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Solar Lyman Alpha Changes and Related Hydrogen Density 
Distribution at the Earth's Exobase (1969-1970) 

A. Vn>•-M•a•a 
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Centre National de la Recherche Scientifique, Verri•res-le-Buisson, France 

J. E. BLAMONT AND B. PHISSAMAY 

Service d'Adronomie, Centre National de la R evherche Scientifique 
V erri•res-le-Buisson, Franc• 

The University of Paris experiment, operating on board the Oso 5 spacecraft since January 
22, 1969, observes the solar Lyman .a line integrated over the whole solar disk. The hydrogen 
and deuterium resonance cells yield information about the solar flux at the center of the line 
and on the blue wing. The center of the solar line as observed from the spacecraft is strongly 
absorbed by the earth's geocorona. Therefore the hydrogen resonance data contain solar, as 
well as geocoronal, information. Comparison of the data with sophisticated exospheric models 
gives the following principal results: (1) A high correlation (0.87 coefficient) exists between 
the total Lyman a line flux and the center line flux. A 30% variation in the total flux 
sponds to a 47% variation in the central flux. The average fluxes over 1969 and 1970 are 
3 X 10 • ph cm -• sec -• total flux and 5 X 10 u ph cm -• sec -• A -x central flux. (2) The absolute 
value of the hydrogen density at 500-km altitude (independent of the experiment's calibration) 
is of the order of 5 X 104 atoms cm -s on the day side and 9 X 104 atoms cm -s on the night 
side. (3) The earth's hydrogen exobase is controlled by the zero net ballistic flux condition 
(i.e., the outgoing ballistic flux is everywhere equal to the incoming ballistic fluX). This is 
why an average ratio of 1.7 was found between the maximum and minimum densities at the 
exobase. A discrepancy appeared between the absolute values of the hydrogen density mea- 
sured by this experiment and the corresponding absolute values predicted by the model of 
G. Kockarts and M. Nicolet (1963). In order to fit our data, the values of the model should 
be increased to the following hydrogen densities at an altitude of 100 km: 2.3 X 107 atoms 
cm -• for low solar activity (Zurich number Rz ~ 60); 2.5 X 107 atoms cm -• for mean solar 
activity (Rz ~ 120); and 4 X 107 atoms cm -s for high solar activity (Rz ~ 180). 

The solar Lyman a line has been monitored 
since January 22, 1969, by the .University of 
Paris experiment [Blamont and Vidal-Madjar, 
1971]. This experiment measures over the en- 
tire solar disk three different types of data, 
shown in Figure 1: (1) the flux of the solar 
spectrum integrated over 100 A, centered at 
Lyman a and measured in two separate chan- 
nels (one called the hydrogen channel and the 
other the deuterium channel); (2) the solar 
flux in a 10-•-A bandpass at the center of the 
Lyman a line (resonance of •he hydrogen atom 
at 1215.664 A); and (3) the solar flux in a 
10-•-A bandpass placed on the blue wing of the 
Lyman a line (resonance of the deuterium atom 
at 1215.334 A). Since the resonance deuterium 
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data are still too complicated to warrant a clear 
interpretation because of the presence of hydro- 
gen in the deuterium resonance cell, we will 
restrict the present analysis to the first two 
types of data. 

The two channels measuring the solar flux 
in the 100-A bandpass centered at Lyman a 
are very sensitive to the spacecraft's attitude, 
and, as is shown in Figure 2, they show rapid 
variations which are, of course, not related to 
solar activity variations. On the other hand, 
the resonance hydrogen data show very smooth 
day to day changes, generally well related to 
variations in solar activity. The variations of 
the resonance hydrogen data during one orbit 
are very stable, as far as the general shape of 
this variation is concerned. 

In Figure 3, several orbits plotted as a func- 
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...... sun angie. The larger the angie fi (called in this 
paper the sun-orbit angie) between the sun and 
the orbital plane, the deeper the measurements 
m.•de in the hydrogen geocorona. This is why 
orbits in such configurations show a smaller 
number of counts. In the first analysis of data, 
orbits having a fi angie smaller than 10 ø were 
considered. This was done to compare similar 
orbits in the earth's geocorona. All geocoronal re- 
sults presented in this paper were obtained 
mainly by comparing data of the type shown in 

> •A Figure 3 with an exospheric model combined 
__><_ : .o•o•utio• = 1o mA with • model of the center of the solar Lyman • 

K-I doppler- scan=60mA line. 

Fig. 1. The solar Lyman a profile. 
DATA ANALYSIS 

tion of the earth-satellite earth-sun angle show 
that beyond 80 ø there is a decrease in the 
number of counts owing to the geocoronal 
atomic hydrogen absorption. The red wing of 
the geocoronal absorption core is fainter than 
the blue wing. The smaller number of counts 
corresponds to the smaller earth-satellite earth- 

Solar Flux in the 100-A Bandpass 

The optical transmissions of the two channels 
giving the solar flux in the 100-A bandpass are 
very sensitive to spacecraft attitude, to the 
spin •ate S of the wheel where this experiment 
is installed, and to the pitch angle P (angle 
between the solar vector and the wheel plane). 

Fig. 2. 

2000 

1000 

4000 

2000 

) Day oF year- 1969 
0 75 150 225 300 375 

i i I t i 

o 
). Day of year- 1969 

Total solar Lyman a flux measured by the experiment through two independent 
channels' top, hydrogen channel; bottom, deuterium channel. 
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Fig. 3. Flux at the center of the solar Lyman a line as measured by the hydrogen cell: solid 
line, blue wing; dashed line, red wing. 

For each pair of S and P values, a different 
transmission value exists. If T•(S, P) and 
T•(S, P) are the two transmission patterns of 
the two different channels, we can write 

E s = M1/Ti(S , P) 

where M• and M• are the data obtained in each 
one of these two channels and F8 is the solar 

flux in the 100-A bandpass integrated over the 
whole solar disk. Obviou•y, these two equations 
are not sufiqcient to provide the solar flux if 
the transmission patterns T• and T• are not 
known. T• and T• were measured before launch 

during the calibration of the experiment. This 
calibration procedure was quite complicated, 
and the two transmission patterns obtained 
were only rough approximations of the real 
trans, mission patterns of the two channels. Thus 
the solar flux measurements obtained through 
these two channels were still sensitive to space- 
craft attitude after the two calibrated trans- 

mission patterns were applied to the data. These 
patterns then had to be modified in order to 
obtain a coherent value for the solar flux 

measured by the two channels. The technique 
used was largely manual: starting from regions 
of the pattern where the transmission revealed 

less sensitivity to spacecraft attitude, it was 
possible to modify the pattern step by step out 
of this region, keeping similar and smooth 
variations of the solar flux from both channels. 

This was done until all the rapid variations 
shown in Figure 2 were erased by modifying 
the original transmission patterns, yet main- 
taining the smooth variations in these patterns 
on both axes. At the end of this process, the two 
patterns were within _-+20% of the original 
ones, giving two variations of the solar flux F8 
that agreed with each other, the average values 
of which are shown in Figure 4. The quality of 
this determination of the solar flux can then 

be evaluated by examining the two solar eclipses 
observed by the spacecraft on March 7 and 
August 31, 1970. As the point of measurement 
taken just before each eclipse was very close to 
that taken just after, the relative changes ob- 
served seem to be real. 

An absolute calibration was made 3 months 

before launch for each channel over the whole 

transmission pattern (over the entire field of 
view: 8 ø by 8 ø). This measurement was more 
precise than measurements of the shape of the 
pattern, because the latter were done with a 
30' by 30' field of view, so that there were 
fewer counts in the detector. As it is not affected 
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by the --+20% change of the pattern, the error 
in the absolute calibration of the two channels 

is mainly due to the quality of the standard 
used. The standard, a CS• ionization chamber, 
was calibrated in our laboratory by comparison 
with a flowing NO ionization chamber. It was 
then recalibrated, by the same technique, in the 
Laboratory for Atmospheric and Space Physics, 
Boulder, Colorado, yielding the same value,with- 
in --+3%. As the quality of an absolute calibra- 
tion is very hard to estimate, all the results 
pre•ented here are given, for all channels, ac- 
cording to the last calibration made with our 
standard 3 months before launch. Although the 
quality of such a calibration may be good only 
during a short period after launch, the experi- 
ment seems to age very slowly, as it operates 
during only I hour every 2 calendar days. In 
fact, no important decay of the data appeared 
even after 2 years of operation (see Figure 4). 

fo R(N) = • A(N) I(X)[exp (--Nkxa) 
-- exp (-- Nkxb)] dX 

Solar Flux in a O.01-A Bandpass a:t the Center 
o[ the Line 

The apparatus function of the hydrogen 
resonance cell is, as defined by Blamont and 
Vidal-M adjar [ 1971 ], 

where A(N) represents the absorption of the 
reemitted resonance light in the resonance 
branch: 

I 1 

A(N) - (•r)•/2 AXD 

ß exp [--(AX/AX•)) ø' -- Nkxd] dX (2 

(see Blamont and Vidal-Madjar [1971] for the 
definition of all parameters). The resonance 
signal obtained, R(N), is a function of N, the 
number of atoms in the cell per cubic centi- 
meter. ß K is a constant representing the effi- 
ciency of the cell. The experiment was operated 
so that the same I(X) profile was observed 
through the cell for three different values of N. 
Starting from three calibrated values of the cell 
density, it was then possible to evaluate the 
aging of the cell during the satellite's life in the 
following way: if the three densities N•, N•, 
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The •al solar Byman a flux vada•io• during 10•0 (top) and 1070 (bottom). Fig. 4. 
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and N8 corresponding to the three operational 
modes of the cell are known, as is the case for 
the first orbit, we are able to find for a given 
orbit the five best parameters (three solar and 
two geocoronal, as will be explained in the next 
paragraph) defining the function I(X) by use 
of the nonlinear least squares method discussed 
below. If N•, N2, and N3 are not known, we 
obtain the best possible fit of C as: 

C(l, = - 
+ - 

+ Y. - 
where M•, M2, and M• represent the measure- 
ments made with the cell in the operational 
mode corresponding to N•, N•, and N•, respec- 
tively. The sums are over all the measured 
points. By finding the set (N•, N•, N•) that gives 
• minimum value for the function C, we ob- 
tained the three best values for the densities in 
the cell. Because from one orbit of measure- 

ment to the next the values (N•, N•, N•) change 
very slowly, it was possible to trace with ease 
the minimum of the function C along the suc- 
cessive orbits of measurement. This survey of 
the cell was made over 2 years and demon- 
strates the rate of aging (see Figure 5). These 
values of (N•, N•, N3) defining the hydrogen 

resonance cell were then used during the data 
processing. 

