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FOREWORD 

This paper has been presented at the Symposium on Aeronomy 
organised by the International Association of Geomagnetism and Aeronomy 
at Cambridge/ Mass. USA (16 to 20 Aug. 1965). It will be published in 
Annales de Géophysique, 22. (n° 2), 1966. 

AVANT-PROPOS 

Ce travail a été présenté lors du Symposium d'Aéronomie organisé 
par l'Association Internationale de Géomagnétisme et d'Aéronomie à Cambridge 
Mass„ USA (16 - 20 août 1965). Ce texte sera publié dans les Annales de Géo 
physique, 22 (n° 2), 1966. 

VOORWOORD 

Deze tekst werd voorgedragen op het Symposium over Aeronomie, 
dat ingericht werd door de Internationale Vereninging voor Geomagnetisme 
en Aeronomie. Het werd gehouden te Cambridge, Mass. USA van 16 tot 20 
augustus 1965. De inhoud zal verschijnen in de Annales de Géophysique 
22, (n° 2), 1966, 

VORWORT 

Diese Arbeit wurde vorgestellt wahrend des Aeronomiesymposium 
organisiert durch die.Internationale Vereinigung fur Geomagnetismus . 
und Aeronomie in Cambridge, Mass. USA (16. - 20. Aug. 1965). Dieser 
Text wird in die Anr.çiles de Géophysique, 22. (n° 2), 1966 herausge-
geben werden. 



MEAN MOLECULAR MASS AND SCALE HEIGHTS OF THE UPPER ATMOSPHERE* 

by 
G. KOCKARTS 

Institut d'A6ronomie Spatiale de 
Belgique, 

3 Avenue Circulaire, 
Bruxelles 18. 

Abstract 

The physical structure of the upper atmosphere is given in 
terras of the mean molecular mass and of the pressure and density scale 
heights. The physical conditions leading to a departure from a perfect 
mixing are discussed in the lower thermosphere. If helium is in diffusive 
equilibrium at 120 km, the eddy diffusion coefficient must be less than 
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2 x 10 cm sec , i.e. a value much lower than that one for the molecular 
diffusion coefficient. 

By using atmospheric models adapted to a decreasing solar cycle, 
it is possible to point out the large variations of the mean molecular 
mass. It is shown, how the atomic oxygen, the helium and the hydrogen 
belts are changing during a solar cycle. In the thermosphere, the vertical 
distribution of the atmospheric scale height H is mainly related to the 
temperature distribution. Above the thermopause, the atmospheric scale height 
follows the mean molecular mass variations and an increase of H is seen when 
the temperature decreases. The variations of the pressure and density scale 
heights are related to the vertical distribution of their gradients. The 
pressure scale height gradient (3 goes through a maximum at heights where 
helium and hydrogen respectively become the major constituent. The density 
scale height gradient p is never less than p in the thermosphere. Above 

P 
the thermopause, p^ reaches values higher than p. 

* Paper presented at the Symposium on Aeronomy organised by the International 
Association of Geomagnetism and Aeronomy at Cambridge, Mass. USA, 16 to 20 
Aug. 1965. 



Ré sumé 

La structure physique de l'atmosphère supérieure est décrite 
à l'aide de la masse moléculaire moyenne et des hauteurs d'échelle 
associées à la pression et à la densité. Toutefois, dans la ther-
mosphère inférieure il faut préciser les conditions physiques per-
mettant le passage d'une distribution de mélange parfait à un état 
d'équilibre de diffusion. Si l'hélium est en équilibre de diffusion 
à 12G km, le coefficient de diffusion eddy doit être inférieur à 
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2 x 10 cm sec , c'est-à-dire une valeur nettement inférieure à celle 
du coefficient de diffusion moléculaire. 

En utilisant des modèles atmosphériques adaptés à un cycle 
décroissant d'activité solaire, il est possible de mettre en évidence 
l'importance des variations de la masse moléculaire moyenne. On montre 
ainsi, comment les ceintures d'oxygène atomique, c.'hélium et d'hydrogène 
varient au cours d'un cycle d'activité solaire. Dans la thermosphère 
la distribution verticale de la hauteur d'échelle atmosphérique H dépend 
surtout de la distribution de température. Au-dessus de la thermopause 
la hauteur d'échelle suit les variations de la masse moléculaire moyenne 
et on constate une augmentation de H lorsque la température diminue. 
Les variations des hauteurs d'échelles associées à la pression et à la 
densité se traduisent dans la distributionj;.verticale de leurs gradients. 
Ainsi, le gradient (3 passe par un maximum aux altitudes où l'hélium 
et l'hydrogène deviennent respectivement les éléments principaux. D'autre,, 
part, le gradient p de la hauteur d'échelle associée à la densité, 
n-'est jamais inférieur au gradient p dans la thermosphère.Au-dessus de 
la thermopause, p atteint même des valeurs nettement supérieures à p. 
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Samenvatting 

\ 

De fysische opbouw van de hogere atmosfeer wordt verduidelijkt 
aan de hand van de gemiddelde moleculaire massa evenals dichtheids- en 
drukschaalhoogten. Bovendien worden de fysische omstandigheden bestudeerd 
waarbij in de onderste thermosfeer de overgang gebeurt van een volmaakte 
mengeling naar een diffusieevenwicht. Wanneer helium in diffusieevenwicht 
is op 120 km, dan moet de coëfficiënt voor eddy-diffusie, kleiner zijn dan 
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2 x 10 cm sec , d.w.z. een waarde die veel kleiner is dan de moleculaire 
dif f usie-coef f iciÊfnt „ 

