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FOREWORD 

The paper "The structure of the thermosphere" has been 
written for publication in "Planetary and Space Science" and it 
will be published within a few months. An abstract has been pre-
sented at a session of the Upper Atmosphere Committee in Helsinki 
within the framework of the meetings of The International Association 
of Geomagnetism and Aeronomy, during the General Assembly of the 
International Union of Geodesy and Geophysics from July 25 till 
August 6, 1960. This paper has been used for the introductary 
lecture, I gave at the International Astronautical Congress in 
Stockholm on August 16. 

AVANT-PROPOS 

Cet article "The structure of the thermosphere" a été 
rédigé pour la publication dans la revue "Planetary and Space 
Science" et paraîtra dans quelques mois. Un résumé a été pré-
senté à une séance du Comité de la Haute Atmosphère à Helsinki 
dans le cadre des réunions de l'Association Internationale de 
Géomagnétisme et d'Aéronomie lors de l'Assemblée Générale de 
l'Union Géodésique et Géophysique Internationale du 25 juillet au 
6 août 1960. Cet article a servi de base à l'exposé introductif 
que j'ai fait au Congrès de Stockholm le 16 août à l'invitation de 
la Fédération Astronautique Internationale. 



VOORWOORD 

Dit artikel s "The structure of the thermosphere" werd 
opgesteld ter publicatie in het tijdschrift "Planetary and Space 
Science" en zal binnen enkele maanden verschijnen. Een samenvatting 
werd ten gehore gebracht op een zitting van het "Comité de la 
Haute Atmosphère" te Helsinki in het raam der bijeenkomsten van 
de "Association Internationale de Géomagnétisme et d'Aéronomie" 
ter gelegenheid van de Assemblée Générale de l'Union Géodésique et 
Géophysique Internationale van 25 juli tot 6 augustus 1960. Dit 
artikel ligt eveneens aan de basis van een inleidende uiteenzetting 
welke ik op het Congres tè Stockholm gehouden heb op 16 augustus 
op uitnodiging van de "Fédération Astronautique Internationale". 

VORWORT 

Dieser Artikel "The structure of the thermosphere" wurde 
geschrieben für Herausgabe in "Planetary and Space Science" und wird 
in wenige Monate erscheinen werden. Eine Zusammenfassung wurde vor-
gestellt wahrend einer Sitzung des Komitees fur die höhere Atmosphäre 
in Helsinki bei der Gelegenheit der Versammlupgen der Internationalen 
Assoziation ftlr Geomagnetism und Aeronomie wahrend der Generalen der 
Internationalen Vereinigung fur Geodesie und Geophysik vom 25. Juli 
zum 6. August 1960. Dieser Text diente zum Einleitungsbericht, der 
ich zum Internationalen Astronautischen Kongress in Stockholm am 
16. August vorgestellt habe. 
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Abstract 

The vertical distribution of the density in the 

thermosphere, deduced from satellite observations, must be 

explained by an increase of the scale height with altitude» 

A varying gradient of the scale height cannot be interpreted 

by assuming an increase of the temperature gradient with 

altitude» An examination of the interrelationships between 

the absolute values of density in a dark atmosphere and 

diurnal conditions of heat conduction reveals that the vary-

ing gradient of the scale height above 200km is essentially 

due to the decrease of the molecular weight, mg, of the at-

mospheric constituents subject to diffusion» 

In the night atmosphere the isothermy above a certain 

altitude ( > 200km) is the critical factor characterizing the 

vertical distribution of density» The temperature of the 

isothermal region, resulting from conduction, is related to 

the ultraviolet heating which was available during the day» 

The effect of diffusion has been clearly shown by establishing 

a thermo^isobaric relation connecting the temperature of the 

isothermal region with an isobaric level where atomic oxygen 

has a specific concentration» From observational data on 

the variation of the night time density at high levels, it 

is possible to deduce the variation of the temperature of 

the isothermal region» 

The gradient of temperature in a sunlit atmosphere 

is related to the fraction of the ultraviolet sun's energy 

absorbed, which determines .the magnitude of the variation 



of the scale height with altitude«. Since heat transport 

is a function of the atomic or molecular concentrations and 

the square of the distance, it is shown that anomalies in 

the temperature gradient cannot be permanent. 

- i i -



lo Introduction 

The effect of air resistance on the motion of an artifi-

cial earth satellite makes it possible to derive the atmospheric 

density in the region 6f the perigee of its orbito Formulae re-

lating satellite drag to orbital elements have been derived by 

various authors,* see for example Greves (1958-9), King-Hele (1959), 

Sterne (1959). Determinations of density have been made by various 

authors following the initial calculations of the acceleration of 

the first two satellites 1957 a and p (Sputniks 1 and 2), whose 

perigees were at about 220kmj see for example Mullar Radio Astron-

omy Observatory (1957), Royal Aircraft Establishment (1957), Sterne, 

Folkart and Schilling (1958), Sterne and Schilling (1958), Harris 

and Jastrow (1958a), Jacchia (1958a, 1959a), Groves (1958a),-

Sterne (1958 a and b), El°Yesberg (1958), Lidov (1958), Mikhnevich 

(1958), Priester, Bennewitz und Lengruesser (1958), Warwick (1959), 

Paetzold (l959b) e 

From the spring of 1958, the satellites Vanguard I (l958p2), 

Explorer I (1958a), Explorer IV (1958c), and Sputnik III (1958 <£), 

made possible an analysis of the densities at altitudes of approx-

imately 650km, 350km, 260km, and 220km corresponding to the per-

igees of the above satellites. See for example, Jacchia (1958b), 

Jacchia and Briggs (1958), Harris and Jastrow (1958b), Siry (1959), 

Sterne (1958 a and b), Schilling, Whitney and Folkart (1958), 

Schilling and Whitney (1958 and 1959), Sedov (1958), King-Hele 

(1959a), Groves (1959a, b, c), Mikhnevich, Danilin, Repnev, 

Sokolov (1959), Paetzold (I959d) 0 

It is evident that the absolute values of the density 



which have been deduced from these observations may vary accord-

ing to the methods and satellite parameters utilized by the 

various authors. Thus, the drag p a r a m e t e r i s dependent on 

the mass of the satellite m s, ©n the effective cross section of 

the satellite Sg, and on the satellite's drag coefficient C e, and 

- * s
 c

s/ins differ according to the values used by the 
authors. Consequently, the absolute values of the density deduced 
can be different even if the formulae relating density to accel-
eration are the same. In addition, the values of the density do 
not necessarily relate to the same period in the life of a sat-
ellite and can correspond, therefore, to different physical states 
of the high atmosphere» In this case, the scale height associ-
ated with the density may be not appropriate. Finally, because 
the altitudes of certain satellites are not given with adequate 
precision the densities obtained do not correspond with the 
approximate altitude indicated. 

From the beginning- of these observations, Groves 

(1958a) stressed the importance of the equatorial bulge 

which changes the altitudes by 12„5km between the Equator 

and 'latitude 50°. After Jacchia (1958b) had indicated the 

existence of irregularities in the acceleration of satellite 

1957 P many variations were detected and ascribed to many 

different causes but it was immediately obvious that the at-

mosphere was responsible for these irregularities. Never-

theless, the special effects were attributed to many causes 

such as discontinuities in the atmosphere at certain latitudes. 

For example King-Hele and Walker (1959) insisted that near 
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30°N the effect of the irregularities was caused mainly by 

solar disturbanceso In any event, the variations of solar 

radiations at 20cm and 10cm (Pries ter 19$9> Jacchia 19.59b) 

show clearly that solar emissions play a primary role in the 

variation of atmospheric density« It should be noted here 

that it is only possible to enter into a detailed discussion 

of all the variations if the observational data are very 

precise and sufficient in number so as to be able to follow 

all the fluctuations as a function of altitude» 

2„ Analysis _of_observational resnIts 

2ol Mgan _val;aes_ of the densi ty 

Before : ar trying out an analysis of the various 

variations of the density it is desirable to provide a 

description of the results as a whole. For this reason we 

have summarised the main results as shown in F i g d o 

Before being able to determine which variations 

modify the density we must decide on the average conditions.' 

The different determination shown in F i g d o were made for 

different' periods.* although most of them relate to the 

beginning of 1958„ It should be noted that the rocket 

results, for altitudes of the order of 200kms give varia-

tions which do not appear to agree with the results deduced 

from the acceleration of satellites« It appears, however, 

that the rocket measurements of density carried out at about 

2 0 0 k.m lead to values of (1? + 2) x 10 .gin cm ' 9 although 

certain differences can be expected since measurements made 
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with rockets involve the collection of samples which can 
relate to sporadic conditions that are not necessarily rep-
resentative,, As a result, values of density between 200 and 
250km as given by Mikhnevich (1958) are probably too small 
when compared with satellite data«, 

If we consider the results of LaGow et alo (1959) and 
Horowitz et al. (1957, 1959), the densities,^ , at 200km, 
at Churchill^ ioe0 

1956,. Novo 17, day| f « 3<>6 x 10~13 gm cm"3 

1957, July 29, dayj p « (6»7 * 2) x 10"13 gm cm"3 

1958, Octo 31, dayj P » U.O x 10"13 gm cm"3 (extrapolated) 
1958, Febo 2li, nightj P - (1.3 + 0o 6) x 10~13 gm cm"3 

it is clear that the median value corresponds to the value 
obtained from the satellite data, (U + 2) x 10~13gm cm"3

a 

Furthermore, the value obtained at White Sands, of the order 
13 

of l.U x 10 gm cm" at 200km, corresponds to an atmosphere, 
in 1957» for which the pressure was only 10"^ mm Hg at 100km 
when it was (3 + l) x 10°°̂  mm Hg at Churchill. 

Mikhnevitch (1958) indicating a density of 207 x 10~13 gm 
200km is. still inside of the possible variation« However, 
he adopts (1959) the value of 2.1 x 10~13 gm cm"3 at 225km 
for an atmospheric model. 

It can be concluded that an average value of the order 
•a ^ 

of h x-10 gm om represents the atmospheric density at 
200km during the sunspot maximum in 1958~1959o Variations 
leading to (U • 2) x 10"13 gm cm"3 can be accepted. Extreme 
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values between 1 and 7 x 10 gm cm are not representative 

of latitudinal, seasonal or diurnal variations at 200km, but 

should be associated with the effect of solar activity if they 

are not included in the possible errors.of measurement« 

It must be pointed out that an analysis of the varying 

conditions at 200km is to be related to the analysis of con-

ditions between 100km and l50kmo For example, there is a 

yariation of the density of molecular oxygen by a factor of 

3 according to the measurements made by Byram, Chubb and 

Friedman (1957) and Kupperian, Byram, Friedman and Unaickex. 

