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A re-analysis of the 1971 Beta Scorpii occultation by Jupiter:
study of temperature fluctuations and detection of wave activity
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Abstract

Data from the 13 May 1971β Scorpii occultation by the southern polar region of Jupiter (Vapillon et al., 1973, Astron. Astrophy
135–149) are re-analyzed with current methods. We correct the previous results for an inacurrate background estimation and ca
temperature profiles, that are now consistent with the results of other observers of this occultation, as well as with the current kno
the jovian atmosphere. The characteristics of the profiles of temperature gradient and the spectral behavior of the temperature
are found to be similar to the results of previous investigations of planetary atmospheres and in agreement with the presence of a
propagating gravity waves in the jovian atmosphere. We use a wavelet analysis of the temperature profiles to identify the dominan
wave activity and compare the reconstructed temperature fluctuations to model-generated gravity waves.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

On 13 May 1971,β Scorpii was occulted by the southe
hemisphere of Jupiter. The two brightest components of
multi-star system areβ ScoA(V = 2.76) andβ ScoC(V =
2.94), separated by 13 arcsec in position angleP = 64◦ (the
position angle express the relative position of two star
is the angle between the line joining them and the cele
north direction). The occultations by the two compone
could be observed separately. The starβ ScoA is an unre-
solved spectroscopic binary of spectral typeB0.5V and pe-
riod 6.8 days, and has a fainter companionβ ScoB(V ∼ 10),
at 0.5 arcsec in position angleP = 24◦. The starβ ScoC is
of spectral typeB2V . The 1971 occultation by Io reveale
that it is a double star (Bartholdi and Owen, 1972) and h
fainter companion at 0.1 arcsec.

Theβ Scorpii occultation provided an unprecedented
portunity to study the jovian upper atmosphere. This w
the first time in nearly twenty years (since the occultat
of σ Arietis, with V = 5.5, observed by Baum and Cod
in 1953) that such an important event took place. Th
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fore it was observed from various locations and analyze
three groups: the ‘Meudon group’ led by M. Combes a
J. Lecacheux (Combes et al., 1971), the ‘Texas group
by W.B. Hubbard (Hubbard et al., 1972) and the ‘Corn
group’ led by J. Veverka (Veverka et al., 1974). Occu
tions of the unresolvedβ ScoA system, andβ ScoC allowed
the different groups to constrain the radius of Jupiter (H
bard and Van Flandern, 1972; Lecacheux et al., 1973),
to retrieve density and temperature profiles of the jovian
per atmosphere (Hubbard et al., 1972; Vapillon et al., 19
Veverka et al., 1974). However, although the probed ch
on the planet were rather close, the different teams retri
very different results concerning the derived tempera
profiles. The Meudon group obtained temperature pro
with a very large negative gradient, close to−1.5 K km−1,
and temperatures of 350 K at a pressure level of 1 m
(Vapillon et al., 1973). The Texas group has publish
only refractivity profiles, but the temperatures related
these profiles show a smaller negative gradient, of a
−0.6 K km−1 (Hubbard et al., 1972). The Cornell group r
trieved a quasi-isothermal profile, with temperature val
around 200 K (Veverka et al., 1974), depending on the r
of helium to hydrogen that was uncertain at that time.

In this paper, we re-analyze the Meudon data using
knowledge acquired since 1971, as well as new techni

http://www.elsevier.com/locate/icarus
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for occultation data study. Section 2 is devoted to data
analysis with modern tools. In Section 3, after discuss
the importance of an accurate estimation of the backgro
flux, we fit isothermal lightcurves to the data in order to d
rive the scale heightH , and perform an inversion to obta
temperature profiles.

