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RESUME. La structure physique de l'atmosphere superieure est dec rite a ['aide de La masse molecuLaire moyenne et des 
hauteurs d'echelle associees a Ia pression et Ii La densite. Toutefois, dans la thermosphere inferieure il faut preciser les 
conditions physiques permettant Ie passage d'une distribution de melange parfait Ii un etat d'equilibre de diffusion. 
Si l'helium est en equilibre de diffusion Ii 120 Jan, Ie coefficient de diffusion eddy doit etre inflrieur Ii 
2 X 106 cm2 sec-I, c'est-a-dire une paleur nettement inferieure a celle du coefficient de diffusion moUculaire. 

En utilisant des modeles atmospheriques adaptes Ii un cycle decroissant d' actipiU solaire, it est pQssible de mettre 
en epidence l'importance des pariations de la masse moUculaire moyenne. On montre ainsi, comment Les ceintures 
d'oxygime atomique, d'helium et d'hydrogene parient au cours d'un cycle d'actipite solaire. Dans la thermosphere la 
distribution perticale de la hauteur d' echelle atmospherique JJ depend surtout de la distribution de temperature. Au
dessus de La thermopause la hauteur d'echelle suit les pariations de la masse moleculaire moyenne et on constate une 
augmentation de H lorsque la temperature diminue. Les pariations des hauteurs d' echelles associees a La pression el 
Ii La densite se traduisent dans La distribution pertieale de leurs gradients. Ainsi, Ie gradient ~ passe par un maximum 
aux altitudes ou l' helium et l' hydrogene depiennent respectipement les elements prineipawx. D' autre part, Ie gradient ~p 
de la hauteur d'echelle associee a la densitd, n'est jamais inferieur au gradient ~ dans la thermosphere. Au-dessus de 
la thermopause, ~p atteint meme des paleurs nettement superieures a ~. 

ABSTRACT. The physical structure of the upper atmosphere is gipen in terms 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 dis
cussed in the lower thermosphere. If helium is in diffusipe equilibrium at 120 km, the eddy diffusion coefficient must 
be less than 2 X 106 cm2 sec-I, i.e. a palue much lower than that one for the molecular diffusion coefficient. 

By using atmospheric models adapted to a decreasing sofJar cycle, it is possible to point out the large pariations 
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 pertical distribution of the atmospheric scale height H is mainly related 
to the temperature distribution. Ab(We the thermopause, the atmospheric scale height follows the mean molecular 
mass pariations and an increase of H is seen when the temperature decreases. The pariations of the pressure and 
density scale heights are related to the pertical distribution of their gradients. The pressure scale height gradient ~ 
goes through a maximum at heights where helium and hydrogen respectipely become the major constituent. The 
density scale height gradient ~p is neper less than ~ in the thermosphere. AbOPe the thermopause, ~p reaches palues 
higher than ~. 

Pe8KJ.'rfe. ilPll IIOMomll cpe)];ueti MOJIeHYJUlpHoii: MaOChl II BhlCOT nmaJIhl CBH3aHHhlX C )];aBJIeHHeM H IIJIOTHO-
CTelO orrHChlBaerCH IPH3HqeCCHaH CTpYI\Typa BhICOHOii: aTMoCIPephl. TeM He MeHee, B HHameti TepMOCIPepe 
HahO YTOqHHTh IP1l3HQeCmle YCJIOBHH II03BOJIHIOmHe rrepeXO)]; OT paClIpe;J;eJIeHllH COBepmeHHoti CMeCll K 
CO)];TOXHUIO )];UIPIPY3HOHHoro paBHOBeCHH. ECJIll reJIllil: HaXO)];UTCH B ;J;llIPIPY3IIOHHOM paBHOBeCHH Ha 120 HM, 
TOC H03IPIPHUHeHT TypoYJIeHTHOfi illl1P1PY311H )];OJImeH OhlTh HHme 2 x 106 CM2 cel,!, To-eCTh 3HaQeHHIO HBHO 
MeHhmeMY QeM H03IPIPI'I.l~lleHT MOJleHYJIHpHoii: ilHIPIPY3Hll. 

