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Summary. The aim of this paper is to present results of
temperature and density profiles of the upper atmos-
phere of Jupiter as deduced from observation of the
occultation of B Sco'), on May 13, 1971. The experiment
and photometric results are briefly described: the
occultation light curve of BScoA was recorded for
more than 900s at immersion and for more than
820 s at emersion. The analysis of data is based on an
Abelian integral inversion, the planetary atmosphere
being assumed to be spherically symmetric. Jovian
refractivity profiles and typical temperature and density
profiles are shown.

The extent of the probe of the atmospheric layers is
discussed: the upper limit is A=30km owing to the
influence of the boundary constant needed to perform
the integral inversion and to the consequences of the
uncertainty on the stellar flux before the occultation.
The lower limit may be h= — 200 km because of the

influence of an error on the zero light level and because
it may be hazardous to maintain the assumption of
spherical symmetry for deeper atmospheric layers. Some
sources of systematic error are reviewed, namely, the
change in star. velocity relative to the planet, Jovian
ellipticity, variation of the acceleration due to gravity
and the role of the magnitude of g Sco B.

Some conclusions concerning the Jovian upper atmos-
phere are given: the temperature at h= — 100 km is
T =220+ 30°K; the thermal lapse rate between — 50
and —150km is close to —1.5°K-km™'; and a
maximum of temperature (300 to 400 °K) is reached at
a pressure close to 1 mb. Above h= — 50km, an iso-
thermal layer may exist (T=150+50°K). No in-
formation about the thermosphere can be obtained.

Key words: Jupiter — occultation — planetary atmos-
spheres

Introduction

In this paper, we present results for the temperature and
density profiles of the upper atmosphere of Jupiter as
deduced from our observations of the occultation of
B Scorpii on May 13, 1971.

The initial analysis of the data has revealed that the
mean scale height of the Jovian atmosphere is close to
30 km, that the temperature is close to 200 °K and
increases with depth, and that the atmospheric layer we
have probed extends to the well-mixed atmosphere and
possibly reaches a temperature maximum (Combes et al.,
1971). The occultation observations have been used to
derive the diameter of Jupiter and correction to its
ephemeris (Lecacheux et al., 1972). The photometric
measurements, data reduction and a complete descrip-
tion of the instrumentation is given by Berezné et al.
(1974).

We have now performed a complete analysis of our
results for the upper Jovian atmosphere. In Section I,
we shall present the basic data: photometric measure-
ments and astrometric computations. In Section II, the

') Observations were made at Radcliffe Observatory — Pretoria
(South Africa).

method of analysis, based on Abelian integral inversion,
will be summarized. In Section III, we shall derive the
Jovian refractivity profile and typical related temper-
ature and number density profiles. In Section IV, we
shall discuss in some detail the extent of the atmospheric
layer which was probed and the limitations due to
systematic errors. In Section V, we shall present the
most important conclusions concerning the Jovian
upper atmosphere. The notation will be defined in
Appendix L.

I. Experiment and Photometric Results
a) The Experiment

As we shall see later, the inaccuracy in the determination
of the zero-level of star light is the dominant limitation
in a stellar occultation experiment. Owing to the close
proximity of the star and the planetary limb, a signifi-
cant part of the flux received by the recording device
is due to Jupiter. Because of photon noise, guiding
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Fig. 3. A schematic representation of the refraction of the light from
B SCO A by Jupiter’s atmosphere. S is the south pole of Jupiter

errors, seeing and changes in the Earth’s atmospheric
transparency, this background level is not constant. We
have then to effectively restrict this planetary back-
ground and to subtract what remains as carefully as
possible.

To meet these requirements, we have used a three
channel photometer: to increase the contrast between
the star light and the planetary background, a narrow
interference filter in the Can K-line and a circular
aperture, as small as seeing allowed, were linked to the
first channel. An annular mirror, surrounding this
aperture, supplied the second channel with flux from
Jupiter which may be related to the unwanted planetary
background. The transparency of the Earth’s atmos-
phere was continuously monitored in the third channel,
in blue light.

Figures 1 and 2 show the occultation light curves at,
respectively, immersion and emersion, after correction
for the transparency of the Earth atmosphere and
subtraction of the flux due to Jupiter. Inspection of
these figures reveals numerous “spikes” in the first part
of the curves and «plateaus» at the end. The light curve
was recorded for more than 900s at immersion and
for more than 820s at emersion. Visual guiding was
continuously performed during this recording. When
the star was too faint to allow visual guiding, offset
guiding was performed, based on predictions for a
Jovian atmospheric scale height of 25 km. The corre-
sponding part of the light curve is neither presented
nor analyzed in this paper.

Figure 3 gives the apparent location of the star during
the occultation event.

II. The Method of Analysis

In this section we derive the relations that permit the
atmospheric parameters — the refractive index and the
altitude — to be deduced from the occultation para-
meters: the impact parameter and the bending angle.
Then we show how these occultation parameters are
deduced from the input data: the location of the star
and the residual stellar flux as functions of time.

a) Basic Assumptions

The measured weakening of starlight during the .
occultation does not uniquely determine the spatial
distribution of refractive index in the planetary atmos-
phere. Some a priori assumptions are required.

The basic assumption that we make is that the atmos-
phere is spherically symmetric and u(r) is a function
only of r. This assumption implies that there does not
exist any horizontal gradient of the index of refraction
or, equivalently, that vertical gradients of refractivity
are much larger than horizontal gradients.

