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Al&m&-A general review of the principal parameters influencing the helium and hydrogen 
distributions is presented for several physical conditions which are responsible for the upper 
etmospherio struoture. The main differenoes between the helium and the hydrogen problems are 
pointed out. In particular, the effect of vertioal transport is not similar for the two components. 
Helium is mainly dominated by the eddy diffusion co&icient whereas, in the ease of hydrogen, 
the vertioal flow is the lead ng factor. It is also shown how eddy diffusion can play a role in the 
structure of the helium bulge whiah is now very well confirmed by smtellite observations. 

1. I~~R~DuCTI~N 

A CO~SEQUENOE of the high abundance of molecular nitrogen is that the glob&l 
struoture of the Earth’s etmosphere below 100 km may be expected to be independent 
of the height at which d%usive eq~b~urn begins. Above 100 km, however, the 
atmospheric structure depends strongly on the nature and on the relative abundance 
of light constituents such ss 0, He or H. Assuming diffusive equilibrium above 
20 km altitude, CIUPMU and MILN~C (1920) deduced the existence of s helium belt 
above 150 km. With a high abundsnce of lOA for H, at ground level, JEANS (1925) 
concluded, however, that hydrogen should be the major atmospheric component 
above 76 km. These oont~ctory ~onol~o~ indicate that several major problems 
had not been solved around 1920. I%&, it was rather puxzling that no optical 
emissions of helium and hydrogen oould be detected in the aurora1 features. Second, 
the difl?uaion problem was not sufficiently developed to define a good diffusion level. 

Aeronomy had to wait until the Grst rocket observations of the absorption of 
solar r&i&ion above 100 km were made after the second World War. These observa- 
tions confirmed the theory developed by NICOLET and M_AXUE (1964) showing that 
molecular oxygen was still present at 150 km and that atomic oxygen was not in 
photoequilibrium with 0%. The scene was then ready for detailed studies of helium 
and hydrogen distributions, especially since BATES and NICOLET (1950) showed 
that atomitt hydrogen is created in the mesosphere by molecular dissociation processes 
in which the phot~~o~i&tion of water vapour plays s fundamental role. 

2. MEASUREMENTS OF HYDR~C+E~ AKD HELIUM IN TEE UPPER ATMOSPITERE 

The fist far ultraviolet study of the night sky was made in 1956 by BYRAM 
et al. (1967) and resulted in the discovery of the night Lyman-a glow. BATES and 
PATTERSON (1961) used this measurement to compute & hydrogen distribution in 
the thermosphere with a ~oncen~ation of 8.4 x lo6 cm-8 at 100 km altitude. 
KOCKARTS and NICOLET (1962,1963) adopted & round fIgure of 10’ am-e at the same 
height. Since 1960, numerous Lymsn-a observations have been made by means of 

* Review paper presented at the Conference on theoretical ionospheric models, IPI6 June 
1971, The Pennsylvania State University, University Park, Pennsylvania. 
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rockets and satellites. From an analysis of these observations, DONAHUE (1966) 
deduced a hydrogen concentration of 3 x 10’ cm-3 at 100 km. This value is generally 
adopted and MEIER and MCKEE (1970) have shown that it can be used to explain 
the OGO 4 observations. Nevertheless, there are also observations, analyzed by 
MEIER and PRINZ (1970), which seem to indicate hydrogen concentrations between 
1.25 x lo7 and 2 x lo7 cm-3 at 100 km. From a discussion of several Lyman-a 
and Balmer-cc observations, TINSLEY (1969) suggested quite definite seasonal changes 
in the atomic hydrogen abundance, or large solar cycle changes in the production 
rate. The Lyman-a observations seem to indicate a variation, or an uncertainty 
of at least a factor of 2, in the atomic hydrogen concentration at 100 km. It should, 
however, be realized that the Lyman-a geocoronal observations require the solution 
of a radiative transfer equation (THOMAS, 1963) in an optically thick atmosphere 
which is not spherically symmetrical. Temporal variations of th~osphe~o neutral 
hydrogen have been deduced from H+ me~urements (BR~XTOK and ~YR, 1971) 
using the charge transfer equilibrium relationship between H+ and atomic oxygen. 
BRINTON and MAYR (1971) were able to separate the atomic hydrogen variations 
into three components, namely a solar cycle variation, a 27-day variation and a 
diurnal variation. The observed day-to-night variation of a factor of 2 is in agree- 
ment with the theoretical models of PATTERSOX (1966) and M~AFEE (1967) and with 
the ground-based Balmer-ol observations of TINSLEY (1970). Although several 
techniques are now used for the determination of the atomic hydrogen distribution 
in the thermosphere and in the exosphere, there are no available measurements in 
the chemosphere below 100 km. 