YIiOTpeOJIHH aTMOCIPepHhle MO)~eJIll, IIpHMeHHeMhle H UHHJIY y6hlBalOIl.\efi COJIHeQHOfi aHTHBBOCTll, B03-
MomBO BhlHBUTh 3HaQeHUe U3MeHeHHil: cpeilHeil: MOJIeHy.TJHpHoti MaCChI. TaHHM 06pa30M IIOHa3hlBaeTCH HaH 
1I0Hca aTOMHoro rm:CJIopo)];a, reJIUH II BO)];OpO)];a H3MeHHIOTCH B TeqemUI UHHJIa COJIHeQHoti aHTUBHOCTll. 
BepTHHaJIhHOe paCllpeileHHe aTMOCIPepHoti BhICOThl mHa.TJhI H 3aDIfCHT rJIaBHhat 06paaOM OT pacrrpe;u:eJIeHHH 
TeMrrepaTyphl B TepMOCIPepe. Ha;u: TepMOlIaY3oti, BhlCOTa nmaJIhi CJIe;u:yeT HaMeHeHHHM cpeilHeti MOJIeHYJIHp
HOil: MaCChI, II 3;u:eCb YCTaHaBJIHBaeTCH YBeJIHQeHUe H Horila TeMlIepaTypa yMeHhllaeTCH. lIaMeHeHHH BbICPT 
llHaJIhl, CBHaaHHhle C ;u:aBJIeHlICM H IIJIOTHOCThlO, BhlpamalOTCH B BepnlHaJIhHOM paClIpe;J;eJIeHHl1 HX rpa
illleHT ~ npOXO;J;HT Qepea MaHCllMYM Ha BhlCOTax r)J;e reJIHti H BO)J;OPO;J; COOTBeTCTBeHHO CTaHOBHTCH rJIaBH
hlMll 3JIeMeHTaMH. C )];Pyroti CTOPOHhI, rpa;J;HeHT ~p, BhlCOThl llHaJIhI CBHaaIlHofi C IIJIOTHOCThlO, HHHaHna 
He HBJIHeTCH MeHhlle rpailHeHTa ~ B Tep~lOcIPepe. Ha;J; TepMolIayaoii, ~p nOCTHraeT name BeJIHQHH OBHO 
BhICllHX qeM [:3. 

(*) Paper presented at the Symposiu.m on Aeronomy organised by the International Association of Geomagnetism and 
Aeronomy at Cambridge, Mass., U. S. A., 16 to 20 Au.g.1965. 
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1. INTRODUCTION. 

New possibilities for investigating the physical 
structure of the upper atmosphere have been pro
vided by rocket soundings since 1945 and by arti
ficial 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 cycle [1]. In the altitude range between 
1000 km and 1500 km, only the satellite Echo 1 has 
provided drag information on the atmospheric den
sity. Recently, FEA [2] has presented a first deri
vation of total densities at 3500 km from the obser
vations of the inflated balloon satellite 1963 30 D. 
Elsewhere, more direct methods such as pressure 
measurements using gages, have been employed, 
notably by MIKHNEVICH et al. [3] and by SHARP 
et al. [4]. Recently, the aeronomical satellite 
Explorer 17 [5, 6, 7] 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 informa
tion [for example 8, 9] on the region between 100 km 
and 200 km which is essentially inaccessible to 
s?tellite investigation. On the other hand, absorp
tIOn measurements [for example 10] and gas release 
techniques [for example 11] can also give useful 
information on aeronomical parameters. With 
these different techniques it is possible to improve 
and to complete theoretical results concerning the 
upper atmosphere 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 spectro
meter data now available. 

Our purpose is to study the physical properties 
of the heterosphere by means of scale heights and 
their gradients. In 1936, CHAPMAN [12] introduced 
the atmospheric scale height H related to the total 
pressure p by the equation: 

1 dp mg 1 
p dz = - kT = - 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 [13, 14, 15, 16], 
another scale height HI> was introduced. It is 
related to the total mass density p by 

(2) 
1 dp 1 
P dz = - Hp' 

Whereas the atmospheric density decreases by a 
factor of the order of 106 between ground level 
and 100 km, the analysis of the orbital variations 
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 atmo
sphere. Diffusion is particularly important be
cause it allows the transition from a molecular mass 
of 28(N2) to a mass of l(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 ejected by rockets at twilight [17] 
and mass spectrometric measurements of the ratio 
n(A)/n(N2 ) [18, 19] 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 boun
dary conditions. 