Additional assumptions are that the star may be
considered to be a point source, that the influence of
extinction due to absorption or scattering is negligible,
and that the atmosphere is assumed to be a perfect gas
in hydrostatic equilibrium.

b) Transformation of the Observational Data to a Re-
fractive Index Profile

The basic geometry of the star occultation experiment
isillustrated in Fig. 4. The refractive index p is a function
of r. A light ray may be characterized by two para-
meters:

— the radius of closest approach r,

— the impact parameter p(r,) which is invariant alonga
ray, by Bouguer’s rule. This invariant is:

p(ro)=p(r) - r-sini. )]

In particular, the form of this invariant outside of the
atmosphere is: p(r,) =r, - sini,, the distance from the
planetary center to the asymptotic ray path. At the
point of closest approach we have p(ro)=u(ro) ro
which gives the relation between the refractive index
and the two characteristic parameters of a light ray.

In what follows, we shall denote p(r,) by po -

"As the index of refraction increases with depth in the

atmosphere, light rays are bent toward the planetary
center. The total bending angle of a ray is denoted by
@(po)- As this angle is dependent upon p,, differential
bending occurs and produces a defocusing of the signal
energy.

i
Asymptotic °/\ \/
ray path w(P,)
fe
v
Fo

z ®

Fig. 4. Basic geometry of the star occultation
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We have: Deriving Eq. (5), we obtain:
© 2p(r)-du dr dp(t)y= —dz(t)+D - dw(t). 7
w(p0)= j’ . S 5 (2) p () () ( )
rerp M(r)-dr V[l‘(") )" — [u(ro) 1ol From (6) and (7) we deduce:
Integral inversion of the Abelian Eq. (2) is performed to 1 [®,— ()
obtain the index of refraction at the altitude ro. This ~ do(t)= 4-|—5——| dz(0). ®
. 0

procedure yields the following formula:

p(ro) i 3)
=exp {—:c— m:ji:"’) Log % + (%?))2 — 1] . dw}
where

ro=Po/u(ro) - @

For a detailed discussion, the reader is referred to
Phinney and Anderson (1968) or Fjeldbo et al. (1971).
p(ro) and w(py) are in turn deduced from the imput data
which are, in a star occultation experiment, the position
of the star relative to the planetary limb and the residual
stellar flux as functions of time.

As can be seen in Fig. 5, the location of the star relative
to the planetary limb may be described by the Earth’s
motion relative to Jupiter, assuming the planet as
stationary. As we assume that there does not exist any
horizontal gradient of refractivity, the incident light
ray and the refracted ray define a plane which is that of
Fig. 5, where z(t) is measured normally to the star
direction.

Then, we have:

p(t) =R+ Zoce — Z(t) +D [Cl)(t) - w(tocc)] (5)

where the time of the half-power light level is taken as
the origin of the time scale; R is the planetary radius at
this level and D is the distance from Jupiter to the
Earth.

The differential bending of light rays is related to the
residual stellar flux by:

Py dz(t)
50~ o) ©

where @, is the stellar flux before the occultation and
@(t) is the residual stellar flux as function of time.

N w(tocc) 0
— 1 w(t) Zoce
d
pl ——{2it)
plt) N
—_ D @
4

Fig. 5. Basic geometry of the star occultation. The subscript “occ”
refers to the half-power level

The integration of which yields:

o= L] o=

p 2, -dz(7). )

In summary, the input data &(t)/P, and z(t) are used
to determine p(t) and w(t) from Egs. (5) and (9). p(t) and
w(t) are in turn used as imput data in the inversion
relations (3) and (4), from which the vertical refractivity
profile is obtained:

V(ro) =pu(ro) — 1 (10)

¢) Temperature and Density Profiles

Vertical profiles of temperature and density can been
obtained from the distribution of the index of refraction
in the Jovian atmosphere.

The refractivity of the mixture H,—He is given by:

v(h) = Kini(h) (11)

with i = H, or He and where h, n;, K; denote the altitude,
the number density and the molecular refractivity of
each gas. We assume that other constituents are
negligible. The half-power light level is taken as the
origin of the altitude scale.

Two cases have been considered. The first one is a
quite good representation of the Jovian atmosphere
below the turbopause: the atmosphere is completely
mixed at each level and is assumed to be an ideal gas in
hydrostatic equilibrium. The second is a rough approxi-
mation only to the diffusive separation which takes place
in the outer atmospheric layers. This approximation
should be sufficient for our purpose: owing to the
gravitational separation, each constituent, assumed to
be an ideal gas, follows the hydrostatic law with its own

scale height.

We have:

Case 1

dp(h)= —n,(h)-m - g(h)-dh (12)

and

dp(h) _ dn(h)  dT(h) )
pthy  n(h) T

with n(h)= Yn(h), A=Y ’”—nt:'h;ﬂ and where p(h)

1
is the pressure, T(h) is the temperature, m is the mean
molecular mass and g(h) is the acceleration due to
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gravity. From (12) and (13) one can deduce:

dn(h)  dT()  m-g(h)-dh ”
n(h ~ T® k- T(h)

Case 11

dp(hy= —ny(h) - m; - g(h) - dh (15)
and

dpi(h) _ dny(h) = dT(h)

pl) ~ mh) T TH) 19

with i=H, or He and where p;(h) is the partial pressure
and m; the molecular mass of each constituent.
From (15) and (16) one can deduce:

dngh) _ dT(h)  m;-g(h)-dh (7
m) Tk kT

On eliminating the pressure from Egs. (12, 13) or (15, 16),
Eq. (11) may be written:

dv(h) _  dT(h)  F(h)-g(h)-dh 18)
vih) T v(h)- k- T(h)
with

F(h= Y m-K;-n(h)=m-v(h) inCasel
or

F(h)= Y m;-K;-n(h) in Case IL

The vertical profiles of temperature and number density
are obtained by integrating (18) and (14) or (17) using
the trapezoidal rule.