The importance of helium in the lower exosphere was established by NICOLET 
(1961) who showed that this co~tituent is necessary to explain the drag data of the 
satellite Echo I above 1000 km. Since neutral helium can be ionized by solar 
ultraviolet radiation (2 < 504 A), the results of an ion probe experiment (HANSON, 
1962) and of retarding potential experiments on Explorer VIII (BOURDEATJ and 
BAUER, 1963) were explained with the help of He+ ions. After the presence of helium 
had been well established, the analysis of the drag of several satellites like Explorer 
9, 14 and 19 showed that an increase of helium occurs at high latitudes for winter 
conditions (see KEATINU et ai., 1970). The concentration over the winter polar 
thermosphere is approximately three to four times higher than over the summer 
pole. The winter helium bulge has also been deduced by COOK (1967) from the 
Echo 2 drag data ; moreover, mass spectrometric observations on Explorer 17 
(REBER and NICOLET, 1965) indicated a latitu~al variation. The recent mass 
spectrometriic me~~ements on OGO 6 (REBER et at., 1971) show, however, a larger 
amplitude for the winter helium bulge. An increase by a factor of approximately 
10 has been observed over the winter pole around 500 km altitude. The rocket 
observations made at White Sands (32’N) give helium concentrations at 120 km 
between 6 x lo* and 5 x lo* cm-s (EASI?I%AK, 19691, whereas an observation by 
Mtim~ and H&T~XN (1969) leads to a value of 3.2 x 108 cm-a at 120 km over 
Fort Chur~h~ (asoN). It is seen from the previous me~~ments that the major 
information on the helium distribution comes from drag data and mass spectro- 
metric observations. There are, however, also optical data which contribute to the 
knowledge of the helium distribution in the upper atmosphere. The twilight emission 
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at 10,830 A, detected since 1958 (see CI~ISTENSEN et al., 1971), is attributed to the 
transition 28&-2sP of o~hohelium. Helium is excited in the met~t~ble state by 
electrons of 20-25 eV and then emits in the infrared. According to ~ISTE~SE~ 
et al. (19’71), these observations are, however, difficult to interpret, since the helium 
emission at 10,830 A practically corresponds to emissions of the 5-2 band of the 
hydroxyl radical OH. The intensity of the emission simultaneously depends on the 
helium concentration, on the solar flux at il < 380 A giving rise to photoelectrons, 
and on the conjugate photoelectrons. 

The Naval Research Laboratory group (BYRAM et al., 1961) attempted in 1960 
to detect the ultraviolet night glow from neutral helium at 584 A or from ionized 
helium at 304 A. The estimated brightness of the glow was less than one tenth of 
the hydrogen Lyman-a glow. The daytime helium glow at 584 A has recently been 
measured by DOXAEUE and KUMER (1971) with a retarding potential photometer 
between 400 and 1000 km. The maximum emission of 07 kR was observed at 500 km, 
whereas the hydrogen Lyman-emission was of the order of 15 kR at the same height. 
It should finally be mentioned that the recent discovery by JOHNSON et al. (1971) of 
an ionized helium magnetoglow at 304 A offers a promising technique for dynamical 
studies of the magnetosphere. 

The previously described experimental data are directly related to the physical 
processes which will be discussed in the following sections. 