Door gebruik te maken van atmosferische modellen, aangepast 
aan eeri cyclus van dalende zonneactiviteit, is het mogalijk het belang 
te doen uitschijnen van de veranderingen van de gemiddelde moleculaire 
massa. Men laat aldus zien hoe tijdens een zonnecyclus de atomaire 
zuurstofgordel evenals die van helium en waterstof veranderen. In de 
thermosfeer hangt de vertikale verdeling van de atmosferische schaal-
hoogte H vooral of van de temperatuursverdeling. Boven de thermo-
pauze volgt deze schaalhoogte de veranderingen van de gemiddelde mo-
leculaire massa en stelt mèn een vermeerdering van H vast, telkens 
wanneer de temperatuur vermindert. De veranderingen van de dicht-
heids-en drukschaalhoogten komen tot uiting in de vertikale verdeling 
van hun gradienten. Zo bereikt de gradiënt (B een maximum op de hoogten 
waar helium en waterstof beurtelings overwegen. Anderzijds is in de 
thermosfeer de gradiënt p , verbonden aan de dichtheidsschaalhoogte, 
nooit kleiner dan de gradiënt (3. Boven de thermopauz,e bereikt (3̂  
zelfs waarden die merkelijk groter zijn dan (3. 



Vorwort 

Mit Hilfe der Mittelwertsmolekularmasse und der Dichte-
und Druckskalenhöhsn wird die physikalische Struktur der höheren 
Atmosphäre analysiert. In der niedrigen Thermosphare müssen aber 
die physikalischen Bedingungen, die einen Ubergang vom Mischungs-
gleichgewicht zum D.iffusionsgleichgewicht erlauben, erklart werden. 
Wenn Helium in der Höhe von 120 km in Diffusionsgleichgewicht ist, 
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muss der Eddydiffusionskoeffizient kleiner als 2 x 10 cm sek. 
sein, d.h. eine Wert viel kleiner als der Molekulardiffusions-
koeffizient. 

Wenn atmosphärische Modelle auf abnehmende Sonnenaktivitat 
angewendet sind, ist es möglich die strenge Variationen der Mittel-
wertsmolekularmasse zu studieren,. So kann man zeigen, wie die 
atomische Sauerstoff-, Helium- und Wasserstoff- GUrtel mit abnehmerder 
Sonnenaktivitat andern. In der Thermosphare, ist die Skalenhöhe H 
besonders von der Temperatur abhangig. Oberhalb der Thermopause, 
folgt die Skalenhöhe die Variationen der Mittelwertsmolekularmasse 
und es folgt daraus eimeVergrösserung in H, wenn die Temperatur ab-
nimmt. Die Variationen der Dichte- und Druckskalenhöhen zeigen sich 
in ihren Gradienten vor. So hat der Gradient ß ein Maximum wenn 
Helium und Wasserstoff bzw. die Hauptselementen werden. In der Ther-
mosphare ist der Gradient ß^ der Dichteskalenhöhe niemals kleiner 
als der Gradient.ß. Oberhalb der Thermopause, erreicht ß^ Werte 
viel grösser als ß. 



1„- INTRODUCTION 

New possibilities for investigating the physical^structure 
of the upper atmosphere have been provided by rocket'soundings since 
1945 and by artificial satellites since 1957. At present satellite 
drag analysis gives a description of the total density above 200 km 
during the decreasing phase of a solar cyclê -1"̂ . In the altitude range 
between 1000 km and 1500 km. only the satellite ECHO 1 has provided 

[2] 
drag information on the atmospheric density. Recently, FeaL has 
presented a first derivation of total densities at 3500 km from the 
observations of the inflated balloon satellite 1963 30D. Elsewhere, 
more direct methods such as pressure measurements using gages, have 
been employed, notably by Mikhnevich et a l . ^ and by Sharp et a l . ^ . [3 6 71 
Recently, the aeronomical satellite Explorer 17 was equiped 
with pressure gages and a mass spectrometer used for determining the 
composition and total pressure between 250 km and 700 km height. 
Rocket mass spectrometer measurements have provided very useful 
information [for example''8V9 ] on the region between 100 km and 200 km 
which is essentially inaccessible to satellite investigation» On the 
other hand, absorption measurements [ for example 10 ] and gas release 
techniques [for 'example 11 ] can also give useful information on aerono-
mical parameters. With these different techniques it is possible to 
improve and to complete theoretical results concerning the upper at-
mosphere structure. However,, it should be mentioned that atmospheric 
densities deduced from satellite drag data are nearly a factor of two 
higher than those obtained from the mass spectrometer data now available. 

Our purpose is to study the physical properties of the heterosphere. 
f 121 

by means of scale heights and their gradients. In 1936, ChapmanL 

introduced the atmospheric scale height H related to the total pressure 
p by the equation t 



1 dp mg 1 
I> d 2 ~ " k T = " H ' ( 1 ) 

in which k denotes Boltzmann's constant, m the mean molecular mass, 
g the acceleration of gravity and T the absolute temperature at height 
z. With the first satellite drag data analyses^' 
another scale height H^ was introduced. It is related to the total 
mass density p-by 

1 dp 1 
- T = - — . (2) 
p dz H K ' P 

Whereas the atmospheric density decreases by a factor of the order of 
6 

10 between ground level and 100 km, the analysis of the orbital varia-
tions of satellites shows that, above 150 km, p decreases much more 
slowly with altitude as a consequence of the increase of the atmospheric 
scale height. This increase of H is due to a rise in temperature and to 
a decrease in the mean molecular mass. Heat and mass transport, therefore, 
are the major factors controlling the structure of the upper atmosphere. 
Diffusion is particularly important because it allows the transition from 
a molecular mass of 28(N^) to a mass of 1(H). It is necessary to determine 
the altitude above which the mixing ratio of the atmospheric constituent 
changes due to diffusion transport. The study of artificial sodium clouds r 171 ejected by rockets at twilight J and mass spectrometric measurements 
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of the ratio n(A)/n(N^) ' have shown that the transition region 
from mixing to diffusion is located between 100 km and 120 km. These 
experimental results also seem to indicate a change which is probably 
associated with a time variation in the physical conditions of temperature 
and pressure in this transition region. It is thus impossible to fit in detail 
all the observations made at higher altitudes with atmospheric models 
based on one set of boundary conditions. 