(1958)6 Likewise considering the results obtained by Horowitz 

and LaGow (1957) at White Sands and by Horowitz, LaGow and 

Giuliani (1959) at Ft„ Churchill it is clear that there is 

a broad range of a factor U in the pressure and density data 

at lOOknu In other words if the value (2»5 + 1<>5) x 10"^mm Hg 

is accepted for the pressure at 100km, the possibility exists 

that the density at 200km is subject to a variation of 50°/^ 

even if the structure of the atmosphere above 100km is essen-

tially the same0 Therefore, the data available on atmospheric 

density obtained by means of rockets and of satellites show 

that variations of the density near 200km must be connected 

with the. atmospheric structure in the entire region between 100 

and 200km«, A certain variation of the density at 200km must be 

explained by the boundary conditions near 100km and by the 

atmospheric structure above the later altitude«. 

The curve in Fig„ l.has been drawn following the 

determination of Groves (1959a) and can be considered as an 
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average distribution for the first six months of 1958 corre-

sponding to a certain sunlit atmosphere» The absolute values 

near 200km depend on the value which is assumed for the scale 

height at that altiVude. For example, the results of Lidov 
— 13 — 3 (19^8) lead to values for between 2.U x 10 gm cm J to 

—13 —3 
3o2 x 10 gm cm if the scale heights are 50km and 30kmj 

respectively» El'Yasberg (1958) has adopted H - 25km at 225km. 

The average value of Groves (1959a) at 200km is U6km. Such 

differences show that variations do occur in the atmosphere 

above 200km. But the main conclusion to be drawn from the 

average values of the density is that the vertical distribution 

must be explained by an increase of the scale height H with 

altitude» In fact the equation for a perfect gas and the 

static equation indicate (Nicolet 1959a) that the density 

can be expressed by the relation d g (2.'1) 

where P dH/dz is the gradient of the scale height and g is 

the gravitational acceleration. The integration of equation 

(2.1) for a height interval sufficiently small so that P can 

be considered practically constant lead's to 

-&.•*»[ -fiT̂ rf *••}>•» 
In using equation (202) we can see that H increases 

regularly with altitude between 150km to 700km. Thus the 

results of Groves (1959a), corresponding to a certain sunlit 

atmosphere in 1958, coincide with an average model presented 
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by Nicolet (1959b) <, Subsequent calculations carried out by 

Nicolet (i960 a and b) involving an analysis of the physical 

conditions of an atmosphere in which the temperature is constant 

above 220km lead to the important conclusion thats the vertical 

distribution of the density of the high atmosphere can be ex-

plained if the atmosphere in which the various constituents 

are subject to diffusion is isothermal above a certain level» 

Such an atmospheric model shows that ultraviolet radiation 

is involved in the heating of the atmosphere. 

A recent analysis made by King-Hele and Walker (i960 b) 

leads to a night-time distribution in 1959 shown in Fig„ 2« 

This Figure further shows that an isothermal atmosphere at 

about 1200°K with diffusion beginning at 150km can represent 

the observations» The observational results do not differ 

from the model computed by Nicolet (1960b)0 In the same way, 

an analysis of night-time conditions by Jacchia (i960) (see 

Fig» 2) also shows the possibility of following the atmospheric 

distribution for high solar activity when a temperature of 

the order of lU00°K is adopted for the isothermal layer» 

The above results lead to the conclusion that there 

is a thermopause and that its level is subject to a diurnal 

variation«, Its altitude is maximum in a sunlit atmosphere 

and is minimum in a dark atmosphere» However s when the scale 

heights corresponding to isothermal atmospheres in diffusion 

equilibrium are compared (Fig» 3) with the empirical scale 

heights deduced by King-Hele and Walker (1960b) and by Jacchia 

(I960) considerable differences are found» King-Hele and 
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Walker have introduced a negative gradient below 250km and 

Jacchia's curve corresponds to an important gradient even at 

600 km. Such differences show that arbitrary atmospheric 

models can be made to follow atmospheric densities deduced, from 

satellite observations» 

2.2 Variations of the density 
Jacchia (I959d) has shown that the amplitude of the 

1/2 
fluctuations of the accelerations, proportional to pH ' , 
increases with the altitude of the perigee of the satellite. 
In fact, the important fluctuations appear simultaneously at 
all altitudes and the diurnal variations are magnified between 
350 and 650km. 

The effect of the earth's equatorial buldge is evident. 
Each transit at the Equator of Explorer I corresponds to a 
maximum and the change in perigee height of Sputnik III leads 
to a variation in the acceleration» 

In Fig. U we consider data from satellite 1958 02 

during the first half of 1959» obtained from the values deter-

mined by Jacchia (I959d) and Briggs (l959). The solar activity 

is represented by daily values of solar radiation at 10.7cm. 

as observed in Canada (National Research Council) and by the 

daily values deduced from the three-hourly K indices provided 

by Bartels• It is obvious, as Jacchia has shown (I959d), that 

there is a very close correlation between the variations of the 

density and those of the solar radiation as obtained using the 

electromagnetic radiation at 10.7 cm. As for a magnetic 
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activity relation to the corpuscular radiation, there is no 
general correspondence although, in certain cases, it is possible 
to see that corpuscular effects can occur during important geo-
magnetic disturbances. It appears, however, that a greater 
resolution in the orbital acceleration is needed to detect 
short-lived perturbations« 

On April 30 the density has decreased, Fig. k, when 

the sun is at 90° (the angle at the centre of the Earth deter-

mined by the position of the sun and of the perigee of the 

satellite); that is, when the Earth below the perigee is no 

longer sunlit. Finally, on July 31 the nocturnal effect is 

complete and the density is very low. These data show that 

the atmosphere at an.altitude of 650km is subject to a very 

important diurnal variation and the different analyses of 

Jacchia (l959d), Wyatt (1959), and of Priester and Martin 

(1959) show that the diurnal effect is the principal one. 

This strong diurnal variation is confirmed by the 

observed accelerations of Vanguard II 1959a, (Jacchia, I960), 

for which the diurnal variation o f f H l / 2 is of the order of 

a factor of 5 between March and August 1959 (Figo 5). it ± 0 

therefore necessary to consider that the altitude of the thermo-

pause and the temperature of the isothermal atmosphere vary 

considerably between night and day. Under such conditions the 

normal heating of the Ripper atmosphere takes place by electro-

magnetic radiation. It 1 * therefore, not necessary to look for 

a corpuscular effect (Bartels 1959) when investigating such a 

normal heating effect of the atmosphere, a hydromagnetic effect 



Fig. 5 
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(Dessler 1959), or any effect other than that of electro-

magnetic radiation, because such effects cannot be associated 

with a diurnal variation whose character is so pronounced at 

650km« Such effects must be linked with disturbances» 
1/2 

The variations of ^ H ' at an altitude of about 35>Okm, 

corresponding to the perigee of Explorer I (1958<?0, are consid-

erably smaller than at an altitude of 650km. From the beginning 

of January 1959, when the angular distance of the Sun reaches 

l80° until it reaches 90° at the March equinox, the density 

decreases slightly in agreement with the diminution in solar 

flux« Between March and August 1959 the increase in the 

acceleration occurs with the fluctuations clearly associated 

with the sequence of perigees at the Equator, even if some 

association can be made with the solar activity«, 

Thus, at an altitude of 350km, the effect of solar 

heating is evident and leads to a clear cut diurnal variation« 

The effect p«f the earth's equatorial buldge is of the order of 
1 0 ° V . 

When an- analysis of the variations of the density is 

carried out at altitudes less than 300km it is found that the 

diurnal effects are greatly diminished« In the analysis of 

the density deduced from the acceleration of 1958 € (Schilling 

and Whitney, 1959) the diurnal effects that can be infered for 

the period between July and November 1958 reach a maximum of 

20°/oi at the same time, an apparent latitude effect, caused 

by a change in perigee height due to the Earth! s equatorial 

buldge, is certainly of the order of 20°/ • The discontinuities 



-16-

in the density at 50°N and S cannot be attributed to a lati-
tudinal variation in air density. 

The analysis of the fluctuations of the Sputniks by 
various authors already mentioned, in particular King-Hele 
(i960), have shown that the diurnal effect is generally masked 
by other effects. In Fig, 6 the data given by Kozai (i960) 
for 1958 £ 2 are shown« It may be seen that from January to 
November 1959 the maximum variation is + 60 / . The main 
character of this variation corresponds to a displacement of 
the perigee from 2h°S on 1 January 1959 to 65°S, at the -beginning 
of June, and to less, than 10°S at the end of November 1959. 
Thus, the perigee was located in the Antarctic during the 
winter. Because of this, the altitude of the perigee did 
not diminish with time (May and Smith 1959). In June its 
altitude, about 225km, was a maximum and it is necessary to 
consider an increase in altitude of some l8km with regards 
to the Equator. As a consequence a decrease (30°/q to U0°/o) 
of dP/dt (see Fig. 6) can be explained by the flattening of 
the Earth. It is, therefore, clear that the general variation 
observed in the acceleration of this satellite is due to 
change in the altitude of the perigee and not to a discontinuity 
caused by a latitude effect. 

Another remarkable result is the very close association 
with geomagnetic storms that Jacchia (1959c) discovered for 
satellite 1958 / , thanks to a resolution of 10 revolutions 
in the analysis of the acceleration. Fig. 7 shows the variation 
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of the acceleration of 1958/1 as given by Jacchia (1959c*) 

with two remarkable peaks on July 9-10 and September U-5 when 

a resolution of. 10 revolutions is used in the analysis of 

observations« It is clear that such an increase of the atmos-

pheric density is associated with the magnetic activity defined 

by the K indices. A remarkable fact that Jacchia (1959c) has 

found is that the latitudes of the perigee of 1958 <ƒ 1 were 

35°N and 15°N in July 9 and September lij respectively. Further-

> more, it is of interest to note that the angular distances, , 

of the perigee from the sub-solar point were 120° and 75 ° J 

respectively. Finally, it is clear that the electromagnetic 

solar radiation represented by 10.7cm was decreasing after the 

occurence of its peak two or three days before. These two 

events show that a limited resolution corresponding to several 

days may smooth the transient disturbances affecting the atmospheric 

density. 

However, if we consider the periods when the perigee 

was in a dark atmosphere ("Y" in Pig. 7) we can see three other 

increases associated with the K indices (K >5) even if the 

resolution is only 25 revolutions. They are June 28-30, 

September 2U-26 and October 22-2U, when the angular distance, 

of the. porigee from the sub-sc^Lar point is greater than 

90°. Again the corresponding latitudes of the perigee are very 

low; between 15°N and the equator from September to October. 