Two points should be noted:

— as mentioned above, the basic assumption concerning
the atmospheric structure is that horizontal gradients
of refractivity are much smaller than vertical gradients.

— in order to integrate (18) and (14) or (17) boundary
conditions are needed: the temperature T(h,) and the
mixing ratio g(h,) at the arbitrary chosen altitude h,,.
The level h, at which gravitational separation occurs
must be fixed.

III. The Refractivity Profile and Typical Profiles
of Temperature and Number Density

In the following section are present typical temperature
and number density profiles derived from the refractivity
profile which we have obtained.

a) The Jovian Refractivity Profile

The vertical refractivity profiles log v(h) obtained at the
immersion and the emersion of 8 Sco A, are shown in
Fig. 6. The trapezoidal rule is used for the numerical
integration of (3) and (9). As noted above, the level of the

+50___ 13

- 505
-100[
-150:
-200;

-250]

¥

[ Altitude

-300

'S

Fig. 6. Refractivity profiles log (v(h)) obtained at Immersion (A) and
Emersion (B). Note the divergence between the two profiles above the
altitude h=0

half occultation is taken as the origin of the altitude scale.
We wish to comment on several points:

— The measurements cover heights over more than
200 km and over a refractivity range from about 10712
to 1077

— As shown by the strong departure of the refractivity
profile from a linear law, the atmosphere cannot be
isothermal. The overall convex shape of the profile is
quite similar to that observed in the atmosphere of
Venus during the Mariner V occultation experiments
(Fjeldbo et al., 1971). This shape reveals a strongly

. . aT
negative temperature gradient, I
— It should be noted that the profiles v(k) obtained at the
immersion and at the emersion are in good agreement.
Nevertheless, the divergence increases above the alti-
tude h =0 because of the difference in shape between the
two light curves during the first seconds of the immersion
and the last seconds of the emersion (Berezné et al.,
1974; see Fig. 1, Fig. 2).

— Also note that, the deeper one observes in the at-
mosphere, the smaller are the irregular inflexions of the
refractivity profile due to the “spikes” on the light
curves.

— The departure from a linear law of logv(h) which
we have deduced is larger than that obtained by
Hubbard et al. (1972). For the highest levels that they
probed, Hubbard et al. deduced a value of the refractivity
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close to 107° or 10! and a related altitude of
+ 120km. From our light curves and for the same
decrease in stellar flux, we deduce a refractivity close to
10~ 1! or 1072, the related altitude lying between +40

and +50km. This strong disagreement is due to the

importance of noise in the upper part of the light curves
more than significant differences in their shape.

In our experiment the residual stellar flux, &(t)/®,, which
is used as input data in relations (6) and (9), is provided
by the observed light curves. The time constant, one
half the time constant of the photometer, is 6t =0.5s.
As the Earth’s atmospheric fluctuations yield a notice-
able noise level, the departure of &(t)/®, from unity is
not significant before t= — 10s. This time has been
chosen as origin of the integral inversion (t= — 10s).
The advantage of such a procedure is to avoid any
smoothing of the upper part of the light curves; but it
implies the unrealistic assumption that zero pressure is
reached at a finite altitude, close to + 100 km, in the
Jovian atmosphere. (Clearly, &(t)/®, =1 is an asympto-
tic value in a quasi-exponential atmosphere.) Conse-
quently the computed refractivity in the upper atmos-
pheric layers is underestimated and decreases too
rapidly with altitude. The problem here is to estimate
the uncertainty 4v we introduce in assuming the noisy
light curve to be the actual light curve: the computed
values of v(h) deduced from (3) and (10) have to be in-
creased by a constant, 4v*, independent of altitude, as
can be easily shown, if the upper layers are assumed to
be isothermal.

vso_ <13 2 A1 -0 -9 -g 7 g
B log(v)-

- 50l
-1002
-1502
-200:

-250[

F

[ Altitude
a =300 :
Fig. 7a and b. Corrected refractivity profiles. a Immersion. A :4v*
B:4v*=3-10"'2; C:4v*=2-10"!!

2nR (19)

(] H H, 1}?
Av*=|:~L__1:|-_o. 0]
o* D

¢*
where di_is the actual value of the residual stellar flux

0
at t= —10s and H, is the scale height of the outer
atmosphere. We may choose, as the most probable value
of the temperature in the assumed isothermal outer
atmosphere, T, = 150°K which is the temperature we
obtained for the quasi-isothermal region lying between
0and — 50 km (see Section V).
An extreme value may be T=300°K which slightly
exceeds the theoretical value given by Shimizu (1971).
With g =26.5m-s~2 and m = 2.3, the scale heights are
20 and 40 km respectively. Taken into account the
noise level, and estimating ¢* by eye on the light curve,
we obtain:

O*/D,, Most probable value Upper limit
Immersion 0.980 0.950
Emersion 0.985 0.965

The related values of Av* are

av* Most probable value Upper limit
Immersion 4-10712 3-10~ %
Emersion 3-10712 2-10"1

Figure 7 shows the corrected refractivity profiles. The
intriguing curvature of the function' logv(h) in the
43 12 41 -10 -9 -8 -7 ¢
B log(v){
—C :

+ 50

A—

- 50l
-1002
-1502
-éooi

-2501

.