By means of the behavior of the mean molecular mass, of the 
scale heights H and H as well of their gradients, we shall try to present 



a physical description of the heterosp'here during the decreasing 
phase of the solar cycle. 

2.- DIFFUSION TRANSPORT IN THE LOWER THERMOSPHERE. 

Although diffusion transport operates in the whole atmosphere, 
it is.essential to determine its importance compared to other processes 
such as eddy diffusion which maintain the mixing. For example the 
choice of an arbitrary diffusion equilibrium level is required for the 
calculations of the helium abundance at high altitudes. This constituent 
is in fact more sensitive than the others to the choice of the equi-
librium level. For instance, a decrease of 5 km in the diffusion 
equilibrium level corresponds to an increase of about a factor of 2 in 
the helium concentration in the heterosphere^^. On the other hand, 
the atomic hydrogen distribution is less sensitive to the choice of the 
level above which the diffusion equation is applied. This difference 
in behaviour is essentially due to the importance of the diffusion 

rzii 
flux. MangeL J has shown how this flow can affect the vertical dis-
tribution of minor constituents,«, By using the general diffusion, equation ("22I 
given by Chapman and Cowling , it is possible to show that, in the 
case of no net floss, the diffusion velocity w^ for a constituent of 
mass m^ is . given by .s 

r 1 dp 1 dp m n 1 dT. . 
w S3 » d — — - -> - — + a • - — 1 . (3) 
1 , L PL as?'" p dz m T n . T dz J 

In this equation, D is the diffusion coefficient for the constituent of 
partial pressure p^ and mass m^ in the atmosphere characterized by the 
mean molecular mass m and the total pressure p. The concentration n •is 
related to the total concentration n by the relation n^ = n - n^ and ct̂  
is the. thermal diffusion factor which can.be taken equal to -0.38 for 
helium and atomic hydrogen. 

For a minor atmospheric component of concentration n^, the 
relation (3) can be written : 
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T i * 1 

•¥r 

where ^ is related to the scale hèight gradient p̂ ^ = dH^/dz by : 

2 H, 

Pi • fi - T - r r - < 5 > 
o 

r being a reference level measured from the Earth's center and z being the o 
altitude above that level. If there is neither loss nor production in a 
volume element, the vertical diffusion flow n^w^ follows the continuity 
equation : 

9n 9 

Ï T • " Ï T • ( V i > ' ( 6 > 

where t represents the time. 

With a mixing distribution as an initial condition for the 
[23] minor constituent, it is possible, following Mange's method J, to 

study the time evolution towards a diffusive equilibrium characterized 

by a vanishing velocity w . If we adopt at 100 km a pressure of 
t ^ 

3 x 10- mm Hg and a temperature of 200°K, the solution of equation (6) 

gives the results presented in figure 1 for a gradient p = 0.2. At a 

height of 120 km the mixing conditions correspond to the physical parameters 

used by N i c o l e t ^ ^ for constructing a group of his atmospheric models. 

If we assume that above 120 km, the principal constituents are in 

diffusive equilibrium, figure 1 shows that after 10 days the helium 

concentration at 120 km is identical to the value obtained with a 

practical diffusive equilibrium beginning at 115 km. But argon reaches 

equilibrium more rapidly, because the practical diffusive equilibrium 

level goes down to 107 km after 10 days. This is because the difference 
between mixing and diffusive equilibrium distributions is smaller for 

argon than for helium6 Since a transition zone exits between perfect 
mixing and complete diffusion equilibrium, figure 1 also shows that the 

helium concentration adopted at a practical diffusion equilibrium level 
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Fig. 1.- Time evolution towards diffusive equilibrium for argon and helium. 
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will always be less than the real concentration existing at this height, 

The opposite situation occurs for constituents like argon for which the 

molecular mass is higher than the mean molecular mass associated with 

perfect mixing» For computations^ this situation leads us to adopt an 

artificial level for the diffusion equilibrium always lower than the 

exact height above which diffusion equilibrium prevails. If an eddy 

diffusion flow is added to the molecular diffusion flow, one writes ; 

F = n ^ + n
l W g

 (7) 

[25 1 

Following Lettau
 }

 we can write the eddy diffusion velocity w
g
 as 

follows 1 

d(n /n) j 
w

e " ~ ~~Az / <Vn) ' (8) 

If a pressure scale height ^ is introduced such that 

1 d
? 1
 1 

% d T = ' (9) 

the vertical transport flow (7) can be written with the help of (1), (8) 

and (9) in the form s 

* 

V r r ! _ i l Ï - 1 1 
=

 H t L f , " m j -
 1

 J ƒ , (10) 

with 

and 

A Eéö/D (11) 

* * n2 
m

1
 = m

1
( l + «

T
 ), (12) 

When ^ = H = kT/mg, the constituent of mass m^ follows a perfect 

mixing distribution and the transport flux (10) is independent of 

the eddy diffusion coefficient. A value = H^ = kT/m^g corresponds 

to the diffusion equilibrium, if the thermal diffusion is neglected. 
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In that case, the transport flux (10) can onlj be due to eddy diffusion. 

