIENTS0* 

Ionization coefficient (10~18 sec-1) 
Geometric latitude 
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solar maximum conditions [16]. As a form adequate for approximation, 
the expression [17] 

p= 10~17ft(air) ions cm- 3 sec-1 (17.35) 

has been used for conditions at 50° geomagnetic latitude. Depending upon 
the concentration of NO, cosmic ray produced ionization becomes the 
largest source of ions between 60 and 70 km (see Figure 17.14). 

80 

Fig. 17.14 D-region ion production profiles. 

Solar Flare X Rays 

During solar flares the short wavelength x-ray spectrum is greatly en-
hanced and extra ionization is produced in the D region as low as 60 km 
altitude. Both the magnitude and shape of the spectrum vary from flare 
to flare, but typical ionization coefficients associated with this activity have 
been given in Table 7.6 showing factors of 105 increase over completely 
quiet conditions. The profiles of ion production associated with such distur-
bances are shown in Fig. 17.13. 

Photoionization of 02(1Ag) 

Appreciable quantities of Ο^Δ^) have been observed in the mésosphère. 
The ionization threshold of this molecule lies at 1118 Â and a possibility 
exists for its photoionization deep in the atmosphere due to the presence 

ION PRODUCTION RATE (cm"3 sec"1) 
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of an 0 2 absorption minimum in the vicinity of 1108 Â [20, 21]. The first 
calculations [16, 20] of this process were based on an absorbing 0 2 at-
mosphere and showed that unit optical depth for the ionization of OaOAg) 
occurred between 80 and 90 km. The peak production rate for this process 
was thought to be an order of magnitude greater than that for long wave-
length x rays (10-100 Â) or Lyman a. In a more recent study [22] the 
importance of this ionization source was questioned on the basis that the 
solar radiation is absorbed not only by 0 2 , but also by C02. It was shown 
that the effect of C02 is to greatly reduce the O^Ag) ionization rate to 
values somewhat smaller than those found for the more conventional ioniza-
tion processes. Nevertheless, it is still thought that this source of 0 2

+ may 
be needed to explain the altitude variation of electron densities in the upper 
mésosphère [23] (see Chapter 18). 

17A3 Nightsky Radiations 

The ionization processes discussed in the last two sections arise from 
direct solar illumination. As the solar zenith angle increases beyond 90° 
such radiations are rapidly absorbed by the atmosphere and become inef-
fective in producing ionization. Nevertheless, the analysis of experimental 
data suggests that additional ultraviolet radiations are needed to explain the 
maintenance of a low density E region throughout the night [24-26]. 

The importance of the resonance scattering of solar Lyman a in the 
hydrogen corona of the earth was deduced directly following the first 
rocket measurements [27]. The theory of this process is well understood 
and computations of the nightsky intensities have been made [28], showing 
that Lyman a photon fluxes of the order 109 photons cm-2 s e c 1 are available 
to ionize NO in the D and E regions. 

In addition to Lyman a, the existence of other resonantly scattered radia-
tions capable of ionizing the atmosphere was suggested in 1960 [29]. Sub-
sequently, Lyman ß and He(II) (304 Â) have been found to be important 
features of the night airglow [30-32]. The Lyman ß radiation is of the 
order 5-10 x 106 photons cm-2 sec-1 while the He(II) (304 Â) intensity 
appears to be slightly less. Both sources are capable of producing E-region 
ionization, although in different altitude regions, the peak 304 Â contribu-
tion occurring near 140 km [32] as opposed to 115 km for Lyman ß. 

Computations of the expected variation of the nightsky ionization rates 
are complex owing to the necessity for including radiative transport through 
the hydrogen and helium geocorona. Nevertheless, it is clear that these 
radiations are responsible for the principal portion of the nighttime E and 
upper D regions. 
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17.5 Other Sources of Ionization 

The processes described in the last three sections are the principal known 
sources of ionization in the mésosphère and thermosphère. However, no 
mention was made of the photoionization of H and He, auroral ionization, 
or solar proton events. The first two topics are discussed further in Chap-
ter 21, while the impact ionization associated with electron, proton, and a 
particle bombardment requires a more detailed discussion than can be given 
here. Reviews of the basic processes for these ionizations are available in 
the literature [15, 33-35]. 
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CHAPTER 18 

Ionospheric Processes 

18.1 Introduction 

Many years of intensive research have been devoted to the complex 
problems associated with the formation and subsequent dynamical behavior 
of ionospheric ions and electrons [1]. Prior to the era of rocket and satellite 
experiments it was necessary to deduce the nature of ionospheric processes 
from measured values of electron density obtained through ground based 
radio experiments. Deductions obtained in this way were always incomplete, 
however, since the identity of the ions associated with the electrons could 
only be surmised on the basis of a sketchy knowledge of the composition 
of the neutral atmosphere. 

With the possibility of in situ measurements of both ion and neutral gas 
composition the earlier models of the ionosphere have been extensively 
modified and improved. The principal processes associated with the E, F, 
and topside regions are thought to be reasonably well understood [2, 3] 
although various difficulties associated with reaction rates and the effects 
of excited gas species remain to be resolved. In the D region, however, 
such a comprehensive view has not been possible and models have had to 
be revised to include complex cluster ions whose mechanisms of production 
and loss are not yet known in detail [4-6]. 

A typical daytime profile of measured ion composition above 100 km 
at midlatitudes has been shown in Fig. 17.1. It illustrates an essential 
problem of ionospheric chemistry; i.e., how to explain the virtual absence 
of N2+, the principal photoion between 130 and 220 km, and the dominance 

124 
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Fig. 18.1 Daytime D-region posi-
tive ion composition obtained [7] at 
Thumba, India on March 19, 1970 at 
a solar zenith angle of 53.2 degrees. 
The solid curve, Σ n} represents the 
total ions. Key. crosses, H30+; trian-
gles, NO+; rectangles, 02

+ ; diamonds, 
NO+ H20; open circles, H30+ (H20)2; 
closed circles, total >65. 
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of NO+, an ion whose parent neutral is present in the upper atmosphere 
only as a trace constituent. 

To illustrate the positive ions of the D region, the results of an equatorial 
rocket measurement [7] are shown in Fig. 18.1. Concentrations of negative 
ions in the same altitude range but obtained at high latitudes [8, 9], are 
shown in Fig. 18.2. With regard to the positive ions, it is observed that the 
atomic and molecular ions found above 100 km are largely absent. In 
their place heavy water vapor ion clusters are present in large numbers. 
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F/g. 18.2 Nighttime negative ion 
composition obtained by rocket meas-
urements (F22 upleg and downleg) at 
high altitude [8], Andoya, Norway, on 
March 23, 1970 at 2358 LT. Key. open 
circle, 60 (C03-); closed circle, 35 (Cl"); 
open triangle Δ , 61 (HC03

_); closed 
triangle A» 62 (N03~) ; open square, 37 
(Cl-); closed square, 32 (02~); open 
diamond, 93 (NO," · HN02); closed 
diamond, 76 (C04

_); open triangle V» 
111 =b 1; closed triangle ψ, 125 ± 1. 
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As will be discussed in Section 18.3, not only is the chemistry of this region 
exceedingly complex but also it is not clear if all the fundamental ionization 
processes are yet known [5]. 

In the preceding chapter definitions of the ionospheric regions were given 
in terms of the absorption of certain spectral bands of solar radiation. 
Using present knowledge of the ionosphere obtained through both direct 
measurements and laboratory reaction data, it is possible to give definitions 
of the ionospheric regions which are based on the characteristic ion pro-
cesses rather than on the older boundaries related to the variations of 
electron density measured by radio wave reflections. 

Anticipating the results of this chapter, the D region can be considered 
as the lowest portion of the ionosphere where water vapor cluster ions, 
both positive and negative, tend to dominate the ion composition and chem-
istry. Such a definition gives a nebulous lower boundary near 50 km and a 
rather abrupt upper edge near 85 km where there is a rapid transition to the 
molecular ions NO+ and 02+ as major constituents as well as 0 + and 
metallic ions as minor constituents. Owing to diurnal and seasonal varia-
tions in minor constituent concentrations in the neutral atmosphere it is 
clear that such an upper boundary cannot remain fixed in time or altitude. 

Above 85 km the cluster ions give way to the molecular ions of the E 
region, 0 2

+ and NO+. As a consequence of atmospheric absorption of radia-
tion for λ < 910 Â, the principal initial ion of the E region is 0 2

+ resulting 
from Lyman β and the C(III) line at 977 Λ. A peak in the electron density 
distribution is frequently observed with a gradual change in the ratio 
NO+/02+ such that NO+ becomes dominant near 140 km. As shown in 
Fig. 17.1 this transition corresponds to a conventional upper boundary 
for the E layer. Such a definition is somewhat arbitrary, however, since the 
ion reaction chains are essentially the same at lower and higher altitudes; 
it is only the relative abundance of the initial photoions and the changing 
atmospheric composition which alters the steady state ion ratios. 

A more reasonable boundary to the E region, but one which conflicts 
with the layers deduced from radio measurements, can be based on the 
transition from the molecular ions NO4" and 0 2

+ to the atomic ion, 0 + . 
This transition can occur as low as 170 km in the daytime or as high as 
220 km at night. As illustrated in Fig. 17.1, the dominance of 0+ is rapidly 
established as a consequence of the change in the neutral atmosphere from 
molecular to atomic particles. 

Although the Frregion definitions are rather vague, the transition to 0+ 
ions is an important feature. Above 200 km the vertical distribution of ions 
and electrons is increasingly governed by the mechanical forces of gravity 
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and pressure gradients with the result that at high altitudes (250-350 km) 
the 0 + concentration reaches a maximum value, then decreases with height. 
The ionospheric regime where diffusive motions occur is the F2 region. 
Although the ion reaction chains of the F2 region are identical with those 
of the Fx and E regions, the process of ion diffusion acts as the major 
distinguishing feature with 0 + , the principal photoion, as the dominant 
thermal ion. 

In this chapter analysis are given of the ion reaction chains thought to 
be important in the middle (E and F1 regions) and lower (D region) iono-
sphere; i.e., those regions where ion transport can generally be neglected 
and the individual ion concentrations are determined from the equation of 
continuity: 

dni\dt = pi-li (18.1) 

where rii is the zth ion concentration, pt and /; are the production and loss 
rates, and charge neutrality is assumed in the form ne = Σ ^ . After an 
initial discussion of simple ionospheric behavior, the progression of topics 
is upwards from the poorly understood D region into the E and Fx regions 
where the basic processes appear to be well known. 

18.2 Simple Models of the Ionosphere 

The reaction chains leading from initial photoions to steady state ion 
densities are sufficiently complex to require numerical analysis [10, 11]. 
Insight with regard to the most important processes can be obtained, how-
ever, through consideration of simple models involving electrons, a positive 
ion species, and, in the D region, negative ions. While the results given by 
analysis of such models cannot be completely accurate, they do provide 
convenient analytical expressions which can be compared with the actual 
behavior. 

18.2.1 The D Region 

Consider a simple model of the D region where a single positive mole-
cular ion, n+, is created through photoionization at a rate In with / the 
altitude dependent photoionization coefficient (/ ^ 10~7 sec-1) and n the 
neutral gas concentration. Once created, the positive ions remain until 
dissociative recombination (coefficient aD ~ 10~6 cm3 sec-1) with electrons or 
mutual neutralization with negative ions (coefficient a{ ~ 10~6cm3 sec1) oc-
curs. Negative ions are formed in this model through three-body collisional 
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attachment (see Chapter 10 and the formation of 0 2 ) at a rate an2ne. 
Negative ions can be destroyed through photodetachment (coefficient 
d ~ 0.4 s ec 1 for 02~) or associative detachment through ionic reactions 
(coefficient / ~ 10-10cm3 sec-1) with minor constituents (density nm). 

The time dependent equations describing the time variation of such a 
system are 

dn+ldt = In — aDnen
+ — a^n+n~ (18.2) 

drr/dt = an2ne — n~(d +fnm + aYn+) (18.3) 

dnjdt = In — ajynen
+ — an2ne + n~(d + fnm). (18.4) 

If the ratio λ = n~/n+ is introduced, the various densities can be expressed 
as 

n+ = ne + rr = ne(\ + λ). (18.5) 

Using Eqs. (18.5) and (18.2)—(18.4), the time variation of electron density 
can be written as 

dne ni 7 ne dX , 1 0 . , 
- (aD + /GfiK2

 Λ , , —r- (18.6) dt 1 + λ v u ' w e 1 + λ dt 

or, in alternative form, 

dne an2ne _ , , r , /Λ , _ λ ne dÀ / 1 0 _ , 
we[rf + / / im + (l + A)ai/ie) f -3Γ. (18.7) A λ eL ' ·' m ' v ' v x e / A A 

These equations can also be used to determine the time variation of λ: 

l dk 
λ(λ+ l) ~dt (d+fnm) 

n I I / \ 

+ («i - Ä D K (l + A)/i, 
(18.8) 

Steady state values of λ can be considered for three different conditions 
related to the effects of solar radiation : 

a. In a sunlit atmosphere 

λ_ an*- [λ/(λ+Ι)][ηΙΜ 

à + fnm + (ai — «ü)"e 

b. For twilight conditions where 1=0 due to the absorption of ultra-
violet ionizing radiation 

λ= . , , , ^ r—. (18.10) 
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c. For nighttime conditions where 1=0 and d = 0 

(18.11) 

The typical behavior of the negative ion ratio can be discussed in terms 
of a modified form of Eq. (18.9): 

(18.12) 

Substitution of the order of magnitude values for the rate coefficients 
already given shows that the second and third terms in the denominator 
of (18.12) are much smaller than 1. Thus, the steady state approximation, 
As, can be written as 

(18.13) 

showing that λ will decrease with altitude owing to the simultaneous decrease 
in attachment rate and increase in the associative detachment rate (nm is 
principally atomic oxygen which increases with altitude in the lower D 
region). 

Using the reaction rates given in Chapter 9, (18.13) can be evaluated 
for 02~ as 

where atomic oxygen and 02(
1àg) are taken as the effective detachment 

gases. As discussed in the next section, λ is normally thought to be less 
than 1 below 70 to 75 km in the daytime. At night (18.14) predicts an 
increase in λ since photodetachment would no longer be an effective removal 
process. 

The time variation of λ starting from some initial value λ0 at t = 0 
follows from (18.8). Neglecting the unimportant second term on the right, 
one obtains 

(18.15) 

where As is the steady state value given by (18.13) and the decay time τ is 

(18.16) 

Using numerical coefficients for 02~, r < 2 sec for typical D-region con-
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ditions. Thus, equilibrium of negative ions is the usual state in the sunlit 
D region, even allowing for the greatly altered negative ion chemistry that 
actually prevails. 

Returning to the problem of D-region electron densities, Eq. (18.7) can 
be written ignoring αλ/dt; i.e., 

dn« nI _ (aj) + xa.W (18.17) 
dt Ι+λ 

so that the steady-state electron density is 

ni 
« P « = 

1/2 

(18.18) (1 + A)(aD + Aaj) 

while the time dependent variation starting from some initial value neo is 

r{t) = l + [ ( r . - l ) / ( r . + l ) ] ^ ' 

where r = ne/nes, r0 = neo/nes, and the time constant τ is given by 

T = [2(aD + AaiKs]-1· (18.20) 

75.2.2 The E Jt^fnii 

The ionic processes of the E region are linked to the presence of 02
+ 

and the lack of negative ions. In the absence of convective motions the 
plasma equation of continuity is 

dnjdt = In- aOne
2 (18.21) 

where I is to photoionization coefficient, αΌ is the dissociative recombina-
tion coefficient for the molecular ion n+, and ne = n+. 

The steady state electron density corresponding to (18.21) is 

nes = [In/aOy* (18.22) 

and the time-dependent variation starting from some initial electron density 
neo is 

^ - l - [ ( r 0 - l ) / ( r 0 + l ) ] ^ ( 1 8 · 2 3 ) 

where r = ne/neB, r0 = neo/«es, and the time constant τ is 

T = Pan/le.]"1. (18.24) 
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Since αΏ ^ 10~7 cm3 sec-1 in the E region, while a typical value of ne is 
5 x 105 cm~3, τ ~ 10 sec; i.e., the electron density closely follows variations 
in the production rate. 

The form of (18.21) can be used to deduce the decay of ionization from 
some initial value neo when ionic production suddenly vanishes. The result is 

ne(t) = /ieo/(l + aBneot). (18.25) 

Owing to the presence of low level nightsky radiations, however, the 
approximation given by (18.25) cannot be entirely accurate. Equation 
(18.23) correctly represents the variation of electron density for an instanta-
neous decrease in ion production. 

18.2.3 The ¥1 Region 

Above about 170 km atomic oxygen ions become important to the overall 
ionization balance. Owing to the slowness of radiative recombination for 
atomic ions, ionization created through photoionization of atomic oxygen 
is lost through ion-atom interchange followed by molecular dissociative 
recombination. 

To show the basic features, consider the following processes: 

(/): 0 + /n>->0+ + e (18.26) 

(γ): 0+ + N2 -> NO+ + N (18.27) 

(aD): NO+ + e -> N* + O*. (18.28) 

The time-dependent behavior of this system is described by the equations 

dn(Q+) 

dt 

dn(NO+) 
dt 

= 7/i(0) - y/i(Na)/i(0+) (18.29) 

= y/i(N2)/i(0+) - a D «(NO + K. (18.30) 

Since NO itself is a minor atmospheric constituent, it can safely be omitted 
from (18.30) for the purposes of this illustrative behavior. 

The steady state 0 + concentration follows from (18.29) as 

ΛΒ(0+) = 7/i(0)/y/i(N2) (18.31) 

showing the exponential increase in n(0+) with altitude arising from the 
balance between ion production and loss. Taking the typical values 
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7(0+ 4S) = 1 6x 10~7 sec-1, γ = 6x 10~13 cm3 sec-1, this expression 
becomes 

«s(0+) ~ 2.7 X \05n(O)/n(N2) cm"3 (18.32) 

in the absence of ion diffusion. 
The time variation of n(0+) follows directly from (18.29) as 

Λ ( 0 + ) = ns(0+) + K(0+) - n,(0+)]e-^ (18.33) 

where 
τ=[γη(Ν2)]-\ 

Using the value given above for γ, r ^ 1.7 X 1012/«(N2) sec so that the time 
constant characteristic of changes at 200 km is τ < 1000 sec. 

With regard to NO+ in the Fx region, its steady state concentration 
follows from (18.29) and (18.30) as 

H S (NO+) = M O + ) ( { l + [4Ιη(0)/αΌη(0+)]}1/2 ~ 0 (18.34) 

so that if «D is sufficiently large the NO+ concentration becomes much 
smaller than that of 0 + ; i.e., the rate of ion interchange reactions acts as 
a limit determining the total electron density. Thus, following sunset in 
the Fx region of the ionosphere, it can be expected that NO+ will decrease 
rapidly in concentration, leaving 0 + as the dominant ion which produces 
NO+ at a rather slow rate. 

18.3 Ionization in the D Region 

The distribution of electrons in the D region has received extensive 
theoretical and experimental study [4, 5]. This interest arises both from the 
peculiar behavior of this region and from its more practical effect upon 
radio waves which suffer considerable attenuation in their passage to and 
from the reflecting ionospheric layers located at higher altitudes. 

Examples of the electron density profile as obtained through rocket 
measurements [12] at Wallops Island, Virginia are shown in Fig. 18.3 for 
different seasons at a solar zenith angle of 60°. Rather low electron densities 
exist at low altitudes, but there is a rapid rise until near 80 km a sudden 
jump occurs taking the electron density from ~ 2 x l 0 2 to ~ 2 x l 0 3 c m ~ 3 

in an altitude interval of only a few kilometers. Referring to the discussion 
of the last section, such a jump implies either a rapid increase in ion pro-
duction or a decrease in the effective recombination rate (which is actually 
the case) [4]. Unfortunately, electron densities alone are not adequate to 
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Fig. 18.3 Daytime D-region electron density profiles obtained [12] at Wallops Island, 
Virginia for different seasons of the year at a constant zenith angle of 60°. Curve 1, 
April 1964, Nike Apache No. 14.143; Curve 2, June 1965, No. 14.246; Curve 3, Sep-
tember 1965, No. 14.244; Curve 4, December 1965, No. 14.247. 

infer the essential processes leading to variations in recombination or the 
presence of negative ions. 

Although preliminary analyses of D-region ion chemistry were made 
more than a decade ago [13], a true appreciation of the actual physical 
situation was possible only after the first direct measurements of positive 
ion composition [14] in 1965 and negative ion composition [8, 15] in 1971. 
While the theoretical work [13] had predicted the presence of 02

+, NO+, 
and 02~ in varying quantities, the unexpected results were that H30+, 
H502

+, and other water vapor cluster ions actually dominated below 85 km. 
In a similar fashion, instead of 02~ alone, the negative ions of C03~, HC03~, 
N03~, and C04~ were observed [8, 15]. Results of such a negative ion com-
position taken from a recent rocket experiment have already been shown 
in Fig. 18.2. 

From the analysis of the last chapter it follows that ionization in the D 
region is produced through x rays, Lyman a, and cosmic rays. (During 
disturbed periods energetic particles and bremstrahlung may also contribute). 
The initial positive ions are N2

+, 02
+, NO+, and to a much lesser extent, 0 + . 

Starting from these initial ions and their corresponding electrons, the essen-
tial problem of D-region ion chemistry is to trace the respective positive 
and negative ion reaction chains which yield the observed composition 
[16-19]. Owing to the presence of water vapor these reaction chains are 
difficult to analyze. The principal significance of these complex ions lies in 
their net reduction of the effective brecombination coefficient below values 
appropriate to simple diatomic molecular ions [4]. 

T—i i i mi) 1—i i i M I I | i i i 11 ■ 111 1—ττττττη 1 i M un 
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18.3.1 Positive Ions 

The first measurements of the positive ion composition of the D region 
[14] are shown in Fig. 18.4. Analysis of these and similar results has shown 
the existence of two key positive ion reaction chains leading from 0 2

+ and 
NO+ to hydrated hydronium ions [5]. 

UJ 
Q 80 
Z> 

70 k 

Ί — i '—I—« r 

J i i I i i I i L 

10 10 10 
CONCENTRAT ION (cm"3) 

Fig. 18.4 The first direct meas-
10- urements of the positive ion com-

position of the D region [14]. 

The 02+ reaction scheme leading to water vapor cluster ions, shown in 
the upper portion of Fig. 18.5 is 

02+ + 0 2 + M — 04+ + M 

( V + H20 — 02+ - H20 + 0 2 

(κβ): 02+ - H20 + H20 — H30+ · OH + 0 2 

(*7): H30+ OH + 0 2 

(10.222) 

(10.224) 

(10.231) 

(10.232) 

(κ20): H30+ · OH + H20 -> H30+ · H20 + OH (10.261) 

(κ21): H30+ · H20 + H20 + M -► H30+ · (H20)2 + M. (10.262) 

The dimer ion 04+ plays a large role in this sequence, providing the 
switching mechanism whereby H20 is able to replace 0 2 in (10.231). As 
shown by Eq. (10.223), atomic oxygen is important in determining the 
number of 04+ ions available to participate in the clustering reactions : 

(κ2): 04+ + 0 - ^ 0 2 + + 0 3 . 

The equilibrium ratio of 0 4
+ is given by 

?y!(Oa)/!(M) 
"(04+) = *3«(H20) + κ2η(0) 

(10.223) 

(18.35) 
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Fig. /#.5 D-region positive ion reactions [5]. 

showing that diurnal variations in atomic oxygen can be important in 
determining the concentration of 04

+. At 75 km, for example, n(0) ^ 5 
X 109 cm"3 while n(H20) ^ 2x 109 cm-3. Hence, using the appropriate re-
action rates κ2η{0) > 4κ3«(Η20) so that atomic oxygen greatly affects the 
overall formation of cluster ions originating in the 0 2

+ sequence. Examina-
tion of the atomic oxygen profiles of Chapter 12 indicates that it is the 
presence of atomic oxygen which leads to the rapid decrease of cluster ions 
found between 80 and 85 km [7, 9]. 

The second clustering sequence, which originates with NO+ produced 
principally through the photoionization of NO by Lyman «, presents far 
more difficulty [3]. Direct reactions between NO+ and water vapor are 
possible, but slow (see the bottom section of Fig. 18.5): 

(*16): NO+ + H20 + N2 — NO+ · H20 + N2 (10.249) 

followed by 

NO+ · (H20)w + H20 + M -> NO+ · (Η20)„+1 + M (18.36) 

with the ultimate conversion 

(*18): NO+ - (H20)3 + H20 — H30+ · (H20)2 + HN0 2 . (10.253) 

Analysis of this reaction scheme has shown it to be too slow to explain 
the observed absence of NO+ and intermediate NO+ hydrates. A further 
difficulty arises from the relative production profiles of NO+ and 02

+. 
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Below 75 km there is little direct production of N2
+ or 02+: Lyman a ion-

ization of NO dominates. Nevertheless, experiments show that H502+ do-
minates to 65 km with NO+ present as a minor ion. Hence, there exists 
some rapid conversion of NO+ into water cluster ions which must avoid 
the limitations set by (10.249) and (10.253). 

A possible reaction sequence which shortens the time for NO+ conversion 
involves COa [5]: 

(κ12): ΝΟ+ + C0 2 + N2 -> NO+ · C0 2 + N2 (10.242) 

which can be followed by the switching reaction 

(κ14): NO+ · C0 2 + H20 -> NO+ · H20 + C02 (10.247) 

which is effective because C0 2 is more abundant than water vapor. 
Once formed, cluster ions appear to be stable in the presence of sun-

light [5, 20]. Experiments have shown, however, that considerable fraction-
ation may occur in high speed rocket measurements [7]. 

Further progress in the study of the positive ions of the D region cannot 
be made without further information on reaction processes and the presence 
of minor mesospheric constituents. Topical reviews, such as given in Ref. 
[5], must remain a principal source of summary knowledge until the basic 
reactions can be determined with accuracy. 

18.3.2 Negative Ions 

The negative ion structure of the D region is not well known, but the first 
measurements [8, 15] give a complexity equivalent to that found for the 
positive ions. An outline of the negative ion sequence of reactions as they 
are presently understood is shown in Fig. 18.6. 

The negative ion reaction sequence is initiated by the attachment reaction 

(φ,) : e + 0 2 + 0 2 -> O r + 0 2 . (10.270) 

The two-body reaction involving electrons and 0 3 , given by (10.274), is 
very slow and cannot compete with (10.270). 

Once created, there are five important processes for 02~: 

a. photodetachment at a rate 0.3 sec-1, 
b. associative detachment with atomic oxygen at a rate Ax«(0), or with 

02(ΧΔ8) at a rate λζη(02
 χΔ8), 

c. charge transfer with 0 3 at a rate (Vi(03), 
d. three-body association to form 04~ at a rate δ3η

2(02), and 
e. the direct formation of a water cluster ion at a rate o6«(H20)w(02). 
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Fig. 18.6 D-region negative ion reactions [5]. 

These, together with the subsequent reactions shown in Fig. 18.6, act to 
determine the total negative ion density. Atomic oxygen plays a particularly 
important role in the upper D region since it is able to successively convert 
C03~ to 02~, O3- to 02~, and 02~ to 0 2 . A similar role is found for ozone 
at lower altitudes. In fact, atomic oxygen and ozone are more effective than 
sunlight as detaching agents in most of the D region. It is through these 
reactions that the negative ion to electron ratio is kept at less than one 
above 75 km in the daytime. 

Owing to the complexity of the ion reaction chains, numerical solutions 
are needed to determine the various ion densities [9, 18]. A typical computa-
tion of the daytime fractional negative ion composition taken from a 
recent study is shown in Fig. 18.7. The extent to which negative ion 
hydration is important is not well known and substantial work remains 
to be done [21]. 

Fig. 18.7 Computed negative ion composition 
as a function of altitude [3]. 
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18.4 Ionization in the E Region 

The ionization processes leading to the formation of the E region can 
be summarized as: 

1. 

2. 
3. 

the ionization of 0 2 by x rays in the range 100 < λ < 31 Â, by 
Lyman β at 1025.7 Â, and by ultraviolet radiation in the Lyman 
continuum, λ < 910 Â, 
the ionization of N2 by x rays in the range 100 < λ < 31 Â, and 
the ionization of O by Lyman continuum radiation and by x rays 
in the range 100 < λ < 31 Â. 

It is thought that photoionization of NO, N, and metallic constituents 
contribute negligibly to the overall ionization balance, even though ions 
of these neutrals may reach large densities through secondary ionization 
exchange processes. As shown by the results of the last chapter, 0 2

+ and 
N2

+ are the dominant initial ions of the E region. Owing to the effects of 
the various reaction chains discussed here, 02+ and NO+ dominate the ion 
composition, even though appreciable quantities of 0 + and N2

+ are produced 
initially [10]. A typical profile of ion composition for a midlatitude daytime 
E region is shown in Fig. 17.1. 

Owing to the relatively low molecular oxygen density of the E region, 
three-body electron attachment to form 02~ and the continuing sequence 
of negative ions is slow. In addition, electron detachment through collisions 
of negative ions with atomic oxygen is very rapid. 

The reactions governing the concentration of 0 + in the E region are 
shown in Fig. 18.8. Because there are two initial states of 0 + , it is necessary 
to distinguish between 0+(4S), leading to the formation of NO+, and 0+(2D), 
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Fig. 18.8 Reactions of E-region ions. 
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leading to N2+ and, subsequently, 0 2
+ and NO+. Taking account of these 

processes, it is found that for the steady state 

„ r o + 4 S ï = 7ÇSMO) + y15»(N+MO) 
1 ' yi"(N2) + (y4 + ^ ) « ( Ν Ο ) + y2«(02) + y21«(C02) l " } 

and 

Considerable simplification for (18.37) follows when it is noted that the 
product (y4 + y4a)fl(NO) must be very small owing to the low reaction 
rate coupled with modest NO densities. Furthermore, N+ is a minor ion. 
With regard to (18.38), examination of the ion production curves presented 
in Fig. 17.9 shows that 7(2D) is very small below 150 km so that 0+(2D) 
must be completely negligible. Consequently, the 0 + density in the E region 
can be expressed as 

Λ , 0 + χ = / (4SMQ) n 8 m 
1 ; yi/i(Na) + γ2η(02) + y21n(CÖ2) ' K ' } 

Numerical evaluation of (18.39) shows that n(0+) < 103 for virtually all 
conditions below 140 km. Typical values will be shown later in Fig. 18.9. 

N2
+ is a minor ion in the E region as a result of blanketing absorption 

of its ionizing radiations by the atmosphere above 140 km. Furthermore, 
the reactions of N2+ with 0 2 and O to form 02+ and NO+, respectively, 
are very rapid. At 120 km the lifetime of N2

+ with respect to the formation 
of 0 2

+ is 0.5 sec, while the transformation to NO+ requires only 0.07 sec. 
In comparison, dissociative recombination is a relatively slow process: At 
this altitude it requires about 80 sec for a density of 105 electrons cm-3. 

The principal ionization product of the E region is 02+. The important 
reaction processes for this ion and NO+ are shown in Fig. 18.8. In a steady 
state the daytime ion densities may be approximated as 

„(ΓΛ +>* 7(Q2MQ2) n « ΑηΛ 
w (°2 + ) = r5«(NO) + « D « V K ( 1 8 · 4 0 ) 

n(NO+) = y5«(NOMQ2+) + 7(N2MN2) 
« D ( N O + K 

since almost all N2+ formed in the E region forms NO+. 
Typical mid-day results [22-24] show that «(02+) > »(NO+). In this 

situation the NO+ density can be written as 

„rwn+ï y5«(NO) /(N2)«(N2) 
" ( N 0 + ) = M N O i y + a D ( N O + M 0 2 + ) ( 1 8 " 4 2 ) 
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while the 02
+ density is given by 

[y5
2«2(NO) + 4«D(Oa+)/(02)/i(Oa)]^ - y5«(NO) 

n(0,+) = 2aD(02+) 
(18.43) 

Computations of the E-region ion composition based on the complete 
reaction scheme shown in Fig. 18.8 are given in Fig. 18.9 for a 1000°K 
model thermosphère at 60° solar zenith angle. The reaction rates, atmo-
spheric densities, and temperatures have been taken from values given in 
previous chapters. The principal peak in 02

+ density at 115 km is caused 
by the absorption of C(III) and Lyman ß radiation. This peak is superim-
posed on additional ionization resulting from x rays. Since the absorption 
cross section of C(III) (977 Â) is about 2.5 times greater than that of 
Lyman /?, the individual ionization peaks of these radiations differ by 
about 8 km. 

CONCENTRAT lONIcm"3) 

Fig. 18.9 E-region ion densities for a 1000°K thermosphère with χ = 60°. Thermal 
equilibrium between electrons and neutrals is assumed. The NO density is taken as curve I 
of Figs. 12.14 and 12.15. NO 1120 = 1 x 107 cm~3. 

The shape of the electron density below the principal peak is related [23 ] 
to the spectral distribution of x rays. For example, the region near the 
mesopause should be dependent upon the flux of photons in the range 
31-40 Â. 

As illustrated by Fig. 18.9, the daytime E layer is dominated by 02+. 
The equation for the electron density follows from Eq. (18.21) as 

dnjdt = /(Oa+)/i(02) - M < V K 2 (18.44) 
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with a time constant given by (18.24). In the steady state, E-region electron 
densities are given by 

ne = [/(02)/i(Oa)/aD(Oa+)]1/2 (18.45) 

if charge exchange losses to NO can be neglected. As discussed later, this 
may frequently be a poor assumption. 

Variations in E-region composition can be expected when there are 
changes in solar zenith angle, especially near twilight when the production 
of different ion species is greatly dependent upon the effective column 
density. E-region profiles for χ = 0°, 60°, and 90° are shown in Fig. 18.10. 

140 

130 

g 120 

3 
I— 

^ 110 < 

100 

" V 10* 105 

CONCENTRAT lONicm"3) 

Fig. 18.10 E-region ion densities for χ = 0°, 60°, and 90° for conditions described 
in Fig. 18.8. T= 1000°K. Solid curves, 02+; dashed curves, NO+. 

Even more important than midday solar zenith angle changes, however, 
is the effect of NO. If the NO density is of the order of 3x 107 cm~3 or 
greater, charge exchange to form NO+ becomes more important for 02

+ 

loss than dissociative recombination [3]. Furthermore, since NO+ is lost 
only through dissociative recombination, its concentration rises rapidly 
with increasing 0 2

+ to NO+ charge transfer. Examples of this behavior are 
shown in Fig. 18.11 where the NO concentration has been given the values 
5x 107 and 5x 108 cm-3. In general, larger NO densities can frequently be 
responsible for a change from 02+ to NO+ dominance [25-27]. 

Ion densities of the nighttime E region have been obtained through 
rocket measurements [22]. The data shown in Fig. 18.12 were obtained 
near midnight at midlatitudes [22]. Following sunset it might be expected 
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CONCENTRAT ION(cnrT3) 

Fig. 18.11 E-region ion densities for the model of Fig. 18.8 using two altitude inde-
pendent values of the NO concentration. T = 1000°K; χ = 60°; solid curve, NO = 5 
x 107 cm-3; dashed curve, NO = 5 x 108 cm-3. 

that virtually no ionization would be present in the E region owing to the 
relatively short time constant for plasma decay [28]. The measurements 
showed, however, that even in the absence of direct solar illumination there 
is appreciable ionization in the form of NO+. 

It is thought that the source of the nighttime E region lies in the nightsky 
radiations of Lyman a, Lyman β, and He II (304 Â) [10, 29, 30]. Photo-
metric observations [31, 32] have shown the presence of Lyman β with 
an intensity of 5-10 x 106 photons cm-2 sec-1 which, if interpreted in terms 
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Fig. 18.12 Nighttime E-region ion composition obtained at 0106 MST at White 
Sands, New Mexico on August 1, 1963 [22]. 
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Fig. 18.13 Effects of nightsky radiation 
on the formation of the E region. A Lyman 
ß source of 5 x 106 photons cm-2 sec-1 is 
assumed in a 1000°K model thermo-
sphère. CONCENTRAT lONIcm-3) 

of an incident flux, leads to an ionization rate of ~ 5 x 10"12 sec-1. This 
rate, although small compared with the direct 0 2 photoionization rate, is 
adequate to support the observed ion densities (see Fig. 18.13). 

In further explanation of Fig. 18.12, although Lyman ß ionizes 0 2 , 
charge exchange with NO must be effective and lead to the NO+ which, 
because of its low loss rate via dissociative recombination, becomes the 
dominant ion. In this case the 0 2

+ density is given by 

"(02
+) = /K<V)/}V*(NO) 

while the NO + density becomes 

7i(NO+) = />(Oa
+)/aD(NO+)/ie 

so that the relative composition can be expressed as 

7i((V)//i(NO+) = aDtfe/y5"(NO). 

(18.46) 

(18.47) 

(18.48) 

Using the data of Fig. 18.12 and the appropriate values for y5 and «D(NO+), 
it follows that «(NO) ^ 4 x 107 cm- 3 to explain the results on the basis of 
this simple model. 

The importance of NO in altering the E-region composition has been 
found in auroral E-region measurements [33-35]. The dominant ion in the 
narrow ionization ledges produced by auroral particles [36] (see Fig. 18.14) 
is NO+, to the great exclusion of 02

+. In one measurement [35], at 110 km 
the NO+ density was measured at 106 c m 3 , while the 02+ was less than 103 

cm-3. In this case the NO concentration was measured as 2xlO n cm~ 3 . 
The explanation for such a large NO density remains to be found. 

Rocket measurements of ion composition in the upper D and lower E 
regions have shown the presence of alkali and alkali-earth metal ions in 
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Fig. 18.14 Electron density profile of a weak aurora obtained by incoherent scatter 
radar observations February 14, 1972 0057-0106 AST at Chatanika, Alaska. Sample 
width was 7 km. The slope of the electron density above the peak is twice that of the 
neutral atmosphere. (Courtesy J. R. Doupnik and M. Baron.) 

significant numbers [7, 9, 14, 24, 37, 38] (see Figs. 18.1 and 18.3). Sodium, 
magnesium, and calcium have been tentatively identified. The source of the 
neutral gases is thought to be associated with ablated meteoritic debris [39]. 
Once present in neutral form, the low ionization potential of these atoms 
assures their ultimate ionization through charge exchange with any of the 
major ionospheric species (except NO+). Such ionization is lost very slowly 
since only radiative recombination (rate ~10~12 cm3 sec-1) with electrons, 
ion-ion mutual neutralization (rate ~10 6-10~7 cm3 sec-1), or dissociative 
recombination of metallic oxide ions [40, 41] are operative. 

One practical importance for such ions appears to be their relationship 
to the formation of dense E-region layers (sporadic E) associated with large 
changes in neutral wind direction (a general review is given by White-
head [42]). Theory predicts, and some experiments show, that ionization 
is mechanically compressed in such a region. If atomic ions of low ioniza-
tion potential are present, the ambient electron density rises, effectively 
increasing the dissociative recombination coefficient and eliminating mole-
cular ions. 

18.5 Ionization in the Fx Region 

The E region is effectively shielded from solar radiation in the range 
100 < λ < 910 Â by absorption occurring at higher altitudes; N2

+ and 0 + 

photoions are produced in meager quantity. As one progresses upwards 
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Fig. 18.15 Ion reactions of the ¥τ region. 

from 120 km, however, such a shielding is rapidly lost and N2
+ and 0 + 

become the principal initial positive ions. The 0 2
+ photoions, in contrast, 

diminish in importance as a result of the decrease in molecular oxygen 
density. The molecular nitrogen density is decreasing almost as rapidly, 
but the increase in photoionization rate is able to counter this effect, at 
least up to 170 km. This behavior is illustrated in Fig. 17.8. 

In the Fx region one finds a profusion of atomic and molecular ion 
reactions with a consequently complex problem of ion chemistry [2, 3, 11]. 
The extent of the interrelationships is illustrated in Fig. 18.15. Of key 
importance is the presence of NO+ as an end product for most of the ion 
reactions involving nitrogen. Owing to this fact, NO+ becomes the dominant 
total ion and molecular ion above 140 km. It is reduced again to secondary 
importance only above about 170 km where 0 + , with its much slower loss 
rate, reaches a greater density. 

Consider first the behavior of N2
+ which, as shown by the data of Fig. 17.1, 

is a minor ion having a peak density of the order 103 ions cm-3. The impor-
tant processes leading to ionization equilibrium are included in the expres-
sion 

/(N2)/i(N2) + η*/ι(Ν2)/ι(0+ 2D) /i(N2+) = 
γ3η(0) + γ9η (02) + a D (N 2

+ K (18.49) 

Referring to the production rate data of Figs. 17.8 and 17.9, the direct 
photoionization of N2 is the most important source of this ion below about 
220 km, while at higher altitudes reactions involving 0+(2D) are most 
effective. 
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Fig. 18Λ6 Fx-region ion densities for a 1000°K thermosphère at low solar activity 
with χ = 60° (dashed curve) and 0° (solid curve). An electron temperature profile 
varying linearly from 324°K at 120 km to 1600°K at 200 km has been adopted. The NO 
density is taken as Curve IV of Figs. 12.14 and 12.15. 

Computations of the N2+ density in the Fx region are shown in Fig. 18.16. 
Using the adopted rate coefficients it is found that the principal loss process 
is that involving atomic oxygen; i.e., (18.49) can be written for practical 
purposes as 

*(N2+) = 
/(Na)/i(N2) , 7(0+2D) 

jyi(0) + 7s 
or, for zero optical depth, 

n(N2+) - 8.6 xlO2 3.5xl03fl(N2)MO) cm-

(18.50) 

(18.51) 

when diffusion is absent and dissociative recombination is negligible. 
With regard to N+, possible sources include direct photoionization, 

dissociative charge transfer from He+ reacting with N2, and charge transfer 
from N2

+. Taking account of the most important processes shown in Fig. 
18.15, the equilibrium density can be written as 

/i(N+) = 
7(N)/i(N) + yiVi(He+)/i(Na) + y^(N)»(N2+) 

(7i2 + y&MOa) + 7i3«(NO) + γ15η(0) 
(18.52) 

with the term (y12 + y*2M02) being of principal importance for the loss 
of N+. Owing to the lack of rapid loss processes and the relatively slow 
decrease in production with altitude, N+ has a greater density than N2+ 
above 250 km and is frequently observed in the topside ionosphere. 
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The behavior of 0 2
+ in the Fj region where 0 + is the dominant ion is 

determined in the steady state by the relation 

or, eliminating the N2
+ reaction which does not contribute greatly, 

(18.53) 

(18.54) 

Numerical values for the 0 2
+ density are shown in Fig. 18.16. Throughout 

much of the Fx region the 0 2
+ density is about a factor of 4 less that that of 

NO+. Below 170 km the attenuation of solar radiation decreases the N2
+ 

production rate, causing a decrease in the relative abundance of NO+. 
NO+ in the Fx region results mainly from the photoions 0+(4S) and N2+. 

The equilibrium density follows from Fig. 18.15 as 

(18.55) 

The importance of the NO+ arising from 02+ to NO charge exchange is 
difficult to determine. If n(NO) > 108 c m 3 it is dominant but for smaller 
values the other processes become important. As in the E region, the 
NO + /0 2

+ ratio depends strongly upon the density of NO. 
Above about 200 km 0 + becomes the dominant ion. Its equilibrium den-

sity can be expressed as 

(18.56) 

where the presence of 0+(2D) is neglected. 
Steady state ion densities in a 1000°K model thermosphère with χ = 60° 

are given in Fig. 18.16. Such results depend upon a number of assumptions 
concerning the composition of the neutral atmosphere, the electron tem-
perature, and the importance of certain neutral species. 

To illustrate the variations expected for different solar zenith angles, 
Fig. 18.17 gives the ion composition for χ = 90°. Comparing Figs. 18.16 
and 18.17, it is seen that in the lower Fx region NO+ is greatly affected 
with the NO + /0 2

+ ratio declining as χ increases. 
The dependence of the ion composition upon NO density is shown in 

Fig. 18.18. A range of altitude independent values from 5x 106 to 5x 108 

cm- 3 are chosen to indicate the possible influence of this neutral species. 
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Fig. 18.17 Fx-region ion densities for χ = 90° using the atmospheric parameters 
described in Fig. 18.16. T= 1000°K. 

The ion most strongly affected is 02
+. In fact, it is clear that the NO+/02

+ 

ratio provides a strong measuring tool for the determination of the NO 
density. 

The behavior of the Fx region following local sunset is interesting since 
it illustrates the importance of the ion reaction chains. Experimental data 

200 - i 1 1—i—ι\ι i i i 

CONCENTRAT ION(cnrr3) 

Fig. 18.18 Frregion ion composition for the model of Fig. 18.16 using three altitude 
independent NO concentrations. T = 1000°K; χ = 60°. Solid curve, NO = 5 x 108 cm"3; 
dashed curve, NO = lO'cm-3; dotted dashed curve, NO = 5xl06cm~3. 
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Fig. 18.19 Altitude profiles of ion composition for daytime, sunset, and nighttime 
conditions [22, 38]. Data obtained at White Sands, New Mexico at χ = 60° (February 
15, 1963), χ = 103° (January 26, 1966), and at 0106 MST (August 1, 1963). 

showing the decay of this region are shown in Fig. 18.19. Considering first 
the 0+ density, it is seen that there is a steady reduction from the daytime 
densities. Taking account of the two important 0 + loss processes, the 
following expression describes n(0+ 4S) from its initial value n0(O

+): 

/i(0+) = n0(O+) exp{-[y i«(N2) + y2n(02)]t}. (18.57) 

Evaluation of the indicated rates and densities shows that above 180 km 
the decay time is of the order of hours. Because the N2 and 0 2 densities 
increase exponentially with decreasing altitude, the time constant becomes 
shorter and, at a given time after sunset, the 0 + concentration is exponen-
tially less, as shown in Fig. 18.19. 

The nighttime behaviors of NO+ and 0 2
+ are linked through 02+ reactions 

with NO. Above 200 km, 0+ reactions with N2 and 0 2 produce about equal 
amounts of NO+ and 02

+. Dissociative recombination results in nearly 
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identical densities. At lower altitudes the effect of NO becomes more 
pronounced since there is a decrease in the total electron density and the 
effectiveness of dissociative recombination. Thus, the 0 2

+ density tends to 
drop relative to NO+ . 

Throughout the night diffusion acts to bring F2-region 0 + downwards 
into the upper Fx region [43]. This provides a continuing source of ioniza-
tion which is consumed through the dissociative recombination of NO+ 

and 02+. The maintenance of the nighttime upper F± region arises prin-
cipally from such a source and the slow rate of ion-molecule reaction. 
In addition, near 160 to 180 km some nighttime maintenance arises from 
nightsky helium radiations which ionize N2, O, and 0 2 [31, 32, 44-47]. 
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CHAPTER 19 

Plasma Transport 

19.1 Introduction 

The motions of individual plasma species in the ionosphere are deter-
mined by pressure gradients, gravity, and external electric and magnetic 
fields. Within the E region plasma drifts across magnetic field lines result 
from the flow of polarization currents and establishment of local and global 
electric fields. In the F2 region the diffusion of ions parallel to the geomag-
netic field plays an important part in determining the ionic composition of 
the middle and upper ionosphere. Further, electric fields perpendicular to 
the magnetic field cause lateral and radial plasma motions reflecting the 
importance of magnetospheric processes and neutral winds in the E region. 

In this chapter the equations of motion for electrons and ions are pre-
sented as they apply to the ionospheric environment; that is, a partially 
ionized, collision dominated plasma moving in a neutral atmosphere under 
the forces of gravity and electric and magnetic fields. 

19.2 Equations of Plasma Transport 

Consider a partially ionized plasma of electrons, ions, and neutral 
particles. The equations of motion for the electron and ion gases within 
the approximation where inertial effects can be ignored are [1, 2] 

152 

(19.1) 

(19.2) 
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where the subscripts apply to electrons and ions, and 

C is the bulk transport velocity, 
p = nkT is the isotropic gas pressure, 
g is the acceleration of gravity, 
E is the total electric field, 
B is the magnetic field, 
q is the particle charge, including sign, 
n is the concentration, 
k is Boltzmann's constant (1.38 x 10~16 erg °K"1), 
T is the gas temperature, 
ρ = mn is the mass density, 
m is the particle mass, 
c is the speed of light (3.0 x 1010 cm sec-1), and 
Aj = Σ Ajk is the collision term describing the dynamical effects of friction 

between gases of differing transport velocity. 

The form of the collision term follows directly from the Boltzmann 
equation as [3] 

As=jmjYj(dfj/dt)cdwj (19.3) 

where (dfj/dt)c is the collision term, v,· is the y'th particle velocity, and A,· 
represents the rate of change of the jth species momentum due to collisions. 
Expansion of the collision term for elastic collisions between j and k type 
particles leads to the expression 

Ajk = [mjmk/(mj + mk)] j j (v* - yj)(vjk/nk)fjfk dsn dvk (19.4) 

where the subscript j applies to electrons or ions, the subscript k applies 
to other neutral or ionized gas species, and v is the velocity of particles, 
/ t h e velocity distribution functions, dy the velocity space volume elements, 
and vjk = nk \ \j — yk \ qO is the velocity dependent momentum transfer 
collision frequency given by Eq. (9.32). 

The general expression for A,· involves arbitrary bulk velocities, C,, and 
the possibility of non-Maxwellian velocity distribution functions for the 
different species. Further, if several different species are present, the total 
collision term in the y'th species momentum equation is the sum of individual 
contributions; i.e., Aj = Y,kAjk. 

The reduction of Eq. (19.4) to a particular result is possible only after 
the velocity dependence of the momentum transfer collision cross section 



154 19 Plasma Transport 

has been specified. However, the general form of the result can be written 
as [2] 

Ajk = [m/njtKmj + mk)]njVjk(Ck - Cj)f(v/a) (19.5) 

where vjk is the momentum transfer collision frequency, v = \ Ck — Cj \, 
and a2 = 2k(Tj/mj + Tk/mk). The term/(i;/a) in this expression is important 
only when the relative speed of gas transport approaches the speed of sound; 
i.e., v/a > 1. For low speed flow f(v/a) —► 1. Thus, as will become evident 
from subsequent discussion, f(v/a) is a high speed correction term which 
accounts for changes in both relative speed and cross section. 

An explicit expression for Ajk can be obtained if the yth and kth type 
particles are assumed to interact with a momentum transfer cross section 
which varies inversely with v. [See Equation (9.70) for ion-neutral colli-
sions.] If fj and.,4 a r e displaced Maxwellian distributions with parameters 
Tj9 Tk,CJ9 andC*, then [2] 

Ajk = [mjmJimj + mk)]njVjk(Ck - Cj) (19.6) 

where vjk is the momentum transfer collision frequency [Eq. (9.33)] for 
the proper cross section [Eq. (9.71)]. This expression shows that the effective 
frictional interaction acting between two gases in relative motion is linearly 
dependent upon the difference in transport velocities with the term/(t;/a)= 1. 
Such a result is not general, but is a property of the assumed inverse velocity 
dependence of the collision cross section. For convenience, however, it is 
common to assume that Eq. (19.6) is valid even when arbitrary cross sec-
tions are used and high speed gas flow is present. The limitations of such 
an assumption are obvious and, depending upon the actual velocity de-
pendence of #D(*0 and the magnitude of v, can lead to appreciable error. 

For illustration, the collision term appropriate for hard sphere collisions 
of cross section πσ2 is [2] 

Ajk = [mjmk/imj + mk)]njVjk(Ck - Cj)f(v/a) 

where 
4 Γ8Α: (Tj , r * \ l 1 / 2

 2 

*&)-{¥ " ■ ' £ - Χ ) + τ[' 2v2 

a = \2k(lL + IU} 
[ \rrij mkj\ 

(19.7) 

(19.8) 

a1- / —v' 
+ - ^ r exp — j -

(19.9) 

(19.10) 
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When vja <^ 1, f(v/a) —► 1, but for increasing values of v/a, f(v/a) be-
comes larger than 1 with an eventual proportionality to v/a at speeds large 
relative to the thermal speed of the gas mixture. 

For Coulomb interactions between particles of masses mj and mk and 
charge Z^e, Zke, the collision term can be written as [2] 

Ajk = [mjmk/(mj + mk)]vjk(Ck - Cj)f(v/a) (19.11) 

where vjk is the momentum transfer collision frequency for Coulomb colli-
sions [see Eq. (9.106)] and the high speed correction factor f(v/a) is 

f(v/a) = |π1 / 2[(<φ)3 erf(i7/a) - (2/π1/2)(α/ν)2 exp(-v2/a2)] (19.12) 

with a defined previously by (9.10). 
Although further explicit results [4] are available for particular forms of 

the collision cross section, in subsequent discussion of this chapter, Eq. 
(19.4) is adopted as representing the essential features of collisional mo-
mentum transfer. Such a choice may not represent the true momentum 
transfer rate for the ionospheric gases. 

Before returning to the individual species momentum equations one 
further step is helpful in reducing the apparent complexity of the collision 
term. For simplicity a diffusion collision frequency 

vjk = h / K + mk)]vjk (19.13) 

can be adopted so that Eqs. (19.1) and (19.2) can be written as 

^ Î E + i c e x B ) = - ^ e i ( C e - C t ) (19.14) 
me \ c I k 

%- (E + 1 C.XB) = - Σ vtt(C, - Ct). (19.15) 

When one considers a multiconstituent plasma, both collisional and 
electric field coupling is present between the various ions and the electrons. 
In this situation the complete solution for individual ion and electron 
velocities cannot be made without a simultaneous solution to Maxwell's 
equation : 

V . E = 4ne(ne - Σ «0- (19.16) 

However, for most applications the polarization electric field given by 
(19.16) is sufficiently strong to insure that ne ^ Σ nx to a very high degree 
of accuracy. Thus, Eqs. (19.1) and (19.2) can be closed through the explicit 

dC 1 

aci , i „ 

- g -

- g -
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assumption 
η& = Ση{ (19.17) 

which is used here. Such an approximation is not valid in the formation 
of electric double layers such as may occur above auroras. 

19.3 Ambipolar Diffusion 

An important application of Eqs. (19.1) and (19.2) is to ambipolar dif-
fusion where, owing to a proper choice of boundary conditions, no net 
electrical current is permitted to flow in the plasma [5]. The particular 
conditions for which ambipolar motion can exist follow for a single ion 
species from (19.14) and (19.15) with Ce = Q ^ C and ne = n{. Adding 
the two equations gives 

fee + Ql)-gf + P(Pe + Pi) + tee + gi)g 

= - Qe Σ "e*(C - Ck) - ρ, Σ Vtt(C - C») (19.18) 
k k 

showing that for the assumed ambipolar conditions the plasma equation of 
motion is independent of the applied electric and magnetic fields. The 
boundary conditions necessary for obtaining this result are of some practical 
interest, however. In the ionosphere, for example, suppose that the gradient 
in plasma pressure and the force of gravity act only in the vertical direction. 
Taking the cross product of the unit vector f in the z direction twice with 
(19.14) with dC/dt = 0, one obtains, after some manipulation [5], 

E = Ezz- (l/c)C2(fXB). (19.19) 

Thus, the total electric field acting in the plasma is composed of two terms. 
The first, in the z direction, arises from gravitational separation of the 
electrons and ions and acts to keep the electron and ion gas together such 
that n e ~ « i . The second term of (19.19) is a balancing electric field which 
is necessary to counteract the magnetic defecting force which tends to sepa-
rate electrons and ions. In general, this component of E can be established 
only if the flow of currents is prevented through appropriate boundary 
conditions, i.e., the plasma must be polarized in some manner by the 
magnetic field. An example of this type of a situation is found at the geo-
magnetic equator where there is a vertical ambipolar flow of plasma in 
response to an east-west electric field arising from the interaction of neutral 
winds with ions in the E region [6]. 
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19.4 Ionospheric Motions: Diffusion and Convection 

The problem of plasma diffusing in a stationary neutral gas permeated 
by an external magnetic field can be approached using Eqs. (19.14) and 
(19.15). For this model we assume qe = —e\ q{ = +e; and nG = Σ ^ ί > 
that the electron and ion pressures depend only upon the vertical coordinate 
z, and that steady-state conditions exist. Taking B = Bxx + Bzz and 
C .= ux + vy + wz, the electron and ion momentum equations can be de-
composed into rectangular components (see Fig. 19.1) as follows: 

x: υ{Ωζ
{ = Σ ^ifcOi - uk) - (eEJm^ 

t>«Ae = - Σ vek(ue - uk) - (eEJme) 

y: u{Qz
[ = w-fix

{ - Σ vik{v{ - vk) + {eEy\mù 

ueQz
e = weQx

e + Σ vek(ve - vk) + (eEy/me) 

dpi 1 

Qi 

1 
Qe 9z 

dz 

dpG 

g 
eEz 

eEz 

+ »ßx = - Σ V^iwi - wk) 

(19.20) 

(19.21) 

(19.22) 

(19.23) 

(19.24) 

(19.25) 

Fig. 19.1 Coordinate system used in the derivation of the plasma transport equations. 
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where Qk
j = eBjJcnij is the y'th species gyrofrequency, and the collision 

terms include effects due both to plasma and neutral gas motions. 
Using Eqs. (19.20) and (19.21) the x and y components of plasma motion 

can be written, neglecting electron-ion collisions, as 

ν{{Ω{
ζ + v2) = WiQJvi + v^eEylm^ — Q^eEJm^ + v X — Ωζ

ιν^η 

(19.26) 

ve(Qf + v2) = —weQx
eve — Qz

e(eEJme) — ve(eEy/me) + ve
2vn + Qz

eveun 

(19.27) 

Ui(Qz
2 + v?) = Ω,ΏΜ + vfeEJmù + Ü^eEJm,) + Vi

2un + Ωζ'ν{νη 

(19.28) 

ue(Qf + ve
2) = üz

eQx
ewe - ve(eEJme) + Qz

e(eEy/me) + ve
2un - Q*vevn 

(19.29) 

where the subscript n refers to the neutral gas and Vj = Σ vjk. 
At very low altitudes (z < 70 km) the ion and electron collision fre-

quencies are much larger than their respective gyrofrequencies (ve
2 ;> Ω% ; 

v·2 ^> Ω'ιζ) and magnetic field coupling of the plasma motion vanishes (see 
Table 19.1). Each component of the motion is determined independently 
in terms of the applied forces; i.e., Eqs. (19.26) and (19.27) become (with 

TABLE 19.1 

ELECTRON AND ION COLLISION PARAMETERS'1 

(ve/JV)1 (fi/*V)" 
z 

i m ) Bz = 0.5 Bz = 03 Βζ = 0Λ Bz = 0.5 Bz = 0.6 

100 

110 

120 

130 

140 

150 

3.0 x 10-5 

2.5 x 10-6 

3.2 x 10-7 

6.8 X 10-8 

2.2 x lO"8 

9.2 x lO"9 

1.4 x 103 

5.6 x 101 

3.8 x 10° 

3.8 x 10-1 

7.8 x lO"2 

2.3 X lO"2 

8.0 x 102 

3.2 x 101 

2.1 x 10° 

2.1 x 10-1 

4.3 x lO"2 

1.3 x lO"2 

5.4 x 102 

2.0 x 101 

1.4 x 10° 

1.4 x 10-1 

2.8 x 10-2 

8.4 x lO"5 

3.6 x 102 

1.4 x 101 

9.5 x lO"1 

9.5 x 10-2 

1.9 X 10-2 

5.9 x lO"3 

a 02
+ ions are assumed in a 1000°K model thermosphère. Values of Bz are in gauss. 
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v{ = (l/vi)(eEy/mi) + vn (19.30) 

t?e = - (lMieEy/mJ + vn (19.31) 

and 
w 1 = ( l M ) ( ^ / m 1 ) + iiI1 (19.32) 

we = - (l/ve)(eEJme) + wn. (19.33) 

Using Eqs. (19.30)—(19.33) and the definition of an electric current 

j = *Œ>iC, -/leCe) (19.34) 

the conductivity, a, of the plasma is given by 

j = σΕ (19.35) 

where 

a = nee
2(y -^— + — — ) . (19.36) 
V* πι{ν{ mevj 

Thus, at sufficiently low altitudes the conductivity is isotropic and current 
flow follows the direction of the electric field. In addition, (19.36) indicates 
that almost all the current is carried by electrons since my^ meve. 

For altitudes between 70 and 130 km a peculiar effect occurs from the 
fact that the electron gyrofrequency (^4.8 x 106 sec-1 at midgeomagnetic 
latitudes) is larger than the ion gyrofrequency by the factor m^m^. Hence, 
the electrons are magnetically dominated while the ions are essentially free 
to move across the magnetic field line in response to pressure gradients, 
electric fields, or motions in the neutral atmosphere. The application of this 
circumstance has been made in the dynamo theory which explains small 
diurnal variations in the geomagnetic field as resulting from ionospheric 
electric currents associated with tidal motions of the neutral atmosphere [6]. 
Using the conditions ve

2<^Qf and v?^> Ω% in Eqs. (19.26)-(19.29), the 
ion and electron velocities become 

v^Q/vMeEy/md + On (19.37) 

ve = -eEJQ-m, (19.38) 

and 
i i 1=( lM)(e£e / /W l ) + Hn (19.39) 

we = eEyIQ*m, (19.40) 
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and the conductivity becomes anisotropic. Using (19.34) and (19.35) the 
components of current are 

Jx = nQe 

Jv = nGe 

^ Σ ^ + ^η' eEx 

miv 1̂ 1 

eEx Σ ΤΓΤ- + Wn 
rriiV; 

Qz
eme 

Qz
eme 

(19.41) 

(19.42) 

Thus, electric fields applied to the E region will result in current flow. 
Similarly, motions of the neutral atmosphere will establish currents and 
electric fields consistent with appropriate boundary conditions [6]. The 
interrelationship among the neutral winds, the flow of currents, and the 
establishment of polarization electric fields is well demonstrated by the 
dynamo theory of diurnal geomagnetic variations observed at the surface 
of the earth. In essence, global wind patterns are created in the E region 
by solar radiation heating the neutral atmosphere. Through collisions ion 
currents are established [Eqs. (19.41) and (19.42)] such that polarization 
electric fields are created with consequent influence upon electrons [Eqs. 
(19.38) and (19.40)] and ions. In the steady state, self-consistent solutions 
for the electric field and currents are found through the requirement that 

Fig. 19.2 Global current pattern associated with atmospheric winds for northern 
summer day (left) and night (right) [7]. 