Altitude

-300 b

=0; B:4v*=4-10"'2; C:4v*=3-10"'1. b Emersion; A:4v*=0;
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L e e e LI En S S e S B S e S B A

A Temperature -
B

_sol
—100]
-150]

[ Altitude
200l . ...l A B

Fig. 8. Typical temperature profiles, T'(h), obtained at Immersion (A)
and Emersion (B). 4=09; hy= —14km; T,= 150°K. Note the
temperature maxima at h= — 190 km (A) and — 160 km (B)

+50 12 13 14 15 16 17
log (ny) 4

A

- 5ol
-100}

-150]

| Altitude
-200 -

Fig. 9. Typical density profiles log (n,(h), obtained at Immersion (A)
and Emersion (B). g=09; hy= — 14km; T, =150 °K. Since v and
n, are proportional if the atmosphere is well mixed, i.e. the mixing ratio
is altitude independent, Fig. 9 and Fig. 6 are similar

outer layers disappears and a linear extrapolation of
the refractivity profile obtained between h= —50km
and h= +20km may be a realistic representation of
log v(h) above + 20 km. ;
In conclusion, the noise due to atmospheric seeing
prevents the refractivity in the outer atmosphere being
obtained. The correction Av*, discussed above, is no
more than an estimate of the uncertainty as a function
of altitude. It adds no information in itself.

In what follows, we have used the profiles log v(h),
directly deduced from the observed light curves without
any correction 4v*; but all the results concerning the

vertical profiles of the temperature and the density are
restricted to the altitudes less than 30 km, where the
uncertainty in the refractivity reaches 100 %.

b) Typical Temperature and Number Density Profiles

Figures (8) and (9) show typical results of the numerical
integration described in Section 2. The vertical profiles
of temperature presented here were obtained assuming
the atmosphere to be homogeneous with g =0.9. The
boundary conditions are:

ho= —14km and T(ho)=150°K.

The influence of these boundary conditions will be
discussed in Section IV. Figure 8 shows the temperature
profiles of the atmosphere during the immersion and the
emersion of B Sco A. The level of half occultation is
taken as the origin of the altitude scale. The altitude |
decreases in the direction of the center of Jupiter.
Figure 9 gives the corresponding vertical distribution
of the number density.

The temperature is nearly constant from the occultation
level to h= — 50km. Then it increases with depth in
the atmosphere. The lapse-rate is approximately
—1.5°K/km. A maximum of temperature is reached
at nearly 200 km under the occultation level. All the
profiles of temperature that we shall present are quite
similar. In comparing the immersion and emersion
profiles, we note that the temperature lapse-rate at the
sunset side (immersion) appears to be slightly higher
than it is at the sunrise side (emersion). Inspection of
Fig. 8 reveals a fine structure in the temperature profiles.
While the absolute value of the temperature may be in
error by 50°K, as will be shown below, these small
temperature variations are nevertheless' significant. It
should be noted that the numerous small “spikes”
which are prominent features of the light occultation
curves do not yield visible temperature changes in the
plotted profiles (see Section IV).

IV. Limits of the Probe of the Atmospheric Layers
and Error Analysis

The present section is concerned first with the determina-
tion of the limits of the observations of Jupiter’s atmos-
phere.

a) The Upper Limit
The integration of Eq. (14) or (17) yields

_ . n,(ho) 1
TH=TC 2y * Ton
)

L0 g (k) b

The boundary temperatﬁre T(hy) can be arbitrarily
chosen and influences the computed temperature profile.
As ny(h) is roughly proportional to the refractivity v(h)
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+ 500 100 200 300 400 _ 500
Temperatur

- 50/
¥
-100

=150

LAltitude
200

Fig. 10. The influence of the integration parameters T, and h, upon
the deduced temperature profile at Immersion. g=0.9; ho= — 14 km;

To =120, 150, 180, 210 °K. The profile is independent of T, for
h< —100km.

+500 100 200 300 400 500

.................

Temperature 1

- 50/
-100/
I

-150]

[ Altitude

-20 e,

Fig. 11. The influence of a 1% error in the flux level of § SCO A upon
the temperature profile at Immersion. A &, increased by 1%; B
Reference curve; C @, decreased by 1%. ¢=09; hy= —14km;
T, =150 °K. The profile T (h) is significantly affected only high in the
atmosphere (h> 0 km)

even if the atmosphere is not well-mixed one can see that
the influence of T(h,) becomes rapidly negligible as
deeper atmospheric levels are probed. In contrast, its
influence increases strongly with increasing altitudes as
shown in Fig. 10.