The subject of wave activity in Jupiter’s upper and m
dle atmosphere has been a topic of discussion in a numb
previous investigations. Analyzing the temperature profi
resulting from the inversion of theβ Sco lightcurves of the
Cornell group, French and Gierasch (1974) pointed out
presence of small amplitude variations. They concluded
the observed quasi-periodic temperature fluctuations w
consistent with the propagation of internal gravity wav
They determined a typical vertical wavelength of 13 km a
an amplitude of 5 K for the waves present in the egress t
perature profile of the jovian stratosphere, at a density l
of 1013 cm−3. The 1999 occultation of HIP 9369 by th
northern polar region of Jupiter also showed evidence
propagating waves in the same pressure regime (Rayna
al., 2003). The occultation was observed from four differ
locations. Correlation studies of the resulting lightcurves
a wavelet analysis of the retrieved temperature profiles w
used to identify a single wave mode propagating along
planetary meridian with vertical and horizontal waveleng
of respectively 3 and 70 km. Signatures of gravity wa
have been also detected at lower pressure levels. The tem
ature profile derived from the deceleration rate of the Gal
probe during its entry stage in the thermosphere of Jup
shows a variability with a typical scale from 90 to 150 k
(Young et al., 1997). The presence of regularly spaced
ers of enhanced electron density observed during the r
occultations of the Voyager and the Galileo spacecraft
also been attributed to the propagation of atmospheric g
ity waves and their interaction with the ionospheric plas
(Matcheva et al., 2001). The electron density profiles sug
a typical vertical scale of 75 km for the present waves.

In the current study we use a wavelet analysis to de
mine the parameters of the dominant wave modes pre
in the upper stratosphere of Jupiter, as revealed by thβ

Scorpii stellar occultation observed by the Meudon gro
(Section 4). In that respect our results are complementa
the wave analysis of French and Gierasch (1974). The
of the forward wavelet transform allows us to study in gr
detail the amplitude, the phase and the vertical wavele
behavior of the present waves. We then utilize the inve
wavelet transform as a tool to reconstruct temperature
tuations at selected scales and compare the results t
properties of model-generated gravity waves (Section 5)

2. Re-analysis of the 1971 Meudon data

The Meudon group observed theβ Sco occultation in the
Ca II K line (λ = 0.3934 µm) from Radcliffe Observator
situated in South Africa (28◦13′43.7′′ E, 25◦47′16.9′′ S).
f

t

r-

t

e

Observational details can be found in Combes et al. (19
The star path on Jupiter, recalculated from Hipparcos
and the JPL ephemeris calculation site,2 is shown in Fig. 1.
We digitalized the occultation lightcurves from the da
charts of 1971. The scanning procedure was checked
yielded curves identical to those published by Vapillon et
(1973) (see Fig. 2).

Fig. 1. Star path in reference to the planet. Upper panel: path ofβ ScoA,
in the sky plane, centered at the center of Jupiter. The position angle o
poles’ axis in this frame is 11.32◦ . Lower panel: stellar path on the plan
on a polar view. Half-light points for ingress and egress are plotted on
stellar path, their jovian coordinates are respectively (58.69◦ S, 322.38◦ W)
and (56.24◦ S, 197.67◦ W) with system III longitudes.

2 http://ssd.jpl.nasa.gov/horizons.html.

http://ssd.jpl.nasa.gov/horizons.html
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Fig. 2. Ingress (top panel) and egress (bottom panel) normalized
curves.

We analyze the data presented in Fig. 2 using the
classical methods for occultation lightcurves, reviewed
Wasserman and Veverka (1973): lightcurve fitting with
mospheric models on the one side, and numerical ab
inversion on the other side. These methods were also
by the Meudon group in 1971 to obtain the published
sults. However, today’s progress in numerical analysis
the improved computing capabilities allow us to obtain m
accurate results. For ingress and egress, we first calcu
dimensionless measure of the noiseε

√
v⊥/H , whereε is

the rms variance per second of the normalized unoccu
flux, v⊥ the star speed perpendicular to the limb, andH the
scale height (French et al., 1978). We obtain noise value
0.018 for ingress and 0.021 for egress, showing that the n
level is sufficiently low for an accurate inversion (Young
al., 2001). Following Baum and Code (1953), we gene
model lightcurves for an isothermal atmosphere in orde
obtain the best fit to the data, and thus estimate the s
heightH of the atmosphere. Our best fit yields scale heig
of H = 34.9± 1.6 km for ingress, andH = 34.6 ± 0.9 km
for egress (the errors are fitting errors only). These num
are consistent with the 1971 estimation ofH = 30± 5 km
(Combes et al., 1971). However, they are large comp
to the values derived from the 1989 equatorial occulta
by Hubbard et al. (1995) (yieldingH = 27.2 km at ingress
and H = 30 km at egress), as well as to those obtai
by Raynaud et al. (2003) (24.8 < H < 29.7 km for eight
lightcurves) for the 1999 occultation by the northern po
region.