V · j = 0. Figure 19.2 illustrates a computed global current pattern asso-
ciated with diurnal atmospheric motions [7]. The theoretical models are 
complex and usually deal with height averaged densities and velocities. 
Furthermore, spatial gradients of conductivity (electric density) can be 
particularly important in determining the global potential distribution. 
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Referring to Table 19.1, at sufficiently high altitudes, ν?<^Ω{
ζ and 

ve
2 <^ Qf and it is found that 

and 

Vi= — eExIQz
{m{ 

ve= — eEJQz
eme 

u{ = eEy/mfiz1 

we = eEy/meQz
e 

(19.43) 

(19.44) 

(19.45) 

(19.46) 

showing that in the absence of collisions, electric fields applied perpendicular 
to the magnetic field cannot cause currents to flow. Instead, there is an 
E x B drift of both electrons and ions. This result follows directly from 
(19.1) and (19.2) as 

Ce = Ci = - c ( E x B / 5 2 ) . (19.47) 

Thus, electric fields established within the E region will affect the drift 
motion of plasma at high altitudes, producing not only the general rotation 

Drift speed 

18 hr 

200 m sec 

Fig. 19.3 Plasma velocities in the magnetic equatorial plane associated with atmos-
pheric winds. Effects of atmospheric rotation are not included; i.e., the plasma rotation 
velocity must be added to obtain the total plasma velocity [8]. 
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of the plasma with the neutral atmosphere (and hence, the earth) but also 
variations associated with the neutral winds, which are gas motions referred 
to the frame of atmospheric rotation. The plasma velocities associated with 
these winds are generally small; a typical result [8] is shown in Fig. 19.3. 

The vertical components of plasma motion can be obtained for electrons 
and ions using Eqs. (19.14) and (19.15): 

Without making the ambipolar hypothesis, Ez can be eliminated from 
(19.48) and (19.49) to give 

The z component of the electric field can be obtained as [9] 

(19.50) 

(19.51) 

where Ω? = ΩJ
x -f- Ω{ . The first term on the right-hand side arises princi-
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pally from field aligned currents while succeeding terms represent diffusion, 
perpendicular electric field effects, and convection by the neutral atmosphere. 

Further reduction of Eq. (19.50) can be made by noting that miviwi is 
normally much larger than mevewe. Thus, the equation of motion for the 
/th ion gas can be taken as 

where the first term represents the effect of particle diffusion and the second 
term, φί9 arises from external forces which produce convection: 

Φι= - "iW + ßi2) 

( * W 
\ v? + Ω? ^ v* + Ω? 

^-W - Oe + v{)wn Ω? v* + Ω, 

ΩΙΩ} Ω?Ω? \ eET ( fl>i ^ Ω*ν* \ eE_y_ 

Ω'γ ve
2 + Ω?) mx \Vi

2 + Ω? ve
2 + ß f 

(19.53) 

Equations (19.52) and (19.53) are applicable to general ionospheric con-
ditions for arbitrary magnetic latitudes and altitudes. Solutions for iono-
spheric ion densities and transport velocities are possible using the condition 

"e = Z " i (19.54) 

and the time-dependent equation of continuity 

dnjdt + V >nCi=pi- lt. (19.55) 

Within the D, E, and Fx regions principal interest relates to Eqs. (19.27)-
(19.29) with vertical plasma motions being generally neglected except in 
special cases such as the equatorial ionosphere or sporadic-E ionization 
produced through neutral wind shears. The essential problem in the E-
region behavior relates to the total electric field, having been formed in 
connection with Hall and Pederson currents. 

The plasma transport conditions applicable for F-region heights excluding 
the equatorial regions can be obtained from (19.52) and (19.53) by taking 
(ijj/ßi)2 <^ 1, (i>e/ße)2 <^ 1, and neglecting terms of order mjm{\ 

Ω[* \ 1 / 1 dpY , 1 dpe , 
Ω? ) πι{ν{ \ n{ dz ne dz 

QXW v&J Ω? _ QJ eEy 
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Noting that B = B0 cos I x — B0sin I k, where / is the dip angle taken to 
be positive in the northern hemisphere, (19.56) can be reexpressed as 

sin2 III dp{ , 1 dpe , 
dz ne dz 

(sin / cos I)un - \-~- cos Ijvn + (sin21)wn - ( c ^-!-)EJ/. 
cos 7N 

~ä7 
(19.57) 

Using the definition 
Din = (kTJmd/Σ vik (19.58) 

for the ion-neutral diffusion coefficient, (19.57) can be reexpressed in the 
standard form 

Wi = — Din sin2 / 

— c cos / - ~ 
ß0 

" 1 dn{ TJT{ dne m{g 1 d ' 
_n{ dz ^ ne dz ^ k^ T{ dz ^*^10 

cTcos Ivn — s i n ^ c o s lUn + si**21 wn- (19.5S 

For the motion of a plasma having one ion species, ne = n{ and (19.59) 
becomes 

W; = — ΌΆ sin2 / 
1 dne + mig , 1 d(Te + Ti) 

ne dz k{T, + T{) TQ + T{ dz 

E v-
— c cosI-~- 77-cos Ivn + sin2 Iwn — sin /cos Iun (19.60) 

where the ambipolar diffusion coefficient is Da = (1 + Te/Ti)Din. Com-
parison of this result with the equations of Chapters 14 and 15 for uncharged 
gases shows an enhancement of plasma diffusion due to the charge separa-
tion electric field established by the large diffusivity of the electron gas. 

19.5 Diffusion in the Ionosphere: Multiple Ion Species 

The results of the preceding section apply to a plasma composed of elec-
trons and several ion species placed in an external magnetic field. In the 
upper ionosphere one generally must deal with the possibility of several ion 
species with differing flow velocities. As a result, not only do ion-ion 
friction effects become important, but there is also an electric field coupling 
term which acts to maintain the overall local electrical neutrality of the 
plasma. 
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Rather than attempting a complete derivation as was done in the last 
section, the basic problems can be described by assuming plasma flow is 
present only parallel to the magnetic field lines. 

For low speed electron flows an adequate approximation to the electron 
momentum equation is 

(l/ne)dpjds= -eEn (19.61) 

while the ith ion species momentum equation can be obtained from (19.15) 
as 

- ^ ΐ - + *■ - ΐ = - ™ - ? '»(»< - »>) (19-62) 

where v{j is the ion-ion collision frequency relating to the friction arising 
from the differing ion flow velocities [6], w is the parallel velocity, and the 
effects of external electric fields perpendicular to the magnetic field are 
omitted. 

Using (19.61) to eliminate eEtt from (19.62) one obtains the ith ion species 
equation of motion : 

Τ^ 4 r + " i r ^ + * = - ™ - Σ M", - ",)· (19-63) 
In the previous section a similar equation was derived with the assump-

tion ne = n{\ Wi = Wj such that an explicit expression for w{ could be derived. 
Equation (19.63) shows that such a simple form is not available when 
multiple ion flows are present because of both the friction terms and the 
electric field coupling involved in the term (\/neme)dpe/dz with ne = Ση{. 
In general no further reduction of (19.63) is possible and to obtain the 
individual flow velocities numerical techniques must be applied. 

The special example of a minor constituent diffusing through a dominant 
ion species follows from (19.63) as 

kTJm 
Wi = Σ Vij + Vin 

Σ VjjWj 

Σ Vij + Vin ' 

J _ drii I T^Ti dn* i mig i 1 d (T \ΤΛ 
rii ds ^ ne ds ^ kTi ^ Τ{ dz l e_ t ° 

(19.64) 

Since n{<^nQ, the term involving dpjds determines El{ and the transport 
speed of the minor ion can be greatly affected; for example, as with the 
downward flow of He+ within the plasmasphere resulting from rapid loss 
through reactions with N2. 



166 19 Plasma Transport 

19.6 Ion Diffusion Coefficients 

Calculations of the ion diffusion coefficient can be made through evalua-
tion of Eq. (19.3) once the interaction between ions and scattering particles 
is known. For ionospheric conditions this implies that ion-neutral resonance 
charge exchange, ion-neutral polarization, and ion-ion Coulomb inter-
actions must be considered. In the first two cases account must be taken 
of differing ion and neutral gas temperatures, while for ions it is known 
that in the ionosphere the ion gases have approximately the same tem-
perature [10, 11]. 

19.6.1 Resonance Charge Exchange [12, 13] 

A n Ι ίώ t ) (i + TjTV" ( 1 9 · 6 5 ) 

where T{ and Tn are the ion and neutral gas temperatures, m{ is the ion 
(or neutral particle) mass, nn is the neutral gas density, and (5E is the charge 
exchange cross section. The charge exchange cross section of principal 
importance for low speed flows has been given in Chapter 9. Table 19.2 

TABLE 19.2 

DIFFUSION COEFFICIENTS DUE TO CHARGE EXCHANGE 
1ο8ιο(Γβ + Γ1) = 3.4771 

Species Dln (cm2 sec-1) 

0+-0 

H+-H 

He+-He 

N2+-N2 

Oo+-02 

3.1 x 1017 T\/2 

n(0) 

8.0 x 1017 

"(H) 

6.8 x 1017 

/z(He) 

1.3 x 1017 

n(N,) 

2.4 x 1017 

(1 + TJTÙ1'2 

Tm 

(1 + TJT,)112 

7^1/2 

(1 + TJTd1'* 

7^1/2 

(1 + TJW2 

γΊ/2 

n(p2) (1 + TJTtf 
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presents values of the resonance charge exchange diffusion coefficients for 
different ionospheric ion species using the data of Table 9.12 with the 
assumption that T{ + Tn = 3000°K in the logarithm terms. 

19.6.2 Elastic Collisions with Neutrals 

Din = kT{^invin (19.66) 

where μίη is the ion-neutral reduced mass and vin is the ion-neutral mo-
mentum transfer collision frequency of Eq. (9.33). In practical form (19.66) 
becomes 

Din = (8.31 x 107Γ,)/μΑΐ?Ιη cm2 sec"1 (19.67) 

with μΑ the reduced mass in atomic units. Values of the ion-neutral elastic 
diffusion coefficient are given in Table 19.3 for different ions and neutral 
gases based on the 1000°K collision frequencies of Table 9.11. 

TABLE 19.3 

DIFFUSION COEFFICIENT FOR ELASTIC ION-NEUTRAL 

COLLISIONS 

Species A n (cm2 sec-1) 

0+ -N 2 

o+-o2 
0 + - H e 
N 2 +-0 2 

N 2 +-0 
< V - N 2 

o2
+-o 

NO+-air 

8.5 x 101δ7ί//ι(Ν8) 
7.2 x 1015ri/«(O2) 
5.6 x 1016ri/«(He) 
9.7 x 1015ri/«(O2) 
1.1 x 10167i/«(O) 
9.4 x 1015ri/A7(N2) 
1.7 X 10167y«(O) 
4 .5 x 10157i//i(air) 

19.6.3 Ion-Ion Coulomb Interaction 

D12 = (37/32«2)(2^Γί//απ)1/2(2^Γί/^2)2(1/1η/1) (19.68) 

where T{ is the ion temperature, μ is the ion-ion reduced mass, n2 is the 
density of the ion gas through which type 1 ions are diffusing, In Λ is 
related to the Debye shielding distance, and y is a correction factor de-
termined from kinetic theory [14]. In practical terms, (19.68) becomes 

D12 = (6.5 x 107γΤΪ/2)/η2μγ2 cm2 sec"1 (19.69) 
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where μΑ is the ion-ion reduced mass in atomic mass units and ln/1 = 15. 
For the ionospheric regions above 250 km the diffusion of minor ions is 
generally determined by Coulomb collisions with the dominant ion species 
rather than through collisions with the neutral gas particles. 

Values of y appropriate for H+, He+, and N + moving through 0+ are 
y = 1.36, 2.51, and 1.75, respectively [14]. 

19.6.4 Electron-Ion Coulomb Interaction 

Dei = 3(2/n)1/2(kTey
/2/(Snee*ml/2 In A) (19.70) 

or 
Dei = (2.8 X 10nT| /2)/«e cm2 sec"1. (19.71) 
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CHAPTER 20 

Ionospheric Transport Processes 

20.1 Introduction 

The profiles of ion concentration in the ionosphere are determined by a 
competition between chemical and transport processes. At low altitudes 
in the D and E regions the neutral gases are sufficiently dense to greatly 
retard plasma motions associated with gravity and pressure gradients. Thus, 
since the time scale for plasma transport is much greater than that for ionic 
production and loss, the ion composition and concentration is determined 
by local effects. Above 150 to 200 km the time scale for transport becomes 
comparable with that for ionic reactions so that ion densities are no longer 
determined by local effects but by the much more complicated couplings 
involving diffusion of ions from regions of production to those of loss [1-10]. 

For general conditions the altitude distribution of each ion species is 
implicit in the equation of continuity : 

dnJdt + V · Λ Α = 0 Ι - / Ι (20.1) 

where η{ is the ith ion species concentration, Cj is the mean ion transport 
velocity, and qx and lx are the respective rates of ion production and loss. 

Solutions for the ion concentration cannot be obtained without a knowl-
edge of Cj. In the last chapter the ion momentum equation was given in 
terms of various forces acting in a partially ionized plasma. The general 
case of time-dependent diffusion is difficult to discuss, however, since 
numerical solutions are needed. Thus, in the following sections various 
simplified models of plasma transport are discussed to illustrate the basic 
principles which govern the behavior of ions and electrons in the ionosphere. 

169 
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20.2 Transport with a Single Ion Species 

Consider a simple model of plasma transport where pressure gradients 
and gravity act only in the vertical direction and ne = n{. The continuity 
equation giving the vertical distribution of ionization is 

(dnjdt) + (dmwjdz) = q{-h (20.2) 

where changes in the volume of the magnetic field tube are omitted (see 
Chapter 21). 

With the restriction of the present model to the case of a plasma with a 
single ionic constituent, the vertical transport velocity, valid for low speed 
motions, is given by Eq. (19.60) as 

Wi= — D& sin2 / 5-!- + — ~^- + —-

- ^ΊΓ-cos I - ^ΤΤ^ c o s 7 - wn sin /cos / + wn sin2 / (19.60) 

where Da = (1 + TJT^)Din is the ambipolar diffusion coefficient, 
Tv = Te + r i ? and Hv = kTvlm{g is the plasma scale height. 

The altitude variation of w{ depends upon the diffusion coefficient, the 
external electric field, and winds in the neutral atmosphere. Since Da is 
inversity proportional to the neutral gas density, while the pressure gra-
dients and gravity are limited to some range of values, it follows that the 
effects of diffusive transport become progressively smaller as one goes to 
lower altitudes. In the absence of transport, Eq. (20.1) reduces to 

dnjdt = q{-h (20.3) 

with the steady state solution qx = l{ as was assumed in the preceding 
chapters dealing with D, E, and lower F region ionic and neutral chemistry. 

Even if diffusive motions are suppressed, changes can occur in the vertical 
ion density profile as a result of winds and electric fields. Thus, if D.A —► 0, 
the ion vertical velocity is 

cE v v · WO = 5-^ c°s / 77-1- cos / — wn sin / cos / + wu sin2 / (20.4) 

which can be important to ion density profiles in the lower F and upper 
E regions. Equation (20.4) has, of course, a restricted validity dependent 
upon the conditions νγ <^ Ωζ

{ and Da —► 0. 
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At high altitudes (z > 250 km) the ambipolar diffusion coefficient be-
comes sufficiently large to permit substantial ion gas diffusive motions in 
response to density and temperature gradients. Time-dependent plasma 
diffusion involves a wide spectrum of possible variations which must be 
treated using numerical methods. On the other hand, it is possible to obtain 
analytical solutions for steady state distributions in high altitude regions. 
These results are of fundamental importance to our understanding of the 
ionospheric environment and plasma transport processes. 

To obtain the equation describing the ion concentration profile at all 
altitudes for steady state conditions with a simple model of plasma trans-
port the ion equation of continuity (20.2) and the momentum equation 
(20.42) can be combined to give [3, 4, 9, 10] 

d2ne 

dz2 + 

+ 

J_ + A. 
dDa 

dz 
wO 

ΌΛ sin 

1 

2I 

dwB 

dne 

dz 

DaH, dz Da sin2 / dz 
h - gi 

ΌΛ sin2 / ' (20.5) 

Here both diffusion and drift have been included and constant values of 
Te, Ti9 and g are assumed. 

The form of Eq. (20.5) is linear and of second order with two linearly 
independent solutions. At low altitudes, where Da -> 0, these solutions are 
degenerate, but at high altitudes, such as in the F2 region and above, the 
degeneracy is removed by the influence of diffusion. 

Analytic solutions to Eq. (20.5) are difficult to obtain [3, 4, 10] and the 
linearly independent solutions must usually be found through numerical 
methods as discussed later and shown in Fig. 20.1. In the case at high 
altitudes where wD, q{ and k are negligible, however, the two solutions 
can be readily obtained. 

Consider the limiting form of Eq. (20.5) valid for high altitudes above 
the F2 region neglecting drift terms: 

d2nP -L + J- dPa\ dne / 
dz J dz + V 

1 
DJiv dz* ' \Hn Da dz J dz 

The solution to (20.6) can be written as 

ne(z) = Anx(z) + Bn2(z) 

dPg 
dz 

«e = 0. (20.6) 

(20.7) 

where «x(z) and n2(z) are the linearly independent solutions and A and B 
are constants chosen to match the ionospheric boundary conditions, to be 
discussed later. 
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Fig. 20.1 Plot of the F2-region 0 + density showing diffusive equilibrium (curve A) 
and full upwards flow (curve B) for a daytime 1000°K model thermosphère with a vertical 
magnetic field. 

The first of the two independent solutions to (20.6) can be found from 
the assumption Wj = 0, corresponding to diffusive equilibrium of the plasma 
at high altitudes under the influence of gravity : 

nx{z) = nia(TJTv) e x p ( - J" (m.g/kT^dz^. (20.8) 

Here a is a reference altitude from which the distance z is measured. Actually, 
this equation is more general than the solution to (20.6) since it applies to 
conditions where Γρ and g vary with altitude. If, however, Tv and g are 
constants, (20.8) reduces to the static distribution 

nx(z) = nla exp[ - (z - a)/Hv]. (20.9) 

This result shows that the plasma scale height for diffusive equilibrium 
is at least twice as large as the scale height of a neutral gas having the 
same atomic mass. Therefore, the plasma density decreases less rapidly 
with altitude than the parent neutral gas. This feature of the plasma density 
distribution arises from the gravitational separation of ions and electrons 
with the consequent establishment of a vertical electric field which tends 
to neutralize the downward force of gravity for the ions and enhance the 

I I I I I I 

I I I I I I I I I I I I J I I ' ' ' 
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net downward force acting on electrons. The magnitude of the electric field 
acting in diffusive equilibrium for a single ion species can be obtained from 
the electron momentum equation 

(l/ne)(dpjdz) = -eEz (20.10) 

so that, from (20.9) 

eEz = mig/(l + Γ,/Γβ), (20.11) 

positive in the upward direction. It is the long range effect of this charge 
separation electric field which serves to couple the electrons and ions in a 
manner not possible in a mixture of neutral gases. 

The form of the second solution to the ion density equation (20.6) 
depends upon the altitude dependence of Z>a. Suppose the ambipolar dif-
fusion coefficient varies with altitude as Da = Da

a exp[(z — a)/H], where H 
is the scale height corresponding to the neutral gas through which the ion 
gas diffuse and Da

a is the value of Z)a at the reference altitude a where z = a. 
For this model the second solution is 

n2(z) = n2a exp[- (z - a)/H] (20.12) 

where n2a is the density at the altitude a. When the scale height of the 
neutral gas is less than that of the plasma, this solution corresponds to 
an upward flow of plasma supported through a plasma pressure gradient 
which is larger than that needed for diffusive equilibrium. Since there is 
no production of ionization in this model, the ion flux is constant. 

The diffusion velocity corresponding to (20.12) can be obtained as 

i>i = -Da
ae{z-a)/H sin2 / J 1_ (20.13) 

For an ion gas diffusing through its parent neutral gas, such as 0+ 
through O, the scale height factors of (20.13) reduce to give 

Γ) ap(z-a)/H 

w{= — sin2 / 
Te + T{ 

1 (20.14) 

showing that for the ionosphere, where Te > T{ > Tn, the diffusive flow 
is upwards and continually increasing in velocity. Further, as mentioned 
above, since q{ = l{ = 0, the total ion flux is conserved, i.e., n1w1 = «lawla 

at any point. 
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The ion flow derives in part from the steep gradient in electron density 
which, by Eq. (20.10), is equivalent to a vertical component of the electric 
field. This electric field can be found to be 

eEz = m^ÇTJTi); (20.15) 

a value sufficient to overcome the force of gravity on each ion since TJT{ > 1 
in the upper ionospheric regions where this analysis applies. 

The limiting flux, F = ni'wi, of ions leaving the ionosphere in the steady 
flow solution to the diffusion equation follows from (20.13) and (20.14) as 

F = 
H 

1 -
Te + T{ 

sin2 / . (20.16) 

Since the ion flux F is constant, the decrease of electron density given by 
(20.12) implies that the ion velocity, Wi must increase exponentially with 
altitude. Eventually, above a certain height the ion inertia term w{ dwjdz, 
which was neglected in the present ion momentum equation, becomes more 
important than ion neutral friction in limiting the rate at which the ion 
velocity can increase with altitude. A complete description of this effect is 
given in Chapter 21. 

To determine the actual altitude variation of electron density two 
boundary conditions are needed [6, 7, 11]. Since the present model lacks 
production or loss of ionization it is difficult to apply the purely exponential 
solutions to a physical situation. Nevertheless, suppose that the value 
ne = nea is given at z = a, and the upward ion flux at this point is φ. Using 
Eqs. (20.7) and (20.16) the electron density profile is 

«eW = [1 - (Φ^)Καβ-^-^Ην + ($>lF)n,ae-^-«>'*. (20.17) 

If the boundary value ion flux φ is zero, then diffusive equilibrium exists 
and ne(z) = nea exp[—(z — a)/Hv]. As φ/F is increased, larger amounts of 
n2(z) are linearly mixed with «i(z), producing a sharp change in slope of 
the electron density profile. Eventually, a point is reached where φ = F 
and ne(z) = neaexp[— (z — a)/H]. From (20.17) attempts to increase φ to 
values greater than F will result in negative electron densities. Hence, F 
represents the critical or limiting flux of ionization which can be transported 
through diffusion (but not by vertical drifts). 

The model used to derive Eq. (20.17) neglected ion production or loss. 
Nevertheless, solutions to Eq. (20.5) which take these terms into account 
have a behavior very similar to (20.17). This is illustrated in Fig. 20.1 for 
the two solutions for the case of 0 + in the F2 region where production and 
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loss of ions is important. At low altitudes the two solutions are degenerate, 
but at high altitudes they become distinct. The actual electron density profile 
for any real situation involves linear combinations to match specified ion 
flux conditions (outward or inward flow) at the upper boundary. 

When time-dependent ion profiles are computed it is found that the 
concept of the limiting ion flux is important and that an outflow is needed 
to fill magnetic flux tubes with plasma. Thus, the maximum rate at which 
a density profile can change is governed not only by ion production and 
loss, but also by the magnitude of the ion diffusion coefficient and the neutral 
gas scale height. It should be noted, however, that while there is a restriction 
to the rate of outward 0 + flow from the ionosphere, there is no limit to the 
rate of plasma inflow [φ < 0; see Eq. (20.17)] and rapid changes consistent 
with plasma pressure gradients are possible. 

It is clear that the motion of ionization must involve elements of the 
steady flow solutions ; that is, for rapid changes in boundary pressures and 
temperatures the ion density distribution cannot remain in diffusive equilib-
rium, but must reflect the characteristics of ion flow. The specific altitude 
dependence of the ion density in a predawn F2 region, for example, can be 
that of diffusive equilibrium. After sunrise, with photoelectron heating and 
an increase in the lower boundary plasma pressure, there will be an upward 
flow of plasma into the magnetosphere with there being some decrease in 
the effective plasma scale height of the F2 region corresponding to a transi-
tion toward limiting flow. 

20.3 The F2 Region 

20.3.1 Basic Processes 

The discussion of the last section concerned the form of the solutions 
to the electron density equation. The relation of these two independent 
solutions to the structure of the ionosphere was not explicit, however, and 
in the present section an introduction to the current theory of the F2 region 
will be made. 

The ionospheric F2 region extends upward from about 225 km, past the 
electron density peak which is formed through competition between ion 
transport and chemical process, and into the topside ionosphere at 300 to 
500 km altitude [10-13]. The principal ion of the F2 region is 0+(4S), and 
the predominant neutral gas is O, although N2 and 0 2 play an important 
part in the 0+ loss process. Through solar ultraviolet radiation (λ < 910 Â) 
the atomic oxygen atoms of the F2 region are ionized and free to participate 
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in plasma transport or chemical reactions. Generally speaking, the 0+(4S) 
is lost through slow ion-molecule reactions with N2 or 0 2 to form NO+, 
N2

+, or 02
+ . These molecular ions, in turn, recombine with electrons 

through the rapid process of dissociative recombination as discussed in 
Chapters 10 and 18. 

The altitude profile of ion density in the F2 region is determined both 
by ionic reactions and ion transport. In the absence of diffusion or con-
vection processes the ion density in a steady state distribution would be 
expected to continually rise with altitude owing to the rapid decrease in 
the effective ion recombination coefficient. At sufficiently high altitudes, 
however, the time constant for chemical processes becomes comparable 
with that for ion transport and a peak in the ion density is reached, followed 
by a density distribution which decreases with altitude. 

In the steady state, atomic oxygen ions produced in the upper F2 region 
diffuse downward through the peak of the F2 region to lower altitudes 
where ion loss processes are important. Typical downward velocities at the 
F2 peak are in the range 10-20 m sec-1 [4, 11, 13]. A series of electron 
density profiles typical of the midlatitude F2 region are shown in Fig. 20.2. 

700 

10 10" 10 

ELECTRON CONCENTRAT I ON (cm"3) 

Fig. 20.2 Ionospheric electron density profiles at Arecibo, Puerto Rico measured on 
July 22, 1965 using the incoherent scatter technique. Key to the time (AST): dotted 
curve, 0800; solid curve, 1100; dashed curve, 1600. (Courtesy of Dr. J. R. Doupnik.) 

The formation of the F2 region is established by short wavelength solar 
ultraviolet radiation (λ < 910 Â) which ionizes atomic oxygen at the rate 

<7(0+) = / (OMO) (20.18) 

where I(0) = (3.2 ± 1.3) x 10"7 sec"1 (see Chapter 7) is the net photoion-
ization rate coefficient leading to all important ion internal energy states; 
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that is, 0+(4S), 0+(2D), and 0+(2P). Although it is common to ignore the 
final ion states, recent work [14-18] has shown that photoionizations leading 
to the 0+(2D) state are important as a result of the rapid reaction 

(7 l*): 0+(2D) + N^X 1 Σ 8 , υ' = 0) — 0(3P) + N2+(A 2Πη; υ' = 1) 
(10.108) 

which has an estimated [17] reaction rate γλ* ^ 10-9 cm3 sec-1. Reaction 
(10.108) is far more rapid than those involving ground state 0+(4S): 

(7l): 0+(4S) + N2 -> NO+ + N (10.104) 

(y2): 0+(4S) + 0 2 ^ 0 2 + + 0 (10.105) 

where γχ = (1.1 ± 0.3) x 10-12 cm3 sec"1 and γ2 = (2 ± 0.2) x 10-11 cm3 

sec-1. As a result of the difference between γλ* and γλ, 0+(2D) is largely 
absent from the F2 region and, in terms of the ion density structure, only 
0+(4S) reactions and transport are important. 

When solar ultraviolet radiation or energetic electrons ionize atomic 
oxygen, there is a large probability that the resulting ion will be in an excited 
state [14, 15]. Of particular importance for ionospheric problems are the 
long lifetimes (τ = 2.1 x 104 and 5.6 x 103 sec) for 0+(2D5/2) and 0+(2D3/2) 
that permit these excited ions to participate in reactions with the molecular 
gases of the neutral atmosphere. 

The production of 0+(4S), 0+(2D), and 0+(2P) occurs in the atmosphere 
as a result of the removal of an outer shell electron through photoionization 
with ionization thresholds of 911, 732, and 663 Â, respectively. The ioniza-
tion processes involving the removal of an inner shell electron, which lead 
to 0+(4P) and 0+(2P) states (thresholds of 434 and 310 Â), can be neglected 
because of their relatively small cross sections. 

Both the 0+(2D) and 0+(2P) states can be destroyed through quenching 
collisions with electrons, through superelastic collisions or chemical reac-
tions with neutral particles, or through radiative transitions eventually 
leading to the ground state 0+(4S). From the data of Fig. 6.14 it can be 
seen that direct excitation to 0+(2P) is important, even though the 2P state 
has a relatively short lifetime, since it provides an additional source of 
0+(2D) through photon emission (the auroral lines A = 7319, 7320, 7330, 
and 7331 Â arise from 2P3/2)i/2 —► 2D5/2 3/2 transitions). With lifetimes of 6.2 
and 5.7 sec, 0+(2P1/2) and 0+(2P3/2) can either decay to 0+(2D5/2 3/2) or 
0+(4S3/2), respectively, or become directly involved in an atmospheric colli-
sion. In the upper F region and above, the mean times for collision are 
somewhat greater than 6 sec and radiative cascading must occur. At lower 
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altitudes, collisions and reactions will be of importance. Here, it is con-
venient to make the assumption that the 2P states are free to radiate to 2D 
and 4S states. This assumption can lead to an underestimate of the number 
of excited ions participating in ionospheric ion-molecule reactions but, 
since the radiative transition ratio 

(2P _+ 4 S ) / ( 2 p _ 2 D ) = 0.27 

is small (assuming a population of 2P states according to statistical weights), 
no large effect should occur unless the 0+(2P) reaction with N2 is signifi-
cantly slower than that for 0+(2D). 

Electron quenching of the 2P and 2D states can occur and acts as a heat 
source for the ionospheric electron gas. Using available data, the rate for 
electron quenching between the different energy levels of 0 + is [19] 

*n,n' = [8.6 X 10-6ß(«, ri)ne]/œnTl/2 sec"1 (20.19) 

where Ω(η, ri) is the normalized cross section for transition between the 
states n and ri (given in Fig. 6.14), and ωη is the statistical weight of the 
originating level. Since the electron deexcitation rates are roughly the same 
for 2P -> 2D, 2P -► 4S, and 2D -* 4S transitions, the effect of 2P -* 2D 
quenching can be neglected at this point, but is considered again as a 
general process that will tend to deactivate the 2D levels. 

Cross sections for ultraviolet photoionization have been calculated and 
can be used to obtain the relative rates of 0+(4S), 0+(2P), and 0+(2D) 
ionization [20-22]. 

With the assumption that the 2P states created by photoionization are 
populated in proportion to their statistical weights, the proportion of 0+(2P) 
radiative transitions that terminate in the 2D states is 79%. Thus, the total 
ionization rate leading to the production of 0+(2D) is 

7(2D) = < D ) + 0 . 7 9 < P ) 
£ Δΐ00{λ)βτ^Δλ (20.20) 
Δλ *t (ft 

where at is the total 0 + photoionization cross section, 

Δΐ00(λ) = *(Ρ)σιΔΦ00(λ) 

is the total 0+ ionization rate outside the atmosphere per unit wavelength, 
ΔΦ^λ) is the solar flux per unit wavelength, and τ(λ) is the optical depth. 

Calculations based on (20.20) have been made for the total production 
rates of 0+(4S) and 0+(2D) for the different atmospheric models used here. 
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Fig. 20.3, Ratio of 0+(2D)toO+(4S) 
photoproduction for three levels of 
solar activity for an overhead sun. 0 ( D) / 0 ( S) PRODUCT I ON RAT 10 

Figure 20.3 plots the ratio 7(2D)//(4S) as a function of altitude for several 
of these models. Generally, solar photoionization leads to approximately 
50% of all initial photoions being in the 2D state. 

The conditions for which electron deactivation of 0+(2D) is of impor-
tance can be established through comparison of (10.104) and (20.19). Thus, 
when ne > 1.1 x 10_2«(N2), deactivation of 0+(2D) will be more important 
than ion-molecule charge exchange. Since limiting values of «(N2) at 350 km 
range between 7 x 107 and 3 x 108αη~3 for 800° < Tn < 1400°K, it follows 
that deactivating electron collisions are important only for particular situ-
ations of very high electron density. Further, since TG is generally greater 
than 1000°K, the deexcitation rate will usually be smaller than 3x l0~ 8 

cm3 sec-1. 
The most important consequences of the present treatment can be seen 

through solutions for the ion continuity equations considering only pro-
cesses (10.104), (10.100), and (10.101) with the assumptions that disso-
ciative recombination is very rapid and that electron deactivation collisions 
are negligible. For steady state conditions 

H( 2 D) _ yi*/i(Na) + γ2η(ϋ2) /(2D) 
*(4S) yi/i(Na) + γ2η(02) /(4S) 

(20.21) 

so that in the F2 region w(2D)M4S) ~ 4.5 x 10~3. 
In practical terms (20.21) indicates that computations of the 0 + density 

profile should be made taking into account only those processes involving 
0+(4S), both in photoionization and ion loss. The effective photoionization 
rates for 0 + characteristic of differing levels of solar activity are given in 
Table 20.1. 



180 20 Ionospheric Transport Processes 

TABLE 20.1 

0+(4S) PHOTOIONIZATION RATES 

Solar conditions Rate (sec-1) 

Minimum activity 
(750°, 1000°K models) 

Low activity 
(1250°K model) 

Medium activity 
(1500°K model) 

High activity 
(1750°, 2000°K models) 

1.1 x 10-7 

1.6 x 10-7 

2.2 x 10-7 

3.3 x 10-7 

20.3.2 Theoretical Results 

The application of these results to theoretical models of the F2 region 
can be made using the electron density equation derived previously in 
(20.5), along with the 0 + - 0 , 0+-N2, and 0 + - 0 2 diffusion coefficients 
discussed in Chapter 19. The rates of 0+(4S) production appropriate for 
an overhead sun for several typical model neutral atmospheres can be 
obtained from the Tables of Chapter 7 and Appendix B. 

The results, shown in Figs. 20.4-20.7, have been obtained for several 
values of the electron temperature with no vertical drift effects. The ion 

450 
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Fig. 20.4 F2-region ion density 
profile for diffusive equilibrium in 
a 1500°K model thermosphère, 
overhead sun, and vertical magnetic 
field ignoring the effects of vertical 
ion drifts due to winds. A constant 
electron temperature of 2000°K has 
been used (sin2 7 = 1 ; wD = 0; 
Ά = Tn). 
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450 

Fig. 20.5 F2-region ion density 
profile for a 1000°K model thermo-
sphère and conditions identical to 
Fig. 20.4. 
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temperatures have been calculated in a self-consistent fashion using the 
energy transfer rates of Chapter 22. The boundary conditions appropriate 
to these examples correspond to chemical equilibrium at low altitudes 
[w(0+) = 0] followed by zero diffusion velocity at high altitudes. Thus, 
in addition to the expected peak in ion density, it is found that at high 
altitudes the plasma density varies as predicted by Eq. (20.9); i.e., 
ne = neaexp[-z/Hv] with Hv = kTv/m(0+)g. 

Increases in the plasma temperature generally tend to decrease the mag-
nitude of the F2 peak by increasing the value of the diffusion coefficient [23]. 
The height of the peak, in contrast, tends to be raised somewhat for higher 
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Fig. 20.6 F2-region ion density 
profile for a 750°K model thermo-
sphère and conditions identical to 
Fig. 20.4. 
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Fig. 20.7 F2-region ion density profiles for a 1000°K model thermosphère with dif-
ferent values of the 0+-N2 loss rate. An overhead sun, vertical magnetic field, and a con-
stant electron temperature of 2000°K have been assumed. 

temperatures. A slight change in scale height above the F2 peak is caused 
by the transition of the ion temperature from the neutral gas temperature 
at 300 km towards the electron temperature near 800 km. 

Changes in the neutral atmosphere strongly affect both the magnitude 
and height of the F2 peak. For increasing thermospheric temperatures there 
exists an implied increase in solar flux and ion production rates [23-25]. 
Because increases in temperature lead to higher neutral gas pressures in 
the F2 region, the F2 peak tends to move upward. This tendency towards 
an increased height of the F2 peak is enhanced by the vibrational excitation 
of N2. As shown in Fig. 10.10, the higher neutral gas temperatures lead to 
increased vibrational temperatures and more rapid ion loss; i.e., an effec-
tively greater N2 density. Thus, when the exospheric temperature increases 
the peak density decreases and the location of the peak shifts upward [25]. 
To show this in more detail, Fig. 20.7 has been prepared using an order of 
magnitude variation in the 0+-N2 loss rate for a 1000°K model neutral 
atmosphere. 

An additional factor relates to uncertainty in the 0 + - 0 diffusion coeffi-
cient. Figure 20.8 gives the F2-region profiles resulting from changes in D.d 

for a 1000°K model atmosphere and a constant electron temperature of 
2000°K. The variations seen also relate to changes in the magnetic dip 
angle since the term sin2 / acts to reduce the vertical component of ion 
diffusion. 

IV I I I I —V ΓΤ I 1 1—I I I 

Y(O*N2)=6.0x10"12 1.2x10"12 I.OxKf'cmW1! 
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Fig. 20.8 Effects of changing the 0+-0 diffusion coefficient in a 1000°K model ther-
mosphère using the conditions listed for Fig. 20.4. 

Up to this point the examples of F2-region behavior have been based 
upon diffusive equilibrium at high altitudes. In contrast, an example of a 
steady outward flow of 0 + has been shown in Fig. 20.1 for a 1000°K model 
thermosphère. In that figure curve A represents the solution pertaining to 
a hydrostatic plasma distribution with no net ion flux at high altitudes. 
Curve B, on the other hand, represents the density distribution appropriate 
to a continual outwards flow of ionospheric ionization at the maximum 
possible rate in the absence of upward drift. 

The choice of a proper linear combination of the two solutions clearly 
relates to the physical boundary conditions to be imposed. In polar regions, 
where the magnetic field lines are open to interplanetary plasma pressures, 
continual escape can occur [26, 27]. In this circumstance a natural boundary 
condition for the 0 + flow must depend upon the rate at which H+ can be 
produced and removed; i.e., a two-ion model must be introduced as is 
done in Chapter 22. In this situation, time-independent flows of ions appear 
to be appropriate. 

Outside the regions of open field lines upward flows must involve dynamic 
effects. Inside the plasmasphere it has been found that there is a continual 
exchange of ionization between the ionosphere and inner magnetosphere 
[28-31]. As a result of this and many other influences there occur diurnal 
variations in 0 + pressure in the F2 regions. During early morning hours 
the F2 region must replenish the high altitude magnetic field tubes with 
new ionization to replace that lost during the night as a result of recombina-

1 I I ' ' ' ' ' 
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tion in the F2 region. This upward flow of plasma involves a flux 
< ^ ~ 2 - 4 x l 0 8 ions cm-2 sec-1. However, since the limiting upward flux 
for 0+ moving through O is about 2 x 109 ions cm-2 sec-1, the upward flow 
can be supported with only a small flattening in the 0+ density profile. 

In the evening a general influx of 0 + (created through H+ to 0 + charge 
exchange) is forced into the upper F2 region. Since inward flow is not subject 
to a limiting condition, the density profile remains nearly that for hydrostatic 
equilibrium. Figure 20.9 gives the theoretical F2-region density profile which 
results from an ionization influx during the daytime when photoionization 
is present (overhead sun). In contrast, Fig. 20.10 shows similar profiles 
when there is no local ionization process; i.e., a situation similar to the 
nighttime maintenance of the F2 region through ionization flow from the 
plasmasphere. 

The effects of neutral winds and a perpendicular electric field have not 
been included in the last examples. Returning to Eq. (19.60) these external 
drifts can be written as 

cE cos I V' 
wD = y— h vn -~- cos I — un sin / cos I + wn sin2 /. (20.22) 

Figure 20.11 has been calculated for different values of wD and a con-
stant electron temperature of 2000°K with sin2 / = 0.75. These velocities 
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Fig. 20.9 Changes in the F2 region when ionization flows from the topside ionosphere. 
A 1000°K thermosphère has been used with various values of the ion flux for a vertical 
magnetic field when full daytime photoionization is present. (See conditions listed for 
Fig. 20.4.) 
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Fig. 20.10 Maintenance of the F2-region ionization through ionization inflow for a 
1000°K thermosphère. (See conditions listed for Fig. 20.4 and 7(0+) = 0.) 

can be converted to values of Ey, vn9 un, or wn using (20.22). An upward 
drift tends to raise the peak of the F2 layer to a somewhat higher altitude 
than normal, while a downward motion has the opposite effect [23]. Since 
the present coordinate system is aligned in the northern hemisphere with 
the x axis pointing toward the north magnetic pole, neutral winds blowing 

0*fS) CONCENTRAT I ONIcm"3) 

Fig. 20.11 Effects of ion drift upon the F2 region for a sunlit 1000°K thermosphère. 
(sin2 / - 0.75; Te = 2000°K; 7i = Tn.) 
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from north to south tend to move ionization up magnetic field lines, en-
hancing the F2 layer and the height of the peak [24, 28, 32-40]. Since winds 
in the neutral atmosphere are established through solar ultraviolet heating 
[34], Joule dissipation [41, 42], and ion convection [43] at high latitudes 
(discussed in the next section) the global response of the F2 region is very 
complex. In addition, the winds themselves are modified by the ionosphere 
so that a large degree of coupling is present making analysis difficult. Initial 
attempts to solve these problems have been based on models which ignore 
the dynamic effects present at high latitudes. 

The effectiveness of external electric fields in altering F2-region profiles 
has been studied extensively [28, 38, 44, 45]. Such fields can have their 
origin either in the magnetosphere or in the dynamo region of the iono-
sphere [46]. Although fields as large as 10-1 V mr1 have been observed 
during magnetic storms in polar regions [47-49], the large magnetic dip 
angle there results primarily in a lateral drift of ionization. Within the quiet 
time plasmasphere electric fields are typically less than 10~3 V m - 1 and the 
plasma transport effects are thought to be rather small except during geo-
magnetic disturbances [46] and except for the narrow belt about the geo-
magnetic equator (equatorial electrojet). 

20.3.3 Global Dynamics 

Using the theoretical ideas discussed in the last sections it is possible 
to isolate the different processes affecting the distribution of ionization in 
the F2 region. However, the analysis of global electron density data has 
shown that the F2-region ionosphere is extremely variable in its maximum 
density and peak altitude [50]. An example of this is shown in Fig. 20.12 
giving the predicted F2-layer critical frequencies for the Western Zone, in 
December 1954. Large gradients in ionization are clearly evident corre-
sponding to sunrise and sunset. In addition, other less explicable features 
are present such as the increase in density at night in the southern hemi-
sphere ( -60° latitude) [50]. 

Of particular interest is the latitudinal variation of the regions of greatest 
electron density. An idealized sketch of this behavior, given previously by 
King [50], is shown in Fig. 20.13. Depending upon its relation to the geo-
magnetic equator, a given station will observe a complicated variation in 
the F2-layer peak density with there being one or more relative maxima 
occurring during the course of a day, as shown in Fig. 20.14, also adopted 
from King [50]. 

Attempts to reproduce the diurnal variation of the F2 layer [32-40] have 



20.3 The F2 Region 187 

LOCAL MEAN 

Fig. 20.12 Predicted values of the F2-region critical frequency (MHz) for the southern 
hemisphere for December 1958 (upper) and January 1959 (lower) [20]. 

shown that the observed complicated patterns can be explained only through 
plasma drifts having vertical velocities in the range of ±50 m sec-1. The 
principal source for these drifts appears to be winds in the upper F region 
[32], although during periods of magnetic disturbance transverse electric 
fields could be responsible for substantial drift velocities [44, 45]. 
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Fig. 20.13 Schematic form of the geographic variations in the location of maximum 
values in the peak F2-region density as a function of local time. The equatorial maximum 
is associated with the electrojet formation, while the midlatitude ionization maximum 
arises from the combination of neutral winds and electric fields [50]. 
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Fig. 20.14 Diurnal variations of Fa-
region critical frequency at Buenos Aires 
(23 °S geomagnetic) and Port Stanley 
(40°S geomagnetic) during the summer. 
The double peak is consistent with the 

LOCAL MEAN TIME sketch of F ig . 20.14 [50]. 

Following the discussion of Chapter 14, neutral winds are produced in 
the F region in response to pressure gradients associated with solar EUV 
heating as well as the momentum transferred by ion drag over the polar 
caps. The winds are affected by Coriolis forces, viscosity, inertia, and 
momentum transfer to the ambient ionosphere. Calculations based on 
global models of these effects [32-40] give wind patterns (relative to the 
rotating earth) which are directed away from the regions of greatest pressure 
(about 1400 LT in the vicinity of the equator) toward the regions of least 
pressure (about 0200-0300 LT). The results of one computation are shown 
in Fig. 20.15, taken from Kohl and King [33]. Referring to Eq. (20.4), it 
follows that the poleward component of the neutral wind will tend to drive 

I 150 m sec"1 

Fig. 20.15 Computed global thermospheric winds at 300 km [33]. 
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the F2 layer downward with consequent diminution of the peak density 
while equatorward flow will give an upward motion, thereby enhancing 
the peak density. 

Even though the effects of neutral winds can explain the gross features 
of daily F2-region changes, accurate computations are extremely difficult 
since the neutral winds and F2-region plasma form a strongly coupled system 
having a response time on the order of several days. Although the mid-
latitude ionosphere is relatively stationary with respect to the earth's surface, 
at high latitudes large transverse electric fields can drive plasma through 
the neutral atmosphere so that a substantial amount of momentum can 
be transferred to the neutral gas [41, 43]. Since the electric fields in the 
polar caps undergo continual fluctuation, the global neutral winds may 
never reach a steady state but always remain in dynamic motion. This, in 
turn, would affect the diurnal variation of the F-region electron density 
over large areas of the earth. 

Studies have been made of the electric fields which would be necessary to 
explain diurnal variations of F2-region electron density [44, 45]. Although 
electric fields can be derived to reproduce these variations in adequate 
detail, the magnitude of the fields (5 mV m_1) appears to be excessively 
large compared with experiment [47-49] and the predictions of the dynamo 
theory so that the role of electric fields in governance of the F2 region is 
still an open question. 

Other regular and anomalous features of the F region can be identified 
such as the equatorial fountain, the seasonal anomaly, maintenance of the 
nighttime ionosphere, and so forth. Complete descriptions of these phe-
nomena can be found elsewhere (for example, King [50]). 
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CHAPTER 21 

Physical Processes in the Topside Ionosphere 

21.1 Introduction 

At progressively greater distances from the earth the equations governing 
the distribution of ions under the effect of gravity predict that the mean 
ionic mass should continually decrease, with the particles of smallest mass 
being predominant in the furthest regions. Thus, when early measurements 
[1] of radio whistlers indicated the presence of an envelope of substantial 
electron densities surrounding the earth to distances of many earth radii, 
it was clear that hydrogen ions should be involved. Although the hydrogen 
ions were at first thought to have a solar origin, it was later shown through 
theoretical analysis [2, 3] that these ions are a direct result of ion-neutral 
reactions taking place within the F2 region. 

The presence of helium ions in the topside ionosphere was suggested 
[4, 5] in 1961 as a consequence of the discovery that neutral helium is an 
important constituent of the upper atmosphere. Experimental observations 
of helium ions were soon reported from rocket and satellite data [6-10] 
and it was generally thought that the ionosphere above the peak of the F2 

layer was a ternary mixture of successively 0 + , He+, and H+ ions residing 
largely in diffusive equilibrium [11]. While early measurements indicated 
He+ was plentiful in the topside ionosphere, more recent experiments [12-
26] have shown that He+ is generally a minor concentration ion except 
during active portions of the solar cycle when atomic hydrogen densities 
are very low. 

Because the neutral atmosphere is very thin in the topside ionosphere, 

191 
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ion-neutral particle collisions are relatively unimportant in the ion mo-
mentum equations and, in the absence of perpendicular electric fields, 
plasma can flow only along magnetic field lines. Even in the absence of 
ion-neutral collisions, however, the topside ions remain strongly coupled 
through the action of a charge separation electric field and ion-ion collisions. 
These forces are of fundamental importance to the behavior of the topside 
ionosphere and the establishment of ion flux boundary conditions for the 
F2 layer. 

21.2 Hydrogen Ions 

The key reaction of importance to the production hydrogen ions in the 
F2 region and above is accidentally resonant charge exchange [2, 27]: 

0+(4S) + H(2S) ±^ 0(3Pj) + H+ + Δε. (9.81) 

Since the energy defects of (9.81) are small relative to thermospheric energies 
(kT ~ 0.05 to 0.1 eV) the charge exchange proceeds rapidly in both direc-
tions. 

For given reactant concentrations the continuity equation governing the 
H+ number density is 

(dnJdt) + V. (nlCi)=Pi-li (21.1) 

where 

Pi = /(H)/i(H) + 0Β/ι(Η)/ι(0+)(8ΛΓη/π/Λ(Η))^ (21.2) 

h = ÎQvniOMH+WkTJnmQl))1'*. (21.3) 

Here I(H)n(H) represents the direct photoionization of atomic hydrogen, 
g E = (1.5 ± 0.5) x 10~15 cm2 is the charge exchange cross section for (0+, 
H) collisions, Tn and T{ are the neutral and ion gas temperatures, and m(H) 
is the mass of the hydrogen atom. The direct recombination of H+ and 
electrons is ignored because of its very slow rate compared with charge 
exchange and diffusion. 

The H+ density for chemical equilibrium (Ci = 0; dnjdt = 0) follows 
from (21.2) and (21.3) as 

zi(H+) _ 9 /i(H) / ^ Λ 1 / 2 

Λ ( 0 + ) 8 Λ(Ο) [TJ 

Using rates for photoionization and charge exchange given in Chapters 7 

/(H) 
0^(O+)(8£rnMm(H))1/2 I 

(21.4) 
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and 9, it is found that photoionization is important only when the oxygen 
ion density is less than about 102-103cm-3; i.e., values far less than are 
normally observed in the ionospheric F2 region. As a consequence, for 
most conditions (21.4) can be reduced to 

n(H+) _ 9 n(H) / r n y / 2

 ( 2 1 5 ) 
7!(0+) 8 /l(0) V ^i 

so that the hydrogen to oxygen ion density ratio increases rapidly with 
altitude owing to the different scale heights of atomic hydrogen and oxygen. 

To show this explicitly consider hydrostatic distributions for the two 
neutral gases with normalization to the reference altitude ra. It follows 
from (21.5) that the chemical equilibrium density ratio is 

[Ύ;) Ίζ(οΥ Qxp[l6 Ί<ρ)\ ~ 
*(H+) _ 9 (Tny* /ia(H) 
n(0+) 8 

(21.6) 

where h(0) = kTJm(0)ga is the atomic oxygen scale height with ga the 
acceleration of gravity at the radius ra. From this result it is clear that even 
without ion diffusion effects, hydrogen ions would eventually become the 
dominant ion species at a sufficiently large distance from the earth. 

As a guide to expected ionospheric conditions, H+/0+ concentration 
ratios characteristic of different altitudes and thermospheric temperatures 
are listed in Table 21.1 for Tn = T{. 

TABLE 21.1 

HYDROGEN TO OXYGEN ION DENSITY RATIOS: CHEMICAL EQUILIBRIUM 

Altitude 
(km) 

Thermospheric temperatures 

750°K 1000°K 1250°K 1500°K 1750°K 2000°K 

200 4.6 ( - 4 ) « 6.9 ( - 5 ) 3.3 ( - 5 ) 2.8 ( - 5 ) 2.8 ( - 5 ) 2.9 ( - 5 ) 
250 1 . 4 ( - 3 ) 1.4 ( - 4 ) 4.5 ( - 5 ) 3.1 ( - 5 ) 2.8 ( - 5 ) 2.8 ( - 5 ) 
300 4 . 2 ( - 3 ) 3.0 ( - 4 ) 7 . 0 ( - 5 ) 3 . 8 ( - 5 ) 3 . 0 ( - 5 ) 2.8 ( - 5 ) 
350 1.2 ( - 3 ) 6.7 ( - 4 ) 1.2 ( - 4 ) 5.1 ( - 5 ) 3 . 4 ( - 5 ) 2 . 9 ( - 5 ) 
400 3 . 5 ( - 2 ) 1.4 ( - 3 ) 2.1 ( - 4 ) 7.3 ( - 5 ) 4.1 ( - 5 ) 3 . 2 ( - 5 ) 
450 8.8 ( - 2 ) 3.1 ( - 3 ) 3.7 ( - 4 ) 1.1 ( - 4 ) 5.3 ( - 5 ) 3 . 7 ( - 5 ) 
500 2 . 7 ( - l ) 6 . 8 ( - 3 ) 6.8 ( - 4 ) 1.7 ( - 4 ) 7.2 ( - 5 ) 4.4 ( - 5 ) 

4.6 ( - 4 ) = 4.6 x 10-4. 
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The steady state solution for the chemical equilibrium hydrogen ion 
density does not depend upon the charge exchange rate. At one time the-
oretical estimates [28, 29] indicated a small cross section (~10~17 cm2) for 
2 E , thereby enhancing the importance of alternate processes of hydrogen 
ion production, such as photoionization or accretion from the solar wind. 
Recent laboratory evidence, however, gives a much larger cross section at 
thermal energies (g E ~ 1.5 x 10-15 cm -2), thereby assuring that charge 
exchange is the dominant source of protons in the upper ionosphere. 

From Eq. (21.3) the time constant for changes in n(H+) when other 
parameters are fixed is 

τ(Η+)= [MOtëviSkTJnmW*]-!. (21.7) 

Values of τ(Η+) given in Table 21.2 indicate that chemical equilibrium is 
reached fairly rapidly above the F2 region. Eventually, however, ionic 

TABLE 21.2 

TIME CONSTANTS'* FOR 0+-H CHARGE EXCHANGE 

Atmospheric model thermospheric temperatures 
Altitude _ _ _ 

(km) 7 5 0 o K 1000°K 1250°K 1500°K 1750°K 2000°K 

200 
250 
300 
350 
400 
450 
500 

2.3 (-1)6 

8.0(-l) 

2.6(0) 

8.1(0) 

2.5(1) 

7.6(1) 

2.2(2) 

2.3 (-1) 

6.2(-l) 

1.5(0) 

3.6(0) 

8.3(0) 

1.9(1) 

4.3(1) 

1.9(-1) 

4.4(-l) 

9.4(-l) 

1.9(0) 

3.7(0) 

7.3(0) 

1.4(1) 

1.6(-1) 

3.5(-l) 

6.6(-l) 

1.2(0) 

2.2(0) 

3.8(0) 

6.5(0) 

1.1 (-1) 

2.4(-l) 

4.3(-l) 

7.3(-l) 

1.2(0) 

1.9(0) 

3.1(0) 

8.2 (-2) 

16(-1) 

2.8(-l) 

4.5(-l) 

7.1 (-1) 

1-1(0) 

1.7(0) 

a Values are in sec. 
b 2.3 ( -1 ) = 2.3 x 10-1. 

diffusion becomes important and controls the distribution of ionization. 
As shown later, however, a coincidence of nature intervenes at this point 
so that for regions where n(0+) ^> «(H+), the chemical and diffusive equilib-
rium solutions for the hydrogen ion density are nearly the same [30, 31]. 
As a consequence, the transition from chemical to diffusive equilibrium does 
not greatly affect H+ distributions and significant departures from the 
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theoretical density ratio given by (21.5) for times longer than τ(Η+) must 
be attributed to deviations from diffusive equilibrium arising from ion 
transport. 

21.3 Helium Ions 

Helium ions are produced in the upper ionosphere through photoioniza-
tion by solar radiation with λ < 504 À: 

HeCS) + hv (A < 504 Â) -> He+(2S) + e. (21.8) 

The laboratory measurements summarized in Chapter 10 indicate that 
the principal loss processes involve charge transfer [(10.148) and (10.150)] 
and dissociative charge transfer [(10.147) and (10.149)] with 0 2 and N2. 

The continuity equation for He+ follows as 

dnjdt + V . (Wid) = /(He)n(He) 

- /i(He+)[(y17 + yf7)/i(Oa) + (y18 + yi)/i(Na)] 
(21.9) 

where /(He) is the helium photoionization rate. 
For chemical equilibrium with no bulk transport, the helium ion density 

is 
•™ , x /(He)w(He) , _ <ΛΧ 

° ( H e ) = b- r 1 + v„Moz> + (7f, + n.MN,) <2U0) 

indicating that He+, like H+, increases in density with altitude for chemical 
equilibrium. At sufficiently high altitudes the chemical processes are too 
slow to compete with diffusion, however, and ion diffusion processes even-
tually determine the density distribution. As indicated in Chapter 10, the 
rate coefficients γ*7, γ17, γ*8, and γ18 are large, being at least 10~9 cm3 sec-1. 
Since «(N2) ;> n(02) above 300 km, the principal channel of He+ loss is 
through molecular nitrogen. 

The rapidity at which He+ loss takes place in the upper ionosphere repre-
sented a difficult problem several years ago. Taking account of the helium 
photoionization rate and the indicated He+ loss processes, it was found that 
computed He+ densities were substantially greater than the observed values. 
It was then suggested [30] that this dilemma resulted from the application 
of laboratory reaction rates to ionospheric conditions. Laboratory measure-
ments, however, indicate that little change occurs in He+ reaction rates due 
to internal excitation of the molecular species. Thus, the trend toward 
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lower measured He+ densities could indicate the presence of experimental 
errors in the earlier observations. Recent data obtained by satellite mass 
spectrometers give good agreement with the theoretical He+ densities [21]. 

The time constant associated with (21.9) for a constant production of 
He+ and no ion transport follows directly as 

(r*7 + r17 Μ θ 2 ) + (y* + y18MN2) ^ H e + ) - - τ ^ Τ Γ ^ ^ Τ η ^ Ι Γ Τ ^ ^ Τ Γ ^ Τ ^ (21.11) 

or, numerically with y ~ 10~9 cm3 sec-1, 

* < H ^ = W ? W ■«· <2u2> 
Since n(0) > n(02) + n(N2) above 300 km, r(He+) is substantially 

greater than τ(Η+) so that at a given altitude diffusion effects are more 
important for He+ than H+. Furthermore, the He+ density profile does not 
increase as rapidly with altitude for diffusive equilibrium (as a minor con-
stituent in 0+) as it does for chemical equilibrium. [There is a factor of six 
difference in effective scale heights: Compare (21.10) and (21.25).] 

21.4 Ion Density Distributions 

The discussion of the last two sections has been directed to the chemical 
processes affecting the production and loss of H+ and He+. Above 500 to 
700 km, however, ionic reactions become unimportant relative to ion diffu-
sion and convection and the ion distributions are controlled by mechanical 
forces such as electric and magnetic fields, gravity, centrifugal force, and 
ion partial pressure gradients. Nevertheless, because the ionosphere at 
lower altitudes is a source (and sink) for the topside plasma the behavior 
of the F2-region ionosphere and the topside ionosphere are strongly coupled. 

Electric fields of magnetospheric origin are of particular importance to 
the distribution of thermal plasma in the topside ionosphere. These fields 
result in plasma convective motions perpendicular to the geomagnetic field 
and, in certain circumstances, can lead to the permanent loss of ionospheric 
plasma from the topside ionosphere [32-35]. 

Referring to Fig. 21.1 we can visualize three basic diffusive states for 
plasma in the topside ionosphere. The first state, diffusive equilibrium, 
corresponds to no net transport of ionization along the tubes of magnetic 
force. Although such a state is reached only at rare intervals, it provides a 



21.4 Ion Density Distributions 197 

Fig. 21.1 Illustrating the three basic states of motion for the topside ionosphere: 
diffusive equilibrium, plasma inflow, and plasma outflow, (a) Diffusive equilibrium: 
static distribution of plasma with small inward flow at low altitudes to accommodate ion 
losses in the F2 region, (b) Inward diffusive flow: plasma moves inward and is lost in 
the F2 region. Speed of flow may become supersonic if excess plasma pressure is suffi-
ciently large, (c) Outward diffusive flow: plasma moves outward to equalize plasma 
pressure. Speed of flow may become supersonic if pressure deficit is large. 

useful theoretical basis for understanding the consequences of inward or 
outward flow, the remaining two states [35, 36]. 

Inward diffusive flow results when there is an excess of plasma pressure 
at high altitudes somewhere along a magnetic field tube. Both H+ and He+ 

can be driven inwards to regions where ion-neutral reactions convert these 
ions into other ions such as 0+ and N2+. As a result, there is a net down-
ward transport of the light ions from the topside which tends to enhance 
the ion density of the F2 region. The inward flow can be either subsonic or 
supersonic, depending upon the specific pressure conditions. If the flow is 
supersonic inwards a shock front with its associated heating and an ion 
density jump must eventually occur at some altitude. Otherwise, if the flow 
is subsonic the gravitational potential energy of the flow is gradually released 
through both compressional ion heating and collisions with particles of the 
neutral atmosphere. As shown later, the density profiles characteristic of 
subsonic inward diffusive flow are virtually the same as those for diffusive 
equilibrium, even though the net inward transport of ions may be large. 