Dil•erent Exospheric Models Used [or the 
Interpretation o• the Resonance Hydrogen Data 

Chamberlain exospheric model. The data 
obtained through the hydrogen resonance chan- 
nel as described by Blamont and Vidal-Madjar 
[1971] are used in the comparison. These au- 
thors explain particularly how the data can be 
compared to a five-parameter model: three pa- 
rameters are used for the parabolic shape of the 
solar central reversal, and two are used to repre- 
sent the geocoronal hydrogen absorption (tem- 
perature and optical thickness). We tried here 
to use a more sophisticated model of the geo- 
coronal hydrogen absorption based on the 
Chamberlain [1963] exospheric model, which 
is a density model having spherical symmetry 
and defined by only two parameters: the tem- 
perature and density at the exobase level (the 
exobase is the base of the exosphere, taken 
here to be at an altitude of 500 km). It was 
possible to calculate, along a given line of sight, 
the integral of atoms having a given projection 
of their velocity. This calculation, made for all 
possible projected velocities, gave the absorp- 
tion line profile at that specific point of the 
exosphere along that particular line of sight. 

0.75 

0.5 

0.25 

, .I 

• one Filament 

1969 1970 
) Day ol • year 

Fig. 5. Aging of the hydrogen resonance cell. 
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Because the orbit is circular at an altitude of 

550 km, and the model taken is spherically 
symmetrical, it was then enough to calculate 
the absorption profile for a given model (den- 
sity and temperature chosen at the exobase) 
and at an altitude of 550 km for all possible 
zenith angles defining the line of sight. As 
density is a multiplicative factor in the Cham- 
berlain exospheric model, all possible absorp- 
tion line profiles to be observed from the 550- 
km circular orbit could be represented solely by 
a change in temperature. This calculation was 
made by J. L. Bertaux and J. C. Lebrun (pri- 
vate communication, 1972) for different steps 
of each variable: 

Projection of the velocity in steps of 0.005 A. 
Zenith angle in steps of 10 ø. 
Exospheric temperature in steps of 250øK. 

They showed that the addition of satellite par- 
ticles as defined by Chamberlain [1963], with 
a critical satellite level of 2.5 RE, changed the 
calculated absorption profiles less than 1%. For 
this reason, the Chamberlain model used here 
does not take satellite particles into account. 
Thus it is possible to find by linear interpola- 
tion the best temperature fitting the data. 

Comparison of the data to a five-parameter 
model. In the five-parameter model, three 
solar parameters approximate the solar Lyman 
a reversal by a parabolic shape: 

Io(X) = a(X- Xo) 2 q- b(X- Xo) q-c (4) 

where a is the concavity parameter, b is the 
asymmetry parameter, and c is the central flux 
of the solar line. To evaluate c in an absolute 

sense the experiment's calibration before launch 
was used. The hydrogen resonance cell was at 
that time calibrated by the method described 
by Blamont and Vidal-Madjar [1971]; because 
of the difficulty of this type of calibration, re- 
sults have an uncertainty of --+20%. 

The two geocoronal parameters are (1) 
atomic hydrogen density at the exobase (500 
km), and (2) exospheric temperature. The geo- 
coronal model is the Chamberlain one having 
spherical symmetry. 

These five parameters were introduced in (1), 
defining the line shape I(X) at the entrance of 
the cell: 

I(X) = Io(X).exp [--NF(T, X -- Xo, o01 (5) 

where/o (X) is the solar reversal defined by (4), 
N is the atomic hydrogen density at the exobase, 
and T is the exospheric temperature. The func- 
tion F(T, X -- Xo, to) represents the absorption 
in the geocorona at a point at 550-km altitude 
(this function is the optical depth along a line 
of sight from the Chamberlain model, nor- 
malized to unit hydrogen density at 500 krn) in 
a direction having a given zenith angle to at a 
given wavelength (X -- Xo), and for a given 
exospheric temperature. This function was cal- 
culated for different exospheric temperatures, 
the values to and (X- Xo) being known for 
each measurement. It is then possible to find by 
linear interpolation the best temperature that 
fits the data, along with the other four param- 
eters of the least squares fit. As the function F 
is not very sensitive to temperature, variation 
steps of 250øK were used for the linear inter- 
polation. 

It is important to note that in (2) a change 
in the K coefficient will induce directly propor- 
tional changes in the a, b, c parameters, which 
are functions of the experiment's absolute cali- 
bration. On the other hand, the coefficients N 
and T are independent of that absolute calibra- 
tion, and their values will have then an absolute 
signification. 

Description of the aspherical models. As we 
just saw, it is possible to compare the data to a 
five-parameter model composed of three solar 
parameters plus the two geoeoronal parameters 
that represent the exobase hydrogen density 
and the exospherie temperature in Chamber- 
lain's [1963] spherical exospherie model. Be- 
cause systematic differences appeared between 
the measurements and the spherical model, 
several asymmetric exospherie models were con- 
structed. 

To understand how these aspherical exo- 
spheric models were constructed, one must re- 
member that the exosphere observed in absorp- 
tion from the exobase is mainly the lower 
exosphere (below 1 RE in altitude). As a matter 
of fact, the integral of atoms along a line of 
sight (from 550 km to infinity) can be repre- 
sented quite well by the integral of atoms inter- 
eepted up to 1 Rs in altitude. In Figure 6 these 
two integrals are compared for two particular 
lines of sight, showing that about 85% of the 
atoms absorbing the solar flux, as observed from 
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an altitude of 550 km, are below 1 RE in alti- 
tude. 

On the other hand, Vidal-Madjar and Ber- 
taux [1972] showed that below I RE altitude 
the exospheric densities are quite well approxi- 
mated by what they call the local Chamberlain 
model (--+ 10%), which is, in fact, a spherical 
Chamberlain exospheric model whose param- 
eters are the local density and temperature. 
This means that for each point of the exobase 
a different Chamberlain exospheric model is 
used. 

Therefore all aspherical exospheric models 
used are constructed according to the following 
method: A density and temperature gradient is 
defined at the exobase. The absorption along 
any line of sight is then evaluated by assuming 
that this line of sight is immersed in a spherical 
Chamberlain exospheric model whose param- 
eters are the temperature and density at the 
point of the exobase just below the origin of the 
line of sight. 

Under these conditions, all the calculations 
presented in the previous paragraphs are still 
valid, and, particularly for all the aspherical 
models, will still be used. In the aspherical 
models we use a relation that is very similar 
to (5). The line shape I(X) at the entrance of 
the cell is now 

.= 

• 25 

n 1• 15 hc•'izontal hn. • sight 
o 

5 

0 , 
ooo 

Fig. 6. Percentage of high-altitude atoms 
(above 1 Rr) along particular lines of sight start- 
ing at an altitude of 550 km. 

that a linear relation exists between T and N 

and that the minimum and maximum density 
Hml• and Hm,• correspond, respectively, to the 
maximum and minimum temperatures Tm,• and 
Train, we can write: 

;(x) = ;o(X) 

ß exp {--N(a, $)F[T(a, $), X -- Xo, co]} (6) 
where N (a, 8) and T(a., 8) are two functions 
of local time a and latitude 8 representing the 
variations of the hydrogen density and of the 
exospheric temperature at the exobase. 

Dil]erent aspherical exospheric models. In 
the Jacchia, Kockarts and Nicolet model we 
assume that temperature and density are known. 
For the temperature we use the Jacchia [1971] 
model giving the T(a, 8) distribution, and for 
the density we use the Jacchia [1971] approxi- 
mation of the Kockarts and Nicolet [1963] 
hydrogen density distribution at the exobase, 
giving the N (a, 8) function. 

In the Jacchia nonspherical model only tem- 
peratures are assumed to be known, and again 
the T(a, 8) function represents the Jacchia 
[1971] exospheric temperature distribution. To 
define the density N(a, 8) a simple relation is 
constructed in the following way: If we assume 

HmaxTmax- HminTmin 
-•- Tins.- Train (7) 

In such a model, where the temperatures are 
known, two geocoronal parameters appear: 
Hm,• and H .... the. minimum and maximum 
hydrogen density at the exobase. 