We invert the lightcurves using the method describe
Vapillon et al. (1973). We calculate the pressure equipo
tials of the planet with the following equation:

U(r, θ)= −GM

r

[
1−

∑
n=2,4,6

Jn

(
a

r

)n

Pn(cosθ)

]

(1)− 1
ω2r2 sin2 θ,
2

d

a

wherePn are Legendre polynomials,ω the rotating angula
speed of the planet,Jn the gravitational moments of Jupite
anda the equatorial radius. The gravitational field is th
obtained by
g = −
∇U . The value of the helium abundan
ratio well below the homopause is set to the value meas
by the Galileo probe (von Zahn et al., 1998). A vertical p
file of helium abundance is then generated using a diffu
equation, with the value of the eddy diffusion coefficie
fixed toK = 2×106 cm2 s−1, (Drossart et al., 2000) and e
trapolated at the latitudes of occultation along the pres
equipotentials. From the helium abundance vertical pro
we then obtain the molecular mass and specific refract
profiles needed for a correct inversion. The inverted t
perature profiles obtained for both ingress and egress
displayed in Fig. 3 and agree with those of Vapillon et
(1973).

These profiles are highly unlikely for several reaso
Firstly, the very large negative temperature gradient exc
the adiabatic gradient
(
∂T

∂z

)
ad

= −Γ = −g/cp = −1.81 K km−1

(wherecp is the specific heat at constant pressure) in sev
points (marked with crosses in Fig. 3). That would sugg
that the atmosphere is convectively unstable at these
els, a result which is not supported by observations (S
et al., 1996). Secondly, the high temperatures at press
P > 100 µbar (Fig. 3) are not compatible with the CH4 emis-
sion in theν4 band at 7.8 µm, as observed by Voyager/IR
(Hanel et al., 1979). Such temperatures extrapolated to
10 mbar pressure level lead to a methane emission th
70 (270) times higher for ingress (egress) than the obse
value (Orton et al., 1991). Thirdly, the jovian atmospher
now known to be roughly isothermal below the 10 µbar le
due to radiative equilibrium between CH4 emission and sola
flux absorption (Yelle et al., 2001). The profiles from Vap
lon et al. (1973), shown in Fig. 3, are thus not credible.

3. Estimation of the background flux

It has been shown before (Roques et al., 1994; Rayn
et al., 2003) that the inverted temperature profiles are de
dent on the photometric quality of the data: the unoccu
stellar flux influences the shape of the profile above the h
light level, and the background level changes the bot
value of the temperature profile. An inaccurate estima
of the background flux during the occultation could be
cause for the inconsistencies in the inversion results we
pointed out. Berezne et al. (1975) explained how this ba
ground flux was calculated and claimed a 1% photome
accuracy for the lightcurves of Vapillon et al. (1973). Ho
ever, their calculation was based on the hypothesis tha
contribution of the jovian limb is only proportional to th
disk area seen by the photometer and that the inaccur
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l li
Fig. 3. Temperature profiles obtained by inversion of the lightcurves in Fig. 2, for a background flux equal to 0. Ingress temperature profile is in fulne, and
egress profile is in dashed line. Crosses on the profiles mark the points where the temperature gradient is super-adiabatic.
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Fig. 4. Inverted temperature profiles, for ingress, for values of backgro
flux going fromφ0 = 0 toφ0 = 0.1, with a 0.01 step. The darker curves a
the ones with smallerφ0.

