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VOORWOORD

De tekst van deze Aeronomica Acta is bedoeld als een
hoofdstuk van het boek "Upper Atmosphere" uitgegeven door Ratcliffe,
Academic Press New York, Dit boek zal in de loop van 1960 verschij=
fien, De hier voorgestelde struktuur van de hogere atmosfieer heeft
de verklaring mogelijk gemaakt van de dichtheden der thermosfeer,
zoals ze uit de waarnemingen met satellieten in de loop van 1959
konden afgeleid worden, De bevindingen weélke o0.,a, op enorme ver-
anderingen in de hogere atmosfeer wijzen, zoals b,v, een dagelijkse
temperatuurschommeling van §00° K, zullen het voorwerp uitmaken van

een eerstvolgende Aeronomica Acta,

VORWORT

Der Text dieses Aeronomica Acta wurde geschrieben als ein
Kapitel des Buches "Upper Atmosphere" herausgegeben durch Ratcliffe,
Academic Press, New York, Dieses Buch wird im Laufe des Jahres 1960
erscheinen werden, Mit Hilfe der Struktur der litheren Atmosphire,
die wir vorstellen, konnte die aus den 1959 Satellitenbeobachtungen
herzuleiteadén ., Dichten der Thermosphire erklart werden, Die
Ergebnisse, die grosse Veri#nderungen in der hvheren Atmosphire
zeigen bzw, eine tugliche Variation von 500° K in der Temperatur,

werden in ein volgendes Aeronomica Acta vorgestellt werden.



FOREWORD -

o
The text of this Aeronomica Acta has been written as a
chapter of the book "Upper Atmosphere" edited by Ratcliffe, Aca-
demic Press, New York, -The book will be published in the course
of 1960. The structure of the upper atmosphere  presented here
made it possible to interpret the demsities in the thermosphere
deduced from satellite observations made during 1959. The results
indicating for example the tremendous variations in the upper at-

mosphere, for instance a diurnal temperature variation of 500° K,

will be presented in a future Aeronomica Acta.

AVANT~-PROPOS

Le teéxtée de;cét Aeronomica Acta a été rédigé pour constituer‘ﬁbw
un chapitre du livre "Upper Atmosphere" édité par Ratcliffe, Academic
Press, New Yofk. Ce livre paraftra au cours de 1960, La structure
de la haute atmosphére que nous présentons ici‘a permis 1'interpréta=
tion des densités de la thermosphére déduites des"observations des
satellites effectuées au cours de 1959. Les résgltats indiquant,
entre autres choses, les variations énormes de la haute atmosphére,
par exemple une variation diurne de La température de 500° K, seront

1'objet dlun prochain Aeronomica Acta,



THE PROPERTIES AND CONSTITUTION OF THE UPPER ATMOSPHERE

1.1. The Atmospheric Regions -
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In a general description of its physical constitution and
chemical cbmposition, the EBarth's atmosphere may be considered
as a perfect gas composed of molecules and atoms of which only
a small fraction is represented by charged particles, ions and

electrons, influenced by the geomagnetic field.

However, it is not possible to deterihine the behavior of
‘the neutral particles, and finally.to obtain a physical picture
of the upper atmosphere, without determining whether vertical
distribution depends on mixing or diffusion, or on a chemical
or photochemical equilibriume In particular, it is extremely
important to determine how dissociation and recombination of
molecular and atomic oxjgen and nitrogen are distributed with
height. Fgrthermore, the structure of the upper atmosphere
deduced from pressure or demnsity measurements is related to tﬁe
variations of the mean molecular mass depending on diffusion ,
effects. In addition, it is necessary to know which are the
most important processes of heat propagation, that is to say,

convection, conduction or radiation.

Before describing the atmosphere above 50 km it is best

to summarize our knowledge of the regions below (Fig. 1.).
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The lower -region, called the troposphere (tropés = turn 6r

change ), can be defined, in a static atmosphere, by the pressure
and the temperature if the molecular mass is assumed to be
constant. Meteorological soundings have shown that the tempera-
ture decreases with altitude in thg t;oposphere reaching a
temperature of about 220°K in the polér regions and about 190°K

at the equator. These lower limits of the'temperature are

representative of the tropopause (pausis = end, cessation).

The latter, however, varies in height as a function of latitude,
from below 10 km in the polar regions to more than 15 km in the '
equatorial belt. The variations in the level of the tropopause
(about 5 km) in the middle latitudes show that the changes in

its structure are dependent on such atmospheric phenomena as high
and low pre,ssureso One of the essential characters of the tropo-
sphere is that the geographic equator is, to a certain extent,

a ' barrier'' differentiating and separating the northern and

southern hemispheres.

The stratosphere is essentially that region where -the tempe-

rature increases, or at least does not decrease, with gltitude,
The stra‘tosphere+ extends from the tropopause to an altitudé of

about 50 km (stratopause+) where the temperature reaches a peak
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(+) Because of possible-ambiguity in the terminology, S. Chapman
.found it preferable to use the word stratosphere to mean not the
whole region above the troposphere, but only a layer between the

tropopause and an upper boundary called the stratopause. We
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propose that the stratosphere represents a region differing
from the regions below (troposphere) and above (mesosphere),
and in which there are positive temperature gradients in
contrast to the negafive gradients in the neighboring regions.
of the order of 270°K. The seasonal variation in atmospheric
ozone, and the fall-out of radioactive products artificially
introduced into the stratosphere, show that, if the méss
exchange in the stratosphere is sufficient to maintain mixing,
the transport is certainly éarried out'from each side of the
equator, In other words; one of the characteristic properties
of the stratosphere is that meridional tranSport‘must be added
to zonal transport. Since the eruption of Krakatoa in 1883,
it has been known that the mean speed of deplacement around
the Earth‘is about 120 km per hour. In addition the spread of
matter northwards or southwards indicates that the meridional
- girculation in the ‘stratosphere is different from that of the

troposphere.

The mesosphere (mesos =,migdle) is a region situated above

Athe-stratopause (50 i 5 km) where the temperature decreases
rapidly with altitude. The:temperature may reach a minimum,
as low as 150 + 10°K, at about 85 +5 km where the mesosphere
énds at a level called the mesSopause, Photochemical action is
very important in the mesosphere; +the chemical reactions

affecting minor cbnstituents in the air play an important roleA



4.
in determining atmospheric behavior., As a result of photo-
 chemical actions, airglow emissions are observed in the
’mesbspheree As a result not only of atmospheric motions,
but‘also of atomic and molecular processes, the-mesopause
.muét have a tendency toward variation in height just as have
the tropopause énd the stratopausé° The mesosphere is particu-
larly important for the study of aerononic processes because |
in it one may still follow fluctuations arising from atomic
and molecular processes'which manifest themselves as day-to-

day variations in the hydrodynamic variables.

The essential feature of these three lower regions is that .
the hydrodynahical problemé are practically identical. The
differénces are made clear at the limits. Thus the conditions
in the troposphere are dependent upon the conditions at the
surface of the Earth. In the heat budget of the s tratosphere
the effects of radiation have.to be added to those of convection.
Nevertheless, the tharacteristic common to thesg three regions
is that the mean.molgéular mass of the principal constituents
of the air remains constant which implies that mixing is always
maintained. Because the composition remains the same, it is

said that the homosphere (homos = same) exténdsAfrom grdund level

to the m.ésopausee

The vertical distribution of ozone makes it possible to
understand the different roles of these three regions of the

homosphére; In the meSOSphere; atmospheric ozone is less
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abundant than atomic¢ oxygen, in an atmosphere illuminated by

the sun, and there is a considerable variation between day and
night. In the stratosphere, ozone whose presence depend on
photochemical reactions, has a very long life and as its resi-
dence time is of the order of ten years its seasonal variations'
are. due to meridional transport. Finally, in the troposphere,
ozone is a permanent element of the air.mass and its variations
are intrinsically associated with the advective and dynamic
transports of air. Thus, the ozonosphere is a term which cannot

be associated with a definitive altitude region.

Above the mesopause there is a change in the composition
and the structure of the air concurrent with the large height
gradient of tempera'tﬁ_xeo Because the composition of the
atmosphere changes with height this region+ is calied the

heterosphere (heteros = other). This variation is due, first,

to the partial dissociation of oxygen and, second, to diffusion,

If, however, the temperaturé, which is an important para-
meter in this region, is considéred,then this region above the
mesopause is called the thermosphere, because the temperature
+ The heterosphere may begin at the mesopause. However, it is
not yet possible to delimitate ‘the exact altitude gt which the
mean molecular mass is sufficiently affected by the dissociation
of 0, and diffusion, and in any case this altitude can be

expected to be variable due to latitudinal and seasonal effects,
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in thethermosphere increases with altitude. The height at which
this temperature gradient should cease could be called the
thermopause, but, as we shall see later, it is possible to state
that there is no thermopause if theré»is heat flow by conduction

from the solar corona.

This height gradient of temperature in the thermosphere
results from absorbed energy. Above the mesopause all ultra-
violet radiation with a wavelength less than 1750 X is gradually
absorbed and an important fraction of the energy ohtained may
be used for heating the thermosphere. As thére is only one
possible means of transfer of energy by radiation C%hé line at
63 p of atomic oxygen (see 4, )] the principal processes of
heat transport are conveotioh in the lower thermosphere and

conduction in the upper thermosphere.

Above a certgin altitude simple laws deduced from the
statical equation and the equation of state (see 1.2) no
longer apply because dyhamic processes modify the statical

picture., In this region, the metasphere (meta = between),

the behavior cannot be expléined by a static representation

although the medium is still mainly unionized,

The outermost part of ‘the atmosphere, which is almost fully

ionized and where protons are more abundant than neutral
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" hydrogen, should be called the protosphere+w The satellites

have played an important part in the exploration of these regions,
which were originally called the exosphere (exo = outside)

because it was thought that in this region the laws of gas

kinetics no longer applied.

To a certain extent, the study of the exosphere waé concer-
| ned with the escape of neutral particles and the level at which
this escape began (the beginning of the exosphere). However,
the processes affecting charéed particles are involved in the
dynamics of the upper atlmosphere which should be studied in

relation to the geomagnetic field.

For several years we have‘placed limits on the ionosphere
(that region where ions and electrons play a role). Conven-
Ational definitions of the ionosphere inclﬁde that part of the
atmosphere'which comprises the D, E and F regions, that is to
say roughly the atmospheric region between 80 and 400 km. Even
in certain old and unsatisfactory systems of noménclature the
word ionosphere was used to represent an atmospheric layer
between other layers, such as the layer between the stratosphere
and the mesosphere. Today, following observations obfainéd from
+ Acéording to a private communication from S. Chapman ;
Shlo&sky has suggestea thaf the metaSPheie and photOSPhere'

should be called the geocorona.
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whistlers,; rockets and satellites, this can no longer be
accepted because the total electron content of the atmosphere
is several times the electron content below the Fz_peak.A Thus
the term ionosphere covers several atmospheric regions. Further-
‘more the fact that the word ionosphere is associated with the
properties of charged particles requires that the geomagnetic
field be taken into account. In addition, the dynamic processes
are more important in the ionosphere than in that part of the
atmosphere whiéh is neutral. Finally, there is an association
of the ionospheric phenomena with the geovgraphic distribution
of the aurora, and for this reason it is possible to make the
approriate‘distinctions when using the terminology of'Chapman.

Thus, the auroral regions include those of geomagnetic latitudes

greater- than 60°; there is a northern- auroral and a southern

auroral region, The subauroral belts lie between geomagnetic

latitudes 60° and 45° and are the geographical regions where
auroras are_occaéionally seen in mean latitudes, especially

near and during a sunspot maximum. In the same way, it is

possible to consider a minauroral belt lying between geomagnetic
latitude 45°N and S where only exceptionaliauroras are visible.

In the analysis of geomagnetic and ionospheric observations one

also speaks of the gquatorial belt situated within the minau-

roral belt and lying between geomagnetic latitudes 20°N and S.

In finishing this brief description it should be said that

in aeronomy, where particular importance is attachéd to the
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study of physical and chemical properties, and where dissoci-
. ation and ionization play a primary role, the minor consti-
tuents should be considered to be of the same importance.as

the major constituents, nitrogen and oxygen.
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1,2 In'ter-Rela‘tic}n between Pressure, Temperature and Composition,
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In the air the height (z) distribution of the atmospheric
pressure is obtained from the differential equation relating the
densitySJ to the hydrostatic pressure p

dp/dz = - gp (1.1)
where g denotes the acceleration of gravity. The density f is
a function of the molecular masses of the various constituents
m;, and the number densities or concentration of the constituents

n,. Thus,

P = i‘nj_mi = nn (1.2)
with the mean molecular mass defined by

m = inimi/ Ly (1.3)
and the total concentration by

n=%Xn, (1.4)

The statical equation (1.1) indicates that there is no variation
in height and in time of the mean mass transport velocity. If
there is some variation a more complicated equation, i.e. “the~
conservation equation of momentum, must be considered and

generally does not correspond to a steady state.