Taking again the Smithsonian data for Sputnik II (1957P) 

(Jacchia 1959a), it can be shown (Fig. 8) that certain varia-

tions of the density can be associated with K ̂  5 indices. 
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Two remarkable associations are found on January 1-2 and 

February 9-11 when the "jangles were 80° and 120° and the 

perigee latitudes were 30°N and l5°Nj respectively. 

Ev«ft if the observations of 1958 J 2 are irregularly 

distributed three pronounced increases in the acceleration 

curve of Sputnik III (1958 J 2 ) can be seen, Fig« 6, for 

27 March, 29 June and U Septembers These are associated 

with geomagnetic disturbances which are represented by the 

K indices (Bartels 1959)o It should be noted that the*« 

three remarkable increases in the atmospheric density were 

observed during the three periods when the perigee was in 

the dark atmosphere« This shows again that the reactions of 

the atmosphere to a "coxpuscular effect" are more clearly 

distinguishable when effects on a sunlit atmosphere can be 

eliminated« 

If we consider periods during which the atmosphere 

was sunlit (May, July, August) important magnetic disturbances 

were also observed, but their associated effects do not seem 

to be so disturbing to the behaviour of the acceleration of 

satellite 1958 J 2« In particular the magnetic storm of 12 May 

1959 (see the K indices Fig. 6) observed by Ney, Winckler and 

Freier (1959) in association with cosmic radiation does not 

show, with th« low resolution of the acceleration curves, a 

special effect on the acceleration of the satellite« The 

maximum in the acceleration curve, about 8 May, is more closely 

associated with the maximum of the solar electromagnetic 

radiation« Similarly, the maximum near 15 July at sunrise 



appears to be related to the electromagnetic solar radiation, 
although the cosmic ray bursts described by Winckler (195?) are 
noteworthy. 

Moreover, a comparison should be made between the 

magnetic storm of 16 August 1959 and the recurrent storm of 

h September (during the night for 19*8^2), Daring the first 

2k hrs of the magnetic storm of 16 August, Arnoldy, Hoffman 

and Winckler (i960) found that about 3/1; of the particles 

in the outer Van Allen belt had been removed and had penetrated 

into the atmosphere. But the effect of the "corpuscular" 

heating of the atmosphere is probably not greater than the 

electromagnetic heating whilst the exceptional effect observed 

on h September is clearly a transient heating in the dark at-
mosphere , 

These different examples show that is -should be possible 

to distinguish between all of the external effects by a detailed 

determination, with sufficient resolution, of the acceleration 

of the satellites,, In any event, the diurnal variation and 

the 28-day periodicity show that the absorption of solar electro-

magnetic radiation is the primary process for heating the atmpaphere 

above 100km, The »corpuscular« radi.tioa.wilh its associated 

processes can easily affect the nocturnal conditions but is 

more difficult to detect in a sunlit atmosphere which is already 

heated by an increased electromagnetic radiation» Furthermore, 

the strong diurnal variations at the higher altitudes can mask 

such effects. Finally, the penetration of energy below 100km, 

has practically no influence on the structure of the thermosphere 
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in that the energy involved in flares is not important com-

pared with the total kinetic energy of the atmosphere* The 

most remarkable phenomenon near 200knr is the relation with 

the energy of the solar radiation which varies in accordance 

with changes in the solar activity* This is the reason that 

several investigators have found correlations with various 

indices of solar activity» Such a variation at 200km means 

that the atmosphere between 100 and 200km is affected and must 

correspond to a general increase of the scale height in the 

entire layer,. 

The variations of the density as a function of alti-

tude demonstrate that the diurnal variation is magnified with 

increasing height. It is the dominant factor at higher alti-

tudes and must be associated with the gradient of the scale 

height and altitude of the thermopause« 

The variation from one day to another is closely asso-

ciated with solar activity and the size of the variations of 

the density, increasing with the altitude* depends on the 

energy of the solar electromagnetic radiation which is avail-

able during a 27 day period. 

A corpuscular effect is evident at the time of magnetic 
i 

disturbances but it is only introduced sporadically and the 

energies which are involved are generally less than ultraviolet 

energies« Seasonal and latitude effects can only be secondary 

in relation to the complex effects of the diurnal and solar 

variations« 



3» The Constitution of the Thermosphere" 

The constitution of the thermosphere, that is to say 

of the atmosphere above 85km, theoretically depends on the 

state of molecular dissociation at the highest altitudes« 

Indeed, the essential observation that the scale height H 

increases with altitude necessitates -an analysis of the vari-

ations of three parameters? the temperature T, the mean 

molecular mass m , and the acceleration due to gravity, g„ 

If the atmosphere above a certain altitude was in a 

state of complete dissociation, an increase of H with altitude 

could only be explained by an increase of temperature with 

altitude. Above 300km, we can neglect a heating effect by 

ultraviolet radiation in that there is practically no absorp-

tion of such radiations at very high altitudes. In this case, 

a very pronounced dissociation of molecular oxygen below 200km, 

with a low pressure (lQ~
h

 mm Hg) at 100km, leads to an atomic 

oxygen atmosphère. To explain the gradient of the scale 

height it is necessary to introduce a flux of external heat 

transported by conduction. Such an application has been made 

by Nicolet (1958a, 1959a) using Chapman's theory of an extensio: 

of the solar corona. 

But an atmospheric model in which the pressure at 

100km reaches 3 x lo"
1

* mmHg, with a small percentage of the 

oxygen dissociated, represents more closely the atmospheric 

conditions leading to a further understanding of the thermosphei 

An important temperature gradient exists.below 200km and leads 

to a large abundance of molecular nitrogen at high altitudes 
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(Nicolet 1959b, I960). Since atomic nitrogen is a secondary 

constituent (Nicolet 1958b, 1959a) we may consider an atmosphere 

whose constitution depends essentially on the ratio Ng/O. 

In a general study, Nicolet (i960) has shown how the 

problem of the conditions in the thermosphere can be analysed» 

Using the following conditions at 100km s 
t 

p - 3 x 1 0 m m Hgj T = 200°K$ f> - 6.6 x 10~10gm cm'3 (3.1) 

corresponding to the concentrations (cm ) 

n(02) - 2o2 x 1012, n(N2) - 1.1 x 1013} n(0.) - l.U x 10 1 2 and 

m - 2 7 o U (3.2) 

the conditions at higher altitudes can be determined if we fix 

the level for the beginning of diffusion and the gradient of 

the scale height» 

In Fig« 9 are shown conditions such that diffusion 

begins at 120km and at 150km, and the scale height has large 

gradients of {J = 1»0, 1»5 or even 2»0 between 120 and 150km and 

an arbitrary gradient of (J - 0»2 between 150 and 220km. In 

order to simplify the calculations it was noted that these two 

gradients are almost equivalent to a variable gradient dimin-

ishing with height until about 300km. 

Considering Fig„ 9 we see that very different conditions 

do not modify to any great extent the vertical distribution of 

the density» For example, the density at 200km only varies 

by + 25°/o from the mean value for the above range of variables. 

Consequently we can conclude that, for constant conditions 
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at 100km, it is easily possible to obtain the densities, deduced 

from the satellite observations if we consider that there is a 

large temperature gradient between 100 and 200kn». Furthermore, 

the -vertical distribution of the density and the absolute value 

at 200km are practically independent of the exact value of the 

temperature gradient» An increase of the order of 50% in the 

density at 200km would require an increase of the order of 1000°K 

in the temperature» An increase of the density at 200km should 

be caused mainly by its increase in the region of 120km. 

A similar effect explains the differences in the obser-

vations made with rockets at different periods at White Sands 

and Ft« Churchill« Similarly, differences obtained at the same 

place of observation can only result from a change of temper-

ature in the lower thermosphere» In other words, the structure 

of the thermosphere depends primarily on the conditions at the 

limits applicable to the lower thermosphere (different densities 

at 100km). Moreover the fact of having introduced diffusion 

at 120km or 150km does not modify the above conclusions for 

the atmosphere at altitudes of less than 250km. 

We can therefore conclude that? the density of the high 

atmosphere is essentially dependent on the solar energy absorbed 

below 200km. This energy determines the temperature gradient 

up to iiOOkm in a sunlit atmosphere and fixes the temperature of 

the i sothermal atmosphere up to the highest altitudes. 

Since various temperature gradients between 120km 

(E layer) and 200km (F layer) modify only slightly the values 

of the density at 20Qkm, if constant boundary conditions are 
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taken at 120km, the small variations in the,densities deduced 

from satellite observations ne&r 200km are easily explained» 

But it must be pointed out that variations must occur in the 

E layer which modify the boundary conditions for the whole 

thermosphereo The computations lead to the following results 

120km, ̂  - 3» 26 x 10"1:Lgm cm~3s T - 262°K (3.3) 

150km, f = (lo5 + 0.03) x 10~12gm cm"3j ?25°K ^ T £ 1650°K, (3.U) 

Thus, it is certain that varying conditions occur inside of the 
E layer» 

The total kinetic energy varies between 5 x 10^ and 
t -2 5 x 10 ergs cm" from about 120km to 100kmo If an energy of 

„2 _ 1 
the order of 1 erg cm sec is available for the heating of 

the E layer, it is clear that the boundary conditions at 

120km will be subject to variations resulting from solar activity. 

In the same way, the region of the F1 layer where the total 

kinetic energy is less than 5 x lO^erg cm"2, will be strongly 

affected by an ultraviolet heating of the order of 1 erg cm~2sec"1. 

Below 100km, at 85km for example, the kinetic energy of 

a vertical column is of the order of 5 x 10^ erg cm"2 and 

an equivalent solar energy during one day of 12 hours would 

require a total absorption of about 100 erg cm"2sec"1
0 We 

can therefore conclude that the entire thermosphere above 

100km is essentially dependent on the solar energy and its 

fluctuations if the energy available for heating is of the 

order of 1 erg cm" sec" „ Such an energy input must be found 

in the X-ray and ultraviolet radiations absorbed above 100km« 
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ii. Solar Radiation 

The diurnal variation of the atmospheric density above 

250km' shows clearly that the heating of the thermosphere depends 

mainly on the electromagnetic radiation absorbed in the atmo-

sphere above 100km« 
Above 100km the atmosphere absorbs radiations with wave 

o 
lengths of less than 1750 A as a result of the dissociation of 

the oxygen molecules. The recombination of oxygen atoms mainly 

occurs below 100km after a downward transport and for this 

reason there is no important heating available from in situ 

r:e.jQ:ombinationo However, the energy available from the various 0 0 
monochromatic radiations between 1500 A and 1300 A corresponds 

to about 3 ergs cm sec , and the part transformed immediately 

into heat is about 0,5 erg cm"2sec~1 in the. E layer. Further-

more, the total energy from X-rays absorbed in the E layer 
— 2 — 1 

does.not exceed 0.5 erg cm sec at the maximum of the solar 

cycle. In addition, the heat flow from upper levels will lead 

to an important effect in the E layer since convection and 

conduction are certainly involved. We can conclude therefore 

that the E layer is subject to varying conditions depending 

on the coronal flux in the X-ray spectrum and on the chromo-

spheric and coronal flux in the ultraviolet spectrum. 