3. PRODUCTION AND Loss MECHANISMS 

Recently, NICOLET (1970, 1971) discussed in detail the reactions involving 
atomic hydrogen in the chemosphere. Above the mesopause, the photodissociation 
of water vapor is the principal production mech~ism and the reaction 

H+HO,+H,+O,+57kcal (I) 

leads to the production of molecular hydrogen which is destroyed in the thermo- 
aphere by 

H,+O+OH+H-19kcal 

and in the lower mesosphere by 

(2) 

H, + O(lD) + H + OH*(v I 4) + 43.5 kcal. (3) 

Besides the uncertainties in the rate coefficients, the important production of H, at 
the mesopause and the loss processes of H, at the stratopam and in the thermo- 
sphere are such that the eddy diffusion transpo~ must play a very important role 
in the H, distribution. Since the values of the eddy diffusion coefficient are not 
known and since the equilibrium conditions for atomic hydrogen cannot be reached 
in less than several days, NICOLET (1971) concludes that, at the present time, mixing 
conditions lead to the best approximation for atomic hydrogen in the lower thermo- 
sphere. Therefore, atomic hydrogen concent~tio~ between 10’ and 3 x 10’ cm-8 
deduced at 100 km from Lyman experiments (DONAHUE, 1966; MEIER and M~ruoE, 
1970; MEIE~ and PRINZ, 1970) may reflect in a certain way the variability of the 
chemospheric processes. Above 100 km atomic hydrogen is subject to molecular 
diffusion and reaches a critical level where the collision frequency ia so low that 
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Table 1. Escape parameters for hydrogen and helium at 500 km 

Scale height 

(W 
T (OK) H He 

Effusion velocity (cm secwl) 
H He 

750 740 185 9.65 x 101 1.50 x 10-10 

1000 986 246 8.75 x 102 l-39 x 10-s 
1250 1233 308 3.24 x 103 3.26 x 1O-4 
1500 1479 370 7.71 x 103 1.22 x 10-t 
1750 1726 432 1.42 x lo4 1.62 x 10-l 
2000 1973 493 2.25 x lo4 1.11 x 100 

Lifetime 

H (h) He (yr) 

148 2.7 x lo9 
22 3.9 x 105 

7.3 2.1 x 10s 
3.7 6.6 x 101 
2.3 6.9 x 100 
1.7 9.8 x 10-l 

atoms with enough kinetic energy can escape from the Earth’s gravitationsl field. 
The escape flow is the product of the concentration by an effusion velocity which can 
be computed from the velocity distribution function (NICOLET, 1967). Table 1 gives 
the escape parameters of H and He for several thermopause temperatures. The 
lifetime is defined as the time necessary to reduce the concentrtbtion at 500 km by 
50 per cent. It is clear that for temperatures above lOOO”K, a time less than one 
day is sufhcient to reduce significantly the atomic hydrogen concentration. Therefore, 
a. diffusion transport from below must compensate the continuous escape flux. Such 
a flow affects the vertical distribution of hydrogen in the way discussed by BATES 
and PATTERSON (1961), and by KOCRARTS and NICOLET (1962, 1963). 

The physical situation is different for helium-4 which is produced by radioactive 
decay of uranium and thorium in the crust and in the mantle of the Earth. An 
important problem is to know what fraction is released in the atmosphere. NICOLET 
(1957) deduced a generation rate of l-75 x lo6 atoms cm-2 se& and the adopted 
values are usually of the order of 1 x lo6 to 2 x lo6 cm-2 se+. Recent measurements 
of the helium-4 profile in the deep sea (CUG and CLARKE, 1970) indicate, however, 
a flux of the order of 7.7 x lo6 atoms cm-2 see-1. Since helium is not transformed 
by chemical reactions in the homosphere, it follows that there is a mixing distribution 
with & relative abundance of 5.24 x 1O-6 up to the altitude where molecular diffusion 
becomes effective. In the homosphere, the vertical helium flux is transported by 
turbulence or by eddy diffusion. In the upper thermosphere it has been shown 
(KOCXARTS and NICOLET, 1962) that thermal escape can only provide an average 
dissipation of 6 x lo4 cm-2 set-l helium atoms over a whole solar cycle. This is 
due to the small effusion velocities in Table 1 which lead to very long lifetimes. 
With a flux of lo6 atoms cm-2 see-l, the total atmospheric helium content of 1.13 x 
1020 cm-* can be obtained in 35 x 10s yr. This implies that atmospheric helium 
has been completely renewed at least 1000 times since the Earth’s formation. 
Therefore, an effective escape mechanism must exist. PATTERSON (1968) reviewed 
several non-thermal mechanisms which could conceivably resolve the discrepancy 
between the helium flux released from the Earth’s interior and the average thermal 
escape flux. The most effective mechanism appears to be the loss of helium ions 
through the polar wind (BANHS and HOLZER, 1968; AXFORD, 1968). Typical 
values for the polar wind helium flux are approximately 2-4 x lo6 atoms cm-2 set-1 
(BANKS and HOLZER, 1969). The precise global loss rate due to ion escape is difficult 
to calculate since the boundary between convection and co-rot&ion of magnetic 
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field lines is variable. It seems, however, that the combination of thermal escape 
and polar wind loss is capable of explaining the terrestrial helium balance. 