Outward diffusive flow of light ions results from a deficit of plasma 
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pressure at some point along a magnetic field tube. In this situation plasma 
pressure gradients and small gravitationally induced electric fields parallel 
to the magnetic field lines drive the light ions outward. Such a flow is always 
subsonic below 800 to 1000 km, but can, in proper circumstances, become 
supersonic at higher altitudes. In the absence of magnetospheric electric 
fields other than that due to corotation, the upward flowing plasma must 
eventually fill the field tube along which it moves towards diffusive equilib-
rium. Such a behavior is typical of the recovery of the topside ionosphere 
following magnetic storms [35]. 

At high latitudes it is known that a large scale magnetospheric field 
exists which periodically drives thermal plasma out of the magnetosphere 
[37]. In this situation the plasma pressure remains low along the magnetic 
field lines and a continual upward flow of plasma (the polar wind) results. 

The dynamical properties of the topside ionosphere are complex owing 
to the large time constants associated with ion flow parameters and the 
frequent occurrence of plasma disturbances. As a result, only the topside 
ionosphere at low latitudes ever has an opportunity to reach the state of 
diffusion equilibrium. At mid and high latitudes there appears to be con-
tinual disequilibrium with prolonged periods of plasma outflow or inflow 
taking place. 

21.5 Basic Equations 

The ion density profiles in the topside ionosphere can be determined 
from the equations of continuity and momentum for each ion species, 
neglecting for the moment the problem of the ionospheric temperatures. 
For the yth type ion gas, the one-dimensional momentum equation parallel 
to the lines of geomagnetic force is 

-W+W^+ ν*Γ "£- + *■-"fer = - Ç »*(",-■*) (21.13) 
where pj = rijkTj, Zje is the ion atomic charge, gn is the acceleration of 
gravity parallel to the magnetic field (positive inwards), Wj is the ion bulk 
transport velocity parallel to the magnetic field direction, wk is the parallel 
component of velocity of the other ion and neutral species, vjk is the ion 
collision frequency between the 7th and kth species (see Chapter 19), and s 
is a coordinate along B. The collision term includes the effects of ion-ion 
and ion-neutral collisions in retarding (or enhancing) the 7th ion gas bulk 
speed. Equation (21.13) ignores the effect of ion production in the frame 
of the neutral gas. The effect of centrifugal force has not been included. 
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The equation of continuity for the y'th species is 

drij+ 1 d(rij+WjA) 
—-7Γ- 1 : \ = a, — /,· Ί>Γ + ΊΓ^Ί>Γ^ = «-!> (2L14) 

where / is the ion loss rate. The quantity A is the area of the magnetic field 
flux tube at the point s. It arises in the transition from the gradient operator 
of Eq. (21.1) to the magnetic field coordinate system used in (21.14). 

To a high degree of approximation the electron momentum equation 
can be expressed as 

1 dpe 

«p ds 
+ eEu = 0; (21.15) 

that is, in the topside ionosphere gravitation, inertial, and frictional effects 
for the electron gas are unimportant in comparison with the parallel electric 
field induced through charge separation. Substitution of (21.15) into (21.13) 
gives the equations of motion for a multiconstituent plasma : 

d\Vj , dwj , 1 dp; , , Z 7 e dpe ^ 
ot J ds nj

+mj ds njn, ds γ J J 

k (21.16) 
subject to the constraint of local charge neutrality 

j 

Owing to the nonlinear nature of (21.16) and the complications brought 
about through frictional coupling and the differing rates of ion production 
and loss, it is difficult to solve Eqs. (21.14) and (21.16) in an analytic 
fashion to obtain the various flow velocities and densities for arbitrary 
conditions. Consequently, in the following three sections approximations 
to the actual flow conditions are derived and discussed. These include 
diffusive equilibrium, low speed flow, and high speed flow. 

21.6 Diffusive Equilibrium for a Multicomponent Plasma 

The mathematical difficulties associated with solutions for the ion density 
distributions can be overcome for the particular case of diffusive equilibrium 
between ion species. By assuming that all Wj = 0, explicit results can be 
obtained for the ion densities giving the equilibrium density distributions 
of a multicomponent ionosphere [38, 39]. 
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With Wj = 0 and ignoring centrifugal force, Eq. (21.13) can be written 
for each ion for steady state conditions as 

1 

V ds 
mjgn — ZjeEn = 0, 

while for electrons 
1 dpe 

ds 
eEl{ =0. 

(21.18) 

(21.19) 

When a multiconstituent plasma is placed in a gravitational field, a parallel 
electric field is established which arranges the ions in layers with the lightest 
ions in the regions of weakest gravity. Using (21.16)—(21.19), this parallel 
electric field can be derived for diffusive equilibrium as 

S„ Σ ( Z / / / m > e ) + kTAd/dsQn TJTJ] 
eEu = 

(TjTe) + Σ (Zfc+lnJ 
(21.20) 

For the topside ionospheric regions where atomic oxygen ions are the 
dominant ion species [n+(0) ;> 16«+(H); w+(0) ;> 4«+(He)], the vertical 
electric field due to charge separation is 

eE„ 
"KO+)g.i + kUd/dsjln TJTe)] 

1 + TJTe 
(21.21) 

showing that for diffusive equilibrium the electrical force tends to dilute 
the effect of gravity [see Eq. (21.18)] upon the ion gases. A similar expres-
sion can be derived for H+ which involves m(H+) rather than m(0+) when 
H+ is the dominant constituent. 

Using (21.20), eEn can be eliminated from the individual ion momentum 
equations to give the coupled equations for the electron and ion density 
variation as 

(21.22) 

(21.23) 
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where the effective mass of the yth ion of charge state Z, is defined as 

μ^πι^(Ζ^ 1). (21.24) 

Examination of the ion momentum equation (21.23) shows that the first 
term arises from the parallel component of gravitational force while the 
second term represents the effect of the electric field arising from charge 
separation. 

If the yth type ion is a minor species in a plasma dominated by singly 
charged &-type ions, then the altitude dependence of the minor constituent 
nj+, for diffusive equilibrium and dTJds = dTJds = 0, follows from (21.23) 
as 

1 dnj+ mjgu 

ds kT{ 

1 Zjm^mj 

1 + (Γ,/Γβ) 
(21.25) 

showing that the density of rtj+ can increase or decrease with altitude depend-
ing upon the sign of the bracketed quantity. In fact, for particular tempera-
ture and mass ratios, there is a balance between gravity and the charge 
separation electric field so that the density of the minor ion can be inde-
pendent of altitude [40]. 

Returning to the general problem of the ion distributions, a further 
reduction of Eqs. (21.22) and (21.23) is possible when the mean effective 
ionic mass is introduced: 

μ+ = Σ ZJ(ZJ + 1 Κ > ; / Σ ZJ(ZJ + \)nf. (21.26) 

Since, however, the principal ions of the terrestrial ionosphere are singly 
ionized μ+ reduces to 

2μ+ = nj+mj/n^ = m+ (21.27) 

where m+ is the mean ionic mass. 
Using this definition for the mean ionic mass, the expressions for the 

electron and ion density can be rewritten as 

J _ dn^ = _ m+gn _ d\n(Te + Td m 9 R . 
/ie ds k(Te + Ti) ds l Z 1 'Z Ö J 

and 

1 dnj+ _ _ mjgn ^ m+gn 

+ ds kT{ ' k(TQ + TÙ 
dln(Te + Til

 (21_29) 
ds 



202 21 Physical Processes in the Topside Ionosphere 

showing more clearly the coupling between electrons and ions in terms of 
the mean ion mass. When m+ = mi, these equations reduce to the previous 
results for a plasma with a single ionic constituent. 

If Eqs. (21.28) and (21.29) are integrated along the magnetic field be-
tween the limits s' = a and s, the coupled equations for the electron and 
ion densities become 

(21.30) 

(21.31) 

where the altitude dependence of the mean ionic mass is noted explicitly. 
The altitude variation of ion density deduced from (21.31) shows that 

the ordinary balance between gravity and kinetic pressure (the first integral) 
is offset by an electric field induced through electron-ion charge separation 
(the second integral). For arbitrary electron and ion temperature variations 
Eqs. (21.27), (21.30), and (21.31) must be solved numerically to obtain 
the electron and ion density distributions. 

Analytic expressions for the ion and electron densities can be obtained 
if it is assumed that the plasma temperatures are independent of altitude. 
Noting that g = — Vcp where the magnitude of the gravitational accelera-
tion g is gara

2/r2 with ga the acceleration of gravity at ra, one obtains 

(21.32) 

(21.33) 

where hj = kTJmjga. In this approximation a knowledge of the ion density 
values at the height ra is adequate to determine the plasma density and 
composition at all other heights. From the form of (21.32) it is clear that 
in diffusive equilibrium a multicomponent plasma will arrange itself so that 
layers of ions are formed in inverse order of their atomic masses. 

Numerous satellite and rocket measurements [20-22, 41-43] have shown 
that the important ions above the maximum of the F2 layer are singly 
ionized H+, 0 + , and He+ with trace concentrations of N+, N2+, D+, 02

+ , 
N2+, 02 + , He2+, Fe+, and perhaps others (see Fig. 21.2). To illustrate the 
theoretical altitude dependence of H+ and He+ for diffusive equilibrium, 
profiles of ion composition have been obtained from Eqs. (21.30) and 
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Fig. 21.2 Ion concentrations in the topside ionosphere measured by a rocket borne 
ion mass spectrometer launched August 15, 1966 from Wallops Island, Virginia. Also 
shown are Explorer 31 ion composition data and the Alouette II electron density 
profile [21]. 

(21.31) by assuming chemical equilibrium within the F2 region using the 
ionic reactions discussed in Chapters 9 and 10. Because the ion density 
profiles are sensitive to the values of the electron and ion temperatures, a 
thermal model based on magnetospheric heat conduction has been adopted. 
Using the results of Chapter 22 the electron temperature profile corresponds 
to that of a constant heat flux with Te = 2500°K at 500 km. The ion tem-
perature has been calculated from Eq. (23.2) taking into account electron 
heating and neutral gas cooling. 

The results of these computations are shown in Figs. 213-21.6 for four 
different models of the thermosphère. For the atmospheres having thermo-
pause temperatures less than 1500°K, H+ dominates above the 0 + regions 
of the F2 layer. The He+ profiles given in these figures are not accurate 
models of the He+ behavior for these conditions. This is a consequence of 
the adoption of an ionic equilibrium He+ density at an arbitrary boundary 
(500 km) with zero diffusion velocity. In fact, for steady state conditions 
He+ created by photoionization at high altitudes diffuses downward to the 
F2-region heights where ionic equilibrium is eventually reached. 

Changes in the plasma temperature also affect the diffusive equilibrium 
distribution of ions. Figure 21.7 shows the results for two values of the 
magnetospheric heat flux spanning the range of normal ionospheric interest. 
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Fig. 21.3 Ion concentrations for diffusive equilibrium in a 2000°K model thermo-
sphère with a magnetospheric electron gas heat flux Φθ of 5 x 109 eV cm-2 sec-1. The 
electron temperature is taken as 2500°K at 500 km altitude. 
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Fig. 21.4 Ion concentrations for diffusive equilibrium in a 1500°K model thermo-
sphère with a magnetospheric electron gas heat flux ΦΘ of 5 x 109 eV cm-2 sec-1. The 
electron temperature is taken as 2500°K at 500 km altitude. 
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Fig. 21.5 Ion concentrations for diffusive equilibrium in a 1000°K model thermo-
sphère with a magnetospheric electron gas heat flux Φβ of 5 x 109 eV cm-2 sec-1. The 
electron temperature is taken as 2500°K at 500 km altitude. 
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Fig. 21.6 Ion concentrations for diffusive equilibrium in a 750°K model thermo-
sphère with a magnetospheric electron gas heat flux Φβ of 5 x 109 eV cm-2 sec-1. The 
electron temperature is taken as 2500°K at 500 km altitude. 
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Fig. 21.7 Ion concentrations for diffusive equilibrium in a 1000°K model thermo-
sphère for magnetospheric heat fluxes of (B) 5 x 109 and (A) 5 x 1010 eV cm-2 sec-1. 

Generally, as the heat flux and Te + T{ increase for a fixed neutral atmo-
spheric temperature, the transition altitude from 0 + to a light ion moves to 
a higher altitude. However, the high altitude H+ density remains virtually 
the same. 

21.7 Low Speed Plasma Flow 

The state of diffusive equilibrium between different ion species provides 
a convenient, but inaccurate, approximation to the description of the real 
topside ionosphere. It is known from experiments that a strong coupling 
exists between the ionosphere and inner magnetosphere such that dynamical 
processes involving continual ion transport must be important. 

The problem of ion flow in the topside ionosphere differs from that of 
the F2 region in that several ion species are involved with the eventual 
transition from 0+ to H+. Consequently, the electric field coupling term 
involving the gradient of electron pressure introduces an awkward non-
linearity into the ion equations of motion [44-47]. 

The low speed approximation to the yth species ion momentum equation 
follows from (21.16) by ignoring the inertial term: 

dw 
~dt 

l + 
1 dPj 

n^nix ds 
l I Z3e dpe 

njn4 ds = - Σ "*(";-**) (21·34) 
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with ne = Σ Kj+- This approximate form for the ion equation of motion 
is valid as long as Wj <^ (kTJmj)1'2; i.e., for the subsonic flow regime. 

Analytic solutions for the complete transition from 0 + to H+ with 
arbitrary low speed flow boundary conditions have not been obtained. The 
essential features of low speed ion flow in the regions below 1000 km can 
be derived, however, by noting that in these regions H+ and He+ are gen-
erally minor constituents which do not contribute greatly to the overall 
ion density nor, consequently, to the electron pressure gradient term of 
(21.34). In this situation the nonlinear coupling between ions is broken 
and analytic results for the minor ion density and velocity can be derived 
for steady state conditions [46]. 

Consider the model where a minor concentration ion species, indicated 
by the subscript j , diffuses through a stationary background ion gas of 
density n{ with η^<^η{ and n{c^.nQ where ne is the electron density. The 
steady state equations of motion for electrons and the ions are 

(21.35) 

(21.36) 

(21.37) 

where p is the pressure, E{] is the parallel electric field, n is the concentration, 
w{ = 0, g,, represents the parallel component of the acceleration of gravity, 
and Vji is defined such that nimivijni = n-mjvyjij. It is also assumed that the 
temperatures of the two ion species are identical. 

Using (21.35) to eliminate eEu from (21.37), one obtains the equation 
of motion for the minor concentration ion as 

1 

1 
rrijiij 

ne as 

dpi eEn 

-ΊΓ + *■ - -W = W 

ds rrij J J 

Wj = —Dj{ 

1 drij mjgn TJT{ dne 1 d(Te + Tj) 
rij ds kT{ ne ds T{ ds 

(21.38) 

where D^ = (kTJm^/vji. 
To progress further the variation of electron density with altitude must 

be specified. In most real cases this relates to the distribution of 0 + at 
high altitudes. If it is assumed that the 0 + is not greatly affected by the 
momentum transferred from the minor constituent (see later discussion, 
however), nor by chemical effects, it is possible to adopt 

- ^ ^ ± ^ L = _ f t (21.39) 
m-Mc, ds 
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and 
1 dn« mig\\ 1 d(Te + Td 
_ ds k(Te + T{) TQ + T{ ds 

Defining the plasma scale height Hv through the relation 

k(Te + T{) 
" P = 

m&i 

Eq. (21.38) can be reduced to 

-Dn 

1 dn} 1 TJTj 
tij ds Hj Hv 

1 d(Te + Γ,) 
Ά ds 

(21.40) 

(21.41) 

(21.42) 

To determine the steady state altitude profile of the minor ion con-
centration, Eq. (21.42) must be incorporated into the y'th species equation 
of continuity 

1 d(rijWjA) _ 

A ds 
βη< (21.43) 

where qj is the ion production rate and ß is the loss coefficient. The result 
is a linear, second-order differential equation of the form 

1 2 3 JL Μ.Λ
 dni 

ds + B{s)-^-+C{s)nj = D{s) (21.44) 

similar to that obtained for the density of 0 + in the F2 region (see Chap-
ter 20). 

Although numerical methods are required to solve (21.44) for suitable 
boundary conditions when production, loss, thermal gradients, and the 
altitude dependence of gravity are included [44-46, 48], analytic forms can 
be obtained when these effects can be neglected. In this case, which cor-
responds to minor ion diffusion at altitudes above 1000 to 1500 km, the 
two linearly independent solutions for rij are obtained as 

rij = nja exp^ 
TJT, 
H„ 

J_ (s-a) 

and 
rij = nja exp[-(.s - a)/Hv] 

(21.45) 

(21.46) 

where a represents the lower reference point. 
The first solution (21.45) corresponds to a nondiffusing minor con-

stituent which, if l/Hj > (TJTi)/HV9 increases in density with altitude 
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until the condition rtj <^ n{ is violated. For this solution, the upward electric 
field established by the dominant ion (0+) acts to reduce the net gravita-
tional force acting on the minor constituent ions. 

The second solution given by (21.46) gives a minor ion density which 
decreases with altitude with the dominant ion (0+) scale height. When this 
solution is substituted into the yth ion velocity equation (21.42) the velocity 
Wj is found to be 

'•-"Jr^ir—B;) <2L47) 

so that if Hj1 < (1 + TJT{)/HV, as is true for H+ and He+ in 0 + , the minor 
constituent ion moves upward with a speed which varies with altitude as 
exp[(s — a)/Hv] as a consequence of the /th ion density implicit in D^. 

The net y'th species ion flux associated with this solution is found from 
(21.45) to be 

F = njwj = /,«/%( l +£JTi - -L} (21.48) 

where Dfy is the ion diffusion coefficient at the altitude a. This height inde-
pendent flux represents the maximum rate at which ions can flow through 
the frictional medium provided by the dominant species ion gas. The 
existence of a limit to the outward flow of minor constituent ions is entirely 
analogous to the flow of hydrogen atoms through the thermosphère (Chap-
ter 14) or 0 + ion through the atomic oxygen atoms of the F2 region (Chap-
ter 20). 

The general solution to (21.44) which describes the minor ion altitude 
density distribution when ion production, loss, and other quantities are 
included is of the form 

nj(s) = Af(s) + Bg(s). (21.49) 

The first term, f(s), represents the distribution appropriate to diffusive 
equilibrium while the second corresponds to the flowing solution described 
in the preceding paragraphs. 

For the particular problem of H+ moving through 0 + , an analytic ex-
pression [46] has been obtained for the limiting flux for thermal equilibrium 
neglecting the altitude variation of gravity. The result is 

F = 3.1 x \0-3[n0 (Ο+)5/8Κ(Ο)3/8]«0(Η)Γ3/2 cm"2 sec-1 (21.50) 

where the neutral gas and 0 + densities are evaluated at the altitude z = z0. 
Note that the combination of densities in (21.50) is almost independent of 
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altitude. Typical limiting fluxes for the different model thermosphères are 
listed in Table 21.3. Since (21.50) is restricted to thermal equilibrium it 
underestimates the limiting flux; numerical computations based on more 
realistic conditions give somewhat larger fluxes. 

Tn (°K) 

750 

1000 

1250 

1500 

/i(O) (cm-3) 

4.3 x 105 

4 .4 x 106 

1.7 X 107 

3.6 x 107 

TABLE 21.3 

H+ LIMITING 

n(U) (cm-3) 

7.7 x 106 

1.2 X 105 

3.3 X 104 

1.4 x 104 

FLUXESa 

/i(0+) (cm-3) 

5 
1 
2 
5 
1 

5 
1 
2 
5 
1 

5 
1 
2 
5 
1 

5 
1 
2 
5 
1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

104 

105 

105 

105 

106 

104 

105 

105 

105 

106 

104 

105 

105 

105 

106 

104 

105 

105 

105 

106 

Flux (cm- 2 sec-1) 

3.2 X 108 

4.9 x 108 

7.5 x 108 

1.4 X 109 

2.0 x 109 

3.2 X 108 

5.0 x 108 

7.5 X 108 

1.4 x 109 

2.1 x 109 

7.4 x 106 

l . l x l O 7 

1.7 x 107 

3.1 x 107 

4.7 x 107 

3.2 x 106 

5.0 x 106 

7.5 x 106 

1.4 x 107 

2.1 x 107 

a Densities evaluated at 600 km. 

For atmospheric models having thermospheric temperatures less than 
1000°K the limiting flux of H+ is 2-4 x 108 cm-2 sec-1. A similar analysis 
for He+ gives a limiting flux 2-3 x 106 cm-2 sec-1; the difference between 
the H+ and He+ fluxes is related to the different modes of ionization pro-
duction and loss. Since He+ undergoes a rapid ionic reaction with N2, 
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its density at high altitudes is small in comparison with H+ giving, by 
(21.48), a relatively low limiting flux. 

The limiting flux for H+ is directly proportional to the atomic hydrogen 
density. Thus, the maximum outward H + flux must change during the solar 
cycle so that the refilling of the plasmasphere following magnetic storms or 
in the dawn period following normal nightime losses may change by a 
factor of 10 or more. This behavior is reenforced by the tendency for n(0) 
to increase as n(H) decreases [see Eq. (21.50)]. 

T 1 I 1—I I I I I 1 1 1"-1—I I I I I 1 1 1 1—I I I I 

ION CONCENTRAT ION (cm"3) 

Fig. 21.8 H+ ion profiles corresponding to different conditions for the given 0 + 

distribution and plasma temperature. A 1000°K model neutral atmosphere was used 
along with Te = 7i = 2500°K at 400 km altitude. Curve A indicates the profile for 
maximum H+ efflux, while Curve B indicates the densities valid for diffusive equilibrium. 
0e = 5 x 109eVcm-2sec_1; H+ escape flux, 7.4 x 107 cm~2 sec-1. 

The discussion of the foregoing paragraphs relates to approximate forms 
for the minor ion densities. Numerical computations based on the coupled 
equations can be used to examine the general results when H+ and He+ 

are no longer minor ions. A typical result for H+ in the ionosphere is shown 
in Fig. 21.8. Here it is assumed that H + is created through charge exchange 
in a 1000°K model neutral atmosphere. The oxygen ion density profile is 
typical for the midlatitude ionosphere for moderate solar activity with a 
value of 2x 105 cm- 3 at 400 km. Curve A of Fig. 21.8 corresponds to the 
density profile of H+ characteristic for a maximum efflux of H+ from the 
atmosphere consistent with 0+-H+ friction. Curve B represents the solution 
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valid for diffusive equilibrium at high altitudes. The maximum outward 
flux possible in this particular model is F(H+) = 7.4 x 107 cm-2 sec-1. 

Although the present method gives an indication of the maximum out-
ward ion fluxes which are consistent with a particular set of conditions, 
it does not predict the actual flux valid for a particular model where the 
density distribution is neither in a flux limited condition nor in diffusive 
equilibrium. The actual flux for this situation can be found only through 
a numerical solution to the transport equations [44, 45, 49] (see Fig. 21.9). 
Nevertheless, a knowledge of the maximum flux is useful, both with regard 
to the polar regions where the polar wind normally removes ionization at 
the maximum possible rate and at midgeomagnetic latitudes [48] when 
just after sunrise there is a large upward surge of H+ into the magneto-
sphere. In this latter case the upward flow of H+ changes the H+ density 
from a distribution characteristic of diffusive equilibrium, shown as curve B 
of Fig. 21.8, to approximately a state of flowing equilibrium, shown as 
curve A. 

Although similar considerations apply to the midlatitude behavior of 
He+ in early morning hours, an additional factor should be taken into 
account. While 0 + provides a stationary frictional background for He+, 
outward flowing H+ transfers momentum to He+ by means of H+-He+ 
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Fig. 21.9 H+ density profiles for a 1000°K model thermosphère and different escape 
fluxes. The 0 + profile applies to the largest outflow (0+ |400km = 2 x 105 cm-3). 
Φβ = 5 x 10· eV cm-" sec"1; Te |400km = 2500°K. 
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Coulomb collisions. To evaluate this effect, the He+ momentum equation 
can be written as 

— — -'■ + Si, + — l — - % = -*(He+ 0+)w, - r(He+, H+)(w, - wk) ds njYix ds 
(21.51) 

where the subscripts j and k apply to He+ and H+, respectively. Collecting 
terms, (21.51) becomes 

1 I 1 dpj-, 1 dpe \ 
i 611 l 3 v(Ut+, 0+) + r(He+, H+) \ mfa ds 6" nemj ds ) 

+ *<He+> H +>"* (21 52) 
^ HHe+, 0+) + *(He+, H+) v ' ; 

or, through reduction of the ion-ion collision frequencies (see Chapters 9 
and 19), 

v [ rrijUj ds ' 6" ' We»!,. * J 1 + 4 ( Λ + ( 0 ) / / Ι + ( Η ) ) 

(21.53) 

where v = v(He+, 0+) + r(He+, H+). The last term of this equation repre-
sents the effect of (H+, He+) collisions adding momentum to the He+ flow. 

Since n+(0)/n+(H) > 1 in the regions of concern, the additional term 
of (21.53) can be reduced to give 

where 0(H+) = w(H+)/i(H+) is the H+ flux. 
With <^(H+)^2xl0 8 cm- 2 sec- 1 and /ι+(0) ~ 104-105 cm"3 the He+ 

ions can be given a velocity of 5 to 50 m sec-1 as a result of H+-He+ 
collisions. This additional velocity component acts to alter the He+ density 
distribution and to enhance the net flux of He+ leaving the ionosphere at 
the expense of the H+ flux or to deplete He+ in the nighttime ionosphere. 

In a similar manner, the H+ flow affects the altitude distribution of 0+, 
acting as an additional force acting in opposition to gravity. To evaluate 
the importance of this effect, the H+ frictional drag can be expressed 

^ = ^ T ^ ) - 5 ( 0 + ' H + M H + ) (2L55) 
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or, using Eq. (9.115), 

U = 7.2X 10-2<£(H+)7T3/2 cm sec"2. (21.56) 

Substitution of typical parameters into (21.56) indicates that H+ frictional 
drag is usually only 10% of the acceleration due to gravity. 

At very great altitudes H+ becomes the dominant ion of the topside iono-
sphere and ion-neutral and W+-0+ collisions are completely negligible in 
determining the ion density profile along the magnetic field line. In this 
circumstance the equation of motion becomes 

dw_ l_ d(pe+Pi) 

i.e., for low speed flow where w dw/ds can be neglected the ion density 
profile is approximately that for diffusive equilibrium, even if the plasma 
is in motion. Thus, an inward flow of H+ at high altitudes would give a 
density profile exactly that expected for diffusive equilibrium. Below 1000 
to 2000 km, however, (H+, 0+) collisions and the (0+-e) charge separation 
electric field tend to slightly increase the H+ density. The flow, however, 
would remain inward and the excess H+ is converted to 0 + through charge 
exchange. The overall H+ density profile for this situation is very similar 
to that for diffusive equilibrium even though substantial H+ fluxes may be 
involved. Values of the H+ density profiles for both inward and outward 
flow are given in Fig. 21.9 for 1000°K model atmosphere. 

Finally, the approximation of low speed flow is difficult to maintain 
when the outward flux of ions approaches the limiting flux. In the limiting 
flux approximation the ion flow velocity increases exponentially with altitude 
with a scale height equal to that of 0 + . Thus, even if the initial speed is 
low, over a distance of 1000 km the light ion speed may approach the sonic 
velocity so that the omission of the ion inertial term becomes important in 
limiting the acceleration of the ions. 

Since the H+ escape flux is of the order 108 cm-2 sec-1, H+ densities 
lower than 103 cm- 3 in a flow situation indicate the possibility of a transi-
tion to supersonic speeds. 

21.8 High Speed Plasma Flow 

The previous discussion was arbitrarily restricted to situations where 
ion inertia effects were negligible. At low geomagnetic latitudes changes in 
ionospheric plasma densities and temperatures are accompanied by rela-
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tively slow gas motions. In these cases the use of the low speed plasma 
diffusion equations appears to be justified [50]. 

In contrast, outside the plasmapause where magnetic field lines periodi-
cally open to the tail of the magnetosphere, it is predicted theoretically 
and observed experimentally that supersonic ion flows can take place. In 
addition, following magnetic storms plasma depletion of the topside iono-
sphere is so severe that the initial stages of refilling could involve supersonic 
flow. These processes can be properly described only when the effects of 
inertia are included in the ion momentum equations. 

Consider the possible motions of a plasma moving in a neutral atmo-
sphere where production and loss of ionization occurs [51]. A strong mag-
netic field is assumed present such that all plasma transport occurs parallel 
to the lines of force and only one spatial coordinate s along the field lines 
is of importance. 

The momentum equations for the ion gases have been given previously 
by Eq. (21.13) as 

dw{ , dwi , 1 dp{ eEn , ^ ,^Λ rn. 

l>T + w^ + ^-W-^r + s « = - l ' « < " < - * > > · (2L58) 

To proceed further a stipulation must be made with regard to the net 
current flow in the system under consideration; that is, one can deal with 
an ambipolar condition specified by newe = Σ «i^i or the case where there 
is a net electric current, jn = — enewe + Σ enyf\> In many cases of geo-
physical and astrophysical interest the ambipolar motion is most important. 
For the remaining discussion here it is assumed that an ambipolar motion 
is present. 

The parallel component of electric field can be eliminated from (21.58) 
using the electron pressure gradient of Eq. (21.15) to give 

dw{ dw{ , 1 dpe , 1 d/?i , ^ 
miSt + miWi ^ Γ + ^ ^ Γ + ^Γ^Γ + mig» = -™·Σ>«0·Ί-^)· 

(21.59) 

To reduce (21.59) further the perfect gas relation p = nkT can be intro-
duced for each of the species with the result 

dwi , dwi , 1 dp, , kTx dn{ , , dJ , , 

-m ̂ v^Wi-Wj). (21.60) 
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Using the equations of continuity for the /th ion species (21.14), it is 
possible to eliminate the ion pressure gradient term of (21.60) for steady 
state conditions to give 

where 

is the net ion flux flowing through the magnetic field tube arising from the 
effects of particle production and loss. 

With the definition of the isothermal sound speed, C{
2 = kTi/mi9 (21.61) 

can be put in the form [51, 52] 

W\ 

(21.63) 

showing that a singularity appears in the /th ion momentum equation when 
Wi = ± Q ; that is, at the point of transition to supersonic flow. 

To emphasize the high speed nature of (21.63) a local ion Mach number, 
Mi9 can be defined as 

Mi = wJCi (21.64) 

and introduced into (21.63). For steady state conditions the result is 

(21.65) 

It is important to note that Mt is the Mach number for the rth ion species 
along and does not necessarily represent the Mach number for the overall 
plasma flow. 

(21.61) 

(21.62) 
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The general theory described above applies to a plasma composed of 
electrons and several ion species. The details of such flows are usually 
complicated. However, the case of a single ion species where the charge 
separation electric field arises from only one source does permit further 
progress. For this situation it is possible to take ne = n{. Using (21.65) 
one obtains the single ion species ambipolar equation: 

1 dM 
M ds 

[M2- l] = 
C2 + A ds 
g\ dA C? 

C2 
1 dJ\_ 

ds 
1 άΤΛ 

σ ds 

1 dQ 
Q ds L 

1 
Fe + ^i 

c2 

d(Te + Td 
ds 

(w{ - wn) 

(21.66) 

where C2 = k(Te + T{)/mi9 Ce
2 = kTJmi9 C? = kTJm^ and the plasma 

Mach number is defined as M = w/C. 
A plot of the different solutions for (21.66) is shown schematically in 

Fig. 21.10. 
For M > 0, corresponding to plasma flow away from the earth, it is 

possible to identify both subsonic (M < 1) and supersonic regions (M > 1). 
Particular importance must be attached to the critical solutions A and B 
which pass through the singular point M = 1 of Eq. (21.66). Only along 
one of these two solutions is it possible to pass from the region M < 1 to 
M > 1, or vice versa. 

Fig. 21.10 Ion Mach number dia-
gram showing transition to supersonic 
flow for outward and inward solutions. ALTITUDE 
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For curve A the critical point or point of transition to supersonic flow 
(subsonic flow for curve B) occurs at an altitude where M = 1 and the 
right-hand side of (21.66) is simultaneously zero. For altitudes below the 
critical point MA (s —► 0) —► 0, MB (s -> 0) —> oo, while for the regions 
above the critical point MA (s —► oo) —► oo, MB (s —► oo) —► 0. 

For M < 1 a group of subsonic solutions exist which reach some max-
imum value beyond the critical point, decreasing thereafter to low Mach 
numbers. 

For M > 1 a group of supersonic solutions exist which start at initially 
large values, reach minimum values near the critical point, and thereafter 
increase in magnitude with increasing distance. 

The behavior of M at large distances from the earth depends strongly 
upon the plasma thermal gradients. At high latitudes gn oc 1/r2 while 
(I/A) dA/dr = n/r where n = 2 for a radical expansion and n = 3 for 
plasma motion in a dipole field. Hence, far out of the earth's atmosphere 
(21.66) becomes 

_L ML [M2 - 1] = — (21.67) 
M as s 

for constant temperatures. This result may be integrated for the limiting 
circumstances of high and low Mach number flow to give 

_ ^ ο ο ί Μ > 1 : M2 - M0
2 + In ]n(s/s0) (21.68) 

^ ° ° 1 M < 1 : M= M0(s0/s)n (21.69) 

where M0 is the Mach number at the point s0 · Using the equation of con-
tinuity and the perfect gas relation, p = nkT, these results imply that for 
M ^> 1 the plasma pressure at large s tends toward zero, while for subsonic 
flows (M <^ 1) the pressure eventually becomes constant. 

The above discussion has been directed toward the solutions M > 0, 
corresponding to plasma escape from the earth. It is clear from Fig. 21.10, 
however, that adequate solutions exist which describe inward, or accretive, 
plasma motion. 

To choose a correct solution for a specific physical problem requires a 
statement of the applicable boundary conditions. Generally, the earth's 
atmosphere at low altitudes is sufficiently dense to greatly retard plasma 
motion. Hence, solutions with M —► 0 as s —► 0 are generally sought. For 
outward plasma flow this choice restricts the correct solution to either 
the set of subsonic values or to the one critical solution leading to super-
sonic flow. To determine the actual solution it is necessary either to impose 
a point velocity boundary value or, more generally, to establish the plasma 
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pressure at the boundary surrounding the model under consideration. For 
example, in current models of the solar wind [53] this outer boundary 
condition is assumed to be imposed by the pressure of interstellar space. 
For the polar wind the plasma pressure of the high latitude magnetotail 
must be considered. 

Essentially, each of the curves of Fig. 21.10 has a limiting pressure value 
as s —► oo. For all curves lying above M = 1 the pressure at large distances 
from the earth is zero, while all curves lying below M = 1 have progressively 
greater pressures for lower values of M. In this regard, the asymptotic 
pressure of curve B, the descending critical solution, is of key importance. 
If the imposed boundary plasma pressure lies within 0 </?(°°) </?B(°°) 
then the only correct solution to the ion Mach number equation is the 
ascending critical solution which starts at low values near the earth, passes 
through the critical point, and continues onward until a shock front is 
reached. At this point M drops to a subsonic value such that the proper 
pressure boundary is reached as s -> oo. This behavior is sketched in Fig. 
21.11. The physical location of the shock must be determined by applica-
tion of the Rankin-Hugoniot relations. 

If the plasma boundary pressure is chosen to be greater than that of the 
descending critical solution, curve B of Fig. 21.10, then only subsonic flow 
will be present in the model and the proper solution can be determined 
directly through numerical techniques. At some sufficiently large boundary 
pressure a hydrostatic distribution of plasma will result with a slight in-
ward velocity at low altitudes to take account of ionic loss processes. 
Curve C of Fig. 21.10 illustrates this particular solution. 

LU 

< 

0 

ALTITUDE 

Fig. 21.11 Ion Mach number diagram with shock front formation. 
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If the boundary plasma pressure is enhanced still further, inward accretive 
plasma flow will result as indicated by the various solutions of Fig. 21.10 
for M < 0. 

Although the discussion in this section has emphasized the general 
aspects of single ion flow, the basic principles remain the same for multi-ion 
flow typical of the transition from the F2 region to the topside ionosphere. 
The results of computations for such multi-ion models are discussed in the 
next section. 

21.9 The Polar Wind 

21.9.1 Introduction 

Satellite measurements of topside electron density and ion composition 
in polar regions have shown many effects which are absent at lower geo-
magnetic latitudes [54-70]. Among the varieties of anomalous behavior 
can be included : 

1. 0+ remains as the principal ionospheric ion to great altitudes 
(—4000 km). 

2. The polar nighttime electron densities are very small with values less 
than 30 cm - 3 being observed at 3000 km. 

3. Above 2000 km a change in ion composition from H+ to 0+ occurs 
near a magnetic latitude of 60° as one progresses polewards. 

4. Large-scale upward fluxes of H+ have been observed outside the 
plasmapause. 

On a global scale, regions of enhanced plasma density are restricted to 
the plasmasphere, a torus-like volume lying about the geomagnetic equator 
whose outer surface (L ~ 4-6) is roughly coincident with the lines of force 
of the geomagnetic field [71-73], as shown in Fig. 21.12. Outside the rela-
tively sharp plasmapause boundary, much lower electron densities are found 
although local features, such as the auroral zone precipitation enhance-
ments, do exist. Direct measurements of ion composition at large distances 
from the earth show clearly the plasmapause boundary [16, 18, 73]. Figure 
21.13, taken from OGO-5 satellite results, shows the typical decrease in 
H+ at 60° to 65° invariant latitude for different magnetic activities [73]. 

Measurements at lower altitudes have also been obtained and show 
directly the peculiar characteristics of the transplasmapause region. Typical 
results for 0 + , H+ , N+, and He+ are shown in Fig. 21.14. In this figure, 
the plasmapause transition appears as a sharp decrease in the H+ and He+ 
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Fig. 21,12 The different regions of the magnetosphere. In the plasmasphere field lines 
are closed and, to a large extent, corotate with the earth. At very high latitudes the field 
lines are open to the tail of the magnetosphere. Between the plasmapause and open 
regions field lines are closed, but convect around the earth. 

densities at invariant latitude of ~60° with considerable structure existing 
in the transplasmapause region. 0+, on the other hand, does not exhibit 
such a variation and becomes the dominant ionic constituent in the polar 
regions. 

Further direct evidence illustrating the depletion of light ions in the 
transplasmapause region has been obtained through the Explorer 31 sat-

10* 

Fig. 21.13 Plasma density measurements 
obtained in the vicinity of the plasmapause 
by the OGO-5 mass spectrometer [73]. Solid 
curve, March 25, 1968, Kv = 4-5; dashed 
curve, April 22, 1968, Kv = 3; dotted curve, 
April 4, 1968, Kp = 2; and dotted dashed 
curve, April 12, 1968, Kp < 1+. 

10" 
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Fig. 21.14 Concentrations of 0 + , H+, N+, and He+ as a function of magnetic dipole 
latitude on October 15, 1965 as obtained from OGO-2 measurements [61] .The plasma-
pause boundary is most evident in the H+ and He+ curves at a latitude of 60°. 

ellite. Figure 21.15 shows winter results [68] for December 16, 1965. 
Within the plasmasphere at an altitude of 2100 km H+ and He+ are the two 
most important positive ions. Between 60° and 70° invariant latitude, 
however, the situation changes radically with the previously absent 0 + 

becoming the dominant ion in a region where deep troughs and spikes of 
ionization appear to predominate with average densities less than 100 cm-3. 
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Fig. 21.15 Ion composition measurements of the winter north pole from the Explorer 
31 satellite on December 16, 1965 at 19:10-19:40 GMT showing the transition from 
the plasmasphere to polar cap conditions [68]. 

Earlier results from Alouette I demonstrated the same behavior in terms of 
the mean ionic mass [67, 74]. 

Direct measurements of light ion flow were made by Explorer 31. The 
results for summer and winter conditions are shown in Figs. 21.16 and 
21.17 [70]. The full arrows indicate portions of satellite passes where H+ 
speeds greater than several kilometers per second were observed. The 
dotted arrows indicate passes where no H+ flow could be detected. 

Although the foregoing discussion has emphasized the anomalous high 
altitude characteristics of the topside polar region, other data are available 
which show the existence of strong effects in the F2 region. The identifica-
tion of midlatitude and high latitude troughs (or decreases in the maximum 
F2-region electron density) was first made from Alouette I ionograms [75]. 
Further analysis has shown that the occurrence of multiple troughs is 
related to the existence of several depletion regions [59, 62] in the polar 
cap, as indicated by Fig. 21.18. Depending upon the particular track of a 
satellite, one or more F2-region troughs can be observed. 

The first qualitative ideas relating to the structure of the high latitude 
ionosphere and the absence of light ions were based upon the concept of 
an open magnetosphere [33, 76-78], In an open topology (that is, in an 
open magnetosphere) the usual magnetic field confinement of plasma pre-
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LOCAL TIME 

Fig. 21.16 Observations of polar wind flow in the summer polar cap by the Explorer 
31 satellite in the summer of 1966 from 2000 to 3000 km. All available data is shown 
with direction and duration of satellite pass indicated by arrow. Solid lines indicate the 
presence of ion flow (H+-0+ phase shift), while the dotted line indicates its absence (No 
phase shift); A = invariant latitude. (Courtesy of Dr. J. H. Hoffman. See also Banks [70].) 

LOCAL TIME 

Fig. 21.17 Observations of polar wind flow in the winter polar region obtained from 
the Explorer 31 satellite during the winter of 1966 from 2000 to 3000 km. See Fig. 21.16 
for key. (Courtesy of Dr. J. H. Hoffman. See also Banks [70].) 
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PASS A 

Fig. 21.18 Model distribution of F2-region electron density above the winter pole 
where darker shading represents larger electron concentrations. Both a polar cap depletion 
and the main low latitude trough are present. On the right are sketched two possible 
density-time records which can be obtained from different satellite trajectories [59]. 

sent at low latitudes (where field lines form closed loops) cannot be effective 
at high latitudes and plasma, if sufficiently energetic to escape the earth's 
gravitational field, can escape into the magnetospheric tail. This plasma 
flow, when sufficiently large, reduces the ambient electron density below 
those values found for diffusive equilibrium. 

At low geomagnetic latitudes, where lines of magnetic force form closed 
loops which corotate with the earth, a state of near-diffusive equilibrium 
can generally prevail with no significant loss of plasma from a given field 
tube. In contrast, at high geomagnetic latitudes where the field lines connect 
to the interplanetary environment via the tail of the magnetosphere, a steady 
outward flow of H+ can occur with consequent low H+ densities within the 
topside ionosphere [52, 79]. Moreover, since 0 + in polar regions remains 
as the dominant ion to higher altitudes than at lower geomagnetic latitudes, 
it follows from the relatively small scale height of 0+ that the overall 
electron densities along open field lines should be very low. 

A fundamental restriction in early work was that H+ escape could only 
be expected along open magnetic field lines. Radio whistler studies [71, 
72, 80] and satellite density measurements [16, 18, 73] on the other hand 
indicate that the plasmapause occurs at relatively low magnetic latitudes 
where from trapped particle measurements the field lines are known to be 
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closed. Hence, it initially appeared that the formation of the plasmapause 
could not be related directly to the flow of ionization out of the open polar 
cap field lines. It was soon pointed out [33], however, that magnetic field 
tube convection, coupled with plasma escape from the open field lines 
leading into the tail of the magnetosphere, could lead in a natural manner 
to the establishment of a plasmapause in the region of closed field lines. 
According to the theory of magnetospheric convection open field lines are 
thought to continually sweep over the polar caps into the tail of the mag-
netosphere where they eventually reconnect in the vicinity of the neutral 
sheet and migrate in the sunwards direction at relatively low geomagnetic 
latitudes [37]. Near the front of the magnetosphere disconnection of the 
field lines again occurs and the convection process repeats. The ionospheric 
projection of plasma motions during the convection cycle is shown in 
Fig. 21.19. 

During that portion of the convection cycle following disconnection, 
the geomagnetic field lines are open to the tail of the magnetosphere and 
plasma escape occurs with consequent depletion of H+ and He+. Following 
reconnection the field tubes, with their low ion densities, continue to cir-
culate to lower geomagnetic latitudes before moving sunwards in their 
convective paths. Thus, it was proposed that because ionospheric replenish-
ment of ionization is a relatively slow process, the regions of field tube 

THE PLASMAPAUSE POLAR CUSP 

Fig. 21.19 The streamlines of flux tube motion projected into the north polar iono-
sphere. The plasmapause is shown by dashed lines, while the region of open field tubes is 
cross-hatched. The single dark line represents roughly the location of the polar cusp [70]. 



21.9 The Polar Wind 227 

convection would be characterized by low electron densities, with the plas-
mapause boundary representing the outer shell of field tubes not participat-
ing in the magnetospheric convective motions. 

Initial calculations of the light ion depletion effect [77, 78] were based 
upon simple models of evaporative escape similar to the problem of neutral 
hydrogen escape. In fact, such an approach ignores the electric field cou-
pling existing between electrons and positive ions which substantially alters 
the classical escape problem. In recent work [34, 52, 79, 81] calculations 
based upon the hydrodynamic plasma equations have been used to show 
that a dynamic plasma expansion process is operative in the polar regions 
such that H+ and He+ are rapidly accelerated to supersonic speeds along 
the open magnetic field lines. The resulting outward flow, called the polar 
wind, has been found to result in a great depletion of ionization in the 
polar regions. 

In the last section the theory of high speed, multiconstituent plasma flow 
has been developed. In the following paragraphs models appropriate to 
the polar topside ionosphere are presented. 

21.9.2 Model for the Polar Wind Theory 

The essential features of polar plasma flow involve a number of different 
processes for the conversion of random thermal energy and electric potential 
energy into directed energy of bulk motion. Briefly, 0+ is created by photo-
ionization (summer conditions) or soft particle precipitation (winter con-
ditions) or both such that, through competition between diffusion and ion 
loss processes, a typical F2 layer is formed between 200 and 350 km altitude. 
The altitude distribution of 0 + above the F2 peak is not quite that of diffu-
sive equilibrium, but must be a mixture of the static and flowing distribu-
tions needed to take account of the effects of a small 0+ escape flux, a 
much larger flux needed to support the escape flux of H+ by means of 0+-H 
charge exchange, and H+-0+ frictional acceleration. 

Below about 600 km the steady state H+ densities are determined by 
charge exchange but, as shown in Section 21.7, upward H + transport 
eventually results in lower H+ densities than those appropriate to chemical 
or diffusive equilibrium. Although the initial H+ velocity in the vicinity of 
600 km is small, the rapid decrease with altitude of 0+, with a consequent 
decrease in H+-0+ friction, permits the 0 + -e electric field and the H+ 

pressure gradient to eject the H+ out of the polar ionosphere with increas-
ingly greater velocity. Although the usual low speed plasma transport 
equations (Section 21.7) are adequate to describe the H+ motions below 
about 1000 km, above this altitude ion inertia becomes important in de-
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termining the H+ velocity and the high speed transport equations are 
necessary. 

At an altitude of 2000 to 4000 km, a precise value depending upon a 
number of factors, the H+ flow velocity becomes supersonic and further 
acceleration continues with the H+ pressure gradients being of progressively 
less importance as compared with the 0 + -e and H+-e charge separation 
electric fields and the H+ inertia. Net H+ escape fluxes of the order of 
5 x l 0 7 to 5x 108 cm-2 sec-1 appear to be typical for polar summer con-
ditions. 

With regard to He+ an ejection process similar to that of H+ takes place 
following photoionization of He; that is, the 0+-e electric field and the 
He+ pressure gradient drive the outward flow against the frictional retarda-
tion of He+-0+ collisions. The critical point (transition point to super-
sonic flow) for He+ is slightly higher than that for H+ and escape fluxes of 
the order of 2-4 x 106 cm- 2 sec-1 are typical for a wide range of conditions. 

21.9.3 Theoretical Results 

Typical results for H+ transport velocities are shown in Fig. 21.20 for 
several values (altitude independent) of the electron and ion temperatures 
for the 1000°K neutral atmosphere. At low altitudes, where charge exchange 
occurs rapidly, the H+ flow is inward with H+ being converted to 0+ which, 
in turn, is eventually lost through ion-molecule reactions and rapid disso-
ciative recombination. The H+ density distribution for chemical equilibrium 
and transport as a minor ion are identical for thermal equilibrium among 
electrons, ions, and neutral particles; no downward flow results. With 
Te > T{ > Tn, however, a balance between diffusion and charge exchange 
can be met only with a downward flux of H+. 

Above about 600 to 800 km charge exchange and friction weaken to such 
an extent that upward H+ flow can begin. Under the action of the H+ 

pressure gradient and the 0 + -e electric field (H+ is a minor constituent to 
well past its critical point), H + is rapidly accelerated, and the critical point, 
or transition to supersonic flow, occurs in the range 1500-4000 km, depend-
ing upon the particular model involved. The location of the critical point 
is determined by the condition that w(H+) = C(H+) at the point where 
gravity, friction, electric fields, ion temperature gradients, and particle 
production are in balance. In the polar wind acceleration produced by the 
H+ pressure gradient and the 0+-e charge separation electric field, modified 
by the effect of gravity upon H+, is essentially balanced by H+-0+ friction 
at the critical point; the term d\nA/dr of Eq. (21.63) being relatively 
unimportant. 
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Fig. 21.20 Daytime polar region H+ velocity profiles for Tn = 1000°K and several 
values of Te and 7\. Decreases in Te and 7i lead to a faster flow owing to the comple-
mentary effects of the electric field and H + -0 + friction. Below 600 km the H+ flow is 
downward as a result of charge exchange. Crosses mark the H+ critical point. Escape flux 
(cm-2 sec-1) normalized to 1000 km: 2500°K—F(H+) = 4.3 x IO8, F(He+) - 1.6 x IO6; 
3000°K—F(H+) = 5.8 x IO8, F(He+) = 1.8 x IO6; 3500°K—F(H+) = 7.5 x IO8, 
F(He+) = 1.7 x IO6. 

Changes in Te and T{ affect the H+ flow in several ways. First, the H+-0+ 
collision frequency at low velocities is proportional to 7T3/2 so that decreases 
in T{ tend to enhance H+-0+ friction. In opposition, the 0 + density depends 
upon (Te + T{) through the 0 + density profile such that decreases in 
temperature decrease H+-0+ friction. The general result of these counter-
acting tendencies is to increase the altitude of the critical point for increases 
in plasma temperature, although the reverse behavior can result for par-
ticular conditions. 

The effect of differing neutral gas models upon the H+ velocity is shown 
in Fig. 21.21 for fixed ion and electron temperatures of 3000°K. The lower 
neutral gas densities of the cooler models (the increasing density of H does 
not strongly affect the H + velocity) result in progressively smaller values 
of n(0+), thereby reducing H+-0+friction and permitting higher H+ veloc-
ities. The crosses of Fig. 21.19 indicate the H+ critical points and show the 
direct relationship between the thermospheric temperature and the alti-
tude of the transition to supersonic (with respect to H+) flow. 

The relative ion composition of the topside ionosphere is strongly affected 
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Fig. 21.21 Daytime polar region H+ velocity profiles for Te = 7i = 3000°K and 
three models of the neutral atmosphere. The flows are faster for lower values of the 
thermospheric temperature owing to decreased frictional resistance. Crosses mark the H+ 

critical point. Escape flux (crrr2 sec-1) normalized to 1000°K: F(H+, 750°K) = 6.6 x 108, 
F(He+,750°K) = 1.5 x 106;F(H+, 1000°K) = 5.8 x 108, F(He+, 1000°K) - 1.8 x 106; 
F(H+, 1500°K) - 3.8 x 108, F(He+, 1500°K) = 3.7 x 106. 

by the escape of H+ and He+. Results for two model neutral atmospheres 
are shown in Figs. 21.22 and 21.23. 

Several features of these figures are of interest. First, the altitude distri-
bution of H+ corresponds to a condition of maximum flow consistent with 
H+-0+ friction. Below 600 to 800 km the H+ density is determined largely 
by charge exchange and has a positive gradient somewhat past the point 
where the 0 + -e portion of the total electric field, acting in opposition to 
the H+ pressure gradient and gravity, is able to begin to accelerate the H+ 

upward. Above 600 to 800 km dn{ß+)jdr < 0 and the H+ pressure gradient 
acts to further accelerate the flow; it is retarded mainly by H+-0+ friction. 
For TJT{ = 1 the electric field due to 0 + -e charge separation and the H+ 

pressure gradient contribute equally to the flow velocity. 
In the regions above the H+ critical point «(H+) increases relative to 

n(0+) such that H+ becomes the dominant ion at altitudes of 3000 to 
7000 km, depending upon the particular model involved. At these altitudes 
the gradual decline in importance of 0 + does not remove the accelerating 
forces acting upon H+; the H+-e electric field acts to continue to increase 
the speed of the flow into the regions where the spreading of field lines 
becomes slight. 
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Fig. 27.22 Daytime polar region ion density profiles for Te = 7\ = 3000°K and a 
750°K model neutral atmosphere. The large concentration of H in this model, in con-
junction with the relative absence of O, leads to a rapid loss of H+. To support the H+ 

flow a large upwards flux of 0 + is present. As a consequence of this flow, 0 + is not in 
diffusive equilibrium below 3000 km. Escape flux (normalized to 1000 km): F(H+) = 6.6 
x Wcm^sec- 1 ; F(He+) = 1.5 x 106 cm"2 sec"1. 
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Fig. 21.23 Daytime polar region ion density profiles for Te = Ti = 3000°K and a 
1000°K model neutral atmosphere. Due to the low H concentration of this model, the 
net H+ escape flux is small compared with that of Fig. 21.20. As a consequence, the 
requirement for the upward 0 + flux is reduced and the 0 + density profile is closer to 
diffusive equilibrium with substantially greater densities. Owing to these factors the 
0+-H+ transition level changes from 3400 km (Fig. 21.20) to 7500 km. Escape flux 
(normalized to 1000 km): F(H+) = 5.8 x 108 cm-2 sec-1; F(He+) = 1.8 x 106cm-2 

sec-1. 
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As a result of the rapid efflux of H+ from the ionospheric regions above 
800 km, 0+ is left as the dominant ion and, due to its relatively small scale 
height, the electron density rapidly falls to much lower values than would 
be found at the same altitude for diffusive equilibrium; H+ remains as a 
minor constituent to very high altitudes. With respect to 0 + , the effect of 
ion flow is most apparent slightly above the F2 peak where 0 + - 0 friction 
is effective in limiting the maximum possible efflux rate to ^ 1 0 9 cm-2 sec-1. 
In some cases the 0 + flux required for H+ escape approaches the limiting 
0+ flux, and, for the 750°K model, n(0+) falls off with the atomic oxygen 
density (a maximum flux condition) for some distance above the F2 peak. 
Owing to the upward flux and H+-0+ friction above 600 to 800 km, 0+ is 
not in diffusive equilibrium. 

The He+ density profile is determined through a combination of chemical 
and transport effects. As a minor ion He+ is accelerated upward through 
its own partial pressure gradient and the 0+-e electric field. For low He+ 
speeds, this outward acceleration is matched by He+-0+ friction, gravity, 
He+-H+ friction, and other forces. At high speeds friction becomes less 
important than inertia. Because of the rapidity of He+-N2 reactions, the 
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Fig. 21.24 Daytime polar region electron density profiles for Te = 7i = 3000°K and 
three model neutral atmospheres. Crosses mark the level of transition from 0 + to H+ 

dominance. The H+ escape flux is larger for a low density, rapidly flowing model than 
for a high density, slowly flowing model. Escape flux (cm-2 sec-1) normalized to 1000 km: 
F(H+, 750°K) = 6.6 x IO8, F(He+, 750°K) = 1.5 x IO6; F(H+, 1000°K) = 5.8 x IO8, 
F(He+, 1000°K) = 1.8 x IO6; F(H+, 1500°K) = 3.8 x 108, F(He+, 1500°K) - 3.7 x 106. 
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He+ density is at least 100 times smaller than n(0+) throughout the regions 
below 5000 km. 

Electron density profiles typical of steady state, daytime conditions in 
the polar models are shown in Fig. 21.24 for three model neutral atmo-
spheres. In each case 0 + is the dominant ion up to at least 4000 km even 
though the relative amount of neutral atomic hydrogen changes greatly 
between 750° and 1500°K. In fact, the cooler models involve substantially 
larger escape fluxes of H+ placing more stringent requirements upon the 
upward transport of 0+. Progressing from Tn = 1500°K, the smaller 0 + 

scale heights above the F2 peak indicate the extent to which the escaping 
H+ flux is limited by the rate at which 0 + can diffuse upward. The changes 
in slope of these curves do not arise from composition changes or thermal 
gradients but are due only to transport effects. As a consequence, inter-
pretation of high latitude electron density profiles in terms of diffusive 
equilibrium conditions can be expected to give no more than qualitative results. 

Variations in plasma temperature also affect the high altitude electron 
density, as shown in Fig. 21.25. While the peak density remains approxi-
mately fixed, both the escape fluxes and densities increase with plasma 
temperature. 
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21.9.4 The Polar Wind for Collisionless Conditions 

At sufficiently great altitudes the mean free path for H+-0+ collisions 
exceeds the 0 + scale height. As a result, the flow ceases to be collision 
dominated and an individual particle treatment must be adopted to deter-
mine the increasingly greater pressure anisotropies. With respect to the 
polar wind, H+ and He+ are accelerated by their own pressure gradients 
and the overall charge separation electric field. For subsonic flows pressure 
gradients play an important part in determining the ion flow velocity, while 
for supersonic flows the pressure gradient can be neglected. To determine 
the validity of the assumption that both the ion and electron pressures are 
isotropic about their individual flow velocities, several approximations can 
be introduced. The first, mentioned above, involves the ratio between 
the local mean free path and the scattering medium scale height 
A(H+, 0+)///(0+). If A(H+, 0+)/H(0+) < 1 the flow is considered to be 
collision dominated and the concepts of an isotropic pressure and the 
usual thermal conductivity should apply. 

A second measure of collision dominance can be defined, however, in 
terms of the collision frequency, the bulk flow velocity w, and the local 
scattering scale height: vH/u. If vH/u is ^>1 collision dominance is assumed 
to exist. While the λ/Η criterion is based upon individual particle behavior, 
the vH/u standard takes into account the actual flow velocity and collision 
frequency. 

As an example of the approach to collisionless conditions in the polar 
wind, consider the problem of H + moving through 0+. Suppose the 0 + 

density gradient is defined through the relation 

(21.70) 

where a is a parameter normally less than one. 
At the H+ critical point w2(H+) = kTi/m(H+) and an explicit relation 

can be obtained for A(H+, 0+)/H(0+): 

1 dn(0+) 
M(0+) dr 

_ 1 
a 

tf(0+) 
where 

A<H+'°+>-U8« T° + a
H ( 0 + ) 

T; h 
(21.71) 

h_x = _i_ _ jMm  ̂ ( 2 1 7 2 ) 
Y ICI j 

Since aH(0+)/h <^ 1 and Te > T{ in normal circumstances it is clear 
that λ(Η+, 0+)/H(0+) < 1 at and below the critical point. As a result the 
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isotropic pressure assumption can be adopted with a fair degree of con-
fidence in the ionospheric regions below the critical point for both summer 
and winter conditions. 

Above the critical point H+-0+ collisions become increasingly infrequent 
and an anisotropic pressure should develop with narrowing of H+ pitch 
angles into the direction of motion. Calculations of the polar wind flow 
characteristic in this high altitude region can be used as boundary condi-
tions for various models of ion exospheres [82, 83]. As such, the details of 
the escape flux, the separate ion densities, and the individual species flow veloc-
ities are determined by ionospheric parameters below the critical point [84]. 
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CHAPTER 22 

Thermal Processes of the Ionosphere 

22.1 Introduction 

Only in the past decade have extensive studies been made of the thermal 
structure of the ionosphere. Although calculations of ion density profiles 
in the ionosphere require a knowledge of both the electron and ion gas 
temperatures to evaluate plasma transport effects, prior to 1960 it was 
common to assume that the various modes of energy exchange between 
the neutral and ionized gases were sufficiently rapid to assure thermal 
equilibrium [1]. 

The importance of electrons created in the photoionization of the neutral 
atmosphere as a source of electron gas heating was first pointed out in 
1946 [2]. When a solar photon ionizes a neutral atom or molecule a certain 
excess energy, corresponding to the difference between the initial photon 
energy and the energy of the final ion state, is given to the free photoelectron. 
As the photoelectron travels through the atmospheric gases it loses this 
excess kinetic energy (^15 eV per photoelectron) through excitation of the 
neutral atmospheric gases. At energies near 1.5 eV the number of excita-
tion processes available to the photoelectron becomes small and elastic 
collisions with other electrons and ions become important. In these final 
stages of photoelectron thermalization a substantial amount of energy is 
given to the ambient electron gas which increases the electron temperature 
above that of the neutral gases. 

Langmuir probe measurements [3] at Fort Churchill in November 1958 
gave the first indication of elevated ionosphere electron temperatures 
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( Τ ; ~ 2000°K at 150 km). In 1961 a theory of ionospheric heating by 
photoelectrons was presented [4] which predicted electron temperatures up 
to 1500°K, or about 500°K hotter than the neutral atmosphere. Confirma-
tion of thermal disequilibrium between electron and neutral gases was 
obtained in 1962 and 1963 from rocket experiments with plasma probes 
[5, 6]. At about the same time incoherent scatter radar measurements also 
showed the absence of thermal equilibrium between electrons and ions [7, 8]. 
A typical result taken from later rocket measurements [9] is shown in 
Fig. 22.1. While there is still some doubt of the validity of the rocket results 
below 150 km, it is clear that the major prediction of the photoelectron 
heating theory is correct; the electron temperature is substantially elevated 
above the neutral gas temperature over a wide altitude range. 