Since air behaves like a perfect gas the equation of state
is written as follows : |
p=nktTl , ' (1.5)

16

in which k = 1.38 x 10" erg deg’l denotes Boltzmann's constant

and T is the absolute temperature.
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On combining the equation of state (1.5) with the statical
equation (1.1l) the general law governing a neutral atmosphere
~is obtained :
dp/p = dn/n + aT/T = - dz/H ‘ (1.6) .
where
H = XT/mg (1.7)
is a quantity having the dimension of length that Chapman has |

termed the (local) scale height.

Since the scale height depends on three parameters (‘temper-
ature,‘mean'molecular mass and gravitational acceleration) the
inter-relation between pressure, temperature and composition

will depend upon the height variation of these. three parameters.

The variation of g is giveh by the known law of gravitation,

' R + 2z \2
= =(§"T‘f‘) (1.8)

where g denotes the acceleration of gravity at an altitude gz,
8, the acceleration at z =z, and R + 2 is the appropriate
distance from the earth's center. For example, g being about
980 cm sec™> at ground level, g is about 950 at 100 km, 980 at
280 ¥m, 850 at 475 km and 800 near 700 km. To a first approxi-
mation, when computations are made for a sufficiently thin
layer, it is possible to use a mean value of g. If the mean
-molecular mass m remains constant, as in the homOSphefe, there

is a direct relation between the pressure and the temperature.

Thus, in an atmOSphere with perfect mixing, a knowledge of how
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the pressure varies with height leads to a knowledge of the

. vertical distribution of the temperature and also of the

concentrations.

Considering sufficiently thin layers where g and the

temperature gradient are kept constgnt, it is possible to

write . _
dH/dz = B = constant (1.9)
and therefore, by integration of (1.6) | |
 p/p, = (w/E) P » (1.10)
and ‘
n/n_ = (H/HO)—(1+B)/B (1.11)

When the layer is isothermal, (1910) and (1.11) can be written

'/p, = n/n, = ¢"%/B (1.12)
which expresses the conventional exponential decrease of

pressures and concentrations.

The vertical distribution of the temperatuie in the whole
homosphere has been determined from direct measurements of the
height distribution of pressure made by means of rockets. 1In
the heterospheré the temperature cannot be-deduced direct from
measurements of pressure since there is a simuitaneous variation
of the mean molecular mass. Since this'variation is due to a
dissociation effect, there is a decrease of the mean molecular
mass so that temperatures deduced on the assumption of constant

mass would lead to too high temperatures. On the other hand,
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any hypothesis about how the molecular mass varies would imply

a particular vertical distribution of the temperature.

When there is a steady state of diffusion, the formula (1.6)
must be written,

dp;/p; = dny/n; + dT/T = -dz/H; (1.13)

to indicate that each constituent has a concentration or pressure
gradient associated with its own mass. HoweVer, the vertical
distribution in a diffusion equilibrium depends on the thermal
diffusion (+) and equation (1‘13)'sh0u1d be acceptable as a
first approximation for almost all aeronomic purposes. (+)

Integration of (1.13) to give

ni/ni,o = (H__.L/Hi,o)'(1 + Bi)/Bi (1.11a)

shows that each constituent is vertically distributed according
to its own soale-height gradient Bi. In any atmosphere in
diffusive equilibrium, the height variation of one constituent
(ni,mi) is known directly in terms of the corresponding
quantities from another constituent (na;ma) since one can write
' Bimi = Bama ' (1.14)

(¥) It is necessary to add to unity a thermal diffusion factor
which in certain circumstances may be of the.order of 0.3, i.e.
atomic hydrogen and helium, but, it éan be neglected for oxygen
and nitrogen. See, K.E. Grew and T.L. Ibbs, Thermal diffusion

of gases, University Press, Cambridge 1952.
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It follows that an anal&sis of the pressure data can
lead to a determination of the temperature when there is a
complete mixing which keeps the ratios of all constituents
constant. Any diffusion large enough to modify the value of
the' mean molecular mass precludes the possibility of using
pressure(+) data to deduce an exact vertical distribution of
temperatufe. Furthermore, states of simple mixing and diffusion
are not thé only possible ones. SupboSe? in a system in either
of these two steady states, a constituent (in fact, there will
be oxygen) undergoes dlssoveiation in a binary.or ternary
mixfure (in'fact, atomic and molecular oxygen and molecular
nitrogen), there would then be a possibility of a change of
the mean molecular mass which would modify'in a very compli-
cated manner the inter-relation between pressure, temperature
and composition. It has been shown (l.4) that such a situation
does exist in the thermosphere where trahsition from molecular
oxygen to atomic oxygen occurs. In photochemical equilibrium’

conditions, (1l.lla) is replaced by
n,/n, = (8/m) 31 *+ )8 (1.11b)

where B is the gradient of the atmospheric scale height.
(+) At the time of writing, no measurements of pressure has been
made above 120 km. Only measurement of density have been

published for regions above 140 km. .
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The several distributions (1.11) may be represented by
means of a convenient parameter, X, which is called the

vertical distribution factor. Thus, if n, refers to a minor

i
constituent, it may be written in terms of the mixed main

atmosphere according to the representation

n,/n, =(5/H )% (1¥6)/8 (1.15)

i’ 1o

where X has the following values

Mixing 1
Diffusion [(m;/m) + 8] /[(x+ 8]
Photbchemical Equilibrium :
Two-~body 2
Thfee—bddy (constant temperature) 3
(varying temperature) 3 - B/2 (1+B)

The vertical distribution factor clearly indicates that the
greater the:disparity between the molecular masses of a
constituent and the atmosphere the more the diffusion
equilibfium distribution deviates from the mixihg distribution.
The temperature variation is seen to play also a role in

fixing the various concentration distributions.
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1.3 Composition of the homosphere o

In the study‘of aeronomic problems, the application of
theoretical considerations will be greatly simplified in
considering a subdivision between major and minor constituents.
Nitrogen (about 78 °/,) and oxygen (about 21 °/,) are the
major constituents of the dry air even if argon and 002
represent 0.9 °/, and 0.03 °/, of the mean molecular mass of
the air, respectively.

Data for the permanent constituents of the air are listed
in Table I. ¥rom this table, it is easy to deduce that in
perfect mixing the constant ratio of oxygen and nitrogen

concentration is
n(02)/n(N2) = 0.26835 ' (1,16)
and, when there is a dissociation of oxygen,

n(0) + 2 n(OZ)

: = 0.5365 ) (1.17)
n(NZ) .

which, for the law of vertical distribution of the mass
density, leads to
L = 1.34 n(),)m(w,) - (1.18)

Since the molecular mass of molecular nitrogen M = 28,02
almost corresponds to the mean molecular mass of air M = 28,97,
the vertical distribution of N2 is almost the same in any

atmosphere subject to mixing or to diffusion. A knowledge of



4

17.
the  concentration ofvmoleéular nitrogen should therefore give
fairly good estimates of the atmospheric temperature even at -

high levels.,

Among the minor constituents, it is also useful to distin-
guish between the inert gases and chemically active gases in
order to discuss separately the constituents which are invblved'
in chemical or photoChemical reactions., Data for the inert
gases are given in Table II from which it is easy to see that
the abundance ratios differ considerably from the cosmic abun-

dance ratios.

The low concentrations of helium are due to its continuous
escape at the top of the earth's atmosphere. It.has been shown
that the generation of alpha particles by the disintegtation of
uranium and thorium in the mantle and crust of the earth is of

the order of one or two ﬁillibﬁ'partioles per second and per

2

cm® of surface.

Considering the present amount of heljum in the earth's

atmosphere (see Table II), it is easy to deducel that oniy two
million years are necessary ‘to produc¢e this total(+); It is
| :
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(+) The total generation rate of a particles is 1,75x106cm'28eC'l

020 2

Therefore, 1.13x1 He4 atoms -cm © are produced in about

2,100,000 years.,



]

18..

appropriate,thersfore,to ask how escape proceéées have appeared
which transported helium from ground level to the outside of
the atmosphere since the formation of the earth more than four
billions years ago. If the escape velocity is attributed, as
in the kinetic theery, to the peculiar speeds related to the
temperature, it may be deduced1 that at high levels in the

thermosphere the kinetic temperature cannot be less than 2000°K.

Most of the argon; which is not the normal argon of mass
M = 36 buf is an isotope of mass M = 40, is of radiogenic
origin . It is a result of the transformation of radioactive
potassium, which is more than sufficient to have produced the

present amount of atmospheric argon since the beginning of the

formation of the earth. Argon being a gas which is simulta-

neously an inert, permanent and minor constituent of the atmo-
sphere, is a perfect tracer for the study of diffusion, and
particularly for the detection of the beginning of diffusion.
For that purpose, the measurement of the ratio between the
concentretions of argon and molecular nitrogen is certainly the
best procedure since, as was pointed out earlier, the molecular

mass of N, does not differ very much from the meah molecular

2
mass of the air.

As far: as the minor constituent molecules are concerned, it
is difficult to be certain that ﬁq variation occurs., Several

of these were discovered by spectroscopic identification of



tw

consider oxidation rates of the order of 10~
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absorption bands in the infrared solar spectrum, but no
systematic study of them has been made at high levels, Several
others are essentially variable as shown in Table III, but all
of them present variations with height. The height distribu-
tions of all these molecules differ from those of the main
atmospheric constituents partly because changes occur due to
chemical and photochemical actions, and partly because changes
may also ooéﬁr in the physical state of substances such as
water, A chemical reaction is certainly the cause of the vari-
ation of ozone at ground level while in the mesnsaphere the

principal reaction is a photochemical one,

Atmospheric methane (CH4) probably plays a part in the

production of atomic hydrogen in the thermosphere even if H2O

is involved in the photochemistry of the mesosphere. CH4 has a
biological origin since 014 has the normal percentage present in

a biological product 20 It is oxidised in the stratosphere and

3, it is possible to

6

in the mesosphere and according to Bates
per second at the
stratopause level., In order to replace the dissociated methane,
an upward transport of CH4 from the troposphere to the stra-
toéphere must therefore bocur and the flow is subject to the law
of exéhange of mass between these two atmospheric regions. Thus,
atomic hydrogen and its various compounds should have in the

6

mesosphere a value of the order 5 x 10 -~ of the main atmospheric

gases, if there is a steady state.
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The loss rate of CH4 could be as large as 10 to 10

molecules em~Psec ™t which would imply that the whole atmospheric
methane content would be replaced in about 10 to 100 years. 1In

any event, it is certain that atomic hydrogen must exist in the

lower thermosphere in quantiﬁies which depend on processes

affecting methane and water vapor in the mesosphere.

If the vertical distribution of NQO above the tropopause
followed the same atmospheric distribution as ih the troposphere,

Mmtmn

N,0 molecules em™?sec™l would ve dissociated. Since
the association of N2 and 0-is a very slow process, depending

on three body collisioﬁs, there is a deflection with height

of the coﬁcenfration of thét moleoule which can be neglected

at mesospheric levels.

On the other hand, nitric oxide and nitrogen dioxide which
are not generally considered in the lower atmosphere are

produced in the“mésosphere and thermosphere.

Twenty five years ago it was generally accepted that the
composition of the stratospheric air varied with altitude,‘
because helium and oxygen samples taken ffom heightsabove
20 km showed departures from a mixing distribution towarad
partial diffusive separation. ,Comparispn of oxygen and nitro-
gen percentages in the stratosphere showed that thé-relative
amount of oxygen decreased with height. Pane‘th4 has suggested

as a.probable explanation that Qxygen'0verreacts with collecting
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chambers., _Althoﬁgh early hélium analysis showed an increase in
the relative content in the stratosphere (16 to 25 km), |
Gluckauf and Pane'th5 now believe that the percentage 6f helium .
remains oonstant.in the StratOSphére just és it does in the
troposphere. A relative upwards increase  of helium and neon and.
a decrease of argoﬁ have been deduced from the analysis of
rocket samplings in the mesosphere from 60 km to 90 km. This
does not however necessarily imply an effeqt of diffusive
separation but may be‘explained by mass discrimination in the
sampling system(+). :First mass spectrometrin obscrvatlons6
taken at altitudes up'to the thermosphere (137 km) showed .
there was préctioally no change in the ratio of argon to
molecular nitrogen. Hdwever, hore recent opservations by
Meadows and Towsend7.iﬂ the winter night time show that
diffusive separation of argonaana nitrogen éxists in the

region 110 to 150 km and may begin at about 105 km. Thus, it

1s possible to conclude that gases. which are éufficiently

inert chemically do not exhibit chénges'in relative abundance

below 100 km°

Friedman and his collaboratorss have used photon counters
in a series of rocket flights to measure solar radiation near

1500 A. These measurements showed how the variation of the

- . e = - 0 = i e 2 D O - W P T = = = . . - - . W - - - o - . O A= o > = o

(+) A fuller account will be found in- 'Rocket Exploration of
the Upper Atmosphere' (R.L.F. Boyd and M.J. Seaton, ed)

Pergamon Press, London, 1954,
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molecular oxygen absorption varied with height and consequently
the vertical distribution of 0, between 110 and 180 lm is
known. The results show that partial dissociation of 02 occurs
above 100 km, but it is possible to show that the observed
concentrations are larger than those deduced from photochemical
equilibrium and in fact correspond to an upward diffusive
franSport of molecular oxygenf This point will be disouséed in

detail later with the general subject of diffusion.