According to the general equation (10), the condition for no 
downward transport is : 

* 
t, H mi H 

A Cpu" - 1) — — - ̂ r (13) •jf̂  m 

Photochemical processes can be neglected for the helium and argon distributions 
in the lower thermosphere. Therefore, the partial pressure scale height 

must lie between the values ̂  = H and = H^. According to expression 
(13), figure 2 gives the values of A, as a function of^^/H, necessary 
for obtaining steady state characterized by no transport flow. If the . 
following expression is adopted for the molecular diffusion coefficient : 

3n / m, \ 1/2 / 8 kT \l/2 / m v 1/2 / 8 kT \ 1/2 

it is possible to compute values for the eddy diffusion coefficient 
corresponding to a steady state. Adopting an average value for the 

-15 2 
diffusion cross section Q = 2.8 x 10 cm , the eddy diffusion 
coefficients given in Table I are obtained between 100 km and 120 km 
for the same physical conditions as in figure 1. 

It can be seen from Table I that a slight departure from mixing 
can exist even if the eddy diffusion coefficient is greater than the 
molecular diffusion coefficient. But it must be pointed out that a real 
departure from mixing occurs only when«2? is less than D, A value fnr 
D(A) of 8 ?

7 x 106 cm^ sec * at 120 km and 3.7 x 10"* cm^ sec at 100 km 
would correspond to a ratio«fe^/H = 3 for He and 3^/H = 0.8 for A. Those 
ratios ̂ / H show again that argon reaches diffusive equilibrium more 
rapidly than helium. If a diffusive equilibrium is adopted for helium at 

6 2 •* 1 
120 km, the eddy diffusion coefficient is less than 2x10 cm sec , i.e. a 
factor 



"H J / H 

Fig. 2.- Values of the ratio A =<#/D when the transport flow F = 0 as a function of the partial 
pressure scale height , expressed in atmospheric scale heights units. 
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TABLE I«- Molecular and eddy diffusion coefficients (cm sec ) correspon-

ding to different steady states (F = 0). 

Sl^/H . 1 . 5 2 3 4 5 6 

z(km) D(He) Eddy diffusion coefficient 

100 8 .OxlO5 lo4xl06 6.8xl05 3.lxlO5 1.9x10"* 1.3xl05 9 4 .2x10 

105 2 clxlO6 3,7 1.8xl06 8.1 4.9 3.3 2 .4xl05 

110 4 .7 8.4 4.0 1.8xl06 l.lxlO6 7.6 5 .4 

115 9 .7 1.7xl07 8.3 3.8 2.3 1.6xl06 1 .1x10 

120 1 .9xl07 3.4 1.6xK>7 7.4 4.5 3.0 2 .2 

O095 0.90 0„80 0.75 0.70 0.69 

z(km) , I*) 
DCA) Eddy diffusion coefficient 

100 3 .7xl05 2,8xl06 1.2xl06 3.lxlO5 1.4xl05 2,7xl04 8 .7xl03 

105 9 .5 7 A 3 oO 8.0 3.6 6.9 2 .2xl04 

110 2 .2xl06 1.7xl07 6.8 1.8xl06 8.2 1.6x10"* 5 .1 

115 4 .5 3.5 1.4xl07 3.8 1.7xl06 3.3 1 .lxlO5 

120 8 o7 6.7 2.7 7.3 3.3 6.3 2 .0 

(*) More precise values are not considered, since exact pressures are 

not known between 100 km and 120 km. 

of 10 less than the molecular diffusion coefficient. This value is 
of the same order of magnitude than the value deduced by Colegrove 
et al.l-26] at 120 km. 

In any case, it is clear from a complete analysis of the numerical 
values of Table I that an unlimited number of solutions can be adopted to 
define the boundary conditions at 120 km. They depend on the pressure and 



its variations and on the dynamical processes in the lower thermosphere. 

For practical computations in the homosphere, we can write the 

diffusive flow F in the form ; 
D 

, - r m 1/2 Y n 
F - 5.6 x 1 0 ° ( ™ ) (1+ — ) -777 ( -7) (cm sec , (15) 
D r m . h1/2 n 

where r is.the Earth's radius and r is the geocentric altitude. The 
o 

atmospheric scale height H must be expressed in cm in formula (15). The 

parameter Y which determines the flux direction, is given by : 

mi * 
Y O - - - P « . (16) 

m T 

In the expression (15), we used a molecular diffusion coefficient s 

3n m 1/2 8kT 1/2 
d = ^ r (i + > ( — > * (L7) 32 Qn m rcm^ . 

-15 2 

with a mean diffusion cross section Q = 2.8 x 10 cm . It is in-

teresting to point out that formula (15) represents the ma,ximum flux 

whieb/can be supported by molecular diffusionthrough the homosphere. 

("27 281 
Recently, several authors ' adppted a helium concentration 
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at 120 km higher than the value proposed by Kockarts and Nicolet1 ' J. 