The differences between the production and loss mechanisms of hydrogen and 
helium will influence the vertical distributions of these constituents in the thermo- 
sphere. 

4. DIFFUSION TRANSPORT IN THE THERMOSPHERE 

A time dependent solution of the thermospheric helium and hydrogen distri- 
butions can be obtained from the continuity equation 

where w, represents the transport velocity, n, the concentration, P and L the pro- 
duction and loss terms respectively. PATTERSON (1970) reviewed extensively the 
diurnal variation of hydrogen taking into account the lateral flow effect, and con- 
cluded that the day-to-night variation is less than a factor 4. In the present section, 
the vertical component w1 of the transport velocity will be investigated in relation 
with the concept of maximum flow (MANGE, 1966,196l). When the vertical velocity 
w1 is considered as being due to molecular and to eddy diffusion, it is possible to 
show (KOCXARTS, 1971) that 

(6) 

where n, is the helium or hydrogen concentration, D, and K are respectively the 
molecular diifusion coefficient and the eddy diffusion coefficient, T is the temperature 
at height z, H, is the pressure scale height of the minor constituent 1, and El is the 
atmospheric scale height. The thermal diffusion factor a is approximately equal to 
-0.38 for helium and hydrogen. Introducing the ratio A = K/D,, the differential 
equation for the concentration nl in a steady state is then 

2 + [&& + $) + (1 + i+-&jg] n1 = - nl(l; *) (6) 

where the flow P = n, w1 is subject to certain continuity conditions which can 
involve chemical reactions or which are related to the escape process. When the 
second member of (6) is negligible, the zero flow concentration nap is given by 

n&)/Q,) = (G/T) exp - [s,:& + ;) (1 + A)-l dz + J‘,;a(l + A)-1 g (7) 

where z0 is a reference level. 
If A = 0, i.e. there is no turbulence, (7) reduces to the usual diffusive equilibrium 

solution. If A = co, i.e. no molecular diffusion, relation (7) leads to a mixing 
distribution characterized by a scale height H. The relation (7) actually shows that a 

smooth transition from perfect mixing to diffusive equilibrium is possible even under 
zero flow conditions. This can be seen in Fig. 1 which shows several helium distri- 
butions computed for different height-independent eddy diffusion coefficients. 
The helium mixing ratio at 90 km is 5.24 x 10V6. 
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Fig. 1. Helium distribution above 90 km for di&rent values of the eddy d.i&sion 
coefficient K in an atmospheric model with a thermopause temperature of 760°K. 

When a real flow F is introduced, integration of (6) leads to 

[ s t n&) = neq 1 - 
F 

zo D,(l + M,, 
dz 

1 
(8) 

where neq is given by (7). Since the integral in (8) is always positive for an upwards 
flow, it is clear that the presence of such a flow tends to give concentration less than 
the zero flow solution n,,. Equations (7) and (8) show that any departure from 
diffusive equilibrium is due either to eddy diffusion or to a transport flow. 