Fig. 22.1 Molecular nitrogen 
and electron temperatures from the 
NASA 6.07 rocket probe [9] of April 
18, 1963 at 16:04 EST at Wallops 
Island, Virginia (X = 60°). 
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Later developments in the theory of ionospheric temperatures have 
sketched more accurately the roles of various processes. An important 
contribution was the deduction [10] that electron heat conduction is impor-
tant in maintaining Te > Tn even at very high altitudes where the local 
energy production is small. It was also recognized that substantial numbers 
of photoelectrons could escape the upper atmosphere and travel along the 
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lines of magnetic force into the magnetosphere. These energetic electrons 
heat the electron gas at great altitudes and, in the absence of high altitude 
energy loss processes, this thermal energy is removed by conduction along 
the lines of magnetic force back into the ionosphere [11]. 

Although photoelectrons are able to heat the ambient electron gas, they 
do not transfer a significant amount of energy to the ion gases. The thermal 
electrons, on the other hand, provide an important heat source for the ions 
and thermal equilibrium between ions and neutral particles is found only 
in the regions below 300 km where the ion gases are rapidly cooled by the 
neutral atmosphere [10]. At low altitudes it is observed that Ti~Tn. 
Above 300 km the energy given to the ions by the electron gas can be 
dissipated only if T{ > Tn. Thus, a transitional behavior for T{ is expected 
[12], with T{ approaching Te near 600 to 800 km, depending upon the 
specific ionic composition involved. 
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Fig. 22.2 Energy sources for the electrons, ions, and neutral particles within the 
ionosphere. 

The overall flow of thermal energy in the upper atmosphere and iono-
sphere described in the preceding paragraphs has been summarized in 
Fig. 22.2. At low and middle magnetic latitudes most of the heating for 
both the neutral and ionized gas originates from solar ultraviolet radiation. 
Absorption of these short wavelength photons leads to enhanced neutral 
gas and plasma temperatures [13]. At high latitudes electric fields having 
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their source in the magnetosphere are responsible for considerable Joule 
dissipation which may be more important in these regions than solar ultra-
violet radiation [14, 15]. 

In the following sections attention will be given to each of the important 
aspects of the thermal balance of the ionosphere. 

22.2 Energy Balance Equations 

Consider a plasma composed of electrons, several ion species, and neutral 
gases, each of which is described by a displaced Maxwellian velocity distri-
bution function in terms of the density nr, temperature Tr, and bulk flow 
velocity Cr. For this model the energy balance equation for each species 
can be derived from Boltzmann's equation as [16] 

\nrk dTr/dt + f nrkCr · VTr + nrkTr V · Cr + V · φ, = Mr - Ar · Cr 

(22.1) 

where nr is the gas number density, Tr the gas temperature relative to a 
surface moving with velocity Cr, Cr the rth species transport velocity, 
φΓ the rth species heat flux vector, 

Mr = i \ mr\r · \r(dfr/dt)c d\r 

is the kinetic energy moment of the collision term of Boltzmann's equation, 
and 

Ar = mr\r(dfr/dt)c d\r 

is the momentum moment of the collision term of Boltzmann's equation. 
Equation (22.1 ) is often rewritten in another form to eliminate the friction 

term Ar · Cr from the right-hand side. Using the momentum equation 

nrmr DCr/Dt + Vpr + «rmrFext = Ar (22.2) 

where Fext represents the external mechanical forces acting on the rth species 
[usually gravity and electric and magnetic fields: see Equation (19.1)], 
Eq. (22.1) can be reduced to the form [17] 

nr(DEr/Dt) - (dpr/dt) = Mr + nr¥r · Cr - V · <J>r (22.3) 
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where 
Er = \kTr + \mC? (22.4) 

and 
DEr/Dt - (dEJdt) + Cr · VEr (22.5) 

is the time derivative following the rth species motion. 
The advantage of (22.3) lies in the more simplified separation of density 

and temperature effects and the explicit inclusion of external forces. How-
ever, (22.1) and (22.3) are entirely equivalent and lead to the same descrip-
tion of temperature variations in dynamical systems. 

The term Mr in both forms of the energy balance equation represents 
the effects of energy exchange between gas components. This includes energy 
transfer due to differing gas temperatures as well as part of the collisional 
transfer of energy resulting from gases having different mean flow velocities. 
Although specific expressions for Mr depend upon the choice of cross sec-
tion, the general form of the energy exchange term is, including s species, 

Mr = Σ M„ (22.6) 
s 

where for elastic collisions, 

Mrs = [2mrms/(mr + ms)
2]nrvrs[^k(Ts — Tr)f(v/a) 

+ \(msCs + mrCr) - (C, - Cr)g(v/a)] (22.7) 

with vrs the momentum transfer collision frequency of Eq. (9.33). Also, 

v= | Cs - Cr | (22.8) 

«2 = 2k[(Tr/mr) + (TJm8)] (22.9) 

and f(v/a) and g(v/a) are functions determined by the velocity dependence 
of the interaction cross section. 

For the particular case of particles which have an inverse velocity de-
pendent cross section (see the discussion of ion-neutral collisions in Sec-
tion 9.6) Eq. (22.7) can be written as 

Mrs = [2mrms/(mr + m8)
2]nrv„[$k(T8 — Tr) + i(msCs + mrCr) · (C8 — Cr)] 

(22.10) 

eliminating the high speed correction terms altogether. Using the results 
of Chapter 19 for Ar for the same inverse velocity-dependent cross section, 
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the rth species energy balance equation becomes 

%nrk(dTr/dt) + %nrkCr ■ VTr + nrkTr V ■ Cr + V ■ φΓ 

= £ [2mrmJ(mr + msf]nrvn[ik(Ts - Tr) + \ms{Cs - Crf}. (22.11) 
S 

This result shows explicitly the effects of thermal energy transfer and the 
possibilities of converting the kinetic energy of relative motion into heat. 
Such a process is important, for example, in the polar E region where 
electric fields can move ions with a substantial velocity relative to the 
neutral gas. For such a situation the rise in ion temperature is, as discussed 
later, approximately 

T{-Tn = mn(Cn - C,)a/3A:. (22.12) 

Returning to Eq. (22.11 ), analysis of the second term on the right side 
of the equation shows that it accounts for the dissipation of translational 
kinetic energy as thermal energy; i.e., it represents the rth species portion 
of Joule heating. From the form of this equation it can be found that a 
fraction ms/(mr + ms) of the total Joule heating is given to the rth species. 
Using (22.11 ) and including both the r and s gases, the total Joule heating 
in a two-component system is 

Joule heating rate = /^siv*r(Cs — Cr)2 (22.13) 

where μγ8 is the reduced mass. 
It can also be noted that while the right side of Eq. (22.1) appears to be 

asymmetric in Cr, the final result given by (22.11 ) depends only upon the 
relative speed | Cs — Cr \. 

The alternate form for the energy balance equation is given by Eq. (22.3). 
Using the special relations developed immediately preceding, we have 

nr(DEr/Dt) - (dpr/dt) 

= nr¥r · Cr — V · <|>r 

Ί.171 IYI 
+ Σ (m 1 ' v nr*rSW{Ts - Tr) + i(m,C. + msCr) ■ (C. - Cr)]. 

8 \mr i ms) 

(22.14) 

Equations (22.11) and (22.14) have been developed for the particular 
cross section which depends inversely upon relative speed. Explicit results 
are also available for other cross sections; for example, hard sphere and 
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Coulomb collisions. Expressions for the energy transfer term for these 
interactions are given below using the form of Eq. (22.7) [16, 18]: 

/ 

Hard Sphere Interaction: 

2 

3π1/2 
α 
v 4v3 a 

3 s 
Sk 
π 

T T 
A r I ■*■ s 

11/2 

πσ' 

4i + 2v2 

(22.15) 

exp -
a* I 

(22.16) 

(22.17) 

Coulomb Interaction: 

f(v/a) = exp(—v2/a2) 

3π1/2 / v \ 3π1/2 I a \ 3 J v \ 3 / a \2 

KT) = - r - (T) erf U) - T (T) exp 

16π1/2 n8Zr
2Z*e* In /I 
μα* 

(22.18) 

ΐ ) ( 2 2 ·1 9 ) 

(22.20) 

Up to this point, the effect of an external magnetic field has been intro-
duced only through the term Fext of (22.14). The principal consequence of 
such a field is found in the heat flow vector <|>r which, as the ratio of the 
collision frequency to gyrofrequency becomes small, becomes increasingly 
anisotropic so that most heat flow is parallel to the magnetic field. Since 
electron or ion heat conduction is seldom important below 150 km it is 
sometimes useful to consider the energy balance equation in terms of a 
cylindrical coordinate system whose axis is parallel to the magnetic field. 
If changes of intensity of B are taken into account, the heat balance equa-
tion can be expressed as 

3 dTr 3 , dTr , nrkTr dAwr 1 d ΐ Κ ds 

2mrms 

(mr + ms)
2 nrvr 

^k{Ts - Tr) + ±ms(Cs - Cr)
2 (22.21) 

where s is a coordinate parallel to B, A oc | B | - 1 , Kr is the rth species thermal 
conductivity, wr is the velocity component parallel to B, and the collision 
term of Eq. (22.10) has been chosen. 
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22.3 The Electron Energy Balance 

The principal heat source for the ionosphere above 150 km arises from 
the kinetic energy given to photoelectrons in the photoionization of the 
neutral gases of the upper atmosphere. The general outline of the problem 
can be made as follows [19]: First, knowing the ultraviolet flux spectrum 
of the sun, the composition of the neutral atmosphere, and the relevant 
ionization and absorption cross sections, it is necessary to calculate the 
initial photoelectron energy spectrum. Next, by taking into account photo-
electron collisions with ions, electrons, and neutral particles, the steady-
state electron energy distribution must be found as a function of altitude. 
From the energy distribution thus obtained both the electron number 
density and kinetic temperature can be derived. 

In practice, the precise calculation of the complete electron energy distri-
bution is too complicated to undertake and certain approximations have 
normally been made to separate the electron gas into two distinct compo-
nents: First, a low energy (ε ~ 0.01-0.3 eV) Maxwellian distribution having 
some characteristic temperature, Te9 and, second, a collection of much 
more energetic electrons arising from photoionization which lie far out in 
the tail of the ambient electron energy distribution. In this model the ener-
getic electrons introduce heat into the ambient electrons by means of 
electron-electron collisions and superelastic electron-excited particle colli-
sions. Although this arbitrary segregation of electrons according to char-
acteristic energies leads to somewhat ambiguous results in the range 0.5-
1.5 eV, on the whole it is well justified as a result of the small degree of 
interaction between thermal electrons and those of energy greater than a 
few electron volts. 

The rate of energetic electron energy loss by means of elastic electron-
electron collisions is [20, 21] 

de/dt = - (2 \ZYnnee
4 In G)/(mee)1/2 (22.22) 

or 
de/dt = - 7 . 7 x 10~6(«e In G/e1/2) eV sec-1 (22.23) 

where e is the photoelectron energy in electron volts, ne is the ambient 
electron density, and G is obtained from the conditions 

G = JÜ^L kTe<s<J^, (22.24) 
γβ2ων In2 
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where ωρ
2 = (4nnee

2/me)9 In γ is Euler's constant, and ft is Planck's constant 
divided by 2π. Values of In G are substantially greater than those for In Λ 
(see Section 9.7); i.e., a range (21 ± 2) applies over the range 2 < ε < 30 eV. 

When a flux Φ of fast electrons of energy ε passes through a thermal 
electron gas, energy is given to the ambient electrons by means of Coulomb 
collisions at the rate 

Pe = (2 ± 0.5) x 10~12(ηβΦ/ε) eV cm-3 sec"1 (22.26) 

where ε is the fast electron energy in electron volts and ε ^> %nekTe. Foi 
photoelectrons escaping the neutral atmosphere and traveling along mag-
netic field lines into the magnetosphere, (22.26) can be used to calculate 
the rate of local heat production. In fact, within the magnetosphere (22.26) 
may represent a lower limit to the local energy production since other 
plasma processes may act to enhance energetic particle thermalization. 

The energy balance equations of the last section have emphasized the 
importance of elastic collisions. While such an approach is adequate to 
describe the interactions of ions and neutral particles, energy transfer pro-
cesses involving electrons are more complex. Several factors contribute to 
this situation. First, because of the mass factors of (22.11) electron energy 
exchange via elastic collisions is slow, while the available excitation channels 
with neutral atoms and molecules are rapid. Thus, as described in Section 
22.6, phenomenological energy loss rates involving inelastic collisions tend 
to be most important for thermal energy loss [22]. Second, as described 
above, the principal heat source for the thermal electron gas is energetic 
electrons whose energy spectrum varies with aeronomic conditions and 
cannot be given a simple analytic form. 

As a consequence of these factors, the electron energy balance is best 
described in the form [23, 24] 

dT 
\njc -gf- + inekCe - VTe + nekTe V · Ce + V · φ 

= Pe - Le + Σ "We*(C s - Ce)2 (22.27) 
s 

where Pe is the rate of thermal energy production due to photoelectrons 
or other mechanisms other than Joule dissipation or a combination of 
these, Le the rate of energy loss due to inelastic and elastic collisions, and 
Σ« m^QvQS{Cs — Ce)2 is the rate of energy production due to elastic thermal 
electron collisions with neutral gases and ions: Joule dissipation. 
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In the following section a discussion is given of ionospheric photo-
electrons and the processes affecting the rate of thermal energy production 
in the electron gas. Expressions for electron energy loss are then given in a 
subsequent section. 

22.4 Photoelectrons 

The initial source spectrum of photoelectrons generally reflects the gross 
features of the spectral distribution of solar photons, but considerable 
local distortion occurs as a result of the many different thresholds and 
ionization energies for the atmospheric gases [13, 25]. Since a given singly 
charged ion may have several internal energy states above the ground state, 
a given photoionization can yield a photoelectron having one of several 
possible energies, depending upon the energy of the original photon and 
the relative cross sections for different ionization states. 

The photoelectron energy ε, arising from a photon of energy hv, is given 
by 

e = hv- /p (22.28) 

where 7P is the ionization potential of the particular ion state. Table 22.1 
lists the ionization potentials for the atmospheric gases [26] but does not 
indicate the relative probabilities for photoelectrons of different energies 
when more than one ionization state is accessible; such information is 
difficult to obtain either from experiment or theory. 

The importance of the various ionization states lies in the possibility 
that the photoelectron energy may, in the excitation of a higher than ground 
level energy state, be less than that calculated by assuming only a single 
ionization threshold. An upper limit can always be placed on the photo-
electron heating rate, however, by assuming that only ground state ioniza-
tions occur and that all photoelectron energy is given to the ambient 
electrons. 

In the absence of adequate cross section data, several semiquantitative 
methods have been used to evaluate the relative excitation probabilities for 
the different ion states. Although the first studies assumed probabilities in 
proportion to the statistical weights of the available channels [19], further 
modifications have been made by different authors on the basis of new 
information [25, 27, 28]. The results of a recent study [28] are listed in 
Table 22.2 and have been used in the literature to obtain estimates of the 
photoelectron energy spectrum. A plot of the initial energy spectra of 
photoelectrons at different altitudes for an overhead sun is given in Fig. 22.3. 
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TABLE 22.1 

IONIZATION THRESHOLDS FOR ATMOSPHERIC IONS 

Neutral gas 

H(2S) 
HeCS) 
0 2 ( 3 Σ Γ ) 

Ν , Ρ Σ ^ ) 

0( 3P) 

Ion state 

P 
He+OS) 
o2+(2ng) 
o2

+(4nu) 
o2

+(2nu) 
0 2 + ( 4 Σ Γ ) 
o2+(2nu) 
o2+(2ng) 
Ν2+(2Σ,+) 
N2+(2IIU) 
Ν2+(2Σ,+) 
0+(4S) 
0+(2D) 
0+(2P) 
0+(4P) 
0+(2P) 

Threshold 

(eV) 

13.6 
24.8 
12.1 
16.1 
17.0 
18.2 
28.5 

—40 
15.6 
16.7 

—35 
13.6 
16.9 
18.6 
28.5 
40 

(Â) 

910 
504 

1026 
770 
737 
682 
435 
310 
796 
743 
354 
910 
732 
665 
435 
310 

TABLE 22.2 

RELATIVE PROBABILITIES FOR PHOTOIONIZATION STATES 

Ion state 

0+(4S) 
0 + ( 2 D) 
0+(2P) 
0+(4P) 
0+(2P) 

o2+(2ng) 
o2

+(4nu) 
o2

+(2nu) 
0 2 +( 4 Σ Γ ) 

Ν2+(2Σ8+) 
Ν2+(2Πυ) 
Ν2+(2Σ,+) 

Threshold 
(eV) 

13.6 
16.9 
18.6 
28.5 
40 

12.1 
16.1 
17.0 
18.2 

15.6 
16.7 
18.8 

Statistical 
weights 

1 
2.5 
1.5 
3.0 
1.5 

1.0 
2.0 
1.0 
1.0 

1.0 
2.0 
1.0 

Computations" 

1.0 
1.5 
1.0 
0.4 
0.3 

1.0 
0.67 
0.33 
0.30 

1.0 
2.0 
0.27 

a Shea et al. [28]. 
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Fig. 22.3 Initial energy spectrum of pho-
toelections at two altitudes for an overhead 
sun and 1250°K model thermosphère. The 
strong peaks between 20 and 30 eV arise 
from He(II)(304) [32]. 

O 10 

10 

io2 

»' 

.„o 

1 

i 130 km 

LUsOkm 

_130kmV 

1 

1 1 1 

/ V A 130km 

250km\ 

I I IS 

I 

-

-

i -

I 
20 30 40 50 

ENERGY (eV) 

60 70 

The photoelectron energies and excitation probabilities corresponding to 
the photon ranges of Chapter 7 are shown in Table 22.3. 

Using the photoionization rates developed in Chapter 7 for each of the 
solar spectral ranges given in Table 22.3, the average photoelectron energy 
at zero optical depth can be calculated. The results are: 

o2 = 21 eV N, 19 eV O: ëp = 14 eV. 

TABLE 22.3 

PHOTOELECTRON ENERGIES AND EXCITATION PROBABILITIES 

Spectral range 

Lyman ß (1025.7 Â) 
C(III) (977 Â) 
Lyman continuum 
910-796 Â 
796-665 Â 

665-375 Â 

375-275 À 

275-150 Â 

Mean energy 
(eV) 

12.1 
12.7 
13.6 
14.6 
17.1 

26 

39 

64 

o2 

0 
0 .6 (1 .0 ) 
1 .1(1.0) 
2 .5 (1 .0 ) 
5 .0 (0 .6) 
1 .0(0.4) 

14 (0.6) 
10 (0.4) 

37 (0.6) 
33 (0.4) 

52 (0.6) 
48 (0.4) 

N2 

0 
0 
0 
0 

1.1(1.0) 

9 .8 (0 .8 ) 
7 .0 (0 .2) 

23 .0(0 .8) 
20 .2(0 .2) 

48 .0(0 .8) 
45 (0.2) 

O 

0 
0 
0 

1.0(1.0) 
2 .65(0.45) 
4 .15(0.29) 
0.85(0.26) 

12.2(0.29) 
8 .9(0.45) 
7 .2(0 .20) 

25.4(0.30) 
22.1 (0.47) 
20.9(0.23) 
50.4(0.32) 
47.1 (0.42) 
45.4(0.26) 
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Fig, 22,4 Initial photoelectron energy production rates for three model neutral atmo-
spheres. The photoionization channels leading to ion states above the ground state were 
included in these calculations. 

TABLE 22.4 

INITIAL PHOTOELECTRON KINETIC ENERGY0* 

Altitude 
(km) 

750°K 1250°K 1500°K 

120 

150 

200 

250 

300 

350 

400 

450 

500 

5.6(4)" 

7.5(4) 

2.4(4) 

5.4(3) 

1.4(3) 

4.0(2) 

1.1(2) 

3.3(1) 

1.2(1) 

9.2(4) 

8.8(4) 

4.6(4) 

1.7(4) 

6.6(3) 

3.0(3) 

1.6(3) 

6.1(2) 

3.0(2) 

1.2(5) 

1.2(5) 

6.1(4) 

2.6(4) 

1.3(4) 

6.8(3) 

4.0(3) 

2.4(3) 

7.4(2) 

a Values are in eV cm - 3 s e c 1 . 
b 5.6(4) = 5.6 x 104. 
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Calculations have been made of the rate at which photoelectron energy 
is created at various altitudes in the atmosphere for several model neutral 
atmospheres. The results, shown in Fig. 22.4 and tabulated in Table 22.4, 
indicate the general trend toward larger production rates with the hotter 
model atmospheres with both changes in relative composition and in the 
strength of the ionizing fluxes in the different spectral ranges being taken 
into account. 

The preceding estimates of the initial kinetic energy given to photo-
electrons serve only to indicate the maximum possible energy production 
rates for the ambient electron gas. In fact, as soon as the photoelectrons 
are created significant energy losses occur, with photoelectrons losing most 
of their excess kinetic energy in excitation of N2 and 0 2 with only a modest 
proportion of the original energy being eventually deposited in the thermal 
electron gas. 

10 F — i 1 1 1 1 1 1 1 1—=i 

TOTAL IONIZATION 

0 10 20 30 40 50 60 70 80 90 100 

ELECTRON ENERGY (eV) 

Fig. 22.5 Cross sections for electron energy loss in molecular nitrogen. 
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Detailed studies of the slowing down of fast photoelectrons have been 
reported in the literature and these take into account ionization and the 
excitation of electronic, vibrational, and rotational states of N2, 0 2 , and O 
[19, 27, 29-33]. Cross sections associated with these different processes are 
shown in Figs. 22.5-22.7 and described in Chapter 9. Essentially, above 4 
to 6 eV fast electrons lose most of their excess energy through excitation 
of N2, 0 2 , and O electronic states. For energies below 4 to 6 eV the chief 
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Fig. 22.6 Cross sections for electron energy loss in molecular oxygen. 

energy loss occurs through vibrational excitation of N2, although rotational 
excitation cannot be altogether excluded. Below 2 eV the cross section for 
vibrational excitation of N2 decreases rapidly to small values and the final 
stage of photoelectron thermalization must continue through elastic colli-
sions with electrons, ions, and neutrals, as well as a variety of rotational 
and vibrational processes in N2 and 0 2 . 
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TOTAL IONIZATION 

ELECTRON ENERGY (eV) 

Fig. 22.7 Cross sections for electron energy loss in atomic oxygen. 

Typical photoelectron energy spectra calculated for low altitudes using 
the different production and loss processes are shown in Fig. 22.8. 

Photoelectrons with energies less than several electron volts tend to lose 
their energy by elastic collisions to ambient electrons rather than ions or 
neutral particles. On the other hand, if rapid inelastic processes such as 
rotational or vibrational excitation are involved, energy loss to neutrals 
can be more rapid. 

This latter condition is generally true below about 150 km in the iono-
sphere where almost all of the initial photoelectron energy is expended in 
inelastic electron-molecule collisions. Above 150 km proportionately more 
energy is given to ambient electrons due primarily to photoelectrons which 
have cooled to about 1.5 eV; that is, below the energy of maximum vibra-
tional excitation for N2. At progressively higher altitudes the neutral gas 
densities become exponentially less dense and electron-electron collisions 
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Fig. 22.8 Daytime photoelectron energy 
spectra at 150, 250, and 750 km for a 750°K 
model thermosphère and overhead sun 
(X = 0°) [32]. 

become proportionately more important, converting a greater fraction of 
the initial photoelectron kinetic energy into electron gas thermal energy. 

Measurements of photoelectron energy spectra have been made with 
rocket and spacecraft experiments for a variety of atmospheric conditions 
and solar illumination angles [34-37]. A comparison of recent theoretical 
and experimental results is shown in Fig. 22.9. In general, the theoretical 
spectra give a more jagged appearance than that actually observed. At 
energies less than 10 eV experiments tend to show more electrons than 
calculated, possibly resulting in more thermal electron heating than expected. 

22.4.1 Local Photoelectron Heating 

Consider the ionizing effect of a single ultraviolet spectral line of flux Φ 
incident upon a neutral atmosphere of density nn. If σ{ and σα are the cross 
sections for ionization and absorption (<ra > #0, then the local ionization 
rate q is 

q = nna{0e-* (22.29) 

where the optical depth τ is given by 
Λοο 

T = ηησα ds (22.30) 

with the integration being along the optical ray path. If ε(ζ) is the energy 
per photoionization given locally to the electron gas, then the rate of heat 

IO8E 1 1 1 r 

0 10 20 30 40 50 60 70 

ENERGY (eV) 
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Fig. 22.9 Experimental values for the differential photoelectron flux at various alti-
tudes and solar zenith angles [36]. 

input, P(z), is 
P(z) = ε{ζ)ηηαγΦβ-τ (22.31) 

Equation (22.31) can be applied to the particularly simple case of an 
isothermal hydrostatic neutral atmosphere of temperature Tn; 

nn = «n
a exp( -z / / / n ) (22.32) 

where Hn = kTJmng is the scale height, g is the acceleration of gravity, 
and z is the distance above the point of density «n

a. The rate of heat input 
to the electron gas is 

P(z) = ε(ζ)πη
ΆΦσ^χρ[-(ζ/Ηη) nn*aje- -z/H -] (22.33) 

which is similar in form to a Chapman layer. 
At low altitudes where optical depth effects are important P{z) depends 

strongly upon the form of ε(ζ), which is not known in great detail. In any 
case, due to the absorption of the solar radiation, P(z) -> 0 a s z - > — oo. 
At high altitudes, usually above 200 km, the absorption term in the brackets 
of (22.33) becomes small and 

P(z) = ε{ζ)ηησ{Φ (22.34) 

showing that P(z) must decline with the neutral gas scale height since e(z) 
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Fig. 22.10 Altitude profile of the mean electron gas heating energy per photoioniza-
tion calculated for 1200 EST, July 1963, at Millstone Hill, Massachusetts [27]. 

is limited by the total amount of kinetic energy available in the photo-
electron. To illustrate, a typical altitude profile for ε(ζ) is shown in Fig. 

22.10, along with a calculated profile for electron gas energy production 
in Fig. 22.11. 
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Fig. 22.11 Altitude profile of the total electron gas heating rate derived for 0800 EST, 
July 1963, at Millstone Hill, Massachusetts [27]. Γη(οο) = 766°Κ; χ = 50.2°. 



22.4 Photoelectrons 257 

22.4.2 Photoelectron Transport 

The electron gas heating theory presented above is based on the assump-
tion that photoelectrons lose their excess energy in the same spatial region 
where they are created ; the migration of photoelectrons toward regions of 
lower neutral gas density is neglected. Transport and eventual atmospheric 
escape of photoelectrons can be expected to occur, however, in those regions 
of the atmosphere where the electron free path Ae approaches or is larger 
than the scale height Hn of the neutral atmosphere [10]. If one adopts a 
total scattering cross section of 5 x 10~16 cm2 for atomic oxygen, the domi-
nant neutral gas in the regions where photoelectron escape occurs, one finds 
that the condition Xe = Hn obtains at the altitude where n(0) ~ I0u/Tn 

cm~3. Using the model atmospheres discussed previously, it is found that 
photoelectron escape develops near 300 to 350 km altitude. In this region 
and above photoelectrons can spiral along the geomagnetic field lines out 
of the neutral atmosphere into the magnetosphere. The escaping fast elec-
trons represent a loss of energy from the atmosphere but, by depositing 
their energy in high altitude regions where the local heating rate is small, 
they increase the local electron heating rate above the value which would 
be found if the escaping flux were neglected [38-43]. 

Detailed theories of photoelectron transport have been developed in the 
literature [31, 32, 38, 44]. A reasonable estimate of the magnitude of the 
escaping photoelectron flux can be made on the basis of a simple absorption 
and scattering model [45]. Suppose that in traveling along the field lines, 
photoelectrons in a certain energy range ε, ε + de interact with the neutral 
atmosphere through elastic scattering collisions of cross section ae and 
through inelastic collisions of cross section σΆ. The effect of an elastic 
collision is to alter the pitch angle of the incident electron. For isotropic 
scattering the probability of reversing the direction of a photoelectron per 
collision is \. For a simple model, consider only two angular sectors cor-
responding to photoelectrons traveling either up or down a field line. 
Backscattering by elastic collisions is assumed to be the fraction peae 

where pe < 1 and pe = J for isotropic scattering, pe < \ for preferential 
scattering in the original direction of motion, pe > \ for preferential back-
scattering. 

In addition to elastic scattering, inelastic processes occur which are 
assumed to remove the photoelectron from its original energy range; i.e., 
removal to a lower energy range is assumed to occur with a cross section 
σα. To describe the total steady state photoelectron flux, equations of con-
tinuity can be written for the upward (Φ+) and downward (Φ-) fluxes of 
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where 

and 

s is the distance along a magnetic field line (positive outward), 
Φ+(ε, s) is the photoelectron flux outward along s, 
Φ~(ε, s) is the photoelectron flux inward along s, 
nk(s) is the kth species number density, 
pe

k(e) is the photoelectron backscatter probability for elastic collisions 
with the kth species, 

<rG
k(e) is the photoelectron total scattering cross section for elastic 

collisions with the kth species, 
#(£, s) is the photoelectron production rate in the range ε to ε + άε 

due to direct ionization processes, 
q± is the photoelectron production in the range ε to ε + άε due 

to cascading from higher energy photoelectrons undergoing 
inelastic collisions, 

pkj is the photoelectron backscatter probability for collisions with 
the kth species resulting in the jth inelastic process, 

akj is the inelastic cross section for the yth excitation of the kth 
particle species, and 

<cos 0> is the mean pitch angle for Φ+ and Φ~ photoelectrons. 

photoelectrons in the energy range ε, ε + de: 

(22.35) 

(22.36) 

(22.37) 
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Equations (22.35) and (22.36) provide a direct means for computing 
photoelectron energy spectra and fluxes in the ionosphere. These can then 
be used with Eq. (22.27) to compute the electron heating rate. 

Numerical solutions to (22.35) and (22.36) are normally needed to include 
the many excitation cross sections and photoelectron production rates com-
plicated by energy cascading [32, 46]. Analytic solutions for Φ+ and Φ~ 
can be obtained, however, for a simple model of a single constituent, 
sunlit, isothermal atmosphere with photoelectrons produced at a single 
energy e. Thus, from (22.35) and (22.36) the fluxes of electrons of energy ε 
can be derived as 

Φ+ 

Φ-

where 

/<cos θ> 
2ora 

/<cos θ> 
2<ra 

R = 

λ = 

{ ■ - * 

{ ■ - * 

1 ^ Φ - ( Ο Ο ) 

1 ^ 2 — Φ-(ΟΟ) 
7<cos0> v '. 

g-H/xl 

e-H/A 

1 - K/(<ra + 2peae)r* 

1 + K / K + 2/>e<re)]1/2 

<cos 0> sin /d 

(22.38) 

(22.39) 

(22.40) 

(22.41) 

and 

/ is the photoionizat ion rate, 
σΆ is the inelastic cross section, 
H is the neutral gas scale height, 
nn is the neutral gas density, 
/a is the magnetic dip angle, and 
φ-(οο) is the downcoming photoelectron flux far from the atmosphere. 

At low altitudes where λ < //, Eqs. (22.38) and (22.39) reduce to 

Φ+ = Φ~ = 7<cos 0>/2σα (22.42) 

showing no net transport of photoelectrons. 
In the limit z —> oo, the photoelectron escape flux, Φ+(οο), is found to be 

Φ+(οο) = [7<cos θ>/2σα](1 - R) (22.43) 

so that elastic scattering actually reduces the photoelectron escape flux 
below values obtained in its absence. 
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If, in addition to photoelectrons produced in the local atmosphere, one 
introduces a downward electron flux0~(oo) such as might be present from 
a magnetically conjugate hemisphere the escape flux becomes 

^~> = ̂ { ' - * ( ' - 7 < ^ > *-<">)} <™ 
showing that a fraction of the incident photoelectrons introduced as Φ~(οο) 
are scattered upward and escape from the local atmosphere. 

The altitude where photoelectron escape is substantial follows from 
(22.38) and (22.39) as the region where the neutral atmospheric density 
satisfies the relation λ ~ H or 

„ « < c o s 9 > s i n / " (22 45) 

A crude estimate of magnitude of the escaping photoelectron flux may 
be obtained by noting that the principal constituent of the neutral atmo-
sphere near 300 km is atomic oxygen. Taking approximate values the escape 
flux, 0+(escape) is about 1-3 x 109cm~2sec_1. Since photoelectrons arising 
from atomic oxygen have an average energy of about 15 eV, a total energy 
flux of about 1.5-4.5 x 1010 eV cm-2 sec-1 is involved which, if the electrons 
are thermalized in the magnetosphere, represents a substantial source of 
high altitude heating. 

Using typical values for the pertinent parameters, photoelectron escape 
altitudes have been tabulated in Table 22.5 for the six model atmospheres 
described in Chapter 14. 

Detailed theoretical calculations of the ionospheric photoelectron fluxes 

TABLE 22.5 

PHOTOELECTRON ESCAPE ALTITUDES 

Tn (°K) 

750 
1000 

1250 

1500 

1750 

2000 

Escape altitude 
(km) 

261 
303 
346 
381 
425 
466 
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Fig. 22.12 Photoelectron fluxes for a sunlit 750°K thermosphère and overhead sun. 
Solid curves, Φ+; dashed curves, Φ~. 

have been made including the effects of transport [31, 32]. Typical results 
are shown in Figs. 22.12 and 22.13 for sunlit 750° and 1250°K thermo-
sphères. Both the upward ( + ) and downward (—) fluxes are shown for 
several energies. The net escape flux can be found at Φ+ evaluated at suffi-
ciently high altitudes. The difference between Φ+ and Φ~ is especially large 
at low energies, principally as a result of the strong photoelectron-thermal 
electron energy transfer rate which affects both conjugate and local photo-
electrons. 

ior io" io" ici7 
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10 

Fig. 22.13 Photoelectron fluxes for a sunlit 1250°K thermosphère and overhead sun. 
Solid curves, Φ+; dashed curves, Φ~. 
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Comparison of the two photoelectron models shown in Figs. 22.12 and 
22.13 shows that the escape fluxes are relatively insensitive to changing 
atmospheric conditions. In addition, it is found that there is no strong 
dependence upon solar zenith angle for angles less than 70° to 80° [36]. 

22.5 Other Sources of Plasma Heating 

22.5.1 Electrons 

When an electric field is applied perpendicular to the geomagnetic field, 
charged particles drift through the neutral gases. Collisions between the 
different charged and neutral species act to limit the final transport veloc-
ities and some conversion of directed motion into random thermal energy 
occurs. Such a condition is thought to be important in the auroral and 
polar ionospheres and descriptions of the various processes have been 
presented in the literature [14, 15, 47, 48]. For an electric field E, the elec-
tron heating rate follows from Eqs. (22.27), (19.38), and (19.40) as 

Pe = mQn,vQn{[(cEyIBz) - un]
2 + [(cEJBz) - vnf + (we - wn)2} (22.46) 

where a single neutral gas (subscript n) is assumed to be present. The rate 
of electron heating caused by this process is substantially smaller than that 
produced in the ion gases for the same values of Ex and Ey. If the electron 
energy loss proceeded by means of elastic collisions, the rise of electron 
temperature would be given by an equation similar to (22.12). Owing to 
the importance of inelastic processes, however, such a relation cannot be 
valid for electrons and the Joule heating created by electric fields and neutral 
winds is dissipated through inelastic processes. 

When electric currents flow in plasma the electron and ion transport 
velocities differ and collisional Joule heating again occurs [24]. The rate 
of electron gas heating due to this effect follows from (22.28) and (9.112) as 

Pe = menevei(Ce - Cd2g(v/a) (22.47) 

where 

^ - ^ ( T H D - K T M - - ^ ) <=*»> 
and 

i> = | Ce - C, | , (22.49) 

a2 = 2kTe/me. (22.50) 
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Another source of electron heating, principally effective at altitudes 
below 150 km, has been postulated [49] to explain the apparent high 
electron temperatures in the ionospheric E region (100-140 km) measured 
by rockets carrying Langmuir probes. The most rapid energy conversion 
process taking place in the E region involves the absorption of solar radia-
tion in the Schumann-Runge continuum of molecular oxygen and leads 
to metastable atomic oxygen atoms in the *D state. It has been hypothe-
sized [49] that the excited oxygen atoms are quenched through collisions 
with molecular nitrogen with a substantial number of molecules being 
vibrationally excited. Through N2*-N2 collisions the vibration levels are 
thought to quickly attain a Boltzmann distribution with a characteristic 
temperature as high as 3300°K. Thermal electrons, in collisions with the 
excited N2 molecules, will be heated (or cooled) through deexcitation (or 
excitation) of the different N2 vibration states. Due to the long time required 
to deactivate the excited N2 molecules, the vibration temperature will 
remain substantially greater than the neutral gas temperature throughout 
the night, thus providing a long-term nocturnal heat source for electrons. 
One difficulty with this particular model involves the rapidity with which 
N2* can be deactivated through quenching. In fact, the quenching of N2* 
by C0 2 could prove to be important in limiting the usefulness of excited 
N2 as an electron heat source [50]. 

22.5.2 Ions 

The electron gas acts, by means of elastic Coulomb collisions, as a heat 
source for the ion gases. The rate of thermal energy transfer between elec-
trons and ions follows from (22.11 ) as 

P{ = 7.7 x 10-6we«i[(re - Τ{)/Α{Τ*/2] eV cm~3 sec"1 (22.51) 

where A{ is the ion mass in atomic mass units. Equation (22.51) is based 
on the assumption that the electron and ion gases have separate Maxwellian 
velocity distributions. Theoretical models of various plasma processes have 
shown that the ionospheric constituents maintain independent Maxwellian 
forms over a wide range of conditions [51-53]. 

In addition to heating by the electron gas, other possible sources of ion 
thermal energy involving dissipation of wave energy, electric fields, chemical 
reactions, or inelastic collisions have been postulated. However, from obser-
vational evidence there is strong support for the choice of the electron gas 
as the primary source of ion heating at altitudes above 300 km. 
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Below 300 km, electric fields of magnetospheric and ionospheric origin, 
neutral winds, and electric currents can strongly affect the ion temperature 
through conversion of bulk transport into random thermal motions. The 
expressions for this type of ion heating follow from Eq. (22.11) as special 
cases of the relation 

Λ = μΐη"ι9ιΛ"ΐηΚ"ΐι + /wn)](Ct - Cn)2 (22.52) 

where μϊη is the ion-neutral reduced mass. 
To evaluate the importance of various effects, it is possible to adopt 

Eqs. (19.26)—(19.29) giving the steady state ion motions in a horizontally 
stratified medium. Although the general case is cumbersome, it is possible 
to deal with the approximations vfn ^> Ωχ1 and vfn <^ Ωζ. These give, 
omitting explicit expressions for the vertical components of velocity, 

Λ = (n-Jm^XeEJ* (22.53) 

η»<ΩΪ: 
/"il 

m; %-+)'+&+*' (22.54) 

where v[n is the ion-neutral momentum transfer collision frequency. Equa-
tion (22.53), valid below about 140 km, shows that heating results when a 
perpendicular electric field drives plasma through the neutral atmosphere. 
Because the ion-neutral collision frequency is much larger than the ion 
gyrofrequency neutral winds do not enter into the expression. In the absence 
of an electric field the ions are forced to move with the neutral atmosphere. 

At higher altitudes, Eq. (22.54) shows that both electric fields and neutral 
gas motions heat the ion gas. Thus, even if the electric field vanishes (in the 
coordinate frame of the rotating earth) neutral gas motions relative to the 
rotating earth result in substantial ion heating. 

Up to now, Eq. (22.11) as applied to ions in the neutral atmosphere has 
been arbitrarily separated into two parts, one of which corresponds to 
heat production, the second to energy loss to the neutral atmosphere. 
Actually, the same collisional processes act in both parts. Consequently, 
for steady-state conditions, it is possible to find the ion temperature from 
an equation similar to Eq. (22.11). This gives 

Γ, = Tn + mn[{C{ - Cny/3k]F(v/a), (22.55) 

irrespective of the actual elastic ion-neutral collision frequency, with F(v/a) 
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a normalized function of relative speed and temperature such that F(v/a)^> 1 
as D/a—►(). For the model of Eq. (22.11), F(v/a) = 1, permitting (22.55) 
to be written as 

T{ = Tn + (m^pktf^iEj* + Ευ*) 

1 n + 3k 
CEy 

B7 
Wnj + ( B? 

(22.56) 

(22.57) 

For a stationary neutral atmosphere, this last relation reduces at polar 
latitudes to 

Tl = Tn+ \2\1(EJ55)2 °K (22.58) 

with E± measured in millivolts per meter. The time needed to establish such 
a temperature difference is of the order \/vin. Consequently, fluctuations 
of ion temperature provide a measure of the magnitude and time variations 
of both electric fields and neutral winds. In the low collision frequency 
regime, T{ — Tn is independent of plasma or neutral densities. Only when 
vfn becomes of the order Ω\ or larger are density factors important. 

With regard to ion gas heating due to dissipation of energy from current 
flow, Eqs. (22.11) and (9.112) give 

{m*lm{)nj>Q{(CQ - C^giv/a) (22.59) 

since n{v^ = nevei for a single ion species. The different quantities in this 
expression are given following Eq. (22.47). Because of the extra mass 
factor mjm{, heating by electron currents is much slower for ions than 
for electrons [see Eq. (22.47)]. 

22.6 Energy Losses of Electrons and Ions 

The exact expression for the rate of energy transfer by means of elastic 
collisions between the constituent particles of two stationary gases having 
different temperatures and particle masses can be obtained [54] from the 
energy moment of the collision term of Boltzmann's equation [see Eq. 
(22.7)] 

dUJdt \lmxm2i\{mx + w2)2K^i2(i^^i — %kT2) (22.60) 
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where 
ΙϋΛΜ/π^ΚΓχΜ) + (TJmJFO» 

ÔD = ^ 3 g*qO{g) exp(-Äg2) dg 

ϋ* = τ m^fx eft) m \n-JcTi 

K = [(HcTJmJ + (IkTJmJ]-1 

qO(g) = 2π f a(g, 0)[1 - cos Θ] sin θ άθ 

(22.61) 

(22.62) 

(22.63) 

(22.64) 

(22.65) 

and 

Through numerous experimental and theoretical studies it is known that 
a substantial portion of the energy exchange between the different gases of 
the ionosphere occurs not as a result of elastic collisions but through ex-
citation of internal energy states of the colliding particles [13, 19, 27]. 
The excitation of an internal energy state (rotation, vibration, electronic) 
of an atom or molecule is an important mechanism for particle energy loss 
because it permits the direct transfer of kinetic energy to the colliding 
particles without the intervening mass factor which limits the rate of elastic 
collision energy transfer. As a consequence of the mass factor in (22.60) 
inelastic collisions tend to play a much more important part in determining 
the rate of electron gas cooling in a neutral atmosphere than that for ions. 
Unlike the case for elastic collisions, light particles can lose or gain energy 
relatively rapidly owing to inelastic collisions. In particular, electrons in a 
heavy neutral gas have an energy decrement of 2me/mn per collision as a 
result of elastic processes. For inelastic collisions, the mass factor is absent 
and a rapid change in kinetic energy is possible. 

Ions, in contrast, can have an energy decrement of up to one-half 
[2m1m2/(m1 + m2)

2 ^ J] for elastic collisions in a neutral gas composed 
of particles of nearly the same atomic mass. Hence, inelastic processes 

*12 

ÖD 
£ 
#D 

/ 
σ 

is the average momentum transfer collision frequency, 
is the average momentum transfer cross section, 
is the relative velocity, 
is the velocity dependent momentum transfer cross section, 
is the distribution function, and 
is the differential scattering cross section. 
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cannot be expected to radically increase the rate of energy exchange unless 
the cross section for a given excitation is substantially larger than the elastic 
momentum transfer cross section. 

Further evaluation of the equations of energy transfer for inelastic pro-
cesses is useful only in particular cases where the specific cross section 
involved can be identified. Such, for example, is the case for electron ex-
citation of molecular rotational states and ion-neutral resonance charge 
exchange. 

22.6.1 Thermal Electron Cooling Processes 

The rate at which a heated electron gas cools in the atmosphere as a 
result of elastic collision with neutral particles is [54] 

dUJdt = -(3mJmn)nekve[Te - Tn] (22.66) 

where ve is the electron-neutral momentum transfer collision frequency 
defined by 

ve = %nn(SkTe/nmey*QO, (22.67) 

poo 

QD = (mJ2kTey vqD exp(~mev
2/2kTe) dv, (22.68) 

J 0 

and v is the electron velocity. Using the electron collision frequencies of 
Chapter 9, the energy transfer rates for elastic electron-neutral collisions 
in the atmospheric gases become 

1.2 x 10-»«e«(N2)[l - 1.2 x 10-4Γβ]Γ6(Γβ - Tn) 

eV cm-3 sec-1 (22.69) 

7.9 X 10-19«e«(O2)[l + 3.6 X 10-2Γ1/2]η/2(Τ; - Tn) 

eV cm"3 sec"1 (22.70) 

7.2 X 10-1 V ( 0 ) 7 1 / 2 ( 7 ; - Tn) eV cm"3 sec"1 (22.71) 

6.3X 10-lenen(H)[l - 1.35X 10-4Γβ]71/2(7; - Tn) 

eVcm-Ssec-1. (22.72) 

From numerous experiments and theoretical analyses, it is known that 
electron energy transfer by means of elastic collisions with N2 is never of 
great importance in the upper atmosphere. In fact, the rotational excitation 

dU„ 
dt 

dUe 

dt 

dU,, 
dt 

dUe 

dt 
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of N2 and 0 2 provides a rapid channel for energy loss which avoids the 
unfavorable mass factor appearing in (22.66). Although a precise theory 
is not available it is possible to adopt [55, 56] 

dU« 
dt N2 

rotational 

-2x lO- 1 4 /7 e /7 (N 2 ) (Te - Tn) 
JJ/2 

eVcm-Ssec-1 (22.73) 

for N2 with a possible uncertainty of a factor of 2. 
For molecular oxygen the situation is not clear. Experimental studies 

[57, 58] show that 0 2 is a more efficient electron coolant than N2, in con-
tradiction to predictions based on the long range quadrupole interaction. 
Recent theoretical studies have indicated the importance of short range 
interactions and a tentative energy loss rate of 

dUe 

dt o2 
rotation 

-7xl0-14/7e«(O2) (Te - Tn) 
TV* 

eV cm-3 sec"1 (22.74) 

has been suggested [55] but this result is very uncertain. In any case, the 
effect of 0 2 rotational excitation upon the overall electron energy balance 
is not great at altitudes above 150 km since 0 2 rapidly becomes a minor 
constituent. 

For electron temperatures above about 1500°K vibrational excitation of 
N2 leads to more rapid electron cooling than rotational excitation. Cal-
culations [55, 59] based upon theoretical values of the N2 vibration cross 
section lead to the electron energy loss rates tabulated in Table 22.6, and 

TABLE 22.6 

ELECTRON ENERGY LOSS RATES" FOR N2 VIBRATIONAL EXCITATION 

Te 

(°K) 

200 
300 
500 

1000 
1500 
2000 

dUe 1 

dt nen(N2) 

3 x 10-19 

7 X 1 0 1 7 

7 x 1 0 1 5 

2 X 10-13 

8 x 10-13 

2 x 10-12 

Te 

(°K) 

2500 
3000 
3500 
4000 
4500 
5000 

dUe 1 

dt nen(N2) 

1 x 10-11 

5 x 1 0 1 1 

1 x 10-10 

3 x 10-10 

2 x 10-9 

7 x 10-9 

α Values are in eV cm3 sec-1. 
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approximated by the expression [60] 

dUJdt = -1.3xlO-4Aiew(N2){l - exp[3200([l/re - \/Tn])]}A 

eV cm"3 sec"1 (22.75) 

where 
5.715 X l0-8e-3352-6/7\ Te < 1000°K 

A = I 2.0 x ιο-7β-4β05·2/Γβ, 1000° < Te < 2000°K 
2.53 x io-6ri/2é>-17620/7\ Te > 2000°K. 

For elevated electron temperatures N2 vibrational excitation is certainly 
one of the principal means of electron energy loss in the ionosphere. 

Vibration cross sections for electron cooling in 0 2 are available from 
an analysis of transport phenomena [61] and theory [62]. However, since 
the 0 2 vibration cross sections tend to be of the same order of magnitude, 
or smaller, than those for N2, the inclusion of 0 2 vibrational excitation is 
relatively unimportant in the electron gas energy budget, especially at 
altitudes above 200 km. 

Electronic excitation of N2 is not a significant energy loss process for 
ionospheric electrons due to the relatively large (6.2 eV) excitation potential 
of the first excited state A 3Ση of N2. In contrast, the first 0 2 electronic 
state (a *Ag) lies only 0.96 eV above the ground state and, with a sufficiently 
large cross section, could be a significant sink for electron thermal energy. 
Laboratory measurements and theoretical analysis tend to indicate, how-
ever, that the direct excitation cross section leading to the 02(

1Ag) state is 
very small ( ~ 10~19 cm2) [63]. 

In the middle ionosphere electron collisions with atomic oxygen are 
known to bring about impact induced fine structure transitions according 
to the process [64] 

e + 0(3Pj) -> e + 0(3Pj,) (22.76) 

since the 3P0 and Ψ1 levels are 0.028 and 0.020 eV above the ground state 
3P2 level. Cross sections for (22.76) have been used to calculate the energy 
loss rate expression as [60] 

dUJdt = - 3 . 0 x 101Χ«(Ο)Γ"1/2[5 + 3e~A*/kT* + e-
A*lkT«Yx 

x {(6.28 x 10-17 + 4.75 x 10~21re) à2kTe[e~A*/kT* - e-**'*T*] 

+ (1.16 x 10-17 + 2.3 x 10-21re) &afcTe[e-**'*T' - e-
A*/kT«] 

+ (2.2 x 10-17 + 3.0x 10"21re) Α^Τ&[β~Α^τ- - e-^
/kT-] 

x e-A2/kTn} e Y c m - 3 s e c - i (22.77) 
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Fig. 22.14 Electron energy loss rate due to fine structure transitions of 0(3P). 

where Δχ = 0.00833 eV, Δ2 = 0.01965 eV, Δ3 = 0.02798 eV, and k = 8.63 
x 10-5 eV °K"1. 

A plot of the energy loss rate as a function of electron and neutral gas 
temperature is given in Fig. 22.14. These results show that atomic oxygen 
is an important sink of electron thermal energy. Recent work [27] indicates 
that the inclusion of this process in models of the ionospheric thermal 
structure tends to give good agreement between predicted and observed 
electron temperature profiles. 

The first excited state of atomic oxygen 0(XD) lies 1.97 eV above the 
0(3P) ground state. For electron temperatures above several thousand 
degrees electron impact excitation of the XD state can be important [60]. 
The energy loss rate has been calculated as [65] 

dUJdt = - 1 . 1 x 10-10/7ew(0)re
1/2e-2-27xlo4/^{(0.406 + 0.357x 10"4Γ6) 

-(0.333 + 0.183 x 10~47;) e-i.37xio4/re 

-(0.456 + 0.174 x 10-4re>-2-97x1()4/re} eV cm"3 sec"1 (22.78) 
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assuming a Maxwellian electron velocity distribution and thermal distribu-
tion of 0(3Pj) states. 

The excitation of 0(XS) is not a major sink of electron energy for the 
temperatures normally observed within the ionosphere due to its threshold 
of 4.2 eV. 

The elastic scattering of electrons by ions leads to a rapid electron-ion 
energy transfer rate as a consequence of the large Coulomb cross section. 
Using (22.66) 

dU« 
nii dt 

where 
(Zjé?2)2 In A 

'Χγγΐ 

"nekvel(Te - Γ,) (22.79) 

vei = |(2»)"»ι·, Λ 3 7 Γ - - ö r W <22·8°) 

Hence, the electron-ion energy transfer rate is 

dU, m\n (Z,e2)2 In A 

^ (kfJ3 - 4 ( 2 π ) 1 « Λ β „ 1 _ £ _ ν ) , ^ >3/2 k(Te - Td, (22.81) 
dt 

the subscript i applying to ion parameters. Numerically, this becomes 

dUe 

dt 
= - (7 .7 ± 0.8) x 10-V7i (T* P eV cm"3 sec-1 

i o n s ^ i^e 
(22.82) 

where ^ i is the ion atomic mass in atomic mass units. The indicated un-
certainty reflects the problem of choosing an adequate cutoff for the Coulomb 
potential. 

For a fixed ion temperature in Eq. (22.82) there is a maximum energy 
transfer rate when Te = 3T{; that is, 

dUe 

dt 
eVcm_ 3sec_ 1 . (22.83) 

A.TV2 

For local energy production in the electron gas greater than (22.83) the 
electron temperature must rise until thermal transport or energy losses to 
the local neutral atmosphere becomes important. 

22.6.2 Thermal Ion Cooling Processes 

At low temperature (T < 300°K) the most important ion-neutral inter-
action arises from an induced dipole attraction which was discussed in 
Chapter 9. 
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For temperatures greater than about 300°K other effects besides polar-
ization become important. Unfortunately the specific nature of these effects 
depends intimately upon the identity of the colliding particles. Because 
there are almost no data available for either the cross sections or collision 
frequencies at high temperatures, the ion-neutral energy transfer rates for 
many ionospheric processes must remain somewhat uncertain. In these 
cases the rates can be estimated using the low temperature polarization 
interaction with a suitable truncation repulsive potential to simulate short 
range quantum effects. 

In this approximation the ion neutral collision frequency for singly 
charged ions is given by Eq. (9.73) as 

vin = 2.6 x 10-χ(α0/μΑ)1 / 2 sec"1 (9.73) 

where μΑ is the ion-neutral reduced mass in atomic units and a0 is the 
neutral gas polarizability in units of 10~24 cm3. From (22.60) the ion-neutral 
elastic energy transfer rate is 

dUi 

dt 

where Ainis the atomic mass of the indicated particle. The energy transfer 
rates of ions can be approximated as 

dUJdt = -n{nnßin{T{ - Tn). (22.85) 

Values of ßin are listed in Table 22.7. 

TABLE 22.7 

ION ENERGY LOSS RATES" 

Species 

N2+, N2 

o2+, o2 

o+, o 
H+, H 

He+, He 

N+, N 

02+, N2 

An 

5.9 
5.3 
5.6 
1.9 
5.4 
6.5 
2.6 

Species 

0+, N2 

He+, N2 

H+, N2 

o2+, o 
NO+, O 
N2+, O 
He+, O 

An 

4.0 
4.5 
2.8 
1.3 
1.4 
1.5 
4.1 

a Values are in 10~14 eV cm3 °K"1 sec-1. 

(22.84) 
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Care must be taken applying these rates to ion scattering in homo-
nuclear gases such as 0 2 and N2. In these cases the probability of rotational 
excitation at thermal energies is large and a substantial part of the scattering 
may actually be inelastic. The true processes involved are complex, however, 
and the rates of Table 22.7 can be used as typical values subject to future 
correction. 

In addition to the collisional energy transfer described by (22.84) there 
exists for ions a second method of energy loss by means of resonance charge 
exchange which, while fundamentally elastic in nature (no internal energy 
states are excited), requires an evaluation of the collision term in Boltz-
mann's equation to obtain the ion-neutral energy transfer rate. For Max-
wellian distributions the ion-neutral energy exchange rate is [54] 

dUJdt = - f / f i f c W i - Tn) (22.86) 

where ve is the charge exchange collision frequency. Using values given in 
Chapter 9, the rates of energy transfer for the ions of the upper atmosphere 
have the form 

dU{ = >Win(^i + Tny\T{ - Tn). (22.87) 
charge 
exchange 

dt 

Table 22.8 lists values of yin for resonance charge exchange. 

TABLE 22.8 

RESONANCE CHARGE EXCHANGE ENERGY LOSS COEFFICIENTS61 

Species 

o+, o 
H+, H 

He+, He 

7in 

2.1 

13.0 

3.9 

Species 

N2+, N2 

o2
+, o 2 

N \ N 

7in 

2.8 

1.4 

2.2 

a Values are in 1 0 1 5 eV cm3 °K~3/2 sec-1. 

As a result of differing rates of energy production in the ionospheric 
ion gases there exists a tendency for there to be minor differences in the 
ion kinetic temperatures [66-69]. An important factor preventing sub-
stantial differences is the rapid ion-ion energy exchange rate based on the 
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Coulomb interaction. From (22.60) the ion-ion energy exchange rate is 

dU{ 

dt 
3mim* n.kv^T, - T2) (22.88) 

(rnx + m2f 

where the subscripts apply to two ion gases and v12 is defined by Eq. (9.114). 
Numerically, (22.88) becomes 

dUx 

dt 
3.3 x 10-V72(7\ - T2) ΛΤ a χ 

ΑχΑ2\{Τλ\Αλ) + (Τ2/Α2ψ* 
eV cm-3 sec"1 (22.89) 

where the subscripts apply to the two ion species and A is the ion mass in 
atomic mass units. 

22.7 Plasma Thermal Conductivity 

Owing to the large difference between the electron gas and ion gas mean 
thermal speeds, most of the thermal energy flow in a plasma takes place 
through the electron gas in response to electron temperature gradients [70, 
71]. As a result, the electron temperature profile in the ionosphere is more 
strongly affected by energy transport than is that for the ion gases. Never-
theless, the ion thermal conductivity cannot be ignored altogether since at 
high altitudes, where the rate of energy transfer between electrons and ion 
gases is slow, the transport of thermal energy through the ion gas can 
measurably alter the ion temperature profile [12, 72]. 

In both neutral gases and plasmas, particle collisions determine the mag-
nitude of the thermal conductivity. In ionized gases, however, there is a 
further effect since electric fields established through charge separation 
between electrons and ions can substantially reduce the flow of electrons 
and thus act to determine an effective thermal conductivity which is sub-
stantially smaller than the conductivity appropriate for Coulomb collisions 
alone. 

When the bulk transport velocity is much smaller than the mean thermal 
speed of the gas, the principal contribution to the jth species heat flow, 
Φ,,·7', arises from thermal conduction and is given by the relation 

i t f = -Κ; dTj/ds (22.90) 

where K- is the yth species thermal conductivity. 
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22.7.7 Electron Thermal Conductivity 

From simple mean free path arguments the energy flux Φβ arising from 
a gradient in the electron temperature is [73] 

&e= - lnQvkX{dTJdz) (22.91) 

where ne is the electron density, ϋ is the average electron thermal speed, 
k is Boltzmann's constant, λ is the electron mean free path, principally 
determined by electron-ion Coulomb collisions in a fully ionized plasma, 
and s is a coordinate along the magnetic field. 

Using the basic transport relation 

λ=1/ησ (22.92) 

where n is the number density of the scattering particles and a is the scatter-
ing cross section, the thermal conductivity becomes 

Ke
r = Kvknjon). (22.93) 

For a fully ionized gas, where the electrons are scattered by Coulomb 
collisions with ions, it is possible to take ne = n and (22.93) becomes 

Ke'~i(vk/aQ) (22.94) 

independent of the charged particle number density. A further reduction 
could be made by using the electron-ion momentum transfer cross section 
in place of ac in (22.94). This gives 

(22.95) 

where the different symbols have been defined in Section 9.7. More exact 
derivations, which take into account the nonlinear effects of electron-
electron collisions through direct evaluation of Boltzmann's equation give 
the result [16, 74] 

(22.96) 

which, with ô = 0.225 and In yl = 15, becomes 

(22.97) 

uncorrected for any thermoelectric effects which may exist in the plasma. 
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Before proceeding with the analysis needed to derive the effective thermal 
conductivity valid for a partially ionized plasma, it is necessary to discuss 
two aspects of the thermal conductivity which are important for the iono-
spheric plasma. The first revolves about the already mentioned effect of 
the geomagnetic field in constraining the motions of electrons into helical 
paths along the magnetic lines of force. For such conditions the thermal 
conductivity becomes anisotropic with different values parallel and perpen-
dicular to the field lines [75]. While the component of conductivity parallel 
to the field lines is the same as derived here for the field-free case, the 
perpendicular component is reduced by the factor ve/(ve

2 + Qe
2) where Qe 

is the electron cyclotron frequency and ve is essentially a mean collision 
frequency. Since Qe ^ 107 sec-1 and ve ~ 10_9/7n sec-1 for the earth's mag-
netic field and atmosphere, it is found that there will be essentially no 
energy conducted through the electron gas perpendicular to the magnetic 
field for altitudes above about 80 km. Thus, only the component of the 
electron temperature gradient parallel to the field will be effective in trans-
porting energy through the electron gas. The thermal conductivity derived 
here will be considered as the component parallel to the direction of the 
magnetic field lines and the effect of the perpendicular component will be 
ignored (see Eq. (22.91)). 

The second effect, which plays an important part in reducing the thermal 
conductivity of a plasma, arises from the possibility of different thermo-
electric effects inhibiting the flow of electrons [16, 24, 74]. When a weak 
electric field Eu, temperature gradient dTJds, and electron pressure gradient 
dpe/ds, are present in a plasma and acting parallel to the imposed magnetic 
field, then the steady state electron current je and electron heat flow Φ6 

can be expressed in phenomenological terms as 

As a consequence of these relations the electron flux and heat flow are 
closely related in the sense that for a given applied temperature gradient, 
pressure gradient, or electric field there will be a net flow of electric current 
and heat. 