In conclusion, information on the composition of the”
atmosphere up to 100 km indicates that the homosphere extends
certainly to the mesopause. A constant ratio of molecular.
oxygen and nitrogen concentrations is maintained b&.mixing,
Beyond the mesopause, that is to say in the thermosphere, a
varying mean molecular mass must be taken into account even
though there is still mixing, for partial dissociation of
oxygen must occur, Nevertheless, the effect of mixing will
decrease with height compared to the increasing power of
diffusive separation. Finally, the mean of'the molecular méss
will decrease in the thermosbhere according to the vertical

distribution of oxygen and nitrogen in diffusive equilibrium.
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1.4. The Dissociation of molecular oxygen

————————— e AN O WD ED e S S Om S5 e e O m MWD G e G M W OB MO R e

Since Chapman's study(+) in-1930, it has been supposed that

oxygen dissociates at a height of about 100 km, and in all
subsequent theories(++) the problem was attacked from the
standpoint of an assumed photochemical equilibrium where the
photodissociation and recombination processes are considered to

3360-1 (statistical

5

yield the same number of processeé em”
equilibrium) or the same energy (erg em” sec'l, radiative
equilibrium). In other words, the times of dissociation (Tdigg)
or of recombination (7. ) were assumed to be small compared

with the time of diffusion (Tdiff) or the time of mixing (%« )

mix
However, general conditions such as

Trec < Tnix (1.19)
or

Tdiss<) TIift (1.20)
cannot be accepted so that there are serious departures from
photochemical equilibrium and the condition (1.17) cannot be
(+) See a general account by S. Chapman, The Photochemistry of
Atmospheric Oxygen, Rep. on Progress in Phys., 9, 92 (1943).
(++) For a fuller account of the various theories by M. Nicolet

and P. Mange see The Dissociation of Oxygen in the High
Atmosphere, J. Geophys. Res. 50, 15, (1954).
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used in the problem of the transition region of oxygen

dissociation.

Inasmuch as the dissoéiation of molecular oxygen begins to
occur, for increasing height levels, in the lower.thermosphere
one is no longer free to assume a constant molecular mass at
these levels so that, as stated before, there is no simple
reiation between the measured pressufe and the temperéture,

In fact, vertical transport can carry molecular oxygen upward

whilst the atomic oxygen resulting from dissociation is

| carried downward by diffusion. The process is as follows :

one dissociated O, molecule is replaced by another through

2
upward diffusion while oxygen atoms are forced downward until
they reach a region in which the pressure is sufficient to

cause them to recombine,

Let us consider first the general equation9 for the photo-

chemical and recombination effects influencing molecular oxygen,
an(0,)/dt + n(0,)3 = a n?(0) (1.21)

in which J denotes the rate coefficient for dissociation of 02

(per molecule sec'l) and a is the recombination coefficient.

. At sufficiently high levels n(02)f> n(0), and any vatriations of

n(O2) hardly affect the magnitude of n(0).” When the optical
depth is negligible J may be taken as a constant. Thus, the

solution of (1.21) is
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-J . ~Jt

n(02) = no(02)e It a n?(Oz [1 - e J] (1.22)
J

where no(oz) is the O2 concéntration at time t = O,

The time necessary to reach 50 °/, of the photochemical
- equilibrium value (or of any initial value) is called the time

less(o ) of dissociation of molecular oxygen and is thus

Taiss (Op) = 0.7/7 | (1.23)
A calculation of the dissociation rate coefficient J requires the
computation of the dissociation in the Schumann-Runge caontinuum
of 0, by solar radiation of wavelengths shorter than 1750 A.
Numerical results 2 lead %o a value of J of the order of
5 x 10 7sec™d at zero optical depth so that the dissociation

" ~ time of molecular oxygeh in the solar radiation field is of
the order of 15 days. In the actual atmosphere with finite

- optical depth the times of dissociation of molecular oxygen
correspond to not less than 15 days and if diffusion times are
shorter than that, there is an upward vertical trdnsport of

oxygen moleculesloq

The long time required for the dissociation of molecular
oxygen is due to the low radiation temperature observed on the
spectral range of the Schumann-Runge continuum. In order to
show how much the dissociation rate coefficient is affected by
the radiation temperature, various values calculated by

- M. Nicolet and P. M’ange9 are presented in Table IV. The tempe-
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rature dependence shows that the radiation energy is the most
important'parametér which leads to different conclusions. The
time of dissociation is less than one hour for a radiation
from a black body at 6060°K, less than one day for 5000°K, of
the order of 10 days for‘4SOQ°K, and about four months for
4000°K. Thus, it is easy to understand why no departure from
photochemical equilibrium was cbnsidered to be possible when

radiation temperatures greater than 5000°K were adopted.

As far as atomic oxygen is concerned, the equation may be

written as follows :

dn{0)/dt + 2 a nZ(O) = 2n(02)J ‘ (1.24)
During dark hours J = O and the solution of (1.24) is
n _(0) |
n(0) = 2 (1.25)

1+2an(0)t
so that n(0) is reduced to 50 °/, of its initial value n,(0)
in a time 7 . (0) given by . :
Trec(o) = 1/2 a‘no(O) (1.26)

‘The value

a=5x 10_34n(M) Tl'/2 cm6sec-1

(1.27)
has been deducedll from a theory in which molecules are formed
by three-body collisions involving a third partiéle with
concentration n(M). Such a value is obtained when the collision
probability for molecular formation is about 50 °/,. In order

to obtain orders of magnifude, we adopt for,T,anvarbitrary
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value 400°K, and we obtain

Trect0) = _ 5. X 10° sec - (1.28)
n(M)no(O)' ' '

In Table V the life times of an oxygen atom are given correspon-

ding to different values of the concentration of- the third

particle (total number density) and of the initial oohcentratiOn

of atomic oxygen. Since we know that at altitudes above 120 km

12 paftioles em™

both coﬁcentrations are certainly less than 10
the life times of oxygen atoms are more than one year. There is
therefore downward transport of all oxygen produced in a sunlit
atmosphere. Even at 100 km where the total concentration can
reach 10%2 em™ the recombination time is not less than one
month so that even‘there transport processes are allowed to

act énd, finally, to modify the whole'structure of the transi-

tion region of oxygen dissociation which would be obtained -

under photochemical equilibrium conditions.

.The‘introduction of‘atmospherié data concerning pressure
and temperaturé‘makesitpasﬂﬂe to‘considér nﬁmerical magnitude%2
and to reach interesting conclusions(+). Fiist, the production
peak of atomic'oxygen, caused by photodissociation of molecular
(+) It is not possible to consider precise values of pressure,
since observafional data are very different at 100 km. An

error of 5 km may be possible.
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oxygen in the Schumann-Runge continuum .at wavelengths shorter

than 1750 A, occurs between 90 and 95 km with a rate coeffi-

Sean1L

cient of about 1.5 x 105 atoms cm “sec” . The'ooncentration

peak should be observed near 110 km under conditions of photo-

chemical equilibrium and would have a value of the order of

12 3

1.7 x 10 atoms ecm™?. Such a concentration would be of the

order of the nitrogen concentration and would lead to a total

pressure greater than that measured at 110 km. Therefore,

n(0) = 1.7 x 1012 Om'3 may be corisidered as the maximum value

which can be reached at 110 lm.

Secona, the production of oxygen atoms at a rate of .about

11

4 x 10 oxygen atoms per omzsec must be balanced by the same

total number of recombinations.

Writing " ©

j-n(02)J dgz ?j a n(M) n2(0) dz _ (1.29)
Z Z :

it is possible, by adopting a mean value for n{(0), to conclude

that
2

(;?57) a n(M) H =2 x 1011

-1 (1.30)

in which H denotes the atmospheric scale. height, n{0) being the

cm-zsec

concentration near the production peak (90-95 km); n(O) has a

12

value of the order 1.7 x 10 cme, Concentrations obtained from

(1.30), which cannot be applied above the production peak,. show

that the maximum concentration of a layer formed by continuous
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transpoft and for which the thickness is of the order of the ‘
scale height; varies between 7 x 1011 czm“'3 at 85 km and

12 on3 at avout 95 km. Fig. 2 represents the verti-

1.7 x 10
cal distribution df«atomic and molecular oxygen in the lower
thermosphere. By comparing the possible concentrations of
atomic oxygen between 100 km and 110 km, it is possible to
determine two extreme 1imit$, The downward transport leads

almost to
‘a(N,) = 10n(0) | (1.31)

and thc photo-egquilibrlum conditions:to
n(0) = 2 n(N,) | (1.32)

ihstead of the constant ratio defined by (1.17) which is

approximately
1

n(0) = 7 n(¥N,) - 2n(0,) | (1.33)

A constant mixing ratio (1.33) as a result of perfect
mixing would lead to a concentration peak of atomic oxygen
just below 90-95 km, and, therefore, a vertical distribution
above that peak following the atmospheric distribution of
Oz.and N2° Such a low value for the concentration of atomic
oxygeh [h(NZ)ﬁflo n(Ozz] in the lower thermosphere would
prevent: this atom from plajing(an important role except at

extreme altitudes.

After considering the extreme conditions it is difficult
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to define the normal conditions, although it is possible to say
that the concentration of atomic oxygen between 90 and 110 km is
of the order of (1.0 + 0,5) x 1012 om-3o The curves in Fig. 2

show the vertical distributions of atomic oxygen for vertical

transport downward to below the production peak [ between curves

(a) and (b)] , and for photochemical equilibrium [curve (o)]c

Since the ﬁeak of atomic oxygen is situated in the lower
thermosphere it is safe to conclude that the heterosphere begins
above the mesopause. The mesopause may be considered as the
extreme lowest border of the homopause,where a change in the
mean molecular mass occurs. Because the mesopause .is the level
where a temperature minimum is reached, the physical conditions
will vary with temperature, with changes of the order of 70°K
involved. In the mesosphere,atomic oxygen is subject to |
photochemical and chemical actions, leading to different aero-
nomic conditions between day and night, such as increasg of
the mesospheric ozone at night, while its vertical distribution
in the thermosphere depends on the downward transport and its
maximum concentration is/related to a balance between the total
production and total recombination. Because the absolute
concentration is varied by atmospheric motions, fluctuations in
some aeronomic processes, such as the emission of the green line

of atomic oxygen, can be understood.



31.

1.5 The problem of diffusion.,

Before discussing the effect of diffusion in the thermo-
sphere it is useful to introduce certain velocities by which

one-dimensional diffusion motions only may be described.

Suppose each molecule has a velocity ¢ with respeét to an
arbitrary reference frame, then the mean velocity of the
molecules-g, in an infinitesimally small region is obtained
by summing all the individual velocities and dividing by the
"number n of molecules. Since ¢ is in fact a point function
and may vary in space, n ¢ is the number of molecules per unit
time passihg through unit cioss section of a plane at rest with
respect to the reference frame. If the gas consists of several
types of molecules, the mean veldcity ¢ is defined by the total

particle transport at a given point through the expression

nc z'fni c; (1.34)

where 3& denotes the mean velocity associated with molecules
of the ith type. Summing the mass transport nimiai the mean

hass transport velocity s is defined at a given point by

gnihi?izifi c; = c‘oisa 4 (1.35)

The velocity E& is not the same as ¢, when one constituent is
moving relative to the general motion of the gas at a specified

point. The peculiar velocity, or the mean thermal velocity
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Ui is then defined by

C. ¥ c, -¢C
Cy i”

Considering two kinds of molecules, (1.34) leads to

- T

g, -C,=0,.-70,

i 2

a quantity which is not altered by the reference velocity.

In a physical situation the conservation equations of

mass, momentum and energy are involved. They are, following

Chapman and Cowl'ing13
dp/dt + D(gco)/ dt =0 (1.36)
300/6‘6 t e, aoo/dz +(1/f)c)p/c)z +g5 =0 (l-37)

dp/dt + a(cop)/ az + 1% ) bco/az +~\§- bq/«)z = 0(1.38)

where q represents the vertical component on the heat flow
vector and N denotes a factor depending of the internal
energy of molecules; N = 3 for monoatomic gases and N = 5 for

diatomic molecules considered as rigid and elastic Spherése
For a two constituent gas q is given by

=-A T/z+kn?ay,nn,/n° (&, -T,) + 2% T(n, T, +n,5)

4 c r 8172 1 - %2 7% 1%1 ¥ Po¥s

(1.39)
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in which A, is the:coefficient of thermal conductivity and A

the thermal diffusion factor, which is almost a constant.

The first term represents the thermal flux by ordinary

conduction in a gas consisting of a single kind of molecule.

The second term represents the heat transport by diffusion.

The mean relative velboity of the two constituents (5& - 5&) is

given by

n

- 02 I[é(nl/n2) X nlnz(mZ-ml)_aloﬂ . nqn, 1 QE]

a = Q. =
1 7e nln2 pY- | n f Dz 2 TT Jz
(1.40)
in which D denotes the diffusion coefficient. This term will

disappear when there is no mutual diffusion, i.e. when the

steady state has been obtained.