For the axial symmetry model, since our 
measurements are not very sensitive to tem- 
perature and because measurements are made 
only on the day side of the earth, it seems 
reasonable to use sinusoidal representations of 
the temperature and density variations. The 
Jacchia [1971] model is then used only to 
obtain minimum and maximum values of the 

exospheric temperature at the moment of a 
given orbit of measurement. Such a model will 
have a symmetry axis deftfled by (a.ym, 8,ym), 
the direction of the point of maximum tem- 
perature in local time and declination. If a par- 
ticular point of the exobase is defined by (a, 8) 
we can then write 
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a) = T.,. + 2 

Tmax -- Tmin 
4- cos q• 

2 

N((x, •) = H.,.x + Hmin 
2 

(s) 

Hmax • Hmin 
-- 2 cos -• 

where 7 is the angle between the directions 
(a, •) and (a,•, $,•m). We assume again here 
that the maximum and minimum temperatures 
correspond to the minimum and maximum 
densities, respectively. 

In such an exospheric model, the geocoronal 
parameters are now as follows' (1) If Train is 
assumed to be known and equal to To (Jacchia 
1971 model) we can introduce the ratio 
T•ln as an unknown value. (2) The direction 
of the exobase symmetry axis (as•, 8s•) may 
be changed. (3) The two important geocoronal 
parameters are, in fact, the minimum and maxi- 
mum densities Hm• and H .... 

Nevertheless, these different parameters are 
treated in different ways' the ratio T•n/T•,x 
and the values a•m and •= are not critical. 
This is why in all the calculations they are 
treated as constant values. Only the systematic 
differences appearing between models and mea- 
surements are used to decide which one is the 
best' 

The following values are tried for T•,•/T•' 
1.1, 1.3, 1.5. 

The following values are tried for a•y=' 1200, 
1400, 1600, 1800 local time. 

The value for •,,, is always taken to be the 
solar declination. 

Large steps are used because of the insensitiv- 
ity of these parameters. The last two parameters 
Hm• and H•,• are then found through the 
nonlinear least squares fit, as was explained. 

RESULTS 

Mo•to.ri•g of the Solar L•ma• • Flux d•r•g 
the Years 1969 and 1970 

As is shown in Figure 4, the total solar Lyman 
a flux is plotted as a function of the day during 
the years 1969 and 1970, roughly one measure- 

ment point being taken every two days. The 
maximum flux variation observed during one 
solar rotation is of the order of 30%, and the 
correlations of all variations with the Zurich 

sunspot number or with the 10.7-cm solar flux 
are quite good, as is shown in Figure 7. 

Another experiment on the Nimbus 3 and 4 
spacecraft measured the total solar Lyman a 
flux in 1969 and 1970 (D. G. Heath, unpub- 
lished manuscript, 1971). The correlation with 
these data is excellent. 

According to our calibration the average 
value of the solar Lyman a flux is of the order 
of 3 X 10 n ph cm -• sec -•. In Table 1, the 
results are presented for all measurement orbits 
during 1969 and 1970. In 1970, two solar eclipses 
were observed, on days 66.68 and 243.84-243.89. 
The decrease of the Lyman a flux measured 
during these three orbits is solely related to the 
geometry of each orbit passing through the 
moon's shadow. 

A later section contains a correlation coe•- 

cient of 0.87 between this total Lyman a, solar 
flux and a completely independent measurement 
of the solar flux at the center of the line, show- 
ing the high degree of confidence that one can 
have in the values given in Table 1. 

Results Obtained with the Resonance 

Hydrogen Data 

Comparison with a five-parameter spherical 
model. The five-parameter model is divided 
into two parts. For the part concerned with the 
solar central line shape, the center of the line is 
assumed to be parabolic (see equation 4), and 
three parameters are used: a is the concavity 
of the solar reversal; b is the central asym- 
merry, and c is the solar flux at the center of 
the line. For the geocoronal part of the model, 
the Chamberlain exospheric model defined by 
two parameters is used: N,, is the density of 
atomic hydrogen at the exobase (500 km), and 
T is the exospheric temperature. 

Comparison with the five-parameter model is 
made only with orbits whose planes are within 
10 ø of the direction of the sun. Figure 8 shows 
how the five parameters vary with solar ac- 
tivity. The solar activity is estimated here by 
the Zurich sunspot number. 

The first important result found was the 
existence of a correlation between some param- 
eters and solar activity. The best correlations 
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observed were for the solar symmetry param- 
eter c (showing a systematic stronger emission 
in the blue wing than in the red wing of the 
line) and for the atomic hydrogen density at 
500 km (behaving as expected, density decreas- 
ing as solar activity increased). 

Nevertheless, the very large error bars found 
for the solar concavity parameter and for the 
exospheric temperature value suggest that the 
accuracy of the measurement is not sufficient to 
determine these two parameters. 

As a matter of fact, these two parameters 
have equivalent roles in the model and we can 
say that both of them are concavity parameters. 
This is why a quasi-linear relation is found 
between these two parameters (Figure 9), show- 
ing that the meaning of the solar concavity 
parameter is very doubtful. The fact that this 
parameter always presents the central solar 
reversal as an emission feature may be an indi- 
cation but no more. Therefore we suppress one 
of the two concavity parameters and assume 
henceforth that the bottom of the solar reversal 

is fiat (a - 0), since we do not have enough 

information to make another assumption and 
since this assumption seems to change nothing 
in our analysis. 

Comparison with ,a •our-parameter spherical 
model. The same model was used with a fiat 

bottom of the solar reversal. The parameters 
are those described for the five-parameter 
model, a being always equal to zero. 

Figure 10 presents the variations of the four 
other parameters with solar activity for orbits 
having a sun-orbit angle smaller than 10 ø. 
Correlations appear for all parameters but the 
exospheric temperature. The central solar slope 
(symmetry parameter b) and the central solar 
flux increase with solar activity, and again the 
exospheric density decreases with increasing 
solar activity. The fact that the exospheric 
temperature error bar remains very large shows 
definitely that this kind of measurement is not 
at all sensitive to exospheric temperature. On 
the other hand, the correlation between the 
other parameters and solar activity is still very 
poor (in particular, the correlation coefficient 
between the central solar flux and the Zurich 
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TABLE 1. Total Solar Lyman a Flux X 10 u 
ph cm -• sec -• 
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TABLE 1. (continued) 

Day Flux 

1969 

25.70 3.41 
26.63 3.33 
27.49 3.22 
30.35 3.10 
30.75 3.15 
34.47 3.43 
36.32 3.54 
40.18 3.45 
44.23 3.21 
52.07 3.76 

60.90 
64 82 
68 67 
72 66 
76 38 
78 37 
82 29 
84 28 
86 21 
88 20 

90.12 

92.18 
94.17 
98.16 

102 08 
104 80 
106 79 
112 63 
114 63 
118 54 

120.54 

122.53 
124.52 
126.45 
130.43 
132.29 
136.20 
138.20 
140.19 
142.18 

144.24 
146.24 

148.16 
150.09 
152.08 
154.80 
156.79 
158.72 
160.71 
162.63 

3.66 
3.48 
3.32 
3.19 
3.60 
3.77 
3.68 
3.60 
3.47 
3.49 

3.52 
3.44 
3.43 
3 22 
3 29 
3 54 
3 59 
3 26 
3 26 
3 37 

3.33 
3.24 
3.07 
3 16 
3 23 
3 57 
3 36 
3 21 
3 21 
3 28 

3 37 
3 29 
3 14 
2 98 
2 85 
3 O1 
3 28 
3 49 
3.40 
3.40 

3.25 
3.28 
3.17 
2.88 

166.55 
169.54 
172.46 
176.37 

Day Flux 

185.20 3.31 
188.19 3.41 
190.12 3.34 
192.11 3.35 
194.17 3.31 
196.23 3.23 

198 22 
202 14 
204 79 
206 78 
208 71 
210 70 
212 62 
214 62 
216 54 
220 59 

222 51 
224 51 
226 43 
228 42 
230 35 
232 34 
234 33 
236.25 
238.25 
239.58 

240.17 
242.17 
244.22 

248.14 
250.06 
260.68 
262.61 
264.60 
266.59 
268.52 

270.51 
272.57 
276.48 
278.47 
280.33 
282.26 
286.17 
288.16 
292.15 
294.14 

296.13 
301.04 
308.67 
310.66 
312.65 
314.58 
316.57 
318.49 
320.49 
322.54 

3.23 
2 97 
2 89 
3 00 
3 06 
3 20 
3 22 
3.31 
3.35 
3.29 

3.31 
3.18 
2.96 
2 .'89 
2.82 
2.75 
2.84 
3.01 
3.17 
3.31 

3.22 
3.60 
3.47 
3.23 
3.14 
3.07 
3.28 
3.30 
3.27 
3.50 

3.40 
3.32 
3.10 
3.11 
3.11 
3.21 
2.89 
2.90 
2.90 

3.19 

3.25 
3.48 
3.04 
3.00 
3.15 
3.15 
3.10 
3.02 
2.99 

3.12 
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TABLE 1. (continued) TABLE 1. (continued) 