of the manual guiding were negligible. To check the re
vance of their background estimation, we invert the ingr
lightcurve imposing different background levelsφ0, from
their estimated valueφ0 = 0 to φ0 = 0.1. The results are
shown in Fig. 4. We can see that a background flux betw
0.08 and 0.09 gives a nearly isothermal profile. To determ
a more accurate value ofφ0, we perform new isotherma
fits to the lightcurves, leaving the background flux as a f
parameter. Fitting only the external parts of the lightcur
(i.e., for t < 18h42 UT at ingress, and fort > 19h46 UT
at egress), we obtain good fits forφ0 = 0.087± 0.004,
H = 26.8 ± 1.7 km, andt1/2 = 67002.5± 0.4 s at ingress
and φ0 = 0.068± 0.004, H = 24 ± 0.2 km, and t1/2 =
71337.1 ± 0.4 s at egress. The isothermal fit for ingress
displayed in Fig. 5. The values for the scale heights are
more in the range of previous measurements (see above

We set the background flux atφ0 = 0.087 for ingress and
φ0 = 0.068 for egress and invert the resulting lightcurv
We accordingly obtain quasi-isothermal profiles, displa
in Fig. 6. The temperature profiles in Fig. 6 are now m
consistent with those of Veverka et al. (1974). They rem
convectively stable, and the corresponding bottom temp
tures of 190 K for ingress and 150 K for egress are consis
with the observations of methane emission lower in the
mosphere (Orton et al., 1991).

The only need to re-analyze the temperature profiles
to obtain a realistic profile of the atmospheric temperat
This goal has been achieved with a correction of the ba
ground stellar flux. In the remaining part of the paper,
shall focus on the analysis of the small scale tempera
variations in the retrieved profiles, which are independen
the background flux estimation.
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d

Fig. 5. Isothermal fit (plain solid line) of the observed ingress lightcurve (dotted line) forφ0 = 0.087± 0.004,H = 26.8± 1.7 km, andt2 = 67002.5± 0.4 s.
The level of background flux for the best fit is indicated with a dash-dotted line.

Fig. 6. Temperature profiles obtained with the background levels given in the text, for ingress (left) and egress (right). The mean profiles calculatefrom the
wavelet reconstruction forλz > 70 km (see text) are plotted in dash-dotted line.
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4. Temperature variations

4.1. Temperature gradient

From the temperature profiles in Fig. 6, we calcul
the vertical temperature gradient∂T /∂z, shown in Fig. 7.
From now on, our vertical scale will be expressed in k
meters above the half-light level, situated at a pressur
P ∼ 2.8 µbar. One can see in Fig. 7 that both ingress
egress gradients are very asymmetric. Round shaped s
tures appear on the negative side, with values close to
-

adiabatic gradient when the global temperature profil
essentially isothermal, whereas sharp, large peaks ca
observed on the positive side. Temperature gradients
similar properties have now been observed in several
lar and radio occultations, by Jupiter (Raynaud et al., 20
or other planetary bodies such as Neptune (Roques e
1994), Venus (Hinson and Jenkins, 1995), or Titan (Sica
et al., 1999). It is interpreted as a signature of propaga
gravity waves, breaking whenever the temperature grad
reaches the adiabatic value (here−Γ = −1.81 K km−1), and
thus causing the rounded appearance of the temperatur
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Fig. 7. Temperature gradients for ingress (left) and egress (right). The adiabatic gradient is shown for comparison in dashed line.
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dients at negative values. Ray crossing could cause the
kind of asymmetric structures at the lowest altitudes (Sica
et al., 1999), but would provide no explanation for the v
ble cut-off precisely at the adiabatic value. The gravity w
interpretation is also consistent with the fact that the ve
cal scale of the structures is larger in the upper part of
atmosphere (∼ 10–15 km) than at the bottom of the profil
(∼ 1 km). This dependence of the structures’ minimum v
tical scale with altitude cannot be explained by the flatten
of the smoothing star’s diameter only: as a matter of fact,
diameter of the unresolved binaryβ ScoA is of the order of
4 km before the occultation (Hubbard et al., 1972) and
vertical resolution at the bottom of the profiles is limited

the Fresnel scale (
√
λobsDJup−Earth= 0.5 km).