By means of the behavior of the mean molecular 
mass, of the scale heights Hand H as well of their 

d
. I> 

gra lents, we shall try to present a physical des-
cription of the heterosphere 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 equili-
brium level is required for the calculations of the 
helium abundance at high altitudes. This cons
tituent is in fact more sensitive than the others to 
the choice of the equilibrium 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 [20]. 
On the other hand, the atomic hydrogen distribu
tion is less sensitive to the choice of the level above 
which the diffusion equation is applied. This diffe
rence in behaviour is essentially due to the impor
tance of the diffusion flux. Mange [21] has shown 
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how this flow can afIect the vertical distribution of 
minor constituents. By using the general difIu
sion equation given by CHAPMAN and COWLING [22], 
it is possible to show that, in the case of no net flow, 
the difIusion velocity WI for a constituent of mass m i 
is given by : 

D [~. ~P.1 _ ~ dp + OCT n 2 ~ dT] 
PI d'Z P dz m n T dz 

In this equation, D is the difIusion coefficient 
for the constituent of partial pressure PI and mass mi 

in the atmosphere characterized by the mean mole
cular mass m and the total pressure p. The concen
tration n2 is related to the total concentration n by 
the relation n2 n nI and OCT is the thermal 
difIusion factor which can be taken equal to 0.38 
for helium and atomic hydrogen. 

For a minor atmospheric component of concen
tration nl' the relation (3) can be written : 

\ 1 dn i 1 • ] I 
D I n

i 
d-;: + HI [1 + ~l (1 + OCT) r 

where ~r is related to the scale height gradient 
~I = dHI/dz hy : 

(5) ~i = ~I - ro + z 

ro being a refe renee level measured from the Earth's 
center and z being the altitude above that level. If 
there is neither loss nor production in a volume ele
ment, the vertical difIusion flow nI WI follows the 
continuity equation: 

(0) 
()t 

where t represents the time. 
With a mixing distribution as an initial condition 

for the minor constituent, is is possible, following 
Mange's method [23J, to study the time evolution 
towards a difIusive equilibrium characterized by a 
vanishing velocity WI' If we adopt at 100 km a 
pressure of 3 X 10--. 4 mm Hg and a temperature 
of 200 OK, the solution of equation (6) gives the 
results presented in figure 1 for a gradient ~ = 0.2. 
At a height of 120 km the mixing conditions cor
respond to the physical parameters used by NICO

LET [24J for constructing a group of his atmospheric 
models. If we assume that above 120 km, the 
principal constituents are in difIusive equilibrium, 
figure 1 shows that after 10 days the helium concen
tration at 120 km is identical to the value obtained 
with a practical difIusive equilibrium beginning 
at 115 km. But argon reaches equilibrium more 
rapidly, because the practical difIusive equilibrium 
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FIG. 1. - Time evolution towards diffusive equilibrium 
for argon and helium. 

level goes down to 107 km after 10 days. This is 
because the difference between mixing and difIusive 
equilibrium distributions is smaller for argon than 
for helium. 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 
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 compu
tations, this situation leads us to adopt an artificial 
level for the difIusion equilibrium always lower than 
the exact height above which difIusion equilibrium 
prevails. If an eddy diffusion flow is added to the 
molecular d'ifIusion flow, one writes: 

(7) F 

Following LETTAU [25J, we can write the eddy 
difIusion velocity We as follows: 

(8) 

If a pressure scale height Jel is introduced such 
that 

(9) 
1 dPl 1 
-=~-, 

PI dz Je1 

:3 
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the vertical transport flow (7) can be written with 
the help of (1), (8) and (9) in the form: 

(10) F = 

with 

(11) A m/D 
and 

(12) mr = ml (1 + ~T ~r ~;) . 
When .leI = H kT/mg, the constituent of 

mass ml follows a perfect mixing distribution and 
the transport flux (10) is independent of the eddy 
diffusion coefficient. A value .leI HI kT /Tnt g 
corresponds to the diffusion equilibrium, if the ther
mal diffusion is neglected. 