In many physical situations geometrical or magnetic effects may be present 
which prohibit a flow of electron current. The magnetic field lines equator-
ward of the auroral zones, in particular, require that any currents generated 
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through temperature or density gradients or electric fields must pass along 
the field lines to the ionospheric E region where the transverse electrical 
conductivities become large enough to support lateral current flow towards 
the geomagnetic conjugate region. Because of the relatively poor electrical 
conductivity of the lower ionosphere and the long path length involved, 
very little current is able to flow in such a system; a secondary electric 
field must be established along the lines of magnetic force which, in effect, 
reduces the electron current flow to zero. The magnitude of this secondary 
field follows from (22.98) with je = 0: 

1 dpe φ_ dTe 

en~ ds a ds £ „ = - ~ ^ - - ^ - ^ · (22.100) 

With the substitution of the secondary electric field of (22.100) into (22.99), 
the net electron heat flux Φ6 through the electron gas becomes 

<Pe = - (*e' - ^f-) 4 r (22.101) 

and the effective coefficient of thermal conductivity is reduced to Ke = eKe' 
where the reduction factor ε is given by 

ε= [1 -(T^/Ke
ra)] (22.102) 

so that the thermal energy flux becomes 

0G= -Ke(dTJds). (22.103) 

The condition that no electric current flow along the lines of magnetic 
force, which has been met above through the requirement that jG = 0, 
could also follow from an ambipolar hypothesis : je = j \ . However, owing 
to the large ion to electron mass ratio, the ambipolar requirement does not 
appreciably alter the results obtained for the case of no electron flow. 

In a fully ionized gas the electron free path is determined by collisions 
with ions and, indirectly, through collisions with other electrons. For these 
circumstances the thermal conductivity has been evaluated [74] numerically 
to give 

Kei = 1.8 x 10671/2 eV cm-1 sec-1 ^ 1 (22.104) 

or, with the calculated value ε = 0.419, 

Kei = 7.7 x 105ri /a eV cm"1 sec-1 °K"1 (22.105) 

independent of the plasma number density. 
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For the limit of a weakly ionized plasma the distortion of the electron 
velocity distribution function arising from electron-electron collisions can 
be neglected and the thermal conductivity can be found from the Lorentzian 
approximation as [75] 

4π 
Kn 3 

f°° f;4 

Jo Ve 

2 

do (22.106) 

where v is the electron speed, ve is the velocity dependent collision frequency 
between electrons and neutrals and fe

M represents the Maxwellian velocity 
distribution function for the electron gas. 

In order to reduce (22.106) to a practical form it is necessary to introduce 
a specific velocity dependence for the electron-neutral collision frequency. 
This, in general, is difficult since there are a number of effects which act 
to determine the magnitude of the scattering cross section at different 
energies. Only for certain simple interaction models is it possible to obtain 
analytical solutions. To take the velocity variations of the electron collision 
frequency into account it is adequate to introduce the average momentum 
transfer cross section g D [see Eq. (9.38)] into Eq. (22.106) in place of the 
velocity-dependent momentum transfer cross qB. In terms of QO the elec-
tron thermal conductivity becomes 

Kln = mkTJnmey
/2(nJn)(k/QO) (22.107) 

where the various values of g D for the atmospheric gases have been given 
in Chapter 9. The error involved in the process is very small for simple 
power law cross sections. Since the actual values of qO(v) a r e onty known 
to within 20% for 0 2 and N2, the approximation is adequate for iono-
spheric applications. 

Numerical values for the reduction factor e can be calculated for electron-
neutral collision from (22.102) and the Lorentzian relations 

σ = * g . r *./* &. (22.109) 
3 kl e J 0 ^en 

If we adopt the approximation 

Ven = nQj>v (22.110) 
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then ε = f and the effective thermal conductivity Ken becomes 

Ken = H%kTJnmer*(riJnn)(k/QO). (22.111) 

In a fully ionized gas the electron mean free path is determined by the 
effect of collisions with ions and, to a lesser extent, with other electrons. 
In a partially ionized plasma, however, it is necessary to take into account 
the presence of neutral particles since, for sufficiently large neutral particle 
concentrations, the free path will be determined by electron-neutral colli-
sions alone. 

For situations where only a rough estimate is required for the thermal 
conductivity of a partially ionized plasma a mean free path mixing rule 
can be adopted. In this case the electron free path can be expressed as 

* = 1 / z * ; ß ; (22·112) 

where rij is a particle number density and Qj is the appropriate scattering 
cross section for the 7th species. Equation (22.112) may be further de-
composed as 

A = Ac/(1 + Ac/A„) (22.113) 

where λ0 is the electron-charged particle free path and 

^ n = l / E " n Ô D (22.114) 

is the electron-neutral free path which includes the effects of k different 
neutral-gas species. 

With Eqs. (22.113) and (22.114) it is now possible to write the total 
electron thermal conductivity as [23, 76] 

Ke= î + ^ Ê d / A j ] ( 2 2 · Π 5 ) 

where Kei is the electron thermal conductivity of a fully ionized gas and Ken 

is the conductivity of electrons in a very dense neutral gas of the nth species 
where charged particle collisions are unimportant. This result is identical 
with the more common thermodynamic problem of the heat conductivity 
of combined slabs of insulating materials. 

Equation (22.115) shows that at low neutral particle densities, where λη 

and Kn become large, Ke~Kei, while for large neutral particle densities 
λη and Kn become small, leading to Ke ~ 1/Ση O/^en)· 
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In terms of Kei and Ken given by (22.105) and (22.111), the effective 
electron thermal conductivity for the mean free path mixing rule becomes 

K» = 
7.7χ105ΓΡ

5/2 

l + 3 . 2 2 x l 0 4 ( r e
2 K ) E * " n Ô D 

eV cm-1 sec-1 °Κ~Χ (22.116) 

where the summation in the denominator is taken over all neutral gas 
species present. For low neutral particle densities this expression reduces 
to Eq. (22.105) for a fully ionized gas. At the opposite extreme, however, 
the correction factor is large and the thermal conductivity becomes 

K« 
23.9Α76Γ1 / 2 

Ση «nÔD 
eVcm- i sec -^K- 1 . (22.117) 

This result indicates the relative insensitivity of the electron thermal con-
ductivity to changes of temperature in a dense neutral atmosphere. The 
transition between the two limiting conditions is shown in Fig. 22.15 where 
the thermal conductivity is plotted for several values of Te as a function 
of the density reduced cross section Σ η (nn/ne)QO. Since Kei is independent 
of the number densities, the departure of the curves from the horizontal 
indicates the effect of the neutral gases. 
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Fig. 22.15 Electron thermal conductivity for several values of electron temperature. 
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An alternative to the relatively inaccurate free path mixing rule has been 
developed [70] on the basis of the Lorentzian coefficients given by (22.107-
22.109). If one adopts a modified electron-ion collision frequency for the 
total collision frequency ve in these equations it is possible to obtain an 
accuracy far better than the simple mixing rule and somewhat better than 
even the twelfth order Sonine-polynomial approximation. Formulas for 
Â én, a, and φ are obtained in this technique through the replacements [70] 

n Ä ) e = ven(v) + 2J0vei(2kTJmev*) (22.118) 

"e(<0 = ven(v) + \.21vei(2kTJmev*) (22.119) 

*τ(Φ) = Ven(v) + 1 .S0vei(2kTJmev*) (22.120) 

*ei - I[(2π)1/2/ι,^ In A/ml/2(kTeY
/2] (22.121) 

respectively. The thermal conductivity resulting from this method is general-
ly smaller than that obtained using the free path mixing rule. 

There have been several laboratory measurements of the electron thermal 
conductivity [77-79]. In each of these experiments it was found that the 
electron thermal conductivity was independent of the neutral gas pressure. 
However, analysis of the experimental conditions has shown that in all 
cases the laboratory parameters of Te, ne, and nn were not adequate to 
lead to any appreciable reduction in the conductivity. 

The practical importance of the neutral gas reduction of the electron gas 
thermal conductivity in the ionosphere is felt principally below 200 km. 
During the daytime the electron density is generally high enough to ensure 
that the effect of the neutral atmosphere enters only at altitudes below 
140 to 150 km. During the night, however, the electron density in the regions 
below 200 km falls to values of the order of 103cm~3 and it is found that 
there is essentially no thermal conduction acting within the electron gas: 
The electron temperature is determined through local energy production 
and loss. On this basis there is a substantial thermal decoupling of the high 
altitude electron gas from the important electron energy losses of the E 
region of the ionosphere. If electron-neutral collisions did not reduce the 
electron thermal conductivity, large fluxes of electron thermal energy could 
be conducted rapidly to low altitudes with the net result that the electron 
temperature would be lower in the regions of energy production [76]. An 
example of this behavior is shown in Fig. 22.16. 

22.7.2 Ion Thermal Conductivity 

In response to gradients in ion temperature, a flux Φλ of ion thermal 
energy flows along the lines of magnetic force. For a single ion gas the 



282 22 Thermal Processes of the Ionosphere 

700 

600 

"g 500 

UJ 

o 
Ξ 400 

»— 
—1 

< 
300 

200 

" θ 1000 2000 3000 4000 5000 

TEMPERATURECK) 

Fig. 22.16 Charged and neutral gas temperatures typical of quiet solar conditions. 
Curve 1 is the solution to the daytime electron energy balance equation which ignores 
heat conduction through the electron gas. When heat conduction is included the electron 
temperature profile is substantially changed, as shown by curves 2 and 3. Curve 2 results 
when an effective thermal conductivity including the effects of electron-neutral particle 
collisions is introduced. For curve 3 the thermal conductivity for a fully ionized gas was 
used. Curves 4 and 5 are the calculated ion and the assumed neutral atmosphere tem-
peratures. 

heat flux is given by Eq. (22.90) but when mixtures of ions are involved 
additional terms enter into the expression corresponding to thermal diffu-
sion effects. However, evaluation of the heating influences of conduction 
and diffusion indicates that heat conduction is generally dominant. Only 
for circumstances of low ion temperatures and densities can diffusion heating 
or cooling due to ion transport be important. 

The calculation of the ion thermal conductivity Kx for a single ion gas 
of atomic mass A{ follows from kinetic theory as 

Ki = 4.6xWAi1/2Ti
b/2 eV cm-1 sec-1 ^ ^ (22.122) 

where the correction factor appropriate for the second approximation has 
been applied. The analysis of the thermal conductivity for the electron 
component of a fully ionized gas has shown that thermoelectric effects are 
important. Thus the stipulation that there is no net electron current flow 
in a plasma leads to the establishment of an electric field within the plasma 
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that opposes the electron current flow associated with the gradient in 
electron temperature and reduces the electron thermal conductivity by a 
factor of 2.3. When the simultaneous ion and electron heat and current 
flow equations are introduced, it is possible to require a condition of no 
net electric current through the ambipolar hypothesis. In this case the 
electric field established by electrons tends to increase the effective ion 
thermal conductivity. It is found, however, that this enhancement is gen-
erally small and can be neglected in the ionosphere, giving the result that 
ε = 1 for the ion heat flow component. 

For the ion gases of the ionosphere, an extension of (22.122) must be 
made to include the effects of differing conductivities for each ion species. 
An exact expression is difficult to obtain and an approximate, density 
weighted, thermal conductivity can be used in the form 

K{ = 1.2x 104[A2+(O) + 2«+(He) + 4«+(H)]rf / 2V eV cm"1 sec"1 ORr1 

(22.123) 

which leads to errors of less than several percent in binary mixtures. The 
effects of ion-neutral collisions, which tend to reduce the thermal conduc-
tivity below the value given by (22.123) can be neglected above 300 km. 

An example of the effect of the ion thermal conductivity upon the profile 
of ion temperature is shown in Fig. 23.13 for quiet solar conditions. The 
principal effect is to maintain a permanent separation between ion and 
electron temperatures at high altitudes when the electron densities are 
sufficiently low. 

22.8 Effects of Electron Heat Conduction 

Owing to the dependence of the electron thermal conductivity upon 
temperature, electron heat flow due to conduction leads to particular tem-
perature profiles along magnetic lines of force at high altitudes. Thus, from 
(22.21) for a fully ionized gas at rest 

-ΊΓ-ί-^Ή)-™-^ ( 2 2 · 1 2 4 ) 

where both the production and loss of thermal energy may depend upon 
altitude and temperature, A is the area of a given field tube, and K0 = 7.7 
x 105 eV cm-1 °K-7/2 sec"1. 
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A single integration of (22.124) can be performed immediately to give 

A(s)TÏ'*(dTJds) = A(a)Tf\dTJds)a 

+ (\/K0) Γ [L(s') - P(s')]A(s') ds' (22.125) 
J a 

where the subscript a refers to some reference level. 
At very high altitudes (z > 1000 km) it is frequently assumed that there 

is no local energy production or loss; thermal energy is conducted down-
wards along the magnetic field line from heat sources located within the 
magnetosphere, perhaps in the vicinity of the geomagnetic equator. In this 
situation (22.125) can be integrated to give the conductive temperature 
profile as 

giving the temperature variation along the field line in terms of the values 
Te« and (dTJds)a. 

For some purposes it is convenient to retain the value of the heat flux 
in an expression similar to (22.126). Thus, 
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α is the boundary value heat flux, and A(s') is the area of the 

magnetic field flux tube normalized to A (s = a). 
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showing that the electron temperature must continually rise as one goes 
away from the earth in order to maintain the same net rate of heat flow 
downwards along the magnetic field lines. 

Over a sufficiently short distance the variation of A(s') with s' can be 
neglected so that 
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CHAPTER 23 

Electron and Ion Temperatures 

23.1 Electron Temperatures 

Using the basic steady state energy balance equations for electrons and 
ions with the various heating and cooling processes described in the preced-
ing chapter, it is possible to compute theoretical profiles of temperature 
appropriate for different model neutral atmospheres and ranges of param-
eters. Typical results taken from recent work [1] are shown in Fig. 23.1 
to illustrate the theoretical variation in electron temperature through the 
course of an undisturbed day in July 1963 at Millstone Hill, Massachusetts. 

Several features of these theoretical profiles are of interest since they relate 
to the general features of ionospheric temperatures. First, below 150 km 
thermal equilibrium between the electron and neutral gases is predicted as 
a result of the rapid electron-neutral energy loss rates which are present 
even for minor temperature differences. (Although it has been postulated 
[2] that Te > Tn within the E region due to electron deexcitation of N2 

vibration states, the heat source appropriate to this process has not been 
included in the calculations of Fig. 23.1.) 

Next, as shown in the same figure, the electron temperature has a positive 
temperature gradient to very high altitudes, even though it is known that 
the altitude of maximum heat input to the electron gas occurs between 
160 and 180 km. A temperature profile of this character is typical of an 
electron energy budget dominated by thermal conduction and can usually 
be found either during periods of low solar activity when the F2-region 
electron densities are depressed and electron to ion energy losses are rel-
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Fig. 23.1 Electron temperature 
profiles in July 1963 at various times 
throughout the day. The solid lines 
are the theoretical predictions while 
the dashed curves are the experi-
mental incoherent scatter data at 
Millstone Hill [1]. 

atively unimportant, or at times when large downward heat fluxes emerge 
from the magnetosphere [3-6]. Under these circumstances much of the 
heat produced in the F2 region and above is conducted downwards and 
eventually lost to the neutral atmosphere below 200 km. 

For more intense solar activity the energy losses associated with F2-
region ions become important. While the production of electron thermal 
energy depends roughly upon the electron density, the energy losses vary 
as «e

2. Thus, for the elevated electron densities characteristic of moderate 
and active solar conditions, Te will tend to decrease with altitude in the F2 

region, bringing about a closer semblance of thermal equilibrium at high 
altitudes [7]. A temperature profile illustrating this effect is shown in 
Fig. 23.2. Thermal conduction is effective at all altitudes but, in contrast 
to the temperature profiles characteristic of low electron density shown in 
Fig. 23.1, the F2-region energy losses in the present case are sufficiently 
large to cause a negative temperature gradient to appear. In a certain sense 
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these high density temperature profiles are very similar to older predictions 
which ignored thermal transport effects [8]. 

When the effect of magnetospheric heating is included, however, it is 
found that the F2-region temperature minimum is no longer followed by 
a relatively cool, isothermal region, but rather there occurs a strong positive 
electron temperature gradient with high temperatures (Te ~ 3000-4000°K) 
being found at altitudes above 1000 km [3, 5, 9-12]. 
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Fig. 23.2 Electron and ion temperature profile for a 750°K model neutral atmosphere, 
overhead sun, a vertical magnetic field, a 10% photoelectron heating efficiency, and a 
magnetospheric heat source of 109 eV cm-2 sec-1 at 600 km altitude. 

One important consequence of large F2-region energy losses is that the 
temperature profile at altitudes below the F2 region becomes virtually inde-
pendent of magnetospheric energy processes. Thermal energy conducted 
downwards from the inner magnetosphere (having its origin in low energy 
electrons, photoelectrons, etc.) will affect only the temperatures in the 
ionospheric regions near and above the F2 peak. This thermal isolation will 
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be present only if the electron-ion heat losses are a large part of the F2-
region heat budget. In marginal cases, such as may occur in the normal 
ionosphere at minimum solar activity, the presence of a large, downward 
heat flux of the order of 5 x 109 to 5 x 1010 eV cm-2 sec-1 could convert a 
loss dominated profile (Fig. 23.2) into a conduction dominated profile 
(Fig. 23.1). 

The theoretical prediction of ionospheric electron temperatures is subject 
to a number of uncertainties associated with a lack of precise knowledge 
of atomic and molecular excitation ionization processes. In particular, the 
rate at which photoelectron energy is introduced into the thermal electron 
gas cannot be accurately calculated as a result of the large number of 
possible photoion energy states, the inexactness of photoelectron cooling 
cross sections for 0 2 and N2, and the possibility of photoelectron trans-
port [13]. Consequently, accepting the basic range of values for the rate at 
which the electron gas is heated, it is more important to know the general 
behavior of the ionospheric temperatures with respect to particular trends 
in the parameters of the neutral and ionized atmospheres rather than the 
specific values calculated for a single model. 

To illustrate the effects associated with the uncertainty in the photo-
electron heating rate, the electron temperatures of Fig. 23.3 have been 
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Fig. 23.3 Electron temperature profiles for a 1250°K model neutral atmosphere and 
differing efficiencies for photoelectron to electron energy conversion. 
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calculated for a 1250°K model neutral atmosphere with several different 
rates of electron gas energy production taken from Chapter 22. Curve A 
of Fig. 23.3 is the electron temperature profile which would result if all 
photoionizations resulted in ground state photoions with all photoelectron 
energy being given to thermal electrons ; that is, the photoelectrons are given 
the maximum possible proportion of the available initial solar EUV photon 
energy which, in turn, is transferred exclusively to the electron gas. In 
contrast, Curve B represents the temperature profile arising from an energy 
production rate based upon the actual distribution of photoion internal 
energy states and the assumption that all photoelectron energy is given 
locally to the electron gas. Since only a small fraction of the photoelectron 
energy initially available actually is given to the electron gas, curves C 
and D indicate the temperature profiles resulting when 50% and 10% of the 
photoelectron energy production is given locally to the electron gas. 

In the four cases listed above it has been assumed that T{ = 1250°K 
and a self-consistent electron density profile has been calculated using the 
production, loss, and diffusion rates discussed in the preceding chapters. 
No downward heat flux from the magnetosphere has been included. 

Changing solar conditions affect both the structure of the neutral at-
mosphere and the ionosphere. Profiles of electron temperature for neutral 
gas models characterized by thermospheric temperatures of Γη = 750°, 
1250°, 1500°, and 2000°K are shown in Figs. 23.4-23.6 for three different 
energy production rates; full, one-half, and one-tenth the total amount of 
energy initially given to photoelectrons, taking into account the different 
photoion energy states. For each of the neutral atmospheres the changes 
in solar flux have been taken into account and self-consistent model iono-
spheres have been calculated. 

At low activity, as typified by Tn = 750°K, and depending upon the 
peak electron density, the F2-region energy losses are not sufficiently large 
to bring about dTe/dz < 0 at any altitude and a conduction dominated 
profile results. For higher thermospheric temperatures the peak F2-region 
density increases significantly such that dTe/dz < 0 for z > 250 km and 
Te ~> Tn at high altitudes in the absence of downward heat conduction. 

The importance of thermal energy transported downward from the mag-
netosphere into the upper ionosphere should not be underestimated in its 
effect upon the electron temperature profile. From incoherent scatter radar 
[9, 11, 12] data and direct rocket probes [10, 14] it is known that the mag-
nitude of the heat flux entering the daytime midlatitude ionosphere ranges 
between 5 x 109 and 2x 1010 eV cm~2 sec1 . In the absence of high altitude 
energy production or loss the electron temperature gradient corresponding 
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Fig, 23,4 Electron temperature profiles for a 750°K model neutral atmosphere and 
differing photoelectron energy conversion efficiencies. 
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Fig, 23,5 Electron temperature profiles for a 1500°K model neutral atmosphere and 
differing photoelectron energy conversion efficiencies. 
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Fig. 23.6 Electron temperature profiles for a 2000°K model neutral atmosphere and 
differing photoelectron energy conversion efficiencies. 

to a heat flux ΦΕ is 

dTJdz = - (1 .3X Ι Ο ^ Φ Ε ) / ^ 2 °K km-1 (23.1) 

which, for Te = 4000°K, indicates the presence of thermal gradients as 
large as 2.5°K k m 1 in the regions between 500 and 1000 km. Altitude 
profiles of electron temperature showing the effect of downward thermal 
conduction are given in Fig. 23.7 for downward energy fluxes between 
1x10° and 5x 1010 eV cm-2 s e c 1 using a 1250°K model neutral atmo-
sphere and a self-consistent ionosphere. 

It has been postulated that the major source of heating for the inner 
magnetosphere arises from photoelectrons which escape the neutral at-
mosphere [3, 5, 9, 15]. As discussed in Chapter 22, the calculation of the 
magnitude and energy spectrum of this flux is very difficult and subject to 
a number of complications which make any predictions of the net upward 
energy flow rather uncertain [6, 16-19]. In a steady state the upward energy 
flow carried by photoelectrons is matched by an equal downward flow by 
thermal conduction. In addition, to preserve electrical neutrality the upward 
photoelectron flux must be matched by a downward flow of thermal elec-
trons which, in itself, can result in a significant heat flux. 

Direct measurements of ionospheric electron temperatures are now avail-
able for a substantial portion of the solar cycle [3, 4, 14, 20-43]. To date, 
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Fig. 23.7 Altitude profiles of electron temperature for a 1250°K model atmosphere, 
overhead sun, and various downward magnetospheric heat fluxes. 

the results of rocket-borne Langmuir probes have provided the best oppor-
tunities to compare theoretical models of the electron energy budget with 
the real ionospheric environment. Since the rockets pass rapidly through 
the ionospheric plasma, the inherent difficulties of time dependent fluctua-
tions can be avoided to a large extent. 

A typical result from rocket probes has already been shown in Fig. 22.1. 
In this experiment not only was it possible to measure directly the electron 
temperature profile but, through computation of the N2 scale height 
|77(N2) = kTn/m(N2)g], the neutral gas temperature could also be found. 
In the example shown a relatively large degree of thermal disequilibrium 
is clearly evident. 

A typical series of electron temperatures, obtained at the Arecibo, Puerto 
Rico incoherent scatter facility [29] is shown in Fig. 23.8. These data 
illustrate the fluctuating nature of the electron temperatures in response to 
changes in both the ionospheric electron density and the character of the 
neutral atmosphere. As mentioned previously, in the upper F region a 
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Fig. 23.8 Electron and ion temperature variations throughout December 29, 1965, 
as measured at the Arecibo, Puerto Rico incoherent scatter facility [29]. Solid curve, Te; 
dashed curve, 7\. 

balance exists between chemical processes and bulk transport such that 
the electron density, temperature, and diffusion velocity are coupled. 
Fluctuations in any of the external parameters of the plasma system, 
especially those relating to the structure of the neutral atmosphere and 
its winds, can lead to substantial changes in the observed densities and 
temperatures. Thus, large increases (or decreases) in F2-region electron 
density depress (or enhance) the local electron temperature, and the elec-
tron density is the dominant member of the coupled system. From theo-
retical considerations, an increase in Te can enhance the rate of ion diffusion 
and lower the electron density near the F2 peak, thus decreasing the electron 
to ion energy transfer rate and supporting a further increase in Te. It has 
been shown [44, 45], however, that a process of this type is rapidly self-
limiting and cannot explain the large changes in electron temperature shown 
in Fig. 23.8. A better explanation lies in the effects of neutral winds which 
move F2-layer ionization along geomagnetic field tubes by means of ion-
neutral collisions. The introduction of a given wind may greatly enhance 
(or diminish) the peak F2-layer electron density, thereby increasing (or 
decreasing) the electron to ion energy losses and lowering (or raising) Te. 

Theoretical studies are concerned with local, steady state models of the 
ionosphere [1, 7, 8, 46]. Incoherent scatter radar results, in contrast, are 
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700 

Fig. 23.9 Mean monthly behav-
ior of the electron temperature 
during July 1964 measured at Mill-
stone Hill, Massachusetts, using the 
incoherent scatter technique [3]. 

most effective when applied to time-dependent phenomena. Figures 23.9 
and 23.10, for example, show the daily variations in electron temperature 
during the months of July (summer) and November (winter), 1964 as 
measured at Millstone Hill, Massachusetts. It is clear that significant dif-

20 2U 

Fig. 23.10 Mean monthly be-
havior of the electron temperature 
during November 1964 measured at 
Millstone Hill, Massachusetts, using 
the incoherent scatter technique. 
The temperature rise near dawn is 
generally much less rapid in winter 
than in summer [3]. 
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ferences exist between the two seasons of the year and that to explain 
these would require a detailed theory relating not only to the ionosphere, 
but to geographical and geomagnetic factors, the seasonal behavior of the 
upper atmospheric composition and temperature, and variations in horizon-
tal neutral gas transport (winds). 

In contrast to rocket and radar experiments, which are well suited to 
investigate ionospheric phenomena on a local scale, satellite measurements 
are principally useful to the extent that they yield information on the global 
distributions of temperature and density over extended time periods. Figure 
23.11 illustrates the diurnal variation in Te as a function of geomagnetic 
latitude for the 1965 vernal equinox as measured by the Explorer XXII 
satellite at an altitude of 1000 ± 100 km. Such data, coupled with theo-
retical models of plasma diffusion and the electron heat balance, have been 

Fig. 23.11 Averaged latitudinal and local time behavior of the electron temperature 
at 1000 ± 100 km altitude as measured by Explorer XXII in 1965 near vernal equinox. 
The nighttime cooling of the electron gas proceeds rapidly at low geomagnetic latitudes 
owing to the low heat capacity of the low latitude photonosphere magnetic field tubes [33]. 
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used to increase our knowledge of plasma behavior in the inner mag-
netosphere. 

Within the constraints of the geomagnetic field, plasma in a given tube 
has been found to behave much like a compressible fluid [47-49], undergoing 
expansion as a result of daytime photoelectron heating and contraction as 
a result of nighttime heat loss to the lower ionospheric regions. At low 
geomagnetic latitudes, where the volume and heat capacity of the field 
tubes are small, the thermal energy introduced into the field tube by photo-
electrons and thermal conduction can be rapidly lost to the F2 region at 
night, leading to rapid decreases in electron temperature. For progressively 
higher latitudes, however, the heat capacity of field tubes increases rapidly 
and eventually a steady state behavior is reached with only moderate varia-
tions in density and temperature between day and night [50]. 

23.2 Ion Temperatures 

Owing to the rapid loss of ion thermal energy to the neutral gases for 
small temperature separations, T{ ~ Tn to within a few percent in the E 
and Fx regions if only heating by the ambient electron gas is considered. 
Equating the ion thermal energy input from electron-ion collision to that 
lost through collisions with neutral particles, an approximate expression 
for the ion temperature can be obtained for steady state conditions, ignoring 
thermal conduction, as [51] 

(23.2) 

where from the energy exchange rates of Chapter 22, a c^ 6x 106 and nn is 
the neutral gas number density. At high altitudes, where njnn is large, 
T{—>Te. This transitional temperature dependence is shown in Fig. 23.12 
for a 1000°K model neutral atmosphere and various constant values of the 
electron temperature. 

The approximate result given by (23.2) is adequate for large (10-50 eV 
cm- 3 sec-1) high altitude electron-ion energy transfer rates. During periods 
of low solar activity, however, the local energy production and loss rates 
at altitudes above 500 km become small and thermal conduction through 
the ion gases begins to play a part in determining the actual ion temperature 
profile [51]. The principal effect appears as a modest separation between Te 

and T{ at very high altitudes, as shown in Fig. 23.13. 
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Fig. 23.12 Temperature of atomic oxygen ions for different constant electron temper-
atures and a neutral atmospheric temperature of 1000°K. Below 300 km electron gas 
heating is not sufficient to enhance the ion temperature. At high altitudes, however, the 
neutral gas is ineffective in cooling the ions and the ion temperature approaches the 
electron temperature [55]. 

The altitude profile of ion temperature depends strongly upon the com-
position and temperature of the neutral atmosphere as well as on iono-
spheric parameters. For neutral gas models having increasing temperature 
the concentrations of the major constituents increase at a given altitude and 
serve, through ion-neutral collisions, to bind the ion temperature more 
tightly to the neutral gas temperature. However, it is generally true that 
the electron density is larger during the periods of enhanced solar activity 
characteristic of the warmer neutral atmospheric models and, as a con-
sequence, it is difficult to predict from a limited set of geophysical data the 
actual ion temperature profile at a given time. 

The time-dependent behavior of the ion gas has been studied theoretically 
[51]. For altitudes below 500 to 600 km the effect of thermal conduction is 
small and the time constant for changes in the ion temperature is deter-
mined by ion-neutral charge exchange and elastic ion-electron collisions. 
Table 23.1 lists typical time constants. It appears that for normal diurnal 
changes in ionospheric parameters T{ will have essentially its steady-state 
value. 
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Fig. 23.13 Calculated ion temperature profiles. The effect of ion gas heat conduction 
is included in curve A but excluded in curve B. The thermal energy given to the ion gases 
above 600 km in A is transported downwards and is lost between 450 and 600 km, slightly 
raising the ion temperature above the value for B [51]. (Γη = 1000°K; Te = 2600°K; 
/ - 90°.) 

Because of the relatively slow ion thermal speeds (1-4 km sec-1) rocket 
and satellite probe measurements of ion temperature are relatively difficult 
to perform [14, 22, 41, 52, 53]. A recent result is shown in Fig. 23.14 along 
with the observed values of Te. 

Measurements based upon the electromagnetic properties of the local 
plasma permit the determination of ion temperatures. Investigations using 

TABLE 23.1 

ION TEMPERATURE TIME CONSTANTS 

Altitude (km) 

300 
400 
500 
600 
700 

τ (sec) 

3.6 

15 

72 

240 

540 
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satellite borne experiments [54], for example, have deduced ion composi-
tion and temperatures from VLF plasma resonances and topside radio 
sounding data taken with the Alouette 1 satellite. The most extensive 
experimental studies of ion temperature have been made by incoherent 
scatter radars. These data, as do the rocket results, tend to confirm in 
detail the altitude transitional behavior of the ion temperature and, by 
implication, the choice of the electron gas as the ion gas heating agent. 
Figure 23.15 shows a typical set of electron and ion temperature profiles 
obtained in 1964 at Millstone Hill, Massachusetts [3]. Also shown is the 
oxygen ion temperature calculated [51] using the ion heating, cooling, and 
transport processes discussed in the preceding sections. 
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Fig. 23.14 Electron and ion temperature profiles measured above Wallops Island, 
Virginia, on June 21, 1967, using rocket and satellite sensors [10]. 

Another aspect of the thermal balance of the ion gases relates to the 
degree to which the different ion gases have the same temperature. Several 
studies [51-57] have been made which predict that H+ and He+ should 
be several hundred degrees Kelvin warmer than 0+ ions due to the differing 
rates of electron-ion energy transfer. Direct calculations of the H+ velocity 
distribution [58] have shown some distortion from Maxwellian due to this 
heating, but the deviation is not large. Likewise, solutions for the 0 + 

velocity distribution function using Boltzmann's equation including the 
effects of charge exchange ( 0 + + O ^ O + 0 + ) , electron-ion collisions, 
and ion-ion collisions have shown [59] that there should be no important 
departure of 0 + ions from the Maxwellian velocity distribution, even for 
large rates of ion heating and cooling. 
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Fig. 23J5 Comparison of computed and experimental ion temperatures using a 
1000°K model neutral atmosphere and the incoherent scatter data of J. V. Evans (shown 
by squares) for 1200 EST, September, 1963 [51]. Ne = 3.4 x 105cm~3 at 300 km. 

23.3 Conjugate Region Heating 

It has been observed [43, 60-65] that local enhancement in electron 
temperature occurs in the upper F region at a particular location during 
the dark early morning hours when local sunrise (and local photoelectron 
production) follows several hours after the sunrise in the geomagnetic 
conjugate region. A possible explanation for this phenomenon, illustrated 
in Fig. 23.16, is that energetic photoelectrons created in the small optical 
depth regions of the geomagnetically conjugate ionosphere are able to travel 
through the magnetosphere from the conjugate region to the local, pre-
dawn region along the lines of magnetic force. In passing downward into 
the dark hemisphere the photoelectrons suffer inelastic collisions with the 
neutral atmospheric particles and finally release some fraction of their 
energy to the ambient electron gas. A theoretical prediction [16] for the 
low latitude (Arecibo, Puerto Rico) energy spectrum of incident photo-
electrons for various solar zenith angles is shown in Fig. 23.17. 

As discussed previously, a substantial flux of photoelectrons is able to 
escape the normal daytime ionosphere and travel along the lines of geo-
magnetic force into the magnetosphere. The distance these electrons can 
travel before being thermalized by the ambient electron gas is contained 
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Fig. 23J6 Geomagnetic conjugate region heating by photoelectrons. Due to geo-
graphic and geomagnetic factors, magnetically conjugate ionospheres are not symmet-
rically illuminated by the sun. At certain times of the year photoelectrons can travel 
into dark predawn regions, bringing about enhancements in electron and ion temper-
atures and airglow emissions. 

implicitly in the equation 

3.9 xlQ-12 

cos Θ 
ne(s

r) ds' 
J a 

(eV)2 (23.3) 

where Θ is the electron pitch angle, εΆ is the initial electron energy in electron 
volts, ε is the final electron energy at the point s, sr is a coordinate along the 
magnetic field lines, and ne is the electron density. 

In order for there to be any appreciable penetration of photoelectrons 

Fig. 23.17 Flux spectrum of 
photoelectrons entering the predawn 
ionosphere at 1000 km for different 
solar zenith angles, χ (referred to 
the daytime ionosphere) [16]. 
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through the magnetosphere into a conjugate region, the electron column 
content must be less than that required by (23.3) to make ε = 0. During 
the early morning hours, when conjugate heating occurs, typical field tube 
ionization contents at Arecibo [18] tend to be of the order 0.5-1.0x 1013 

electrons cm-2, establishing a threshold of about 4.5 to 5.2 eV for an initial 
photoelectron to be able to travel the field line and produce any appreciable 
heating. This implies that only short wavelength solar photons (λ < 665 À) 
are important for conjugate region energy production. 

During the middle of the day, when magnetospheric electron densities 
are larger, the energy threshold is substantially increased and most of the 
photoelectron energy is dissipated within the magnetosphere and eventually 
lost to the ionospheric regions by means of thermal conduction. 

The range equation (23.3) also indicates that a geomagnetic latitude effect 
should be present. At low latitudes essentially all photoelectrons can travel 
to their conjugate regions. For increasingly higher latitudes the length of 
the field lines becomes rapidly larger and only electrons of progressively 
higher energy are able to completely traverse the field lines. 

The possibility of observing conjugate region effects depends upon both 
geographical and geomagnetic factors. Normally, significant predawn heat-
ing is seen only for relatively short periods during the course of a year [50]. 

23.4 Subauroral Red Arcs 

An important feature of worldwide magnetic storms was discovered in 
1957 [60] in connection with observations of O(I) (λ 6300-6364 Â) atmo-
spheric emissions from stable red arcs occurring at subauroral latitudes. The 
SAR-arc, which is not normally visible, appears equatorwards of the normal 
auroral zone as a long, thin emission band within the F region and oriented 
parallel to lines of magnetic latitude. A peculiarity of SAR-arcs is the lack 
of emissions other than those originating at the 0(XD) state, the lowest 
electronic energy level of the oxygen atom. 

The SAR-arcs have been found to be stable and persist over time periods 
as long as 10 hr while undergoing slow (5-50 m sec-1) equatorward drifts. 
Figure 23.18 shows the relationship of the SAR-arcs to the auroral zones 
and the general near-earth environment. A discussion of the relevant obser-
vations is given in Nagy et al. [67]. 

A number of theories have been advanced to explain the SAR-arc phe-
nomenon. The most plausible explanation involves heated ambient elec-
trons exciting atomic oxygen in such a manner that while the 0(XD) is 
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Fig. 23.18 The relationship between auroras, the polar cap glow, and SAR arcs in 
terms of the earth's plasma and magnetic field plasma. It has been postulated that ring 
current particles heat the magnetospheric plasma and, by thermal conduction, the iono-
sphere. 

significantly populated, virtually no excitation of Of l ^S ) leading to O(I) 
(λ 5577 Λ), is involved [68, 69]. 

It has been suggested [70] that the decay of energetic ring current par-
ticles by means of a wave-particle interaction within the magnetosphere 
would provide a large heat source at high altitudes which could, by means 
of thermal conduction, be used to heat F-region electrons and produce 
the observed emissions. If heat conduction from above is the local heating 
mechanism for the F region, then a substantial electron temperature gra-
dient must exist and electron temperatures greater than 5000°K must be 
expected at 1000 km [71]. Because the efficiency of the wave-particle inter-
action depends upon the electron density, it has been argued [70] that SAR 
arcs occur at the plasmapause where the ring current particles are continually 
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eroded away. In the recovery phase of a magnetic storm the plasmapause 
and ring current particles are found at relatively low magnetic latitudes. 
As the plasmasphere refills with ionospheric plasma, the ring current par-
ticles are removed with the most rapid conversion of energetic particle 
energy into wave energy being found at the plasmasphere boundary. 
Through interaction of the plasma waves with thermal electrons a body 
of hot electrons of average energy 1-2 eV is formed at the plasmapause. 
Subsequent thermal conduction can lead to elevated electron temperatures 
and 6300 Â emission. 

23.5 Thermal Effects of Auroras 

The precipitation of energetic ( ^ 5 keV) electrons into the atmosphere 
at high latitudes (65°-70° magnetic) is normally observed during large scale 
geomagnetic storms and polar magnetic substorms. Although the basic 
acceleration process of the electrons is not yet known, our understanding 
of the atmospheric processes governing the emission of infrared, optical, 
and ultraviolet radiations is well advanced [72] and can be summarized as 
follows: As the incident fast electrons penetrate the atmosphere, ionizing 
and exciting collisions with the neutral gas particles occur and large numbers 
of secondary electrons of relatively low (10-50 eV) energy are created. The 
secondary particles, in turn, create further excitation of the neutral gases 
while thermalizing. Eventually, most of the fast electrons are stopped near 
100 km, the lower altitude limit of auroral displays. The excited atoms and 
molecules return to their ground states either through quenching collisions 
with other particles or through the emission of characteristic radiation. 
The peculiar forms and apparent motions of auroras are due to the spatial 
distributions of the fast electrons and to changes in the location of the 
incident particles. 

Generally, electron temperatures in auroras are as high as 4000°K as 
a result of two energy sources. First, in analogy with the photoelectron 
heating problem, the secondary electrons of auroras are able to transfer 
some of their excess kinetic energy directly to the ambient electron gas [73]. 
In addition, electron deexcitation of atoms and molecules in excited states 
is an important source of thermal energy to an extent not normally seen 
in a quiet, sunlit atmosphere. 

A second heat source relates to the heating of ambient electrons by the 
electric fields thought to exist in some types of intense auroral forms [74, 75]. 
Adopting electric fields perpendicular to the geomagnetic field with mag-
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nitudes on the order of 10_ 2Vm_ 1, it has been predicted that this heat 
source for both electrons and ions can lead to peak temperatures on the 
order of 3500°K at 300 km altitude in agreement with experiment. 

23.6 The Polar Wind 

Within the auroral oval the geomagnetic field lines lead into the tail of 
the magnetosphere and interplanetary space. The theory predicts that much 
of the ionization associated with the polar topside icnosphere is lost from 
the earth by means of a large scale outward hydrodynamic expansion very 
similar to the expansion of the solar corona which gives the solar wind. The 
escaping ionospheric ion flux, termed the polar wind, involves the conver-
sion of random thermal energy and electric potential energy into the energy 
of bulk motion and has associated with it the requirement for a continual 
heat input to overcome the energy losses of ion-neutral friction and gravita-
tional potential energy. In the absence of external energy sources the polar 
wind process would be expected to cool the ionospheric plasma to temper-
atures substantially below that of the neutral atmosphere. If, on the other 
hand, external heat sources are present, and the polar wind plays an un-
important part in the polar ionosphere electron heat budget, the electron 
temperature profiles would be expected to have certain characteristic shapes, 
depending upon whether F-region heat sources (soft precipitating electrons) 
or magnetospheric (thermal conduction) heat sources were involved. 

At the present time very little is known about the temperature profiles 
of the polar regions. During winter periods photoionization cannot be an 
effective heat source, yet satellite measurements [76] indicate electron tem-
peratures as high as 3000°K at 3000 km. Ion temperature measurements 
from low altitude (200 km) satellites [52, 53] have given values of T{ as 
large as 6000°K, but the separation of kinetic temperature from bulk motion 
is difficult. Many problems relating to the polar ionosphere remain to be 
solved and it can be expected that the solutions will relate not only to the 
upper atmosphere of the earth but also to external influences typical of the 
solar wind and the magnetospheric tail. 
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APPENDIX B 

Working Models of the Thermosphère 

The following tables contain six model thermosphères for thermopause 
temperatures of 750°, 1000°, 1250°, 1500°, 1750°, and 2000°K. Data are 
provided for the altitude, temperature, concentrations of the five principal 
neutral species, the total atmospheric pressure, the pressure scale height, 
the total neutral gas concentration, the total neutral gas mass density, the 
mean molecular mass, the total pressure scale height gradient, the mass 
density scale height, and the mass density scale height gradient. 

Atmospheric models corresponding to other thermopause temperatures 
can be constructed from the data of Tables B7 through Bl 1 which give the 
altitude variation of temperature for thermopause temperatures ranging 
from 600° to 2000°K in 50°K increments. 

310 
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T A B L E B l a 

7 5 0 ° K THERMOPAUSE 

Temperature and Concentrations of Neutral Species 

N(0) N(02 ) N(N2) N(HE) N(H) 
(KM) (Κ) (CM-: 3) (CM- 3) (CM-3) (CM- 3) (CM-: 3) 

120 3 2 3 . 6 lO.OOE 10 4 . 0 0 E 10 4 . 0 0 E 11 2 . 0 0 E 07 4 . 2 8 E 06 
130 4 1 8 . 6 4 . 7 3 E 10 1. 16E 10 1 .31E 11 1 .51E 07 2 . 8 8 E 06 
140 5 0 4 . 6 2 . 6 5 E 10 4 . 3 8 E 09 5 . 4 7 E 10 1 .22E 07 2 . 2 7 E 06 
150 5 7 3 . 5 1 .67E 10 1 .98E 0 9 2 . 6 8 E 10 1 .03E 07 1 . 94E 06 
160 6 2 4 . 2 1. 14E 10 9 . 9 8 E 08 1 .46E 10 9 . 1 1 E 06 1 .75E 06 
170 6 6 0 . 2 8 . 1 3 E 09 5 . 4 0 E 08 8 . 4 6 E 09 8 . 2 0 E 06 1 .62E 06 
180 685 . 6 6 .OIE 09 3 . 0 6 E 08 5 . 12E 09 7 . 5 0 E 06 1 .54E 06 
190 7 0 3 . 5 4 . 5 3 E 09 1 .79E 08 3 . 19E 09 6 . 9 2 E 06 1 .47E 06 
200 7 1 6 . 2 3 . 4 7 E 09 1 .06E 08 2 . 0 2 E 09 6 . 4 3 E 06 1 .42E 06 
210 7 2 5 . 2 2 . 6 8 E 09 6 . 4 3 E 07 1 .30E 09 6 · 0 0 Ε 06 1 .38E 06 
2 2 0 7 3 1 . 6 2 . 0 8 E 09 3 . 9 3 E 07 8 . 4 3 E 08 5 . 6 2 E 06 1 .35E 06 
230 7 3 6 . 3 1 .63E 09 2 . 4 1 E 07 5 . 5 0 E 08 5 . 2 7 E 06 1 .32E 06 
2 4 0 7 3 9 . 7 1 .28E 09 1 .49E 07 3 . 6 1 E 08 4 . 9 5 E 06 1 .29E 06 
250 7 4 2 . 2 I . O I E 09 9 . 2 9 E 06 2 . 3 8 E 08 4 . 6 6 E 06 1 .27E 06 
2 6 0 7 4 4 . 1 7 . 9 4 E 08 5 . 7 9 E 06 1 .58E 08 4 . 3 8 E 06 1 .25E 06 
270 7 4 5 . 4 6 . 2 7 E 08 3 . 6 3 Ê 06 1 .05E 08 4 . 1 3 E 06 1 .23E 06 
2 8 0 7 4 6 . 5 4 . 9 7 E 08 2 . 2 7 E 0 6 6 . 9 5 E 07 3 . 8 9 E 06 1 .21E 06 
290 7 4 7 . 3 3 . 9 4 E 08 1 .43E 06 4 . 6 3 E 07 3 . 6 7 E 06 1 .19E 06 
3 0 0 7 4 7 . 9 3 . 1 2 E 08 9 . 0 2 E 05 3 . 0 9 E 07 3 . 4 6 E 06 1 .17E 06 
310 7 4 8 . 3 2 . 4 8 E 08 5 . 6 9 E 05 2 . 0 7 E 07 3 . 2 7 E 06 1 . 15E 06 
320 7 4 8 . 7 1 .97E 08 3 . 6 0 E 05 1 .39E 07 3 . 0 9 E 06 1 .13E 06 
330 7 4 9 . 0 1 .57E 08 2 . 2 8 E 05 9 . 2 9 E 06 2 . 9 2 E 06 1 .12E 06 
3 4 0 7 4 9 . 2 1 .25E 08 1 .45E 05 6 . 2 4 E 06 2 . 7 5 E 06 1. lOE 06 
350 7 4 9 . 4 9 . 9 7 E 07 9 . 2 0 E 04 4 . 2 0 E 06 2 . 6 0 E 06 1 .09E 06 
3 6 0 7 4 9 . 5 7 . 9 5 E 07 5 . 8 5 E 0 4 2 . 8 3 E 06 2 . 4 6 E 06 1 .07E 06 
370 7 4 9 . 6 6 . 3 5 E 07 3 . 7 3 E 04 1 .91E 06 2 . 3 2 E 06 1 .05E 06 
3 8 0 7 4 9 . 7 5 . 0 7 E 07 2 . 3 8 E 04 1 .29E 06 2 . 2 0 E 06 1 .04E 06 
3 9 0 7 4 9 . 7 4 . 0 5 E 07 1 .52E 0 4 8 . 7 0 E 05 2 . 0 8 E 06 1 .02E 06 
4 0 0 7 4 9 . 8 3 . 2 4 E 07 9 . 7 5 E 0 3 5 . 8 9 E 05 1 .96E 06 I . O I E 06 
4 5 0 7 4 9 . 9 1 .07E 07 1 .07E 03 8 . 5 1 E 04 1 .49E 06 9 . 4 2 E 05 
500 7 4 9 . 9 3 . 6 1 E 06 1 .21E 02 1 .27E 04 1 .13E 06 8 . 8 0 E 05 
550 7 5 0 . 0 1 .24E 06 1 .41E Ol 1 .93E 03 8 . 6 7 E 05 8 . 2 2 E 05 
6 0 0 7 5 0 . 0 4 . 2 9 E 05 1 .71E 00 3 . 0 4 E 02 6 . 6 5 E 05 7 . 6 9 E 05 
6 5 0 7 5 0 . 0 1 .51E 05 2 . 12E--Ol 4 . 9 0 E Ol 5 . 1 3 E 05 7 . 2 0 E 05 
700 7 5 0 . 0 5 . 4 1 E 04 8 . 1 0 E 00 3 . 9 6 E 05 6 . 7 5 E 05 
750 7 5 0 . 0 1 .96E 0 4 1 .37E 00 3 . 0 8 E 05 6 . 3 3 E 05 
800 7 5 0 . 0 7 . 2 3 E 03 2 . 3 9 E - -Ol 2 . 4 0 E 05 5 . 9 5 E 05 
850 7 5 0 . 0 2 . 7 0 E 03 1 . 87E 05 5 . 5 9 E 05 
900 7 5 0 . 0 1 .02E 03 1 .47E 05 5 . 2 6 E 05 
950 7 5 0 . 0 3 . 9 1 E 02 1 .16E 05 4 . 9 5 E 05 

1000 7 5 0 . 0 1 .52E 02 9 . 1 2 E 04 4 . 6 6 E 05 
1500 7 5 0 . 0 I . O I E 04 2 . 6 8 E 05 
2 0 0 0 7 5 0 . 0 1 .46E 03 1 .65E 05 
2 5 0 0 7 5 0 . 0 2 . 6 1 E 02 1 .07E 05 
3 0 0 0 7 5 0 . 0 5 . 6 3 E Ol 7 . 2 6 E 04 

Ζ τ 
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TABLE Bib {continued) 

750°K THERMOPAUSE 

Temperature, Total Pressure, Pressure Scale Height, 
Total Concentration, and Total Density 

z 
(KM) 

120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
450 
500 
550 
600 
650 
700 
750 
800 
850 
900 
950 

1000 
1500 
2000 
2500 
3000 

T 
(K) 

323.6 
418.6 
504.6 
573.5 
624.2 
660.2 
685.6 
703.5 
716.2 
725.2 
731.6 
736.3 
739.7 
742.2 
744.1 
745.4 
746.5 
747.3 
747.9 
748.3 
748.7 
749.0 
749.2 
749.4 
749.5 
749.6 
749.7 
749.7 
749.8 
749.9 
749.9 
750.0 
750.0 
750.0 
750.0 
750.0 
750.0 
750.0 
750.0 
750.0 
750.0 
750.0 
750.0 
750.0 
750.0 

P 
(T0RR) 

1.81E-05 
8.22E-06 
4.47E-06 
2.70E-06 
1.74E-06 
1.17E-06 
8.12E-07 
5.76E-07 
4.15E-07 
3.04E-07 
2.25E-07 
1.68E-07 
1.27E-07 
9.68E-08 
7.41E-08 
5.72E-08 
4.43E-08 
3.45E-08 
2.70E-08 
2.12E-08 
1.67E-08 
1.32E-08 
1.05E-08 
8.35E-09 
6.66E-09 
5.34E-09 
4.29E-09 
3.46E-09 
2.79E-09 
1.03E-09 
4.38E-10 
2.27E-10 
1.45E-10 
1.07E-10 
8.74E-11 
7.46E-11 
6.53E-11 
5.81E-11 
5.23E-11 
4.74E-11 
4.33E-11 
2.16E-11 
1.29E-11 
8.31E-12 
5.64E-12 

H 
(KM) 

10.9 
14.6 
18.2 
21.4 
24.0 
26.3 
28.2 
29.8 
31.3 
32.6 
33.9 
35.0 
36.1 
37.0 
37.9 
38.8 
39.6 
40.3 
41.0 
41.7 
42.3 
42.9 
43.5 
44.0 
44.6 
45.3 
45.9 
46.6 
47.4 
53.3 
65.6 
91.0 

137.6 
205.6 
281.5 
349.5 
405.1 
451.3 
492.1 
530.3 
567.0 
869.7 

1062.5 
1215.7 
1363.5 

N 
(CM-3) 

5.40E 
1.90E 
8.56E 
4.55E 
2.70E 
1.71E 
1.14E 
7.91E 
5.60E 
4.05E 
2.97E 
2.21E 
1.66E 
1.26E 
9.63E 
7.41E 
5.73E 
4.46E 
3.49E 
2.74E 
2.16E 
1.71E 
1.35E 
1.08E 
8.59E 
6.88E 
5.52E 
4.45E 
3.60E 
1.33E 
5.64E 
2.93E 
1.86E 
1.38E 
1.13E 
9.61E 
8.42E 
7.49E 
6.74E 
6.11E 
5.58E 
2.78E 
1.66E 
1.07E 
7.26E 

11 
11 
10 
10 
10 
10 
10 
09 
09 
09 
09 
09 
09 
09 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
07 
07 
07 
07 
07 
07 
06 
06 
06 
06 
06 
05 
05 
05 
05 
05 
05 
05 
05 
05 
04 

RHO 
(GM/CM3) 

2.34E-U 
7.95E-12 
3.48E-12 
1.79E-12 
1.03E-12 
6.38E-13 
4.14E-13 
2.78E-13 
1.92E-13 
1.35E-13 
9.66E-14 
7.02E-14 
5.16E-14 
3.83E-14 
2.87E-14 
2.17E-14 
1.66E-14 
1.27E-14 
9.81E-15 
7.60E-15 
5.92E-15 
4.63E-15 
3.64E-15 
2.87E-15 
2.26E-15 
1.79E-15 
1.42E-15 
1.13E-15 
9.04E-16 
3.01E-16 
1.06E-16 
4.00E-17 
1.71E-17 
8.63E-18 
5.20E-18 
3.63E-18 
2.78E-18 
2.25E-18 
1.88E-18 
1.61E-18 
1.39E-18 
5.16E-19 
2.85E-19 
1.80E-19 
1.22E-19 
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T A B L E B l c {continued) 

750°K THERMOPAUSE 

Mean Molecular Mass, Atmospheric Scale Height, 

Gradient of H, Density Scale Height HRO, and 
Gradient of H R O 

Ζ 
(KM) 

Τ 
(Κ) 

M 
( AMU) 

H 
(KM) 

BETA HRO 
(KM) 

BETAR 

120 3 2 3 . 6 2 6 . 1 1 0 . 9 
130 4 1 8 . 7 2 5 . 3 1 4 . 6 
140 5 0 4 . 7 2 4 . 5 1 8 . 3 
150 5 7 3 . 6 2 3 . 8 2 1 . 4 
160 6 2 4 . 2 2 3 . 1 2 4 . 1 
170 6 6 0 . 3 2 2 . 4 2 6 . 3 
180 6 8 5 . 7 2 1 . 8 2 8 . 2 
190 7 0 3 . 6 2 1 . 2 2 9 . 9 
200 7 1 6 . 2 2 0 . 6 3 1 . 3 
210 7 2 5 . 2 2 0 . 1 3 2 . 7 
2 2 0 7 3 1 . 7 1 9 . 6 3 3 . 9 
230 7 3 6 . 4 1 9 . 1 3 5 . 0 
2 4 0 7 3 9 . 8 1 8 . 7 3 6 . 1 
250 7 4 2 . 3 1 8 . 3 3 7 . 1 
2 6 0 7 4 4 . 1 1 8 . 0 3 8 . 0 
270 7 4 5 . 5 1 7 . 7 3 8 . 8 
2 8 0 7 4 6 . 5 1 7 . 4 3 9 . 6 
290 7 4 7 . 3 1 7 . 2 4 0 . 4 
3 0 0 7 4 7 . 9 1 6 . 9 4 1 . 1 
3 1 0 7 4 8 . 4 1 6 . 7 4 1 . 7 
320 7 4 8 . 8 1 6 . 5 4 2 . 3 
3 3 0 7 4 9 . 0 1 6 . 4 4 2 . 9 
3 4 0 7 4 9 . 2 1 6 . 2 4 3 . 5 
350 7 4 9 . 4 1 6 . 0 4 4 . 1 
360 7 4 9 . 5 1 5 . 9 4 4 . 7 
3 7 0 7 4 9 . 7 1 5 . 7 4 5 . 3 
3 8 0 7 4 9 . 7 1 5 . 5 4 6 . 0 
390 7 4 9 . 8 1 5 . 3 4 6 . 7 
4 0 0 7 4 9 . 8 1 5 . 1 4 7 . 5 
4 5 0 7 5 0 . 0 1 3 . 7 5 3 . 3 
5 0 0 7 5 0 . 0 1 1 . 3 6 5 . 6 
550 7 5 0 . 0 8 . 2 9 1 . 0 
6 0 0 7 5 0 . 0 5 . 5 1 3 7 . 5 
6 5 0 7 5 0 . 0 3 . 8 2 0 5 . 4 
700 7 5 0 . 0 2 . 8 2 8 1 . 1 
750 7 5 0 . 0 2 . 3 3 4 8 . 9 
800 7 5 0 . 0 2 . 0 4 0 4 . 4 
850 7 5 0 . 0 1 .8 4 5 0 . 5 
9 0 0 7 5 0 . 0 1.7 4 9 1 . 4 
950 7 5 0 . 0 1 .6 5 2 9 . 6 

1000 7 5 0 . 0 1.5 5 6 6 . 3 
1500 7 5 0 . 0 1.1 8 6 9 . 3 
2 0 0 0 7 5 0 . 0 1 .0 1 0 6 2 . 3 
2 5 0 0 7 5 0 . 0 1 .0 1 2 1 5 . 6 
3 0 0 0 7 5 0 . 0 1 .0 1 3 6 3 . 4 

0 . 3 7 7 
0 . 3 7 2 
0 . 3 4 4 
0 . 2 9 2 
0 . 2 4 2 
0 . 2 0 4 
0 . 1 7 6 
0 . 1 5 5 
0 . 1 4 0 
0 . 1 2 8 
0 . 1 1 8 
0 . 1 1 0 
0 . 102 
0 . 0 9 5 
0 . 0 8 8 
0 . 0 8 2 
0 . 0 7 6 
0 . 0 7 1 
0 . 0 6 7 
0 . 0 6 3 
0 . 0 6 1 
0 . 0 5 9 
0 . 0 5 8 
0 . 0 5 9 
0 . 0 6 1 
0 . 0 6 4 
0 . 0 6 9 
0 . 0 7 5 
0 . 0 8 3 
0 . 1 6 4 
0 . 3 4 9 
0 . 6 9 8 
1 .167 
1 . 4 9 7 
1 . 4 7 1 
1 . 2 3 0 
1 . 0 0 1 
0 . 8 5 9 
0 . 7 8 4 
0 . 7 4 6 
0 . 7 2 4 
0 . 4 7 4 
0 . 3 2 7 
0 . 2 9 6 
0 . 2 9 8 

8 . 0 
1 0 . 7 
1 3 . 6 
1 6 . 7 
1 9 . 5 
2 2 . 0 
2 4 . 2 
2 6 . 1 
2 7 . 7 
2 9 . 2 
3 0 . 6 
3 1 . 9 
3 3 . 1 
3 4 . 2 
3 5 . 3 
3 6 . 3 
3 7 . 2 
3 8 . 1 
3 8 . 9 
3 9 . 7 
4 0 . 4 
4 1 . 0 
4 1 . 6 
4 2 . 2 
4 2 . 7 
4 3 . 1 
4 3 . 6 
4 4 . 0 
4 4 . 4 
4 6 . 5 
4 9 . 3 
5 4 . 5 
6 4 . 6 
8 4 . 2 

1 1 7 . 5 
1 6 3 . 7 
2 1 4 . 2 
2 5 9 . 9 
2 9 8 . 0 
3 3 0 . 7 
3 6 0 . 7 
6 9 4 . 0 
9 8 9 . 9 

1 1 9 0 . 3 
1 3 5 4 . 1 

0 . 3 0 0 
0 . 2 7 6 
0 . 3 0 5 
0 . 2 9 8 
0 . 2 6 7 
0 . 2 3 2 
0 . 2 0 1 
0 . 1 7 6 
0 . 1 5 8 
0 . 1 4 4 
0 . 1 3 3 
0 . 1 2 4 
0 . 1 1 7 
0 . 1 1 0 
0 . 1 0 4 
0 . 0 9 8 
0 . 0 9 1 
0 . 0 8 5 
0 . 0 7 8 
0 . 0 7 2 
0 . 0 6 7 
0 . 0 6 1 
0 . 0 5 6 
0 . 0 5 2 
0 . 0 4 9 
0 . 0 4 6 
0 . 0 4 3 
0 . 0 4 1 
0 . 0 4 0 
0 . 0 4 5 
0 . 0 7 3 
0 . 1 4 1 
0 . 2 8 1 
0 . 5 1 9 
0 . 8 1 1 
1 . 0 0 3 
0 . 9 8 3 
0 . 8 3 6 
0 . 6 9 8 
0 . 6 1 9 
0 . 5 9 1 
0 . 6 9 7 
0 . 4 7 7 
0 . 3 4 9 
0 . 3 1 2 
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TABLE B2a 

1000°K THERMOPAUSE 
Temperature and Concentrations of Neutral Species 

Z T N ( 0 ) N ( 0 2 ) N ( N 2 ) N ( H E ) N ( H ) 
(KM) ( K ) ( C M - 3 ) ( C M - 3 ) ( C M - 3 ) ( C M - 3 ) ( C M - 3 ) 

1 2 0 
1 3 0 
140 
1 5 0 
1 6 0 
1 7 0 
1 8 0 
1 9 0 
2 0 0 
2 1 0 
2 2 0 
2 3 0 
2 4 0 
2 5 0 
2 6 0 
2 7 0 
2 8 0 
2 9 0 
3 0 0 
3 1 0 
3 2 0 
3 3 0 
3 4 0 
3 5 0 
3 6 0 
3 7 0 
3 8 0 
3 9 0 
4 0 0 
4 5 0 
5 00 
5 5 0 
6 00 
6 5 0 
7 0 0 
7 5 0 
8 0 0 
8 5 0 
9 0 0 
9 5 0 