The third term is associated with theugeneral motion of
the gas, for each molecule carries an averéée quantity of heat
energy equal to(5/2)kT. When this term isfneglected, that is,
when the mean velocity is zero, the total nuﬁber of molecules
per unit volume .remains constant, so tha{ian/bt'= 0, and
molecules pass equally fréquently in eacﬂ“direction through a
plane moving Wifh the gas. The mass velocity may, however,

differ from zero, iceobg/ﬁt # 0.

For a discussion of dynamic'processes the statical equation

(1.1) is modified as indicated in (1.37) to take account of
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diffusion effects. However, these are certainly small compared
with the effects of gravitationalr acceleration, and the lawu
of conservation of. momentun (1.37) %ay be considered identical,
to a good dégree of approximation, with the staticgl law
relating the mass de_nsit_ys': to the hydrostatic pressuyre p.

The conservation of mass for each constituent is governed
by the expressions '
bnl/bt + b(nlol)/c)z =0 - | (1.41)

and

)nz/c)'t + b(n2c2)/bz =0 o (1.42)

The change of pressure with time is due essentially to the
mass velocity while the variation of the heat flux with height
is due to the variation of the mass velocity; that is, (1.38),

I/t = - gQe, | (1.43)

and

¥9/8t

In equation (1.43) products of derivatives of first order

2pd,/dz " (1.34)

aquantities in the integration of the momentum equation (1.37)

have been neglected,

If the mass velocity had been neglected, there would be
(see equation 1.43) no variation of pressure. In other words,
when an aeronomic problem is considered, it is necessary to know

whether or not the total pressure is affected. If the
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constituents ére major constituents, thé variation of pressure
ywith time cannot be neglected and is a direct result of diffusion.
Application of the theory to atomic oxygen and molecular-nitrogen
shows thaf the pressure increaées'markedly when diffusion

equilibrium replaces mixing equilibrium.

In the study of the.behavior of a minor constituent the
problem of diffusion is much simpler. In effect, the total
pressure remains practically constant in a mixed atmosphere
while the minor constitnent diffuses upward or downward.
Therefore, the following conditions can therefore be applied

for a minor constituent

(1) dp/dt = 0 | (1.45)
showing that the main atmospheric distribution is fixed in
time ;
(ii) n =n; +n,n,, | (1.46)

indicating the difference between concentrations of major and

minor constituents;

(iii) njcy + nycp, =0 . (1.47)

assuming that there is no net particle flow across any surface.

Then, if the velocity cq of the minor constituent is
denoted by w for convenience, (1.40) becomes, after using condi-

tions (1.45) (1.46) and (1.47),
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M4 £
[—-« <t (1+q) & M] (1.22)

KT J__Tr

Using the preceding relations (1.7) and (1.9), we write for the

nain constituentt?
3/5 = (1/T)9T/dz = (1/H)W/dz (1.49)
(148)/H = - (1/n)¥/dz | (1.50)

and for the minor constituent, (1.15),
X(1 + B)/H = -(l,/nl)’Bnl,/az (1.51)

where X is the vertical distribution factor introduced in (1.15).

When X = 1, the constituent follows a mixins éistribution.

The vertical velocity w of the minor tonstituent given by

(1.48) takes the following form, using (1;49) and (1.51)

w = :‘Ig, [ X (l+3) - :’3 (l+aT) - (ml,/m)] (1‘52)

The vertical velocity, w, increases almost exponentially

with altitude and is upward if

Bl +ap) +my/m
XXy = . . (1.53)
A I+ o |

and downward if

X< Xy : ' (1.54)

Although the direction ofldiffusive transport is naturally

dependent on the relative mass (ml/m) of the constituent, it must
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be pointedwdut that the concentration gradient may change the
whole picture. TFor example, any photochemical equilibrium of
molecular oxygen corresponds to (1.53) and there is a
continuous upward transport. Any production of oxygen atoms in
the thermosphere corresponds to (1.54) and there is a continuous

downward transport.

The continuity equation of diffusion for vertical motion,

according to (1.41) and (1.47), is
3n1/3¢.= b(nlw)/AZ | | (1.55)

in which the right side is the one-dimensional counterpart of
the usual divergence term. With the use of(1,52), the neglect
of thermal diffusion (aT = O),'and an expression for the
diffusion coefficient D, it is possible to explain the conti-
nuity equation (1.55). Here, we describe molecules as elastic

spheres with a collision diameter ¢, and D is written(+)

(+) The diffusion coefficient is proportional to T1/2/n, In
fact, the temperature exponent may be between the two extrenme
values 1/2 and 1, corresponding to elastic spheres and Maxwellian
molecules, respectively. Furthermore, interactions which can
occur between certain atoms may modify the absolute value of the
coefficient. See, for example, A. Dalgarno, 'The mobilities of
ions in their parent gases', Phil. Trans. Roy. Soc. London 250,

426 (1958). .-
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D =(3/32n770'2) (1 + ml/m)1/2 (8 kT/_TTml)l/Z (1.56)

1/2 is the mean molecular velocity of gas molecules

(8kT/TT m, )
e 1/2 1/2
of mass m, at the temperature T, and (8kT/Trml) (1+m1/m)

is the mean relative velocity for two constituent gases.

Thus, (1.55) is written, (1.52) and (1.56),

Byt + npn[Bely - xR+ my LD =0 (1s7)

or

dn /3t = ng 2(;1.1?1 {[B + my/m, - X (1+B)]:[§-&,—;8) B -DX/JZ}
- (1.58)
Stationary state solutions are obtained for values of the
vertical distribution factor X which are solutions‘of the appro-
priate Riccati equation. The equilibrium distribution is
obtained by equating the first bracket of equation (1.58) to
éer6? ‘

The solution of (1.58) has been worked out by Epstein15

16 for the more general

for an isothermal atmosphere and by Mange
case of an atmosphefe with varying scale height. A still'more
general solution which tock account of sources and sinks due to
photochemical action or atomic production by meteors has also

been obtajined by Mange17

. An important result of Mange's work
is that diffusion times deduced directly from expressions of

diffusion velocities differ from those obtained by detailed
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consideration of equations such as (1.58). In fact, it is
possible to deduce the tinie necessary to change the concentr-
ation by a fixed-percentage, when diffusion proceeds from an
initial X state at any specified level. In fact, the times
' to reach diffusion equilibrium strongly depend on initial and
final concentration ‘gradients. Furthermore, the variation of
the concentration at a given altitude is a function of the

concentration at :Loweral‘tit‘udes.i

Tn order tn obtain a sufficiently precise ostimatc of
the situation, it is necessary to adopt a workiﬂg model 6f
the thermdSphere in the form of a primary model in which
conditions of pressure and temperatuie are not too far from

the final and actual caonditions.

" Let us consider an atmosphere in which the scale height
at a given reference level is H = 10 km and has a constant -
gradient § = gH/dz = 0.2. Adopting an average mbleoular mass
M = 24, which lies between those of atomic anQ molecular
oxygen, the atmospheric model 1is defiﬁed by taking the total

12

concentration ﬁ(M) = l°2§ x 10 cm-3 at H= 10 knm .

Such an atmosphéric model may correspond to an initial
thermosphere in which the~tsmperéture is 273°K between 110 km
and 115 km. Since M = 24, atomic oxygen concentration must be

11 llom—Ss

4,2 x 10 em™> and molecular nitrogen concentration 8,3x10

Since at the start the mean molecular mass is constant the
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equivalent height can be found and an atmospheric model such as
that shown in Table VI may be used for describing éiffusion,
phenomena. It may be poinfed out that sliéht modifications are
possible to fit observational data in the region of 100-120 kn,

but they will not modify +the whole argument.

Iet us consider first the departuie from conditions under
which molecular oxygen is in photochemical equilibrium.
Starting from conditions of photochemical equilibrium, there is
an increase in the'molecular oxygen concentration according to

the continuity equation

an(Oz)/at = - n(0,)J -b[n(oz) w]/a-z (1.59)

which expresses the loss of oxygen molecules by photodissoci-
ation and transport by diffusion. The recombination is neglec-
ted since it always has the same sign as the diffusion term,

and is, moreover, always small compared with it.

‘The final result 4s shown in Fig. 3 in which the
continuous curves represent the effect of diffusion overcoming
the effect of photodissociétidn° It has been assumed that_'

- solar radiation is present for twelve hours eéoh déy, and it
can be seen that the concentration. changes are extremely rapid,
several orders of magnitude in a few dayé in regions above

140 km.

Comparing these changes (Fig. 3) in the molecular oxygen
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cohcehtrations with arbitrary diffusion equilibrium distribu-
tions, it is possible to determine the rapidity with which a
particular diffusion equilibrium is reached. For example, let
us assume that below H = 10 kn a photochemiéal equilibrium can
be maintained and that above this level diffusion can take. place.,

"Fig. 3 shows that for the whole thermosphere above H = 10 kn a
vertical distribution of oxygen in diffusive equilibrium is
produced in about 2 days. Under the same conditions but with
H =8 km a distribution of O, in d¢iffusive equilibrium will
take less than 10 days., Since H = 8 km may represent an
altitude between 100 km and 105 km phofoohemical equilibrium
is replaced by diffusive equilibrium because the diffusion

time is shorter than the dissociation time for molecular
oxygen.

It is clear that no other atmospheric transport process
can oppose the upward diffusion of molecular oicygen° If mixing
is effective, its action will reinforce the upward motion, and
may lead to a vertical distribution following the general '
atmosphere for which the height gradient is less steep than
that for diffusion. Therefore, it is necéSsary to consider
the other aspect of diffusion, i.e. the conditions of diffusive
separation of constituents in an atmosphere in which initial

conditions are represented by mixing.,

The effect of diffusion on the distribution of molecular
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oxygen originally in mixing equilibrium is shown in Fig. 4.
The different curves represent the effect of diffusion for

successive days during one week,

The changes in the concentration of'O2 (M =.32), a minor
constituent in-an atmosphere of atomic oxygeniand molecular'
nitrogen (M = 24), are extremely rapid. Fig. 4 shows that
only one day.is necessary to reach a diffusion distribution
above the level where H = 12.5 km. ' In the atmospheric model
used tor the calculation (see Table IV) this corresponds to
an altitude at which the total concentration would be less

than 3 x lollom“3

-118m om'3° Another interesting level corresponds to

or the density would be of the order of
10
H = 10 km, because this may be the level at which diffusive
equilibrium begins, if diffusion is possible in three days,
ig. 3 shows how above H = 10 km, or an altitude of 110-115 kn
according to data of Table IV, a diffusive distribution of.O

2
results after three days. If the two distributions of O

2

" (Figs 3 and 4) are compared with their limits for photochemical
and mixing conditions, it can be said that-the diffusion
conditions beginning at H = 10 km (an altitude of 110-115 km)
should represent the mean of the two extreme possibilities.

In other words, if the diffusion times (2 to 3 days) necessary

for photochemical or mixing conditions are the same, a diffusive

equilibrium represents the normal condition when dissociation and
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mixing times are more than 3 days.

When making measurements of the variation of the concen-
tration of a constituent with altitude, at lower altitudes, it
is necessary to specify the vertical distribution as a function
of time and concentration, because the mixing time determines
the lower boundary condition of the éontinuity equation
related to the transport by diffusion. Argon compared with
molecular nitrogen is such an example which can be used to

determine the transition from the mixing to diffusion states.

If the working model is the samelas that used for‘discus—
sing the diffusion of molecular oxygen (Table IV), it is
possible to obtain a sufficiently precise estimate of the
situation. It must be pointed out, however, that 'diffusibn
times' may have different meanings according to the conditions

involved.

If diffusion time is definedvas the time necessary to
increase concentrations by a certain factor at a certain
height when diffusion is upward (helium), or decrease it by
the same factor when it is downward (argon), absolute times
can be defined by using the continuity equation. In that case,
the shortest times are found for constituents with masses whigh‘
differ greatly from the mean molecular mass, and the longest
times for constituents having masses comparable with the mean

molecular mass. In an aeronomic prdblem, however, another
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ériterion for diffusion is necessary, one in which a direct
comparison is made above a certain altitude between a ﬁixing
:distribution and a diffusion distribution. In such a case,
-the diffusion times have a completely different meaning and
:are directly related to the absolute values of the concentr-

"ations in a definite atmospheric region.

Fig. 5 and Fig. 6 show the results for argon -and helium,
respectively. The initial vertical distributions_are’repre—
sented by the principal constituent of mass M = 24 and diffusion
occurs for minor constituents of mass M(A) = 40 and M(He) = 4.
The final states are vertical diffusion distribution correspond-

ing to three starting levels H = 8 km, 10 km and 12.5 kn,

' In this way characteristic times are derived for redistri-
bution 6f a minor constituent originally completely mixed,and
are related to different diffusion distributions beginning at

a series of different levels.,

One feature of Figs 5 and 6 is immediately apparent : the
‘rapidityAwith which a diffusion equilibrium-is reached depends
on the altitude. For example, if diffusion is not counteracted
by mi;ing above H = 8 km (between 100-105 km) seven days (see
Fig 5) are necessary to reach a diffusion equilibrium for argon
in the thermosphere above that altitude. During the same time
(Fig° 6) diffusion will have no important efféct on helium

below H = 10 km (between 110-115 km). In other words, diffuse
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transport produces anequilibrium distribution above H = 10 km
in about 3 days for argon and about 7 days for helium. ZFinally,
above H = 12,5 km the shortest times of diffusion are involved
‘less than one day is required to reach diffusion equilibrium

for argon and less than 3 days for helium.