In that case, the transport flux (10) can only be 
due to eddy diffusion. 

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

(13) 
H m! 

m 

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

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

(14) D = ~ (1 + ~!)I/2 (8 kT)1/2, 
32Qn m 1t m i 

it is possible to compute values for the eddy diffu-

HEliUM - 4 

f.O 

F<O F>O 

.0" -"---Q-'-.--Q-'-9--'----'-2 -~----'-----'-----'-""'--: 

'X,/H 
FIG. 2. - Valuf's of the ratio A = 'DID when the transport 

flow F = 0 as a function of the partial pressure scale 
height Je l , expressed in atmospheric scale heights unib. 

TABLE I 

z (km) 

100 
105 
110 
115 
120 

z(km) 

100 
105 
110 
115 
120 

(1) 

Jel/H 
D (He) (1) 

8.0 X 106 

2.1 X 106 

4.7 
9.7 
1.9 X 107 

Je1/H 
D (A) (1) 

3.7 X 105 

9.5 
2.2 X 106 

4.5 
8.7 

MOLECULAR AND EDDY DIFFUSION COEFFICIENTS (cm 2 sec-I) 

CORRf:SPONDING TO DIFFERENT STEADY STATES (F = 0) 

1.5 2 3 4 
EDDY DIFFUSION COEFFICIENT 

1.4 X 106 6.8 X 106 3.1 X 106 1.9 X 106 

3.7 1.8 X 106 8.1 4.9 
8.4 4.0 1.8 X 106 1.1 X 106 
1.7 X 107 8.3 3.8 2.3 
3.4 1.6 X 107 7.4 4.5 

0.95 0.90 0.80 0.75 
EDDY DIFFt;IUON COEFFICIENT 

2.8 X 106 1.2 X 108 3.1 X 101i 1.4 X 100 
7.4 3.0 8.0 3.6 
1. 7 X 107 6.8 1.8 X 106 8.2 
3.5 1.4 X 107 3.8 1. 7 X 10' 
6.7 2.7 7.3 3.3 

5 

1.3 X 105 

3.3 
7.6 
1.6 X 106 

3.0 

0.70 

2.7x104 

6.9 
1.6 X 106 

3.3 
6.3 

Mor!' precise values are not considered, since exact pressures are not known between 100 km and 120 km. 
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f) 

9.2 X 10' 
2.4 X Wi 
5.4 
1.1 X H)6 
2.2 

0.69 

8.7 X 103 

2.2 X 104 

5.1 
1.1 X 101 

2.0 
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sion coefficient corresponding to a steady state. 
Adopting an average value for the diffusion cross 
section Q 2.8 X 10---15 cmll, 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 :n is less 
than D. A value for D(A) of 8.7 X 106 cm ll sec-1 

at 120 km and 3.7 X 105 cm2 sec-' at 100 kill 
would correspond to a ratio Je1/H 3 for He and 
Jel/H = 0.8 for A. Those ratios Je1/H show again 
that argon reaches diffusive equilibrium more rapid
ly than helium. If a diffusive equilibrium is 
adopted for helium at 120 km, the eddy diffusion 
coefficient is less than 2 X 106 cm ll sec-I, i.e. a 
factor of 10 less than the molecular diffusion coef
ficient. This value is of the same of magnitude 
than the value deduced by COLEGROVE et al. [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 dynami
cal processes in the lower thermosphere. 

For practical computations in the homosphere, 
we can write the diffusive flow FD in the form: 

(15) FD 

where ro is the Earth's radius and r is the geocen
tric altitude. The atmospheric scale height H 
must be expressed in cm in formula (15). The para
meter Y, which determines the flux direction, is 
given by: 

(1(;) y 1 
m 

In the expression (15), we used a molecular diffu
sion coefficient : 