4.2. Spectral behavior of temperature fluctuations

To extract the small scale fluctuations of temperat
from the inverted profileT (z), we need to calculate a mea
profile 〈T 〉(z). We use the continuous wavelet transfo
(Farge, 1992; Torrence and Compo, 1998) and decom
the temperature profile onto the different scales allowed
the length of the data set. For more detailed information
the continuous wavelet transform and its use for the an
sis of occultation data, we refer the reader to Raynau
al. (2003). The mean temperature profile〈T 〉(z) is defined
as the reconstruction of the temperature profile using
inverse wavelet transform for scales larger than a given
off scale λmean

z . The calculated mean profiles are plott
in Fig. 6 in dash-dotted line (λmean

z = 70 km for a total
length of the profile equal to 140 km). The small scale fl
tuations, of wavelengths smaller thanλmean

z , are then given
by δT (z) = T (z) − 〈T 〉(z). We calculate the wavelet powe
espectrum of the fluctuations,PδT (z)(λz), as a function of the
vertical wavelengthλz of the structures in the profiles, an
plot it in Fig. 8. A straight line, corresponding to a spe
trum P(mz) = m−3

z , wheremz is the vertical wavenumbe
(mz = 2π/λz), is plotted for comparison. This−3 spectral
index has been observed on Earth for temperature fluc
tions caused by saturated gravity waves, and is referre
in atmospheric science literature, as the ’universal spectr
for gravity waves (Smith et al., 1987). For the inverted p
files in this work, the spectra of the fluctuations have a
slopes close to−3, which is likely to be a signature of th
presence of propagating gravity waves.

4.3. Determination of dominant wave modes

The observed power spectra of the temperature fluc
tions entails the presence of a broad spectrum of atmosp
waves. We now focus our attention on identifying the do
nant modes present in the atmosphere and their param
For this analysis we use a modified version of the cont
ous wavelet transform. In the classic wavelet transform,
scaled and translated versions of the mother function ar
normalized to have the same energy (Torrence and Com
1998). Hence the results from the continuous wavelet tr
form visualize the energy repartition in the decomposed
nal between the different scalesλz for each altitude point. As
a result, two monochromatic waves of equal amplitudes
different wavelengths have different wavelet coefficients
this work we want to compare the amplitudes of the p
odic structures and not their energy. In the modified wav
transform we relax the condition for energy normalizat
of the individual wavelet functions and require that any t
waves with the same amplitude result in equal wavelet c
ficient. This modification allows us to study the small sc
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).
Fig. 8. Power spectra ofδT (z) (see text) for ingress (full line) and egress (dashed). A line of slope−3 has been plotted for comparison (dash-dotted line
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structures without being overpowered by the large scale
tuations. The non-normalized wavelet coefficientsA(z,λz)

are proportionnal to the amplitude of the fluctuations
vary accordingly with the altitudez and the vertical wave
lengthλz. The results from the analysis of the ingress a
egress temperature profiles are shown as contour ma
Fig. 9. The lowest dark line in Fig. 9 represents a zero
plitude. A cut-off value for the large amplitudes has be
imposed for better viewing. We calculate the locations
the local maxima ofA(z,λz) in the(z, λz) plane and detec
5 maxima for ingress and 4 for egress, which are mar
by black stars in Fig. 9. The locations of the maxima in
(z,λz) plane determine the vertical wavelengthsλobs

z of the
wave modes present in the data, and the altitudes wh
maximum amplitude is achieved. In order to ensure tha
detected wave modes are not due to artefacts of the
inversion and that they are independent of the model
rameters, we repeat the analysis using temperature pr
inverted for different values of the background stellar fl
(with 0.1> φ0 > 0.06). Only the modes that are persisten
present in all wavelet maps are retained for the next ste
our analysis. The vertical wavelengths of these modes
22.5, 13.9, 9.3, and 2.9 km for the ingress temperature
file, and 10.5, 5.9, and 1.9 km for the egress profile.