These various criteria describe clearly how concentration
changes occur in thé thermosphere under the continuous effect
of diffusion and finally lead to a clear conclusion tﬁat above
a certain level in the lower thermosphere mixing must ultimately
be replaoed by diffusion. If the time of mixing is introduced
the discussion may be limited by arxbitrary conditions, since we
do not yet know the coefficient of mass exchange at altitudes
of 100 km. Thanks to recent observations of Meadows and
Townseﬁd7, it is possible to assume that the mixing times for
argon are not less than one day and not more than one week bet-
ween 100 km and 110 km, altitudes which are represented
(Table IV) by H = 8 km and 10 km in our working atmospheric
model. There is therefore no doubt that in any atmospheric
model using diffusion equilibrium at 110 xm, the concentrations

of all constituents will be correct to a factor of two.

Fig. 7 shows the distribution of the different gases in the
thermosphere when diffusion equilibrium has been set up above the
level where H = 10 km, i.e, between 110-115 km. The times

necessary to achieve such an ‘equilibrium from a state of complete
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mixing are also shown and it can be seen that more than one day

but not more than one week is required.

In the light of these results, it is safe to consider that
in‘the thermosphere above 110 km all minor conStituénts which
are sufficiently inert and neutral to be free from rapid chemical
feactions are distributed according to a height gradient‘
corresponding to a diffusion equilibrium. Thﬁs, the density in
‘tHe thermosphere above a certain altitude depends on the varying
molecular mass of the principal constituents, It decreases with
' héight‘according to the increasing ratib of the Qoncentrations
of atomic oxygen and molecular nitrogen, which are the principal

constituents.

It may be importént to point out thét the problem of
diffusion of the free charged particles in the ionospheric T2
. layer is different from that considered here. The behavior
‘depends not only on the absolute value of the diffusion

coefficientlS, but also on several factors

19

such as recombin-
.ation, ionization and magnetic field for which values must'be
known as a function of real heights. Atomic oxygen should be
~an important constituent in the F2 layer, and'acoording to.

18 for the diffusion coefficient (D) of O* in O

Dalgarno's data
(about four times the coefficient for neutral partioleslg),
diffusion is certainly less marked than previous deductions

have indicated.
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1.6 Thermal conductivity in the Thermosphere
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Convection is the major process of heat transport in the

© .homosphere, particularly in the troposphere, and radiation also

becomes important in the‘strétosﬁhere, but in the thermosphere
conduction is?of predominant impor'bance° Tonospheric data,
rocket results énd more recently satellite observations have
shown that the temperature gradient must be very large in the
thermosphere. It is therefore important to consider the
conduction of heat in that part of 1lhe atmosphere.

20

Spitzexr™" has drawn attehtion to the effect of thermal

conductivity in the thermosphere as compared with the heating

21 has made an investigation

from absorbed solar radiation. Bates
of the thermal equilibrium by considering the rate at which
energy is gained from ionizing photons, and lost through

conduction and radiation.

Since practically no polyatomic molecule exists in the
thermosphere, and since molecular oxygen and nitrogen have no
dipole moment, the principél radiation of heat is from atomic -
oxygen, in virtue of its magnetic dipole emission21 from the
two upper levels of the ground state, Direct applioatioh of the
heat transfer equation by Bate522 shows that a large temperatufe
gradient can be maintained only if the heat supplied by photo-

ionization and subsequent energy transformation is sufficiently
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important. These results do not however lead one to expect
a gradient of temperature above the F2 peak because no ultra-
violet radiation absorption processes occur there., A discussion
by thnson23 has shown that if solar electromagnetic radiation
is the sole predominant heat source, the temperature cannot

increase with height above about 300 km.,

Any gradient of temperature above 300 km requires the
introduction of heat at higher levels and therefore a transport
by conduction throughout the upper thermosphere. Such a source
of heating may be supplied by particles entering the atmosphere
in variogs forms. For example, protons of felocities of about
1000 km sec'l having charge transfer cross sections greater than
10_160m2 in nitrogen i.e. between 10 and 50 times the plijoto-
ionization cross section of ultraviolet radiation, would lead
by the ionization process and subsequent dissociative recombin-
étion to sone heatingkat heights greater than that by solar
radiation(+)° However, more evidence on the properties of these
particles is needed. Interstellar particles entering the‘
atmosphere could prov1de ‘a source of heating in the region where
their kinetic energy can be transformed into heat by adequate

(+) Az~ H, about 4 times the scale height, for a ratio 50

of the cross sections, since n/no-— exps(z/H).
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(+)

collisions with atmospheric particles o

(++ 24

Other suggestions ) may be made but Chapman ' has
suggested however that the conduction of heat from the ionized
coronal gas to the terrestrial atmosphere could lead to
temperature gradients above the ionospheric F2 peak., In a
conservative mbdel of the solar corona he has shown that the
heat available is 2.4 x 1619 erg seo-1 at a distance of

five earth's radii., If the total energy were trapped, not

less than 4 ergs cm'zseo"l would be available at an aititude of
500 km. However, the enérgy carried down into the theréosphere
(+) For example, G.A. Harrower, Canadian J. of Phys. 35, 792
(1957) has made an analysis of radio star scintillations in
which he considers that the atmosphere would'receive about

12 hydrogen atoms cm-zsec-l with a velocity of the order

of 3 x 106 cm sec'l.

6 x 10

(44) According to Van Allen (to be published,J. Geophys. Res.
1959) there is a possibility that the radiatidn belt is the
source of a leakage of energetic particles contributing to

. the general heating of the atmosphere.
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is only a fraction of the total energy since a concentrative
process would be needed. Instead of this, Chapman24 has
indicated that the geomagnetic field would have a hindering
" effect, It may nevertheless be considered that for the
polar regions'the magnetic field does not preclude the possi-
bility of the heat transport, nor therefbre, the subsequent

‘transport due to the existence of an horizontal temperature

gradient.

In conclusion, it appears that sufficlent energy may be.
supplied to the. thermosphere from two sources; at the lowest

levels up to the ¥, peak by electromagnetic solar radiation

2
and throughout the whole thermosphere by the conduction of
heat resulting frqm far and wide sources such as the coronal
gas. Of the processes (convection, radiation and conduotion)
available for heat loss convection has its major effect in the
lower"part of the thermosphere, radiation has an effect which
decreases with altitude, almost directly in proportion to the
atomic oxygen concentration, and conduction remains as the
only important process at the highest altifudes. Furthermore,
since thermospheric conditions change from the sunlit to the
dark atmosphere it must be pointed out that daily variations
are unavoidable., Such a variation was discussed by Low‘an‘-25

.who made a numerical estimation of the rate of cooling of the

thermosphere with a specific temperature gradient after the
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cessation of the extermal heating. The calculation showed
that the assumed initial height distribution of the temperature
begins to shifé immediately after the incoming radiation ceases,
‘and the effect is particularly important in the iondspheric F2
layer. In the heat budget of the thermosphere, it is therefore
necessary to consider that in additi&n to a steady state in
its upper part,maintained by the heat received by the Chapman's
process, there is a daily variatioﬁ depending on the variation
of the incident ultraviolet radiation and on the heat capacity
ol the thermosphere. In other words, the boundaryAconditions
change between day and night. Since the heating due to solar
radiation is caused by processes such as a recombination

releasing heat, a night effect cannot be neglected.

If convection is neglected, the heat Balance in the
thermosphere is a function of the thermal flux arriving at a
certain level, the heat production P per unif volume and the
heat ﬁ radiated per unit volume. Thus, the transfer equation
is .

dE/dz + P =R (1.60)

At the lowest heights in the thermosphere P represents

absorption of solar radiation by O, molecules undergoing

2
dissociation and transformation of the energy involved in the
X-ray spectral region; in the ionospheric F layers, it corres-

ponds to the energy available in the ultraviolet region, for
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example in the helium lines which according to Ostex26 may

lead to more than lolo'photons cm'zsecfl. Above the peak of the

F, layer, it is not possible to maintain an active source of

2
-heat production.

R symbolizes the energy transformed in the Bates atomic
oxygen emission process which.is prevalent throughogt the
thermosphere, It decreases exponentially with height as it
follows the verticai distribution of atomic oxygen. The maximum

value of R is

R = 1.65 x lo'lsh(O) erg.cm'3sec'l

(1.61)
When sufficient efergy is supplied by an external heat
flow, R is negligible at. the highest levels in the thermosphere,

and, therefore, the transfer equation is simply
dE/dz =0 | : o (1.62)
Conduction related to an energy flux E is expressed by
E = A, 01/dz . O (1.63)
where A is the conductivity coefficient. *
If we consider a sphere of radius r the total flux P is
P=d4nt? A aT/dz S (1.64)
and, instead of (1.62), the transfer equation in the atmosphere
mst be written ‘ “

df/dz = 0 : . (1.659)

The coefficient XQ of hea% conduction is connected,
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following Chapman and Cowlingls, with the coefficient of

viscosity u by an equation

Ao T T B

(1.66)

in which cf.denotes the specific heat at constant volume and f

is a pure number equal to 2.52 for rigid elastic spheres and

2,50 for Maxwellian molecules. Thus, for a monatomic gas AC

can be represented with sufficient accuracy by

A

c_

5 _ 5 0.1792 (mm)/2

PR ) T2

in which ¢ is the collision diameter.

(3k/2m)

(1.67)

However, it is customary

to represent the temperature variation of viscosity by the

~empirical expression

W/ = (2/1)°

(1.68)

where s denotes an_empirical‘oonstant ranging from 0.5 to 1.

But, considering that in the thermosphere the range of temper-

Ay

ature is different from the range used for the adoption of

(1.67), it is easy to see, following Kestin®!, that (1.66) is

more precise for thermospheric application,

relations of Keyes27 show that

u(02)
w(N,)
uw(air)
u(a)
p(He)

1.5 x 1070 7Y/2ithin
1.25% 1070 1Y/24ithin
1.3 x 107 1¥241¢hin
1.66% 1075 1Y/24ithin
1.45% 1070 7Y2,ithin

I+ 1+ 1+ 1+

I+

5°/
5°/ o
59/6
6°/o
10°/,

between 600°K
between 6006K
between 600°K
between 5006K
between 500°K

In fact, empirical

and 1200°K
and 1500°K
and 1500°K
and 1500°K
and 1750°K
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From these numerical values it may be concluded that

(1.66) is applicable in the thermosphere, and thus

A = /2 | © (1.69)
giving Xc(air)='l.8 X 102'131/2 (1.70)
A, (0) =3.6x 10%71/2 (1.71)
A (H) =2.1x 10971/2 (1.72)

if ¢ (0) = 2.4 A and ¢ (H) = 2,0 A,

Bquation (1.65) can be written using (1.64) and (1.69)

2ml/2
Aer A a(r Td aT/dr) - 0 o (1.73)
r .

and integration between reference levels z and z = O,
corresponding to r = (a + z) and a, the respective distances

from the center of the earth, leads to

3/2 3/2
F = 4walatz) % AL - Ta® (1.74)
V4
or y /' :
- : 3/2 3 /2
- . a 2 T - T
Bary T 57 TATFT— (1.75)
and CB. =E_, (a+z/a)? (1.76)

a “atz
If the heat flow is known at a certain distance, a + h , from
the center of the earth,(1.74) by using (1.76) leads to
3/2 3/2 |
T -1 =z at
a

oy

(1.77)

]
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which gives the vertical distribution of the temperature ;

(1.77) can be also written as follows

2 2 B 3/2
p3/2 - é?ggg) ‘zi+hA z+ 1 . (1.78)

which shows that the temperature depends on the boundary condi-

tion throughout the term Ta3/2.

If x represents a certain distance below or above the

height h, (1.78) leads to

0,3/2 + 13/2 = x[1+(x/am)? ] 3 B, /0 (1.79)

which shows how temperatures are related to the heat flow

arriving at a certain specific level.

Expression (1079) can be applied to a region where atomic
oxygen should be the principal constituent i.e. the thermospheric
region above the 32 peak. If we consider the heat flow arriving
at 500 km and bouﬁdarj c6nditions'at 300 km, the temperatures at
700 km are. as foliows :

0.1 0.2 0.5

ESOOkm(erg om'zséc';)
Toookm, if Tsooim = 400°K 850 1300 - 2000
' - = 900°K 1250 1550 2300

1600°K 1850 2100 2900

It can be seen that very high temperatﬁres can easily be
obtained‘if a‘Significant fraction of the energy avaiiable at

the top of the earth's atmosphere is trapped in the thermosphere.



