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A dozen lightcurves obtained during the ground-based observa-
tions of the occultation of 28 Sgr by Titan (3 July 1989) are reana-
lyzed. Profiles of density and temperature between altitude levels z

1 Partly supported by a grant from the Institut Universitaire de France.

of 290 and 500 km (pressures p from 110 to 1.4µbar) are derived.
A mean number-density scale height of 50.5± 1.4 km is found with
no significant difference between immersion and emersion. Two in-
version layers are observed at 425 and 450–455 km, respectively
(p∼ 7 µbar and p∼ 4 µbar), with an increase in temperature of
about 10 K in less than ∆z= 10 km. These layers are visible both
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358 SICARDY

at immersion and at emersion, at latitudes ranging from 46◦S to
20◦N, and are thus global features of the stratosphere. The pro-
files of temperature gradients exhibit a clear cutoff at the adiabatic
lapse rate, indicating that fluctuations lead to marginal convective
instabilities. Although ray crossing can also cause an apparent cut-
off of the temperature gradients, we estimate it probably does not
play an important role in the observed cutoff, at least for the larger
structures under study. The vertical power spectra of fluctuations
show a general power law behavior, with an exponent close to −3,
between vertical wavelengths of ∼5 and 50 km. The finite stellar
diameter and ray crossings can distort the real spectra, and we can
only conclude that the original power spectra have slopes between
−2 and −3. The horizontal structure of the atmosphere exhibits
typical aspect (horizontal-to-vertical) ratios of 15–45, with a tail
in the distribution with values as high as 100–200 for some struc-
tures. Finally, the horizontal spectrum of fluctuations is a power
law with an exponent close to−4 (between horizontal wavelengths
of∼25 and 250 km), if we assume it is separable from the vertical
spectrum. c© 1999 Academic Press

Key Words: Titan; atmospheres (dynamics and structure); occul-
tations.
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1. INTRODUCTION

OnJuly3rd,1989, thebrightstar28Sagittarii (28Sgr,V ∼ 5.5)
was occulted by Saturn, its rings, and a few hours later, Tit
thick atmosphere. This exceptional event was followed fr
Europe, the Middle East and Central Asia by professional
amateur astronomers, at wavelengths ranging from 0.3
0.89µm, with telescopes between 15 cm and 2 m in diamet

The occultation lightcurves provide information on Titan
atmosphere at altitude levels between about 250 and 600
above the satellite’s surface. This corresponds to pressure l
of about 250 and 0.15µbar, respectively. The atmospheric laye
below 250 km are inaccessible because the stellar flux is the
much refracted and also because Titan’s atmosphere bec
obscured by hazes. On the other hand, layers higher than 60
are too tenuous to have a significant effect on the stellar
As explained later, however, in this paper we restrict our st
to altitudes between∼290 and 500 km (∼110–1.4µbar), where
the signal-to-noise ratio is high enough to reveal fine den
fluctuations in Titan’s atmosphere.

Unique results have already been obtained from this occ
tion. A joint analysis of the lightcurves and a detailed disc
sion of the results were published by Hubbardet al. (1993b),
hereafter referred to as H93. Complementary informatio
presented in the references mentioned at the beginning o
next section. Among the results derived so far, we can q
the temperature profiles between∼300 and 500 km, the spa
tial extension of Titan’s stratospheric haze (with a north/so
asymmetry), and the aerosol size distribution. Noteworthy
is the fortuitous detection of a central flash as the European
tions went near the center of Titan’s shadow. This flash yie
the precise shape of the 250-µbar isobar (250-km altitude) and

thus, provides constraints on the satellite zonal wind syste
ET AL.
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with evidence for a superotation at that level, and veloci
of ∼170 m s−1 at high latitudes, dropping to∼100 m s−1 near
the equator. For comparison the speed of sound at that
is ∼270 m s−1, assuming a temperature of 175 K and a p
nitrogen atmosphere.