In addition to the influence of T'(h,), the uncertainties
in the photometric data introduce severe limitations on
the validity of the computed temperatures in the outer
atmospheric layers. As discussed previously, the thermal
and density profiles are determined from the refractive
index, which in turn is determined from the ray bending
angle w(t) and the impact parameter p(t). As shown by

Eqgs. (9) and (5) these quantities depend on the integral
of the residual stellar flux &(t). Thus, while local errors
in the light curve (or spikes) will result in negligible
changes in temperature and density, uncertainties in the
determination of the stellar flux before the occultation,
@, on the other hand, strongly affect the thermal and
density profiles. Figure 11 shows how they are affected
when error limits on @, are + 1%, as seems to be the
case in our experiment (Berezné et al., 1974). One can
see that above the altitude h= + 30 km, the error on
T(h) may exceed 100 °K.

Lastly, we have to remember that the uncertainty in
v(h) reaches 100% at the altitude h= +30km (see
Section III.a).

In view of the above discussion [influence of Ty, un-
certainties in @, and v(h)] the upper limit of h for which
useful results have been obtained is h = + 30 km.

b) The Lower Limit

Let us now analyse the influence of an error in the
determination of the zero-light level. As seen above
(Fig. 1) the stellar flux decreases rapidly as deeper
atmospheric layers are probed. In these layers, an error
in the zero level introduces an important relative error
in the residual stellar flux and thus in T(h) as deeper and
deeper levels are considered. Figure 12 shows the
influence of an error of + 1% in the zero light level. It
can be seen that the vertical profiles are strongly
affected for h < —200 km. -

Another fact could invalidate the temperature determi-
nation below h= —200km. The location of the point
of the ray closest approach is shown on Fig. 13. As
can be seen, the altitude of the point of closest approach
decreases very slowly, except during the first minute,
while the related horizontal displacements are of
thousands of kilometers. One must, therefore, ask if the
horizontal changes in refractive index remain much
smaller than the vertical variation.

First a point should be made: most of the refractive
bending occurs in the vicinity of the point of closest
approach. It can be shown than 95% of the refractive
bending is due to a ray path of 8000 km in the Jovian
atmosphere as seen in Fig. 13 (Combes et al., 1972). To
perform the integral inversion, we must assume spherical
symmetry or, in others words, that along an atmospheric
path of 8000 km horizontal changes in refractivity remain
much smaller than the vertical changes. Now, a hori-
zontal displacement of 8000 km from the half-occulta-
tion point is related, as can be seen in Fig. 13, to a
decrease in altitude of nearly 200 km. Thus, we must
assume that horizontal changes in refractivity are much
smaller than vertical changes above h= —200 km. It
would be hazardous to extend this assumption to
deeper atmospheric layers.

A second point is that inspection of the light curve &(t)
corresponding to altitudes less than h= —200km
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Fig. 13. Trajectory of the point of closest approach of the ray path.
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ol ]
[ ] reveals characteristic features (see Fig. 1 and 2). From
- 50} 1 place to place, the residual stellar flux increases signifi-
[ ] cantly for 10s or more. Such features are like rather
] broad “plateaus” of emission. Assuming the atmosphere
100/ ] to be spherically symmetric at the corresponding levels
I ] yields incredibly high temperatures. As the features
[ i observed during immersion are not time-symmetric
i ] with those occurring during emersion, and as the
‘150: ] horizontal displacement of the point of closest approach
] greatly exceeds its vertical displacement, we should be
] careful when assuming that horizontal changes in
~200{ ] refractivity remain much smaller than vertical changes
[ A below h= —200 km. A more realistic interpretation of
such features may be that local refractivity irregularities
2500 are due to local density or temperature fluctuations.
+ c\le In conclusion, in view of the uncertainties described
[ above, the adopted limits of the analysis of the atmos-
. 300-““"““ pheric layers are h= + 30 km and h = — 200 km. There-

Figs. 12a and b. The influence of a error in the Jovian background
light upon the temperature profile and the density profile at Immersion.
A Background light level increased by &,/100; B Reference curve;
C Background light level decreased by @,/100. ¢ =0.9; ho = — 14 km;
T, =150°K. The profile T(h) is appreciably affected deep in the
atmosphere (h < — 100 km). Note the displacement of the temperature
maximum

fore, the analysis of a-thermosphere or of the atmosphere-
below the maximum of temperature is very doubtful, if
spherical symmetry is assumed. The data we have ob-
tained at the minimum of the residual stellar flux, in the
polar region of Jupiter, and which are related to atmos-
pheric layers below h= —200km, will be analysed
separately in a forthcoming paper.
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c) Error Analysis

Systematic errors are believed to be significantly reduced
by taking account of a number of effects.

1. The star velocity, normal to the planetary limb, is
computed as function of time. At immersion, for example,
it decreases from 7.7km/s when h=0km to 6.2km/s
when h reaches — 200 km.

2. The Jovian ellipticity is taken into account in the
following way: spherical symmetry is assumed at any
given time ¢, but the parameter R used in Eq. (5) is the
instantaneous radius of curvature of the ellipsoid in the
ray path plane. The equatorial radius and oblateness are
taken from Lecacheux et al, (1972) for an angular
separation of f$ScoA—C equal to 13.60”, and R is
computed as a function of time. For example, at immer-
sion, R increases from 75640 km to 76040 km when h
goes from zero to —200km. The consequence of this

+500. 100 200 300 400 . 500
r 0% 1% Temperature 1
[ o ]
ol ]
" —s0l ]
-100[ ]
I ]
-150[
| Altitude
a =200 . . . ..y b
o500 100 200 300 400 _ 500
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[ Altitude
¢ =200 o\ o .