56.

However, the temperature also depends on the lowet boﬁhdary
condition i.e. the condifions below 300 km where abSorption

of solar radiation is possibléo For example, if the
temperature is of the order of 1600°K at 300 km, a heat flow
of 0.1 erg em™2sec T will only lead to a temperature of 1850°K
at 700 km i.e:. an increase of only 250°K for a iange of 400 km,

which is not yet detectable.

At such heights, the heat production P per unit volume

by ultraviolet radiation is

P = n(0) K(R) E,5(2) ' : (1.80)
in which K(A) denotes the absorption coefficient and,EO(x) the
ultraviolet energy available at the top of the earth's atmosphe-
re. Since the absorption coefficient for constituents in the

-17

P layer is of the order of 10 cm2 the transfer equation

(1.60) may be written

BA) = n(0)[ 207 g4(n) - 1.65 x 10726 (1.81)
This shows that the effect of the radiant heat may be neglected
2 1

when Eg()) is more than 1 erg cm “sec” . Because the energy
available in the helium lines shoyld be not less than 1 erg

cm-zseo";, integration of (1.81) leads to

E(A) = By(n) [1 - ¢ R(0) #1077  (1.82)

which must be compared with the energy supplied by external flow.,
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16 oxygen atoms em™2 will be

A vertical column of less than 10
easily subject to an external heat‘flow since, according to
(1.82),

E(1) < 0.1 Ey(1) - (1.83)

It may be concluded, therefore, that the gradient of the scale
height in the thermospheric region where only the external heat
flow plays a role depends on the conditions prevailing at lower

altitudes where the ultraviolet radiation is absorbed.

In the F laycr whcre ultraviolet radlatlon 1s absorbed,
atomic oxygen and molecular nitrogen are the principal
constituents. Using equations (1.70) and (1.71) and taking

g = 900 cm sec™?2 equation (1.63) can be written as
E = (0.88 + 0.06) 107 nY/2 an/az (1.84)

Fig 8 shows the relationship between heat flow and scale
height. For example, a gradient of the order of unity for a
scale height of about 50 km corresponds to a heating of 2 erg
cm'2seo'liresulting_from absorption of ultraviolet radiation
above the reference level H = 50 km. Ionospheric observations
require that the degree of heating shoﬁld be higher’thxr&ﬁéandjxis
therefore necessary to introduce a constituent which is instru-

mental in absorption but which does not contribute to the

electron concentration as detected by radiotechnics.
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A

1.7.Constitution of the upper atmosphere

The first direct determinations of pressures at altitudes
up to 120 km and densities up to 160 km were reported in 1951

by Havens, Koll and LaGoﬁzs

on the basis of about twelve

rocket flights. In the same jeér a conventional atmospheric
model combining all available rocket results was adopted by

the Rocket Pane129. A temperature distribution between 30

and 80 X was deduced which took into account the temperatures
observed by all the different groups of observers in the USA.
The temperature distribution for the thermosphere up to 220 km
~was obtained from rocket measurements of the mass densitieé

at about 160.km and 220 km and the temperature gradient adopted
for the region between 110 km and 220 knm wés about 6 desg km-l,
The final model was based3o,however, on the assumption of a
uniform gradient fop the dissociation of oxygen in the 80-
120 km range, and.for the dissociation of nitrogen in the
120-220 km range. Since the actual height distribution of
the oxygen dissociation does not have a uniform giadient and
since total dissociatibn of nitrogén does not occur, the

Rocket Panel atmospheric model is not sultable for studying

the behav1or of the thermOSphere.

Table VII shows an atmospheric model for the homosphere

~ between 50 km and 100 km. The temperature at the stratopause
is of the order of 273°K, and at the mesopause 190°K or 130°K.
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At 100 km, the temperature is 210°K, Comparing the data of
Table VII with observational data, it can be said that 273°K is
an average value at the stratopause since varia“bions31 observed

there indicate T (stratopause) = 273°K + 20°K,

Various methods have been used for measuring thevdensity.
The results of LaGow, Horowitz and Ainsworth32 seen to indicate
that the arctic densities coincide practicaliy with those at
33°N, i.e. they do not vary by more than 10 to 20 °/, .. But
N according to Jones, Fischbach and Peterson33, there is a
trend for the density at 50 km to decrease with increasing
latitude, and for the density at latitude 58°N in the neigh-
borhood of 70 km to vary by a factor of 2, namely between

5 x 1078 ana 10'7 gm cm™2.

Observational data for 100 km,.are very different(+)° The

4

‘Rocket Panel?® adopted 4.5 x 10™% mm Hg, while Havens, Koll and

28

LaGow“" gave a determination of 4.2 x 10'4 mm Hg.. However,

34

Horowitz and IaGow”  after correcting the pressures measured
with Viking‘7 have obtained data leading to a value of

1.1 x 10™% mm Hg, and Byram, Chubb and Friedman’® indicate
from measurements on the incident X-ray.flux that the Rocket
Panel values were too high by a factor of 3. There is a

(+) Only pressure measurements were made., There is no direct

measurement of density.
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variation of a factor of 4 for all these values, which are
for White Sands (33°N). The data (USSR) publishedAby
AMikhnevitoh3§ indicate a relatively-low préssure : 1.8 x 10"4
mm Hg at 100 km. But recent data obtained at Fort .Churchill
(58°N) show that the pressure>! is not less than 3 x 10~% mm He
and that density da'taj8 for molecular oxygen muét lead to a

10 gn cm™, Thus, there

total density of not less than 9 x 10~
is a,broad range of a factor four in the preSsure and density
data at 100 km. This cannot be attributed to a permanent
latitudinal effect since the variation at White ‘Sands corres-
ponds to the difference between the Whife Sands minimum‘value
and the average values obtained at Fort Churohill; In other
‘words, the pressuréAat 100 km can be of the order of (3 + 1)

X 10'4 mm Hg; but it'is npf yet possible to determine thg exact

range of real variations,

Sinoe any étmoépheric model; even at suchvlow heights as
100 km, is subject to uncertainty, we have introduced
(Table VII) between 70 ¥m and 100 km the variation of tempe-
faturé which is required to lead to a low pressuré‘at 100 km.
Because large variatiqns of the temperaturé.may occur near the
mesopause, the layer between 70 km and 100 km is divided in two
- parts, 15 knm thick, in order to obtain the.minimum temperature

2

near 85 km. In any case, with a pressure bf 4.5 x 10°° mm Hg

~ corresponding to a density of 1077 gm en ™ at 70 kn (see
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Table VII), and if the pressure at 100 km varies by a factor
of about 3 there would be a variation of about 60°K at 85 km.
If the temﬁerature at 70 km and 100 km is 210°K, the general
trend should be as follows

Temperature at 85 km (°K)
130 140 150 160 170 180 130 200 210
| Pressure at 100 km (lO-4 mm Hg)

1.1 1.4 1.7 2.0 2.3 2.6 3.0 3.4 3.8

If there is a possibility of a very large variation of
the pressure at 100 km; anj atmospheric model to be used for
the thermosphere above 100 km wili be affected to the same
extent., For example; a density at 200 km of the order of
6 x 10°13 en cm‘73 (deduced from satellite observations)
requires a completely different struéture of the atmosphere
between 100 km and 200 km if the density at 100 km varies by

a factor of 3.

The data available on atmospheric density, obtained by
means of'rockets and of satellites, must be compared even if
sufficient data is still lacking. Present rocket inform-
ation?729 on densities at 200 km (59°N) indicates a variation
by a factor greater than 10 between a summer day (6 x 10713
gn cm-3) and g¥winter night (4 x 10714 gn cm'3). Analysis

of satellite observations made by several au‘thors4o'55 shows

“h
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“that in general the density at such altitudes does not vary by

more than a factor 2.

Fig. 9.shows the variations in the density?® at the altitude of
the perigee of Sputnik II. The period of revolution may be
affected by complex phenomena, such as the orientation of the
object and particular drag coefficients. Irregularities due to
these effécts, however, do not seem to be the most important,
for they can be explained by variations in the atmospherioq
density at the altitude of the perigee. Furtheimore, these
irregularities in the decceleration (Fig., 9), which are within
Zi 20 °/, of the average value, show that in the range of |
altitudes covered by the perigee of Sputnik II (initial rerigee,

240 km) the actual value of the density is always equivdlent to
| the average value + 20 °/0. A certain variation in the indicated
limits may result from a difference due to the positiqp;gf’the
perigee in the night-side or the day-side of theé eérth, but it
is clear that the most obvious association must be made with
the variation of the solar radiation which causes the heating
of the thermosphere.

Fig. 10 shows the variation of density48 af the altitudes of the

perigees of the Vanguard satellite and Sputnik III. The simulta-
simultaneous variations in the densities of the atmosphere

'near 650 ¥m (+ 50 °/,) and 25Q km (+ 20 °/,) must result from

a change in the atmospheric conditions beélow 150 km to which

the heat is conducted from higher levels where the ultra-

violet radiation is absorbed, and perhaps in'addition from a
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variation in the heat flow boming from the top of the atmo-

Sphere.

Analysis of satellite observations such as those made

’ Harris andiJastrow45, Sizyss, Jacchia47,

by Sterne40

Schilling and Witney®? shows that densities between 200 km
and 800 km may have the following vertical distribution :
(see Fig.11), ‘ ‘

Altitude Density ‘ Density
(¥m) | (gm cm™) (gm cm™)
200 6 x 10743
1250 S . 2x10713
300 6 x 10714 |

350 . 2x 107t
420 | o ex107P | |
SOO l' o . 2 x 1071
600 6 x 10716

700 | o 2 x10716
800 - 6 x 10717

Such a vertical distribution of tHermospheric densities
‘must be interpreted by an increase of the atmospheric scale

height between 200 km and 800 km. According to formula (1.6)

dS’ /g = - (+1/p) aw/m (1.85)

in which
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= dH/dz o (1.86)
ang - | o |
| dH/H = aT/T - dm/m - dg/g - h (1.8,7)
If the variation of the scale height were due only to the
variation of temperature(+), the gradient ﬁ Shouldkbe given,

aoccording to (1.80), by
g 100 ~E/H1/2 S ‘ . (1.88)
The heat flow B depends on the absorption processes.of the

ultraviolet radiation below 300 km and on the transport by

conduction in the upper part of the thermosphere,

If the variation of the scale height were due only to the
variation -of the mean molecular maSS(++) m, the gradient

should be
Bac -(1/m°) dm/dz | | (1.89)
depending on the level at which diffusion begins.

Thus, when a complete interpretation of the thermOSpheric'.
densities is reduired, it is necessary to consider the simul-
taneoue variatioﬁs of 4 parameters z, T, m and g i@ the
(#) This is the case when, if the variation of g is neglected,
no diffusion is considered : m = constant,

(++) This is the case when, the variation of g being neglected

diffusion plays a role in an isothermal atmOSphere.
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following expfésSion'
ap/p = - dz/H - dT/T + dn/m + dg/e (1.90)

It is clear fhat an exacf knowledge of the composition and
constitution of the thefmosphere cannot be obtained without
khowing thé*simultaneous variatiohs of T and m. In other
"words, théfé are many possibilitiés for thermOSphéric models
leading tb:fhe densities obtained from satél;ite measurements.
Among these models a few can be sélected'b& lower boundary
oonditioné, namely by assumptions made on temperature and mean

nolecular mass between 100 km and 200 km.

In order to show how different interpretations can be
obtained, we shall show how various conditions can be
introduced between 100 and 200 km and then adopt two extreme

models.’

In Table VII twb'pressures,lel x 1074 and 3 x 107% mm Hg,
are obtéined at 100 km according to conditions required at the
mesopaﬁse.4-These pressures were computed for the homosphere
in which no dissociation of molecular-oxygén océurS. Making the
folloﬁihg assﬁmptions :

Model A R Model B

Strong dissociation of 0,:80°/, . Low dissociation of 02:'25°/°

2
n(0) =n(N,) - =n(W,) +n(0,) n(0),
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the conditions at 100 km are

= 1.4 x 10°% mm Hg p=3%x 1074 Hg

= 200°K T = 200°K A
§=2.9x 1072 gm e ™2 f =6.6x IO'IO_gm en™?
M =25.5 M=27.4

Between 100.km and 150 km various conditions can be adopted.

¥e choose the following ones

Model A Model B

Diffusion from 110 kn, No diffusion,
Temperature at 150 km Temperature at 150 km

(a) (v) (c) (a) (b) (o)

450°K 575°K 700°K 1180°K 1650°K 2100°K

leading to |
p=2.0x10"*2 2,9x107*? 3.2x10712 p=1.55x10"12 1.5x10712 1,4x10712
M= 18.0 . 18.9 '19.2 M= 27.4 27.4  27.4

These two extreme cases show how the density depends on
the mean molecular mass and temperature. It is clear however
that the variation of density is notvvery sensitive to the
variation of temperature in the lowér thermosphere since

12 5 in all circumstances. AS an

§=(2.3 + 0.9)x10°"° gm cm~
example, Fig. 12 exhibits the density-altitude relation for
Model B above 120 km for three different large gradients of

the scale height, namely 8 = 1, 1.5 and 2.0 corresponding at
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150 km to heat flows of the order of 1,7;'200 and 2.5 erg cm_2
séé'l, respectively. It is found by the procedure adopted that
éblutions can be obtained which are close to observed values
but whichkrelate to an aeronomic problem impossible ‘to.resolve°
The ﬁrocedﬁre leads however at higher altitudes to different
~ solutions such as the following ones at 200 km :

Model A . g " Model B

(a) (b) (c) (a) - (b) (c)

p=2.1x10"17 4.3x107% 6.1x1077 3.82107 5.2x10717 6.1x10717

Here one can exclude one or another possibility if the
- atmospheric density at 200 km does not vary between 2 x 10-13

and 6 x 10-13 ! cm-3.