The importctnce of the verticsl transport velocity can be analyzed by expressing 
the concentration scale height of the minor constituent as a function of the total 
conoentration scale height (l/n)(dn/dz) in a form such as 

where X(z) is a vertical distribution factor. Using the hydrostatic equation, the 
transport velocity (6) can be written 

zu,=~x-~-;~(l+a-X) +;,x-11. [ 1 1 
(10) 

When the minor constituent follows a mixing distribution, the vertical distribution 
factor X is equal to unity and the transport velocity arises from molecular diffusion 
alone. In this case, equation (10) reduces to 

(11) 

When a minor constituent follows a mixing distribution over a certain height range, 
equation (11) gives the maximum transport velocity arising from molecular diffusion. 
This velocity is a physical property of the atmosphere which is independent of the 
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Table 2. Maximum molecular diflkion transport velocity (cm secwl) 

z (km) H (hf T (“W * (em sec+f wHa (cm sex+) 

86 4.82 100.3 2.29 x 10-l 1.08 x 10-l 
90 5.34 176.7 6.40 x 10-l 3.01 x 10-l 
96 6G35 193.0 1.64 x loo 7.63 x 10-l 

100 6.41 209.2 3.78 x 100 1.78 x IO@ 
105 7.24 230.9 8.38 x 100 3.94 x loo 
110 8.42 261.9 la3 x 10’ 7.36 x 100 
115 9.63 293.0 2.82 x IO’ 1.32 x l@ 
120 10.87 324.0 4.91 x 101 2.30 x 10’ 

abundance of the minor component. Table 2 shows the maximum molecular diffusion 
velocities computed for an atmospheric model given by NICOLET (1970, 1971). 
The molecular diffusion coefiicient used in the imputations is 

D, = l-5 X lOI8 (& + &r2F (*ma set-I) (12) 

where .M, and _&f are respectively the minor constituent mass and the atmospheric 
mean molecular mass expressed in atomic mass units. The numerical factor in 
(12) depends of course on the adopted momentum transfer cross section. It is seen 
from Table 2 that the maximum diffusion velocity around 100 km is of the order of a 
few cm sea-1, These molecular diffusion veloaities are of the same order of magnitude 
as the vertical motions deduced by JOHNSON and GOTTLIEB (1970) from the global 
asymmetry in the solar heatiug at the solstice. However, the diffusion velocity is 
always upwards for hydrogen and helium, since their atomic masses are smaller 
than the atmospheric mean molecular mass. 

The importance of a flow on the vertioal distribution can be estimated by oom- 
paring the maximum flow to the real flow. For atomic3 hydrogen, a concentration of 
3 x 10' crn18 at 100 km leads to a maximum flow P,(H) N lOa cm-B set-l which is 
comparable to the real flow originating from the mesosphere. The hydrogen distri- 
butions show on Fig. 2 indicate that the flow is ~s~~ible for the steep slope of the 
curves in the neighbourhood of 100 km. The flow effect is more pronounced than the 
effect of eddy diffusion. For helium, a concentration of 5 x 10’ cmLa at 100 km 
leads to a maximum flow PM(He) N 9 x 10' cm-2 see-l. The real flow of the order 
of lo6 cm-% se+ is, however, negligible compared to the maximum flow, and the 
second member in equation (6) has practically no effect on the helium distribution. 
Figure 1 is therefore computed using equation (7). 

Since the molecular diffusion coefficient increases exponentially with height, 
the second member in (6) becomes numerically less important at great altitude, 
even in the case of atomic hydrogen. Therefore, the vertical distribution has a 
tendency to become similar to a diffusive equilibrium distribution in the upper 
thermosphere. Since the diffusion equation is no longer valid in the exosphere, an 
upward diffusion flux must be controlled by an escape mechanism at the base of the 
exosphere. Thermal escape is the most effective mechanism for atomic hydrogen 
(see Table 1). But a controversy arose several years ago about the validity of the 
effusion velocity computed using a Maxwellian velocity distribution function. It 
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Fig. 2. EEydxogen dktribution for two atmospheric models with thennopeuae 
temper&mea of 750% and 2000% respectively. 

appears now (C~ERL~ and SMITE, 1971; B~IHKMANN, 1971) that the effusion 
velocity of Jeans, given in Table 1, should not be reduced by more than 26 per cent 
in the ease of atomic hydrogen. Since it is diEcult to olaim an absolute accuracy 
better than 26 per cent for the hydrogen concentration, the introduction of this type 
of correction will not basicrtlly modify the vertical distribution of hydrogen in the 
thermosphere. For helium, the problem is less important, since thermal evaporation 
is not the predominant esoape mechanism. 