(17) D=-- 1+- --. 3" ( ml)I/2 (8 kT)I/2 
32Qn m "m1 

with a mean diffusion cross section 

Q 2,8 X 10-15 emil, 

It is interesting to point out that formula (15) 
represents the maximum flux which can be suppor-
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ted by molecular diffusion through the homosphere. 
Recently, several authors [27, 28] adopted a 

helium concentration at 120 km higher than the 
value proposed by KOCKARTS and NICOLET [20, 29]. 
As the mixing conditions are variable in the lower 
thermosphere, this arbitrary increase could be jus
tified during certain periods. In fact, NICOLET [30] 
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 Table I it can also be seen that a decrease 
of the eddy diffusion coefficient from 6.8 X 105 

cm2 sec-1 to 1.9 X 105 emil sec-1 at 100 km can 
lead to an increase of a factor 2 for the total helium 
content. Therefore 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 
informations mainly concern minor components such 
a~ 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 boun
dary 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 km. 

3. MEAN MOLECULAR MASS 
FOR A DECREASING SOLAR CYCLE. 

NICOLET [24] presented the first atmospheric 
model taking into account of diffusion processes 
and of heat conduction transport [31]. HARRIS 
and PRIESTER [32J adopted the same boundary 
conditions at 120 km in constructing a set of models 
as a function of local time for different solar acti
vity levels. In order to fit the mass spectrometric 
measurements, JACCHlA [27] as well as HARRIS 
and PRIESTER [28J recently modified the boundary 
conditions at 120 km. Table II gives the adopted 
set of conditions. 

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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TABLE II 

BOUNDARY CONDITIONS AT 120 km 

T (OK) n(N2 ) (em-a) n(02) (em-a) n(O) (em-S) n(He) (em-a) HEFERENCE 

324 5.8 X 1011 1.2 X 1011 7.6 
355 4.0 X 1011 7.5 X 1010 7.6 
355 4.0 X 1011 7.5 X 1010 7.6 

HEDIN and NIER [33J showed that this hypo
thesis is in agreement with the mass spectrometric 
measurements [9J, at least during periods of low 
solar activity. The vertical distribution of an 
atmospheric constituent with concentration ni is 
given by : . 

(18) O. 

The thermal diffusion factor C'l.T is negligible for 
0, O2 and l'I2 • However, if we omit the term in C'l.'f 

for helium, we obtain at high altitudes concentra
tion too low by a factor of 1.4 to 2.4 accor
ding to the thermopause temperature [34]. Ato
mic hydrogen distribution will be computed by 
considering a diffusion flow [20, 29] of the order 
of 2.5 X 10 1 cm- 2 sec- l which corresponds to a 
concentration of the order of 107 cm-3 at an alti
tude of 100 km. 

The mean molecular mass m can be written : 

(19) m 

where mi and ni 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 decrea
sing solar cycle, the annual mean isothermal tem
peratures of Table III, will be adopted, obtained by 
using NICOLET'S relationships [35J between the 
temperature and the solar flux at 8 cm. 

TABLE [fl 

ANNUAL MEAN VALUES 

FOR DAY-AND NIGHTTIME TEMPERATURES 

BETWEEN -1958 AND 1964 

Tde.y (OK) 
T night (OK) 

1958 

1600 
1200 

1960 

1350 
1050 

1962 

1000 
750 

1964 

900 
650 

X 
X 
X 
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1010 1.9 X 107 NICOLET [24] 
1010 3.4 X 107 JAceHIA [27] 
1010 2.4 X 107 HARRIS and PIIIESTER [28] 

FIG. 3. Mean molecular ma8S for day- and nightime 
conditions during decreasing solar cycle 1958-1964. 

These temperatures should be correct to 50 OK. 
Figure 3 shows the mean molecular mass distribu
tion 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 molecular mass becomes smal
ler and approaches 1 rapidly. Therefore, the 
thickness of the helium belt introduced by NICO

LET [36] is smallest during minimum solar activity 
and atomic hydrogen becomes the major cons
tituent. At all levels of solar activity, the largest 
variations in m occur in the isothermal region. 
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TABLE IV 

I !'IFLUE:>ICE OF A PRESSURE CHANGE AT 120 krn ON THE MEAN MOY,ECULAR MASS 

/; (km) T (OK) n(O) (cm-3 ) n(02) (em-3) 