As the mixing conditions are variable in the lower thermosphere, this 

arbitrary increase could be justified during certain periods. In fact, 

Nicolet^®^ has shown that in order to increase the total helium content 

by a factor of 2 by means of the flux (15), the following times are 

necessary as a function of height : 

85 km 90 km 95 km 100 km 

3 months 1 month 2 weeks 1 week 

From liable I it can also be seen that, a decrease of the eddy diffusion 
5 2 -1 5 2 -1 

coefficient from 6.8 x 1® em sec to 1.9 x 10 cm sec at 100 km can 
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lead to an increase of a factor 2 for the total helium content. There-

fore rocket observations must be analyzed by keeping in mind the 

variable transition region which exists between mixing and diffusion 

equilibrium. While at present, all the theoretical information mainly 

concern minor components such as helium, argon and hydrogen, it is 

clear that for the principal constituents, the transport processes 

are also very important in the lower thermosphere. For all these reasons, 

it is necessary to fix the boundary conditions at 120 km in order to 

deduce the most important features of the physical structure of the 

upper atmosphere, but keeping in mind that the physical structure 

(p^ T,p) changes in the region of 100 Ion. 

3.- MEAN MOLECULAR MASS FOR A DECREASING SOLAR CYCLE 

[24] 
Nicolet presented the first atmospheric model taking into 

("3 l] 
account of diffusion processes and of heat conduction transport

L 

r
3 2
 1 

Harris and Priester adopted the same boundary conditions at 120 km 

in constructing a set of models as a functionof local time for different 

solar activity levels. In order to fit the mass spectrometric measurements, 

J a c c h i a ^ ^ as well as Harris and Priester^*^ recently modified the 

boundary conditions at 120 km. Table II gives the adopted set of conditions, 

TABLE II.- Boundary conditions at 120 km. 

T(°K) 
-3 

n(N
2
)(cm ) 

-3 
n(0

2
>(cm ) 

-3 
n(0)(cm ) 

-3 
n(He)(cm ) Reference 

324 

355 

355 

5
0
8 x l o

n 

, H 

4«0x10 

4 o O x l O
U 

1 . 2 x l O
U 

7.5x10
1 0 

, 10 7.5x10 

7,6x10
1 0 

7.6x10
1 0 

10 
7.6x10 

1.9xl0
7 

3.4x10^ 

2. 4x10 ̂  

Nicolet [24] 

Jacchia [27] 

Harris and 
Priester [28] 

Nicolet's boundary conditions are adopted here and it is assumed that the 

principal components are in diffusive equilibrium above the height of 120 km. 
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f33 1 
Hedin and Nier showed that this hypothesis is in agreement with 

1 

the mass spectrometric measurements1- J , at least during periods of 

low solar activity. The vertical distribution of an atmospheric 

constituent with concentration n is given by s 

dn n. ^ 
^ + + (l + a T ) ] = 0 (18) 

The thermal diffusion factor ô , is negligible for 0, and N 2 > However, 

if we omit the term in oĉ  for helium, we obtain at high altitudes con-

centration too low by a factor of 1.4 to 2.4 according to the thermopause 

T34l temperature1- . Atomic hydrogen distribution will be computed by con-
l~2o 291 7 -2 ~1 

sidering a diffusion flowL ' J of the order of 2.5 x 10 cm sec 
7 -3 

which corresponds to a concentration of the order of 10 cm at an 

altitude of 100 km. 

The mean molecular mass m can be written s 

m = 2 n. m. / E n , (19) x i i 
where m. and n^ respectively are the mass and the concentration. 

The sum must be taken over all the atmospheric components. In order 

to study the mean molecular mass evolution during a decreasing solar 

cycle, the annual mean isothermal temperatures of Table III, will be 
[35] 

adopted, obtained by using Nicolet's relationships J between the 

temperature and the solar flux at 8 cm. 

TABLE III.- Annual mean values for day-and nighttime temperatures 

between 1958 and 1964 

Year 1958 I960 1962 1964 

T , (°K) 1600 1350 1000 900 
day 

T . . (°K) 1200 1050 750 650 
night 
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These temperatures should be correct to + 50°K. Figure 3 
shows the mean molecular mass distribution for daytime and nighttime 
conditions during the period 1958-1964. It can be seen that the mean 
molecular mass changes more rapidly with height at low temperature. 
This means that the transition between the atomic oxygen, the helium 
and the hydrogen belts is more abrupt during a minimum of solar activity. 
In 1958, the nighttime mean molecular mass reached a value of 4 in the 
neighbourhood of 1250 km. As the temperature decreases, the mean molecu-
lar mass becomes smaller and approaches 1 rapidly. Therefore, the 

r361 
thickness of the helium belt introduced by NicoletL J is smallest 
during minimum solar activity and atomic hydrogen becomes the major 
constituent. At all levels of solar activity, the largest variations 
in m occur in the isothermal region. This means that diffusion is the 
dominant process involved in modifying the atmosphere above the thermo-
pause level. The curves of figure 3 were computed without changing [371 
the boundary conditions at 120 km. According to NicoletL J a total 

-13 -3 
density range of (3.5 ± 1.0) x 10 gm cm can be obtained at 200 km 
by assuming a pressure variation of only + 10 per cent at 120 km and 
by changing the gradient p by + 0.1. Table IV shows the effect of such 
a pressure variation alone on the mean molecular mass without changing 
the gradient p at 120 km. Table IV has been constructed for an 
isothermal temperature of 800°& i.e. a value similar to that deduced [9] 
from the mass spectrometer measurements made by Nier et al. oa 
6 June 1963. Although the concentration are affected by a change 
of + 10 per cent in the temperature at 120 km, the mean molecular 
mass is practically unchanged. The same result is obtained by chan-
ging the gradient p at 120 km between 0.3 and 0.6. 