Day Flux Day Flux 

324 53 
326 39 
328 32 
330 31 
332 23 
334 22 
338 14 
340 13 
342 12 
344 11 

348 09 
350 08 
352 00 
353 99 
355 72 
357 71 
359 70 
361 63 
363 62 
365 54 

4 59 
6 45 
8 44 

10 37 
12 36 
14 28 
16 27 
18 26 

20 18 
22 17 

26.16 

28.15 

30.14 
35.04 
37.03 
38.76 
4O. 75 
42.67 
46.66 
48.58 

5O.57 
52 50 
54 55 
56 48 
58 40 

62 38 
64 37 
66 63 
66.68 
66.76 

68.29 
70.28 
72.20 
74.19 
76.11 

1970 

3 18 
3 24 
3 16 
3 08 
3 05 
2 99 

3 05 
3 00 
2 86 

2 79 

2 83 
2 98 

3 05 
3 18 
3 18 
3 17 
3 16 
3 23 
3 26 
3 20 

2 94 
2 85 
2 79 
291 

3 06 
3 25 
3 32 
3 33 
3 18 
3 06 

3 00 
3 03 
2 98 

2 80 
2 95 
3 15 
331 
331 
3 13 
3 07 

3 10 
3 25 
3 31 
3 18 
2 98 
2 84 
2 93 
3 08 
2 60 
3 08 

3.08 
3.12 
3.04 
2.89 
2.76 

78 10 
80 16 
82 09 
84 O7 
86 06 

87 99 

90 71 
94 69 
96 61 

98 60 
100 60 
100 66 
102 52 
104 50 

106 49 
110 34 

112.33 
114.32 
116.31 
118.30 
136.81 
139.06 
140.72 
142.77 
144.70 
146.62 

150 53 
154 45 

158 36 
160 35 
162 33 
164 26 
168 24 
170 16 
172 15 
174 21 

176.20 
178.19 
180.18 
182.17 
184.02 
186.02 
188.00 
191.71 
193.64 
195.63 

197 62 
199 54 
201 53 
203 45 
205 44 
209 35 
211 34 
215 25 
221.22 
223.14 

2 78 
3 06 
3 02 
3 14 
2 99 
291 

2.86 
2.99 

3.10 
3 22 
3 16 
3 14 
2 91 
2 90 
2 74 
2 78 

2 85 
2 78 
2 71 
2 77 
2 96 
2 96 
2 94 
2 84 
2.78 
2.84 

3 00 
2 77 
2 62 
2 64 

2 72 
2 83 
2 78 
2 7O 
2 65 

2 74 

2 76 
2 83 
2 83 
2 79 
2 82 
2 86 

2 75 
2 64 

2 58 
2 57 

2 62 
2 61 

2 7O 
2 77 
2 80 

2 82 
2 71 
2 61 
2 16 

231 
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TABLE 1. (continued) TABLE 1. (continued) 

Day Flux Day Flux 

225.13 
227.19 
229.11 
233.09 
235.01 
237.80 
239.79 
241.77 
243.76 
243.84 

243.89 
243 96 
247 61 
249 60 
251 52 
253 45 
255 43 
257 42 
259 35 
261.33 

263.33 
265.31 
267.30 
269.22 
271.21 
273.14 
275.19 
279.17 
281.16 
283.15 

285. O7 
287.92 
289.71 
291.70 
295.61 
297.07 
297.27 
297.53 
297.73 
297.86 

299.52 
301.58 
303.50 
305.49 
315.23 
317.29 
319.21 
321.20 
323.12 
325.11 

327.10 
329.09 
331.14 
333.06 
337.97 
339.69 
341.68 

2.52 
2.55 
2.55 
2 59 
2 59 
2 63 
2 61 
2 62 
2 63 
2.45 

2.54 
2.62 
2.58 
2.59 
2.56 
2.51 
2.48 
2.45 
2.43 
2.58 

2.57 
2.69 
2.49 
2.55 
2.72 
2.55 
2.57 
2.52 
2.52 
2.56 

2.55 
2.67 
2.60 
2.58 
2.74 
2.70 
2.66 
2.66 
2.66 
2.67 

2.77 
2.86 
2.65 
2.70 
2.52 
2.79 
2.66 
2.66 
2.64 
2.55 

2.49 
2.51 
2.52 
2.6O 
2.68 
2.67 
2.64 

343.47 2.62 
343.60 2.62 
345.59 2.65 
347.58 2.66 
349.57 2.74 
351.56 2.54 
353.55 2.67 
355.40 2.66 
357.39 2.44 
359.31 2.60 

361.30 2.34 
363.29 2.37 
365.21 2.52 

sunspot number is equal to 0.38). This is why 
we tried to compare the variation of these pa- 
rameters directly with the total solar Lyman a 
flux, as measured by that same instrument in a 
completely independent channel. It is surprising 
to see (Figure 11) how good these correlations 
are; they provide confidence simultaneously in 
the quality of this analysis and in the quality 
of the data processing leading to the total solar 
Lyman a flux, as was previously explained. 

The correlation between the total solar flux 

and the central solar flux (correlation coeffi- 
cient of 0.83) shows that the center line may 
change by a factor of 50% when the total line 
changes by only a factor of 30% (maximum 
variation observed during a solar rotation). 

The correlation with the exospheric param- 
eters and with the hydrogen density in particu- 
lar is not as good. This is not surprising, since 
there is no phy•cal reason to find perfectly cor- 
related changes between the solar Lyman a 
flux and the hydrogen density at the exobase. 

Finally, the correlation with the solar sym- 
metry parameter (correlation coefficient equal 
to 0.48) is not very good either, since, as we 
will see in a later section, this parameter may 
represent geocoronal as well as solar asym- 
metries. 

The main results obtained for the four- 

parameter model are as follows: 
1. Correlation between the total solar Ly- 

man a flux and the center of the Lyman a solar 
flux is excellent (0.83 coefficient). 

2. There is a 30% change in the total line 
flux corresponding to a 50% flux change at the 
center of the line. 
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Fig. 8. Correlation of a five-parameter fit (three solar, two representing a spherical exosphere) 
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3. The blue wing is more intense than the 
red wing. 

4. According to our calibration the central 
solar flux is quite high, of the order of 5 X 10 • 
ph cm -• sec -• A -•. 

5. The average exospheric temperature on 
the day side is of the order of 1200øK. 

6. The hydrogen density at 500 km is mea- 
sured in an absolute way (independent of the 
experiment's calibration) and is only a function 
of the geocoronal model used for comparison, 
varying from 4 X 104 to 8 X 104 atoms cm -8 
As was expected, this hydrogen density de- 
creases with increasing solar activity. 

These differences between the measurement 

points and the model were evaluated in terms 
of wavelength, as each measurement is as- 
sociated with a wavelength according to the 
Doppler shift (caused by the spacecraft's ve- 
locity, as was explained by Blamont and Vidal- 
Madjar [1971] ). The differences were accumu- 
lated during a whole year in intervals of 2 mA 

over the whole scanning region from AX: --30 
mA to AX: +30 mA. The average differences 
were then plotted as functions of wavelength 
(Figure 12). 

The fact that the general shape found in 
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Relation found between two parameters 
of the five-parameter fit (spherical exosphere, 
parabolic solar center) with 1969 data. 
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Fig. 10. Correlation of a four-parameter fit (fiat solar center, spherical exosphere) with the 
Zurich sunspot number- circles, 1969; crosses, 1970. 

1969 is found again in 1970 shows that these 
differences are real and proves that the spheri- 
cal exospheric model is unrealistic. As a matter 
of fact, the model's evaluations are systemati- 
cally above the measurements taken in the 
morning (AA • 0) and below those taken in 
the evening (AX • 0), showing that the geo- 
coronal absorption is underestimated for the 
morning and overestimated for the evening. 

Assuming that the most efiqcient geocoronal 
absorption coefiqcient is the density of hydrogen 
at the exobase, the last result can be interpreted 
as an underestimate of the hydrogen density in 
the morning and as an overestimate in the 
evening. In other words, the hydrogen density 
estimated through the spherical model is an 
average dayside density, the morning density 
being higher than that average value and the 
evening lower. To evaluate this density gra- 
dient, we were led to compare an aspherical 
exospheric model with our measurements. 

The study of orbits with a sun-orbit angle 

greater than 10 ø was attempted. The results 
were very poor, because the average dayside 
density estimated by such a model is too large 
for measurements made at a greater angular 
distance from the solar direction, that is to say, 
from deeper in the geocorona. The increase in 
the hydrogen density is then artificial and is not 
induced by a decrease in solar activity. As all 
the other parameters are disturbed by this arti- 
ficial change, all orbits having a sun-orbit angie 
greater than 10 ø are excluded from this study. 

Co.mparisoq, with the Jacchia, Kockarts and 
Nicolet aspherical model. As was explained 
before, the measurements seem to contain 
little information about exospheric tempera- 
ture. Therefore we decided to use an aspherical 
model in which the exospheric temperature 
would be taken as a fixed parameter. The model 
used is the one previously described, and the 
exospheric temperature chosen is that of Jacchia 
[1971]. 

It is possible in such a model to introduce 
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a hydrogen density distribution at the exobase. 
The Jacchia [1971] approximation of the Kock- 
arts and Nicolet [1963] distribution is used, 
since it is more convenient than the original. 

As can be seen in Figure 13, the systematic 
differences between the measurements and that 

model are very large, showing that certainly one 
of the fixed geocoronal values is wrong. It 
seems obvious that the temperature alone is 
not able to create such differences. Thus the 

Kockarts and Nicolet density distribution is 
found to be responsible. It is therefore aban- 
doned in the following study as a good model 
of the diurnal variation of the atomic hydrogen 
density at the exobase. 

Comparison with t.he Jacchia nonspherical 
model. The Jacchia [1971] exospheric tem- 
perature is used in the nonspherical model, as 
well as a density distribution depending on two 
parameters, Hm,• and H .... The density varia- 
tion determined between day and night is 
roughly a factor of 2, confirming several obser- 
vations of the earth's exobase made by various 
authors using different techniques: observation 
of the Lyman a geocoronal emission [Meier, 
1969b; Metzget and Clark, 1970], observation 
of the Balmer and geocoronal emission [Tinsley, 
1970], a•d in situ measurements of hydrogen 
concentrations [Brinton and Mayr, 1971]. How- 

ever, such a model still presents strong system- 
atic differences, the measurements showing that 
some of its constraints are probably not realistic 
(see Figure 13). Therefore, in the following 
study, a more flexible model is used. 