At altitudes above the B layer, from the beginning of 
the F1 layer, we must take into account the absorption of 

0 
radiations of wave lengths longer than 200 A. This corresponds 

to the entire ultraviolet spectrum involving Helium lines at 
0 0 

30U A and 58U A and also coronal lines of highly ionized atoms. 
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-2 -1 
An energy of the order of 1 erg cm sec can produce temper-
ature gradients of the order of 20°K per km. Such important 
gradient s lead to very high temperatures above 200kme 

If we consider a steady state for an overhead sun, it 
is easy to show (see Section 5) that the energy E is distributed 
with height as follows 

E • E<~ + EUV (U.l) 
in which E ^ denotes the energy flow at the top of the layer, 
Euv t h® ultraviolet solar energy available at the top of the 
earth's atmosphere for a certain spectral range and t is the 
optical depth, which is defined by 

T " Kx Jz n dz ^o2) 

Since the heating must be proportional to the energy absorbed 
it is evident that the temperature gradient will decrease with 
height up to a certain altitude where the optical depth is 
negligible« 

If there is no external heat flow, the sunlit atmosphere 
must be isothermal where there is no absorption of solar radiation,. 
Since X-rays and ultraviolet radiations are absorbed between 
the E layer to the F layer the temperature must increase con-
tinuously and no decrease can be expected in the whole thermo-
sphere» 

In order to study the variation of the short ultra-

violet radiations and of X-rays one refers to measurements of the 

centimeter or decimeter electromagnetic radiations emitted by 

the solar corona, Nicolet (1960b) has compared the results 
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obtained at various observatories from 3 to 30cm land has shown 
that the general behavior of the solar activity is the sane for 
the entire spectral region. The mean daily solar fluxes from 
8 to 15cm are subject to identical variations. The extremes 
of 3cm and 30cm differ from 10cm by an extent which is much 
less than the fluctuations. In other words, the largest fluc-
uations of the solar radiation from 3cm to 30cm are observed 
at about 10cm although the complete spectrum varies, under 
the same conditions, with the solar activity. 

Since Priester and Martin (19*9) a n d Jacchia (i960), 

after having used 10cm (l959d), have based their analysis of 

satellite accelerations on the solar energy of 20cm wavelength 

observed at Berlin, it is important to compare the observational 
data at 10cm and 20cm. Figtt 1 0 s h o w s t h a t > i n ^ ^ ^ ^ ^ 

radiation at 10.7cm measured at Ottawa does not indicate a 

general variation which is as pronounced as that for the solar 

radiation at 20cm measured at Berlin. In fact, during 1958, 

the relation between the extremes of radiation at 20cm is of 

the order of 5 while that for 10.7cm (which must be a maximum) 

is only about 2. Since Priester and Martin (1959) and Jacchia 

(i960) are able to follow th., general variation, of the a t l u^ 

spheric densities deduced from satellite measurements by using 

the 1958 measurements at 20cm, it is quite strange that such a 

good correlation has been obtained. There is no way to account 

for a special behavior at 20cm, with a variation of a factor 

of 5 in 1958, when the entire spectrum between 3cm and 30cm 

does not vary by more than a factor of 2. 
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Fig„ 11 shows that, in 1959® the so^ar radiations 

measured at 10„7cm in Ottawa and at 20cm i^ Berlin are subject 

to the same general variations and that the ratio Berlin/Ottawa 

of the solar fluxes, taking as a unit the mean value for 1959» 

does not vary by more thsin + 20 » The data on radio radi-

ations at 20cm, therefore, introduce a systematic error when 

used in 1958 to compare the variations of the atmospheric 

density with that of the solar flux„ 

In conclusion, when errors in-caïibration of radio 

measurements have been eliminated one can say that ih general 

the variations of the activity are represented by all wave 

lengths between 3 and 30cm, The most pronounced range of the 

variations is given by the spectral region centered on 10cm. 

Thus the observations at Ottawa at 10<>7cm, made during 1958 

and 1959» and Indicating a maximum variation of a factor 2„2, 

fix the maximum of the variation of the mean daily value for 

all the spectral region from 3cm to 30cm i 0 e 0 of the slowly 

varying component of the sun's radio-emission,, 

Since the temperature and its vertical distribution 

in the chromosphere ana corona remain normal in the active 

regionc emitting the decimeter radiations, it is convenient 

to consider as the basic radiation of the sun heating the upper 

atmosphere the minimum value o f the radio fiu:x.„ Hence we may 

assume that from July to November 1958 this basic radiation 

S at 10o 7cm was never less than 220 units (watts m ~ 2 (cycle-sec)" 1 

— 2 2 

x 10 ), while in 1959» from the beginning of September to 

the end of November, it was less i;bsn Z;:0 reaching 150 at the 
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beginning of September. 

Such differences must correspond to yariations qf 

the solar emission in the ultraviolet region and particularly 

in the X-ray spectrum,, It is evident that the variation in 

araplit1>ide of the radio emission cannot be directly proportional 

to that of the entire ultraviolet spectrum or pf the spectrum 

at the shortest wavelengths» The difficulty of obtaining an 

exact relation between the optical and radio rariges is tsasy tp 

understand since such radiations originate between the photo-

sphere and corona, i0a. from the lower and cooler papt of the 

solar atmosphere up to the normal high temperature corona. 

Nevertheless, it is true that the terrestrial atmosphere between 

100km and 200km is subject to the variable heating resulting 

from the absorption of ultraviolet radiation and X-rays, TJie 

implication is that the thermosphere is heated by all radi-

ations for which the absorption cross-section is greater than 

-19 2 

10 cm c There is no particular terrestrial layer above lOOkjn 

which is especially heated, since the energy is distributed 

with height according to (lul)« 

Other sources of heating than electromagnetic radiation 

depend on the energy which is available» The use of the energy 

of the radiation belt in one form or another is limited by . 

ths total energy available« This, according to Dossier and P ? Vestine (i960), is 6 x 10 erg and is about a factor of 1Q 
2 ? 

greater than the energy involved in a magnetic storm; 10 erga 

according to Chapman and Bartels (191*0), On ^he other hand, 

Arnoldy, Hoffman and Winckler (i960) have observed, du.rj.ng the 
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first phase of a geomagnetic storm s a loss of about two=thirds 

of the energy of the outer belt«, Such energies place limits 

on the energy which would be immediately available from the 

radiation belt and we agree with Bates (1959) that the time 

period would be too short if "corpuscular™ energy must pass 

through the x- a. u l a t i o v- b «11« 
2 2 With a total energy of 6 x 10 ergs, the maximum 

energy available for the earth's atmosphere cannot be more 
h 

than 10 erg cm An energy supplied to the atmosphere of., ths 

order of 1 erg cm sec which would be given by electrons 

of the <> cder of 10 keV according to Krassovsky (i960), will-

lead to ihe total energy of the radiation belt in about 3 

hours, rhe hypothesis put forward, by Krassovsky is very 

diffictill to accept since the energy of the radiation should 

be renewed several times a day„ Consequently^ various sugges-

tions oC the normal heating of the upper atmosphere or of the 

ere at-» cn of s. heated atmosphere in a definite region of the 

auroral '„one by the ehanetling of charged particles through the 

radiation be'Ji cannot be accepted,» Hence the deduction of 

Jastrow (1959) that two atmospheres can exist simultaneously 

io©o a '] ovs latitude atmosphere with a temperature of the order 

of aboxiL 1000°K and one at a high latitude with a temperature 

of about 2000°K, has little plausibility« 
11 =2 fl An inflow of 2 x 10 electrons cm sac" leading to 

a heat source Q *» Ij. x 10°° cal em sec" at 300km|, as computed 

by Jastrow 9 corresponds to an injection into the thermosphere 

which is not observed even during auroras» Meredith (i960) 
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has given a. specific example of a flux between 2 and 6 x 10 

electrons cm~2see~1 of about 10 keV inside of .a diffuse aurora. 

Such an example shows that normal heating of the atmosphere by 

corpuscular radiation must be excluded« However, sporadic 

conditions currespending to geomagnetic atorrao and leading to 

energies of 1 0 ^ ergs may lead to appreciable transient heating 

since it corresponds to 0o5 erg cm sec for the entire earth 

during one hour, or about one-twentieth of the earth's surface 

daring 2U hours„ 

Dessler (19?:?) has put forward the view that the 

noraan heating of t.ha thermosphere is due to hydromagnetic 

heating» Against: this view it can be stated that the diurnal 

variation of the t-emperature of th® thermosphere ca,nnot be 

explained by this process» But the increased orbital accel-

eration of satellites observed during geomagnetic storms at 

any latitude does not exclude a direct heating of the atmosphere 

outside of the auroral zone® The hydromagnetic heating, there-

fore, must be kept among the hypotheses needed to explain a 

herating at very low latitudes during geomagnetic; storrag. A 

final decision cannot be reached until the variations of th© 

atmospheric density are properly explored by using physical 

> parameters such as the temperature and pressure .̂n addition to 

the density and the scale height« 

$o Transport of heat by conductlon 

5 B1 The equations of conduction 

The solar radiation heats the thermosphere a,t various 

altitudes, according tc the values of. the coefficients of 
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absorption which range from 10 cm to 10 cm „ It is, there-
fore, appropriate to investigate the behaviour of the atmosphere 
under the effect of the conduction of heat depending on the 
gradient of temperature,. 

The flux density of heat, E, can be written 

E = » X grad T (5„l) c 

where T is the temperature and X is the thermal conductivity» (Q 
^ p a,*] T_ T_ 

If E is expressed in erg cm" sec" , X is given in erg cm sec de( 

and is related to the coefficient of viscosity, p., by the equation 

(Chapman and Cowling, 1939) 
X = f [L c (5o2) C V w o w 

where c v is the specific heat at constant volume and f represents 

a numerical value equal to about 2«5 for spherical molecules 

(monatomic gas) and can be equal to 1 09 for diatomic molecules. 