For better understanding of the variations shown in figure 3, 
the mean molecular mass given by equation (19) may be considered as the 
sum of the masses of the constituents each weighted by its relative abundance. 
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MEAN MOLECULAR MASS (C,2= 12) 

Fig. 3 . ^ Mean molecular mass for day- and nighttime conditions during 

decreasing solar cycle 1958-1964. 
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TABLE IV.- Influence of a pressure change at 120 km on the mean mole 

cular mass 

z(km) T ( °K ) n ( 0 ) ( cnf 3 ) 
-3 

n (0 2 ) (cm ) n (N 2 ) (cm" 3 ) p(gm cm 3 ) m(C l 2 = 12) 

120 

291 

325 

355 

7 . 60x10 1 0 1 .18x10 1 1 
5 . 8 3 x 1 0 1 1 3 . 5 4 X 1 0 " 1 1 

27 .4 

629 1 .11x10 1 0 5 .45xl0 9 3 .59x10 1 0 2 . 25xlO - 1 2 
25 .9 

150 641 1.28 x 6 .67 4 .33 2 . 7 1 26 . 0 

653 1.45 7 .90 5 . 07 3 .16 2 6 . 1 

766 2 .61xl0 9 3 .66xl0 8 3 .30xl0 9 2 .42X10 " 1 3 23 .2 

200 768 3 . 1 0 4 .66 4.13 2 .99 23 . 4 

772 3 . 59 5 .73 5 . 00 3 .58 23 .5 

798 
8 

2.73x10 4 . I 8x l0 6 6 .57xl0 7 -14 
1.05x10 18.3 

300 798 3 .26 5 . 34 8 .23 1.28 18.5 

798 3 . 8 1 6 .66 l .OlxlO 8 1.52 18.6 

Figures 4 and 5 represent the relative abundances for the atmospheric 

constituents during 1958 and 1964. For the daytime conditions in 1958, 

just after the maximum of solar activity, atomic oxygen was still the 

major constituent between 400 km and 800 km. The nighttime conditions 

for 1964 show a thinner atomic oxygen belt with a maximum around 350 km. 

On figure 4 it can be seen that helium becomes the major component 

above 1000 Ion whereas the atomic hydrogen relative abundance only 

reaches a few per cent at 2500 km. For very low solar activity, the 

helium belt becomes rather thin and atomic hydrogen is already the 

major constituent at an altitude of the order of 1000 km. So, we may 

conclude that the mean molecular mass variations are largest during 

minimum solar activity. 
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PERCENTAGE PER VOLUME 

Fig. 4.- Vertical distribution of the relative abundances of the atmospheric con-
stituents for average daytime conditions in 1958. 
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PERCENTAGE PER VOLUME 
Fig. 5.- Vertical distribution of the relative abundances of the atmospheric 

— constituents for average nightime conditions in 1964. 
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In figure 6, the mean molecular mass has been plotted as a 
function of the thermopause temperature for a few altitudes between 
200 km and 1000 km. It is again apparent that the largest variations 
occur in the isothermal region. For instance, at 200 km the mean 
molecular mass is (23.0 + 1.5) for the whole solar cycle j but, at 
1000 km, values between 1 and 14 are possible depending on the 
thermopause temperature. 

4.- ATMOSPHERIC SCALE HEIGHT AND ITS GRADIENT (3 

An experimental determination of the atmospheric scale 
height H is rather complex because it requires an exact knowledge 
of the slope of the vertical pressure distribution, or a simultaneous 
measurement of the temperature and of the mean molecular mass. Fi-
gures 7 and 8 show the vertical distribution of H for daytime and 
nighttime conditions during the period 1958-1964. In the thermosphere, 
H is influenced by both temperature and mean molecular mass variations. 
The temperature effect, however, dominates at heights lower than 400 km, 
and the scale height H decreases with decreasing temperature in this 
region. Above the thermopause level, the situation becomes more 
complex because of the great variations in the mean molecular mass. 
Even when the scale height H is less than 100 km at the thermopause, 
it can reach values as high as 1000 km at altitudes above 400 km and 
above 500 km 5 H increases when the solar activity decreases (see 
Table V). The increase of H above the thermopause level in due to 
the diffusion effect, corresponding to a rapid decrease of the mean 
molecular mass with altitude (see fig. 3). 

Above 500,km, the atmospheric scale height becomes com-
parable with the particles mean free path and thus the hydrostatic 
equation is no longer valid. 



TEMPERATURE (°K> 

Fig. 6.- Distribution of the mean molecular mass as a function of the theraopause temperature 
at various levels between 200 km and 1000 km. 



Fig. 7.- Vertical distribution of the atmospheric scale height H for daytime conditions from 
1958 to 1964. 



Fig. 8.= Vertical distribution of the atmospheric scale height H for nighttime conditions from 
— 1958 to 1964. 



TABLE V.- Atmospheric scale height (km) as a function of the thermo-

pause temperature. 

z (km) 2000 1750 1500 

Temperature 

1250 

> (°K) 

1000 650 

400 92 84 76 • 66 56 43 

500 105 96 86 75 64 76 

750 132 . 121 111 107 128 323 

1000 164 162 179 223 270 496 

For practical computations, however.it can be shown that with a critical 
level depending on temperature, the mean molecular mass computed with 
an exospheric distribution is nearly identical to that resulting from 
applying the hydrostatic equation at heights below 3000 km. The scale 
heights presented in figures,7 and 8 thus still have physical meaning 
even at altitudes above 500 km. 