Comparison with models having axial sym- 
metry. The fifth model has a symmetry axis 
whose direction is defined by the couple (a,y,,, 
8,rm). The temperature and density variations 
are sinusoidal. The minimum temperature co- 
incides with the maximum density just at the 
point located at the exobase in the (a•rm, 8•y•) 
direction. As is shown in (8) the temperature 
varies between Tm,• and T•a•, and the density 
between H .... and H•,•. 

In the axial symmetry model the T• exo- 
spheric temperature is equal to the T• tempera- 
ture as defined by Jacchia [1971]. A first study 
is made with such a model in order to fix the 

values of some of the parameters. This study 
is completed by observing how a change in the 
value of a parameter induces variations in the 
systematic differences between measurements 
and model. 

The first study conc•erns the a•rm parameter, 
the 8•r• value always being equal to the solar 
declination. 

As is shown in Figure 14, assuming that the 
solar reversal is fiat and horizontal (only one 
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Fig. 13. Deviation from a perfect fit of two aspherical models (fiat solar center)' solid line, 
$acchia, Kockarts and Nicolet model; dashed line, Jacchia nonspherical model. 
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Fig. 14. 
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Influence of the direction of the exospheric model's symmetry axis on the quality of 
the fit (fiat and horizontal solar center). 

parameter c), for different values of the direc- 
tion of the symmetry axis in local time (1200, 

, 

1400, 1600, 1800), the systematic differences are 
studied. The worst model is for c•sr• -- 12.00. 
The reason is, obviously, that in such a model 
no parameter can take into account the morn: 
ing-evening dissymmetry already observed' the 
solar reversal is horizontal and fiat, and the 
exobase is symmetric. The best fit is c•btained ß 

for c•s•, -- 16.00, which may indicate a possible 
later position of the maximum temperature. 
This result, although in agreement with the 
incoherent scattering observations [Bauer et al., 
t970], does not give an unambiguous value of 
the local time of the maximum of temperature 
for two reasons' (1) The two other models with 
c•r, equal to 1400 and 1800 also seem to de- 
scribe the observations. (2) As was explained 
above, this experiment is quite insensitive to the 
exospheric temperature, indicating a possible di- 
rection of the minimum density at around 16.00 
without necessarily placing the direction of the 
maximum temperature at the same place. It 
could certainly be at 1400, as in Jacchia's 
exospheric temperature model. 

To show again how insensitive this experi- 
ment is to exospheric temperature, a study was 
made of the T•,x/T•n ratio effect in the best 

fit situation previously found (c•,r, - 16.00). 
As is shown in Figure 15, systematic differences 
are present for three models having ratios of 
1.1, 1.3, and 1.5. The best fit is found for the 
1.3 ratio, as defined by JacChia [1971]. Never- 
theless, this is a rather poor confirmation of 
Jacchia's result. 

A third Study was made in order to evaluate 
the effect of the sola'• Center line slope (b pa- 
rameter). We were obliged t• separate this 
parameter from the classical least squares study 
because it has a rple equivalent to the density 
gradient (ratio between H•n and H•,x). This 
slope was evaluated according to the first study 
made, and is linearly related, as the center solar 
flux, to the solar Lyman c• total solar flUX fol- 
lowing the straight line drawn in Figure 11. 

Under such conditions, we again tried models 
with various values of c•,•' 1200, 1'400, t600, 
and 1800. The differences between measure- 

ments and models are presented in Figure 16. 
The worse fit is again for c•sr• -- 1200, but it 
appears to be considerably better than the fit 
obtained with the model using a fiat and hori- 
zontal solar center, since this b parameter 
takes care of part of the asymmetry. Again, the 
model with a.•,• -- 16.00 is the best, but the 
two other solutions are even closer than in the 
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fit previously obtained. This is why, henceforth, 
we will use in the axial symmetry model the 
fixed parameters as defined in the best solution 
found. 

Comparison with a three-parameter axial 

symmetry model. Solar and geocoronal param- 
eters fixed by the previous best solutions are as 
follows: a -- 0 (fiat); b is a linear function of 
the total solar flux as shown in Figure 11; 
Tm,•---- T• (Jacchia); Tmax- 1.3 X Tm,n; 

• +20 

o 

i 

• +10 

o 

E 

.c_ 

• -lO L 

.-- 

T 

I I i I I I I 

Direction o[ the exobase 12.00 

symmetry axis in local hme : ....... 14.00 
16.00 

........ 18.00 

i i i -20 -•0 -•0 -•0' • +10 +20 ¾30 
> AX in mA 

Fig. 16. Influence of the direction of the exospheric model's symmetry axis on the quality of 
the fit (fiat and sloping solar center). 
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a,ym -- 16.00; 3,ym -- 3s. Only three parameters 
are still free, and these will be found by the 
nonlinear least squares technique: the solar pa- 
rameter c, which is the solar flux at the center 
of the Lyman a line; and the geocoronal pa- 
rameters H•,n and H•a•, which are the extreme 
values of the atomic hydrogen density at the 
exobase. 

The superiority of this model over the spheri- 
cal one was immediately observed: it is possible 
to take into account all the orbits of measure- 

ment with such a model. The reason is that, 
when an orbit of measurement is deep inside 
the geocorona, we will not observe any artificial 
increase in the values of H•,n and H .... since 
the model takes into account the position of the 
orbit and affects the measurements by means of 
the correct geometric coefficients. 

Nevertheless, because one orbit having a 
sun-orbit angle greater than 25 ø shows a rather 
small number of counts (see Figure 3) and 
because, at the limit, measurements made dur- 
ing one orbit whose plane is 90 ø from the sun 
do not contain any information about the day- 
night density gradient, it was decided to ana- 
lyze only those orbits with a sun-orbit angle 
•25 ø. Studying other orbits will not give any 

new information but, on the contrary, will con- 
fuse the results by introducing more imprecision. 

The quality of such a model can be immedi- 
ately evaluated by examining the systematic 
differences between the measurements and the 

model (Figure 17). Averaged over 1 year, these 
differences are negligible. The systematic differ- 
ences found over the year 1969 are exactly the 
same as those for 1970 (the reason only one 
curve was drawn in Figure 17). Even these 
very small differences are stable and therefore 
may contain some information. 

The first important result concerns the solar 
flux at the center of the Lyman a line. As pre- 
sented in Figure 18, the correlation coefficient of 
this flux with the total Lyman a solar flux is 
equal to 0.87 and confirms the result already 
found with the spherical model. The high qual- 
ity of this correlation again confirms the quality 
of the data obtained through two completely 
independent channels. A typical error bar indi- 
cates that the linear relation drawn in Figure 
18 is an excellent evaluation of the solar flux 

at the center of the Lyman a line. This linear 
relation shows how a 30% variation of the total 
Lyman a flux, as observed, corresponds to a 
47% change at the center of the line. The decay 

+20 

+•0- 

0 

-lO - 

Fig. 17. 

,, 

8 
) AX in mA 

Deviation from the perfect fit of the best aspherical exospheric model (fiat and 
sloping solar center); all orbits are considered here. Direction of the geocoronal symmetry 
axis is 1600; T,•a,- 1.3 T,•,n. 
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Correlation of the flux at the center of the Lyman • line with the total line flux 
for the 1969 (circles) and 1970 (crosses). Only orbits with sun-orbit angle <25 ø were 
analyzed. 

of the total and central solar fluxes, as mea- 
sured from 1969 to 1970, seems to be caused, 
mainly, by a decrease in solar activity rather 
than by a weakening of the experiment's trans- 
mission. In effect, the latter case would result 
in an equal decrease in both fluxes rather than 
the maintenance of the straight line observed. 
Therefore we can say that the decrease in sen- 
sitivity of the experiment from one year to the 
other is rather small, roughly of the order of 
10%. In Table 2 are presented these results as 
a function of the 1969 and 1970 days (for orbits 
having a sun-orbit angle <25 ø). 

The other results obtained through this model 
concern the two exospheric parameters H. ln 
and H .... Because these two parameters are 
related to geocoronal conditions, their varia- 
tions are represented as functions of the corre- 
sponding exospheric temperatures. In Figure 19, 
these results are given for the year 1969; the 
results for 1970 are very similar, and so are 
omitted for clarity. Results for both years are 
presented in Table 3, along with the density 
ratio H..affH•l•. 

Confirming the result found with the Jacchia 
nonspherical model, this ratio is again roughly 
equal to 2. In Figure 19 the minimum and 

maximum densities of atomic hydrogen are 
absolute values, independent of the calibration 
of the experiment. Therefore these values are 
directly compared with the Kockarts and Nicolet 
[1963] distribution in order to show that this 
theoretical model underestimates H• consider- 
ably and H•a• slightly. Because the experiment 
is not very sensitive to temperature, one could 
say that the misfit comes from choosing the 
wrong exospheric temperature [Jacchia, 1971]. 
To improve the quality of the fit, T• must be 
decreased by about 20øK and T..• by about 
200øK, simultaneously completely changing the 
T•.•/T•.• ratio. This second explanation has 
to be rejected, as it presupposes tha. t the tem- 
perature of the atomic hydrogen is far from 
the exospheric temperature of the other con- 
stituents. Furthermore, the T•.•/T• ratio de- 
fined by Jacchia concurs with our data, as was 
already shown. 