The viscosity p. can be expressed as 

» - h ( S ^ V ^ 4 (5.3) 

Vhere cr is the atomic radiuss k Boltzmann°s constant and m 

the atomic masso This formula can be used in the high atmo-

sphere (Nicolet, I960), and the values used arejfor atomic 
«• 8 hydrogen, o* » 2 o0 x 10° cm, 

M-(H) - 60 8 x 10~ 6 T l / 2 (5.U) 
C- ft atomic oxygen, a* = 2 0U x 10~ cm,. 

|i(0) - 1.9 x 10"* T1//2 (5.5) 
o 

molecular nitrogen and oxygen? of « 3„3 x 10°° cm 

H(N 2,0 2) - 1.3 x 10~ 5 T 1/ 2 (5.6) 
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In using equations (5.2) and (5.3) the thermal conduc-

tivity can be denoted by 

X - A T l / 2 (5.7) c 

where A is a constant, depending on the atmospheric constitu-

ents» The numerical value of this constant is, in erg 

-1 -1, -3/2 cm sec deg , 

A(H) 2.1 x 10 3 (5.8) 

A(0) - 3,6 x 10 2 (5.9) 

A(0 2,N 2) - 1.8 x 102 (5.10) 

Since X is a function of the teinperatu re, we intro-c 
duce a new variable defined by 

© - ƒ ~-dT (5.11) 

T 2 

leading to the following relation, by using (5»7)> 

n m3/2 m3 /2 
6 » i " 2 (5.12) 3 „ ^ ^ ^ 

Using (5.7) and (5«12) equation (5»l) can now be urittsn as 

B B - A Tg^2 grad 0 (5.13) 

The continuity equation is written as follows 
% ^ à * + div E » P - L (5.1U) 

in which- P denotes the production of heat per unit of time and 
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by unit of volume and L the loss of heat per unit of time 

and volume« Considering t he heat capacity per unit of 

volume, ̂  c^p where ^ is the densitys equation (5<>lU) 

can be written as 

a J L - i ^ L v a (p-D — ^ T P cs.15) 

where the coefficient A T 1^ 2 fp c y is the thermal diffusivity 

which, if n is the atomic concentration, can be written 

cc(T,n) - A 1T 1 / 2 /n (5.16) 

where A^ is a constant which has the following values 
, -1 -1, -l/2\ (em sec deg ' ) 

AX(H) - 1.0 x 10 1 9 (5.17) 

Ax(0) - I.75 x 1018 (5.18) 

A x(N 2,O 2) - 5<>3 x 10 1 7 ' (5.19) 

As a result, the differential equation (5.15) for 
the conduction becomes« 

^ M 1 / 2 p M 1 / 2 

• ^ t " 6 * - l — ^ r y (P~L) (5.20) 
® n A Tg 

By using the variable T instead of introducing the temperature 

parameter 0 9 equation (5»20) would be non-linear. In fact the 

problem can always be studied by considering a condition at the 

limits & 2 " 0 f o r a 1 1 f l x a d values of I « . . 
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If ^ 0 / £ t = 0, equation (5.20) becomes Poisson's 

equation which can be applied to the steady state 

v 2 © • 7 7 T 7 2 ' 0 ( 5 - 2 1 ) 
A lg 

If, on the other hand, there is no loss or production 

of heat at the centre of the volume being studied then (5.20) 

corresp.onds to the Laplace equation 

V 2 e - 0 (5.22) 

When there is Cooling by conduction with no production 

or loss of heat inside of the volume, equation (5.20) should 

be written 

A T l / 2 

f t - ^ (5.23) 
in which, for ease of calculation, we can take a mean value 

1/2 
of A^T and, thus, the thermal conduction depends, essentially, 
upon the value of the concentration n„ 

5.2 Steady state with oio: 'source' cer; loss 
of he'at inside of the volume» 

In a Sphere where the temperature is a function only 

of the radius r, the solution of (5.20) is 

r — r r 
e - e, 2- x -! (5.2U) 

rl- r2 r 

if 0 2 - 0 at a distance r = from the center of the sphere 

and 1 at r » r^. According to (5il2), the distribution of the 
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temperature becomes, (5.2U), 

T 3 / 2 - T 3 / 2 r - r r 2 r 2 rl 
7 3 7 2 7 3 7 2 " 7 — — (^o25) 
T1 2 rl 2 r 

The heat flow E p is therefore, (5.8) and (5.25),' 
f>3/2 _ „3/2 rp 2 T - Ty E r - f A — — ( 5 o 2 6 ) 
r - r. 

' 2 

An immediate application is a nighttime atmosphere 

where there is no heating by ultraviolet radiation at a suffi-

ciently high altitude. In an atomic oxygen atmosphere if 

the heat flow has the following values at 500km 

0 o 1 0«2 0.5 erg cn" 2see" 1, 
the corresponding values of the temperatures obtained at 700km 
are 

1250°kj A T - 350 1550°KJ AT « 650 2 3 0 0 % 4 T - U o o 

1850°KjAT - 250 2100°Kj A T " 500 2900°K|AT - 1300 

if the temperatures at 300km are 900°K and l600°Kj respec-

tively. 

These numerical data show how the temperature would 

vary if an external heating were involved* However, sine« nn 

direct determination of the temperature can be obtained from 

satellite data, it is necessary to consider (5.1) when the scale 

height H is used instead of T„ With (5.9) and (5.10), the 

equations are 

E(0) - - 0.817 x 10~3 (g/900)3/2 H l / 2 | | (5,27) 

for atomic oxygen, and 
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EiN2,02) - - 0.9U5 x 10'3 (g/900)3/2 H l / ? ££ ($.28) 

for air, when g - 900cm sec""1 is adopted for an altitude of 280km. 
If we consider the nighttime data of Jacchia (i960) between 

600 and 700km, it is clear that the energy which is required t© 
maintain such a gradient according to (5*27) and (5*28), is 

E(600«700km) • (0.28 + 0.02) erg cm"2 c^c"1 (5.29) 
. night 

However, it hss been shown (see Fig. 2) that at til© high3st 
levels it is possible to interpret the satellite observations 
concerned with atmospheric drag in terms of an isothermal 
atmosphere subject to diffusion. 

As far-as th® daytime data are concerned, Jacchia (i960) 
has deduced a rare pronounced gradient which leads, in the same 
range of altitudes, to 

E (600-700km)d ^ 1 erg cm"2sec_1 (5.30) 

As a matter of fact, such a deduction corresponds to an increase 
of E with altitude, since near 600 ka E - 1 erg cm" see and 

- 2 - 1 

near 700km E>X„3 erg cm sec „ 
If at 7001an, a difference of about 1 erg cm see 

distinguishes the difference between a sunlit and dark atmo-
sphere, (5.29) and (5«30), it would be necessary to assume that 
electromagnetic radiation can be absorbed at such high altitudes. 
The maximum possible total number of atoms in a vertical column, 
in using Jacchia's (i960) data, cannot be more than 8 x lO1^4 cm"2. 
Since any absorption cross-section cannot be more than 10 cm , 
the optical depth cannot be more than 0„08 and the ultraviolet 
energy needed would be more than 12.5 érg cm sec . Furthermore, 
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»16 2 
since the absorption cross^section must be less than 10 cm , 

the ultraviolet radiation required should be more than 50 erg cm sec 

and such an energy will lead to temperature gradients below the 

unit optical depth of more than £00°K per km0 

In fact, the gradients of temperature for 
o <=>2 »=1 1600 K are given, E in erg cm sec , by 

^ k m - ( 1 G 1 3 ) E (5.31) 

for an atomic oxygen atmosphere, and 

( ^ k m - ( 2° ; 6 ) E . , C5.32) 

for an undissociated atmosphere» The.scale height gradients, 
P, are, under the same conditions; respectively 

P(0) - (0.51 * OolO) E (5.33) 
and, p(N2,02) - (0«U6 + 0»10) E (5.3U) 

It is clear that E cannot be very different between 

day and night at highest altitudes since it would require a 

higher ultraviolet energy than is available from the sun0 A 

corpuscular effect will not lead to a difference between day and 

night, and any external heating cannot explain such a difference» 

It must be concluded, therefore, that there is no physical 

process to be found to explain an increase of the temperature at 

such altitudeso An increase of the scale height gradient can 

be found only where the laws of diffusion can be employed? in 

f^ct :at very high altitudes the gradient decreases and finally 

the scale height becomes constant» 
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Another aspect of a special behavior deduced from obser-

vational data is the gradient of the scaie height (see Fig. 3) 

adopted by King-Hele and Walker (i960) near 200km. The gradient 

is negative between 210-220km, P - - 0.3j it is positive between 

200-210km, p - + O.U. Using formulas (5.27) and (5.28), a thin 

layer near 200km should lead to an upward heat flow of (0*80 • 0.06) 
* 

A «1 

erg fm~ sec~ and a downward heat flow of (1.15 * 0.08) erg 

-2 -1 -2 -1 
cm sec , i.e. a heat loss of about 2 erg cm sec for a layer 

of thickness less than 10km. The total energy lost in one 

hour by such a layer would be more than its total kinetic 

energy. This shows that such a discontinuity cannot be a permanent 

feature in the thermosphere. We shall see later that such an 

artificial gradient would have a very short life time. In any 

case, it can be shown (see Fig. 3) that the vertical distribution 

of the density can be explained in an isothermal atmosphere 

subject to diffusion without such an anomaly in the scale height 

gradient. 

5>3 Steady state with heating by ultra-

violet radiation and loss by infrared 

radiation 

In a steady state with one dimension the equation (5.21) 

is 

(5.35) 

or 
(5.36) 



Considering an atmosphere subject to a heating by several 
=»3 "I 

radiations, the production of heat P (era sec ) is 
oo 

" f n K dz 
P - Zn K E e 2 dz - ZJtnv e~ T dT (5o37) 

U T U Y 

in which K is the appropriate absorption cross-section of the 

radiation E of wavelength X by atoms of concentration n 0 

^ i s the optical depth defined by 

d t • - n K dz (5.38) 

leading to 
oC> 

t - ƒ n K dz (5o39) 
'z 

In the the.rmosphere, the principal infrared radiator 

is atomic oxygen, according to Bates" process (195U), 

o C ^ ) o ( 3 p 2 ) + h v ( X = 6 3 ^ ) ( 5 . U 0 ) 

since molecular nitrogen and oxygen have no dlpole» The loss 
•~3 —1 »3 of heat (cm sec ) is therefore (in erg cm sec ) 

<a m - 1 8 =228/T 
L - Rn(0) = n(0) l o 6 H X 1 0 - f ™ - f (5.1*1) 

1 • 0.6 x e ' 2 2 8 / I + Oo2 x e 3 2 5 , 3 T 

leading to 

L(E layer) - (5+1) x 1 0 ~ 1 9 n(0) erg cm~ 3sec" 1 (5ol|2a) 

L(F layer) - (8+0o5) x 1 G ~ 1 9 n(0) erg cm" 3sec" 1 (S«U2b) 

Using (5o37) and (561|0), integration of (5„36) leads to 

E - Eo® + E
U v + ¥ R(°) (e/s) (5oU3) 

in which E denotes the external heat available for the layer, 



-U7-

and 5" and g are mean values. 