291 
120 325 7.60 X 1010 1.18 X 1011 

355 

629 1.11 X 1010 5.45 X 109 

150 641 1.28 6.67 
653 1.45 7.90 

766 2.61 X 109 3.66 X 108 

200 768 3.10 Q.66 
772 3.59 5.73 

798 2.73 X 108 4.18 X 106 

300 7HR 3.26 5.34 
798 3.81 6.66 

This means that diffusion is the dominant process 
involved in modifying the atmosphere above the 
thermopause level. The curves of figure 3 were 
computed without changing the boundary condi
tions at 120 km. According to NICOLET [37] a 
total density range of (3.5 ± 1.0) X 10-13 gm cm-3 

can be obtaIned at 200 km by assuming a pressure 
variation of only 10 per cent at 120 km and by 
changing tbe gradient [3 by ± O. L Table IV 
shows the effect of such a pressure variation alone 
on the mean molecular mass without changing the 
gradient [3 at 120 km. Table IV has been construc
ted for an isothermal temperature of 800 OK, i.e. 
a value similar to that deduced from the mass spec
trometer measurernents made by NlER et a1. [9] on 
6 June 1963. Although the concentration are 
affected by a change of ± 10 per cent in the tempe
rature at 120 km, the mean molecular mass is prac
tically unchanged. The same result is obtained by 
changing the gradient [3 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. 

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 oxy
gen was still the major constituent between 400 km 
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n(N2 ) (em-3 ) o(gm em-a) m(C12 12 

5.83 X 1011 3.54 X 10-11 27.4 

3.59 X 1010 2.25 X 10-12 25.9 
4.33 2.71 26.0 
5.07 3.16 26.1 

3.30 X 109 2.42 X 10-13 23.2 
4.13 2.99 23.4 
5.00 3.58 23.5 

6.57 X 10 7 1.05 X 10-14 18.3 
8.23 1.28 18.5 
1.01 X 108 1.52 18.6 

wac 

N, 

FIG. 11. - Vertical distribution of the relative abundances 
of the atmospheric constituents for averages daytime 
eonditions in 1958. 

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 km whereas the atomic hydrogen relative 
abundance only reaches a few per cent at 2500 km. 
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1964 NIGHT 

T : 650 .. j( 

PE'1C[NTAc.E PER 'iOLlJM€ 

FIG. 5. - Vertical distribution of the relative ahundances 
or the atmospheric constituents for average nighttime 
conditions in 196fl. 

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 mole
cular mass variations are largest during minimum 
solar activity. 

FIG. 6. Distribution or the mean molecular mass as a 
function of the thermopause temperature at various levels 
between 200 km and 1000 km. 

In figure 6, the mean molecular mass has been 
plotted as a function of the thermopause tempera
ture for a few altitudes between 200 km and 
1000 km. It is again apparent that the largest 
variations occur in the isothermal region. For 

168 

instance, at 200 km the mean molecular mass is 
(23.0 ± 1.5) for the whole solar cycle; but, at 
1000 km, values between 1 and 14 are possible 
depending on the thermopause temperature. 

4. ATMOSPHERIC SCALE HEIGHT 

AND ITS GRADIENT ~. 

An experimental determination of the atmosphe
ric 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. Figures 7 and 8 show the verti
cal 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 tempe
rature 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; H increases when the solar 
activity decreases (see Table V). The increase of 
H above the thermo pause level is due to the diffu
sion effect, corresponding to a rapid decrease of 
the mean molecular mass with altitude (see fig. 3). 

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

TABLE V 

ATMOSPHERIC SCALE HEIGHT (km) AS A FUNCTION 

OF THE THERMOPAUkE TEMPERATURE 

TEMPERATURE (OK) 

z (km) 2000 1750 1500 1250 1000 

400 92 84 76 66 56 
500 105 96 86 75 64 
750 132 121 HI 107 128 

1000 164 162 179 223 270 

650 

43 
76 

323 
496 

For practical computations, however, it can be 
shown that with a critical level depending on tem
perature, the mean molecular mass computed with 
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FIG. 7. - VE'rlical distribution of the atmospheric seale 
height II for daytime conditions from 1958 to 19M. 