Throughout this study the geomagnetic heat- 
ing of the atmosphere (as defined by Jacchia 
[1971]) has not been taken into account for two 
main reasons' first, because all our measure- 
ments are made in the equatorial regions (the 
orbit's inclination is 33ø), and, second, because 
what we need in our study is not a precise 
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TABLE 2. Central Solar Lyman a Flux X 10 u 
p hcm -• see -• A -• 

Day Flux 

26.63 
30.35 
30.75 
34 47 
36 32 
40 18 
44 23 
52 07 
72 66 
76 38 

82.29 
84.28 

102.08 
106.79 
112 63 
114 63 
118 54 
120 54 

122 53 
124 52 

126 45 
130 43 
152 08 
154 80 
156 79 
158 72 
160 71 
162 63 
166 55 
169 54 

172.46 
176.37 
202.14 
204.79 
206.78 
208.71 
210.70 
212.62 
214.62 
216.54 

220.59. 
222.51 
224.51 
226.43 
228.42 
230.35 
248.14 
250.06 

260.68 
272.57 

276.48 
278.47 
280.33 
282.26 

1969 

5.91 

5.85 
5.95 

6.64 
6.52 
6.15 
5.48 
6.45 
5.77 
7.18 

6.95 
6 11 

6 11 
6 84 
5 68 
5 69 
6 09 
5.95 

5.82 
5.22 

5.37 
5.36 
4.46 
4.92 
5.48 
5.82 
5.81 

5.42 
5.14 
4.89 

4.98 
4.39 
4.46 
4.54 
4.87 
4.95 
5.15 
4.95 

, 

5.38 
5.20 

5 15 
5 27 
4 93 
4 61 
4.49 
4 23 
4.95 
4.22 
4.71 
5.31 

4.75 
5.02 
4.41 
4.86 

, 

TABLE 2. (continued) 

Day Flux 

286 17 
288 16 
292 15 
294 14 
296 13 
301 04 
326 39 
328.32 
330.31 
332.23 

334 22 
338 14 
340 13 
342 12 
344 11 
348 09 
350 08 
352 00 

10 37 
12 36 
14 28 
16 27 
18 26 
20 18 
22 17 
26 16 

28 15 
30 14 

35 04 
37 03 
38 76 
56 48 

58 40 
62 38 
64 37 
66 63 
66 76 
68 29 

80 16 
, 

82 09 
84 07 
86 06 
87 99 
90 71 
94 69 

100 6O 
100 66 

102 52 

104.50 

106.49 
112.33 
114.32 
136.81 
139.06 
140.72 

1970 

4.59 
4.59 
4.13 
5 01 
5 67 
5 60 
5 74 
5 79 
5 67 
5 07 

5 12 
5 15 
5 23 
4 93 
4 85 
4 89 
5 28 
5 29 

5 09 
5 65 
5 78 
5 80 
6 02 
5 63 
5 37 
5 15 
5 22 
5 17 

4 34 
4 47 
4 67 
5 15 
5 21 
5 06 
5 21 
5 47 
5 52 
5 46 

4.48 
5.37 
5.07 
5.47 
4.97 
4.87 
4.90 

5.66 
5.63 
5.03 

4.65 
4 29 
4 50 
3 94 
4 94 
5 03 
4 83 
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TABLE 2. (continued) 

Day Flux 

142.77 
144.70 
146.62 

150.53 
154.45 
158.36 
160.35 
184.02 
186.02 
188.00 
191.71 
193.64 
195.63 

197 62 
199 54 
201 53 
203 45 
205 44 
209 35 

211 3.4 
233 09 
235 01 
239 79 

241.77 
243.76 
243.96 
249.60 
251.52 

253.45 
255.43 
257.42 
259.35 
261.33 

265 31 
279 17 
287 92 
315 23 
317 29 
319 21 
321 20 
323 12 
325 11 
327 10 

329 09 
331 14 
333 06 
357 39 
359 31 
361 30 
365 21 

. 

4 

4 

4 

4 

5 
4 

4 

4 

4 

3 

3 
3 
4 

4 

4 

4 

4 
4. 

4. 

4. 

3 
3 
3 
4 

4 

4 

3 
3 
3 
3 

4 

4 

4 

3 
4 
4 

4 

4. 
4 

4 

4 

4 

3 
3 
3 
3 

3O 
17 
32 

78 
6O 

32 
40 
07 
97 
81 
49 
12 

89 

87 
87 
11 

24 
26 

76 
75 
40 
49 

27 

96 

96 
94 
16 
10 

07 
98 
70 
69 
79 

08 
02 
10 

83 
24 
34 
27 
32 
29 
26 

16 

30 
30 
77 
66 
49 

exospheric temperature (to which our data are 
not sensitive) but a good atmospheric index 
following closely all exospheric modifications. 
As a matter of fact, we have found in the total 
Lyman a solar flux as measured by the expert- 

ment an index describing the variations of the 
solar Lyman a line center. What we needed 
here was a clear and simple index for the geo- 
corona. Jacchia's minimum exospheric tempera- 
ture T• answered this question, providing an 
excellent correlation with Hm,, and Hm,n. An 
evaluation of the hydrogen density at the'exo- 
base is now quite simple for any given day, just 
because one can calculate the Jacchia T• tem- 
perature of that particular day and then deduce, 
through the u•e of Figure 19, the correspond- 
ing densities. Nevertheless, it is not impossible 
that the use of the Jacchia [1971] exospheric 
temperature coi•rected for the geomagnetic effect 
could reduce the scatter in Figure 19, showing 
then the quality of the JacChia geomagnetic cor- 
rection, along with its physical meaning. 

DISCUssioN 

This discussion will refer mainly to the re- 
sults .obtained using the axial symmetry model. 
The main solar result obtained concerns the 

4:7% variation observed at the center of the 
Lyman a line. Meier [1969a] deduced a 25% 
variation from observations of the geocoronal 
Lyman a emission. Nevertheless, these two 
values do not conflict, because Meier's value of 
25.% is certainly an underestimation of the real 
variation of the solar line's center. In effect, the 

, 

geocoronal hydrogen density decreases with in- 
creasing solar flux, and consequently the geo- 
coronal emission increases less than does the 
solar line's center. This is also why direct ob- 
servations of the center of the solar Lyman a 
line show 100% variations, as was already ex- 
plained by Blamont and Vidal-Madjar [1971]. 

On'-.the other hand, this model yielded solu- 
tions that defined an exobase with a density 
ratio (H•,,/H•,n) roughly equal to 2. The 
Kockarts and Nicolet [1963] absolute hydrogen 
density model predicts, in agreement with our 
data, that the maximum hydrogen density must 
be found on the night side of the earth. Godart 
and Nicolet [1963] showed that the time con- 
stant of the hydrogen redistribution is short 
enough to induce a density factor of 5 between 
night and day. Compared to our data, this 
ratio seems much too high. 

Other relative exobase models were con- 

structed to define the atomic hydrogen distribu- 
tion at 500 km. First, an approximate time- 
dependent solution was constructed by Ha•son 
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Fig. 19. CorreJatibn of the minimum and maximum hydrogen densities of the exobase 
with the corresponding Jacchia exospheric temperatures (Tm.x corresponds to Hmin and Tin,, 
to Hm,x) for 1969 orbits with a sun-orbit angle •25 ø. Values are compared with the corre- 
sponding densities as predicted by Kockarts and Nicolet [1963] and by Hanson and Patterson 
[1963] after normalization. 

and Patterson [1963], This solution, in good 
agreement with our data, presents roughly a 
ratio of 2 between Hm,x and Hm,n at 500 km 
altitude. As Figure 19 shows, this solution rep- 
resents roughly the departure of Hm,• and Hm,x 
from the average steady state solution if this 
one is normalized by a 2.5 factor (as will be 
explained in a later Section). In effect, Hm,, is 
above the average steady state solution, and 
Hm,• is below, inducing a smaller Hm,•/Hm,• 
ratio. Nevertheless, more recently, Wallace and 
Strobel [1972] calculated an exact solution of 
the time dependent equations in the thermo- 
sphere, neglecting also the lateral transport in 
the exosphere. They found a little larger density 
ratio between Hm,• and Hm,• than Hanson and 
Patterson did. This result is still in agreement 
With our data, a • well as the location of the 
minimum of density at 500 km, which they 
found around 1600. 

Second, Patterson [1966] and then McA•ee 
[1967] took into account the lateral transport 

of hydrogen atoms in the earth's exosphere from 
one point of the exobase to another. McAfe e has 
defined, for several temperature models, the 
hydrogen density distribution inducing in all 
points of the exobase the zero net ballistic flux 
conditions: ballistic flux going out is equal to 
ballistic flux coming • in.: Such a relative hydrogen 
distribution gives, again, •0ughly a factor of 2 
between day and night. More recently, Quessette 
[1972] improved the technique defined by Mc- 
Aiee [1967] and studied more precisely the 
variation of the Hm,x/Hmia ratio as a function 
of the exospheric temperature model. He found 
a quasi-linear relation between the 
ratio of a density distribution following the 
zero net ballistic flux condition and the repr e - 
sentative value Of the exospheric temperature 
model: 

Wmax- Wmin 

[(W•ax •'-' •r•m'•n)/•] 2 = AWLS2 
Comparing our data to (•uessette's relation, 
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TABLE 3. CritieM Level (500 km) Hydrogen Densities X 104 atoms em -a 

Day Train Truax Hmin Hmax Hmax/Hmin 

26.63 859. 
3O.35 853. 
3O. 75 853. 
34.47 865. 
36.32 865 
40.18 866 

44.23 858 
52. O7 9O5 
72.66 883 
76.38 931 

82.29 
84.28 

102.08 
106 79 
112 63 
114 63 
118 54 

120 54 
122 53 
124 52 

126.45 
130.43 
152.08 
154.80 
156 79 
158 72 
160 71 
162 63 
166 55 

169 54 

172.46 
176.37 
202.14 

204.79 
206.78 
208.71 
210.70 
212.62 
214.62 

216.54 

220.59 
222 51 
224 51 
226 43 
228 42 

23O 35 
248 14 
250 06 

260 68 
272 57 

276.48 
278.47 
280.33 
282.26 

286.17 

990 
955 
887 
928 
894 

876 
865 
857 
854 

863 

892 
865 

821 
832 
879 
925 
977 
982 
956 
871. 