Since the absorption cross section in the ultraviolet range 
is K > lo" 1 7 cm2 and R < 10"18 erg sec"1, 

> R n(0) H(0) (5.UU) 

and above the unit optical depth, it is clear that th« radiation 

loss is also negligible. A loss of heat of the order of 

1 erg cm"2sec"1 requires 2 x 10lS cm"2 atoms of oxygen, i.e. 

, a layer of 10km with concentration of 2 x 10 1 2 atoms ca"^ which 

corresponds to an altitude of the order of 100km. It c*a be 
concluded that the loss of heat at 63 \i occurs mainly inside of 
the E layer, where the radiation is eertainly of the order of 

- 2 - 1 
one erg cm sec . In the F layer the total loss of a vertical 
column would be of the order of 0.1 erg cm"2sec'1 t thus the 
loss of heat by radiation may be neglected in a sunlit «t«o* 
sphere above the E layer when the ultraviolet energy available 
is at least 1 erg cm"2

Sec"1. On the other hand, any ultra-
violet energy of the order ®f 0.1 erg cm"2sec"1 absorbed above 
the level of the F 1 peak is of the order of the heat loss by 
atomic oxygen since K ST 10 S. 

.The integration of (5.U3) with the use of (£.2?) and 

(5.28) may lead to a determination of the possible increases of 

the scale height (H^) up to the isothermal layer. The result 

can be written as follows, neglecting the variation of g, 
- H i " • £ » l 0 f 

4 ^TI C l o g To " E i ( ' T 0 ) + £7722_J 

" JA [ n
0(°) - H

o
( 0 ) -»(0)H(0)] (g4kg) 
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where A is the constant of (5.27) or (5.28)„ 

Adopting t q=1, near the absorption peak, the effect of 

the ultraviolet radiation on the scale height can be shown by the 

following examples: 

I f H
0
 = k ° k m " Hoe> h a s t h e values (+ 7 

H »: óOJcm 8Ukm 113km li^km 

when E = 1 2 ^ i, „„-2 -1 uv j U erg cm sec 

If H o = 50kra ( T - 1), H ^ reaches the values 

H = 72km 99km 129km l6Ukm 

when E • 1 2 o I. „„„ _ -2 -1 "" ' - i u erg cm sec uv 

In_ other words, the scale height varies by a factor.of 

2 between thé absorption peak and the beginning of the isothermal 

layer when the ultraviolet energy available for heating is of the 
2 1 

order of 2 erg cm" sec" . Since diffusion is also involved, it is 

evident that scale heights greater than 100km can be reached if 

the ultraviolet energy is of the order of 1 erg cm" 2sec" 1. 

Evidence favouring an important gradient of temperature 

in a sunlit atmosphere is shown by the occurence of pronounced 

diurnal variations of the density. Ah exact vertical distribution 

of the temperature cannot b'e obtained oince the solar spectrum 

in the ultraviolet must be known in all the details and also the 

exact, varying, ratio Ng/O. However, the diminution in the 

temperature gradient should be indicated by a law of the form 

g f o c Z E u v (1- e" T) 

for an overhead sun. 
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It is possible to obtain some idea of the conditions which 
I 

are required to reach the observed densities at 200km and seal® 

heights deduced from (5.U5). If we assume, for example, that 

below the isopicnic level of 150km (see eqn. 3.U), the effect of 

convection is such that the energy E follows the following law 

E - E u v < l - ) l / 2 o C T - ( 5 - U 7 ) 
u v H h h 

where he corresponds to l50km, H < H^ and v is the kinetic energy. 

The scale height gradient is, according to (5*28), 

p - E h / A H h
l / 2 - 1.058 10 3 ( E h / H h l / 2 ) (5.U8) 

Ae was said before (see eqn, 3.U), the density remains 

almost constant at 150km for any gradient 0.50 P $ 1.50. The 

energy necessary for such gradients varies according to (5.U8) 

from 0o7 erg cm" sec" to 3.3 erg cm" sec" (see Fig» 12). 

The solar energy which must be available for the heating cannot 

be determined if the absorption cross section is not known* Let 
-17 2 

us assume for example a mean value of 2 x 10 'cm which cor-

responds to the most important part of the ultraviolet s p e c t r u m . 

In such a case, the following ultraviolet energies E at the 

top of the earth's atmosphere are necessary. 
P 0.5 0.75 1.00 1.25 1.50 

A ^ 

B 0.9 loU 2.0 2.7 3.U erg cm sec" 

and the corresponding temperatures at l50km (see Fig. 13) »re 

T 725 960 1190 11*25 1650°K 

Such scale height gradients and temperatures correspond 

to real parameters since the total kinetic energies whieh are 
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Ew («rg cm3 sec' ) 

Fig. 13 
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involved in the atmosphere above 150km are between 10^ erg 
-2 li -2 cm and 6 x 10 erg cm corresponding to from 0.o9 erg 
„2 -l „2 —1 

cm sec to 3<>li erg cm sec j respectively,. In other woxds, 

the solar energy which is used during one day of 12 hours is 

of the same order as the kinetic energy of the vertical column 

above l50km o It is* consequently, certain that the variations 

in the t^.ermosphere above 100km can be associated with the 

variations of the solar energy and that the variations of the 

temperature and its gradient are closely associated with the 

absorption processes below 200km, The temperature at the 

thermopause depends strongly on its gradient below 200km, But 

the level of the thermopause must be subject to a diurnal 

variation according to the laws of cooling after sunset, 

5'k . Cooling of the .atmosphere: .after .sunset 

The application of equation (5,23)5 after sunset, in 

the following form 

8 e . V 1 / 2 , e ( 7 . af " — — y (5.U7) 
n dz 

corresponding to an initial atmosphere with a certain vertical 

gradient leads to the following results» 

Let us consider, as an example, an atmosphere giving 

approximately the vertical distribution of the observed density 

and corresponding to a heat flow of about 0,3 erg cm" 2sec" 1 

through atomic oxygen. Fig, lU shows the variation of f> H 1 / 2 

during an interval of 2U hours. If the variation is very 

small at 200km, it is of the order of a factor of 10 near 650km 
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in about 12 hours. There is a clear indication that the atmosphe: 

becomes rapidly isothermal at the highest altitudes and the 

isothermy extends with time to lower levels. It must be pointed 

out that yO H 1/ 2 at highest altitudes decreases rapidly during 

the first hours, and it is interesting to note that the vari-

ation is very small between 12 and 2h hours compared with the 

variation during the first 12 hours» 

In fact, the tendency to isothermy is very rapid when 
-l!> -3 the density is less than 5 x 10 gm cm or concentrations 

Q ^ 
less than 10 cm • Equation (5«U?) shows that if a temperature 

gradient corresponding to a heat flow of the order of 0,3 erg 
— 2 —1 

cm sec exists in an atomic oxygen atmosphere, it disappears 

in less than 30 minutes between U£0km and 750km (Fig. 15)* 

Such a result shows that it is not possible to consider a dark 

atmosphere with a temperature gradient above 300-35>0km. More-

over, the temperature of the isothermal atmosphere decreases 

in a continuous way following a decrease in the temperature 

gradient between 200km and 300km„ 

The absolute value of the decrease, being obviously 

a function of the initial gradient, the behavior of the variation 

depends upon the vertical distribution of the ultraviolet 

radiation absorbed in the sunlit atmosphere. Nevertheless, it 

is clear that the variation of the temperature of the isothermal 

layer between t » 30 minutes and t • 2 hours (see Fig» 15) is 

of the same order as that between t • 2 hours and t = 12 hours. 

In other words, after a rapid tendency towards isothermy at 

highest altitudes, the temperature of the isothermal layer 



-55-

Fig. 15 
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decreases according to the rapidity with which the isothermal 

layer extends downwards and the variation of the temperature 

below 200km„ 

As a consequence, the heat transport by conduction 

associated with the gradient of temperature that results from 

the absorption of solar ultraviolet radiation explains the 

diurnal variation of the density of the thermosphere deduced 

from the variation of the acceleration of the satellites. We 

must also conclude that the diurnal variation of the temperature 

of the isothermal region is of the order of fjOO°K and that the 

temperature gradient is certainly subject to a variation down 

to 15Okmo 

Lastly, we must realize that the heating during magnetic 

storms will have an effect during a time of the order of one 

day since the effect of the solar electromagnetic radiation 

leads to a strong diurnal variation. Consequently, any sporadic 

effect, if energetic enough, will modify the atmospheric structure 

only during its own life time and its role will be more or less 

effective if it occurs in a dark or sunlit atmosphere^. respectively. 

Times of conduction 

The application of equation (5<>U7) to the problem of 

the cooling of the atmosphere after sunset indicates that the 

time required for the transport of heat varies greatly with 

altitude and distance» Actually, the time of conduction is 

proportional to the concentration, n, and to the square of the 

distance« 
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In order to provide order of magnitudes for times of 
conduction, ve apply equation (5.U7) to very simple examples. 
Let us consider two infinite regions of the atmosphere where 
the conditions are such that the temperatures are initially 

(* T 2 U > 0). The redistribution of the temper-
ature (isothermy) is given by the solution of (5.1*7) 

8 / 9 t - 1 - f M ( S . M ) 

when T^ is kept constant (T-»^) and x > 0 
or 

0 / 9 f " \ [ i + f (»)] (5.1*9) 

if (Tx + T2) and -o0<x < • oo . i n (5.1*8) and (5.1*9), 

IP (|1) - (» 2 
r Jo e 6 7 

where t denotes the timej Ax is given by (5.18) or (5.19). 
By using (5.12), we can write the relation between 

the temperatures if we adopt a definite value for (ƒ» (pi). 
Since f (p.) - 0.2 leads to conditions near to isothermy, 
such a value is adopted and introduced in (5.1*8) and (5.1*9). 
With (5.1*8), the solutions arex 

If I 2/ Tx - 0.5, T/Tx - 0.91, ..., if T2/T]L - 0.9,. T/T^ - 0.98. 
and with (5.1*9), 

if Tg/Tj - 0.5, T/Tl - 0.80, ..., if T 2/ T l - 0.9, T / ^ - 0.95. 