Figs.14a—d. Influence of an error in the relative intensities of stars § SCO

Aand BSCOB: B/A=0%,1%,3%.9=09;hy = —14km; T, = 150°K.

correction is that the derived value of the refractivity
increases as deeper atmospheric layers are probed, but
the correction remains smaller than 1% even at
h= —200km.

3. The variation of the acceleration due to gravity
with both the altitude and the latitude has also been
taken into account. Using data given by Michaux (1967),
one can compute that g increases from 26.60m-s~?
at h=01t0 2697m-s~2 at h= —200 km. At this level,
the temperature derived by this procedure differs by
5°K from the temperature obtained using a constant
value of g.

4. A more significant factor is the influence of the flux
from B ScoB, which lies 0.4” from fSco A, on the
derivation of v(h) and T'(h). According to Hubbard and
Van Flandern (1972) the flux of #ScoB in blue light
should not exceed 1% of the flux of 8 Sco A and may be
neglected. However, as we have shown in Section 1V,

+50 2 13 14 15 16 17
log (ny) -

—50[
~100[

-150]

F p
| Altitude 1
-200 . . . . \

eSO 213 15 16 17
L log(ny)

4
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=200 d

a and b Immersion. a Temperature profiles; b Density profiles.c and d Emersion. ¢ Temperature profiles; d Density profiles
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an underestimation of the zero-level of the stellar flux
by about 1% leads to 100 °K lower temperatures in the
deeper atmospheric layers. Moreover, according to
Kuiper (1935) or Van den Bos (1951, 1960), B Sco B is
brighter than is ordinarily accepted: ¥V =5 to 7 rather
then V=9 or 10.

To establish the size of the resulting systematic error,
we have computed the refractivity and temperature
profiles obtained from the observed light curve, assuming
that it results from the addition of the light curves of
the two stars. The light curve of B Sco B is obtained, to
sufficient accuracy, by reducing the observed light curve
in the ratio of the fluxes of the two stars before the
occultation. In our computer program, the times of the
half-occultation events of fScoB are determined on
assuming that the location of § Sco B relative to f Sco A
is ¢=04" and 6= 140° (Hubbard and Van Flandern,
1972). Subtracting the computed light curve of g Sco B
from the observed light curve, we derived the corrected
light curve relating to f Sco A. As the timings of the
half occultation events of the two stars do not differ
by more than 15s, the change in the refractivity and
temperature profiles at immersion are probably un-
important. In contrast, owing to the fact that the
difference in the timings at the emersion exceeds 2 min
and that the emersion of § Sco B occurs when the flux
of BSco A is still very low, noticeable changes in the
resulting profiles are to be expected. Figure 14 shows
the consequence of neglecting f ScoB, assuming a blue
magnitude of 6.4 and 7.6: the atmosphere may be
30 °K colder at the level h= — 150 km. As can be seen,
the divergence between the immersion and emersion
temperature profiles is increased by taking into account
B ScoB (the discrepancy remains for any value of the
magnitude of § Sco B).

V. Conclusions Concerning
the Jovian Upper Atmosphere

The adopted limits in the analysis of the upper Jovian
atmosphere having been specified and the influence of
the main sources of inaccuracy discussed, we are now
able to present some conclusions. The following
questions will be considered:

1. May the H,/He mixing ratio be estimated from our
experiment?

2. What is the range of temperature and the lapse rate
in the probed layer?

3. Does there exist a temperature maximum, and, if so,
what is its value and its location?

4. Do our measurements provide any new data on the
thermosphere? Are they at variance with previous
analyses?

5. Are there significant differences between the immer-
sion and emersion regions?

As seen above, the relation (9) giving the temperature
as function of the altitude depends on the boundary
constant, T'(hy). Although its influence on the computed

profile becomes rapidly negligible with depth, we have,
nevertheless, to choose realistic values for T, and h,,.
The altitude hy= — 14 km has been arbitrarily chosen.
The related number density n,(h,) is close to 101 cm™*
and the relative uncertainty in the refractivity 4v/v is
only a few percent (see Section III). A temperature of
T,=150°K is probably a realistic value because it is
close to the temperature of the quasi-isothermal region
lying between 0 and — 50 km (see Section V, 2).

a) The H,/He Mixing Ratio

Figure 15 gives a set of temperature profiles for different
mixing ratios: 0.7<¢<1.0. The two most important
effects of an increased abundance of helium are:

— First, the temperature profile above h=0km is
strongly modified. A slight increase in the mixing ratio
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Figs. 15a and b. Influence of the mixing ratio, g =H,/H, + He, at
Emersion. ¢ =1.00(A), 0.90(B), 0.80 (C), 0.70 (D); hy= —14km;
T, =150°K. Temperature profiles; Density profiles
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produces a large decrease in the lapse-rate. The outer
atmospheric layers are significantly colder than they
would be in the case of a pure hydrogen atmosphere.

— Secondly, the mean lapse-rate between the levels
—50km and — 150km becomes greater. It increases
by a factor of 1.3 when the abundance of helium is
increased from 0% to 30%. Larger abundances of
helium would result in unacceptable values of the
temperature.