856 

839 
8O8 

803 
801 

802 

821 

835 
87O 
887 

856 
834 
822 

8O5 

796 
786 
844 
825 
829 

847 

850. 
836. 
850. 
859. 

834. 

1117 
1109 

1109 
1125 
1125 
1125 
1115. 
1177. 
1147. 
1210. 

1287 
1241 

1154 
1206 
1162 

1139 
1125 
1114 

1110 
1121 

1159 
1124 

1067 
1081 
1143 
1203 
1270 
1277 
1242. 

1132. 

1113 
1090 

1050 
1045 
1041 

1043 
1067 
1085 

1131 
1153 

1112 

1085 
1069 
1047 
1034 
1022 

1098 
1073 
1077 
1101 

1105. 

1086. 

1105. 
1117. 
1084. 

1969 

5 02 
5 64 
5 86 
4 09 
4 42 

4 61 

5 03 
4 47 
5 37 
3 72 

3 12 
2 75 
4 68 

3 90 
4 18 
4 29 
4 68 

5 16 
6 47 
6 20 

6 46 
4 96 
6 64 

6 71 
5 61 
4 87 
4.35 
4.06 

4.21 
4.82 

591 
6 80 
7 28 
7 48 
7 73 
7 05 
7 57 
6 25 

5 76 
4.60 

5 17 
5 60 
6 12 

7 29 
7 47 
7 41 
5 08 
4 48 

5 87 
4 18 

6.08 

6.63 
5.15 
6.12 

5.18 

8 
11 

10 
6 

8 

46 
02 

92 

76 
54 

8 70 
801 
7 55 
8.46 
6.73 

4.96 

5.91 
7.65 
6.8O 
7.20 
7.72 
7.75 
7.93 
8.95 

10.11 

8.52 

9 83 
10 89 
11 84 

9 37 
7 6O 
6 38 
6 41 

7.15 
8.66 

8.93 
10.38 
12159 

13.24 
13.06 
11.03 
13.58 
10.09 

9.52 
7.67 

7.45 
8 45 
9 62 

10 39 
13 75 
15 90 

7 64 
9 40 

11 58 
7 20 

8.70 
10.82 
10.10 
10.09 

11.43 

1.68 
1.95 

1.86 
1.65 

1.93 
1.89 
1.59 
1.69 

1.58 
1.81 

1.59 
2.15 

1.63 
1.75 
1.72 

1.80 
1.66 
1.54 
1.38 
1.63 

I 32 
I 98 

I 64 

I 76 
I 67 
I 56 

1.47 
1.58 
1.70 
1.80 

I 51 
I 53 
I 73 
I 77 
I 69 
I 56 
I 79 
I 61 

I 65 
I 67 

1 44 

1 51 
1 57 
1 43 
1 84 
2 15 
1 50 
2.10 
1.97 
1.72 

1.43 
1.63 
1.96 

1.65 
2.21 



VIDAL-MADJAR ET AL.' SOLAR LYMAN cg AND HYDROGEN F•XOBASE 

TABLE 3. (continued) 

1139 

Day Tmin Tmax Hmin Hmax Hmax/Hmin 

288.16 826. 1073. 6.15 12.82 2.09 
292.15 843. 1095. 5.20 9.55 1.84 
294.14 888. 1154. 4.55 8.05 1.77 
296.13 920. 1197. 4.41 7.42 1.68 
301.04 941. 1224. 3.76 5.04 1.34 

326 39 
328 32 
330 31 
332 23 
334 22 
338 14 
340 13 
342 12 
344.11 
348. O9 
350.08 
352.00 

10.37 
12.36 
14 28 
16 27 
18 26 
2O 18 
22 17 
26 16 
28 15 
30.14 

35.04 
37.03 
38.76 
56.48 
58.40 
62.38 
64.37 
66.63 
66.76 
68.29 

80.16 
82.09 
84.07 
86.06 
87.99 
90.71 
94.69 

100.60 
100.66 
102.52 

104.50 
106.49 
112.33 
114.32 
136.81 
139.06 
140.72 
142.77 
144.70 

944. 
960. 
929. 
913. 
870. 
856. 
857. 
839. 
833. 
853. 
862. 
864. 

845. 
903. 
922. 
934. 
938. 
933. 
938. 
904. 
924. 
924. 

870. 
865. 
879. 
955. 
945. 
941. 
931. 
934. 
934. 
940. 

894. 
907. 
930. 
923. 
913. 
896. 
913. 
984. 
984. 
968. 

940. 
911. 
860. 
863. 
960. 
942. 
945. 
910. 
895. 

1228. 
1249 
1208 
1186 
1131 
1112 
1114 

1090 
1083 
1109. 
1121. 

1124. 

1099. 
1173. 
1199. 
1214. 
1219. 
1213. 
1219. 
1176. 
1201. 

1202. 

1131. 
1124. 

1142. 
1242. 

1229. 
1223. 
1210. 

1215. 
1215. 
1222. 

1162. 
1179. 
1209. 
1200. 
1187. 
1165. 

1187. 
1280. 
1280. 
1258. 

1222. 

1184. 
1118. 
1122. 

1248. 
1225. 
1228. 
1183. 
1163. 

1970 

4.32 
4.39 
'4.31 
4.17 
4.45 

5.45 
4.83 
5.80 
6.37 
6.05 

6.23 
5.82 

6 03 
5 03 
4 49 

3 78 
3 77 
3 62 
3 81 
4 77 
5 06 
5.19 

4 78 
6 07 
4 86 
3 55 
3 75 
4 51 
3 97 
3 74 
3 78 
2.96 

4 67 
4 63 
4 53 
4 07 
3 52 
3 16 
3 71 
3 29 
3 37 
3 78 

4.44 

4.16 
4.80 
4.88 
4.58 
4.64 

4.20 
4.51 
4.12 

7 71 
7 04 
7 12 
5 59 
8 13 
9 34 
8 85 

10 33 
12 O0 
10.81 

9.00 
10.06 

10 49 
8 93 
7 58 
6 03 
6 24 
7 37 
5 98 
8.52 
8.37 
8.61 

12.26 

10.61 
11.60 

5.76 
7.38 
7.15 
8.32 
7.39 
8.14 
4.50 

7 59 
7 78 
7 00 
7 88 
6 05 
6 80 
7.22 
6.05 
5.88 
6.27 

7.16 
6.90 
6.26 

10.07 
7.92 
7.53 
7.08 
8.59 
8.16 

1 79 
1 60 
1 65 

1 34 
1 83 
1 71 
1 83 
1 78 
1 88 
1 79 
1.44 

1 73 

1.74 
1.78 
1.69 
1.59 
1.65 
2.04 
1.57 
1.79 
1.65 
1.66 

2 56 
i 75 
2 38 
1 62 

1 97 
1 58 
2 10 
1 98 
2 15 

1.52 

1.63 
1.68 
1.55 
1.94 
1.72 
2.15 
1.95 
1.84 
1.75 
1.66 

1.61 
1.66 

1.30 
2.06 
1.73 
1.62 
1.69 
1.90 
1.98 
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TABLE 3. (continued) 

Day Train Trnax Hmin H•,a,: Hmax/Hmin 

146 62 
150 53 
154 45 
158 36 
160 35 
184 02 
186 02 
188 00 
191.71 
193.64 

195.63 
197 62 
199 54 
201 53 
203 45 
205 44 
209 35 
211 34 
233 09 
235 01 

239 79 
241 77 

243 76 
243 96 
249 60 
251 52 
253 45 
255 43 
257 42 
259.35 

261 33 
265 31 
279 17 
287 92 
315 23 
317 29 
319 21 
321 20 
323 12 
325 11 

327.10 
329.09 
331.14 
333.06 
357.39 
359.31 
361.30 
365.21 

891. 
889. 
868. 
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we plot (Figure 20) all the Hmax/Hm•n ratios 
obtained during the year 1969 as functions of 
AT/T •.. Again the 1970 results are so similar 
that they are eliminated for the sake of clarity. 
The line representing the Quessette relation is 
drawn through the data points; it is surpri•ng 
to see how well this straight line fits the results. 

For comparison, the density ratio (H•ax/H• 
at 500 km) calculated for the time-dependent 
solution in 'the thermosphere by Wallace and 
Strobel [1972], who neglected the lateral trans- 
port of hydrogen in the exosphere, is also rep- 
resented in Figure 20. 