1000 
1500 
2000 
2500 
3000 

323 .6 
4 7 2 . 7 
5 9 6 . 4 
692 .5 
7 6 5 . 2 
819 .8 
8 6 1 . 0 
892 .2 
9 1 5 . 9 
934 .0 
9 4 8 . 0 
958 .8 
9 6 7 . 2 
9 7 3 . 7 
9 7 8 . 9 
983 .0 
9 8 6 . 2 
988 .8 
9 9 0 . 8 
992 .5 
9 9 3 . 9 
995 .0 
9 9 5 . 9 
996 .6 
9 9 7 . 2 
997 .7 
9 9 8 . 1 
998 .5 
9 9 8 . 7 
999 .6 
9 9 9 . 9 

1000 .1 
1000 .1 
1000.2 
1000.2 
1000.2 
1000.2 
1000.2 
1000.2 
1000.2 
1000.2 
1000.2 
1000.2 
1000.2 
1000.2 

10.00E 
4.32E 
2.44E 
1.59E 
1.1 3E 
8.38E 
6.45E 
5.08E 
4 .07E 
3.29E 
2.69E 
2.21E 
1.83E 
1.52E 
1.26E 
1.05E 
8.79E 
7.36E 
6.17E 
5.18E 
4 .36E 
3.66E 
3.09E 
2.60E 
2.19E 
1.85E 
1.56E 
1.32E 
1.12E 
4.87E 
2.15E 
9.61E 
4 .35E 
1.99E 
9.21E 
4.31E 
2.04E 
9.72E 
4 .69E 
2.29E 
1.13E 
1.54E 

10 
10 
10 
10 
10 
0 9 
0 9 
0 9 
0 9 
0 9 
0 9 
0 9 
0 9 
0 9 
0 9 
0 9 
08 
08 
08 
0 8 
08 
0 8 
08 
08 
08 
08 
08 
0 8 
08 
0 7 
0 7 
0 6 
06 
0 6 
0 5 
0 5 
0 5 
0 4 
0 4 
0 4 
0 4 
0 1 

4 .00E 
1.09E 
4 .40E 
2.17E 
1.20E 
7.12E 
4 .43E 
2.85E 
1.87E 
1.25E 
8.48E 
5.80E 
3.99E 
2.77E 
1.93E 
1.35E 
9.43E 
6.63E 
4 .67E 
3.30E 
2.33E 
1.65E 
1.17E 
8.33E 
5.93E 
4.23E 
3.01E 
2.15E 
1.54E 
2.93E 
5.72E 
1.14E 
2.34E 
4.89E 
1.05E 
2.29E 
5.12E-
1.17E· 

10 
10 
0 9 
0 9 
0 9 
0 8 
0 8 
0 8 
0 8 
0 8 
0 7 
0 7 
0 7 
0 7 
0 7 
0 7 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 5 
0 5 
0 5 
0 5 
0 5 
0 5 
0 4 
0 3 
0 3 
0 2 
0 1 
0 1 
0 0 

- 0 1 
- 0 1 

4 .00E 
1.23E 
5.37E 
2.84E 
1.67E 
1.05E 
6.88E 
4.66E 
3.22E 
2.26E 
1.60E 
1.15E 
8.26E 
5.99E 
4 .36E 
3.18E 
2.33E 
1.71E 
1.26E 
9.28E 
6.85E 
5.07E 
3.76E 
2.79E 
2.07E 
1.54E 
1.14E 
8.52E 
6.36E 
1.49E 
3.56E 
8.70E 
2.17E 
5.53E 
1.43E 
3.79E 
1.02E 
2.80E 
7.84E 
2.23E 
6.44E-

11 
11 
10 
10 
10 
10 
09 
09 
09 
09 
09 
09 
08 
08 
08 
08 
08 
08 
08 
07 
07 
07 
07 
07 
07 
07 
07 
06 
06 
06 
05 
0 4 
0 4 
03 
0 3 
02 
02 
0 1 
0 0 
00 

- 0 1 

2.00E 
1.41E 
1.12E 
9 .53E 
8.42E 
7.63E 
7.02E 
6.52É 
6 . H E 
5.75E 
5.44E 
5.16E 
4 .90E 
4 .67E 
4 .45E 
4 .24E 
4 .05E 
3.87E 
3.70E 
3.54E 
3.39E 
3.24E 
3 . H E 
2.98E 
2.85E 
2.73E 
2.62E 
2.51E 
2.41E 
1.95E 
1.59E 
1.30E 
1.07E 
8.78E 
7.24E 
5.99E 
4.96E 
4 .13E 
3.44E 
2.87E 
2.41E 
4 .62E 
1.08E 
2.98E 
9.44E 

07 
07 
07 
06 
0 6 
06 
0 6 
06 
0 6 
06 
0 6 
06 
0 6 
0 6 
0 6 
06 
0 6 
0 6 
0 6 
06 
0 6 
06 
0 6 
0 6 
0 6 
06 
0 6 
06 
0 6 
06 
0 6 
06 
0 6 
05 
05 
05 
05 
05 
05 
05 
05 
0 4 
0 4 
0 3 
0 2 

2.61E 
1.22E 
7.53E 
5.41E 
4 .25E 
3.54E 
3.07E 
2.74E 
2.50E 
2.32E 
2.18E 
2.07E 
1.98E 
1.90E 
1.84E 
1.79E 
1.74E 
1.70E 
1.67E 
1.64E 
1.61E 
1.58E 
1.56E 
1.54E 
1.51E 
1.49E 
1.47E 
1.46E 
1.44E 
1.36E 
1.29E 
1.22E 
1.16E 
1 . H E 
1.05E 
1.00E 
9.57E 
9.14E 
8.73E 
8.34E 
7.98E 
5.27E 
3.65E 
2.64E 
1.98E 

06 
0 6 
05 
05 
05 
0 5 
05 
05 
05 
05 
05 
05 
05 
0 5 
05 
05 
05 
0 5 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
0 5 
05 
05 
05 
05 
0 4 
0 4 
04 
0 4 
0 4 
0 4 
0 4 
0 4 
0 4 
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T A B L E B2b {continued) 

1000°K THERMOPAUSE 

Temperature, Total Pressure, Pressure Scale 

Height, Total Concentration, and Total Density 

Ζ Τ Ρ Η Ν RHO 
(KM) (Κ) (TORR) ( KM) (CM-3) (GM/CM3) 

120 3 2 3 . 6 1 . 8 1 E - 0 5 1 0 . 9 5 . 4 0 Ε 11 2 . 3 4 E - 1 1 
130 4 7 2 . 7 8 . 6 5 E - 0 6 1 6 . 4 1 .77Ε 11 7 . 4 2 E - 1 2 
140 5 9 6 . 4 5 . 1 0 E - 0 6 2 1 . 4 8 . 2 5 Ε 10 3 . 3 8 E - 1 2 
150 6 9 2 . 5 3 . 3 3 E - 0 6 2 5 . 5 4 . 6 4 Ε 10 1 . 8 6 E - 1 2 
160 7 6 5 . 2 2 . 3 1 E - 0 6 2 8 . 9 2 . 9 1 Ε 10 1 . 1 4 E - 1 2 
170 8 1 9 . 8 1 . 6 6 E - 0 6 3 1 . 8 1 .96Ε 10 7 . 4 8 E - 1 3 
180 8 6 1 . 0 1 . 2 3 E ~ 0 6 3 4 . 3 1 .38Ε 10 5 . 1 5 E - 1 3 
190 8 9 2 . 2 9 . 2 6 E - 0 7 3 6 . 4 lO.OOE 09 3 . 6 7 E - 1 3 
200 9 1 5 . 9 7 . 0 9 E - 0 7 3 8 . 3 7 . 4 8 E 09 2 . 6 8 E - 1 3 
2 1 0 9 3 4 . 0 5 . 4 9 E - 0 7 4 0 . 0 5 . 6 8 E 09 1 . 9 9 E - 1 3 
220 9 4 8 . 0 4 . 3 0 E - 0 7 4 1 . 6 4 . 3 8 E 09 1 . 5 0 E - 1 3 
2 3 0 9 5 8 . 8 3 . 4 0 E - 0 7 4 3 . 0 3 . 4 2 E 09 1 . 1 5 E - 1 3 
240 9 6 7 . 2 2 . 7 0 E - 0 7 4 4 . 4 2 . 7 0 E 0 9 8 . 9 1 E - 1 4 
2 5 0 9 7 3 . 7 2 . 1 6 E - 0 7 4 5 . 6 2 . 1 5 E 09 6 . 9 6 E - 1 4 
260 9 7 8 . 9 1 . 7 4 E - 0 7 4 6 . 8 1 .72E 09 5 . 4 8 E - 1 4 
2 7 0 9 8 3 . 0 1 . 4 1 E - 0 7 4 8 . 0 1 .39E 09 4 . 3 5 E - 1 4 
280 9 8 6 . 2 1 . 1 5 E - 0 7 4 9 . 0 1. 13E 0 9 3 . 4 7 E - 1 4 
2 9 0 9 8 8 . 8 9 . 4 0 E - 0 8 5 0 . 0 9 . 1 8 E 08 2 . 7 9 E - 1 4 
300 9 9 0 . 8 7 . 7 1 E - 0 8 5 1 . 0 7 . 5 2 E 08 2 . 2 5 E - 1 4 
3 1 0 9 9 2 . 5 6 . 3 5 E - 0 8 5 1 . 9 6 . 1 8 E 08 1 . 8 3 E - 1 4 
320 9 9 3 . 9 5 . 2 5 E - 0 8 5 2 . 8 5 . lOE 08 1 . 4 9 E - 1 4 
3 3 0 9 9 5 . 0 4 . 3 5 E - 0 8 5 3 . 6 4 . 2 2 E 08 1 . 2 2 E - 1 4 
3 4 0 9 9 5 . 9 3 . 6 1 E - 0 8 5 4 . 3 3 . 5 1 E 08 lO.OOE-15 
3 5 0 9 9 6 . 6 3 . 0 1 E - 0 8 5 5 . 1 2 . 9 2 E 08 8 . 2 7 E - 1 5 
3 6 0 9 9 7 . 2 2 . 5 1 E - 0 8 5 5 . 8 2 . 4 4 E 08 6 . 8 4 E - 1 5 
3 7 0 9 9 7 . 7 2 . 1 0 E - 0 8 5 6 . 4 2 . 0 4 E 08 5 . 6 7 E - 1 5 
380 9 9 8 . 1 1 . 7 6 E - 0 8 5 7 . 1 1 .71E 08 4 . 7 2 E - 1 5 
3 9 0 9 9 8 . 5 1 . 4 8 E - 0 8 5 7 . 7 1 .43E 08 3 . 9 3 E - 1 5 
4 0 0 9 9 8 . 7 1 . 2 5 E - 0 8 5 8 . 3 1 .21E 0 8 3 . 2 9 E - 1 5 
4 5 0 9 9 9 . 6 5 . 4 1 E - 0 9 6 1 . 2 5 . 2 3 E 07 1 . 3 8 E - 1 5 
5 00 9 9 9 . 9 2 . 4 4 E - 0 9 6 4 . 4 2 . 3 6 E 07 5 . 9 9 E - 1 6 
550 1 0 0 0 . 1 1 . 1 5 E - 0 9 6 8 . 9 l . l l E 07 2 . 6 8 E - 1 6 
6 0 0 1 0 0 0 . 1 5 . 7 5 E - 1 0 7 5 . 6 5 . 5 6 E 06 1 . 2 4 E - 1 6 
6 5 0 1 0 0 0 . 2 3 . 0 9 E - 1 0 8 6 . 3 2 . 9 8 E 06 5 . 9 1 E - 1 7 
700 1 0 0 0 . 2 1 . 8 1 E - 1 0 1 0 2 . 9 1 .75E 0 6 2 . 9 5 E - 1 7 
7 5 0 1 0 0 0 . 2 1 . 1 7 E - 1 0 1 2 7 . 4 1 .13E 06 1 . 5 6 E - 1 7 
800 1 0 0 0 . 2 8 . 2 4 E - 1 1 1 6 0 . 0 7 . 9 6 E 05 8 . 8 7 E - 1 8 
850 1 0 0 0 . 2 6 . 2 2 E - 1 1 1 9 8 . 5 6 . O I E 05 5 . 4 8 E - 1 8 
900 1 0 0 0 . 2 4 . 9 5 E - 1 1 2 3 8 . 4 4 . 78E 05 3 . 6 8 E - 1 8 
9 5 0 1 0 0 0 . 2 4 . 0 7 E - 1 1 2 7 5 . 5 3 . 9 4 E 05 2 . 6 6 E - 1 8 

1000 1 0 0 0 . 2 3 . 4 3 E - 1 1 3 0 7 . 7 3 . 3 2 E 05 2 . 0 3 E - 1 8 
1500 1 0 0 0 . 2 1 . 0 2 E - 1 1 5 3 7 . 4 9 . 8 9 E 04 3 . 9 6 E - 1 9 
2 0 0 0 1 0 0 0 . 2 4 . 9 0 E - 1 2 8 6 5 . 9 4 . 7 3 E 0 4 1 . 3 3 E - 1 9 
2 5 0 0 1 0 0 0 . 2 3 . 0 4 E - 1 2 1 2 5 4 . 6 2 . 9 4 E 0 4 6 . 4 0 E - 2 0 
3 0 0 0 1 0 0 0 . 2 2 . 1 4 E - 1 2 1 6 0 5 . 2 2 . 0 7 E 0 4 3 . 9 3 E - 2 0 
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T A B L E B2c {continued) 

1000°K THERMOPAUSE 

Temperature, Mean Molecular Mass, Pressure 

Scale Height, Pressure Scale Height Gradient, 

Density Scale Height, and Density 
Scale Height Gradient 

Ζ Τ M H BETA HRO BETAR 
(KM) (Κ) (AMU) (KM) ( KM) 

120 3 2 3 . 6 2 6 . 1 1 0 . 9 0 . 5 9 5 6 . 9 0 . 4 3 5 
130 4 7 2 . 7 2 5 . 3 1 6 . 5 0 . 5 2 9 1 0 . 8 0 . 3 9 1 
lAO 5 9 6 . 4 2 4 . 7 2 1 . 4 0 . 4 5 4 1 4 . 8 0 . 3 9 8 
150 6 9 2 . 6 2 4 . 1 2 5 . 6 0 . 3 7 6 1 8 . 7 0 . 3 7 4 
160 7 6 5 . 3 2 3 . 5 2 9 . 0 0 . 3 1 2 2 2 . 2 0 . 3 3 6 
170 8 1 9 . 9 2 3 . 0 3 1 . 9 0 . 2 6 4 2 5 . 4 0 . 2 9 7 
180 8 6 1 . 1 2 2 . 5 3 4 . 3 0 . 2 2 8 2 8 . 2 0 . 2 6 2 
190 8 9 2 . 2 2 2 . 0 3 6 . 4 0 . 2 0 0 3 0 . 6 0 . 2 3 1 
200 9 1 5 . 9 2 1 . 6 3 8 . 3 0 . 1 7 9 3 2 . 8 0 . 2 0 6 
2 1 0 9 3 4 . 1 2 1 . 1 4 0 . 0 0 . 1 6 3 3 4 . 8 0 . 1 8 6 
220 9 4 8 . 0 2 0 . 7 4 1 . 6 0 . 1 5 0 3 6 . 6 0 . 1 7 0 
2 3 0 9 5 8 . 8 2 0 . 3 4 3 . 0 0 . 1 4 0 3 8 . 2 0 . 1 5 8 
240 9 6 7 . 2 1 9 . 9 4 4 . 4 0 . 1 3 1 3 9 . 7 0 . 1 4 8 
2 5 0 9 7 3 . 8 1 9 . 5 4 5 . 7 0 . 1 2 3 4 1 . 2 0 . 1 3 9 
260 9 7 8 . 9 1 9 . 2 4 6 . 9 0 . 1 1 6 4 2 . 5 0 . 1 3 2 
2 7 0 9 8 3 . 0 1 8 . 9 4 8 . 0 0 . 1 1 0 4 3 . 8 0 . 1 2 6 
280 9 8 6 . 2 1 8 . 6 4 9 . 1 0 . 1 0 4 4 5 . 0 0 . 1 2 1 
2 9 0 9 8 8 . 8 1 8 . 3 5 0 . 1 0 . 0 9 9 4 6 . 2 0 . 1 1 5 
300 9 9 0 . 9 1 8 . 0 5 1 . 0 0 . 0 9 3 4 7 . 4 0 . 1 1 0 
3 1 0 9 9 2 . 6 1 7 . 8 5 2 . 0 0 . 0 8 8 4 8 . 4 0 . 1 0 5 
320 9 9 3 . 9 1 7 . 6 5 2 . 8 0 . 0 8 4 4 9 . 5 0 . 1 0 0 
330 9 9 5 . 0 1 7 . 4 5 3 . 6 0 . 0 7 9 5 0 . 4 0 . 0 9 6 
340 9 9 5 . 9 1 7 . 2 5 4 . 4 0 . 0 7 5 5 1 . 4 0 . 0 9 1 
3 5 0 9 9 6 . 6 1 7 . 1 5 5 . 1 0 . 0 7 1 5 2 . 3 0 . 0 8 6 
360 9 9 7 . 3 1 6 . 9 5 5 . 8 0 . 0 6 8 5 3 . 1 0 . 0 8 1 
3 7 0 9 9 7 . 7 1 6 . 8 5 6 . 5 0 . 0 6 5 5 3 . 9 0 . 0 7 7 
380 9 9 8 . 2 1 6 . 6 5 7 . 1 0 . 0 6 3 5 4 . 6 0 . 0 7 2 
390 9 9 8 . 5 1 6 . 5 5 7 . 7 0 . 0 6 1 5 5 . 3 0 . 0 6 8 
AOO 9 9 8 . 8 1 6 . 4 5 8 . 3 0 . 0 5 9 5 6 . 0 0 . 0 6 5 
4 5 0 9 9 9 . 6 1 5 . 9 6 1 . 3 0 . 0 5 9 5 8 . 8 0 . 0 5 0 
500 1 0 0 0 . 0 1 5 . 3 6 4 . 5 0 . 0 7 3 6 1 . 2 0 . 0 4 4 
550 1 0 0 0 . 1 1 4 . 5 6 8 . 9 0 . 1 0 7 6 3 . 4 0 . 0 4 7 
6 0 0 1 0 0 0 . 2 1 3 . 4 7 5 . 6 0 . 1 6 8 6 6 . 0 0 . 0 5 9 
6 5 0 1 0 0 0 . 2 1 1 . 9 8 6 . 3 0 . 2 6 6 6 9 . 5 0 . 0 8 4 
7 0 0 1 0 0 0 . 2 1 0 . 2 1 0 2 . 9 0 . 4 0 6 7 4 . 7 0 . 1 2 9 
750 1 0 0 0 . 2 8 . 3 1 2 7 . 3 0 . 5 7 3 8 2 . 9 0 . 2 0 1 
800 1 0 0 0 . 2 6 . 7 1 5 9 . 9 0 . 7 2 1 9 5 . 4 0 . 3 0 5 
850 1 0 0 0 . 2 5 . 5 1 9 8 . 3 0 . 7 9 7 1 1 3 . 8 0 . 4 3 6 
900 1 0 0 0 . 2 4 . 6 2 3 8 . 0 0 . 7 7 8 1 3 9 . 0 0 . 5 6 9 
950 1 0 0 0 . 2 4 . 1 2 7 5 . 0 0 . 6 9 3 1 7 0 . 0 0 . 6 6 0 

1000 1 0 0 0 . 2 3 . 7 3 0 7 . 1 0 . 5 9 1 2 0 3 . 7 0 . 6 7 5 
1500 1 0 0 0 . 2 2 . 4 5 3 6 . 1 0 . 5 2 5 3 8 6 . 0 0 . 2 5 1 
2000 1 0 0 0 . 2 1.7 8 6 4 . 4 0 . 7 5 9 5 5 6 . 8 0 . 4 5 6 
2 5 0 0 1 0 0 0 . 2 1.3 1 2 5 3 . 4 0 . 7 5 9 8 4 9 . 1 0 . 7 0 3 
3 0 0 0 1 0 0 0 . 2 1.1 1 6 0 4 . 3 0 . 6 4 2 1 2 3 5 . 2 0 . 8 0 7 
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TABLE B3a 

1250°K THERMOPAUSE 
Temperature and Concentrations of Neutral Species 

Z T N (0 ) N(02) N(N2) N(HE) N(H) 
(KM) (K) (CM-3) (CM-3) (CM-3) (CM-3) (CM-3) 

120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
450 
500 
550 
600 
650 
700 
750 
800 
850 
900 
950 
1000 
1500 
2000 
2500 
3000 

323.6 
523.2 
677.5 
7 96.5 
888.4 
959.9 
1015.9 
1060.2 
1095.5 
1123.6 
1146.3 
1164.6 
1179.4 
1191.5 
1201.3 
1209.4 
1216.1 
1221.6 
1226.2 
1230.0 
1233.1 
1235.8 
1238.0 
1239.9 
1241.5 
1242.9 
1244.0 
1245.0 
1245.9 
1248.6 
1249.9 
1250.6 
1250.9 
1251.1 
1251.2 
1251.2 
1251.2 
1251.3 
1251.3 
1251.3 
1251.3 
1251.3 
1251.3 
1251.3 
1251.3 

10.00E 
4.01E 
2.29E 
1.53E 
1.11E 
8.43E 
6.65E 
5.37E 
4.41E 
3.66E 
3.07E 
2.60E 
2.21E 
1.89E 
1.62E 
1.39E 
1.20E 
1.04E 
8.96E 
7.77E 
6.74E 
5.86E 
5.09E 
4.44E 
3.87E 
3.37E 
2.94E 
2.57E 
2.24E 
1.15E 
5.99E 
3.14E 
1.67E 
8.92E 
4.82E 
2.62E 
1.44E 
7.98E 
4.46E 
2.51E 
1.42E 
7.32E 
7.07E 
1.15E-

10 
10 
10 
10 
10 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
07 
07 
07 
06 
06 
06 
06 
05 
05 
05 
05 
02 
00 
-01 

4.00E 
1.04E 
4.40E 
2.29E 
1.34E 
8.43E 
5.55E 
3.77E 
2.63E 
1.86E 
1.34E 
9.71E 
7.HE 
5.24E 
3.88E 
2.89E 
2.16E 
1.62E 
1.22E 
9.17E 
6.93E 
5.24E 
3.97E 
3.02E 
2.29E 
1.75E 
1.33E 
1.02E 
7.76E 
2.05E 
5.54E 
1.53E 
4.29E 
1.23E 
3.59E 
1.06E 
3.21E 
9.85E 
3.07E 
9.74E-
3.14E-

10 
10 
09 
09 
09 
08 
08 
08 
08 
08 
08 
07 
07 
07 
07 
07 
07 
07 
07 
06 
06 
06 
06 
06 
06 
06 
06 
06 
05 
05 
04 
04 
03 
03 
02 
02 
01 
00 
00 
-01 
-01 

4.00E 
1.16E 
5.28E 
2.93E 
1.81E 
1.19E 
8.21E 
5.83E 
4.23E 
3.12E 
2.33E 
1.76E 
1.33E 
1.02E 
7.84E 
6.05E 
4.69E 
3.64E 
2.83E 
2.21E 
1.73E 
1.36E 
1.06E 
8.35E 
6.57E 
5.17E 
4.08E 
3.22E 
2.54E 
7.94E 
2.53E 
8.18E 
2.70E 
9.03E 
3.07E 
1.06E 
3.72E 
1.32E 
4.77E 
1.75E 
6.47E 

11 
11 
10 
10 
10 
10 
09 
09 
09 
09 
09 
09 
09 
09 
08 
08 
08 
08 
08 
08 
08 
08 
08 
07 
07 
07 
07 
07 
07 
06 
06 
05 
05 
04 
04 
04 
03 
03 
02 
02 
01 

2.00E 
1.33E 
1.05E 
8.96E 
7.94E 
7.21E 
6.65E 
6.20E 
5.83E 
5.52E 
5.24E 
5.00E 
4.78E 
4.57E 
4.39E 
4.21E 
4.05E 
3.90E 
3.76E 
3.62E 
3.49E 
3.37E 
3.25E 
3.14E 
3.03E 
2.93E 
2.83E 
2.73E 
2.64E 
2.23E 
1.90E 
1.61E 
1.38E 
1.18E 
1.01E 
8.66E 
7.46E 
6.43E 
5.56E 
4.82E 
4.18E 
1.12E 
3.50E 
1.25E 
4.99E 

07 
07 
07 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
05 
05 
05 
05 
05 
05 
05 
04 
04 
03 

2.41E 
1.01E 
5.90E 
3.99E 
2.94E 
2.28E 
1.85E 
1.54E 
1.31E 
1.14E 
1.01E 
9.05E 
8.22E 
7.54E 
6.99E 
6.53E 
6.14E 
5.82E 
5.54E 
5.30E 
5.10E 
4.92E 
4.77E 
4.63E 
4.51E 
4.40E 
4.30E 
4.22E 
4.14E 
3.82E 
3.60E 
3.42E 
3.27E 
3.13E 
3.00E 
2.89E 
2.78E 
2.68E 
2.58E 
2.49E 
2.40E 
1.72E 
1.29E 
9.93E 
7.87E 

06 
06 
05 
05 
05 
05 
05 
05 
05 
05 
05 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
03 
03 
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T A B L E B3b {continued) 

1250°K THERMOPAUSE 

Temperature, Total Pressure, Pressure Scale 
Height, Total Concentration, and Total Density 

Ζ Τ Ρ Η Ν RHO 
(KM) (Κ) (TORR) (KM) (CM-3) (GM/CM3) 

120 3 2 3 . 6 1 . 8 1 E - 0 5 1 0 . 9 5 . 4 0 E 11 2 . 3 4 E - 1 1 
130 5 2 3 . 2 9 . 0 1 E - 0 6 1 8 . 2 1 .66E 11 7 . 0 1 E - 1 2 
140 6 7 7 . 5 5 . 6 2 E - 0 6 2 4 . 2 8 . 0 1 E 10 3 . 3 0 E - 1 2 
150 7 9 6 . 5 3 . 8 6 E - 0 6 2 9 . 1 4 . 6 9 E 10 1 . 8 9 E - 1 2 
160 888 . 4 2 . 8 0 E - 0 6 3 3 . 2 3 . 0 5 E 10 1 . 2 1 E - 1 2 
170 9 5 9 . 9 2 . l l E - 0 6 3 6 . 6 2 . 1 2 E 10 8 . 2 3 E - 1 3 
180 1 0 1 5 . 9 1 . 6 2 E - 0 6 3 9 . 6 1 .54E 10 5 . 8 8 E - 1 3 
190 1 0 6 0 . 2 1 . 2 7 E - 0 6 4 2 . 2 1 .16E 10 4 . 3 4 E - 1 3 
200 1 0 9 5 . 5 l . O l E - 0 6 4 4 . 5 8 . 9 0 E 09 3 . 2 8 E - 1 3 
210 1 1 2 3 . 6 8 . 1 1 E - 0 7 4 6 . 6 6 . 9 7 E 09 2 . 5 2 E - 1 3 
220 1 1 4 6 . 3 6 . 5 7 E - 0 7 4 8 . 5 5 . 5 4 E 09 1 . 9 7 E - 1 3 
2 3 0 1 1 6 4 . 6 5 . 3 7 E - 0 7 5 0 . 3 4 . 4 6 E 09 1 . 5 6 E - 1 3 
240 1 1 7 9 . 4 4 . 4 2 E - 0 7 5 1 . 9 3 . 6 2 E 0 9 1 . 2 4 E - 1 3 
2 5 0 1 1 9 1 . 5 3 . 6 5 E - 0 7 5 3 . 4 2 . 9 6 E 09 lO.OOE-14 
260 1 2 0 1 . 3 3 . 0 4 E - 0 7 5 4 . 9 2 . 4 4 E 09 8 . 1 5 E - 1 4 
2 7 0 1 2 0 9 . 4 2 . 5 4 E - 0 7 5 6 . 3 2 . 0 3 E 09 6 . 6 6 E - 1 4 
280 1 2 1 6 . 1 2 . 1 3 E - 0 7 5 7 . 6 1 .69E 09 5 . 4 8 E - 1 4 
2 9 0 1 2 2 1 . 6 1 . 7 9 E - 0 7 5 8 . 8 1 .42E 09 4 . 5 3 E - 1 4 
300 1 2 2 6 . 2 1 . 5 2 E - 0 7 6 0 . 0 1 .20E 09 3 . 7 6 E - 1 4 
310 1 2 3 0 . 0 1 . 2 9 E - 0 7 6 1 . 2 I . O I E 09 3 . 1 4 E - 1 4 
320 1 2 3 3 . 1 1 . 0 9 E - 0 7 6 2 . 3 8 . 5 8 E 08 2 . 6 3 E - 1 4 
330 1 2 3 5 . 8 9 . 3 4 E - 0 8 6 3 . 3 7 . 3 0 E 08 2 . 2 2 E - 1 4 
3 4 0 1 2 3 8 . 0 7 . 9 8 E - 0 8 6 4 . 4 6 . 2 3 E 08 1 . 8 7 E - 1 4 
3 5 0 1 2 3 9 . 9 6 . 8 4 E - 0 8 6 5 . 3 5 . 3 3 E 08 1 . 5 8 E - 1 4 
360 1 2 4 1 . 5 5 . 8 8 E - 0 8 6 6 . 3 4 . 5 8 E 08 1 . 3 5 E - 1 4 
3 7 0 124 2 . 9 5 . 0 6 E - 0 8 6 7 . 1 3 . 9 4 E 08 1 . 1 5 E - 1 4 
380 1 2 4 4 . 0 4 . 3 7 E - 0 8 6 8 . 0 3 . 3 9 E 08 9 . 8 0 E - 1 5 
3 9 0 1 2 4 5 . 0 3 . 7 7 E - 0 8 6 8 . 8 2 . 9 3 E 08 8 . 3 9 E - 1 5 
4 0 0 1 2 4 5 . 9 3 . 2 7 E - 0 8 6 9 . 6 2 . 5 3 E 08 7 . 2 0 E - 1 5 
4 5 0 1 2 4 8 . 6 1 . 6 2 E - 0 8 7 3 . 2 1 .26E 08 3 . 4 6 E - 1 5 
500 1 2 4 9 . 9 8 . 3 3 E - 0 9 7 6 . 4 6 . 4 4 E 07 1 . 7 2 E - 1 5 
550 1 2 5 0 . 6 4 . 3 9 E - 0 9 7 9 . 6 3 . 3 9 E 07 8 . 8 4 E - 1 6 
600 1 2 5 0 . 9 2 . 3 8 E - 0 9 8 3 . 2 1 .83E 07 4 . 6 5 E - 1 6 
6 5 0 1 2 5 1 . 1 1 . 3 2 E - 0 9 8 7 . 7 1 .02E 07 2 . 4 9 E - 1 6 
700 1 2 5 1 . 2 7 . 6 2 E - 1 0 9 3 . 8 5 . 8 9 E 06 1 . 3 6 E - 1 6 
750 1 2 5 1 . 2 4 . 5 7 E - 1 0 1 0 2 . 2 3 . 5 3 E 06 7 . 6 0 E - 1 7 
800 1 2 5 1 . 2 2 . 8 7 E - 1 0 1 1 3 . 9 2 . 2 2 E 06 4 . 3 5 E - 1 7 
850 1 2 5 1 . 3 1 . 9 0 E - 1 0 1 3 0 . 0 1 .47E 06 2 . 5 6 E - 1 7 
900 1 2 5 1 . 3 1 . 3 3 E - 1 0 1 5 1 . 2 1 .03E 06 1 . 5 6 E - 1 7 
9 5 0 1 2 5 1 . 3 9 . 8 1 E - 1 1 1 7 7 . 7 7 . 5 8 E 05 9 . 9 2 E - 1 8 

1000 1 2 5 1 . 3 7 . 5 7 E - 1 1 2 0 8 . 7 5 . 8 4 E 05 6 . 6 0 E - 1 8 
1500 1 2 5 1 . 3 1 . 6 8 E - 1 1 4 4 1 . 1 1 .30E 05 7 . 9 1 E - 1 9 
2 0 0 0 1 2 5 1 . 3 6 . 2 0 E - 1 2 5 7 2 . 8 4 . 7 9 E 04 2 . 5 4 E - 1 9 
2 5 0 0 1 2 5 1 . 3 2 . 9 1 E - 1 2 7 6 9 . 0 2 . 2 4 E 04 9 . 9 7 E - 2 0 
3 0 0 0 1 2 5 1 . 3 1 . 6 7 E - 1 2 1 0 5 9 . 5 1 .29E 0 4 4 . 6 3 E - 2 0 
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TABLE B3c {continued) 

1250°K THERMOPAUSE 
Temperature, Mean Molecular Mass, Pressure 
Scale Height, Pressure Scale Height Gradient, 

Density Scale Height, and Density 
Scale Height Gradient 

Z T M H BETA HRO BETAR 
(KM) ( K ) (AMU) (KM) (KM) 

120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
450 
500 
550 
600 
650 
700 
750 
800 
850 
900 
950 

1000 
1500 
2000 
2500 
3000 

323.6 
523·3 
677.6 
796.5 
888.4 
959.9 
1016.0 
1060.3 
1095.5 
1123.7 
1146.3 
1164.6 
1179.4 
1191.5 
1201.4 
1209.5 
1216.1 
1221.7 
1226.2 
1230.0 
1233.2 
1235.9 
1238.1 
1240.0 
1241.6 
1242.9 
1244.1 
1245.1 
1245.9 
1248.6 
1250.0 
1250.6 
1251.0 
1251.1 
1251.2 
1251.3 
1251.3 
1251.3 
1251.3 
1251.3 
1251.3 
1251.3 
1251.3 
1251.3 
1251.3 

26.1 
25.4 
24.8 
24.3 
23.8 
23.4 
23.0 
22.6 
22.2 
21.8 
21.4 
21.1 
20.7 
20.4 
20.1 
19.8 
19.5 
19.2 
19.0 
18.7 
18.5 
18.3 
18.1 
17.9 
17.7 
17.6 
17.4 
17.3 
17.1 
16.6 
16.1 
15.7 
15.3 
14.7 
13.9 
13.0 
11.8 
10.5 
9.1 
7.9 
6.8 
3.7 
3.2 
2.7 
2.2 

10.9 
18.2 
24.2 
29.1 
33.2 
36.7 
39.7 
42.3 
44.6 
46.7 
48.6 
50.3 
52.0 
53.5 
54.9 
56.3 
57.6 
58.9 
60.1 
61.2 
62.3 
63.4 
64.4 
65.4 
66.3 
67.2 
68.1 
68.9 
69.7 
73.3 
76.5 
79.7 
83.3 
87.8 
93.8 

102.2 
113.9 
129.9 
151.1 
177.6 
208.5 
439.9 
571.2 
767.0 

1057.2 

0.826 
0.659 
0.542 
0.448 
0.375 
0.320 
0.277 
0.244 
0.219 
0.199 
0.182 
0.169 
0.158 
0.149 
0.141 
0.134 
0.128 
0.123 
0.117 
0.112 
0.108 
0.103 
0.099 
0.095 
0.091 
0.087 
0.084 
0.081 
0.078 
0.067 
0.063 
0.066 
0.079 
0.103 
0.141 
0.197 
0.274 
0.370 
0.477 
0.578 
0.651 
0.252 
0.311 
0.482 
0.678 

6.0 
11.0 
15.8 
20.3 
24.4 
28.0 
31.4 
34.3 
37.0 
39.4 
41.6 
43.6 
45.5 
47.2 
48.9 
50.4 
51.9 
53.3 
54.7 
56.0 
57.2 
58.5 
59.6 
60.8 
61.9 
62.9 
64.0 
65.0 
65.9 
70.1 
73.5 
76.3 
78.9 
81.4 
84.2 
87.5 
91.7 
97.4 
105.3 
116.1 
130.7 
385.9 
486.5 
586.3 
728.0 

0.556 
0.482 
0.464 
0.430 
0.389 
0.350 
0.313 
0.281 
0.253 
0.230 
0.210 
0.194 
0.180 
0.169 
0.159 
0.151 
0.145 
0.139 
0.134 
0.129 
0.124 
0.120 
0.116 
0.112 
0.108 
0.104 
0.100 
0.097 
0.093 
0.075 
0.062 
0.053 
0.050 
0.052 
0.059 
0.074 
0.098 
0.133 
0.184 
0.252 
0.337 
0.315 
0.174 
0.234 
0.338 
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TABLE B4a 

1500°K THERMOPAUSE 
Temperature and Concentrations of Neutral Species 

Z T N(0 ) N(02) N(N2) N(HE) N(H) 
(KM) (K) (CM-3) (CM-3) (CM-3) (CM-3) (CM-3) 

120 
1 3 0 
1 4 0 
1 5 0 
1 6 0 
1 7 0 
1 8 0 
1 9 0 
2 0 0 
2 1 0 
2 2 0 
2 3 0 
2 4 0 
2 5 0 
2 6 0 
2 7 0 
2 8 0 
2 9 0 
3 0 0 
3 1 0 
3 2 0 
3 3 0 
3 4 0 
3 5 0 
3 6 0 
3 7 0 
3 8 0 
3 9 0 
4 0 0 
4 5 0 
5 0 0 
5 5 0 
6 0 0 
6 5 0 
7 0 0 
7 5 0 
8 0 0 
8 5 0 
9 0 0 
9 5 0 

1000 
1500 
2000 
2500 
3000 

3 2 3 . 6 
527 .9 
7 0 2 . 1 
844 .9 
9 5 9 . 8 

1052.3 
1127 .2 
1188.3 
1238.3 
1279.6 
1313.8 
1342.2 
1366.0 
1386.0 
1402.8 
1416.9 
1428.9 
1439 .1 
1447.8 
1455.2 
1461.6 
1467.0 
1471.7 
1475.8 
1479.3 
1482.3 
1485.0 
1487.3 
1489.3 
1496.2 
1499.9 
1501 .9 
1503 .1 
1503.7 
1504 .1 
1504.4 
1504.5 
1504.6 
1504.7 
1504 .7 
1504.7 
1504.7 
1504.7 
1504.7 
1504.7 

10.00E 
3.98E 
2.23E 
1.47E 
1.06E 
8.07E 
6 .39E 
5.20E 
4 .31E 
3.62E 
3.08E 
2.64E 
2.28E 
1.98E 
1.73E 
1.51E 
1.33E 
1.17E 
1.03E 
9.10E 
8.06E 
7.14E 
6.34E 
5.64E 
5.01E 
4 .46E 
3.98E 
3.55E 
3.17E 
1.81E 
1.05E 
6 . H E 
3.60E 
2.14E 
1.28E 
7.73E 
4 .70E 
2.87E 
1.77E 
1.10E 
6.86E 
8.56E 
1.81E 
5.90E 
2.77E-

10 
10 
10 
10 
10 
0 9 
0 9 
0 9 
0 9 
0 9 
0 9 
0 9 
0 9 
0 9 
09 
0 9 
0 9 
0 9 
0 9 
0 8 
08 
0 8 
08 
0 8 
08 
0 8 
08 
0 8 
08 
0 8 
08 
0 7 
0 7 
0 7 
0 7 
0 6 
0 6 
0 6 
06 
0 6 
0 5 
0 3 
0 2 
0 0 

- 0 1 

4 .00E 
1.03E 
4 .30E 
2.24E 
1.33E 
8.47E 
5.70E 
3.97E 
2.84E 
2.08E 
1.54E 
1.16E 
8.78E 
6.71E 
5.16E 
3.99E 
3.10E 
2.42E 
1.90E 
1.49E 
1.17E 
9.25E 
7.31E 
5.79E 
4.60E 
3.65E 
2.91E 
2.32E 
1.85E 
6.06E 
2.03E 
6.94E 
2.41E 
8.52E 
3.05E 
1.11E 
4 . H E 
1.54E 
5.83E 
2.24E 
8.74E 

10 
10 
0 9 
0 9 
0 9 
08 
0 8 
0 8 
0 8 
0 8 
0 8 
0 8 
0 7 
0 7 
0 7 
0 7 
0 7 
0 7 
0 7 
0 7 
0 7 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 5 
0 5 
0 4 
0 4 
0 3 
0 3 
0 3 
0 2 
0 2 
0 1 
0 1 
00 

4 .00E 
1.15E 
5.16E 
2.85E 
1.77E 
1.18E 
8.29E 
6.01E 
4 .46E 
3.38E 
2.59E 
2.01E 
1.58E 
1.24E 
9.87E 
7.88E 
6.31E 
5.08E 
4.09E 
3.31E 
2.68E 
2.18E 
1.77E 
1.45E 
1.18E 
9.66E 
7.91E 
6.48E 
5.31E 
2.00E 
7.69E 
3.01E 
1.19E 
4.80E 
1.96E 
8.07E 
3.38E 
1.43E 
6.12E 
2.65E 
1.16E 
5.43E-

11 
11 
10 
10 
10 
10 
0 9 
09 
09 
09 
09 
09 
0 9 
09 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
07 
07 
07 
07 
07 
0 6 
06 
0 6 
05 
05 
04 
04 
0 4 
03 
0 3 
03 

- 0 1 

2 .00E 
1.33E 
1.03E 
8.67E 
7.62E 
6.89E 
6.34E 
5.90E 
5.54E 
5.25E 
4.99E 
4 .76E 
4 .56E 
4 .38E 
4 .21E 
4 .06E 
3.92E 
3.78E 
3.66E 
3.54E 
3.43E 
3.32E 
3.22E 
3.12E 
3.03E 
2.94E 
2.86E 
2.77E 
2.69E 
2.34E 
2.04E 
.1.78E 
1.56E 
1.37E 
1.20E 
1.06E 
9.36E 
8.28E 
7.33E 
6.51E 
5.78E 
1.93E 
7.36E 
3.13E 
1.45E 

0 7 
0 7 
0 7 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
06 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
0 6 
06 
0 6 
06 
0 6 
06 
0 6 
0 6 
0 6 
06 
0 6 
06 
05 
05 
05 
05 
05 
05 
0 4 
0 4 
0 4 

2.37E 
9.73E 
5.53E 
3.66E 
2.64E 
2.01E 
1.60E 
1.30E 
1.09E 
9.24E 
7.97E 
6.95E 
6.13E 
5.46E 
4.91E 
4 .45E 
4.07E 
3.74E 
3.46E 
3.22E 
3.01E 
2.84E 
2.68E 
2.54E 
2.42E 
2.32E 
2.22E 
2.14E 
2.06E 
1.79E 
1.62E 
1.51E 
1.42E 
1.36E 
1.30E 
1.25E 
1.21E 
1.17E 
1.13E 
1.10E 
1.07E 
8.09E 
6.34E 
5 . H E 
4 .22E 

06 
05 
05 
05 
05 
05 
05 
05 
05 
0 4 
04 
0 4 
04 
0 4 
04 
0 4 
0 4 
0 4 
04 
0 4 
04 
0 4 
04 
04 
04 
0 4 
0 4 
0 4 
0 4 
04 
0 4 
0 4 
0 4 
0 4 
0 4 
0 4 
0 4 
0 4 
04 
0 4 
0 4 
0 3 
0 3 
0 3 
0 3 
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T A B L E B4b {continued) 

1 5 0 0 ° K THERMOPAUSE 

Temperature, Total Pressure, Pressure Scale 
Height, Total Concentration, and Total Density 

Ζ Τ Ρ Η Ν RHO 
(KM) (Κ) (TORR) (KM) (CM-3) (GM/CM3) 

120 3 2 3 . 6 1 . 8 1 E - 0 5 1 0 . 9 5 . ^ 0 E 11 2 . 3 4 E - 1 1 
130 5 2 7 . 9 9 . 0 2 E - 0 6 1 8 . 3 1 .65E 11 6 . 9 5 E - 1 2 
140 7 0 2 . 1 5 . 6 8 E - 0 6 2 5 . 0 7 . 8 1 E 10 3 . 2 2 E - 1 2 
150 84A.9 3 . 9 7 E - 0 6 3 0 . 8 4 . 5 4 E 10 1 . 8 3 E - 1 2 
160 9 5 9 . 8 2 . 9 4 E - 0 6 3 5 . 7 2 . 9 6 E 10 1 . 1 7 E - 1 2 
170 1 0 5 2 . 3 2 . 2 6 E - 0 6 4 0 . 0 2 . 0 8 E 10 8 . 0 9 E - 1 3 
180 1 1 2 7 . 2 1 . 7 8 E - 0 6 4 3 . 7 1 .53E 10 5 . 8 5 E - 1 3 
190 1 1 8 8 . 3 1 . 4 3 E - 0 6 4 6 . 9 1 .16E 10 4 . 3 9 E - 1 3 
200 1 2 3 8 . 3 1 . 1 6 E - 0 6 4 9 . 8 9 . 0 6 E 09 3 . 3 7 E - 1 3 
210 1 2 7 9 . 6 9 . 5 6 E - 0 7 5 2 . 4 7 . 2 2 E 09 2 . 6 4 E - 1 3 
220 1 3 1 3 . 8 7 . 9 3 E - 0 7 5 4 . 8 5 . 8 3 E 09 2 . 1 1 E - 1 3 
2 3 0 1 3 4 2 . 2 6 . 6 3 E - 0 7 5 7 . 0 4 . 7 7 E 09 1 . 7 0 E - 1 3 
240 1 3 6 6 . 0 5 . 5 8 E - 0 7 5 9 . 0 3 . 9 5 E 09 1 . 3 9 E - 1 3 
250 1 3 8 6 . 0 4 . 7 3 E - 0 7 6 0 . 9 3 . 2 9 E 09 1 . 1 4 E - 1 3 
260 1 4 0 2 . 8 4 . 0 2 E - 0 7 6 2 . 6 2 . 7 7 E 09 9 . 4 5 E - 1 4 
270 1 4 1 6 . 9 3 . 4 3 E - 0 7 6 4 . 3 2 . 3 4 E 09 7 . 8 9 E - 1 4 
2 8 0 1 4 2 8 . 9 2 . 9 5 E - 0 7 6 5 . 9 1 . 9 9 E 0 9 6 . 6 2 E - 1 4 
2 9 0 1 4 3 9 . 1 2 . 5 4 E - 0 7 6 7 . 4 1 .70E 09 5 . 5 9 E - 1 4 
300 1 4 4 7 . 8 2 . 1 9 E - 0 7 6 8 . 8 1 .46E 09 4 . 7 4 E - 1 4 
310 1 4 5 5 . 2 1 . 9 0 E - 0 7 7 0 . 2 1 .26E 09 4 . 0 4 E - 1 4 
320 1 4 6 1 . 6 1 . 6 5 E - 0 7 7 1 . 5 1 .09E 09 3 . 4 5 E - 1 4 
330 1 4 6 7 . 0 1 . 4 3 E - 0 7 7 2 . 8 9 . 4 5 E 08 2 . 9 6 E - 1 4 
3 4 0 1 4 7 1 . 7 1 . 2 5 E - 0 7 7 4 . 1 8 . 2 2 E 08 2 . 5 5 E - 1 4 
3 5 0 1 4 7 5 . 8 l . l O E - 0 7 7 5 . 2 7 . 1 7 E 08 2 . 2 0 E - 1 4 
360 1 4 7 9 . 3 9 . 6 0 E - 0 8 7 6 . 4 6 . 2 7 E 08 1 . 9 1 E - 1 4 
3 7 0 1 4 8 2 . 3 8 . 4 3 E - 0 8 7 7 . 5 5 . 5 0 E 08 1 . 6 6 E - 1 4 
380 1 4 8 5 . 0 7 . 4 2 E - 0 8 7 8 . 5 4 . 8 3 E 08 1 . 4 4 E - 1 4 
3 9 0 1 4 8 7 . 3 6 . 5 4 E - 0 8 7 9 . 6 4 . 2 5 E 08 1 . 2 6 E - 1 4 
4 0 0 1 4 8 9 . 3 5 . 7 7 E - 0 8 8 0 . 6 3 . 7 4 E 08 l . l O E - 1 4 
4 5 0 1 4 9 6 . 2 3 . 1 6 E - 0 8 8 5 . 1 2 . 0 4 E 08 5 . 7 8 E - 1 5 
500 1 4 9 9 . 9 1 . 7 8 E - 0 8 8 9 . 0 1 .15E 08 3 . 1 6 E - 1 5 
5 5 0 1 5 0 1 . 9 1 . 0 3 E - 0 8 9 2 . 5 6 . 6 0 E 07 1 . 7 8 E - 1 5 
6 0 0 1 5 0 3 . 1 6 . 0 4 E - 0 9 9 6 . 0 3 . 8 8 E 07 1 . 0 2 E - 1 5 
650 1 5 0 3 . 7 3 . 6 2 E - 0 9 9 9 . 6 2 . 3 3 E 07 6 . 0 0 E - 1 6 
7 0 0 1 5 0 4 . 1 2 . 2 2 E - 0 9 1 0 3 . 7 1 .42E 07 3 . 5 8 E - 1 6 
750 1 5 0 4 . 4 1 . 3 8 E - 0 9 1 0 8 . 7 8 . 8 9 E 06 2 . 1 6 E - 1 6 
800 1 5 0 4 . 5 8 . 8 5 E - 1 0 1 1 4 . 9 5 . 6 8 E 06 1 . 3 3 E - 1 6 
850 1 5 0 4 . 6 5 . 8 1 E - 1 0 1 2 2 . 9 3 . 7 3 E 06 8 . 2 5 E - 1 7 
900 1 5 0 4 . 7 3 . 9 3 E - 1 0 1 3 3 . 2 2 . 5 2 E 06 5 . 2 2 E - 1 7 
950 1 5 0 4 . 7 2 . 7 5 E - 1 0 1 4 6 . 6 1 .76E 06 3 . 3 6 E - 1 7 

1000 1 5 0 4 . 7 1 . 9 9 E - 1 0 1 6 3 . 5 1 .28E 06 2 . 2 1 E - 1 7 
1500 1 5 0 4 . 7 3 . 2 7 E - 1 1 4 4 5 . 1 2 . 1 0 E 05 1 . 5 2 E - 1 8 
2 0 0 0 1 5 0 4 . 7 1 . 2 5 E - 1 1 5 8 1 . 2 8 . 0 1 E 0 4 5 . 0 4 E - 1 9 
2 5 0 0 1 5 0 4 . 7 5 . 6 7 E - 1 2 6 9 0 . 9 3 . 6 4 E 0 4 2 . 1 6 E - 1 9 
3 0 0 0 1 5 0 4 . 7 2 . 9 2 E - 1 2 8 2 9 . 9 1 .88E 0 4 1 . 0 4 E - 1 9 
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T A B L E B4c {continued) 

1500°K THERMOPAUSE 

Temperature, Mean Molecular Mass, Pressure 
Scale Height, Pressure Scale Height Gradient, 

Density Scale Height, and Density 
Scale Height Gradient 

Ζ Τ M H BETA HRO BETAR 
(KM) (Κ) ( AMU) ( KM) (KM) 

120 3 2 3 . 6 2 6 . 1 1 0 . 9 0 . 8 0 8 6 . 1 0 . 5 3 9 
130 5 2 7 . 9 2 5 . 4 1 8 . 4 0 . 7 1 0 1 0 . 8 0 . 4 6 1 
140 7 0 2 . 2 2 4 . 8 2 5 . 1 0 . 6 2 5 1 5 . 5 0 . 4 7 8 
150 8 4 4 . 9 2 4 . 3 3 0 . 9 0 . 5 3 4 2 0 . 2 0 . 4 6 6 
160 9 5 9 . 8 2 3 . 9 3 5 . 8 0 . 4 5 6 2 4 . 8 0 . 4 3 7 
170 1 0 5 2 . 4 2 3 . 5 4 0 . 0 0 . 3 9 4 2 9 . 0 0 . 4 0 4 
180 1 1 2 7 . 3 2 3 . 1 4 3 . 7 0 . 3 4 5 3 2 . 8 0 . 3 7 0 
190 1 1 8 8 . 3 2 2 . 8 4 7 . 0 0 . 3 0 5 3 6 . 4 0 . 3 3 8 
200 1 2 3 8 . 4 2 2 . 4 4 9 . 9 0 . 2 7 3 3 9 . 6 0 . 3 1 0 
2 1 0 1 2 7 9 . 6 2 2 . 1 5 2 . 5 0 . 2 4 8 4 2 . 6 0 . 2 8 4 
220 1 3 1 3 . 8 2 1 . 7 5 4 . 8 0 . 2 2 7 4 5 . 3 0 . 2 6 1 
2 3 0 1 3 4 2 . 3 2 1 . 4 5 7 . 0 0 . 2 0 9 4 7 . 8 0 . 2 4 2 
240 1 3 6 6 . 1 2 1 . 1 5 9 . 0 0 . 1 9 5 5 0 . 2 0 . 2 2 5 
250 1 3 8 6 . 0 2 0 . 8 6 0 . 9 0 . 1 8 2 5 2 . 3 0 . 2 1 0 
2 6 0 1 4 0 2 . 8 2 0 . 6 6 2 . 7 0 . 1 7 2 5 4 . 4 0 . 1 9 7 
2 7 0 1 4 1 7 . 0 2 0 . 3 6 4 . 3 0 . 1 6 3 5 6 . 3 0 . 1 8 6 
280 1 4 2 9 . 0 2 0 . 0 6 5 . 9 0 . 1 5 5 5 8 . 1 0 . 1 7 7 
2 9 0 1 4 3 9 . 2 1 9 . 8 6 7 . 4 0 . 1 4 8 5 9 . 8 0 . 1 6 9 
300 1 4 4 7 . 9 1 9 . 5 6 8 . 9 0 . 1 4 1 6 1 . 5 0 . 1 6 2 
3 1 0 1 4 5 5 . 3 1 9 . 3 7 0 . 3 0 . 1 3 6 6 3 . 1 0 . 1 5 5 
320 1 4 6 1 . 6 1 9 . 1 7 1 . 6 0 . 1 3 0 6 4 . 6 0 . 1 4 9 
3 3 0 1 4 6 7 . 1 1 8 . 9 7 2 . 9 0 . 1 2 5 6 6 . 0 0 . 1 4 4 
3 4 0 1 4 7 1 . 8 1 8 . 7 7 4 . 1 0 . 1 2 1 6 7 . 5 0 . 1 3 9 
3 5 0 1 4 7 5 . 8 1 8 . 5 7 5 . 3 0 . 1 1 6 6 8 . 8 0 . 1 3 5 
360 1 4 7 9 . 3 1 8 . 3 7 6 . 4 0 . 1 1 2 7 0 . 2 0 . 1 3 1 
3 7 0 1 4 8 2 . 4 1 8 . 2 7 7 . 5 0 . 108 7 1 . 5 0 . 1 2 7 
380 1 4 8 5 . 0 1 8 . 0 7 8 . 6 0 . 1 0 4 7 2 . 7 0 . 1 2 3 
3 9 0 1 4 8 7 . 3 1 7 . 8 7 9 . 6 0 . 1 0 1 7 3 . 9 0 . 1 1 9 
4 0 0 1 4 8 9 . 3 1 7 . 7 8 0 . 6 0 . 0 9 7 7 5 . 1 0 . 1 1 6 
4 5 0 1 4 9 6 . 2 1 7 . 1 8 5 . 1 0 . 0 8 3 8 0 . 4 0 . 0 9 8 
500 1 4 9 9 . 9 1 6 . 6 8 9 . 0 0 . 0 7 4 8 5 . 0 0 . 0 8 3 
550 1 5 0 1 . 9 1 6 . 2 9 2 . 6 0 . 0 6 9 8 8 . 8 0 . 0 7 1 
6 0 0 1 5 0 3 . 1 1 5 . 9 9 6 . 0 0 . 0 7 0 9 2 . 1 0 . 0 6 2 
6 5 0 1 5 0 3 . 8 1 5 . 5 9 9 . 7 0 . 0 7 6 9 5 . 1 0 . 0 5 7 
700 1 5 0 4 . 2 1 5 . 1 1 0 3 . 8 0 . 0 8 9 9 7 . 9 0 . 0 5 6 
750 1 5 0 4 . 4 1 4 . 7 1 0 8 . 7 0 . 1 1 0 1 0 0 . 7 0 . 0 5 8 
800 1 5 0 4 . 6 1 4 . 1 1 1 4 . 9 0 . 1 4 0 1 0 3 . 8 0 . 0 6 4 
850 1 5 0 4 . 7 1 3 . 3 1 2 2 . 9 0 . 1 8 1 1 0 7 . 2 0 . 0 7 4 
9 0 0 1 5 0 4 . 7 1 2 . 5 1 3 3 . 2 0 . 2 3 4 1 1 1 . 3 0 . 0 9 0 
950 1 5 0 4 . 8 1 1 . 5 1 4 6 . 6 0 . 3 0 0 1 1 6 . 3 0 . 1 1 2 

1000 1 5 0 4 . 8 1 0 . 5 1 6 3 . 5 0 . 3 7 7 1 2 2 . 6 0 . 1 4 3 
1500 1 5 0 4 . 8 4 . 4 4 4 4 . 1 0 . 4 2 8 3 3 7 . 6 0 . 6 3 8 
2000 1 5 0 4 . 8 3 . 8 5 7 9 . 5 0 . 2 0 7 5 4 2 . 3 0 . 2 2 4 
2 5 0 0 1 5 0 4 . 8 3 . 6 6 8 8 . 9 0 . 2 4 2 6 3 4 . 3 0 . 1 7 3 
3 0 0 0 1 5 0 4 . 8 3 . 3 8 2 7 . 6 0 . 3 1 8 7 2 5 . 4 0 . 1 9 5 



Working Models of the Thermosphère 323 

TABLE B5a 

1750°K THERMOPAUSE 
Temperature and Concentrations of Neutral Species 

z 
(KM) 

120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
450 
500 
550 
600 
650 
700 
750 
800 
850 
900 
950 

1000 
1500 
2000 
2500 
3000 

T 
(K) 

323.6 
571.3 
769.8 
930.0 
1059.6 
1165.5 
1252.8 
1325.4 
1386.1 
1437.3 
1480.6 
1517.4 
1548.8 
1575.7 
1598.8 
1618.7 
1635.9 
1650.8 
1663.7 
1674.9 
1684.7 
1693.3 
1700.8 
1707.3 
1713.1 
1718.2 
1722.7 
1726.6 
1730.1 
1742.6 
1749.8 
1754.0 
1756.5 
1758.1 
1759.1 
1759.8 
1760.2 
1760.5 
1760.7 
1760.8 
1760.9 
1761.1 
1761.1 
1761.1 
1761.1 

N(0) 
(CM-: 

10.00E 
3.75E 
2.12E 
1.42E 
1.04E 
8.06E 
6.47E 
5.32E 
4.47E 
3.80E 
3.27E 
2.84E 
2.48E 
2.18E 
1.92E 
1.70E 
1.52E 
1.35E 
1.21E 
1.08E 
9.73E 
8.75E 
7.88E 
7.11E 
6.42E 
5.80E 
5.24E 
4.75E 
4.30E 
2.65E 
1.65E 
1.04E 
6.62E 
4.24E 
2.73E 
1.77E 
1.16E 
7.61E 
5.03E 
3.34E 
2.24E 
5.28E 
1.96E 
1.05E 
7.71E 

3) 

10 
10 
10 
10 
10 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
07 
07 
07 
07 
07 
06 
06 
06 
06 
04 
03 
02 
00 

N(02) 
(CM-: 

4.00E 
9.92E 
4.29E 
2.32E 
1.42E 
9.36E 
6.48E 
4.64E 
3.42E 
2.57E 
1.96E 
1.51E 
1.18E 
9.24E 
7.31E 
5.82E 
4.65E 
3.73E 
3.01E 
2.43E 
1.97E 
1.60E 
1.31E 
1.07E 
8.72E 
7.14E 
5.86E 
4.81E 
3.96E 
1.51E 
5.91E 
2.35E 
9.52E 
3.90E 
1.62E 
6.84E 
2.92E 
1.26E 
5.51E 
2.43E 
1.09E 

3) 

10 
09 
09 
09 
09 
08 
08 
08 
08 
08 
08 
08 
08 
07 
07 
07 
07 
07 
07 
07 
07 
07 
07 
07 
06 
06 
06 
06 
06 
06 
05 
05 
04 
04 
04 
03 
03 
03 
02 
02 
02 

N(N2) 
(CM-: 

4.00E 
1.10E 
5.09E 
2.90E 
1.86E 
1.27E 
9.16E 
6.80E 
5.17E 
4.00E 
3.14E 
2.50E 
2.00E 
1.62E 
1.32E 
1.08E 
8.84E 
7.29E 
6.03E 
5.00E 
4.16E 
3.47E 
2.90E 
2.42E 
2.03E 
1.70E 
1.43E 
1.21E 
1.02E 
4.38E 
1.92E 
8.59E 
3.89E 
1.78E 
8.27E 
3.88E 
1.84E 
8.84E 
4.28E 
2.10E 
1.04E 
1.48E 

3) 

11 
11 
10 
10 
10 
10 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
07 
07 
06 
06 
06 
05 
05 
05 
04 
04 
04 
04 
01 

N(HE) 
(CM-: 

2.00E 
1.27E 
9.85E 
8.31E 
7.32E 
6.63E 
6.HE 
5.70E 
5.37E 
5.08E 
4.84E 
4.63E 
4.44E 
4.28E 
4.12E 
3.98E 
3.85E 
3.73E 
3.62E 
3.51E 
3.41E 
3.31E 
3.22E 
3.14E 
3.05E 
2.97E 
2.90E 
2.82E 
2.75E 
2.43E 
2.16E 
1.92E 
1.71E 
1.53E 
1.37E 
1.23E 
1.11E 
9.97E 
8.99E 
8.11E 
7.34E 
2.87E 
1.26E 
6.06E 
3.15E 

3) 

07 
07 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
05 
05 
05 
05 
05 
05 
04 
04 

N(H) 
(CM-: 