5. EFFECT OF EDDY DIFFUSION 

It is clear from the discussion of the general solution (8) that two extreme cases 
can occur in the upper atmosphere. 

(1) The real flow of the particles is negligible ctompared to the maximum diffusion 
flow: this is the cam for helium. 

(2) The real flow of the particles is of the same order of etude as the maxi- 
mum Zion flow: this is the case for atomio hydrogen. 
An intermediate case is illustrated by the behaviour of deuterium (KOCKARTS, W72). 

When the real flow is negligible in the diffusion equation, the adopted value for 
the eddy diRusion coefficient K strongly influences the vertical distribution. The 
results shown in Fig. 1 have been obtained with constant values of K. It is neverthe- 
less established (see Jorr~sorv and GO~TMEB, 1970; xji;ru~smrr and ZDIXMMAN, 
1970) that turbulent diffusion is a function of altitude. Thus, it is necessary to 
analyse the effect of a height-dependent eddy diffusion ooeacient. Since there are 
praotically no experimental determinations of K above 90 km, more or less arbitrary 
values have to be used. From an analysis of the rates of heat input and heat losses 
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Fig. 3. Moleoular and eddy diffusion oo&Ecienta aa a fur&ion of altitude. The 
distributions A and B are respeatively used for the computation of the concentra- 

tions ltbelled A and B in Fig. 4. 

in the mesosphere and in the lower thermosphere, JOHNSON and GOTTLIEB (1970) 
deduoed a worldwide average eddy diffusion ooefficient. The curve A shown in Fig. 3 
is consistent with the results obtained by JOHNSOW and GOTTLIEB (1970), whereas 
ourve B cannot be excluded c1 priori. The molecular d8usion coefficients of helium 
and hydrogen, computed from equation (12), are represented by the full curves. The 
height J which Ii: = D, is sometimes cslled the turbopause. With such a definition, 
the turbopause height is not the same for all the atmospherio components. Figure 4 
shows the helium distribution obtained with the eddy diffusion coefficients of ourves 
A and B in Fig. 3. The helium distributions for variable K fall between the 
curves oorresponding respectively to the constant values K = lo6 cmz 880-l and 
K= 10’ cma se+. Both aonstant and variable eddy diffusion coefficients lead 
to a smooth transition from perfect mixing to diffusive equilibrium. 

Mass spectrometric observations analyzed by KASPRZAK (1969) sometimes indicate 
helium concentration gradients larger than the usud diffusive equilibrium gradients. 
Figures 1 and 4 clearly show that such slopes can be obtained by the introduction 
of turbulent diffusion. It is therefore not necessary to introduce verticsl fluxes 
whioh eventually cannot be transported by diffusion. The effect of eddy diffusion 
can also be presented in the form shown on Fig. 5. For a height independent K 
value between 10s and 10’ cm2 see-I, the helium concentration at 120 km altitude 
can vary by more than a factor of 10. The observations analyzed by KASPRZAK 
(1969) give, at 120 km, helium concentrations ranging from 5 x lo* crnea to 
6 x 106cm-S. The highest value would imply that diffusive equilibrium starts 
well below 90 km, whereas the flux of 2.6 x lOlo atoms cm-z set-1 introduced 
by KASPRZAE (1969) ia well above the maximum diffusion flow. Because of the great 
sensitivity of the helium distribution to the K values, it is difficult to perform a 
detailed analysis of a particular observation when simultaneous information on the 
vertical distribution of K is not available. The altitude at which the eddy diffusion 
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Fig. 4. Helium distributions for the height dependent eddy diffusion coefficient 
given in Fig. 3. The dashed curves corresponding to constant K values are shown 

for compwison. 

coefficient passes through a maximum between the mesopause and 120 km is, for 
instance, sn important parameter. Since the available inform&on on the variations 
of K in the lower thermosphere is still too scsrce, height-independent values are used 
to indicate an order of magnitude of the resulting phenomena. It should, however, 
be kept in mind that the eddy diffusion coefficient sharply decreases above the height 
where K = D, (KENESHEA and ZIMMERBUN, 1970). 