From these two. studies, one neglecting the 
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diffusion from the thermosphere and the other 
neglecting the lateral transport in the exosphere, 
it appears that the density distribution at the 
exobase is controlled by the zero net ballistic 
flux condition, mainly because the ballistic flux 
is several orders of magnitude greater than the 
hydrogen source, as was explained by Hanson 
and Patterson [1963] and by McA•ee [1967]: 
the ballistic flux is of the order of 10 •ø cm -2 sec-•; 
the hydrogen source flux coming from the 
thermosphere, equivalent to the escape flux, is of 
the order of 10' cm -• sec -•. This is why, as was 
already suggested by Quessette, in the thermo- 
sphere the time-dependent equations can be 
solved step by step, starting from the top, where 
the boundary distribution is fixed by the zero 
net ballistic flux condition. 

Nevertheless, one should be very careful about 
this subject, mainly because some other source 
or sink of atomic hydrogen may exist in the 
exobase region. In particular, as Hanson and 
Patterstin [1963] proposed, there is a possible 
source of hydrogen atoms during the night pro- 
vided through charge exchange of the downward 
protons. Tinsley [1973] suggested that the 
effects of interactions with the ionosphere in- 
crease the diurnal ratio of about 1.4 calculated 

by Wallace and Strobel [1972] to near the ob- 
served value of 1.7. Our data may then be con- 
sistent with Wallace and Strobel's model cor- 

rected for the previous effect. 
Nevertheless, because the proton fluxes are 

certainly smaller than ltf cm -2 sec -• and prob- 
ably of the order of 108 crn -• sec -•, it is possible 
to evaluate the effect of such sources and sinks 

of atomic hydrogen by adding, in a McA[ee 
[1967] or Quessette [1972] type calculation, a 
constant upward and downward flux of the pre- 
vious magnitude to the corresponding upward 
and downward ballistic flux at particular loca- 
tions of the exobase. To reach the zero net flux 

condition all over the exobase, these added fluxes 
induce density changes at the location where 
they are applied. This local density variation is 
of the order of the ratio between the ballistic 

flux and the proton flux, i.e., is of the order of 
10% for a 10 • cm -• see -• proton flux and of the 
order of 1% for a 10 • cm -• sec -• proton flux. 

Ho and Moorcro[t [1971] explained that a 
10 • cm -• sec -• flux is related to high measure- 
ments of the atomic hydrogen density, larger 
than our own measurements by about a factor 

Q. model 

....... W. 5. model 

o 

o • o 

o% 006 ' 0% o o 
• o o (b o o .... oOOoO oo, ooO 
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.•> AT /T '2 x 10 < 

Fig. 20. Comparison of the density ratio 
Hmax/Hmin for 1969 orbits with a sun-orbit angle 
•25 ø with the theoretical relation found by 
Quessette [1972] for the exobase distribution con- 
trolled by the zero net ballistic flux condition and 
with the ratio calculated by Wallace and Strobel 
[1972] in a time-dependent thermospheric model. 

of 10. If we assume that our density measure- 
ment is correct (independent of the experiment's 
calibration), we then can state'.• that a more 
probable value of the proton flux in that region 
is of the order of 108 cm -• sec -•. Under such 

conditions the correction to the McAfee or 

Quessette model is certainly very small, show- 
ing then that the most important effect that 
controls the density distribution at the exobase 
level is the zero net ballistic flux, mainly be- 
cause the ballistic fluxes are 2 orders of mag- 
nitude larger than any other fluxes. Neverthe- 
less, one must keep in mind that such a process 
is probably more important in middle- and 
high-latitude regions and may seriously affect 
the hydrogen density distribution. 

In conclusion, it is possible to say that the 
Wallace and Strobel model, corrected for the 
proton flux effect, induces a 1.7 hydrogen density 
ratio. Under such a condition the exobase is 

then also in the zero net ballistic flux situation. 

Consequently, the ratio of 1.7 is of course not 
modifiable by the lateral transport. This is a 
simple coincidence, and one may as well state 
that the exobase distribution is controlled by 
one physical process or by the other. Neverthe- 
less, in the case of no coincidence, the first physi- 
cal process will induce a different ratio. The net 
ballistic flux will then be nonzero, producing a 
net lateral transport. This lateral flow will then 
bring back this ratio as close as possible from 
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the 1.7 ratio. This is why, even with '•uch a 
coincidence, it is more precise to say that the 
zero net ballistic flux condition controls the 

exobase density. 
Furthermore, as is shown in Figure 20, this 

coincidence seems to exist for all solar activities 
Observed, showing that the control of the exo- 
base distribution by the Wallace and Strobel 
model corrected for the proton flux effect is 
certainly not very probable. 

Returning to Figure 19, which compares 
H=, and Hml. to the Kockarts and Nicolet 
[1963] model, and keeping in mind that the 
zero net ballistic flux condition controls the 

relative hydrogen density distribution, we can 
make the following statement' The Kockarts 
and Nicolet model presents a high density at 
night and a low density in the day, with roughly 
a ratio of 5 between the values. As was calcu- 

lated by McA[ee [1967], a density ratio of 5 
would induce a strong outgoing net ballistic 
flux at night and a strong incoming net ballistic 
flux during the day. In other words, a net lateral 

•ransport of atomic hydrogen would appear 
from the nightside toward the dayside, decreas- 
ing the nightside density and increasing the day- 
side density (as defined by the Kockarts and 
Nicolet model). This process would last until 
zero net ballistic flUX Was reached. We would ex- 
pect then to find a nighttime value of 
smaller than the corresponding Kockarts and 
Nicolet model estimation, and a daytime value 
of Hm,• greater than the corresponding Kockarts 
and Nicolet model estimation. 

The results presented, then, in Figure 19 
could be in relative agreement with the Kock- 
arts and Nicolet model if the absolute vatue• 
given by this model are increased by a factor 
of 2.5. This factor is quite weli defined since 
the region where the normalized Kockarts and 
Nicolet model could pass (located at 1000øK 
between our measurement points) is rather 
small (Figure 19). Such a normalization of the 
Kockarts and Nicolet model would give a hydro- 
gen density of 2.5 X 107 atoms cm -3 at an 
altitude of 100 km. Similar values of the order 
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Fig. 21. Comparison of the average exobase density with the Kockarts and Nicolet model. 
The normalization f•ctor of the model is represented as a function of the exospheric tem- 
perature. 
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of 3 X 10 • atoms cm -8 were already deduced 
by several authors [Donahue, 1966; Meier, 
1969; Meier et al., 1970] using completely dif- 
ferent observational techniques. Our result con- 
sequently cobfirms all these observations. 

In order to obtain a better comparison of 
our data with the Kockarts and Nicolet model, 
which represents rather an average thermo- 
spheric situation, the average hydrogen density 
obtained in our study was plotted as a function 
of the average temperature (Figure 21). In 
fact, this average density, which corresponds to 
the exobase points located just between the 
minimum and maximum density points, is cer- 
tainly not very much affected by the lateral 
transport of atomic hydrogen in the exosphere. 
Comparing this value with the Kockarts and 
Nicolet model (Figure 21), we again see that 
this model underestimates the hydrogen density 
at 500 km. The ratio between the Kockarts 

and Nicolet model and the average line passing 
through the data points is plotted on the same 
figure, showing that the discrepancy increases 
with increasing solar activity. Again, a normali- 
zation of the Kockarts and Nicolet model might 
suppress all discrepancies with our data. Such 
a modification of the model would induce, at 
an altitude of 100 km, hydrogen densities vary- 
ing from 2.3 X 10 • atoms cm -8 for low solar 
activity to 4 X 10 • atoms cm -• for high solar 
activity. • 

These values are important, because they 
may give an experimental indication of the 
influence of solar activity on the hydrogen 
source at an altitude of 100 km. Nevertheless, 
as Shimazaki and Laird [1972] pointed out, 
only a photochemical study of the hydrogen 
source, in conjunction with an estimation of 
the escape flux and ballistic motion effects, 
could give an accurate evaluation of the hydro- 
gen density distribution in the lower thermo- 
sphere. 

(Rz). The flux at the line's center is of the order 
of 5 X 10 • ph cm -• sec -• A -•. It correlates very 
well (correlation coefficient of 0.87) with the 
total solar flux and may reach a 47% variation 
during a solar rotation. 

Earth's hydrogen geocorona. The distribu- 
tion of hydrogen from 100 to 500 km is certainly 
well represented by the Kockarts and Nicolet 
model [1963] with the following normalized 
densities at 100 km: 

2.3 X 10 * atoms cm -• for low solar activity 
(Rz ~ 

2.5 X 10 • atoms cm -• for mean solar activity 
(Rz ~ 120). 

4 X 10 • atoms cm -• for high solar activity 
(Rz ~ 180). 

The hydrogen density at the exobase is con- 
trolled by the zero net ballistic flux condition. 
The average diurnal variation of hydrogen den- 
sity is of the order of a factor of 1.7. This value 
changes with solar activity but stays between 
1.4 and 2. The data are consistent with the 

exospheric temperature model of Jacchia [ 1971]. 
The ratio of 1.3 between Truax and Tm,n is con- 

firmed. The only difference is that the maxi- 
mum temperature seems to occur a little later 
(1600) than in Jacchia's model. Nevertheless, 
this could be solely a density effect. 
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CONCLUSION 

The study of the data from the experiment, 
conducted on board the Oso 5 spacecraft by 
the University of Paris, gave the following main 
results: 

Solar Lyrnan a line. The total solar flux is 
of the order of 3 X 10 • ph cm -• sec -• and may 
reach a 30% variation during a solar rotation, 
best correlated with the Zurich sunspot number 
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