2.37E 
9.52E 
5.50E 
3.70E 
2.70E 
2.07E 
1.65E 
1.35E 
1.12E 
9.49E 
8.14E 
7.05E 
6.16E 
5.43E 
4.83E 
4.32E 
3.88E 
3.51E 
3.20E 
2.92E 
2.68E 
2.48E 
2.29E 
2.13E 
1.99E 
1.86E 
1.76E 
1.66E 
1.57E 
1.25E 
1.05E 
9.24E 
8.42E 
7.82E 
7.38E 
7.04E 
6.76E 
6.52E 
6.31E 
6.13E 
5.95E 
4.70E 
3.82E 
3.17E 
2.69E 

3) 

06 
05 
05 
05 
05 
05 
05 
05 
05 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 



Appendix B 

TABLE B5b (continued) 

1750°K THERMOPAUSE 

Temperature, Total Pressure, Pressure Scale 
Height, Total Concentration, and Total Density 

Z T P H N RHO 
(KM) ( K ) (TORR) (KM) ( C M - 3 ) ( G M / C M 3 ) 

120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
450 
500 
550 
600 
650 
700 
750 
800 
850 
900 
950 

1000 
1500 
2000 
2500 
3000 

323.6 
571.3 
769.8 
930.0 
1059.6 
1165.5 
1252.8 
1325.4 
1386.1 
1437.3 
1480.6 
1517.4 
1548.8 
1575.7 
1598.8 
1618.7 
1635.9 
1650.8 
1663.7 
1674.9 
1684.7 
1693.3 
1700.8 
1707.3 
1713.1 
1718.2 
1722.7 
1726.6 
1730.1 
1742.6 
1749.8 
1754.0 
1756.5 
1758.1 
1759.1 
1759.8 
1760.2 
1760.5 
1760.7 
1760.8 
1760.9 
1761.1 
1761.1 
1761.1 
1761.1 

1.81E-05 
9.31E-06 
6.09E-06 
4.39E-06 
3.34E-06 
2.62E-06 
2.11E-06 
1.73E-06 
1.43E-06 
1.20E-06 
1.01E-06 
8.62E-07 
7.38E-07 
6.35E-07 
5.49E-07 
4.76E-07 
4.15E-07 
3.63E-07 
3.18E-07 
2.79E-07 
2.46E-07 
2.18E-07 
1.93E-07 
1.71E-07 
1.52E-07 
1.35E-07 
1.21E-07 
1.08E-07 
9.64E-08 
5.64E-08 
3.39E-08 
2.09E-08 
1.31E-08 
8.33E-09 
5.38E-09 
3.53E-09 
2.35E-09 
1.59E-09 
1.09E-09 
7.62E-10 
5.44E-10 
6.29E-11 
2.40E-11 
1.16E-11 
6.24E-12 

10.9 
19.8 
27.3 
33.7 
39.2 
43.9 
48.0 
51.6 
54.9 
57.9 
60.6 
63.0 
65.4 
67.5 
69.5 
71.5 
73.3 
75.0 
76.7 
78.3 
79.8 
81.3 
82.7 
84.1 
85.4 
86.7 
88.0 
89.2 
90.4 
95.8 

100.6 
104.9 
108.8 
112.6 
116.4 
120.4 
124.9 
130.1 
136.3 
143.8 
153.0 
393.1 
630.1 
748.1 
857.9 

5.40E 
1.57E 
7.64E 
4.56E 
3.04E 
2.17E 
1.63E 
1.26E 
9.98E 
8.06E 
6.61E 
5.49E 
4.60E 
3.89E 
3.32E 
2.84E 
2.45E 
2.12E 
1.85E 
1.61E 
1.41E 
1.24E 
1.09E 
9.67E 
8.57E 
7.60E 
6.77E 
6.03E 
5.38E 
3.13E 
1.87E 
1.15E 
7.19E 
4.58E 
2.96E 
1.94E 
1.29E 
8.70E 
5.98E 
4.18E 
2.99E 
3.45E 
1.32E 
6.39E 
3.42F 

11 
11 
10 
10 
10 
10 
10 
10 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
08 
08 
08 
08 
08 
08 
08 
08 
08 
07 
07 
07 
07 
07 
06 
06 
06 
06 
05 
05 
04 
04 

2.34E-11 
6.64E-12 
3.16E-12 
1.85E-12 
1.22E-12 
8.56E-13 
6.32E-13 
4.82E-13 
3.77E-13 
3.01E-13 
2.43E-13 
1.99E-13 
1.65E-13 
1.38E-13 
1.16E-13 
9.84E-14 
8.39E-14 
7.18E-14 
6.18E-14 
5.34E-14 
4.63E-14 
4.02E-14 
3.51E-14 
3.07E-14 
2.70E-14 
2.37E-14 
2.09E-14 
1.85E-14 
1.64E-14 
9.17E-15 
5.33E-15 
3.19E-15 
1.96E-15 
1.22E-15 
7.74E-16 
4.98E-16 
3.24E-16 
2.13E-16 
1.42E-16 
9.52E-17 
6.47E-17 
3.32E-18 
8.95E-19 
4.11E-19 
2.14E-19 

324 



Working Models of the Thermosphère 325 

T A B L E B5c {continued) 

1750°K THERMOPAUSE 

Temperature, Mean Molecular Mass, Pressure 

Scale Height, Pressure Scale Height Gradient, 

Density Scale Height, and Density 
Scale Height Gradient 

Ζ Τ 
(KM) (Κ) 

M 
( AMU) 

H 
(KM) 

BETA HRO 
(KM) 

BETAR 

120 3 2 3 . 6 2 6 . 1 1 0 . 9 
130 5 7 1 . 3 2 5 . 4 1 9 . 9 
140 7 6 9 . 9 2 4 . 9 2 7 . 4 
150 9 3 0 . 0 2 4 . 5 3 3 . 8 
160 1 0 5 9 . 6 2 4 . 1 3 9 . 2 
170 1 1 6 5 . 5 2 3 . 7 4 3 . 9 
180 1 2 5 2 . 9 2 3 . 4 4 8 . 0 
190 1 3 2 5 . 4 2 3 . 1 5 1 . 7 
200 1 3 8 6 . 2 2 2 . 8 5 4 . 9 
210 1 4 3 7 . 4 2 2 . 5 5 7 . 9 
2 2 0 1 4 8 0 . 7 2 2 . 2 6 0 . 6 
2 3 0 1 5 1 7 . 5 2 1 . 9 6 3 . 1 
240 1 5 4 8 . 9 2 1 . 6 6 5 . 4 
250 1 5 7 5 . 8 2 1 . 4 6 7 . 6 
2 6 0 1 5 9 8 . 9 2 1 . 1 6 9 . 6 
2 7 0 16 1 8 . 8 2 0 . 9 7 1 . 5 
2 8 0 1 6 3 6 . 0 2 0 . 6 7 3 . 3 
290 1 6 5 0 . 8 2 0 . 4 7 5 . 1 
3 0 0 1 6 6 3 . 7 2 0 . 2 7 6 . 7 
310 1 6 7 5 . 0 1 9 . 9 7 8 . 3 
3 2 0 1 6 8 4 . 8 1 9 . 7 7 9 . 9 
330 1 6 9 3 . 3 1 9 . 5 8 1 . 3 
3 4 0 1 7 0 0 . 8 1 9 . 3 8 2 . 8 
350 1 7 0 7 . ^ 1 9 . 1 8 4 . 2 
3 6 0 1 7 1 3 . 1 1 9 . 0 8 5 . 5 
370 1 7 1 8 . 2 1 8 . 8 8 6 . 8 
3 8 0 1 7 2 2 . 7 1 8 . 6 8 8 . 0 
3 9 0 1 7 2 6 . 7 1 8 . 5 8 9 . 3 
4 0 0 1 7 3 0 . 2 1 8 . 3 9 0 . 5 
4 5 0 1 7 4 2 . 7 1 7 . 7 9 5 . 9 
500 1 7 4 9 . 8 1 7 . 1 1 0 0 . 7 
550 1 7 5 4 . 0 1 6 . 7 1 0 4 . 9 
6 0 0 1 7 5 6 . 6 1 6 . 4 1 0 8 . 9 
6 5 0 1 7 5 8 . 2 1 6 . 1 1 1 2 . 6 
700 1 7 5 9 . 2 1 5 . 8 1 1 6 . 4 
750 1 7 5 9 . 8 1 5 . 5 1 2 0 . 5 
800 1 7 6 0 . 3 1 5 . 1 1 2 5 . 0 
850 1 7 6 0 . 5 1 4 . 7 1 3 0 . 1 
900 1 7 6 0 . 7 1 4 . 3 1 3 6 . 3 
950 1 7 6 0 . 9 1 3 . 7 1 4 3 . 8 

1000 1 7 6 0 . 9 1 3 . 1 1 5 3 . 0 
1500 1 7 6 1 . 1 5 . 8 3 9 2 . 5 
2 0 0 0 1 7 6 1 . 1 4 . 1 6 2 8 . 4 
2 5 0 0 1 7 6 1 . 1 3 . 9 7 4 5 . 9 
3 0 0 0 1 7 6 1 . 1 3 . 8 8 5 5 . 4 

1 . 0 1 8 
0 . 8 1 6 
0 . 6 9 2 
0 . 5 8 8 
0 . 5 0 4 
0 . 4 3 8 
0 . 3 8 6 
0 . 3 4 4 
0 . 3 1 0 
0 . 2 8 2 
0 . 2 5 9 
0 . 2 4 0 
0 . 2 2 3 
0 . 2 0 9 
0 . 1 9 7 
0 . 1 8 7 
0 . 1 7 8 
0 . 1 7 0 
0 . 1 6 3 
0 . 1 5 6 
0 . 1 5 1 
0 . 1 4 5 
0 . 1 4 0 
0 . 1 3 6 
0 . 1 3 2 
0 . 1 2 8 
0 . 1 2 4 
0 . 1 2 0 
0 . 1 1 7 
0 . 1 0 2 
0 . 0 9 0 
0 . 0 8 1 
0 . 0 7 6 
0 . 0 7 5 
0 . 0 7 8 
0 . 0 8 4 
0 . 0 9 6 
0 . 1 1 3 
0 . 136 
0 . 1 6 6 
0 . 2 0 4 
0 . 6 6 1 
0 . 2 9 2 
0 . 2 1 3 
0 . 2 3 1 

5 . 4 
1 1 . 0 
1 6 . 3 
2 1 . 4 
2 6 . 3 
3 0 . 8 
3 5 . 0 
3 8 . 9 
4 2 . 5 
4 5 . 8 
4 8 . 9 
5 1 . 7 
5 4 . 4 
5 6 . 8 
5 9 . 2 
6 1 . 4 
6 3 . 5 
6 5 . 4 
6 7 . 3 
6 9 . 1 
7 0 . 9 
7 2 . 6 
7 4 . 2 
7 5 . 8 
7 7 . 3 
7 8 . 8 
8 0 . 2 
8 1 . 6 
8 3 . 0 
8 9 . 3 
9 4 . 9 
9 9 . 9 

1 0 4 . 2 
1 0 8 . 0 
1 1 1 . 5 
1 1 4 . 7 
1 1 7 . 8 
1 2 0 . 9 
1 2 4 . 1 
1 2 7 . 7 
1 3 1 . 7 
2 5 1 . 5 
5 5 0 . 5 
7 1 4 . 3 
8 1 6 . 2 

0 . 6 3 0 
0 . 5 3 0 
0 . 5 2 5 
0 . 5 0 2 
0 . 4 7 1 
0 . 4 3 7 
0 . 4 0 4 
0 . 3 7 2 
0 . 3 4 4 
0 . 3 1 8 
0 . 2 9 5 
0 . 2 7 5 
0 . 2 5 7 
0 . 2 4 1 
0 . 2 2 6 
0 . 2 1 4 
0 . 2 0 3 
0 . 1 9 4 
0 . 1 8 5 
0 . 1 7 8 
0 . 1 7 1 
0 . 1 6 5 
0 . 1 6 0 
0 . 1 5 5 
0 . 1 5 0 
0 . 1 4 6 
0 . 1 4 2 
0 . 1 3 9 
0 . 1 3 5 
0 . 1 1 9 
0 · 1 0 5 
0 . 0 9 2 
0 . 0 8 1 
0 . 0 7 2 
0 . 0 6 6 
0 . 0 6 3 
0 . 0 6 2 
0 . 0 6 3 
0 . 0 6 7 
0 . 0 7 5 
0 . 0 8 5 
0 . 4 9 2 
0 . 4 9 3 
0 . 2 2 7 
0 . 1 9 4 



Appendix B 

TABLE B6a 
2000°K THERMOPAUSE 

Temperature and Concentrations of Neutral Species 

Z T N(0 ) N(02) N(N2) N(HE) N(H) 
(KM) (K) (CM-3) (CM-3) (CM-3) (CM-3) (CM-3) 

120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
450 
500 
550 
600 
650 
700 
750 
800 
850 
900 
950 
1000 
1500 
2000 
2500 
3000 

323.6 
590.9 
807.9 
985.5 
1131.4 
1252.4 
1353.7 
1439.2 
1512.0 
1574.2 
1627.6 
1673.8 
1713.8 
1748.7 
1779.0 
1805.6 
1828.9 
1849.4 
1867.5 
1883.4 
1897.5 
1910.0 
1921.1 
1930.9 
1939.7 
1947.6 
1954.6 
1960.8 
1966.5 
1987.1 
1999.6 
2007.4 
2012.3 
2015.6 
2017.7 
2019.2 
2020.2 
2020.9 
2021.4 
2021.8 
2022.0 
2022.8 
2022.9 
2022.9 
2022.9 

10.00E 
3.65E 
2.06E 
1.38E 
1.02E 
7.89E 
6.37E 
5.27E 
4.45E 
3.81E 
3.30E 
2.88E 
2.54E 
2.25E 
2.00E 
1.79E 
1.61E 
1.45E 
1.31E 
1.18E 
1.07E 
9.73E 
8.85E 
8.07E 
7.36E 
6.72E 
6.14E 
5.62E 
5.15E 
3.35E 
2.21E 
1.47E 
9.90E 
6.70E 
4.57E 
3.13E 
2.16E 
1.50E 
1.04E 
7.32E 
5.15E 
1.98E 
1.12E 
8.78E 
9.04E 

10 
10 
10 
10 
10 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
07 
07 
07 
07 
07 
07 
07 
06 
06 
05 
04 
02 
01 

4.00E 
9.74E 
4.24E 
2.32E 
1.44E 
9.64E 
6.78E 
4.94E 
3.70E 
2.82E 
2.19E 
1.72E 
1.37E 
1.09E 
8.83E 
7.16E 
5.84E 
4.79E 
3.94E 
3.25E 
2.69E 
2.24E 
1.86E 
1.55E 
1.30E 
1.09E 
9.11E 
7.65E 
6.44E 
2.75E 
1.21E 
5.38E 
2.44E 
1.12E 
5.21E 
2.45E 
1.17E 
5.61E 
2.73E 
1.34E 
6.64E 
9.76E-

10 
09 
09 
09 
09 
08 
08 
08 
08 
08 
08 
08 
08 
08 
07 
07 
07 
07 
07 
07 
07 
07 
07 
07 
07 
07 
06 
06 
06 
06 
06 
05 
05 
05 
04 
04 
04 
03 
03 
03 
02 
-01 

4.00E 
1.08E 
5.01E 
2.89E 
1.87E 
1.30E 
9.44E 
7.10E 
5.48E 
4.30E 
3.43E 
2.77E 
2.26E 
1.85E 
1.53E 
1.27E 
1.06E 
8.93E 
7.52E 
6.35E 
5.38E 
4.57E 
3.89E 
3.32E 
2.83E 
2.42E 
2.08E 
1.78E 
1.53E 
7.27E 
3.53E 
1.74E 
8.70E 
4.40E 
2.25E 
1.17E 
6.08E 
3.21E 
1.71E 
9.15E 
4.95E 
1.65E 
1.08E 

11 
11 
10 
10 
10 
10 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
09 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
08 
07 
07 
07 
06 
06 
06 
06 
05 
05 
05 
04 
04 
02 
00 

2.00E 
1.24E 
9.60E 
8.07E 
7.10E 
6.42E 
5.91E 
5.52E 
5.19E 
4.92E 
4.69E 
4.49E 
4.31E 
4.15E 
4.00E 
3.87E 
3.75E 
3.64E 
3.53E 
3.44E 
3.34E 
3.26E 
3.17E 
3.09E 
3.02E 
2.95E 
2.88E 
2.81E 
2.75E 
2.46E 
2.21E 
1.99E 
1.80E 
1.63E 
1.48E 
1.35E 
1.23E 
1.12E 
1.03E 
9.38E 
8.59E 
3.80E 
1.85E 
9.80E 
5.55E 

07 
07 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
06 
05 
05 
05 
05 
04 
04 

2.37E 
9.44E 
5.48E 
3.70E 
2.72E 
2.10E 
1.68E 
1.38E 
1.15E 
9.77E 
8.40E 
7.29E 
6.38E 
5.62E 
4.99E 
4.46E 
4.00E 
3.61E 
3.27E 
2.97E 
2.71E 
2.49E 
2.29E 
2.HE 
1.95E 
1.81E 
1.69E 
1.58E 
1.47E 
1.10E 
8.71E 
7.23E 
6.26E 
5.58E 
5.10E 
4.75E 
4.49E 
4.28E 
4.11E 
3.96E 
3.84E 
3.HE 
2.60E 
2.21E 
1.92E 

06 
05 
05 
05 
05 
05 
05 
05 
05 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
04 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
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T A B L E B6b {continued) 

2 0 0 0 ° K THERMOPAUSE 

Temperature, Total Pressure, Pressure Scale 
Height, Total Concentration, and Total Density 

Ζ Τ 
(KM) (Κ) 

ρ 
(TORR) 

Η 
( KM) 

Ν 
(CM-3) 

RHO 
(GM/CM3) 

120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
2 3 0 
240 
2 5 0 
260 
2 7 0 
280 
2 9 0 
300 
310 
320 
330 
340 
3 5 0 
360 
3 7 0 
380 
390 
4 0 0 
4 5 0 
5 00 
550 
6 00 
6 5 0 
700 
7 5 0 
800 
850 
900 
950 

1000 
1500 
2 0 0 0 
2 5 0 0 
3 0 0 0 

3 2 3 . 6 
5 9 0 . 9 
8 0 7 . 9 
9 8 5 . 5 

1 1 3 1 . 4 
1 2 5 2 . 4 
1 3 5 3 . 7 
1 4 3 9 . 2 
1 5 1 2 . 0 
1 5 7 4 . 2 
1 6 2 7 . 6 
1 6 7 3 . 8 
1 7 1 3 . 8 
1 7 4 8 . 7 
1 7 7 9 . 0 
1 8 0 5 . 6 
1 8 2 8 . 9 
1 8 4 9 . 4 
1 8 6 7 . 5 
1 8 8 3 . 4 
1 8 9 7 . 5 
1 9 1 0 . 0 
1 9 2 1 . 1 
1 9 3 0 . 9 
1 9 3 9 . 7 
1 9 4 7 . 6 
1 9 5 4 . 6 
1 9 6 0 . 8 
1 9 6 6 . 5 
1 9 8 7 . 1 
1 9 9 9 . 6 
2 0 0 7 . 4 
2 0 1 2 . 3 
2 0 1 5 . 6 
2 0 1 7 . 7 
2 0 1 9 . 2 
2 0 2 0 . 2 
2 0 2 0 . 9 
2 0 2 1 . 4 
2 0 2 1 . 8 
2 0 2 2 . 0 
2 0 2 2 . 8 
2 0 2 2 . 9 
2 0 2 2 . 9 
2 0 2 2 . 9 

1 . 8 1 E - 0 5 
9 . 4 2 E - 0 6 
6 . 2 6 E - 0 6 
4 . 5 9 E - Q 6 
3 . 5 5 E - 0 6 
2 . 8 3 E - 0 6 
2 . 3 1 E - 0 6 
1 . 9 2 E - 0 6 
1 . 6 1 E - 0 6 
1 . 3 7 E - 0 6 
1. 17E~06 
l . O l E - 0 6 
8 . 7 6 E - 0 7 
7 . 6 3 E - 0 7 
6 . 6 8 E - 0 7 
5 . 8 7 E - 0 7 
5 . 1 8 E - 0 7 
4 . 5 8 E - 0 7 
4 . 0 6 E - 0 7 
3 . 6 1 E - 0 7 
3 . 2 2 E - 0 7 
2 . 8 8 E - 0 7 
2 . 5 8 E - 0 7 
2 . 3 1 E - 0 7 
2 . 0 8 E - 0 7 
1 . 8 7 E - 0 7 
1 . 6 9 E - 0 7 
1 . 5 2 E - 0 7 
1 . 3 8 E - 0 7 
8 . 4 9 E - 0 8 
5 . 3 7 E - 0 8 
3 . 4 7 E - 0 8 
2 . 2 9 E - 0 8 
1 . 5 3 E - 0 8 
1 . 0 3 E - 0 8 
7 . 0 8 E - 0 9 
4 . 9 1 E - 0 9 
3 . 4 4 E - 0 9 
2 . 4 4 E - 0 9 
1 . 7 5 E - 0 9 
1 . 2 7 E - 0 9 
1 . 2 2 E - 1 0 
4 . 1 7 E - 1 1 
2 . 1 2 E - 1 1 
1 . 2 0 E - 1 1 

1 0 . 9 
2 0 . 5 
2 8 . 7 
3 5 . 7 
4 1 . 7 
4 6 . 9 
5 1 . 5 
5 5 . 7 
5 9 . 4 
6 2 . 7 
6 5 . 8 
6 8 . 7 
7 1 . 3 
7 3 . 8 
7 6 . 2 
7 8 . 4 
8 0 . 4 
8 2 . 4 
8 4 . 3 
8 6 . 2 
8 7 . 9 
8 9 . 6 
9 1 . 2 
9 2 . 8 
9 4 . 3 
9 5 . 8 
9 7 . 3 
9 8 . 7 

1 0 0 . 0 
1 0 6 . 4 
1 1 2 . 0 
1 1 7 . 0 
1 2 1 . 6 
1 2 5 . 9 
1 3 0 . 1 
1 3 4 . 1 
1 3 8 . 3 
1 4 2 . 8 
1 4 7 . 7 
1 5 3 . 2 
1 5 9 . 5 
3 2 4 . 3 
6 3 8 . 8 
8 2 3 . 6 
9 4 7 . 3 

10 
10 
10 
10 

5 . 4 0 E 11 
1 .54E 11 
7 . 4 9 E 10 
4 . 5 0 E 10 
3 . 0 3 E 10 
2 . 1 8 E 
1 .65E 
1 .29E 
1 .03E 
8 . 4 0 E 09 
6 . 9 6 E 09 
5 . 8 3 E 09 
4 . 9 4 E 09 
4 . 2 2 E 09 
3 . 6 3 E 0 9 
3 . 1 4 E 09 
2 . 7 3 E 09 
2 . 3 9 E 09 
2 . 1 0 E 0 9 
1 .85E 09 
1 .64E 09 
1 .46E 09 
1 .30E 09 
1 .16E 09 
1 .03E 09 
9 . 2 8 E 08 
8 . 3 4 E 08 
7 . 5 1 E 08 
6 . 7 7 E 08 
4 . 1 3 E 08 
2 . 6 0 E 08 
1 .67E 08 
l . l O E 08 
7 . 3 2 E 07 
4 . 9 5 E 07 
3 . 3 9 E 07 
2 . 3 5 E 07 
1 .64E 07 
1 .16E 07 
8 . 3 5 E 06 
6 . 0 7 E 06 
5 . 8 1 E 05 
1 .99E 05 
I . O I E 05 
5 . 7 5 E 04 

2 . 3 4 E - 1 1 
6 . 5 0 E - 1 2 
3 . 1 0 E - 1 2 
1 . 8 3 E - 1 2 
1 . 2 1 E - 1 2 
8 . 6 4 E - 1 3 
6 . 4 4 E - 1 3 
4 . 9 6 E - 1 3 
3 . 9 2 E - 1 3 
3 . 1 6 E - 1 3 
2 . 5 9 E - 1 3 
2 . 1 5 E - 1 3 
1 . 8 0 E - 1 3 
1 . 5 2 E - 1 3 
1 . 2 9 E - 1 3 
l . l l E - 1 3 
9 . 5 3 E - 1 4 
8 . 2 5 E - 1 4 
7 . 1 8 E - 1 4 
6 . 2 7 E - 1 4 
5 . 4 9 E - 1 4 
4 . 8 3 E - 1 4 
4 . 2 6 E - 1 4 
3 . 7 7 E - 1 4 
3 . 3 4 E - 1 4 
2 . 9 7 E - 1 4 
2 . 6 5 E - 1 4 
2 . 3 6 E - 1 4 
2 . 1 1 E - 1 4 
1 . 2 4 E - 1 4 
7 . 5 9 E - 1 5 
4 . 7 6 E - 1 5 
3 . 0 6 E - 1 5 
2 . 0 0 E - 1 5 
1 . 3 3 E - 1 5 
8 . 9 7 E - 1 6 
6 . 1 1 E - 1 6 
4 . 2 1 E - 1 6 
2 . 9 2 E - 1 6 
2 . 0 5 E - 1 6 
1 . 4 5 E - 1 6 
7 . 7 8 E - 1 8 
1 . 5 3 E - 1 8 
6 . 7 8 E - 1 9 
3 . 7 4 E - 1 9 
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T A B L E B6c {continued) 

2 0 0 0 ° K THERMOPAUSE 

Temperature, Mean Molecular Mass, Pressure 

Scale Height, Pressure Scale Height Gradient, 
Density Scale Height, and Density 

Scale Height Gradient 

Ζ Τ M H BETA HRO BETAR 
(KM) (Κ) (AMU) (KM) (KM) 

120 3 2 3 . 6 2 6 . 1 1 0 . 9 1 . 0 9 6 5 . 2 0 . 6 5 6 
130 5 9 0 . 9 2 5 . 4 2 0 . 5 0 . 8 8 1 1 1 . 0 0 . 5 4 7 
140 8 0 7 . 9 2 4 . 9 2 8 . 7 0 . 7 5 6 1 6 . 4 0 . 5 4 6 
150 9 8 5 . 5 2 4 . 5 3 5 . 7 0 . 6 4 7 2 1 . 8 0 . 5 2 8 
160 1 1 3 1 . 5 2 4 . 2 4 1 . 7 0 . 5 6 0 2 7 . 0 0 . 5 0 0 
170 1 2 5 2 . 5 2 3 . 8 4 7 . 0 0 . 4 9 1 3 1 . 8 0 . 4 6 9 
180 1 3 5 3 . 8 2 3 . 5 5 1 . 6 0 . 4 3 5 3 6 . 3 0 . 4 3 8 
190 1 4 3 9 . 3 2 3 . 2 5 5 . 7 0 . 3 9 0 4 0 . 6 0 . 4 0 8 
200 1 5 1 2 . 0 2 2 . 9 5 9 . 4 0 . 3 5 3 4 4 . 5 0 . 3 8 0 
2 1 0 1 5 7 4 . 2 2 2 . 7 6 2 . 8 0 . 3 2 2 4 8 . 2 0 . 3 5 5 
220 1 6 2 7 . 7 2 2 . 4 6 5 . 9 0 . 2 9 7 5 1 . 6 0 . 3 3 2 
2 3 0 1 6 7 3 . 9 2 2 . 2 6 8 . 7 0 . 2 7 5 5 4 . 8 0 . 3 1 1 
2 4 0 1 7 1 3 . 9 2 1 . 9 7 1 . 4 0 . 2 5 6 5 7 . 8 0 . 2 9 2 
2 5 0 1 7 4 8 . 7 2 1 . 7 7 3 . 9 0 . 2 4 0 6 0 . 7 0 . 2 7 5 
2 6 0 1 7 7 9 . 1 2 1 . 4 7 6 . 2 0 . 2 2 6 6 3 . 3 0 . 2 5 9 
2 7 0 1 8 0 5 . 7 2 1 . 2 7 8 . 4 0 . 2 1 4 6 5 . 9 0 . 2 4 6 
2 8 0 1 8 2 9 . 0 2 1 . 0 8 0 . 5 0 . 2 0 4 6 8 . 2 0 . 2 3 3 
2 9 0 1 8 4 9 . 5 2 0 . 8 8 2 . 5 0 . 1 9 4 7 0 . 5 0 . 2 2 2 
300 1 8 6 7 . 5 2 0 . 6 8 4 . 4 0 . 1 8 6 7 2 . 7 0 . 2 1 2 
3 1 0 1 8 8 3 . 5 2 0 . 4 8 6 . 2 0 . 1 7 9 7 4 . 8 0 . 2 0 4 
3 2 0 1 8 9 7 . 5 2 0 . 2 8 8 . 0 0 . 1 7 2 7 6 . 8 0 . 1 9 6 
3 3 0 1 9 1 0 . 0 2 0 . 0 8 9 . 7 0 . 1 6 6 7 8 . 7 0 . 1 8 9 
3 4 0 1 9 2 1 . 1 1 9 . 8 9 1 . 3 0 . 1 6 1 8 0 . 5 0 . 1 8 2 
3 5 0 1 9 3 1 . 0 1 9 . 6 9 2 . 9 0 . 1 5 5 8 2 . 3 0 . 1 7 6 
360 1 9 3 9 . 8 1 9 . 4 9 4 . 4 0 . 1 5 1 8 4 . 1 0 . 1 7 1 
3 7 0 1 9 4 7 . 6 1 9 . 3 9 5 . 9 0 . 1 4 6 8 5 . 8 0 . 1 6 6 
380 1 9 5 4 . 6 1 9 . 1 9 7 . 3 0 . 1 4 2 8 7 . 4 0 . 1 6 2 
3 9 0 1 9 6 0 . 9 1 9 . 0 9 8 . 7 0 . 1 3 8 8 9 . 0 0 . 1 5 8 
4 0 0 1 9 6 6 . 5 1 8 . 8 1 0 0 . 1 0 . 1 3 5 9 0 . 6 0 . 1 5 4 
4 5 0 1 9 8 7 . 2 1 8 . 1 1 0 6 . 4 0 . 1 1 9 9 7 . 8 0 . 1 3 8 
500 1 9 9 9 . 7 1 7 . 6 1 1 2 . 0 0 . 1 0 6 1 0 4 . 4 0 . 1 2 4 
5 5 0 2 0 0 7 . 4 1 7 . 2 1 1 7 . 1 0 . 0 9 6 1 1 0 . 2 0 . 1 1 1 
6 0 0 2 0 1 2 . 4 1 6 . 8 1 2 1 . 7 0 . 0 8 9 1 1 5 . 5 0 . 1 0 0 
6 5 0 2 0 1 5 . 6 1 6 . 5 1 2 6 . 0 0 . 0 8 4 1 2 0 . 3 0 . 0 9 0 
7 0 0 2 0 1 7 . 8 1 6 . 2 1 3 0 . 1 0 . 0 8 2 1 2 4 . 5 0 . 0 8 2 
7 5 0 2 0 1 9 . 3 1 5 . 9 1 3 4 . 2 0 . 0 8 2 1 2 8 . 5 0 . 0 7 6 
800 20 2 0 . 3 1 5 . 7 1 3 8 . 4 0 . 0 8 6 1 3 2 . 1 0 . 0 7 1 
850 2 0 2 1 . 0 1 5 . 4 1 4 2 . 8 0 . 0 9 3 1 3 5 . 6 0 . 0 6 9 
9 0 0 2 0 2 1 . 5 1 5 . 1 1 4 7 . 7 0 . 1 0 3 1 3 9 . 0 0 . 0 6 8 
9 5 0 2 0 2 1 . 8 1 4 . 8 1 5 3 . 2 0 . 1 1 7 1 4 2 . 5 0 . 0 6 9 

1000 2 0 2 2 . 1 1 4 . 4 1 5 9 . 5 0 . 1 3 6 1 4 6 . 0 0 . 0 7 2 
1500 2 0 2 2 . 8 8 . 1 3 2 4 . 0 0 . 5 8 1 2 1 6 . 3 0 . 2 7 2 
2 0 0 0 2 0 2 2 . 9 4 . 7 6 3 7 . 3 0 . 5 1 3 4 6 8 . 2 0 . 6 7 5 
2 5 0 0 2 0 2 2 . 9 4 . 1 8 2 1 . 2 0 . 2 7 3 7 5 4 . 9 0 . 4 1 9 
3 0 0 0 2 0 2 2 . 9 3 . 9 9 4 4 . 5 0 . 2 3 6 9 1 3 . 8 0 . 2 5 4 
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TABLE B7a 

T H E R M O S P H È R E T E M P É R A T U R E M O D E L S 

600° 650° 700° 750° 800° 850° 

Z T T T T T T 
(KM) ( K ) ( K ) ( K ) ( K ) ( K ) ( K ) 

1 2 0 
1 2 2 
1 2 4 
1 2 6 
128 
1 3 0 
1 3 2 
1 3 4 
136 
1 3 8 
1 4 0 
1 4 2 
1 4 4 
1 4 6 
1 4 8 
1 5 0 
1 5 2 
1 5 4 
1 5 6 
1 5 8 
1 6 0 
1 6 2 
1 6 4 
1 6 6 
168 
1 7 0 
172 
1 7 4 
176 
1 7 8 
1 8 0 
1 8 2 
1 8 4 
1 8 6 
188 
1 9 0 
192 
1 9 4 
196 
1 9 8 
2 0 0 
2 0 2 
2 0 4 
2 0 6 
2 0 8 
2 1 0 
2 1 2 
2 1 4 
2 1 6 
2 1 8 
2 2 0 
2 2 2 
2 2 4 
2 2 6 
2 2 8 
2 3 0 

3 2 3 . 6 
3 4 2 . 4 
360 .7 
3 7 8 . 1 
3 9 4 . 7 
4 1 0 . 4 
4 2 5 . 2 
4 3 9 . 1 
4 5 2 . 1 
4 6 4 . 1 
4 7 5 . 2 
4 8 5 . 5 
4 9 5 . 0 
5 0 3 . 7 
5 1 1 . 7 
5 1 9 , 1 
5 2 5 . 8 
5 3 2 . 0 
5 3 7 . 7 
542 .8 
547 .5 
5 5 1 . 9 
5 5 5 . 8 
5 5 9 . 4 
5 6 2 . 8 
565 .8 
568 .5 
5 7 1 . 1 
5 7 3 . 4 
575 .5 
5 7 7 . 5 
5 7 9 . 2 
5 8 0 . 9 
5 8 2 . 3 
5 8 3 . 7 
5 8 5 . 0 
5 8 6 . 1 
5 8 7 . 2 
5 8 8 . 1 
5 8 9 . 0 
5 8 9 . 9 
5 9 0 . 6 
5 9 1 . 3 
5 9 1 . 9 
5 9 2 . 5 
5 9 3 . 1 
593 .6 
5 9 4 . 0 
5 9 4 . 4 
594 .8 
5 9 5 . 2 
595 .5 
5 9 5 . 8 
5 9 6 . 1 
5 9 6 . 4 
596 .6 

323 .6 
342 .2 
360 .5 
3 7 8 . 3 
395 .6 
4 1 2 . 3 
4 2 8 . 4 
4 4 3 . 8 
4 5 8 . 4 
4 7 2 . 3 
4 8 5 . 3 
4 9 7 . 4 
5 0 8 . 8 
5 1 9 . 4 
5 2 9 . 3 
5 3 8 . 4 
546 .8 
554 .7 
5 6 1 . 9 
568 .6 
5 7 4 . 7 
5 8 0 . 4 
5 8 5 . 7 
5 9 0 . 5 
5 9 5 . 0 
5 9 9 . 1 
6 0 2 . 9 
6 0 6 . 4 
6 0 9 . 6 
6 1 2 . 6 
6 1 5 . 3 
6 1 7 . 8 
6 2 0 . 1 
6 2 2 . 3 
6 2 4 . 3 
6 2 6 . 1 
6 2 7 . 8 
6 2 9 . 4 
6 3 0 . 8 
6 3 2 . 2 
6 3 3 . 4 
6 3 4 . 5 
6 3 5 . 6 
6 3 6 . 6 
6 3 7 . 5 
6 3 8 . 3 
6 3 9 . 1 
6 3 9 . 8 
6 4 0 . 5 
6 4 1 . 1 
6 4 1 . 7 
6 4 2 . 3 
6 4 2 . 8 
6 4 3 . 2 
6 4 3 . 7 
6 4 4 . 1 

3 2 3 . 6 
3 4 1 . 8 
3 5 9 . 8 
377 .5 
395 .0 
4 1 2 . 1 
4 2 9 . 0 
4 4 5 . 4 
4 6 1 . 3 
4 7 6 . 5 
4 9 1 . 1 
5 0 5 . 0 
5 1 8 . 1 
530 .5 
5 4 2 . 1 
5 5 3 . 0 
5 6 3 . 2 
5 7 2 . 7 
5 8 1 . 6 
5 8 9 . 8 
597 .5 
6 0 4 . 7 
6 1 1 . 3 
6 1 7 . 5 
6 2 3 . 2 
6 2 8 . 5 
6 3 3 . 4 
6 3 8 . 0 
6 4 2 . 3 
6 4 6 . 2 
6 4 9 . 8 
6 5 3 . 2 
6 5 6 . 4 
6 5 9 . 3 
6 6 2 . 0 
6 6 4 . 5 
6 6 6 . 9 
6 6 9 . 1 
6 7 1 . 1 
6 7 3 . 0 
6 7 4 . 7 
6 7 6 . 3 
6 7 7 . 9 
6 7 9 . 3 
6 8 0 . 6 
6 8 1 . 8 
6 8 2 . 9 
6 8 4 . 0 
6 8 5 . 0 
6 8 5 . 9 
6 8 6 . 8 
6 8 7 . 6 
6 8 8 . 3 
6 8 9 . 0 
6 8 9 . 7 
6 9 0 . 3 

3 2 3 . 6 
3 4 3 . 1 
3 6 2 . 4 
3 8 1 . 4 
4 0 0 . 1 
4 1 8 . 6 
4 3 6 . 8 
4 5 4 . 6 
4 7 1 . 9 
4 8 8 . 6 
5 0 4 . 6 
5 1 9 . 9 
534 .5 
5 4 8 . 3 
5 6 1 . 3 
5 7 3 . 5 
5 8 5 . 0 
595 .8 
6 0 5 . 9 
6 1 5 . 3 
6 2 4 . 2 
6 3 2 . 4 
6 4 0 . 1 
6 4 7 . 3 
6 5 4 . 0 
6 6 0 . 2 
6 6 6 . 0 
6 7 1 . 5 
6 7 6 . 5 
6 8 1 . 2 
6 8 5 . 6 
6 8 9 . 7 
6 9 3 . 5 
6 9 7 . 1 
7 0 0 . 4 
7 0 3 . 5 
7 0 6 . 4 
7 0 9 . 1 
7 1 1 . 6 
7 1 4 . 0 
7 1 6 . 2 
7 1 8 . 2 
7 2 0 . 1 
7 2 1 . 9 
7 2 3 . 6 
7 2 5 . 2 
7 2 6 . 7 
7 2 8 . 0 
7 2 9 . 3 
7 3 0 . 5 
7 3 1 . 6 
7 3 2 . 7 
7 3 3 . 7 
7 3 4 . 6 
735 .5 
7 3 6 . 3 

323 .6 
342 .7 
361 .7 
3 8 0 . 3 
3 9 8 . 9 
4 1 7 . 4 
4 3 5 . 7 
4 5 3 . 9 
4 7 1 . 8 
4 8 9 . 3 
5 0 6 . 4 
523 .0 
5 3 9 . 0 
5 5 4 . 4 
5 6 9 . 0 
5 8 2 . 9 
5 9 6 . 1 
6 0 8 . 6 
6 2 0 . 4 
6 3 1 . 4 
641 .8 
6 5 1 . 6 
660 .8 
6 6 9 . 4 
6 7 7 . 4 
6 8 4 . 9 
6 9 2 . 0 
6 9 8 . 6 
7 0 4 . 8 
710 .5 
7 1 6 . 0 
7 2 1 . 0 
725 .7 
7 3 0 . 2 
7 3 4 . 3 
7 3 8 . 2 
741 .8 
7 4 5 . 2 
7 4 8 . 4 
7 5 1 . 4 
754 .2 
756 .8 
7 5 9 . 3 
7 6 1 . 6 
763 .8 
7 6 5 . 8 
7 6 7 . 7 
7 6 9 . 5 
7 7 1 . 2 
772 .8 
7 7 4 . 3 
7 7 5 . 7 
7 7 7 . 0 
7 7 8 . 2 
7 7 9 . 4 
7 8 0 . 5 

323 .6 
346 .7 
3 6 9 . 6 
391 .9 
4 1 3 . 9 
4 3 5 . 7 
4 5 7 . 0 
4 7 7 . 9 
4 9 8 . 1 
517 .6 
5 3 6 . 4 
5 5 4 . 3 
5 7 1 . 4 
587 .6 
6 0 3 . 0 
617 .5 
6 3 1 . 3 
6 4 4 . 2 
6 5 6 . 4 
667 .8 
6 7 8 . 6 
6 8 8 . 7 
6 9 8 . 2 
7 0 7 . 1 
715 .5 
7 2 3 . 3 
7 3 0 . 7 
7 3 7 . 6 
7 4 4 . 1 
750 .2 
7 5 5 . 9 
7 6 1 . 3 
7 6 6 . 3 
7 7 1 . 1 
775 .5 
779 .7 
7 8 3 . 6 
7 8 7 . 3 
790 .8 
7 9 4 . 1 
7 9 7 . 1 
8 0 0 . 0 
8 0 2 . 7 
8 0 5 . 3 
8 0 7 . 7 
8 1 0 . 0 
8 1 2 . 1 
8 1 4 . 1 
8 1 6 . 0 
8 1 7 . 8 
8 1 9 . 5 
8 2 1 . 1 
8 2 2 . 5 
8 2 4 . 0 
8 2 5 . 3 
8 2 6 . 6 
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Appendix B 

TABLE B7b {continued) 

THERMOSPHÈRE TEMPERATURE M O D E L S 

z 
(KM) 

2 3 0 
2 3 2 
2 3 4 
2 3 6 
2 3 8 
2 4 0 
2 4 2 
2 4 4 
2 4 6 
2 4 8 
2 5 0 
2 5 2 
2 5 4 
2 5 6 
2 5 8 
2 6 0 
2 6 2 
2 6 4 
2 6 6 
2 6 8 
2 7 0 
2 7 2 
2 7 4 
2 7 6 
2 7 8 
2 8 0 
2 8 2 
2 84 
2 8 6 
2 8 8 
2 9 0 
2 92 
2 9 4 
2 9 6 
2 9 8 
3 0 0 
3 1 0 
3 2 0 
3 3 0 
3 4 0 
3 5 0 
3 6 0 
3 7 0 
3 8 0 
3 9 0 
4 0 0 
4 1 0 
4 2 0 
4 3 0 
4 4 0 
4 5 0 
4 6 0 
4 7 0 
4 8 0 
4 9 0 
5 0 0 

600e 

T 
( K ) 

5 9 6 . 6 
5 9 6 . 9 
5 9 7 . 1 
5 9 7 . 3 
5 9 7 . 5 
5 9 7 . 6 
5 9 7 . 8 
5 9 7 . 9 
5 9 8 . 1 
5 9 8 . 2 
5 9 8 . 3 
5 9 8 . 4 
5 9 8 . 5 
5 9 8 . 6 
5 9 8 . 7 
5 9 8 . 8 
5 9 8 . 9 
5 9 8 . 9 
5 9 9 . 0 
5 9 9 . 1 
5 9 9 . 1 
5 9 9 . 2 
5 9 9 . 2 
5 9 9 . 3 
5 9 9 . 3 
5 9 9 . 4 
5 9 9 . 4 
5 9 9 . 4 
5 9 9 . 5 
5 9 9 . 5 
5 9 9 . 5 
5 9 9 . 6 
5 9 9 . 6 
5 9 9 . 6 
5 9 9 . 6 
5 9 9 . 6 
5 9 9 . 7 
5 9 9 . 8 
5 9 9 . 8 
5 9 9 . 9 
5 9 9 . 9 
5 9 9 . 9 
5 9 9 . 9 
5 9 9 . 9 
5 9 9 . 9 
6 0 0 . 0 
6 0 0 . 0 
6 0 0 . 0 
6 0 0 . 0 
6 0 0 . 0 
6 0 0 . 0 
6 0 0 . 0 
6 0 0 . 0 
6 0 0 . 0 
6 0 0 . 0 
6 0 0 . 0 

650° 

T 
( K ) 

6 4 4 . 1 
6 4 4 . 4 
6 4 4 . 8 
6 4 5 . 1 
6 4 5 . 4 
6 4 5 . 7 
6 4 6 . 0 
6 4 6 . 2 
6 4 6 . 4 
6 4 6 . 7 
6 4 6 . 9 
6 4 7 . 0 
6 4 7 . 2 
6 4 7 . 4 
6 4 7 . 5 
6 4 7 . 7 
6 4 7 . 8 
6 4 7 . 9 
6 4 8 . 1 
6 4 8 . 2 
6 4 8 . 3 
6 4 8 . 4 
6 4 8 . 5 
6 4 8 . 6 
6 4 8 . 6 
6 4 8 . 7 
6 4 8 . 8 
6 4 8 . 9 
6 4 8 . 9 
6 4 9 . 0 
6 4 9 . 0 
6 4 9 . 1 
6 4 9 . 1 
6 4 9 . 2 
6 4 9 . 2 
6 4 9 . 3 
6 4 9 . 5 
6 4 9 . 6 
6 4 9 . 7 
6 4 9 . 8 
6 4 9 . 8 
6 4 9 . 8 
6 4 9 . 9 
6 4 9 . 9 
6 4 9 . 9 
6 4 9 . 9 
6 4 9 . 9 
6 4 9 . 9 
6 4 9 . 9 
6 4 9 . 9 
6 4 9 . 9 
6 4 9 . 9 
6 4 9 . 9 
6 4 9 . 9 
6 4 9 . 9 
6 4 9 . 9 

700° 

T 
( K ) 

6 9 0 . 3 
6 9 0 . 9 
6 9 1 . 4 
6 9 1 . 9 
6 9 2 . 4 
6 9 2 . 8 
6 9 3 . 2 
6 9 3 . 6 
6 9 4 . 0 
6 9 4 . 3 
6 9 4 . 7 
6 9 5 . 0 
6 9 5 . 2 
6 9 5 . 5 
6 9 5 . 8 
6 9 6 . 0 
6 9 6 . 2 
6 9 6 . 4 
6 9 6 . 6 
6 9 6 . 8 
6 9 7 . 0 
6 9 7 . 1 
6 9 7 . 3 
6 9 7 . 4 
6 9 7 . 6 
6 9 7 . 7 
6 9 7 . 8 
6 9 7 . 9 
6 9 8 . 0 
6 9 8 . 2 
6 9 8 . 2 
6 9 8 . 3 
6 9 8 . 4 
6 9 8 . 5 
6 9 8 . 6 
6 9 8 . 7 
6 9 9 . 0 
6 9 9 . 2 
6 9 9 . 4 
6 9 9 . 5 
6 9 9 . 6 
6 9 9 . 7 
6 9 9 . 8 
6 9 9 . 8 
6 9 9 . 8 
6 9 9 . 9 
6 9 9 . 9 
6 9 9 . 9 
6 9 9 . 9 
6 9 9 . 9 
6 9 9 . 9 
6 9 9 . 9 
6 9 9 . 9 
6 9 9 . 9 
6 9 9 . 9 
6 9 9 . 9 

750° 

T 
( K ) 

7 3 6 . 3 
7 3 7 . 1 
7 3 7 . 8 
7 3 8 . 5 
7 3 9 . 1 
7 3 9 . 7 
7 4 0 . 3 
7 4 0 . 8 
7 4 1 . 3 
7 4 1 . 8 
7 4 2 . 2 
7 4 2 . 6 
7 4 3 . 0 
7 4 3 . 4 
7 4 3 . 7 
7 4 4 . 1 
7 4 4 . 4 
7 4 4 . 7 
7 4 4 . 9 
7 4 5 . 2 
7 4 5 . 4 
7 4 5 . 7 
7 4 5 . 9 
7 4 6 . 1 
7 4 6 . 3 
7 4 6 . 5 
7 4 6 . 7 
7 4 6 . 8 
7 4 7 . 0 
7 4 7 . 1 
7 4 7 . 3 
7 4 7 . 4 
7 4 7 . 5 
7 4 7 . 7 
7 4 7 . 8 
7 4 7 . 9 
7 4 8 . 3 
7 4 8 . 7 
7 4 9 . 0 
7 4 9 . 2 
7 4 9 . 4 
7 4 9 . 5 
7 4 9 . 6 
7 4 9 . 7 
7 4 9 . 7 
7 4 9 . 8 
7 4 9 . 8 
7 4 9 . 9 
7 4 9 . 9 
7 4 9 . 9 
7 4 9 . 9 
7 4 9 . 9 
7 4 9 . 9 
7 4 9 . 9 
7 4 9 . 9 
7 4 9 . 9 

800° 

T 
( K ) 

7 8 0 . 5 
7 8 1 . 5 
7 8 2 . 5 
7 8 3 . 4 
7 8 4 . 3 
7 8 5 . 1 
7 8 5 . 9 
7 8 6 . 6 
7 8 7 . 3 
7 8 8 . 0 
7 8 8 . 6 
7 8 9 . 1 
7 8 9 . 7 
7 9 0 . 2 
7 9 0 . 7 
7 9 1 . 2 
7 9 1 . 6 
7 9 2 . 0 
7 9 2 . 4 
7 9 2 . 8 
7 9 3 . 1 
7 9 3 . 5 
7 9 3 . 8 
7 9 4 . 1 
7 9 4 . 4 
7 9 4 . 6 
7 9 4 . 9 
7 9 5 . 1 
7 9 5 . 4 
7 9 5 . 6 
7 9 5 . 8 
7 9 6 . 0 
7 9 6 . 2 
7 9 6 . 3 
7 9 6 . 5 
7 9 6 . 7 
7 9 7 . 4 
7 9 7 . 9 
7 9 8 . 3 
7 9 8 . 7 
7 9 8 . 9 
7 9 9 . 2 
7 9 9 . 3 
7 9 9 . 5 
7 9 9 . 6 
7 9 9 . 7 
7 9 9 . 7 
7 9 9 . 8 
7 9 9 . 8 
7 9 9 . 9 
7 9 9 . 9 
7 9 9 . 9 
7 9 9 . 9 
7 9 9 . 9 
7 9 9 . 9 
7 9 9 . 9 

850° 

T 
( K ) 

8 2 6 . 6 
8 2 7 . 7 
8 2 8 . 9 
8 2 9 . 9 
8 3 0 . 9 
8 3 1 . 9 
8 3 2 . 8 
8 3 3 . 6 
8 3 4 . 4 
8 3 5 . 2 
8 3 5 . 9 
8 3 6 . 6 
8 3 7 . 2 
8 3 7 . 9 
8 3 8 . 4 
8 3 9 . 0 
8 3 9 . 5 
8 4 0 . 0 
8 4 0 . 5 
8 4 0 . 9 
8 4 1 . 3 
8 4 1 . 7 
8 4 2 . 1 
8 4 2 . 5 
8 4 2 . 8 
8 4 3 . 2 
8 4 3 . 5 
8 4 3 . 8 
8 4 4 . 1 
8 4 4 . 3 
8 4 4 . 6 
8 4 4 . 8 
8 4 5 . 0 
8 4 5 . 3 
8 4 5 . 5 
8 4 5 . 7 
8 4 6 . 5 
8 4 7 . 2 
8 4 7 . 8 
8 4 8 . 2 
8 4 8 . 6 
8 4 8 . 8 
8 4 9 . 1 
8 4 9 . 2 
8 4 9 . 4 
8 4 9 . 5 
8 4 9 . 6 
8 4 9 . 7 
8 4 9 . 7 
8 4 9 . 8 
8 4 9 . 8 
8 4 9 . 9 
8 4 9 . 9 
8 4 9 . 9 
8 4 9 . 9 
8 4 9 . 9 
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Working Models of the Thermosphère 

TABLE B8a 

T H E R M O S P H È R E T E M P É R A T U R E M O D E L S 

z 
KM) 

1 2 0 
1 2 2 
1 2 4 
1 2 6 
1 2 8 
1 3 0 

1 3 2 
1 3 4 
136 
1 3 8 
1 4 0 
1 4 2 
144 
1 4 6 
1 4 8 
1 5 0 
152 
1 5 4 

156 
1 5 8 
1 6 0 
1 6 2 
164 
1 6 6 
168 
1 7 0 
172 
1 7 4 
176 
1 7 8 
1 8 0 
1 8 2 
184 
1 8 6 
188 
1 9 0 
1 9 2 
1 9 4 
196 
1 9 8 
2 0 0 
2 0 2 
2 0 4 
2 0 6 
2 0 8 
2 1 0 
2 1 2 
2 1 4 
2 1 6 
2 1 8 
2 2 0 
2 2 2 
2 2 4 
2 2 6 
2 2 8 
2 3 0 

900° 

T 
( K ) 

3 2 3 . 6 
3 4 9 . 1 
3 7 4 . 2 
3 9 8 . 7 
4 2 2 . 8 
4 4 6 . 5 
4 6 9 . 6 
4 9 2 . 1 
5 1 3 . 8 
5 3 4 . 8 
554 .8 
5 7 4 . 0 
5 9 2 . 2 
6 0 9 . 5 
6 2 5 . 9 
6 4 1 . 4 
6 5 6 . 1 
6 6 9 . 9 
6 8 2 . 9 
6 9 5 . 2 
7 0 6 . 8 
717 .7 
7 2 7 . 9 
737 .6 
7 4 6 . 6 
7 5 5 . 2 
7 6 3 . 2 
7 7 0 . 8 
7 7 7 . 9 
7 8 4 . 6 
7 9 0 . 9 
7 9 6 . 8 
8 0 2 . 4 
8 0 7 . 7 
8 1 2 . 7 
8 1 7 . 3 
8 2 1 . 7 
8 2 5 . 9 
8 2 9 . 8 
833 .5 
8 3 7 . 0 
8 4 0 . 3 
8 4 3 . 4 
8 4 6 . 3 
8 4 9 . 0 
851 .6 
8 5 4 . 1 
856 .4 
8 5 8 . 6 
8 6 0 . 7 
8 6 2 . 7 
864 .5 
8 6 6 . 3 
8 6 7 . 9 
869 .5 
8 7 1 . 0 

950° 

T 
( K ) 

323 .6 
350 .5 
3 7 7 . 1 
4 0 3 . 0 
4 2 8 . 4 
4 5 3 . 4 
4 7 7 . 8 
501 .6 
5 2 4 . 6 
5 4 6 . 8 
5 6 8 . 1 
5 8 8 . 4 
6 0 7 . 8 
6 2 6 . 3 
6 4 3 . 8 
6 6 0 . 4 
6 7 6 . 1 
6 9 0 . 9 
7 0 4 . 9 
7 1 8 . 2 
7 3 0 . 7 
7 4 2 . 5 
7 5 3 . 6 
7 6 4 . 1 
7 7 4 . 1 
7 8 3 . 4 
7 9 2 . 2 
8 0 0 . 6 
8 0 8 . 4 
8 1 5 . 8 
8 2 2 . 8 
8 2 9 . 4 
8 3 5 . 7 
8 4 1 . 6 
8 4 7 . 1 
8 5 2 . 4 
8 5 7 . 3 
8 6 2 . 0 
8 6 6 . 5 
8 7 0 . 7 
8 7 4 . 6 
8 7 8 . 4 
8 8 1 . 9 
8 8 5 . 3 
8 8 8 . 4 
8 9 1 . 5 
8 9 4 . 3 
8 9 7 . 0 
8 9 9 . 6 
9 0 2 . 0 
9 0 4 . 3 
9 0 6 . 4 
9 0 8 . 5 
9 1 0 . 5 
9 1 2 . 3 
9 1 4 . 1 

1000° 

T 
( K ) 

3 2 3 . 6 
3 5 5 . 3 
3 8 6 . 3 
4 1 6 . 0 
4 4 4 . 8 
4 7 2 . 7 
4 9 9 . 6 
525 .5 
5 5 0 . 2 
5 7 3 . 9 
5 9 6 . 4 
6 1 7 . 7 
6 3 8 . 0 
6 5 7 . 2 
6 7 5 . 4 
6 9 2 . 5 
7 0 8 . 8 
7 2 4 . 1 
7 3 8 . 6 
7 5 2 . 3 
7 6 5 . 2 
7 7 7 . 4 
7 8 8 . 9 
7 9 9 . 8 
8 1 0 . 1 
8 1 9 . 8 
8 2 9 . 0 
8 3 7 . 7 
8 4 5 . 9 
8 5 3 . 7 
8 6 1 . 0 
8 6 7 . 9 
8 7 4 . 5 
8 8 0 . 7 
8 8 6 . 6 
8 9 2 . 2 
8 9 7 . 4 
9 0 2 . 4 
9 0 7 . 2 
9 1 1 . 6 
9 1 5 . 9 
9 1 9 . 9 
9 2 3 . 7 
9 2 7 . 3 
9 3 0 . 8 
9 3 4 . 0 
9 3 7 . 1 
9 4 0 . 1 
9 4 2 . 8 
9 4 5 . 5 
9 4 8 . 0 
9 5 0 . 4 
9 5 2 . 6 
9 5 4 . 8 
9 5 6 . 8 
9 5 8 . 8 

1050° 

T 

( K ) 

323 .6 
3 5 8 . 1 
3 9 1 . 6 
4 2 3 . 6 
4 5 4 . 4 
4 8 4 . 1 
5 1 2 . 6 
5 4 0 . 0 
5 6 6 . 0 
5 9 0 . 9 
6 1 4 . 5 
6 3 6 . 9 
6 5 8 . 2 
6 7 8 . 3 
6 9 7 . 4 
7 1 5 . 4 
7 3 2 . 5 
7 4 8 . 6 
7 6 3 . 9 
7 7 8 . 3 
7 9 1 . 9 
8 0 4 . 9 
8 1 7 . 1 
828 .6 
8 3 9 . 6 
8 4 9 . 9 
8 5 9 . 7 
8 6 9 . 0 
8 7 7 . 8 
8 8 6 . 1 
8 9 4 . 0 
9 0 1 . 5 
9 0 8 . 6 
9 1 5 . 3 
9 2 1 . 7 
9 2 7 . 7 
9 3 3 . 5 
9 3 8 . 9 
9 4 4 . 1 
9 4 9 . 0 
9 5 3 . 7 
9 5 8 . 1 
9 6 2 . 3 
9 6 6 . 3 
9 7 0 . 1 
9 7 3 . 7 
9 7 7 . 1 
9 8 0 . 4 
9 8 3 . 5 
9 8 6 . 5 
9 8 9 . 3 
9 9 2 . 0 
9 9 4 . 5 
9 9 6 . 9 
9 9 9 . 2 

1001 .4 

1100° 

T 
( K ) 

323 .6 
3 5 7 . 5 
3 9 0 . 6 
4 2 2 . 4 
4 5 3 . 3 
4 8 3 . 4 
512 .5 
540 .7 
5 6 7 . 7 
593 .5 
6 1 8 . 3 
6 4 1 . 8 
6 6 4 . 3 
6 8 5 . 6 
7 0 5 . 9 
7 2 5 . 2 
7 4 3 . 4 
7 6 0 . 8 
7 7 7 . 2 
7 9 2 . 8 
8 0 7 . 5 
8 2 1 . 5 
8 3 4 . 8 
8 4 7 . 4 
8 5 9 . 4 
8 7 0 . 7 
8 8 1 . 5 
8 9 1 . 7 
9 0 1 . 4 
9 1 0 . 6 
9 1 9 . 3 
9 2 7 . 6 
9 3 5 . 5 
9 4 3 . 0 
9 5 0 . 1 
9 5 6 . 9 
9 6 3 . 3 
9 6 9 . 4 
9 7 5 . 3 
9 8 0 . 8 
9 8 6 . 1 
9 9 1 . 1 
9 9 5 . 9 

1000 .4 
1004 .7 
1008 .9 
1012 .8 
1016 .6 
1 0 2 0 . 1 
1023 .5 
1026 .8 
1029 .9 
1032 .8 
1035 .7 
1038 .3 
1040 .9 

1150° 

T 
( K ) 

323 .6 
359 .2 
3 9 3 . 9 
4 2 7 . 2 
4 5 9 . 5 
4 9 1 . 0 
5 2 1 . 3 
5 5 0 . 6 
578 .8 
6 0 5 . 8 
6 3 1 . 6 
656 .2 
6 7 9 . 6 
7 0 1 . 9 
7 2 3 . 1 
743 .3 
7 6 2 . 4 
7 8 0 . 6 
7 9 7 . 9 
8 1 4 . 3 
8 2 9 . 8 
8 4 4 . 6 
8 5 8 . 7 
8 7 2 . 0 
8 8 4 . 7 
8 9 6 . 7 
9 0 8 . 2 
9 1 9 . 1 
9 2 9 . 4 
9 3 9 . 3 
9 4 8 . 6 
9 5 7 . 5 
9 6 6 . 0 
9 7 4 . 1 
981 .8 
9 8 9 . 1 
9 9 6 . 1 

1002 .7 
1009 .0 
1 0 1 5 . 1 
1020.8 
1026 .3 
1031 .5 
1036 .5 
1041 .3 
1045 .8 
1 0 5 0 . 1 
1054 .3 
1058 .2 
1062 .0 
1065 .6 
1069 .0 
1072 .3 
1075.5 
1078.5 
1081 .4 
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Appendix B 

TABLE B8b {continued) 

T H E R M O S P H È R E T E M P E R A T U R E M O D E L S 

900° 950° 1000° 1050° 1100° 1150° 
Z T T T T T T 

(KM) ( K ) ( K ) ( K ) ( K ) ( K ) ( K ) 