Turbulent diffusion produces less effect (see Fig. 2) on the atomic hydrogen 
distribution, since the transport flux around 100 km is such that hydrogen practically 
follows a mixing distribution even for K = 0. Some difficulties c&n, however, arise 
for thermopause temperatures below IOOO’K. At 120 km altitude, Fig. 6 shows that 

“: n(He)/n(M) = 5*2Lxdat 90km - 
E 

u 

fi - 

2 
a 
E 
g ,07 _ HELIUM AT 120 km 

5 
u 

5x106 
I I I ,Oll I I1111114 

lo5 lo6 
7 

!p 
EDDY DIFFUSION COEFFICIENT(cm2sec I 

Fig. 5. Helium oonoentration at 120 km 88 & function of height-independent eddy 
diffusion coefficients. 
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I ’ 5 
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Fig. 6. Atomio hydrogen concentration at 120 km 88 a function of height-in- 
dependent eddy diffusion coefficients for thermopause temperatures of 760%, 

IOOO’K and 2000’K. 

&omic hydrogen decreases by a factor of 2 for a thermopause temperature of 
760°K when K increases from lo5 cma see-l to 10’ cma se+. For temperatures 
above MOOoK, the effect of eddy diffusion is practically negligible. This situation is 
directly related to the thermal escape flux given in Table 3 for an altitude of 1000 km. 
It is seen that the thermal escape flux decreases when the temperature falls below 
1000°K (KOCKARTS snd NICOLET, 1962). The influence of eddy diffusion then be- 
comes more pronounced. When the total atomic hydrogen content (Fig. 7) is 
plotted as a function of the thermopause temperature, the effect of eddy diffusion is 
again predominant below 1000°K. Therefore the interpretation of Lyman-a 
observations is more difficult during solar minimum conditions, since an increase of 
the optical depth can be due either to a decrease of the eddy diffusion coefficient or 
to an increase of the boundsry concentration around 100 km altitude. 

Another difficulty results from the ionic polar wind (BANKS and HOLZER, 1969; 
LEMAIRE and SCHERER, 1970) which can be more important than the maximum 
diffusion flux for temperatures below 1000’K. Because of this, the thermospheric 
hydrogen distribution could be thoroughly altered in the polar region during 
minimum solar activity. The effect of the polar wind on the thermospheric helium 
distribution is, however, less important, since the ion flux (~2 x IO6 cm-8 se+) is 

Table 3. Atomic hydrogen thermal escape flux (cmm2 SC&) at 1000 km 

Temperature (OK) 
K &me set-1) 600 700 800 900 1000 2000 

0 4.3 x 10’ 8.4 x 10’ 9.9 x 10’ 1.0 x 108 1.0 x 108 1.0 x 108 
10’ 3.5 x 10’ 7.5 x 10’ 9.3 x 10’ 9.9 x 10’ 1.0 x 108 1.0 x 108 
10’ 1.4 x 10’ 4.3 x 10’ 6.7 x 10’ 7.9 x 10’ 8.3 x 10’ 8.4 x 10’ 

12 
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Fig. 7. Vertical total content of atomic hydrogen 8bove 100 km, 600 km end 1000 
km 8s 8 function of the thermopause temperature. The adopted conoantr8tion 8t 

100 km is 3 X lO’cm-3. 

still negligible oompared to the maximum diffusion flux. The helium polar wind is 
principally involved in the global budget without any fundamental perturbation 
of the thermospherio distribution. 

6. THE WINTER HELIUM BULGE 

Several explanations have been proposed for the winter helium bulge. KOCHBRTS 
and NICOLET (1962,1963) have shown that a decrease of 5 km in the helium diffusion 
level leads to an increase by a factor of 2 in the helium conaentration in the thermo- 
sphere. Several authors (COOK, 1967; KEATINQ and PRIOR, 1968) used this faot as 
a possible explanation for the variation, by a factor of 4, between the winter and 
summer polar regions. Recently JOHNSON and GOTTLIEB (1970) estimated a hori- 
zontal inflow towards the winter polar region associated with a vertioal upward 
flow above the turbopause. Such a wind system could provide an explanation for 
the above mentioned increase, by a factor of 4, towards the winter polar region. 
Figure 6 shows nevertheless that a latitudinal variation, by a factor of 10, in the 
eddy diffusion coeflicient could also lead to an increase by a factor of 4 in the helium 
concentration. The recent mass spectrometric observations by REBER et al. (1971) 
show, however, that the helium density over the winter polar region is greater than 
in summer by a factor of 10. Thus either the wind system of JOHNSON and GOTTLIEB 