For the sake of simplicity we will now discussAeaoh.model'
separately, since Model A requirés'a heat flow conducted from
the top of the earth's atmospheré and Model B is based on the
assumption of heating due only to photo-ionization and subse-

quentdissociative recombination.

Fig, 13 shows the variation of denéity in the thermosphere
up to the 800 km level, the heat flow being between 0.1 and
1.0 érg cm"2sec'l. The basio”boundary conditions are taken to
be T = 700°K at 150 km and the‘particle concentrations are
deduced from Mddei‘A at 100 kmtwhere'n(O)tﬁ n(N2). Atfention

must be drawn to thé:portion of Pig. 13 which refers to the

region between 200 km and 300 km since it shows that the density
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is not very sénsitive to variations of the heat flow. But
great signifibanoe must be attached - to the behavior of the
atmosphere below'150 km, i.e. %o boﬁndary conditions., In the
region above 300 km the variation of the density is more
pronounced and dépends primarily on the importance of the heat
flow. Data from satellites applied to such a workiﬁg model
suggest a heat fl@w of the order of 0.15 erg cm'zsec'l° A
variation of a factor of 5 in the density at 650 km corres-

ponds to fluctuétions between 0.15 and 0.3 erg cmfzsec'l,

Returning to Model B, it can be shown that'tehperatures
of the order of 1650°K and 21‘QO_°K at 150 km lead to densities |
at 600 km which are too high, ﬁémély more than 10™1° gn em™,
Attention is therefore directed to the analysis of the model
for which the temperature is not more than 120Q9Kﬂat 150 km;

Fig. 14 shows the variation of density with diffusion
beginning at 110 km or. 150 km; when the temperatuie‘is constant
above 150 km or 220 km reépectively; In the atmospheric region
covered by satellité(observations the fit is élose over the
major part of the curve if é constant témperature.ié assumed.
The lower part, beibw 250 km, is, héwever, not_adequétely
represented. Nevertheless since reliable information on
variations 'is lacking, differences of 50 5/°'may e accepted.
Fig. 15 exhibits the relations between scale height and mean

‘molecular mass between lOO'km and 700 km in oxrder to show how
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the basic parameters vary with height., In the region below
150 km the variation of H is related to the variation of T, while
above 220 km the two parameters H and m are closely related.
Since reliable information on the variation of thé scale height
with altitude is lacking, several solutions for the vertical
distribution of the density are possible, depehding on condi-

tions chosen below 200 km.

The discussion of the two atmospheric models concérns
physicél conditions which are completely different, and the
observed values of the density in the thermosphere can be
approachéd without difficulty using either assumption. Any
attempt at distinguishing an effeot'of heating due only to |
ultraviolet radiation, i.e. T = constant at high altitudes,
and the addition of an external heat flow, i.e. T increasing
with height, meets with several difficulties. From energies
which are involved in both cases it is however apparent that
the total heating. rate near the Fl peak is strongly dependent
on the.heating due tp solar radiation. This leads to a tem-

perature gradient which must be greater than 20 deg km"la

If the number of photons available in the resonance line
of He II, at A = 304 A, is of the order of 10T+ 2

sec™t i.e. an energy of about 4 ergs em™2sec™t available for

photons cm~

heating, the rate of ionizatimn)ﬁeﬁ;the absorption peak is

according to Nicolet's formula14



70,
Yo = (1ep) 1P Quym (1.91)

in which Qe is +the number of photons available at the top of
the earth's atmospﬁere. A local scale height H2 50 km and
a gradieﬁt 8 = 1.5 leads to;a production rate of electrons

at the Fl peak of the order of

-1 (1.92)

‘Xt = 3000 + 1000 electrons em P sec
which isvnot leés than 10 times the pfoduction rate deduced
from ionosphefio observations. The conventional method used
in the analysis of ionospheric data gives “
2

q = a ng 2 300 electrons cm

Ssect .('1.,93)

at the peak of the F, layer.

1

22, it is necessaryAthat

As has been pointed out before
at least two species of ions are formed 'and recombine with
different recombination coefficients. Here, molecular
nitrogen and atomic oxygen are'involved; Since the time of
recombination of xrec(NZ)'is certainly less (100 to 1000 times)

than that of Tre O+), the following conditions must be adopted

o
near the Fl peak
n(Nz) > 10 n(0) (1.94)

in order to reconcilie (1.92) with (1.93). Hence one can
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(+)

exclude the possibility.that atomic oxygen is the principal
constituent of the thermosphere below 200 km, for according

to the above the percentage of dissociation of molecular oxygen
should be less than 20 °/,. In other words, if condition
(1.94) must be applied, the fraction of dissociated oxygen is

small, and at 150 kn
n(0,) 2 2n(0) | (1.95)

The discussion in the two preceding paragraphs concerns
steady conditions in the thermosphere. The variable heating
during a solar cycle will not, however, change the conditions
if the atmosphere in the E layer is not affected (see Fig. 12.).
Much more important effects may be expected from variations
between day and night. Since the heat transfer is governed by

-the differential equation

%% = Egﬁ dgiv. [ » (grad T)] (1.96)

or, in one-dimensional conduction transport (1.67 and 1.69),

(+) In the F2 layer the production of electrons due to atomic
oxygen should increase compared with that resulting from
molecular nitrogen, for the ratio n(O)/n(N2) increases with
height. Such an effect should be introduced in the analysis

of the behavior of the F, and F, layers.
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! (1.97)

it is necessary to determine the periods of time involved in the

heat transport as a function of the concentrations and distances.,

As an example, let us consider an atomic oxygen atmosphere
with two regions in which the temperatures, TO and Tl are such
y :

that TO = 2T1. The time, T oonduction’ Recessary to increase Tl

to T = 0.9 TO can be deduced from (1.97). The solution+ of

(1.97) is

=2 x 1071%°n (1.98)

Tconduction
According to (1.98) a temperature equilibrium to a distance

4

of 10,000 xm would be reached in 2 x 10" sec with a concentration,

n, of the order of 10°cm™>. This shows that it is not possible

to maintain a difference of temperature with latitude at very

high altitude. At altitudes below 200 km, however, where n>>101'O

-3

cm a temperature equilibrium would only be obtained to a

4

maximum distance of 30 km in the same time (2x10° sec.).

It is therefore clear from the times involved in the conduc-
tion of heat in the thermosphere that densities at very high
altitudes must depend primérily on the temperature near 200 km.
Since it has been shown that the density at 200 km is not very

sensitive to the gradient of temperature, the variations at such

o D e G v WD B wm AD S MR S e me B T e e e e S Uee WD e fwe e = e A R s G e MR e MR e G e G e G e WD e e e e v UL (e e e O B TR e e TR we e

(+#) The solution would be the same if Ty = 0.9 Iy and T = 0.9

T. or Tl = 0.8 TO and T = 0.96 TO
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an altitude should be relatively small, but the magnitude of the
variations should increase with altitude. The analysis of
satellite observations made by Jacchia shows that fhe oscillations
of the solar radiations are amplified from 200 km;fo 700 km, and
therefore demonstates the direct effect of ultraviolet radiation
in heating the thermosphere. On the other hand, the importance
of these variations compared with the variations resulting from
a possible latitude effect leads us to the conclusion that there
io & strong tendency Lo isotheruy with latitude at the highest
altitudes. Similarly, a vafiation between day and night will be
related to this tendency to isothermy at the highest latitudes
but should depend on the temperature near 200 km, because the

density above that altitude depends essentially on the absolute

value of the temperature.

In conclusion,'valuable information on the vertical structure
of the thermosphere would be obtained from a complete study
of the whole region above 100 km, Additional data from rockets
for the region between 100 km and 200 km are essential to
know the exact composition. Between 200 and lOOO:km, continuous
observatioﬁs from the variation of the acceleration of satellites
UI?IﬂJQ) would indicate how ?IﬁJQ varies with solar radiation
in sunlit and dark atmospheres. Using these methods, an impoftant

14

parameter of the thermosphere, i.e. the temperature, will be
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determined, with its daily variation and its vertical distrib-
ution. Such a determination is essential to avoid explanations
of the composition and constitution of the thermosphere based

only on working atmospheric models.



TABIE 1. DPrincipal Constituenfs)of‘the Air at Ground ILevel

Molecule Mass(l) Percentage Concentration(z) Total(S)

w, 28.022 78,084 + 0.004 -2.098 x 1017 1,678 x 10°°
0,  32.009 20.946 % 0.002 5.629 x 10°®  4.501 x 10%*
A 39,960 0.934 2,510 x 1017 2,007 x 1027
co, 44,024 0.33 ’ 8.87 x 108 7,09 x 10°%
Adr 28.973  100.00 2.687 x 102 2,148 x 10°°

(1) Physical Mass with Avogadro's number : 6.025 x 10°2 gn mol'l.

3

(2) Number of molecules cm - 'at standard pressure (760 mm Hg)

and standard temperature (273.16°K). Loschmidt's number :
2.687 x 10%m™>, - |

2

(3) Number of molecules per cm® column, with a reduced height

or scale height defined by H = kT/mg where k¥ = 1.38 x

10716 erg geg™, T = 273.16°%, m = 48.08 x 1072* ang

g = 980.665 cm sec°2°



TABLE IT. Inert Gases at Ground Level

Atoms Ratio by Volume Number (cm"a) Number (cm'2)
He 5.24 + 0,004 x 107 1.41 x 104 1.13 x 1020
Ne 1.818+ 0,004 x 102 4,89 x 10%% 3.89 x 10°°
A 9.34 + 0,01 x 107 2,51 x 10%7 2.01 x 1023
Kr 1.14 + 0.01 x 10°  3.06 x 10%3 2.45 x 1019
Xe 8.7 +0.1 x10°8 2,34 x 10%? 1.87 x 1018



TABIE ITII.  Molecular Content of Minor Constituents

Molecule Ratio by Volume _‘ - Remarks

H,0 1072 o0 1072 ' Variable, particularly in

' troposphere. Decrease in
stratosphere., Dissociation
inlmesosphere°

0 1077 4o 1078 " Increase with height, maxi-

| - mum in stratosphere and
diurnal variation in
meéusphere.

CH4 1.5 x 10'6 - - Mixed in troposphere, oxy-.
dized in stratosphere.
- Dissociation in mesosphere.
NZO 5 X% 10-7 - Mixed in troposphere. Conti-
' nuous dissociation in stra-
. tosphere and mesosphere,
co 6 x 1078 t0 2 x 10’7 Variable. -
H, 5 x 107  Mixed. Dissociation in
mesosphere.
NO, o 1n-10 -8 . |
5x 10 to 2 x 10 Industrial origin in tro-
NO : posphere. Fhotochemical

origin in mesosphere and
thermosphere.
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TABLE IV. Oxygen Dissociation Rate Coefficients (in sec 1)

lack Body
T

4000°K 4500°K - 5000°K _ BSOOBK 6000°K

Molecule

em ™2

107 1.24 x 1077 1.57x 10° 1,28 x 107 6;64 x 107 2.76 x 107%
1016 1.18 x 1077 1.47 x 10 1,15 x 10  6.19 x 1070  2.56 x 1074
10 7.5 x 10 8,65 x 1077 6.43 x 10° 5,34 x 107 1.34 x 107

(%) This table shows the rates at which 0, would be dissociated if it were

irradiated with black body radiafion having the different temperatufes listed and

16

subject to preliminary absorption by columns of 1015, 10 and 1017 O2 molecules

-2
cm T



TABIE V. Life Times of Oyxgen Atoms

n (M) (%) o

| 1012 10t 10 10%(en?)
n(0) ‘

1013(cm'3) <1 day <1 day 1 week

1012 <1 day 1 week >1 month »1 year
lO11 1 week >1 month . >]l year >lo'years
lO10

~ 21 month >l year 210 years

(%) This table shows how the time for the formation of molecules
from oxygen atoms, by a recombination process involiving a third
particle (M), depends on the ooncentratlon of M and of the

original concentration of O.