FIG. 8. Vertical distribution of t he atmospheric scale 
height H for nighttime conditions from 1958 to 1964, 

an exospheric distribution is nearly identical to that 
resulting from applying the hydrostatic equation 
at heights below 3000 km. The scale heights pre
sented 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 (3 must 
be computed by means of finite differences between 
atmospheric scale heights. However, for an iso
thermal atmosphere in diffusive equilibrium, it is 
possible to establish an expression which allows 
us to compute (3 at a given height. In this case, thp 
gradient can be written : 

(~O) 

where ro is the Earth's radius and z is the altitude. 
For an isothermal atmosphere in diffusive equili
brium we have further: 

(21) 

and 

(22) 

dn 
dz 

dp = _ ~£.i.., 
dz Hi 

The sum is taken over all the atmospheric cons
tituents distributed with their own scale height 
Hi = kT/m. g. With the help of relations (19), 
(21) and (22), the gradient ~ is given by : 

(23) (3 H [! L~ ~ L ni + _2_]. 
P Hi n Hi ro + z 

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 
o .6 for all solar cycle conditions. These high 
values only result from the diffusion whereas at 
1.50 km a gradient (3 = 0.6 would correspond to a 
temperature increase of the order of 20oK/km. 
Elsewhere, the greatest values of (3 occur for low 
solar activity, i.e. when the mean molecular mass 

"'" 
/ 

I 

I 
I 
I 
i 
! 
I 
I 
I 

""" 100Q 

FIG. 9. Altitudes of (3 peaks as a function of the thermo-
pause t!'mperature. The dotted curves correspond to an 

increase by a facto r of 2 of helium concentra tion. 
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variation with height is largest. Finally, for a 
given temperature, the vertical distribution of 
~ goes at least through one maximum between 
500 km and 3000 km. If one considers two cons
tituents and if one neglects the terms proportionnal 
to 2/(ro z), one can show [38] the maxima hap
pen to bc at height where p(He) = prO) 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 ofthea1mos
pheric 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 redueed from 
25 km to 100 km depending on the thermopause 
temperature. 

Atomie hydrogen only becomes the major cons
tituent at much higher altitudes. It is apparent 
that the helium belt persists for low solar activity 
even when the hclium is not increased. Only the 
extent of the helium layer diminishes with d~crea
sing solar activity and its thickness decreases to 
about 200 km during solar minimum conditions. 

5. DENSITY SCALE HEIGHT 
AND ITS GRADIENTS ~P' 

After the analysis of the atmospheric scale height 
H and its gradient ~, it is useful to study the beha
viour of the scale height HI' which is associated 
with the total density determination based on the 
rate of decay of artificial satellites orbits. KING
HELE and REES [39J developped two methods for 
finding HI' either from the decrease in a satellite's 
perigee height or from the deercase in the orbital 
period of a satellite in a small eccentricity orbit. 
MAY [40J deduced density scale heights HI' from 
a numerical analysis of the ratio between the varia
tions of the perigee geocentric altitude and the 
variations of the eccentricity. 

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

(24) 

and 

(25) 

dp dn dT 

p n 

dp dn dm 

r n Tn 

dz 

II 

TABLE VI 

RATIO II/He BETWEEN 200 km AND 3OO0km 
FOR DAY AND NIGHTTIME CONDITWNS FROM 1958 TO 1964 

YEAR 

1958 1960 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 1.06 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 L14 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 L02 1.25 1.09 1.54 1.55 1.03 1.30 1.00 
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By combining hoth equations, the relationship 
between Hand Hp is obtained: 

(26) 
H 

H~=----
~ 2H 

1 + ~ 
'0 + z 

This expression is valid throughout the whole 
atmosphere and shows that Hp is never greater 
than H hecause the gradient ~ is always greater 
or equal to 2Hj(,o + z). When atomic hydrogen 
hecomes the major constituent, Band Hp are iden
tical. But, in the heterosphere, the ratio H/B p 
varies rapidly and may reach values greater than 
1.5 as can be seen from Tahle VI. 

\Vhen the density scale heights Hp have been 
determined from satellite observations :39, 40J, it 
is possible to compute the atmospheric scale heights 
by numerical integration of (26) or by adopting a 
hypothesis for the value of~. Such a procedure 
must, however, be carefully considered because of 
the great variability of ~. 