It is, therefore, possible to define a tim0 of conduction 

(5.50) 

(5.51) 



related to the concentration (see 5..51) and the distance x« 

Using the constants from the formulas (5.^7), (5.18) and 

(5.19)» we obtain the times of conduction t in seconds x * sec 
for atomic hydrogen, atomic oxygen and air 

t s e c ( H ) - 7.72 x 10~ 9n(H) x 2 ^ T ° l / 2 (5.52) 

t B (0) - kohl x 10~ 8n(0) x^ m T ° l / 2 (5.53) 

t s e c ( N 2 s ° 2 ) = l o l i 6 x 1 0 " 7 n ( 0 2 s N 2 ) x k m ^ ^ (5.5U) 

For a temperature range of 900°K to 2500°K, i 0 e 0 for T » 
2 o (Ho+10) K, the following times of conduction in seconds for 

-3 

distances x expressed in km and concentrations in cm are 

t(H) - (2 + 0o5)xl0~ 1 0 x ^ »(H) (5.58) 

t(0), - (1.2+ Oo3)xlO" 9 x 2
m n(0) (5.59) 

t(0 2,N 2) » ( 3 . 8 + 1 0 )xl0~ 9 x 2
m n ( 0 2 9 N 2 ) (5.60) 

If a horizontal discontinuity exists in the horizontal 

temperature distribution it cannot be maintained at the highest 

altitudes^ For example, the isothermy should be reached after 

about U hours at a distance of 1000km in an atmosphere (600-700km) 7 
with concentration of 10 oxygen atoms cm . This means that a 

difference of temperature in latitude can only be maintained 

during a very short time at high altitudes» Furthermore, a 

seasonal effect cannot be related to differences of temperatures 

at high altitudes« All conditions are related to the diurnal 

variations which are important according to the results of the 

analysis made in section 5.U» 
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If we consider that horizontal layers of a certain 

thickness x occur with different temperatures T^ and T^, it 

is possible to consider the time of conduction which ought 

to be taken into account to reach isothermy* For example» 

King-Hele and Walker (i960) in their atmospheric model hare 

introduced a peak in the scale height at 210km (H-ii7km) and 

a minimum at 250km (H-UOkm)o For a molecular nitrogen 

atmosphere, equa/tion (5«U7) shows that 

e / © ( <ƒ> (11) (5.61) 

2 a2« where jx - * (5.62) 
A^T t 

if a is the thickness of the layer with initial temperature 

T^ (x < a) and initial temperature Tg for - a < x < a« 

Therefore the isothermy is reached (p. - 0.2 and 900°K 

7 - 1600°K) when the time of conduction is secondsjt sec, is 

S . o " x 1 0' 8 akm n 

Since the concentration is about 3 x 10^ cm"^ near 250km and 

about four times more near 200km, the temperature discontinuity 

will disappear in about 2 x 10^ seconds between 200km and 280km. 

These results, related to those obtained for the horizontal 

heat transport, clearly show that discontinuities in the thermo-

spheric temperatures cannot be permanent. 

6« Thermospheric Conditions and Atmospheric Models 

Heat conduction times which are appropriate to the 

thermosphere are between 12 hours and 2k hours since the diurnal 
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variation resulting from the heating by electromagnetic radiation 

is the moré pronounced effect« Any gradient of temperature which 

is not maintained by an external heat flow has a life time of 

less than one night above 35Okm, and in a dark atmosphere such 

an altitude can be considered as being in the neighborhood of 

the thèrmopause level« In a sunlit atmosphere its altitude will 

depend on the solar energy available and the variable temper« 

ature of the isothermal region will be a function of the . 

:temper.aütuire; igradienit . between. 100 km and . 20Q : kitt* 

As we have shown previously a change of the gradient below 

200km does not greatly change the atmospheric density at 200km, 

but the atmosphere above 300km is strongly affected« However, 

a general effect associated tó the solar activity (27 day 

period and sunspot cycle) producing a modification of boundary 

conditions in the E layer will affect the atmosphere near 200km 

with amplified effects with increasing altitudes« 

A "corpuscular"-effect will also have a detectable 

life time of the order of one day since it will be involved 

in the effect of the diurnal variation« On the other hand, 

such an effect will be much easier to detect in a dark atmosphere 

when the temperature reaches its normal minimum. 

The diurnal variation has another important effect on 

the altitude of the conventional exosphere, because differences 

of several hundreds of km make it impossible to determine relation; 

connected with the outer atmosphere on a permanent basis« It is, 

therefore* necessary to take into account diurnal and solar 
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variations modifying simultaneously the values of the density 

and the temperature® It should be understood that a diurnal 

variation of diffusion should exist up to the highest altitudes 

and that the ratio N^/0 must vary between day and night. On 

the other hand, the upper part of the ionosphere should be 

subject to very important diurnal and solar effects» Since 

the recombination in the F layer depends on reactions related 

to the temperature, important diurnal variations must occur 

in the rate coefficients. Above the peak there must be a 

diurnal variation in the scale height associated with the 

vertical distribution of electrons subject to diffusion® 

If it is relatively easy to represent atmospheric 

conditions .in a dark atmosphere where the thermopause is at a 

relatively low altitude, it is very difficult to find an 

adequate picture of the atmosphere under sunlit conditions 

until the solar spectrum is known exactly. 

An atmospheric model based solely on a heat flow by 

conduction from outside the atmosphere (Nicolet, 1959») is 

an extreme example which cannot be associated with a diurnal 

variation of the density. Such a heating could be easily 

explained by the Chaipman (1957» 1959) process, suggesting that 

the solar corona extends to the limits of the terrestrial 

atmosphere. However, it must be considered as a very small 

fraction in relation to the heating due to the ultraviolet 

radiation and, in fact, it is negligible in comparison. In 

the same way, corpuscular and hydromagnetic effects are not 

important under normal conditions, but disturbed conditions, 
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associated with magnetic storms, must lead to transient 

atmospheric conditions in which the temperature of the iso-

thermal layer is higher than that in the nighttime atmosphere« 

If it is clear that the scale height increases with 

height and that its gradient may reach a peak at a certain 

altitude, it is also evident that heat conduction doea not 

permit having a temperature gradient increasing with height} 

even when the temperature increases up to the highest alti-

tudes» For this reason, the atmospheric models such as those 

of Mikhnevich, Danilin, Repnev and Sokolov (i960), Champion 
• 

and Minzner (1959), Kallmann (1959), etc», do not represent 

real physical conditions» 

In the Mikhnevich model the temperature gradient 

increases with the altitude by 1°K km" 1 at 250km, 2° at 300km, 

3° at 350km3 h° at ]*25km, 6° at li50km and 7° at 500knu Such 

an increase of the temperature gradient would represent a 

downward heat flow at 500km at least ten times greater than 
the heat flow at 250km. No permanent physical process could 
explain such a result,, 

In the Champion and Minaner model, the temperature 

difference by steps of 100km from 200km to 700km changes 

successively from 19°K to 57°K, 96°K, 115°K and 121°K. Such 

an increase of the temperature gradient with height associ-

ated with an isothermy between 210 and 260km would lead also 

to a downward heat flow; maximum at the highest levels and 

disappearing near 250km. Hence the high temperatures near 

700km cannot result from the vertical distribution deduced 
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by Champion and Minzner (1959). 

In summary, all atmospheric models involving an increase 

with height, of the gradient of temperature cannot be accepted. 

Such models lead to the ratio of heat flows E and E , o' 

J L - A T 1 / / 2 dT/d 
E " 1/2 

z 
(5.610 

A T ' dT /dz o o o 

in which E is for a height z and E q is for a height z " 0. 

Since A T 1 / 2 < A T ^ and E < E , if there is no radiation 
0 0 O 

loss, dT/dz must be less than dT Q/dz« On the other hand, 

since the conduction of heat is a very rapid process at highest 

altitudes there is no way to avoid conclusions obtained from 

($.610. 

Considering now that the tendency of the atmosphere 
I 

after sunset is to attain isothermy, a nighttime model of the 

atmosphere must be represented at the highest levels by a 

quasi-isothermal atmosphere in which the constituents are 

subject to diffusion» In Section 2„1 (see Fig0 2), it has 

been shown that an isothermal atmosphere subject to diffusion 

is not far from a quasi-isothermal atmosphere agreeing with 

nighttime satellite data* Furthermore, in Section 3, it has 

been.found that the density (expression 3.10 at 150km is not 

sensitive to the temperature gradient when constant boundary 

conditions are assumed at 120kmo For these two reasons it can 

be assumed that atmospheric models for nighttime conditions 

at the highest altitudes must be considered in such a way that 

the temperature is nearly constant and that diffusion affects 



the atmospheric scale height,. 

In such circumstances, an important parameter is the 

ratio of the densities of molecules and atoms« We start from 

conditions given by (3«h), i.e. at lf>Okm, 

total density t - 1.5 x 10~12gm cm"3 (5.65a) 

temperature : 725°K £ T 1650°K (5.65b) 

concentrations : n(Ng) - 2«6 x 1010cm~3 (5.65c) 

n(0) - 3.3 x 109 cm - 3 

n ( 02) - 5.0 X 109 cm'3 

leading to the approximate ratios 

n(M) : n(N2) « n(0?) V n(0) - liO„76j0O1U?0.10 (5.65d) 
The effect of diffusion is to lead, at a certain 

altitude, to the following relation between the densities 

^ ( o 2 , K 2) - (0) (5.66) 

corresponding to a certain total density • -Computation shows 
that for the conditions (5.65), (5.66) is obtained where the 
total density has a definite value, i.e. 

(U.U5 + 0„05)x 10~15 gm cm"3 (5.67) 

This important relation (5.67) leads to the immediate conclusion 

that the temperature of the isothermal atmosphere can be found 

when the altitude of f 3 (OgjNg) 0 (0) is known« 
1 

The following results leading to a "thermo-isobaric 
rslationH, have been obtained? 
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Altitude in km 

of f> (02,N2)- p (0) Temperature (°K) 

300 725 

350 9$8 

h00 1191 

U50 1U2U 

500 I657 

Fig, 16 shows the thermo-isobaric relation, i.e. the relation-

ship between the temperature of the isothermal layer and the 

altitude of the constant density given by (5.67) corresponding 

to the same densities for atoms and molecules. The concen-

trations are approximately as followss 

n(N2)° U.U x 107 cra"3j n(0g) - 3.3 x 106 cm"3j n(0)-8.6 x 107 ce"3 (5.68) 

The vertical distribution of the scale height is 

shown in Fig. 17 for various isothermal atmospheres. An increase 

of H from 50km at 250km to 100km at 1000km is given for a 

temperature of the order of ll|00°K„ Such an increase results 

only from the decrease of the molecular mass with altitude. 