2 3 0 
2 3 2 
2 3 4 
2 3 6 
2 3 8 
2 4 0 
2 4 2 
2 4 4 
2 4 6 
2 4 8 
2 5 0 
2 5 2 
2 5 4 
2 5 6 
2 5 8 

2 6 0 
2 6 2 
2 6 4 
2 6 6 
2 6 8 
2 7 0 

2 7 2 
2 7 4 
2 7 6 
2 7 8 
2 8 0 
2 8 2 
2 84 
2 8 6 
2 8 8 
2 9 0 
2 9 2 
2 9 4 
2 96 
2 9 8 
3 0 0 
3 1 0 
3 2 0 
3 3 0 
3 4 0 
3 5 0 
3 6 0 
3 7 0 
3 8 0 
3 9 0 
4 0 0 
4 1 0 
4 2 0 
4 3 0 
4 4 0 
4 5 0 
4 6 0 
4 7 0 
4 8 0 
4 9 0 
5 0 0 

8 7 1 . 0 
8 7 2 . 4 
873 .8 
8 7 5 . 0 
8 7 6 . 2 
877 .4 
8 7 8 . 4 
8 7 9 . 4 
8 8 0 . 4 
8 8 1 . 3 
8 8 2 . 2 
8 8 3 . 0 
883 .8 
884 .6 
8 8 5 . 3 
8 8 5 . 9 
886 .6 
887 .2 
887 .8 
8 8 8 . 3 
8 8 8 . 8 
8 8 9 . 3 
889 .8 
8 9 0 . 3 
8 9 0 . 7 
8 9 1 . 1 
891 .5 
8 9 1 . 9 
8 9 2 . 2 
8 9 2 . 6 
8 9 2 . 9 
8 9 3 . 2 
893 .5 
8 9 3 . 8 
8 9 4 . 0 
8 9 4 . 3 
8 9 5 . 4 
8 9 6 . 3 
8 9 7 . 0 
897 .6 
8 9 8 . 0 
8 9 8 . 4 
898 .7 
8 9 8 . 9 
8 9 9 . 1 
8 9 9 . 3 
8 9 9 . 4 
899 .5 
8 9 9 . 6 
8 9 9 . 7 
899 .8 
899 .8 
8 9 9 . 9 
8 9 9 . 9 
8 9 9 . 9 
8 9 9 . 9 

9 1 4 . 1 
9 1 5 . 8 
9 1 7 . 3 
9 1 8 . 8 
9 20 .3 
9 2 1 . 6 
9 2 2 . 9 
9 2 4 . 2 
9 2 5 . 3 
9 2 6 . 4 
9 2 7 . 5 
9 2 8 . 5 
9 2 9 . 4 
9 3 0 . 4 
9 3 1 . 2 
9 3 2 . 0 
9 3 2 . 8 
9 3 3 . 6 
9 3 4 . 3 
9 3 5 . 0 
9 3 5 . 6 
9 3 6 . 2 
9 36 .8 
9 3 7 . 4 
9 3 7 . 9 
9 3 8 . 4 
9 3 8 . 9 
9 3 9 . 4 
9 3 9 . 8 
9 4 0 . 2 
9 4 0 . 6 
9 4 1 . 0 
9 4 1 . 4 
9 4 1 . 8 
9 4 2 . 1 
9 4 2 . 4 
9 4 3 . 8 
9 4 5 . 0 
9 4 5 . 9 
946 .7 
9 4 7 . 3 
9 4 7 . 8 
9 4 8 . 2 
9 4 8 . 5 
9 4 8 . 8 
9 4 9 . 0 
9 4 9 . 2 
9 4 9 . 4 
9 4 9 . 5 
9 4 9 . 6 
9 4 9 . 7 
9 4 9 . 8 
9 4 9 . 8 
9 4 9 . 9 
9 4 9 . 9 
9 4 9 . 9 

9 5 8 . 8 
9 6 0 . 6 
9 6 2 . 4 
9 6 4 . 1 
9 6 5 . 7 
9 6 7 . 2 
9 6 8 . 6 
9 7 0 . 0 
9 7 1 . 3 
972 .5 
9 7 3 . 7 
9 7 4 . 9 
9 7 5 . 9 
9 7 7 . 0 
9 7 8 . 0 
9 7 8 . 9 
9 7 9 . 8 
9 8 0 . 6 
9 8 1 . 4 
9 8 2 . 2 
9 8 3 . 0 
9 8 3 . 7 
9 8 4 . 3 
9 8 5 . 0 
9 8 5 . 6 
9 8 6 . 2 
9 8 6 . 8 
9 8 7 . 3 
9 8 7 . 8 
9 8 8 . 3 
9 8 8 . 8 
9 8 9 . 2 
9 8 9 . 7 
9 9 0 . 1 
9 9 0 . 5 
9 9 0 . 8 
9 9 2 . 5 
9 9 3 . 9 
9 9 5 . 0 
9 9 5 . 9 
9 9 6 . 6 
9 9 7 . 2 
9 9 7 . 7 
9 9 8 . 1 
9 9 8 . 5 
9 9 8 . 7 
9 9 9 . 0 
9 9 9 . 2 
9 9 9 . 3 
9 9 9 . 5 
9 9 9 . 6 
9 9 9 . 7 
9 9 9 . 8 
9 9 9 . 8 
9 9 9 . 9 
9 9 9 . 9 

1001 .4 
1003.5 
1005.5 
1007.5 
1009 .3 
1011 .0 
1012 .7 
1014.2 
1015 .7 
1017,2 
1018 .5 
1019.8 
1021 .1 
1022 .3 
1023 .4 
1024.5 
1025 .6 
1026.5 
1027.5 
1028 .4 
1029 .3 
1030 .1 
1030 .9 
1031.7 
1032 .4 
1033 .1 
1033.8 
1034.4 
1035 .0 
1035.6 
1036 .2 
1036 .7 
1037 .2 
1037.7 
1038 .2 
1038 .6 
1040 .6 
1042 .3 
1043 .6 
1044.7 
1045 .6 
1046 .4 
1047 .0 
1047.5 
1048 .0 
1048 .3 
1048 .6 
1048.9 
1 0 4 9 . 1 
1049 .3 
1049.5 
1049 .6 
1049 .7 
1049.8 
1049.9 
1049.9 

1040.9 
1043 .4 
1045.7 
1047.9 
1050 .1 
1 0 5 2 . 1 
1054 .1 
1055 .9 
1057.7 
1059 .4 
1061 .0 
1062 .6 
1 0 6 4 . 1 
1065 .5 
1066 .9 
1068 .2 
1069 .4 
1070 .6 
1071.8 
1072 .9 
1073.9 
1074 .9 
1075 .9 
1076.8 
1077.7 
1078 .6 
1079 .4 
1 0 8 0 . 1 
1080 .9 
1081 .6 
1082 .3 
1083 .0 
1083 .6 
1084 .2 
1084.8 
1085 .4 
1087 .9 
1089 .9 
1091 .6 
1093 .0 
1094 .2 
1095 .2 
1096 .0 
1096 .7 
1097 .3 
1097 .7 
1098 .2 
1098 .5 
1098.8 
1099 .0 
1099 .3 
1099 .4 
1099 .6 
1099 .7 
1099.8 
1099 .9 

1081 .4 
1084 .1 
1086.7 
1089 .3 
1091.7 
1094 .0 
1096.2 
1098 .3 
1100.3 
1102.2 
1104 .1 
1105 .9 
1107.6 
1109.2 
1110.8 
1112.2 
1113.7 
1 1 1 5 . 1 
1116 .4 
1117.6 
1118.9 
1120 .0 
1121 .1 
1122.2 
1123.2 
1124.2 
1125.2 
1 1 2 6 . 1 
1127.0 
1127 .8 
1128 .6 
1129 .4 
1130.2 
113C.9 
1131.6 
1132.2 
1135.2 
1137.7 
1139.7 
1141 .4 
1142.8 
1144 .0 
1145 .0 
1145.8 
1146.5 
1 1 4 7 . 1 
1147.7 
1 1 4 8 . 1 
1148.5 
1148.8 
1149 .0 
1149 .3 
1149.5 
1149 .7 
1149.8 
1149.9 
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Working Models of the Thermosphère 

TABLE B9a 

THERMOSPHÈRE TEMPÉRATURE M O D E L S 

z 
(KM) 

120 
122 
124 
126 
128 
130 
132 
134 
136 
138 
140 
142 
144 
146 
148 
150 
152 
154 
156 
158 
160 
162 
164 
166 
168 
170 
172 
174 
176 
178 
180 
182 
184 
186 
188 
190 
192 
194 
196 
198 
200 
202 
2 0 4 
206 
208 
2 1 0 
212 
2 1 4 
216 
2 1 8 
220 
222 
224 
2 2 6 
228 
2 3 0 

1200° 

T 
(K) 

3 2 3 . 6 
3 6 4 . 7 
4 0 4 . 2 
4 4 1 . 5 
4 7 7 . 1 
5 1 1 . 2 
5 4 3 . 8 
5 7 4 . 9 
6 0 4 . 6 
6 3 2 . 8 
6 5 9 . 5 
6 8 5 . 0 
7 0 9 . 1 
7 3 2 . 1 
7 5 3 . 8 
7 7 4 . 5 
7 9 4 . 1 
8 1 2 . 7 
8 3 0 . 3 
8 4 7 . 1 
8 6 3 . 0 
8 7 8 . 2 
8 9 2 . 5 
9 0 6 . 2 
9 1 9 . 2 
9 3 1 . 6 
9 4 3 . 4 
9 5 4 . 6 
9 6 5 . 2 
9 7 5 . 4 
9 8 5 . 0 
9 9 4 . 2 

1 0 0 3 . 0 
1 0 1 1 . 4 
1 0 1 9 . 4 
1 0 2 7 . 0 
1 0 3 4 . 2 
1 0 4 1 . 1 
1 0 4 7 . 8 
1 0 5 4 . 1 
1 0 6 0 . 1 
1 0 6 5 . 8 
1 0 7 1 . 3 
1 0 7 6 . 6 
1 0 8 1 . 6 
1 0 8 6 . 4 
1 0 9 1 . 0 
1 0 9 5 . 3 
1 0 9 9 . 5 
1 1 0 3 . 5 
1 1 0 7 . 4 
1 1 1 1 . 0 
1 1 1 4 . 5 
1 1 1 7 . 9 
1 1 2 1 . 1 
1 1 2 4 . 2 

1250° 

T 
(K) 

3 2 3 . 6 
3 6 7 . 9 
4 1 0 . 2 
4 4 9 . 8 
4 8 7 . 4 
5 2 3 . 2 
5 5 7 . 3 
5 8 9 . 7 
6 2 0 . 5 
6 4 9 . 7 
6 7 7 . 5 
7 0 3 . 9 
7 2 8 . 9 
7 5 2 . 6 
7 7 5 . 1 
7 9 6 . 5 
8 1 6 . 8 
8 3 6 . 1 
8 5 4 . 4 
8 7 1 . 8 
8 8 8 . 4 
9 0 4 . 1 
9 1 9 . 1 
9 3 3 . 4 
9 4 6 . 9 
9 5 9 . 9 
9 7 2 . 2 
98 3 . 9 
9 9 5 . 1 

1 0 0 5 . 7 
1 0 1 5 . 9 
1 0 2 5 . 6 
1 0 3 4 . 9 
1 0 4 3 . 7 
1 0 5 2 . 2 
1 0 6 0 . 2 
1 0 6 7 . 9 
1 0 7 5 . 3 
1 0 8 2 . 3 
1 0 8 9 . 0 
1 0 9 5 . 5 
1 1 0 1 . 6 
1 1 0 7 . 5 
1 1 1 3 . 1 
1 1 1 8 . 5 
1 1 2 3 . 6 
1 1 2 8 . 6 
1 1 3 3 . 3 
1 1 3 7 . 8 
1 1 4 2 . 1 
1 1 4 6 . 3 
1 1 5 0 . 3 
1 1 5 4 . 1 
1 1 5 7 . 7 
1 1 6 1 . 2 
1 1 6 4 . 6 

1300° 

T 
(K) 

3 2 3 . 6 
3 6 7 . 3 
4 0 9 . 3 
4 4 8 . 9 
4 8 6 . 8 
5 2 3 . 0 
5 5 7 . 8 
5 9 1 . 0 
6 2 2 . 6 
6 5 2 . 8 
6 8 1 . 6 
7 0 9 . 0 
7 3 5 . 0 
7 5 9 . 8 
7 8 3 . 4 
8 0 5 . 8 
8 2 7 . 1 
8 4 7 . 4 
8 6 6 . 8 
8 8 5 . 2 
9 0 2 . 7 
9 1 9 . 4 
9 3 5 . 3 
9 5 0 . 5 
9 6 4 . 9 
9 7 8 . 7 
9 9 1 . 9 

1 0 0 4 . 4 
1 0 1 6 . 4 
1 0 2 7 . 9 
1 0 3 8 . 8 
1 0 4 9 . 3 
1 0 5 9 . 3 
1 0 6 8 . 8 
1 0 7 8 . 0 
1 0 8 6 . 7 
1 0 9 5 . 0 
1 1 0 3 . 0 
1 1 1 0 . 7 
1 1 1 8 . 0 
1 1 2 5 . 0 
1 1 3 1 . 7 
1 1 3 8 . 2 
1 1 4 4 . 3 
1 1 5 0 . 3 
1 1 5 5 . 9 
1 1 6 1 . 3 
1 1 6 6 . 6 
1 1 7 1 . 5 
1 1 7 6 . 3 
1 1 8 0 . 9 
1 1 8 5 . 3 
1 1 8 9 . 6 
1 1 9 3 . 6 
1 1 9 7 . 5 
1 2 0 1 . 3 

1350° 

T 
(K) 

3 2 3 . 6 
3 6 9 . 3 
4 1 3 . 2 
4 5 4 . 3 
4 9 3 . 6 
5 3 1 . 2 
5 6 7 . 1 
6 0 1 . 4 
6 3 4 . 1 
6 6 5 . 3 
6 9 4 . 9 
7 2 3 . 2 
7 5 0 . 1 
7 7 5 . 7 
8 0 0 . 1 
8 2 3 . 3 
8 4 5 . 4 
8 6 6 . 5 
8 8 6 . 5 
9 0 5 . 6 
9 2 3 . 9 
9 4 1 . 2 
9 5 7 . 8 
9 7 3 . 6 
9 8 8 . 7 

1 0 0 3 . 2 
1 0 1 6 . 9 
1 0 3 0 . 1 
1 0 4 2 . 7 
1 0 5 4 . 7 
1 0 6 6 . 2 
1 0 7 7 . 2 
1 0 8 7 . 8 
1 0 9 7 . 8 
1 1 0 7 . 5 
1 1 1 6 . 7 
1 1 2 5 . 6 
1 1 3 4 . 1 
1 1 4 2 . 2 
1 1 5 0 . 0 
1 1 5 7 . 5 
1 1 6 4 . 6 
1 1 7 1 . 5 
1 1 7 8 . 1 
1 1 8 4 . 4 
1 1 9 0 . 5 
1 1 9 6 . 3 
1 2 0 1 . 9 
1 2 0 7 . 3 
1 2 1 2 . 4 
1 2 1 7 . 4 
1 2 2 2 . 2 
1 2 2 6 . 7 
1 2 3 1 . 1 
1 2 3 5 . 4 
1 2 3 9 . 4 

1400° 

T 
(K) 

3 2 3 . 6 
3 6 8 . 6 
4 1 2 . 1 
4 5 3 . 1 
4 9 2 . 5 
5 3 0 . 5 
5 6 7 . 0 
6 0 1 . 9 
6 3 5 . 4 
6 6 7 . 5 
6 9 8 . 1 
7 2 7 . 3 
7 5 5 . 2 
7 8 1 . 8 
8 0 7 . 2 
8 3 1 . 4 
8 5 4 . 5 
8 7 6 . 5 
8 9 7 . 5 
9 1 7 . 6 
9 3 6 . 8 
9 5 5 . 1 
9 7 2 . 5 
9 8 9 . 2 

1 0 0 5 . 2 
1 0 2 0 . 5 
1 0 3 5 . 1 
1 0 4 9 . 0 
1 0 6 2 . 4 
1 0 7 5 . 2 
1 0 8 7 . 5 
1 0 9 9 . 2 
1 1 1 0 . 5 
1 1 2 1 . 2 
1 1 3 1 . 6 
1 1 4 1 . 5 
1 1 5 1 . 0 
1 1 6 0 . 1 
1 1 6 8 . 9 
1 1 7 7 . 3 
1 1 8 5 . 3 
1 1 9 3 . 1 
1 2 0 0 . 5 
1 2 0 7 . 6 
1 2 1 4 . 5 
1 2 2 1 . 1 
1 2 2 7 . 4 
1 2 3 3 . 5 
1 2 3 9 . 3 
1 2 4 5 . 0 
1 2 5 0 . 4 
1 2 5 5 . 6 
1 2 6 0 . 6 
1 2 6 5 . 4 
1 2 7 0 . 0 
1 2 7 4 . 5 

1450° 

T 
(K) 

3 2 3 . 6 
3 6 7 . 9 
4 1 0 . 8 
4 5 1 . 6 
4 9 1 . 1 
5 2 9 . 4 
5 6 6 . 3 
6 0 1 . 9 
6 3 6 . 1 
6 6 9 . 0 
7 0 0 . 5 
7 3 0 . 6 
7 5 9 . 4 
7 8 7 . 0 
8 1 3 . 4 
8 3 8 . 6 
8 6 2 . 6 
8 8 5 . 6 
9 0 7 . 6 
9 2 8 . 6 
9 4 8 . 7 
9 6 7 . 9 
9 8 6 . 3 

1 0 0 3 . 9 
1 0 2 0 . 7 
1 0 3 6 . 8 
1 0 5 2 . 2 
1 0 6 7 . 0 
1 0 8 1 . 2 
1 0 9 4 . 8 
1 1 0 7 . 8 
1 1 2 0 . 2 
1 1 3 2 . 2 
1 1 4 3 . 7 
1 1 5 4 . 7 
1 1 6 5 . 3 
1 1 7 5 . 5 
1 1 8 5 . 2 
1 1 9 4 . 6 
1 2 0 3 . 6 
1 2 1 2 . 2 
1 2 2 0 . 5 
1 2 2 8 . 5 
1 2 3 6 . 2 
1 2 4 3 . 6 
1 2 5 0 . 7 
1 2 5 7 . 6 
1 2 6 4 . 2 
1 2 7 0 . 5 
1 2 7 6 . 6 
1 2 8 2 . 5 
1 2 8 8 . 1 
1 2 9 3 . 6 
1 2 9 8 . 8 
1 3 0 3 . 9 
1 3 0 8 . 8 
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Appendix B 

TABLE B9b (continued) 

THERMOSPHÈRE TEMPERATURE M O D E L S 

1 2 0 0 e 1250° 1300° 1350° 1400° 1450° 

Z T T T T T T 

(KM) ( Κ ) ( Κ ) ( Κ ) ( Κ ) ( Κ ) ( Κ ) 

230 
232 
234 
236 
238 
240 
242 
244 
246 
248 
250 
252 
254 
256 
258 
260 
262 
264 
266 
268 
270 
272 
274 
276 
278 
280 
282 
284 
286 
288 
290 
292 
294 
2 96 
298 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 

1124.2 
1127.1 
1129.9 
1132.7 
1135.2 
1137.7 
1140.1 
1142.4 
1144.6 
1146.7 
1148.7 
1150.6 
1152.5 
1154.2 
1155.9 
1157.6 
1159.1 
1160.6 
1162.1 
1163.5 
1164.8 
1166.1 
1167.3 
1168.5 
1169.6 
1170.7 
1171.8 
1172.8 
1173.8 
1174.7 
1175.6 
1176.5 
1177.3 
1178.1 
1178.9 
1179.6 
1183.0 
1185.7 
1188.0 
1190.0 
1191.6 
1192.9 
1194.1 
1195.1 
1195.9 
1196.6 
1197.2 
1197.7 
1198.1 
1198.5 
1198.9 
1199.1 
1199.4 
1199.6 
1199.8 
1199.9 

1164.6 
1167.8 
1170.9 
1173.8 
1176.7 
1179.4 
1182.0 
1184.5 
1186.9 
1189.2 
1191.5 
1193.6 
1195.7 
1197.6 
1199.5 
1201.3 
1203.1 
1204.8 
1206.4 
1207.9 
1209.4 
1210.9 
1212.2 
1213.6 
1214.9 
1216.1 
1217.3 
1218.4 
1219.5 
1220.6 
1221.6 
1222.6 
1223.5 
1224.4 
1225.3 
1226.2 
1230.0 
1233.1 
1235.8 
1238.0 
1239.9 
1241.5 
1242.9 
1244.0 
1245.0 
1245.9 
1246.6 
1247.2 
1247.7 
1248.2 
1248.6 
1248.9 
1249.2 
1249.5 
1249.7 
1249.9 

1201.3 
1204.9 
1208.3 
1211.6 
1214.8 
1217.9 
1220.8 
1223.7 
1226.4 
1229.0 
1231.5 
1233.9 
1236.2 
1238.5 
1240.6 
1242.7 
1244.7 
1246.6 
1248.5 
1250.3 
1252.0 
1253.6 
1255.2 
1256.7 
1258.2 
1259.6 
1261.0 
1262.3 
1263.6 
1264.8 
1266.0 
1267.2 
1268.3 
1269.3 
1270.4 
1271.3 
1275.8 
1279.6 
1282.7 
1285.4 
1287.6 
1289.6 
1291.2 
1292.6 
1293.8 
1294.8 
1295.7 
1296.5 
1297.2 
1297.7 
1298.2 
1298.7 
1299.0 
1299.4 
1299.7 
1299.9 

1239.4 
1243.3 
1247.1 
1250.7 
1254.2 
1257.5 
1260.7 
1263.8 
1266.8 
1269.7 
1272.4 
1275.1 
1277.7 
1280.1 
1282.5 
1284.8 
1287.0 
1289.1 
1291.2 
1293.2 
1295.1 
1296.9 
1298.7 
1300.4 
1302.0 
130 3.6 
1305.2 
1306.6 
1308.1 
1309.4 
1310.8 
1312.1 
1313.3 
1314.5 
1315.7 
1316.8 
1321.8 
1326.1 
1329.7 
1332.8 
1335.4 
1337.6 
1339.5 
1341.2 
1342.6 
1343.8 
1344.9 
1345.8 
1346.6 
1347.3 
1347.9 
1348.4 
1348.8 
1349.2 
1349.6 
1349.9 

1274.5 
1278.8 
1282.9 
1286.9 
1290.8 
1294.5 
1298.0 
1301.5 
1304.8 
1308.0 
1311.0 
1314.0 
1316.8 
1319.6 
1322.3 
1324.8 
1327.3 
1329.7 
1332.0 
1334.2 
1336.3 
1338.4 
1340.4 
1342.3 
1344.2 
1346.0 
1347.7 
1349.4 
1351.0 
1352.6 
1354.1 
1355.6 
1357.0 
1358.4 
1359.7 
1361.0 
1366.8 
1371.7 
1375.9 
1379.5 
1382.5 
1385.1 
1387.4 
1389.3 
1391.0 
1392.5 
1393.7 
1394.8 
1395.8 
1396.6 
1397.4 
1398.0 
1398.6 
1399.1 
1399.5 
1399.9 

1308.8 
1313.5 
1318.0 
1322.3 
1326.6 
1330.6 
1334.5 
1338.3 
1341.9 
1345.5 
1348.8 
1352.1 
1355.3 
1358.3 
1361.3 
1364.1 
1366.9 
1369.5 
1372.1 
1374.6 
1376.9 
1379.3 
1381.5 
1383.6 
1385.7 
1387.8 
1389.7 
1391.6 
1393.4 
1395.2 
1396.9 
1398.5 
1400.1 
1401.7 
1403.2 
1404.6 
1411.2 
1416.8 
1421.6 
1425.8 
1429.3 
1432.3 
1435.0 
1437.3 
1439.2 
1441.0 
1442.5 
1443.8 
1444.9 
1445.9 
1446.8 
1447.6 
1448.3 
1448.9 
1449.4 
1449.9 
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Working Models of the Thermosphère 

TABLE BlOa 

T H E R M O S P H È R E T E M P É R A T U R E M O D E L S 

z 
(KM) 

120 
122 
124 
126 
128 
130 
132 
134 
136 
138 
140 
142 
144 
146 
148 
150 
152 
154 
156 
158 
160 
162 
164 
166 
168 
170 
172 
174 
176 
178 
180 
182 
184 
186 
188 
190 
192 
194 
196 
198 
200 
202 
204 
206 
208 
210 
212 
2 1 4 
216 
218 
220 
222 
224 
226 
228 
2 3 0 

1500° 
T 

(K) 

3 2 3 . 6 
3 6 7 . 1 
4 0 9 . 5 
4 5 0 . 0 
4 8 9 . 5 
5 2 7 . 9 
5 6 5 . 2 
6 0 1 . 3 
6 3 6 . 2 
6 6 9 . 8 
7 0 2 . 1 
7 3 3 . 1 
7 6 2 . 9 
7 9 1 . 4 
8 1 8 . 7 
8 4 4 . 9 
8 6 9 . 9 
8 9 3 . 9 
9 1 6 . 8 
9 3 8 . 8 
9 5 9 . 8 
9 7 9 . 9 
9 9 9 . 2 

1 0 1 7 . 7 
1 0 3 5 . 4 
1 0 5 2 . 3 
1 0 6 8 . 6 
1 0 8 4 . 2 
1 0 9 9 . 1 
1 1 1 3 . 5 
1 1 2 7 . 2 
1 1 4 0 . 4 
1 1 5 3 . 1 
1 1 6 5 . 3 
1 1 7 7 . 0 
1 1 8 8 . 3 
1 1 9 9 . 1 
1 2 0 9 . 5 
1 2 1 9 . 5 
1 2 2 9 . 1 
1 2 3 8 . 3 
1 2 4 7 . 2 
1 2 5 5 . 8 
1 2 6 4 . 0 
1 2 7 1 . 9 
1 2 7 9 . 6 
1 2 8 6 . 9 
1 2 9 4 . 0 
1 3 0 0 . 9 
1 3 0 7 . 4 
1 3 1 3 . 8 
1 3 1 9 . 9 
1 3 2 5 . 8 
1 3 3 1 . 5 
1 3 3 7 . 0 
1 3 4 2 . 2 

1550° 
T 

(K) 

3 2 3 . 6 
3 6 6 . 3 
4 0 8 . 1 
4 4 8 . 2 
4 8 7 . 5 
5 2 6 . 0 
5 6 3 . 6 
6 0 0 . 2 
6 3 5 . 7 
6 7 0 . 0 
7 0 3 . 1 
7 3 4 . 9 
7 6 5 . 6 
7 9 5 . 0 
8 2 3 . 3 
8 5 0 . 4 
8 7 6 . 4 
9 0 1 . 3 
9 2 5 . 2 
9 4 8 . 1 
9 7 0 . 1 
9 9 1 . 1 

1 0 1 1 . 3 
1 0 3 0 . 7 
1 0 4 9 . 2 
1 0 6 7 . 0 
1 0 8 4 . 1 
1 1 0 0 . 5 
1 1 1 6 . 3 
1 1 3 1 . 4 
1 1 4 5 . 9 
1 1 5 9 . 9 
1 1 7 3 . 3 
1 1 8 6 . 2 
1 1 9 8 . 6 
1 2 1 0 . 5 
1 2 2 2 . 0 
1 2 3 3 . 0 
1 2 4 3 . 6 
1 2 5 3 . 8 
1 2 6 3 . 7 
1 2 7 3 . 2 
1 2 8 2 . 3 
1 2 9 1 . 1 
1 2 9 9 . 6 
1 3 0 7 . 7 
1 3 1 5 . 6 
1 3 2 3 . 2 
1 3 3 0 . 5 
1 3 3 7 . 6 
1 3 4 4 . 4 
1 3 5 1 . 0 
1 3 5 7 . 3 
1 3 6 3 . 4 
1 3 6 9 . 4 
1 3 7 5 . 1 

1600° 
T 

(K) 

3 2 3 . 6 
3 7 2 . 9 
4 2 0 . 3 
4 6 5 . 1 
5 0 8 . 3 
5 4 9 . 9 
5 9 0 . 0 
6 2 8 . 5 
6 6 5 . 5 
7 0 1 . 0 
7 3 5 . 0 
7 6 7 . 6 
7 9 8 . 8 
8 2 8 . 6 
8 5 7 . 2 
8 8 4 . 6 
9 1 0 . 8 
9 3 5 . 8 
9 5 9 . 8 
9 8 2 . 8 

1 0 0 4 . 9 
1 0 2 6 . 0 
1 0 4 6 . 3 
1 0 6 5 . 7 
1 0 8 4 . 3 
1 1 0 2 . 2 
1 1 1 9 . 4 
1 1 3 5 . 9 
1 1 5 1 . 8 
1 1 6 7 . 0 
1 1 8 1 . 7 
1 1 9 5 . 8 
1 2 0 9 . 3 
1 2 2 2 . 3 
1 2 3 4 . 9 
1 2 4 7 . 0 
1 2 5 8 . 6 
1 2 6 9 . 8 
1 2 8 0 . 6 
1 2 9 1 . 0 
1 3 0 1 . 0 
1 3 1 0 . 6 
1 3 1 9 . 9 
1 3 2 8 . 9 
1 3 3 7 . 6 
1 3 4 5 . 9 
1 3 5 4 . 0 
1 3 6 1 . 8 
1 3 6 9 . 3 
1 3 7 6 . 5 
1 3 8 3 . 5 
1 3 9 0 . 3 
1 3 9 6 . 8 
1 4 0 3 . 1 
1 4 0 9 . 2 
1 4 1 5 . 1 

1650° 
T 

(K) 

3 2 3 . 6 
3 7 6 . 7 
4 2 7 . 4 
4 7 4 . 8 
5 2 0 . 1 
5 6 3 . 5 
6 0 5 . 1 
6 4 4 . 9 
6 8 2 . 9 
7 1 9 . 4 
7 5 4 . 2 
7 8 7 . 5 
8 1 9 . 3 
8 4 9 . 8 
8 7 8 . 9 
9 0 6 . 8 
9 3 3 . 5 
9 5 9 . 0 
9 8 3 . 5 

1 0 0 6 . 9 
1 0 2 9 . 4 
1 0 5 1 . 0 
1 0 7 1 . 6 
1 0 9 1 . 5 
1 1 1 0 . 5 
1 1 2 8 . 8 
1 1 4 6 . 4 
1 1 6 3 . 3 
1 1 7 9 . 5 
1 1 9 5 . 1 
1 2 1 0 . 2 
1 2 2 4 . 6 
1 2 3 8 . 5 
1 2 5 1 . 9 
1 2 6 4 . 9 
1 2 7 7 . 3 
1 2 8 9 . 3 
1 3 0 0 . 8 
1 3 1 2 . 0 
1 3 2 2 . 7 
1 3 3 3 . 1 
1 3 4 3 . 0 
1 3 5 2 . 7 
1 3 6 2 . 0 
1 3 7 1 . 0 
1 3 7 9 . 6 
1 3 8 8 . 0 
1 3 9 6 . 1 
1 4 0 3 . 9 
1 4 1 1 . 5 
1 4 1 8 . 8 
1 4 2 5 . 8 
1 4 3 2 . 7 
1 4 3 9 . 3 
1 4 4 5 . 6 
1 4 5 1 . 8 

1700° 
T 

(K) 

3 2 3 . 6 
3 7 9 . 1 
4 3 1 . 8 
4 8 0 . 9 
5 2 7 . 7 
5 7 2 . 3 
6 1 5 . 0 
6 5 5 . 8 
6 9 4 . 8 
7 3 2 . 1 
7 6 7 . 7 
8 0 1 . 7 
8 3 4 . 3 
8 6 5 . 4 
8 9 5 . 2 
9 2 3 . 7 
9 5 1 . 0 
9 7 7 . 1 

1 0 0 2 . 2 
1 0 2 6 . 2 
1 0 4 9 . 2 
1 0 7 1 . 3 
1 0 9 2 . 5 
1 1 1 2 . 9 
1 1 3 2 . 5 
1 1 5 1 . 3 
1 1 6 9 . 3 
1 1 8 6 . 7 
1 2 0 3 . 5 
1 2 1 9 . 6 
1 2 3 5 . 1 
1 2 5 0 . 0 
1 2 6 4 . 4 
1 2 7 8 . 2 
1 2 9 1 . 6 
1 3 0 4 . 5 
1 3 1 6 . 9 
1 3 2 8 . 9 
1 3 4 0 . 4 
1 3 5 1 . 6 
1 3 6 2 . 4 
1 3 7 2 . 7 
1 3 8 2 . 8 
1 3 9 2 . 5 
1 4 0 1 . 9 
1 4 1 0 . 9 
1 4 1 9 . 7 
1 4 2 8 . 1 
1 4 3 6 . 3 
1 4 4 4 . 2 
1 4 5 1 . 9 
1 4 5 9 . 3 
1 4 6 6 . 4 
1 4 7 3 . 3 
1 4 8 0 . 0 
1 4 8 6 . 5 

1750° 
T 

(K) 

3 2 3 . 6 
3 7 8 . 3 
4 3 0 . 6 
4 7 9 . 5 
5 2 6 . 4 
5 7 1 . 3 
6 1 4 . 4 
6 5 5 . 8 
6 9 5 . 4 
7 3 3 . 4 
7 6 9 . 8 
8 0 4 . 7 
8 3 8 . 0 
8 7 0 . 0 
9 0 0 . 6 
9 3 0 . 0 
9 5 8 . 1 
9 8 5 . 1 

1 0 1 0 . 9 
1 0 3 5 . 8 
1 0 5 9 . 6 
1 0 8 2 . 5 
1 1 0 4 . 5 
1 1 2 5 . 6 
1 1 4 5 . 9 
1 1 6 5 . 5 
1 1 8 4 . 3 
1 2 0 2 . 4 
1 2 1 9 . 8 
1 2 3 6 . 6 
1 2 5 2 . 8 
1 2 6 8 . 4 
1 2 8 3 . 4 
1 2 9 7 . 9 
1 3 1 1 . 9 
1 3 2 5 . 4 
1 3 3 8 . 4 
1 3 5 1 . 0 
1 3 6 3 . 1 
1 3 7 4 . 8 
1 3 8 6 . 1 
1 3 9 7 . 1 
1 4 0 7 . 7 
1 4 1 7 . 9 
1 4 2 7 . 8 
1 4 3 7 . 3 
1 4 4 6 . 6 
1 4 5 5 . 5 
1 4 6 4 . 1 
1 4 7 2 . 5 
1 4 8 0 . 6 
1 4 8 8 . 5 
1 4 9 6 . 1 
1 5 0 3 . 4 
1 5 1 0 . 5 
1 5 1 7 . 4 
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Appendix B 

TABLE BlOb (continued) 

THERMOSPHÈRE TEMPERATURE M O D E L S 

z 
(KM) 

230 
232 
234 
236 
238 
2 4 0 
242 
244 
246 
2 4 8 
250 
252 
254 
256 
258 
2 6 0 
262 
264 
266 
2 6 8 
270 
272 
274 
2 7 6 
278 
2 8 0 
282 
2 84 
286 
288 
290 
292 
294 
296 
298 
300 
310 
3 2 0 
330 
3 4 0 
3 5 0 
360 
370 
3 8 0 
390 
4 0 0 
4 1 0 
4 2 0 
4 3 0 
4 4 0 
4 5 0 
4 6 0 
4 7 0 
4 8 0 
4 9 0 
500 

1500° 
T 

(K) 

1 3 4 2 · 2 
1 3 4 7 . 3 
1 3 5 2 . 3 
1 3 5 7 . 0 
1 3 6 1 . 6 
1 3 6 6 . 0 
1 3 7 0 . 3 
1 3 7 4 . 4 
1 3 7 8 . 4 
1 3 8 2 . 3 
1 3 8 6 . 0 
1 3 8 9 . 6 
1 3 9 3 . 0 
1 3 9 6 . 4 
1 3 9 9 . 6 
1 4 0 2 . 8 
1 4 0 5 . 8 
1 4 0 8 . 7 
1 4 1 1 . 5 
1 4 1 4 . 3 
1 4 1 6 . 9 
1 4 1 9 . 5 
1 4 2 2 . 0 
1 4 2 4 . 4 
1 4 2 6 . 7 
1 4 2 8 . 9 
1 4 3 1 . 1 
1 4 3 3 . 2 
1 4 3 5 . 2 
1 4 3 7 . 2 
1 4 3 9 . 1 
1 4 4 1 . 0 
1 4 4 2 . 8 
1 4 4 4 . 5 
1 4 4 6 . 2 
1 4 4 7 . 8 
1 4 5 5 . 2 
1 4 6 1 . 6 
1 4 6 7 . 0 
1 4 7 1 . 7 
1 4 7 5 . 8 
1 4 7 9 . 3 
1 4 8 2 . 3 
1 4 8 5 . 0 
1 4 8 7 . 3 
1 4 8 9 . 3 
1 4 9 1 . 0 
1 4 9 2 . 6 
1 4 9 3 . 9 
1 4 9 5 . 1 
1 4 9 6 . 2 
1 4 9 7 . 1 
1 4 9 7 . 9 
1 4 9 8 . 6 
1 4 9 9 . 3 
1 4 9 9 . 9 

1550° 
T 

(K) 

1 3 7 5 . 1 
1 3 8 0 . 6 
1 3 8 5 . 9 
1 3 9 1 . 0 
1 3 9 6 . 0 
1 4 0 0 . 8 
1 4 0 5 . 4 
1 4 0 9 . 9 
1 4 1 4 . 2 
1 4 1 8 . 4 
1 4 2 2 . 5 
1 4 2 6 . 4 
1 4 3 0 . 2 
1 4 3 3 . 8 
1 4 3 7 . 4 
1 4 4 0 . 8 
1 4 4 4 . 1 
1 4 4 7 . 3 
1 4 5 0 . 4 
1 4 5 3 . 4 
1 4 5 6 . 4 
1 4 5 9 . 2 
1 4 6 1 . 9 
1 4 6 4 . 5 
1 4 6 7 . 1 
1 4 6 9 . 6 
1 4 7 2 . 0 
1 4 7 4 . 3 
1 4 7 6 . 6 
1 4 7 8 . 7 
1 4 8 0 . 9 
1 4 8 2 . 9 
1 4 8 4 . 9 
1 4 8 6 . 8 
1 4 8 8 . 7 
1 4 9 0 . 5 
1 4 9 8 . 8 
1 5 0 5 . 9 
1 5 1 2 . 1 
1 5 1 7 . 4 
1 5 2 2 . 0 
1 5 2 6 . 0 
1 5 2 9 . 4 
1 5 3 2 . 5 
1 5 3 5 . 1 
1 5 3 7 . 4 
1 5 3 9 . 5 
1 5 4 1 . 3 
1 5 4 2 . 8 
1 5 4 4 . 2 
1 5 4 5 . 5 
1 5 4 6 . 6 
1 5 4 7 . 5 
1 5 4 8 . 4 
1 5 4 9 . 2 
1 5 4 9 . 8 

1600° 
T 

(K) 

1 4 1 5 . 1 
1 4 2 0 . 8 
1 4 2 6 . 3 
1 4 3 1 . 6 
1 4 3 6 . 8 
1 4 4 1 . 7 
1 4 4 6 . 6 
1 4 5 1 . 2 
1 4 5 5 . 7 
1 4 6 0 . 1 
1 4 6 4 . 3 
1 4 6 8 . 4 
1 4 7 2 . 3 
1 4 7 6 . 1 
1 4 7 9 . 8 
1 4 8 3 . 4 
1 4 8 6 . 9 
1 4 9 0 . 2 
1 4 9 3 . 5 
1 4 9 6 . 7 
1 4 9 9 . 7 
1 5 0 2 . 7 
150 5 . 5 
1 5 0 8 . 3 
1 5 1 1 . 0 
1 5 1 3 . 6 
1 5 1 6 . 2 
1 5 1 8 . 6 
1 5 2 1 . 0 
1 5 2 3 . 3 
1 5 2 5 . 5 
1 5 2 7 . 7 
1 5 2 9 . 8 
1 5 3 1 . 9 
1 5 3 3 . 8 
1 5 3 5 . 8 
1 5 4 4 . 6 
1 5 5 2 . 2 
1 5 5 8 . 7 
1 5 6 4 . 4 
1 5 6 9 . 4 
1 5 7 3 . 7 
1 5 7 7 . 5 
1 5 8 0 . 7 
1 5 8 3 . 6 
1 5 8 6 . 2 
1 5 8 8 . 4 
1 5 9 0 . 4 
1 5 9 2 . 1 
1 5 9 3 . 6 
1 5 9 5 . 0 
1 5 9 6 . 2 
1 5 9 7 . 3 
1 5 9 8 . 2 
1 5 9 9 . 1 
1 5 9 9 . 8 

1650° 
T 

(K) 

1 4 5 1 . 8 
1 4 5 7 . 8 
1 4 6 3 . 5 
1 4 6 9 . 1 
1 4 7 4 . 5 
1 4 7 9 . 7 
1 4 8 4 . 8 
1 4 8 9 . 7 
1 4 9 4 . 4 
1 4 9 9 . 0 
1 5 0 3 . 5 
1 5 0 7 . 8 
1 5 1 2 . 0 
1 5 1 6 . 0 
1 5 1 9 . 9 
1 5 2 3 . 7 
1 5 2 7 . 4 
1 5 3 1 . 0 
1 5 3 4 . 4 
1 5 3 7 . 8 
1 5 4 1 . 0 
1 5 4 4 . 2 
1 5 4 7 . 2 
1 5 5 0 . 2 
1 5 5 3 . 1 
1 5 5 5 . 9 
1 5 5 8 . 6 
1 5 6 1 . 2 
1 5 6 3 . 8 
1 5 6 6 . 2 
1 5 6 8 . 6 
1 5 7 1 . 0 
1 5 7 3 . 2 
1 5 7 5 . 4 
1 5 7 7 . 5 
1 5 7 9 . 6 
1 5 8 9 . 1 
1 5 9 7 . 3 
1 6 0 4 . 4 
1 6 1 0 . 6 
1 6 1 6 . 0 
1 6 2 0 . 8 
1 6 2 4 . 9 
1 6 2 8 . 5 
1 6 3 1 . 7 
1 6 3 4 . 5 
1 6 3 7 . 0 
1 6 3 9 . 2 
1 6 4 1 . 1 
1 6 4 2 . 8 
1 6 4 4 . 3 
1 6 4 5 . 7 
1 6 4 6 . 9 
1 6 4 8 . 0 
1 6 4 8 . 9 
1 6 4 9 . 8 

1700° 
T 

(K) 

1 4 8 6 . 5 
1 4 9 2 . 8 
1 4 9 8 . 9 
1 5 0 4 . 8 
1 5 1 0 . 5 
1 5 1 6 . 0 
1 5 2 1 . 3 
1 5 2 6 . 5 
1 5 3 1 . 5 
1 5 3 6 . 4 
1 5 4 1 . 1 
1 5 4 5 . 7 
1 5 5 0 . 1 
1 5 5 4 . 4 
1 5 5 8 . 6 
1 5 6 2 . 6 
1 5 6 6 . 6 
1 5 7 0 . 4 
1 5 7 4 . 1 
1 5 7 7 . 6 
1 5 8 1 . 1 
1 5 8 4 . 5 
1 5 8 7 . 7 
1 5 9 0 . 9 
1 5 9 4 . 0 
1 5 9 7 . 0 
1 5 9 9 . 9 
1 6 0 2 . 7 
1 6 0 5 . 4 
1 6 0 8 . 1 
1 6 1 0 . 7 
1 6 1 3 . 2 
1 6 1 5 . 6 
1 6 1 8 . 0 
1 6 2 0 . 3 
1 6 2 2 . 5 
1 6 3 2 . 8 
1 6 4 1 . 7 
1 6 4 9 . 5 
1 6 5 6 . 2 
1 6 6 2 . 2 
1 6 6 7 . 4 
1 6 7 1 . 9 
1 6 7 5 . 9 
1 6 7 9 . 5 
1 6 8 2 . 6 
1 6 8 5 . 3 
1 6 8 7 . 8 
1 6 8 9 . 9 
1 6 9 1 . 9 
1 6 9 3 . 6 
1 6 9 5 . 1 
1 6 9 6 . 5 
1 6 9 7 . 7 
1 6 9 8 . 8 
1 6 9 9 . 8 

1750° 
T 

(K) 

1 5 1 7 . 4 
1 5 2 4 . 1 
1 5 3 0 . 6 
1 5 3 6 . 9 
1 5 4 2 . 9 
1 5 4 8 . 8 
1 5 5 4 . 6 
1 5 6 0 . 1 
1 5 6 5 . 5 
1 5 7 0 . 7 
1 5 7 5 . 7 
1 5 8 0 . 6 
1 5 8 5 . 4 
1 5 9 0 . 0 
1 5 9 4 . 5 
1 5 9 8 . 8 
1 6 0 3 . 0 
1 6 0 7 . 1 
1 6 1 1 . 1 
1 6 1 5 . 0 
1 6 1 8 . 7 
1 6 2 2 . 4 
1 6 2 5 . 9 
1 6 2 9 . 3 
1 6 3 2 . 7 
1 6 3 5 . 9 
1 6 3 9 . 1 
1 6 4 2 . 1 
1 6 4 5 . 1 
1 6 4 8 . 0 
1 6 5 0 . 8 
1 6 5 3 . 5 
1 6 5 6 . 2 
1 6 5 8 . 7 
1 6 6 1 . 3 
1 6 6 3 . 7 
1 6 7 4 . 9 
1 6 8 4 . 7 
1 6 9 3 . 3 
1 7 0 0 . 8 
1 7 0 7 . 3 
1 7 1 3 . 1 
1 7 1 8 . 2 
1 7 2 2 . 7 
1 7 2 6 . 6 
1 7 3 0 . 1 
1 7 3 3 . 2 
1 7 3 6 . 0 
1 7 3 8 . 5 
1 7 4 0 . 7 
1 7 4 2 . 6 
1 7 4 4 . 4 
1 7 4 6 . 0 
1 7 4 7 . 4 
1 7 4 8 . 6 
1 7 4 9 . 8 
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Working Models of the Thermosphère 

TABLE Blla 

T H E R M O S P H È R E T E M P É R A T U R E M O D E L S 

1800° 1850° 1900° 1950° 2000° 

Z T T T T T 
(KM) (K) (K) (K) (K) (K) 

120 
12? 
124 
126 
128 
130 
13? 
134 
136 
138 
140 
142 
144 
146 
148 
150 
152 
154 
156 
158 
160 
162 
164 
166 
168 
170 
172 
174 
176 
178 
180 
182 
184 
186 
188 
190 
192 
194 
196 
198 
200 
202 
204 
206 
208 
210 
212 
214 
216 
218 
220 
222 
224 
226 
228 
230 

323.6 
377.5 
429.2 
477.9 
524.8 
569.9 
613.5 
655.3 
695.6 
734.3 
771.4 
807.0 
841.2 
874.0 
905.5 
935.6 
964.6 
992.4 

1019.1 
1044.7 
1069.4 
1093.0 
1115.8 
1137.7 
1158.8 
1179.1 
1198.6 
1217.4 
1235.6 
1253.1 
1269.9 
1286.2 
1301.8 
1317.0 
1331.6 
1345.7 
1359.3 
1372.4 
1385.2 
1397.4 
1409.3 
1420.8 
1431.9 
1442.6 
1453.0 
1463.1 
1472.8 
1482.2 
1491.4 
1500.2 
1508.8 
1517.1 
1525.1 
1532.9 
1540.4 
1547.7 

323.6 
376.6 
427.7 
476.1 
522.9 
568.2 
612.1 
654.5 
695.3 
734.6 
772.5 
808.9 
843.8 
877.4 
909.7 
940.7 
970.5 
999.1 
1026.7 
1053.1 
1078.5 
1103.0 
1126.6 
1149.2 
1171.1 
1192.1 
1212.4 
1231.9 
1250.7 
1268.9 
1286.4 
1303.3 
1319.7 
1335.4 
1350.7 
1365.4 
1379.6 
1393.3 
1406.6 
1419.5 
1431.9 
1443.9 
1455.6 
1466.8 
1477.8 
1488.3 
1498.5 
1508.5 
1518.1 
1527.4 
1536.4 
1545.1 
1553.6 
1561.8 
1569.8 
1577.5 

323.6 
384.2 
441.5 
494.8 
545.3 
593.6 
639.7 
683.8 
725.9 
766.3 
804.9 
841.9 
877.3 
911.2 
943.7 
974.9 

1004.8 
1033.6 
1061.2 
1087.7 
1113.2 
1137.7 
1161.3 
1184.0 
1205.9 
1227.0 
1247.3 
1266.9 
1285.9 
1304.1 
1321.7 
1338.7 
1355.1 
1371.0 
1386.3 
1401.2 
1415.5 
1429.4 
1442.8 
1455.8 
1468.4 
1480.5 
1492.3 
1503.7 
1514.8 
1525.5 
1535.9 
1545.9 
1555.7 
1565.2 
1574.3 
1583.2 
1591.9 
1600.3 
1608.4 
1616.3 

323.6 
383.4 
440.2 
493.3 
543.9 
592.4 
638.9 
683.5 
726.3 
767.3 
806.6 
844.3 
880.5 
915.2 
948.5 
980.5 

1011.2 
1040.7 
1069.0 
1096.3 
1122.6 
1147.8 
1172.2 
1195.6 
1218.2 
1240.0 
1261.0 
1281.3 
1300.8 
1319.7 
1338.0 
1355.6 
1372.6 
1389.1 
1405.1 
1420.5 
1435.4 
1449.8 
1463.8 
1477.3 
1490.4 
1503.1 
1515.4 
1527.3 
1538.9 
1550.1 
1560.9 
1571.5 
1581.7 
1591.6 
1601.2 
1610.6 
1619.6 
1628.4 
1637.0 
1645.3 

323.6 
382.5 
438.8 
491.6 
542.2 
590.9 
637.8 
682.9 
726.2 
767.9 
807.9 
846.3 
883.2 
918.7 
952.7 
985.5 
1017.0 
1047.2 
1076.4 
1104.4 
1131.4 
1157.4 
1182.5 
1206.6 
1229.9 
1252.4 
1274.1 
1295.1 
1315.3 
1334.8 
1353.7 
1372.0 
1389.6 
1406.7 
1423.3 
1439.2 
1454.7 
1469.7 
1484.3 
1498.3 
1512.0 
1525.2 
1538.0 
1550.4 
1562.5 
1574.2 
1585.5 
1596.5 
1607.2 
1617.6 
1627.6 
1637.4 
1646.9 
1656.1 
1665.1 
1673.8 
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Appendix B 

TABLE Bllb {continued) 

THERMOSPHÈRE TEMPERATURE M O D E L S 

1800° 1 8 5 0 e 1 9 0 0 e 1950° 2000° 

Z T T T T T 

(KM) ( Κ ) ( Κ ) ( Κ ) (Κ) ( Κ ) 

2 3 0 
2 3 2 
2 3 4 
2 3 6 
2 3 8 
2 4 0 
2 4 2 
2 4 4 
2 4 6 
2 4 8 
2 5 0 
2 5 2 
2 5 4 
2 5 6 
2 5 8 
2 6 0 
2 6 2 
2 6 4 
2 6 6 
2 6 8 
2 7 0 
2 7 2 
2 7 4 
2 7 6 
2 7 8 
2 8 0 
2 8 2 
2 84 
2 8 6 
2 8 8 
2 9 0 
2 9 2 
2 9 4 
2 96 
2 9 8 
3 0 0 
3 1 0 
3 2 0 
3 3 0 
3 4 0 
3 5 0 
3 6 0 
3 7 0 
3 8 0 
3 9 0 
4 0 0 
4 1 0 
4 2 0 
4 3 0 
4 4 0 
4 5 0 
4 6 0 
4 7 0 
4 8 0 
4 9 0 
5 0 0 

1547·7 
1554.8 
1561.7 
1568.4 
1574 .8 
1581 .1 
1587 .2 
1593 .1 
1598.8 
1604.4 
1609.8 
1615.0 
1620 .1 
1625.0 
1629.8 
1634.5 
1639 .0 
1643.4 
1647.6 
1651.8 
1655 .8 
1659.7 
1663.5 
1667 .2 
1670 .8 
1674.3 
1677.7 
1681 .0 
1684 .2 
1687.4 
1690 .4 
1693.4 
1696 .2 
1699 .0 
1701.8 
1704.4 
1716 .6 
1727.3 
1736.7 
1744 .9 
1 7 5 2 . 1 
1758.5 
1764 .2 
1769.2 
1773.6 
1777.5 
1781 .0 
1784 .1 
1786 .9 
1789.4 
1791.6 
1793.6 
1795.4 
1797.0 
1798 .4 
1799.7 

1577.5 
1585 .0 
1592 .3 
1599.3 
1606.2 
1612.8 
1619 .3 
1625.5 
1631.6 
1637.5 
1643 .3 
1648 .8 
1654 .3 
1659.5 
1664.6 
1669.6 
1674 .4 
1679 .1 
1683.7 
1688 .1 
1692 .4 
1696.6 
1700.7 
1704 .7 
1708.5 
1712 .3 
1715 .9 
1719.5 
1722 .9 
1726 .3 
1729.6 
1732.8 
1735 .9 
1738 .9 
1741.8 
1744.7 
1757 .9 
1769 .5 
1779 .7 
1788.7 
1796.7 
1803.7 
1809 .9 
1815.4 
1820 .3 
1824.7 
1828.6 
1832 .1 
1835 .2 
1838 .0 
1840.5 
1842.7 
1844.7 
1846.6 
1848 .2 
1849.7 

1616 .3 
1623.9 
1631 .4 
1638.6 
1645 .6 
1652.4 
1659 .0 
1665.5 
1671.7 
1677.8 
1683.7 
1689.4 
1695.0 
1700.4 
1705 .7 
1710.8 
1715.8 
1720.6 
1725 .3 
1729.9 
1734 .4 
1738.7 
1742 .9 
1747.0 
1751 .0 
1754.9 
1758.7 
1762.4 
1766.0 
1769.5 
1772 .9 
1776.2 
1779.5 
1782.6 
1785 .7 
1788.6 
1802.5 
1814.6 
1825 .3 
1834.8 
1843.2 
1850.6 
1857 .1 
1863.0 
1868.2 
1872.9 
1877.0 
1880.7 
1884 .1 
1887.0 
1889.7 
1892 .1 
1894.3 
1896.3 
1898 .1 
1899.7 

1645 .3 
1653 .4 
1661 .2 
1668.8 
1676 .2 
1683 .4 
1690.<t 
1697 .2 
1703 .8 
1710 .2 
1716 .4 
1722 .5 
1728 .4 
1734 .1 
1739 .7 
1745 .1 
1750 .4 
1755 .6 
1760 .6 
1765.5 
1770 .2 
1774.8 
1779 .3 
1783.7 
1788 .0 
1 7 9 2 . 1 
1796 .2 
1 8 0 0 . 1 
1804 .0 
1807.7 
1811 .4 
1814 .9 
1818 .4 
1821.8 
1825 .0 
1828 .3 
1 8 4 3 . 1 
1856 .2 
1867 .8 
1878 .1 
1887 .2 
1895 .3 
1902 .5 
1908 .9 
1914 .6 
1919.7 
1924 .3 
1928.5 
1932 .2 
1935.5 
1938.5 
1941 .2 
1943 .6 
1945.8 
1947 .8 
1949.7 

1673.8 
1682 .3 
1690.5 
1698 .5 
1706 .3 
1713 .8 
1721·? 
1728 .4 
1735 .3 
1 7 4 2 . 1 
1748.7 
1 7 5 5 . 1 
1761 .3 
1767 .4 
1773 .3 
1779 .0 
1784.6 
1 7 9 0 . 1 
1795 .4 
1800 .6 
1805.6 
1810 .5 
1815.3 
1820 .0 
1824.5 
1828 .9 
1833.2 
1837 .4 
1841.5 
1845 .5 
1849 .4 
1853 .2 
1856 .9 
1860 .5 
1864 .0 
1867.5 
1883 .4 
1897 .5 
1910 .0 
1 9 2 1 . 1 
1930 .9 
1939 .7 
1947.6 
1954 .6 
1960.8 
1966 .5 
1971.5 
1976 .0 
1980 .1 
1983 .8 
1987 .1 
1 9 9 0 . 1 
1992.9 
1995 .3 
1997.6 
1999 .6 
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O, 90-100 
0 2 , 88-90, 112-116, 124-127, 3 0 3 -

304 
03, 122-124, 303-304 

x rays, see x rays 
Photochemical equilibrium, see 

Equilibrium 
Photodetachment, see Detachment 
Photodissociation 

CH4, 178, 357 
C0 2 , 180-183 
H0 2 , 361 
H 2 0 , 176-178, 355-356 
H202, 388 
N2, 176, 315, 317 
NO, 178, 330-331 

N 0 2 , 178-179, 323 
02 , 167-174, 294-299, 308 
03 , 174-176, 294-299, 304-306, 378-

380 
OH, 361 

Photoelectron 
electron collisions, 245, 303 
energy spectrum, 249-252, 261-262 
escape altitude, 260 
escape flux, 259 
production, 247-248, 254-256 
transport, 257-260 

Photoionization cross sections 
Ar, 108-111 
H, 106-108 
He, 105-106 
N, 102-104 
N2, 120-121 
O, 93-94, 96-99 
02 , 114-116 

Photoionization rates 
H, 155-158, 164 
He, 156-158, 164 
No, 155-160, 164 
NO, 160-161 
O, 154-159, 164, 176-180 
02, 154-159, 161, 164 
Ο.ΟΔ,), 122, 120-121 

Plasmasphere, 15-17, 222-225 
Plasma temperature, see Temperature 
Plasma transport 

boundary conditions, 170-174, 208-
209, 218-220 

collision terms, 153-155 
coordinate system, 757 
equations, 752, 757, 162-164 
high speed, 214-220 
low speed, 163-165, 206, 214 
minor ion, 765, 207 
multiple ion, 164 
single ion, 170-175 

Polar wind, 16, 27, 220-235 
Polarizability, neutral gas, 219 
Polarization electric field, 755, 164-165, 

173, 199-200 
Potential energy curves 

NO, 242 
N2, 117, 247 
02 , 113, 244 

Predissociation, 127, 176, 178, 318 
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Production, heat, see Energy balance 
Production, ionization, see Ion production 

Q 
Quenching, 245, 310-311, 322 

R 

Radiation, solar 
black body, 134-136 
emission spectrum, 131-133, 135, 137-

140, 152-153 
infrared, 138 
ultraviolet, 139-144, 151-160 
variation, 146-147, 162-164 
visible, 139 
x ray, 144-151 

Rare gases, see Noble gases 
Reaction rate, definition, 188 
Reactions, see Appendix A, 401-409 
Recombination 

ions 
dissociative, 253-256 
radiative, 252-253 

neutral 
radiative, 240^243 
three-body, 243-249 

Red arc, see Sub auroral red arc 
Resonance charge exchange, 219-224 

S 

Satellite drag, 8-9 
Satellite particles 

distribution, 72-86 
formation and loss, 91-95 

Scale height 
density, 29 
gradient, 35-36, 67-68, 29-30 
plasma, 170, 208 
pressure, 9, 11, 34-36, 57-61, 67-69, 

8, 29 
Schumann Runge (02), 124-127, 169-

173, 177, 330 
Solar cycle variation, density, 8-9 
Solar radiation spectrum, see Radiation 
Solar radio emission, temperature cor-

relation, 26 
Solar x rays, see x rays 
Specific heats, 4 

Stratosphere 
definition, 1-2 
vertical transport, 364-369 

Sub auroral red arc, 304-306 
Supersonic flow, see Plasma transport 

T 

Temperature 
diurnal variation, 26-28 
exosphere, 95-97 
heterosphere, 67-68, 25-30 
homosphere, 9-11, 37-38, 57-61, 67-

68 
ionosphere, see Electron temperature 

profiles, Ion temperature profiles 
Temperature gradient, 64, 66-67, 16 
Thermal balance, see Energy balance 
Thermal conduction effects, see Heat 

conduction 
Thermal conductivity, see Conductivity, 

thermal 
Thermal diffusion, 4, 33, 35, 41-43 
Thermal effects 

aurora, 306-307 
polar wind, 307 

Thermoelectric effects, 275-277 
Thermosphère, 4, 45-47, 16 
Topside ionosphere 

chemical equilibrium, 192, 195 
chemical time constants, 194, 196 
diffusion equilibrium, 199-206 
high speed flow, 214-220 
inter-ion momentum transfer, 213-214 
ion densities, 202-206, 222-223 
ion processes, 192-196 
limiting flow, 209-210, 223 
low speed flow, 206-214 
plasmasphere, 15-17, 222-225 
polar wind, 220-235 
temperature effect, 203-204, 233 
transport processes, 196-198 

Transport coefficients, see Conductivity, 
Diffusion coefficients, Viscosity 

Troposphere, 1-2 
Turbopause, 297, 36 

U 

Ultraviolet radiation, see Radiation 
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V 

Velocity 
average, 2 
diffusion, 2, 7 
effusion, 45-49 
escape, 68 
mass average, 2, 7 
peculiar, 2 
vertical, neutral gas, 8-9, 34-35, 44-45 
vertical, plasma, 162, 164, 170 

Viscosity 
empirical expressions, 10-12 
theory, 3, 9-10 
vertical profile, 11 

W 
Water vapor, see H20 
Winds 

high latitudes, 20-21 
homosphere, 36-37 
thermosphère, 184-185 

X 
Xe, 20, 23 
x rays 

absorption cross sections, 80-87 
ionization efficiency, 83-84, 147-148 
ion production, 118-120 
solar emission, 144-151 