The variations of Hp are similar to those of the 
atmospheric scale heights presented in figures 7 
and 8, and it is useful to study the behaviour of 
the gradient, ~p = dHp/dz. By using relation (26), 
one obtains the following expression: 

(27) 

2 

'0 + 
3O"",-----.TT------:,,----------

OAY 

:2000 

iOO:l 

! 
,~. -~-~------~-~-~--~~ o M 

GRAOlENTS P .n;: PI' 

FIG. 10. - Vertical distribu.tion of the gradients (j and ~p 
tor average day- and nighttime conditions in 1958. 
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VIG. 11. ~ Vertical distribution of the gradients ~ and ~p 
for av('rag" day- alld nighttim!, conditions in 1960. 
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FIG. 12. - Vertieal distribution of the gradients (3 and ~, 
for average day- and nighttime conditions in 1962. 

where W is the derivative of the gradient ~ 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 is available for W [38]. In the ther
mosphere ~p must be computed from finite diffe
rences. Figures 10 to 13 show the gradients ~ and 
~(J for the solar cycle conditions between 1.958 and 
1964. It can be seen that the gradient ~p reaches 
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FIG. 13. Vertieal distribution of the gradienls f3 and f3p' 
for average day- and nighl1 imc conditions in t 961. 

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 ~ in the 
thermosphere. Above the thermopause ~p is even 
greater than ~ in a certain height range. This is a 
direct consequence of formula (27) according to 
which ~p may be greater than ~ when the deriva
tive ~' is negative i.e. when the gradient ~ decreases 
with height. Figures 10 to 13 also show that the 
variations of ~p are larger during solar minimum 
conditions. Again, the diffusion process is the 
leading factor controlling the structure of the iso
thermal heterosphere and important differences 
appear in the absolute values of ~ and ~p as a func
tion of the thermopause temperature. 

CONCLUSION 

By using atmospheric models adapted to a decrea
sing solar cycle, it is shown, in terms of the mean 
molecular mass and of the scale heights H and HI" 
how diffusion transport leads to important varia
tions in the structure of the upper atmosphere. 

An analysis of the general mass transport equa
tion shows that any level adopted for the begin
ning of the molecular difTusion directly depends 
on the ratio between the coefficients for eddy difTu
sion and molecular diffusion, as well as on the initial 
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distribution for the considered constituent. For 
example, if helium is assumed to be in diffusive 
equilibrium at 120 km, the eddy diffusion coeffi
cient must be less than 2 X 106 cm 2 sec-1 at that 
height. Experimental and theoretical studies are 
still necessary for analyzing with enough precision 
the physical conditions of the transition region 
between perfect 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 he 
adopted at 120 km for constructing atmospheric 
models. Before knowing all those physical para
meters, however, it is necessary to describe physi
cal characteristics of the terrestrial upper atmos
phere. 

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, whereas it changes 
the total density at 200 km between 2.4 X 10-13 

and 3.6 X to-13 gm cm-3 . The large variation 
in m above the thermopause level results directly 
from the difTusion 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 hydro
gen is already the major component at a height of 
the order of 1000 km. 

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 ther
mopauselevel, the great variability of m causes 
more complex changes of H and the atmospheric 
scale height increases when the solar activity dimi
nishes. 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 II 
are presented in the behaviour of the gradient ~ 
which goes through at least one maximum between 
thc thermopause level and 3000 km. The maxima 
of ~ have a physical meaning because they occur 
at the levels where p(He) = p(O) and p(H) = p{He), 
i.e. at the heights where helium and hydrogen suc· 
cessively become the major component. In addi
tion, it is interesting to note that above the ther
mopause, the gradient ~ reaches values higher than 
those usually adopted at 150 km where ~ can he 
eonsidered as proportionnal to thc temperature 
gradient. So, diffusion produces scale height gra-
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dients larger than those resulting from the ultra
violet heating in the thermosphere. 

The density scale height Hp shows a behaviour 
similar to that of the atmospheric scale height, and 
the gradient ~p is strongly height dependent. 
Contrary to what is usually assumed, ~p is never 
less than the gradient ~ in the thermosphere. Hp, 
however, is never 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 varia
tions in the mean molecular mass and the related 
physical parameters. 
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