It can also be seen that the fluctuations of the scale height 

deduced by King^Hele and Walker (1960b) are anomalous variations 

of the scale heights in an isothermal atmosphere around 1200°Kj 

not too different from the temperature T - 1250°K deduced (Fig. 16) 

from the thermo-isobaric relation. 

Fig. 18 shows the vertical distribution of the density 

for which the constant density defined by (5.67) corresponds to 

the equality of the density of molecules and atoms. As was 
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shown before, (Fig. 2), the curves leading to (5o 66) at UOOkm 

and HfjOkm are not far from the nighttime densities deduced by 

King=Hele and Walker (1960b) and Jacchia (1960)j respectively« 

It is clear that the preceding determination of 

nighttime conditions of the isothermal layer does not give a 

complete answer since it depends on boundary conditions for 

diffusion and temperature» The atmospheric model is consis-

tent in the use of all physical parameters} however^ it 

represents only a guide to th® ®,tudy of atmospheric behavioro 

In order to show how small differences in physical conditions 

can modify the conclusions, we assume instead of (5«66), 

02,0) « /°(N2) (5.69) 

corresponding again for all temperatures to a constant density« 

The expression (5«69) leads to a different distribution of 

the density, even if the concentration of atomic oxygen, n(0) • 
7 -3 

8<,5> x 10 cm , remains the. same at the thermo-isobaric level« • 
The vertical distribution of density for various temperatures 
are shown in Fig„ 18 where it is interesting to compare the 
results represented by the dotted curves with the data shown 
by continuous curves« 

Computation shows that the condition (5.69) is obtained 
where the total density has the definite value 

U.75 t x 10~±5 gm cm"3 (5.70) 

This thermo-isobaric relation leads to the following results: 
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Altitude in km 

of f (Hg) - ^ ( 0 2 , 0 ) Temperature (°K) 

350 10^0 

U00 1285 

U50 "1515 

$0.0 , 17U5 

550 1975 

The main conclusions are given in the following table % 

Density at Isothermal Atmosphere 

220km (°K) (°K) 

1 0 ~ 1 3 g m c m " 3 T 1 T 2 

(1) Oo 32 . 8 0 5 

(2) 0.85+0.5 725 1050 

<3) 1.7 +0.1 958 1285 

(U) 2.5 +0.1 1190 1515 

(5) 3.2 +0ol 1U2U 17U5 

(6) 3«> 9 +0.1 1657 1975 
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TABLE - Continued 

> V A - / V 

Uo USxlO" 1* Uo75xlO" 1 5 8.5xl0" 1 7 1.25X10-1' 

Altitude Altitude Altitude Altitude 
(km) (km) (km) (loi) 

(1) 300 U50 

(2) 300 350 U50 550 

(3) 350 li00 550 650 

(U) Uo© U5o 650 750 

(5) U5o 5po 750 850 

(6) 5oo 550 850 950 

M - M - M - M -

20 .33+0.03 mm 
• 20.95+0.05 16.50+0.03 16.80+0.02 

Starting from thermo-isobaric levels leading to lu5 x 
—3 —15 —3 10 gm -cm and U.75 x 10 gm cm , corresponding to 

^ ( 0 2 , N 2 ) - /°(0) and ^>(02,0) - f? {N 2)J respectively, i.e. 

mean molecular masses M - 20.33 and M ® 20.95, the same 

altitudes are obtained if the temperatures difference is of the 

order of 100°K. An altitude difference of 50km corresponds 

to isothermal atmospheres for which the temperatures differ 

from each other by about 300°K. In such a case they lead to 

the same density at 220kmj at the highest altitudes, a difference 

of more than 100km is required to reach the same density. 

Such large differences show that the structure of 

the high atmosphere is very sensitive to diffusion and there is 

a possibility of finding physical conditions which can represent 
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the conditions of a dark atmosphere,, From the preceding table 

and from satellite data, the following data may be taken as 

a guide (see preceding table) 

p (220km) - (2O5 • 0 o7) x 10~ 1 3 for 960°K ^ T < lk2$°K leading 
-IS to 1° » Uo5 x 10 gm cm J for 350km ^ z ^ U50km and (=> -

• i n -j 

8o5 x 10"" gm cm" for 550km $ z ^ 750kmo The altitudes for 

f) - Uo5 x 10~ 1 5 gm cm°3 and f> » 8.5 x 10~ 1 7 gm cm"3 are 

related directly to the temperature.» Furthermore, the con-

centrations are given by (5<>68) where f>' " Uo5 x lo" 1^ gm cm"3 

and n(0) - 23 n(Ng) where f> - 8 05 x 10"1^gm cm" 3. Finally, 

the mean molecular masses are approximately M « 20»33 at 

f° " Uo5 x lO" 1^ gm cm"3 and M - I6o50 at - 8„5 x 10~ 1 7 gm c m ~ V 

These various values will serve as a guide in the 

analyst s of nighttime conditions in the ionosphere, of air-

glow and auroras keeping in mind that in a normal dark atmo-

sphere during maximum sunspot conditions the temperature of 

the isothermal atmosphere is between 1200°K and lU00°Ko 

The problem of the sunlit, atmospheres must be studied 

under various conditions depending on the ultraviolet solar 

radiation available and on the vertical distribution of its 

absorption«, 
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Legends of Figures 

Fig, 1 - Density - altitude relation above 150 km from various 

determinations» The average curve represented by-

Groves 5 data shows that the height variation of the 

density can be only explained by an increase of the 

scale height with altitude» 

1/2 
Fig, 2 - H proportional to orbital acceleration of satellites 

in an isothermal atmosphere subject to diffusion. The 

density - altitude relations deduced from observational 

data can be followed» It is possible to fit the 

satellite observations of density^ corresponding to a 

nighttime atmosphere by an isothermal atmosphere« 

Fig. 3 - Variations of the scale height with altitude0 The 

variation of the scale height is associated with a 

variation of the mean molecular mass depending on 

diffusion. In this figure the scale height^altitude 

relations must be associated with the density 

distributions shown in Fig, 2, It is possible to 
1/2 

deduce from observational data of H ' inconsistent 

values of the scale height» 

Fig» 4 = Orbital acceleration of Vanguard I (1958 p2). - dP/dt 
l/2 o< ^ H ' (BriggSj 1959) » Perigee latitudes ( ) and 



angular distance of the perigee from the sub-solar 

point ("V ) (Jacchia, 1959d)0 The solar activity is 

represented by daily values of solar radiation at 10o7 

cm (Ottawa, Covington) and the magnetic activity by 

the daily K values deduced from the three-hourly 

indices (Bartels)„ 

Fig. 5 - Orbital acceleration of Vanguard XI (1959 a)» -

dP/dt <=< J H1//2 (Jacchia8 I960) . 

Other symbols, see Fig„ 4 

Fig. 6 - Orbital acceleration of Sputnik III (1958 5 2) 0 -

dP/dt ex ^ H 1/ 2 (Kozai, I960) 

Other symbols, see Fig. 4 

Fig» 7 - Orbital acceleration of Sputnik III (1958 Si)» -

dP/dt ex. j H1//2 (Jacchia, 1959c) 

Other symbols, see Fig„ 4 

Fig. 8 - Orbital acceleration of Sputnik II (1957 P)° -

dP/at, ex. jH 1/ 2 (Jacchia 1959a) 

Other symbols, see Fig» 4 

Fig. 9 - Density-altitude relations above 120 km for various 

gradients of temperature. The height variation of 

the density shows that any solution for an inadeauately 

short range of altitudes is arbitrary even if the 



beginning of" the diffusion is introduced at 120 km 

or 150 l<m„ Boundary conditions being fixed at 120 

km (T and ^ constant)„ variation of density at 

200 km is small. 

Fig.10 - Comparison between solar fluxes at 100 7 cm (Ottawa) 

and at 20 cm (Berlin) in 1958. While the difference 

between maximum and minimum corresponds to a factor 

of the order of 5 at Berlin9 it is only of the order 

of a factor 2 at Ottawa. The real variation cannot 
\ 

be more than a factor of 2 and the flux ratio of 

20 cm/10 cm cannot vary from 1.5 to 0„4 

Fig.11 - Comparison between solar fluxes at 10„7 cm (Ottawa) 

and at 20 cm (Berlin) in 1959. The flux ratio 20 cm/10 

cm varies only of about + 20 °/0 and such a small 

variation indicates that 1958 results on 20 cm 

cannot be accepted. 

Fig.12 - Heat flow and scale height with constant scale height 

gradient. The effect of thermal conductivity at 150 

km is shown by a curve relating the scale height 

gradient and the energy necessary to maintain a 

certain gradient. Assuming an absorption cross-
-17 2 

section of the order of 2 x 10 ' c m the ultraviolet 

energy necessary at the top of earth's atmosphere 

E is deduced. 



Figo 13 - Temperature at 150 km and ultraviolet energy available 

at the top of the earth's atmosphere. From the 

abscissae representing the ultraviolet energy, may 

be deduced the temperature at 150 km if the absorption 

cross section is assumed« 

Fig» 14 - Effect of cooling by conduction. If one adopts a 

certain rate of conduction of energy, i.e. 0.3 erg 
-2 -1 

cm sec it can be seen that theimospheric densities 
will decrease rapidly at highest altitudes. This 
figure shows a variation of a factor of 1 0 at 650 km 
in 12 hours for ^ H1//2. 

F i g s 15 - Effect of conduction on the temperature. The temperature 

of the isothermal layer decreases rapidly after 

sunset and the variation is more important during 

the first six hours than during the following 18 

hours. However, at lowest altitudes the temperature 

decreases almost at the same rate. 

Fig. l6 - Temperature - altitude relation for a total density 

= 4.5 x 10~15 gm cm"3 where <j> (02, Ng) = <a (O) , 

in an isothermal atmosphere. The knowledge of the 

altitude of the isobaric level leads to a determination 

of the temperature and therefore of the vertical 

distribution of the density. 



Fig, 17 » Sc?-'1 height - altitude relations for various isothermal 

atipo sphere 3 „ Scale height values deduced by Jacchia 

(i960)» and King-Hele and Walker (i960 b) are shown 

with their different vertical distribution. 

Fig, 18 - Densities in isothermal atmospheres. The absolute 

values of density are determined by conditions 

(°29 = ^ a t a n i s o b a r i c level ^ = 4.5 x 

gm cm and (02£) 0) = ^ (N2) at an isobaric level 

4.75 x 10 gm cm leading to densities at 220 km 

corresponding to observed values and to remarkable 

differences at highest altitudes« 

10 -15 