(1970) should be more intense, or the latitudinal variation in the eddy diffusion 
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HELIUM at UXlkm /- 

Fig. 8. L8titudiwl varietion of the eddy diEusion coaffioient required for an 
explution of the mass spectrometric observations made on OGO 6 in June 1969. 

coefficient should be more pronounced. In Fig. 8, an example of the rn~~rnen~ by 
REBER et aE. (1971) is represented by the dashed line as a function of geographic lat- 
itude. When these data are normalized to anabsolute concentration n(He) = lO%m-s 
at a latitude of 20°N, the eddy difFusion coefficients given by curve (1) are 
required to explain the observations with a 1OOO’K atmospheric model. The model 
temperature is not a mcial parameter since, at 400 km, the helium concentration 
is not strongly dependent on the thermopau~ ~rn~rat~ for a fixed value of R. 
When the data are normalized to 2 x lo8 cm-s at ZOOM, the eddy diffusion co- 
effioients are given by ourve (2). It is seen in both cases that the eddy diffusion 
coefficient should decrease by approximately a factor of 50 between the summer 
and winter hemispheres. The question is to determine whether suoh latitudinal 
variations of K are possible or not. According to the theory presented by JOHNSON 
and GOTTUEB (1970), it is clear that the eddy axon coefficient is much smaller 
over the polar winter region, since less energy has to be conducted downwards by 
turbulent transport. The observed decrease in the helium concentration around 
iz = -SO’S (REBER et al., 1971) could then be due to a particular heating process 
in the winter polar region, such as Joule heating (COLX, 1971; BANKS, 1972). The 
increase in the heat input requires larger eddy diffusion coefficients around 100 km for 
the downwards heat conduction. 

If the helium bulge is due to a latitudinal variation of g, an atomio oxygen 
bulge should also appear. The amplitude of the latitudinal atomic oxygen variation 
should, however, be much smaller. First of all, the effect of eddy diffusion is more 
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important for light oonstituents. Secondly, in the winter polar region the photo- 
dissociation coefficient of O2 is drastically reduced and less atomic oxygen is produced. 
A final answer is, however, not possible without time-dependent computations of the 
atomic oxygen distribution including latitudinal variations. Although wind and 
temperature data indicate (ZIMMERMAN et al., 1972) that the winter polar mesosphere 
is more turbulent than the summer polar mesosphere, not enough data are available 
between 90 km and 120 km to investigate a latitudinal variation of K in this region. 

7. SUMMARY 

In the case of atomic hydrogen, the major difficulties preventing a complete 
understanding of the thermospheric distribution come from the lack of knowledge 
of the transport mechanisms in the lower thermosphere. Although there is some 
uncertainty concerning the rate coefficients of the numerous reactions in which 
the hydrogen compounds are involved, a more precise determination of the eddy 
diffusion coefficient is required in the whole homosphere. When the boundary 
concentration around 100 km is determined, it is then possible to compute vertical 
distributions which are practically independent of the adopted eddy diffusion co- 
efficient. Below IOOO’K serious problems can, however, occur in the polar regions 
since the ion polar wind can produce a depletion of the thermospheric hydrogen. 

In the case of helium, the vertical flux is not the major factor influencing the 
distribution, since it is always negligible compared to maximum diffusion flow. 
It has been shown that precise values are required for the eddy diffusion coefficient, 
since this parameter is able to produce important variations in the vertical distri- 
bution. It is, however, not excluded that a wind system (JOHNSON and GOTTLIEB 
1970) can produce a contribution to the observed latitudinal variation. Nevertheless, 
the possiblity of a latitudinal dependence of the eddy diffusion cannot be excluded 
at the present time. 
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