TABIE VI. Working Atmospheric Model for the Study of Diffusion

Scale
Height Altitude(+) Temperature Pressure Concentration
(km) (km) , (°K) (mm Hg) (cm-3)
8 100 - 105 - 220 1.1 x 1074 4.8 x 1012
‘ -5 12
10 110 - 115 272 3.5 x 10 1.25 x 10
12 120 - 125 326 2.2 x 1072 4.2 x 10t
14 130 - 135 379 9.4 x 10°° 1.7 x 10%% -
16 140 - 145 432 3.3 %1070 7.5 x 10%0

(+) This table corresponds to an atmospheric model in which
the gradient of the scale height dH/dz = 0.2 and the mean
molecular mass M = 24, i.e. n(N2) = 2 n(0). Observations

show that a pressure of the order of 107% mm Hg corresponds to

altitudes between 100 km and 105 km.



TABIE VII. Atmospheric Data between 50 and 100 km.

Altitude Temperature(+) Pressure | Concentration Density

(em)  (°K) (mm Hg) ~ (on™) (gn cn™)
50.0 274 6.7 x 107 2.4 x 10" 1,1 x 107
52,5 274  4.9x 107t 1.7.x 101® 8,3 x 1077
55.0 274 3.6 x 1071 1.3 x 101 6.1 x 1077
57.5 263 5.7 x 107t 9.7 x 1012 4.7 x 1077
60.0 253 1.9 x 10°% 7.3 x 1052 3.5 x 1077
62.5 242 1.4 x 107% 5.4 x 1052 2.6 x 1077
65.0 232 9.6 x 1072 4.0 x 102 1.9 x 1077
67.5 221 6.6 x 1072 2.9 x 102 1.4 x 1077
70.0 210 4.5 x 1072 2.1 x 10 - 9.9 x 1078
72.5 197 - 5.0 x 102 ~ 7.0x 1078
207 5.0 x 1072 1.4 x 10 6.7 x 1078
75.0 183 1.9 x 1072 | 4.9 x 1078
203 2.0 x 1072, 9.5 x 107 4.6 x 1078
77.5 170 1.2 x 1072 3.3 x 1078
| 200 1.3 x 1072 6.4 x 101% 3.1 x 1078
80.0 156 7.2 x 107 | | 2.1 x 1078
197 8.7 x 1073 4.3 x 1014 2.1 x 1078

(+) Between 70 km and 100 km; two distributions of temperature
for atmospheres in which the temperatures at 85 km are 130°K
~and 190°K.
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TABIE VII. Atmospheric Data between 50 and 100 km. (Contd)
Aitituae Temperature  Pressure Concentration Density
(1om) (nn Hg) 3)  (en en™)
82.5 143 4.1 x 1073 1.3 x 1078
193 5.7 x 1072 2.8 x 101 1.4 x 1078
85.0 130 2,2 x 107 8.0 x 1072
190 3.7 x 1070 1,9 x 1004 9.0 x 1079
87.5 143 1.2 x 107 3,9 x 1072
193 2.4 x107 - 1.2 x10% 5.7x107
90,0 156 7.0 x 1074 2.1 x 1079
197 1.6 x 107 7.6 x 102> 3.7 x 1072
92.5 170 4.2 x 1074 | 1.1 x 1077
200 1,0 x 1072 4.9 x 1082 2.4 ¥ 1079
95.0 183 2.6 x 1074 6.6 x 1010
203 6.8 x 1074 3.2 x 1082 1.5 x 1072
97.5 . 197 1.7 x 1074 4,0 x 10710
207 4.5 x 1074 2.1 x 1013 1.0 x 1072
100.0" - 210 1.1 x 1074 2.5 x 10710
210 3.0 x 107% 1.4 x 109 6.6 x 10710



Legends of Figures

Fig. 1. The main names ‘of the atmospheric regions, from
troposphere to thermosphere, are based on a thermal classific-
ation. When the classification is given according to composi-

processes take place.

Fig. 2. Possible vertical distributions.of atomiq and mole-

cular oxygen in the lower thermosphere.

Because the times involved in the recombination of oxygen

’ increase rapidly with height above the mesopause, photoequili-
brium cannot be maintained. The altitude of the peak of

atomic oxygen is not determined by photochémical equilibrium
conditions but by the effect of a downward transport depending
on mixing conditions. The figure shpws how the conditions at
the atémic oxygen peak vary from photo—equiiibrium to strong
mixing. It must be pointed out that in this figure the altitude
of 100 km corresponds to a pressure of 1074 mp Hg. Such a |
pressure may correspond to 105 km in the atmosphere described
in Tables VI and VII, and the concentrations indicated in the
figure between 90 km and liO km can therefére represent condi-
tions between 95 km and 115 km when the pressure at 100 km is

3 x 10’4 mm Hg. |



Fig. 3. Photo-equilibrium of molecular oxygen changed into
diffusive equilibrium by upward transport of 02, Height is
represented by the scale height appropriate to each level in
the atmosphere described in Table VI. The abscissae represent
the factor by4which the initial coneeetfation n(02)t=0 B
appropriate to phoﬁo-equilibrium albne;-is increased to give’
a concentration n(Oz)t, aftei a time t; Which is different
for each ef:the'curVes. The- points 0, @ , X and + represent
characteristie distributions'of 02,in diffusivelequilibrium
for 4 different'boundary conditinﬁéa For cxample, 1f diffu-
sion begins at H = 10 km (symbol Q and corresponding to |
altitudes between 100 and 105 km);-a diffusion distribution

2
than two days.

of 0, will be reached above this reference level in not more

Pig. 4. Mixing distribution of' molecular oxygen changed into
diffusive equilibrium by'dewﬁwérQ transportief Oé- Height

- is represented by the sca1e~height:appropriete to each level
in the atmosphere described in Tebie VI. The abscissae
represent the factor by whioh the initial conceptratlon

"n(0 )t = 0 appropriate to mixing alone, is decreased to give
~the final concentration n(0 )t after a time t -which is
different for each of the curves. The p01nts A ,0, and O
represent characteristic distfibutions‘of O2 in diffusive
;equilibrium for 3 Qifferent boundary conditio;fne° ,For‘example,

if diffusion begins at H = 10 km (symbol O0) and is prevented



below this reference level, molecular oxygen will reach a verti-
cal diffusive distribution above the reference level in not

more than three days,

Fig. 5. Diffusion of argon in the‘thermosPheie. |

Mixing distiibution‘of argon 6hanged into diffusive equi-
- librium by downward transport. Height is represented by the
scale height appropriate to each level in the atmosphere
described in Table VI, The abscissae represent fhe'factor
by whioh the initial ooncentrativuri n(A)t=O’ appropriate to
mixing alone, is decreased to give the final condentiation
n(A), after a time t, which is different for each of the curves.
The ‘point's A , 0 and O represent characteristic distributions
of argon in diffusive equilibrium for 3 different boundary
conditions, namely H = 12.5 km, 10 km and 8 km; These
distributions indipate that diffusive equilibrium distributions
of argOn can be obtained above reference levelé H=12.5 kn, |
10 km and 8 km in nof'mofe than 1, 3 and 7 days, respectively.
Sinceythe'referenqe level H = 1C km corresponds to altifudes
in the range 100-105 km in whiéh Observatibnal data show
diffusive separation of A and N,, the time of mixing is more

than 3 days, and less than 7 days at H = 10 km.

Fig. 6. Diffusion of helium in the thermosphere.
Mixing distribution of h@lium-changed into diffusive

equilibrium by upwgrd transport. The abscissae represent the
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factor by which the initial oonceﬂtration n(He) t = (» 8Ppro-
priate to mixing alone, is increased to give the final con-
gentration n(He)t after a time_t, wﬁioh is different for each
of the curves, The symbois have thexsame meaning as those of
Pig. 5. Comparing results of Eig.'S and 6, it can be seen
that the times required for diffusibh’of helium are about twice

those for the diffusion of argon.

Fig., 7. Change of mixing distribution of various minor
constitucnto into diffuslve distribuﬁion by upward or
downward transport.

Height is.repreSented by the scale height appropriaté
to each ievei in the atmosphere as describéd in Table VI.
H = 10 km is the reference level corresponding to altitudes
between 100 and 105 km. Below the reference level mixing
prevents any separation of the constituents while diffusion
exists above this level. Such éonditions are obtained in
less than 3 days for all minor constituents (symbol O) exoept.

for helium which requires 7 days (symbol A:).

FPig. 8. Heat FPlow and Scale Height.

The effect of thermal conductivity in the thermosphere
is shown by a curve relating the scale height and the eﬁergy'
necessary to maintain the gradient 3 = dH/dz. PFrom the abscissae
representing E/B, it may be deduced that any gradient $ of the

order of unity requires energy flows from 1 to 3 ergs om'gsec-1



in the whole thermosphere since thermospheric sc¢ale heights
are between 10 km and 100 km. It must be pointed out that
the distribution of E with height must follow a distribution

given by an equétion of a type described by (1.82).

Fig. 9. Orbital acceleragtion in seconds per day of Satellite

1957 B1 (Sputnik II) during five months, according to Jacchia’®.
The perigee, which was about 225 ki during the first revolution,
changed slowly from 50°N to the equator. The fluctuations of the
acceleration around an average value, which ére less than 20 °/,,
may be eiplalned.by the variations in the solar heating, reaching
a maximum near 150 km. A;fi;st anqkysis may be made in consider-
ing the position of the perigee ini a sunlit or dark atmosphere,
However, according to Jacchia (Harvard College Observatory,
Announcement Card 1423, Jamuary 16, 1959) & comparison can be
made betﬁeen the sélar radiation fepresented by its emission at
2800 Mc/s and the variation of the orbital acceleration of the
satellites. Solar radiation data are taken from the Bulletin of

the National Research Council, Ottawa, Canada.

Pig. 10a. Orbital acceleration in days per day of Satellite
1958 1 (Sputnik III) during five months, according to Jacchia
(private communication). During 2500 revolutions the orbital

acceleration is subjeéot to rhythmic variations of less than



20 °/,. There is evidence that these fluctuations are asso-
ciated with the principal variations of the solar radiation
represented by the solar flux at 2800 Mc/s. ?he associations.
between variations of the atmospheric density andvthe solar

heating is more apparent in Fig. 10b.

Fig. 10b, Comparison between the variations of the orbital
acceleration. of sateliites Vangﬁard‘and»Sputhik IIT in
association with the'solar heating, accordihg to_Jacchia's
data. Dufing 1500 revolutions (about 5 months) the fluctu-
ations of the acceleration of the Satellite 1958 B2l(Vanguard)
lead, near the perigeé, at an altitude of 656 km, fo variations
of about 50 °/, in the density, namely;f = (3.6 1.1.8)4x 10‘16
gm cm'3. o : | '

A sharp inpreasé;in the accelération‘in{Aﬁguét corresponds
to an increase of a factor 2.5 in the average densitynbetween‘
the two periods April - July and September - December. Howe&er,
the fluctuations are related to variations of the solar
radiation. As an example the principal peak in October is well
represented in the three curves, indicatiﬁg that the accelerg
ations of both satellites varied almost in unison with the

solar heating.

Fig. 11. Density-altitude relations deduced from satellite

observations.



The observational values are taken from Sterne4o for
Sputnik II (1957 a2) and Explorer I (1958 a), from Schilling
and Whitney™d for Explorer IV (1958 €), from Harris and
Jastrow45 for Explorer I and Vanguard (1958 B2), iacchia47'

for Vanguard and Siry5.5 for Explorer.I and Vanguard.

Fig, 12. Density—altitude relations above 120 km for various
heat flows at 150 km and constant scale height gradients. Theb
symbols (X) represent the data from a rocket flight at Fort
Ohurchill (59°N) published by LaGow, Horowitz and Ainsworth37.
The height variation of the density shows that any solution

for a too short range of altitudes is highly arbitrary.

Fig. 13. Effect of heat flows, conducted. from the top of the
earth's atmosPhere; on thermosphéric densities, |

If one adopts at 500 km a rate of oonduction of energy

in the range from 0.1 to 1.0 erg em~%sec™t it can be seen that .

the thermospheric densities are very sensitive to the energy
input. The absolute wvalues of density depend on the lower

boundary condition at 150 km where T = 700°K and n(0) >n(N,).

_The crosses indicate the satellite data. Between ?OO km and

300 km the density is not very sensitive to the energies which
are involved in the heat flow. Variations observed at 650 km
would correspond to a variation of a factor 2 in the heat flow.

This figure corresponds to Model A discussed in the text,



Fig. 14. Densities in an isothermal atmosphere.

The observational curve can be followed when certain
conditions are assumed below 200 km. Assuming large gradients
of the temperature between 120 km and 160 km (see Fig. 12) the
‘effect of diffusion will be to lead to.a decrease with altitude
of the mean molecular mass corresponding to an increase of the
scale height. It is possible to fit the satellite observations
of density above 200 kxm to this curve, This figure corresponds

to Model B discussed in the text.

Fig; 15. Variétions of the scale‘height and of the mean mole-
cular mass with alfitude. |

When no gradient of the temperature is assumed above a
certain altitude (here 220 km), “the vertical distribution of
density deduced from satellite observations (see Fig 11) can
be explained only if the scale height increases with height.
Thus, the variation of the scale height mist be associated
with a variation of the mean molecular mass depending on
diffusion. The relation scaie»height - mean molecular mass
of this figure must be associated wifh the density shown in

Fig. 14.
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