5. Wave simulations and interpretations

When an atmospheric wave propagates through th
mosphere, the wave amplitude, vertical wavelength
phase are affected by variations in the properties of
background atmosphere. A vertically propagating wave
periences a natural exponential growth of its tempera
(velocity) amplitude as a direct consequence of the expo
n

a

a

s

-

tial decrease of the atmospheric density and energy co
vation. If the amplitude becomes large enough for the lo
gradients to exceed the stability criteria (static or dynam
the wave becomes unstable and overturns. A number o
sipative processes, such as molecular and eddy diffu
thermal conduction, or radiative damping, can also limit
wave amplitude growth, causing the wave to deposit its
ergy in the background atmosphere (Lindzen, 1981).
even if the atmosphere is conservative, i.e., there is no
sipation, variations in the background temperature an
presence of wind shear will cause observable changes i
wave amplitude and vertical wavelength. In our study we
ploit this dependence of the wave amplitude, wavelength
phase on local atmospheric properties to positively iden
the presence of gravity waves in the retrieved tempera
profiles.

We perform a numerical simulation of the wave mod
identified in Section 4.3 and compare the simulated w
properties with the observations. We use a hydrostatic W
wave model in a dissipative rotating atmosphere. Dissipa
is due to molecular viscosity, thermal conduction and e
diffusion. Because no information is available for the w
structure at these altitudes we assume that no wind she
present. A detailed description of the model can be foun
Matcheva and Strobel (1999). The mean temperature pr
for the wave simulations is obtained using the wavelet p
cedure we describe in Section 4.2 withλmean

z = 30 km. The
eddy diffusion coefficient isD0 = 300 m2 s−1 at the 1 µbar
level and decreases asD ∝ ρ−0.5 (Atreya, 1986), whereρ is
the density.

For each of the identified wave modesλobs
z , the numerica

simulation is performed with a vertical wavelength that
the observation at the altitude of the peak in the wavelet m
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Fig. 9. Amplitude contour maps of the ingress (top panel) and egress (bottom panel) temperature profiles in Fig. 6. The warm colors represent high amplitudes.
The local extrema are marked with stars, and their vertical wavelengthsλobs

z are given in the text. The points subject to the edge effects due to the wavelet
transform have been excluded from both maps.
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Fig. 10. Brunt–Vaisala frequency for immersion.
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Fig. 11. Analysis of the 13.9 km structure. (a) Vertical wavelength p
file for a simulated gravity wave. (b) Comparison between the temper
amplitude of the simulated wave (thick solid line) and the amplitude
the reconstructed temperature fluctuations (thin solid line) for 12 km<

λz < 17 km. The amplitude of the reconstructed wave is represente
the envelope of the actual fluctuations and their mirror image. The da
line corresponds to the amplitude of the simulated wave when no dis
tion is present. (c) Comparison between the phase of the simulated
(thick solid line) and the reconstructed temperature fluctuations (thin
line). Here again, both phases have been represented symmetrically fo
ter viewing.

From the simulation we determine the range(λmin, λmax) in
which the vertical wavelength changes as a result of b
ground temperature variations. We use the inverse wa
transform to reconstruct the temperature fluctuations pre
in the observed temperature profile, using only wavelen
λz within the expected range(λmin < λz < λmax). The recon-
structed temperature fluctuations are then compared wit
wave simulations. For completeness, we present a plot o
buoyancy frequency in the region of interest in Fig. 10.

We present one figure with three panels (Figs. 11–14
each peak in the data wavelet map followed by a dis
-

t
t

Fig. 12. Same as Fig. 11 but for the 22 km structure.

sion in the text. The left panels show the simulated vert
wavelength behavior of the wave as it propagates throug
non-isothermal atmosphere. The middle panels compar
reconstructed temperature fluctuations with the simul
wave temperature amplitude, and the right panels show
well the phase of the simulated wave fits the observation

Ideally one should be able to follow the wave-like stru
ture over several scale heights with at least two scale he
below the altitude of wave damping. The region over wh
the wavelet analysis returns useful information regard
the present wave modes becomes progressively smalle
larger scales, as a result of the increasing importance of
effects. Therefore large scale structures are difficult to in
pret uniquely as a result of propagating waves.