According to figures 7 and 8, it is clear that the atmospheric 
scale height is highly variable, and,, it is useful to study the behaviour 
of the gradient (3 = dH/dz. As we have no analytical expression for the 
temperature distribution with height, one sees that in the thermosphere the 
gradient p must be computed by means of finite differences between 
atmospheric scale heights. However, for an isothermal atmosphere in 
diffusive equilibrium, it is possible to establish an expression which 
allows us to compute p at a given helghl. In Lhis case, Lhe gradient 
can be written s 

r 1 dm 2 - i 
P = H - ~ — + T , (20) ^ h m d z r + z _ ' o 

where r is the Earth's radius and z is the altitude. For an o 
isothermal atmosphere in diffusive equilibrium we have further : 



and 

dn p. 
— - - S "T (21) dz H. x 

dp P. 
— = - 2 . (22) dz H. l 

The sum is taken over all the atmospheric constituents distributed 
with their own scale height Ĥ , = kT/n^g. With the help of relatior 
(19), (21) and (22), the gradient p is given by ; 

r i p . I n . 
(3 = H - Z - - Z ~ + • L P H. n H. r + z i o 

(23) 

Above the thermopause, this formula has been used for computing the 
gradients (3 presented in figures 10 to 13 in the next section. 
Within the isothermal region (3 can reach and even exceed 0.6 for all so-
lar cycle conditions. These high values only result from the diffusion 
whereas at 150 km a gradient (3 = 0.6 would correspond to a temperature 
increase of the order of 20°K/km. Elsewhere, the greatest values of 
(3 occur .for low solar activity, i.e. when the mean molecular mass 
variation with height is largest. Finally, for a given temperature, 
the vertical distribution of (3 goes at least through one maximum between 

500 km and 3000 km. If one considers two constituents and if one 
[38] 

neglects the terms proportionnalto 2/(rQ + z), one can showL J the 
maxima happen tp be at height where p(He) = p(0) and p(H) = p(He), 
In figure 9, the altitudes of the maxima are given as a function of 
the thermopause temperature. Physically, the maxima of the atmospheric 
scale height gradient characterize the heights at which helium and 
hydrogen successively become the major atmospheric component. Figure 9 
also shows the effect of an increase by a factor of two in the helium 
concentration. In this case, the thickness of the atomic oxygen belt 
is reduced from 25 km to 100 km depending on the thermopause temperature. 
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TEMPERATURE (°K) 

Fig. Altitudes of (3 peaks as a function of the thermopause temperature. 
The dotted curves correspond to an increase by a factor of 2 of 
helium concentration. 
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Atomic hydrogen only becomes the major constituent at much higher 
altitudes. It is apparent that the helium belt persists for low 
sclar activity even when the helium is not decreased. Only the extent 
of the helium layer diminishes with decreasing solar activity and its 
thickness decreases to about 200 km during solar minimum conditions. 

5,- DENSITY SCALE HEIGHT AND ITS GRADIENTS P p 

After the analysis of the atmospheric scale height H and 
its gradient p, it is useful to study the behaviour of the scale height H P 
which is associated with the total density determination based on the 

[39] 
rate of decay of artificial satellites orbits. King-Hele and ReesL 

developped two methods for finding H either from the decrease in a P 
satellite's perigee height or from the decrease in the orbital period 
of a satellite in a small eccentricity orbit. M a y ^ ^ deduced density 
scale height H^ from a numerical analysis of the ratic betvjeen the 
variations of the perigee geocentric altitude and the variation of 
the eccentricity. 

Using the relations p = nkT and p = nm, the pressure and 
density variations may be written in the following form : 

dp dn dT dz 
p n T H 

and 

dp dn dm dz 
+ — (25) 

p n m H 
• P 

By combining both equations, the relationship between H and H is P' 
obtained : 

H 
H = (26) 
P 2 H 

1 + p - — . - . . . • ' • r r + z 



This expression is valid throughout the whole atmosphere and shows that 
H is never greater than H because the gradient B is always greater or equal 

P 
to 2H/(r + z)„ When atomic hydrogen becomes the major constituent, H and H o p 
are identical. But, in the heterosphere, the ratio H/H varies rapidly 
and may reach values greater than 1.5 as can be seen from Table VI. 

TABLE VI.- Ratio H/H between 200 km and 3000 km for day and nighttime 
P 

conditions from 1958 to 1964 

Year 

1958 I960 1962 1964 
z(km) Day Night Day Night Day Night Day Night 

200 1.24 1.17 1.21 1.14 1.13 1.10 1.12 1.09 

250 1.15 1.12 1.14 1.11 1.10 1.09 1.10 1.09 

300 1.12 1.10 1.11 1.10 1.09 1.08 1.09 1.07 

350 1.11 1.09 1.10 1.08 1.08 1.06 1.07 1.06 

400 1.10 1.08 •1.08 1.07 1.07 1.07 1.06 1.12 

450 1.09 1.06 1.07 1.06 1.0,6 1.11 1.06 1.28 

500 1.07 1.06 1.06 1.06 1.07 1.22 1.09 1.61 

750 1„09 1.25 . 1.16 1.42 1.50 1.66 1.64 1.64 

1000 1.30 1.57 1.53 1.39 1.31 1.43 1.22 1.55 

1250 1.56 1.19 1.38 1.10 1.11 1.55 1.20 1.38 

1500 1.37 1.06 1.10 1.09 1.14 1.52 1.31 1.20 

1750 1.13 1.05 1.04 1.14 1.21 1.38 1.44 1.10 

2000 1.04 1.07 1,03 1.21 1.31 1.24 1.54 1.04 

2250 1.02 1.10 1.04 1.30 1.42 1.14 1.55 1.02 

2500 1.02 1.14 1.05 1.39 1.50 1.08 1.49 1.01 

2750 1.02 1.19 1.07 1.48 1.55 1.04 1.40 1.00 

3000 1.02 1.25 1.09 1.54 1.55 1.03 1.30 1.00 



When the density scale heights H have been determined from satel-
r3q 401 ^ 

lite observations , it is possible to compute the atmospheric 
scale heights by numerical integration of (26) or by adopting a hypothesis 
for the value of p. Such a procedure must, however, be carefully 
considered because of the great variability of (3„ 