We may conclude, only, that helium is not a major
component of the Jovian atmosphere. Thus we cannot
confirm nor refute the conclusion of Owen and Mason
(1968), who deduced from their observations of hydrogen
in the (3.0) and (4.0) bands that g exceeds 0.8.
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b) The Temperature Range and the Lapse-rate above
h= —50km

In this region, the temperature profile is largely de-
termined by the choice of boundary condition. We have
assumed that values of T}, resulting in temperatures less
than 80 °K at h = + 30 km may be excluded. Similarly,
an upper limit to T, may be obtained on assuming that
T(h) must be less than 400 °K [this value exceeds by
100 °K the higher temperature computed by Shimizu
(1971)].

Figure 16 shows the temperature profiles for a set of
values of T, assuming g=0.9. As we have seen above,
the inaccuracy in the refractivity becomes important at
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Figs. 16a and b. Temperature profiles assuming g = 0.9, hy = — 14 km. a Immersion. T, = 140, 160, 180, 200, 220 °K. b Emersion. T, = 100, 120,

140, 160 °K
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Figs.17aand b. Influence of the correction 4v* upon the temperature profiles. g =0.9; hy = — 14 km; T, = 150 °K. a Immersion. A 4v*=4.10"*%;
B Reference curve (4v = 0). b Emersion. A 4v* =3.107!2; B Reference curve (4v* =0)
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these altitudes. Figure 17 gives the temperature profiles
when the correction 4v* is added (see Section IV).
From inspection of these curves we conclude that:

150 < T, £220 °K at immersion, and

100 < T, < 150 °K at emersion.

If we accept that the mixing-ratio lies between 1.0 and
0.7, these temperature ranges must be enlarged as
following:

130 < T, £240 °K at immersion, and

100 < T, £ 170 °K at emersion. )

The influence of the altitude of the homopause has also
to be taken into account. Assuming a hydrogen domi-
nated atmosphere (140 °K) and taking CH, as the main
radiating molecule, McGovern and Burk (1971) have
computed the number density at the level at which the
diffusive separation of H, and He begins to occur. Their
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Figs. 18a and b. Temperature profiles and Density profiles for a set
of altitudes of the homopause, hg, at Inmersion. g =0.9; hy = — 50km;
To=165°K. Ahy= —40km; B hy;= — 10km; Ch,= +20 km

results lie betweenn=2-10'2cm~3andn=2-10'*cm 3,
depending on the assumed value of the eddy diffusion
coefficient. These densities correspond to the layer
(—40, +60km) in our altitude scale. Figure 18 shows
the temperature and density profiles at immersion for
a set of altitudes of the homopause and for g =0.9. The
profile is quasi-isothermal, for a well-mixed atmosphere,
between — 50 and + 50 km. If diffusive separation takes

. . . dT
place, a strong negative gradient I oceurs, at onescale

height above the level h, This effect becomes more
pronounced in the outer layers as the abundance of
helium decreases with respect to hydrogen.

We may conclude that the homopause level may be
located as deep as h= —40km, in agreement with
theoretical computations by McGovern and Burk. In
this case, the extremely large temperature lapse-rate
which occurs above h= —20 km might be greatly
reduced or even suppressed.

In conclusion, whatever the boundary temperature T,
may be, it is possible to choose either g or h to obtain,
between — 50 and + 30 km, a quasi-isothermal profile
( 150 to 170 °K) or a slightly positive lapse-rate
(+0.25 °K /km) similar to those computed by McGovern
and Burk or Shimizu. Because of this uncertainty and
because the analysis of the atmosphere above h =30 km
is quite impossible (see IV, a), it follows that the occulta-
tion of f Sco cannot provide any information about
the Jovian thermosphere. Therefore, the increase of
temperature noted by Hubbard et al. (1972) on their
J 3 and NT 3 profiles is not significant, and the observa-
tion of f Sco occultation is not in contradiction with the
theoretical analysis of McGovern and Burk or Shimizu.

¢) The Temperature and the Lapse-rate between — 50 km
and —150km

Figure 8 shows that the temperature lapse-rate, between
—50 and —150km (2-107°<v<2-10719), is nearly
constant and close to %= —1.6°K-km™!. This
result depends only on q. A fact to be noted here is that
the immersion and emersion profiles yield similar
results for both the lapse-rate and the extent of the
linear part of T'(h).

Hubbard et al. (1972) obtained a negative gradient
of the scale height for v>1078. At the altitude
h= —100km, the related temperature lapse-rate is

aT

v —0.8°K -km™'. Because of the appreciable un-

certainty in the residual stellar flux due to the Jovian
background, one might ascribe the divergence, by a
factor 2, to a difference in the estimates of the zero level
of star light (see Section IV). However, as shown in
Fig. 12, this uncertainty has no appreciable effect upon
the temperature lapse-rate. We consider the slight
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difference in shape of the light curves obtained in
Johannesburg and in Pretoria to be the source of the
discrepancy in the lapse-rates. At immersion, the flux
measured between + 15 and +50s by Hubbard et al.
decreases more rapidly than in our measurements and
B Sco becomes approximately 20% fainter. This differ-
ence may be due to actual differences in the Jovian
atmosphere in spite of the fact that the regions observed
from Johannesburg and from Pretoria are distant by
no more than some tens of kilometers.

d) The Maximum.of Temperature

As the temperature exceeds 200 °K with a negative
lapse-rate between —50 and —150km and as the
temperature at the cloud level must be close to 150 °K,
a maximum of temperature may be postulated.