We start our discussion with the best wave candidate.
is the 13.9 km ingress structure that peaks at approxim
−45 km below the mid-occultation level. The peak sho
a significant power and is well situated in the middle of
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Fig. 13. Same as Fig. 11 but for the 9 km structure.

Fig. 14. Same as Fig. 11 but for the 3 km structure.

sampled region, with no significant influence from the edg
The simulation shows (Fig. 11) that the vertical wavelen
of a gravity wave that fits the observations atz = −45 km
varies betweenλmin = 12 km andλmax = 17 km throughout
the observed region. The reconstructed temperature flu
ations for wavelengths 12 km< λz < 17 km is compared
with the simulation of the wave amplitude. The reconstr
tion indicates a global maximum atz = −40 km with sev-
eral smaller local maxima at−90, −5, and 27 km. The
presence and the location of a global maximum is ind
tive for wave dissipation at this altitude. The level of wa
dissipation is determined by both vertical and horizon
wavelengths. At this point the horizontal wavelengthλh is
undetermined and is treated as a free parameter. In o
to be able to fit the reconstructed amplitude, the horiz
tal wavelength should beλh = 750 km for the chosen edd
diffusion coefficient. The results show an excellent fit to
observed amplitude. Most notably the locations of the s
ondary maxima and minima are very well predicted by
simulations. These secondary peaks are entirely a resu
-

r

f

the non-isothermal structure of the background atmosp
and cannot be artificially adjusted by varying the model
rameters. The same amplitude variations are visible in
temperature profile when no dissipation is present in the
ulations.

The next step is to compare the phase behavior of
simulated wave and the reconstructed temperature fluc
tions (Fig. 11c). Once again we have a rather good ag
ment between the observations and the simulations w
more notable discrepancy at about−15 km below the mid-
occultation level where we also over-predict the obser
amplitude. This discrepancy could be a result of a small w
shear at this altitude, an effect which we do not include in
simulations.

Based on our analysis of the wave amplitude, vert
scale and phase, we conclude that the temperature fl
ations responsible for the 13.9 km structure in the ingr
temperature profile are most likely a result of a propaga
atmospheric gravity wave. The maximum wave amplitud
about 1 K. If the actual vertical wavelength is indeed 14
this wave is not in a saturated regime. The actual vert
wavelength however might differ significantly from the o
served one as a result of the slanted phase plane geo
of the wave and the non-radial stellar path through the
mosphere. For more detailed discussion of this ambiguit
the actual wave parameters we refer the reader to Ray
et al. (2003).

The results from our analysis for the 22, 9, and 3
peaks are presented in Figs. 12–14, respectively. One ca
that we are not able to achieve such a good fit of the obse
tions as for the 14 km structure. The amplitude and the ph
of the simulated 22 km wave fit well the observations ab
z = −60 km but fail to explain the data below that level.
is possible that the significant power contained in the la
scales belowz = −60 km reflects stationary features rath
than propagating waves.

It is also difficult to reconcile the reconstructed vertic
profile of the 9 km structure with a gravity wave mod
Although the predicted phase looks in reasonable ag
ment with the observations the simulated amplitude does
fit the observed temperature fluctuations. It seems unli
that these fluctuations are caused by an atmospheric gr
wave.

Our simulations of the 3 km structure look more prom
ing. The predicted behavior of the wave phase agrees
with the phase of the reconstructed fluctuations. The si
lated wave amplitude profile also captures the overall pro
of the observed temperature fluctuations although the ag
ment is more qualitative than quantitative. Because the
served vertical wavelength of this wave mode is very sm
there is a concern about the resolution of the observat
(∼ 3 km in the upper part of the profiles,∼ 0.5 km at the
bottom) and our capability to properly resolve the wave
pecially at higher altitudes.