The variations of H are similar 4eo those of the atmospheric P 
scale heights presented in figures 7 and.8, and it is useful to study 
the behaviour of the gradient, Pp

 = <JH /dz. By using relation (26), 
one obtains the following expression ; 

P / P' 2H 2 \ ~j Hpl r +
 0, . \2 - m) J ? 2H l_. " ^ p(r + zy -o ' " ' -1 : ( 2 7 ) 

1 + p - — — ° r r + z 
o 

where p' is the derivative of the gradient p with respect to height. 
Although this expression is valid for the whole atmosphere, we shall 
only use it above the thermopause level where an analytical expression 

[381 
is available for p • .. In the thermosphere p^ must be computed from 
finite differences. Figures 10 to 13 show the gradients p and p^ for 
the solar cycle conditions between 1958 and 1964« It can be seen that 
the gradient p^ reaches values of the same order as the atmospheric 
scale height gradient. Elsewhere, p^ also goes through one or two maxima 
in the height range between 500 km and 3000 km„ Finally, it is important 
to note that the gradient p^ is not less than p in the thermosphere. 
Above the thermopause p is even greater than p in a certain height P 
range. This is a direct consequence of formula (27) according to which 
p may be greater than p when the derivative p' is negative i.e. when P the gradient p decreases with height. Figures 10 to 13 also show that 
the variations of p are larger during solar minimum conditions. Again, 

P 
the diffusion process is the leading factor controlling the structure 
of the isothermal heterosphere and important differences appear in 
the absolute values of p and p^ as a function of the thermopause tempera-
ture. 
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GRADIENTS p and p p 

Fig. 10.- Vertical distribution of the gradients (3 and p for average day- and 
— nighttime conditions in 1958. 
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Fig. 11.- Vertical distribution of the gradients (3 and (J for average day- and 
nighttime .conditions in .1960. f 
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GRADIENTS ß and p p 

Fig. 12.- Vertical distribution.of the gradients ß and ß for average day- and 
nightime conditions in 1962. ^ 
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GRADIENTS p and pp 

F'ig. 13.- Vertical distribution of the gradients ß and ß p for average day- and 

— 1 nighttime conditions in 1964. 



CONCLUSION 

By using atmospheric models adapted to a decreasing solar 
cycle, it is shown, in terms of the mean molecular mass and of the 
scale heights H and H , how diffusion transport leads to important P 
variations in the structure of the upper atmosphere. 

An analysis of the general mass transport equation shows 
that any level adopted for the beginning of the molecular diffusion 
directly depends on the ratio between the coefficients for eddy dif-
fusion and molecular diffusion, as well as on the initial distribution 
for the considered constituent. For example,if helium is assumed to be 
in diffusive equilibrium at 120 km, the eddy diffusion coefficient must 

6 2 " 1 

be less than 2 x 10 cm sec at that height. Experimental and 
theoretical studies are still necessary for analyzing with enough 
precision the physical conditions of the transition region between per-
fect mixing and molecular diffusion. Particulary, it is necessary to 
know the pressure at 100 km and its variations in order to study the 
time variations of the boundary conditions to be adopted at 120 km for 
constructing atmospheric models. Before knowing all those physical para-
meters, however, it is necessary to describe physical characteristics of 
the terrestrial upper atmosphere. 

Firstly, the mean molecular mass variations are more pronounced 
in the isothermal region and for low temperature. A pressure variation 
of + 10 per cent at 120 km has almost no effect on the mean molecular mass, 

-13 
whereas it changes the total density at 200 km between 2.4 x 10 and 

-13 -3 
3.6 x 10 gm cm . The large variation in m above the thermopause 
level results directly from the diffusion effect. The thickness of the 
atomic oxygen and helium belts decreases with the solar activity. 
For minimum solar activity, the helium belts becomes rather thin and 
atomic hydrogen is already the major component at a height of the order 
of 1000 km. 
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In the thermosphere, the atmospheric scale height depends 

both on temperature and mean molecular mass variations. Temperature 

is however the dominant factor and so, at a given height, H decreases 

with the solar cycle. Above the thermopause level, the great 

variability of m causes more complex changes of H and the atmospheric 

scale height increases when the solar activity diminishes,, The 

variations of the atmospheric scale height with altitude are also 

due to diffusion effects leading to a sharp decrease in the mean 

molecular mass above the thermopause. The variations of H are pre-

sented in the behaviour of the gradient (B which goes through at least 

one maximum between the thermopause level and 3000 1cm. The maxima 

of (3 have a physical meaning because they occur at the levels where 

p(He) p(0) and p(H) = p(He), i.e. at the heights where helium and 

hydrogen successively become the major component. In addition, it 

is interesting to note that above the thermopause, the gradient (3 

reaches values higher than those usually adopted at 150 km where 

p can be considered as proportionnal to the temperature gradient. 

So, diffusion produces scale height gradients larger than those 

resulting from the ultraviolet heating in the thermosphere„ 

. The density scale height H^ shows a behaviour similar to 

that of the atmospheric scale height, and the gradient (3 is strongly 
P 

height dependent* Contrary to what is usually assumed, (3̂  is never 

less than the gradient |3 in the thermosphere.H , however, is never 
P 

higher than the atmospheric scale height. 

In conclusion, it can be said that the complex structure 

of the isothermal atmosphere is essentially due to diffusion which 

permits important variations in the mean molecular mass and the 

related physical parameters. 
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