The vertical profiles which we have obtained actually
show a maximum of T'(h)at h= — 190 km and — 160 km
at immersion and emersion, respectively. The question
is whether this maximum is significant and what is the
accuracy of the related values of Ty, hy and ny,.

The conclusions of our analysis are:

— a maximum of temperature exists in the probed
layers whatever the choice of the different param-
eters;

— it is located so deep that the adopted value of T, has
no influence on the value of Ty,;

— the altitude hy of the maximum depends strongly on
the accuracy of the determination of the zero light level
of the star. An error of + 1% in this level results in a
change A4hy of the altitude hy:Ahy= +30km and
— 100 km, respectively. The related error in the temper-
ature Ty, is close to 100 °K.

Of special interest is the fact that, from the light curves
published by Hubbard et al. (1972) or by Veverka et al.
(1972) and from temperature profiles presented by
Wasserman (1973), it appears that these authors have
estimated the zero level of star light as being reached
more rapidly than do we. In other words, the planetary
background is assumed to be more important in their
data reduction than in ours. Consequently, the temper-
ature of the maximum must be less and it must be
located higher in the atmosphere. However, we believe
our zero level and related uncertainty range (41 %) to
be correct, not only because they result from our
analysis of the photometric data (Berezné et al., 1973)
but also because of the appearance of the characteristic
features described in Section IV. We cannot exclude the
possiblity that a systematic error may result in both an
underestimate of the planetary background and in the
appearance of these characteristic features, but none
has been disclosed until now.

Using our estimate of the upper value of the planetary
background, we are able to give an upper limit to the
altitude hy,. We obtain hy; < — 160km and hy < — 130km
at immersion and emersion, respectively. As seen above,

the value of Ty, depends strongly on the zero light level,
but it depends also on the mixing ratio. As the term
T, r:f(h};) in relation (20) may be neglected at such a
depth, it follows that Ty, is proportional to m. A lower
limit to Ty, assuming g=1, is T;=280°K and
Ty =260°K at immersion and emersion, respectively.
In a similar way, we obtain my=7-10'5cm™3,
Py=03mb at immersion and ny=3-10'°cm™3,
P2 0.1 mb at emersion, as lower limits to the number
density and the pressure at the temperature maximum.

e) Comparison between Immersion and Emersion Results

Immersion and emersion temperature profiles differ
significantly.

A differential effect due to latitude could have some
importance. The location of the half-immersion and
half-emersion points are —62.7° and —60.8° respec-
tively. (Zenographic latitudes, see Fig. 13). The related
shift from North to South is close to 2600 km. Also note
the occurrence of a differential effect due to change in the
insolation: owing to the small value of the phase angle
(2.0°) on the 13" of May 1971, the point of closest
approach of a light ray (Fig. 13) closely follows the
terminator throughout the occultation event. The
distance from the point of closest approach to the
terminator never exceeds 1200 km. Due to the great
heigt of the occultation level above the clouds, the
atmospheric layers responsible for the occultation were
outside of the planetary umbra. However, immersion
occurs 0.4h before sunset and emersion 0.4h after
sunrise, and insolation change may have played a
significant part in the temperature difference.
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Fig. 19. The uncertainty in T as function of altitude
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Summary and Conclusion

The most important results of our experiment are
summarized in Fig. 19:

— the temperature lapse-rate is close to — 1.5 °K -km™*
between the levels — 50 km and — 150 km;

— the temperature at h= — 100 km is 220 + 30 °K, if we
accept that the abundance of helium is less than 20%;
— below this layer a maximum of temperature is reached,
but we cannot accurately determine its location, the
pressure at this point may be close to 1 mb and the
temperature to 300 or 400 °K;

— above the altitude h= —50km, the thermal lapse-
rate decreases to zero and a quasi-isothermal layer may
exist (T= 150+ 50 °K);

— above h=20km the temperature and the lapse-rate
cannot be defined. It is impossible to obtain any in-
formation on the thermosphere.

Appendix I

u refractive index

r distance to the planetary center

o radius of closest approach

p(ro) or p, impact parameter

i angle of incidence of a light ray with respect to a normal
to the planet

T, any distance to the planetary center outside of the
atmosphere

i, angle of incidence at r,,

w(po) total bending angle of the light ray having p, as impact
parameter

2(2) Earth’s motion normal to the star direction

R planetary radius at the half occultation level

D distance from Jupiter to the Earth

o(t) total bending angle at any given time ¢

O(toee) total bending angle at the half occultation time

° stellar flux before occultation
&(t) stellar flux at any given time ¢
v(ro) refractivity at distance r,

altitude — the half occultation level is taken as origin of the
altitude scale

v(h) refractivity at the altitude h

K; molecular refractivity of each constituent
n;(h) density number of each constituent

p(h) pressure at altitude h

n,(h) total density number

m mean molecular mass

g(h) acceleration due to gravity at altitude h
m; molecular mass of each constituent

T(h) temperature at altitude h

R gaz constant

149

k Boltzmann’s constant
pi(h) partial pressure of each constituent

hy altitude at which the boundary conditions are chosen
T(ho) boundary temperature
q mixing ratio (H,/H, + He)

hy altitude of the homopause

Av* correction factor of the refractivity

@*/d,  actual value of the residual stellar flux at t= — 10s
H, scale height of the outer atmosphere

Tu maximum of temperature

hy altitude of the maximum of temperature

Ny density number at hy

m pressure at hy

dT

e temperature lapse-rate
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