It is difficult to apply a similar analysis to the 10.5 k
structure in the egress temperature profile. The peak oc
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very close to the bottom of the atmospheric region for wh
data is available (see Fig. 9), and the wavelet analysis is
dered by strong edge effects.

To summarize the results from the simulations, we
lieve that the temperature fluctuations with a vertical wa
length of about 14 km are a result of a vertically propag
ing gravity wave. The temperature amplitude of the wav
about 1 K and is damped by eddy diffusion which sign
cantly exceeds molecular diffusion effects at these altitu
The wave does not appear to be saturated which is in a
ment with the observed vertical wavelength and the sm
temperature amplitude. The corresponding horizontal w
length is 750 km and the wave period is 263 min.

The wave reaches a maximum amplitude at a pres
level of 11.5 µbar, about 40 km below the half-light occu
tion level. By the time the wave reaches this altitude, ab
63% of the wave energy is deposited in the background
mosphere as a result of wave dissipation dominated by
diffusion. Assuming no significant wind shear, the verti
energy flux of the wave at the level of generation, aw
from the region of dissipation, is about 0.1 erg cm−2 s−1.
Once again, the exact wave parameters and therefore the
mated energy flux carried by the wave cannot be determ
uniquely from a single temperature profile. A question a
arises about the detectability of periodic atmospheric st
tures of a relatively short horizontal scale with an occu
tion technique. As a matter of fact, most of the refract
of the stellar light during an occultation occurs within a
nite horizontal regionL = √

2πrH ≈ 3600 km, wherer is
the planetary radius. Sicardy et al. (1999) demonstrated
the amplitude of the stellar flux fluctuations resulting fro
the presence of a monochromatic atmospheric gravity w
with a vertical wavelengthλz and a projection of the hor
zontal wavelength along the line of sightl = λh/cosθl , is
not significantly reduced if

(2)
l

λz
> η, η =

(
r

4H

)0.5

,

whereθl is the angle of the line of sight with respect to t
horizontal direction of wave propagation(0◦ < θl < 90◦)
and for Jupiterη ≈ 25. Therefore, as long as the above
quirement is satisfied, a wave structure is well detect
even if the horizontal wavelength is very small. Equation
also suggests that waves propagating at a large angle
respect to the line of sight are easier to detect. In the
rent study we have no means to determine the horizo
direction of wave propagation andθl is a free paramete
Nevertheless it is easy to see that for a wave withλz = 14 km
andλh = 750 km

(3)
l

λz
� λh

λz
= 53> η

and (2) is satisfied for any angle of wave propagation.
-

i-

t

l

6. Conclusion

A new estimate of the background flux in the 1971β Sco
occultation data has allowed us to obtain new tempera
profiles for the high southern latitudes (∼ 60◦) in the jovian
atmosphere. The updated value for the pressure scale h
(H = 24± 1.5 km) brings the observational results of t
Meudon group into a better agreement with the observa
of the Texas and the Cornell groups. We have demonst
the usefullness of the continuous wavelet transform for
analysis of small scale structures in the inverted occu
tion profiles. The temperature gradient profiles, as wel
the spectral behavior of the temperature fluctuations, p
to the presence of gravity waves in the probed atmosph
region. We have been able to detect several wave mod
the wavelet decomposition of the temperature profiles.
detailed comparison of the observed temperature fluc
tions with model-generated gravity waves demonstrates
at least one of the identified wave modes in the ingress
file (λz = 13.9 km) shows a remarquable similarity with t
properties of an inertia-gravity wave. French and Giera
(1974) pointed out the presence of a 13 km wave-like m
in the egress temperature profile that resulted from
lightcurves of the Cornell group (Veverka et al., 1974). Th
was however no information on the exact vertical pro
of the wave amplitude and vertical wavelength. It is po
ble that the 13 km wave identified by French and Giera
(1974) corresponds to the 10.5 km wave mode that we d
in our egress wavelet map. A wavelet analysis of the t
perature profiles of the Texas and the Cornell groups c
allow a comparison between the present wave modes i
different profiles, and in the case of a common wave patt
the determination of the exact wave parameters.
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