Meanwhile, more information is still contained in the data.
particular a conspicuous stellar scintillation was monitored d
ing the whole event and from all the stations. This scintillat
is caused by refractivity and thus also density inhomogene
in Titan’s atmosphere. From a theoretical point of view, the
features provide us with important information about the d
namical state of the stratosphere. In particular, there has
indication for propagating internal gravity waves from the Vo
ager radio occultation experiment lower in the atmosphere,
below∼90 km (∼13 mbar) (see Hinson and Tyler 1983, a
Friedson 1994). These waves propagating upward will incre
their amplitude, to conserve their energy flux as the backgro
density drops. The regions that we probe are so high that sig
icant fluctuations (±5%) can be observed, and serve as tests
general models of Titan’s atmospheric dynamics.

Particularly important is the contribution of these waves
the energy and momentum budgets of the upper stratosp
The momentum deposited when the waves break can ser
maintain zonal winds, while the mechanical energy dissipa
through molecular viscosity may compete with the other sour
of heat at those altitudes [see the example of Neptune, as
scribed by Roqueset al. (1994)]. Also, breaking waves can b
an important source of eddy mixing and can cause zonal w
to decrease with height, as is the case in the terrestrial m
sphere and is probably the case above the cloud tops on V
(Hinson and Jenkins 1995). From a more practical point of vi
these inhomogeneities may be important for and have mea
able effects on the Huygens probe as it plunges in the sate
atmosphere in December 2004 (Fulchignoni 1992, and see
discussion by Strobel and Sicardy 1997). Conversely, the p
acceleration may serve as a tool to monitor the vertical den
profile over a fine scale.

While it is obvious that a significant scintillation is present
our data, some care must be taken when interpreting the re
derived from their analysis. The aim of this paper is to eva
ate the role of several possible biases that can distort the
inal structure of the atmosphere. Then, our results can be
as input parameters for further modeling of Titan stratosph
dynamics, a work that we defer to the future.

After a brief description of the observations (Section 2),
define a consistent origin and a consistent altitude scale fo
the lightcurves (Section 3). This is necessary when compa
data sets, in particular to study the horizontal structure of the
served features. Density and temperature profiles are deriv
Section 4, and fluctuations with respect to a smooth atmosp
are described in Section 5. In that section, we show evidenc
breaking structures under convective instability. In Section
vertical spectra of the fluctuations are derived. The poss

m,biases due to the finite stellar diameter and ray crossing are
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STRUCTURE OF TIT

examined in Section 7. The horizontal layering of the atm
sphere is analyzed in Section 8, with a determination of
horizontal-to-vertical ratio (aspect ratio) of the structures a
their horizontal spectrum. We finally discuss our results
Section 9.

2. OBSERVATIONS

Observational details and preliminary results can be fo
in Beiskeret al. (1989), Forrest and Nicolson (1990), Hubba
et al.(1990), and Sicardyet al.(1990). More complete descrip
tion and analysis are provided in H93. We have chosen, am
all the available data, the lightcurves with sufficient signal-
noise ratio and time resolution to reveal the stellar scintillation
Titan atmosphere. The observational circumstances of the
used in this paper are summarized in Table I.

The geocentric ephemeris of Titan, based on the VSO

theory (Bretagnon 1982), was provided by the Bureau des L
gitudes, and is ava

. 1
r “A”, at the altitude of
ilable on request. The adopted coordinates

TABLE I
Circumstances of Observations

Latitude Telescope Sampling
Longitude diameter rate λ

Site Elevation (m) Personnel (cm) (s) (µm)

Manley Obs., UK 53◦14′43′′ N R. Miles 35 0.2 0.55
02◦44′15′′ W A. J. Hollis

75

Hertford Obs., UK 51◦46′28′′ N R. W. Forrest 36 0.1 0.72
00◦05 31′′ W I. K. M. Nicolson

66

Royal Greenwich Obs., UK 50◦52′10′′ N G. Appleby 50 0.2 0.532
00◦20 51′′ E

50

Langwedel, Germany 52◦58′37′′ N M. Bruns 30 0.2 0.55
09◦11′03′′ E M. Nezel

20 H. Struckmann

Essen, Germany 51◦24′35′′ N H. Denzau 36 0.2 0.55
07◦04′15′′ E

94

Pic du Midi Obs., France 42◦56′12′′ N J. Lecacheux 200 0.05 0.75
00◦08′32′′ E S. Pau

2861 B. Sicardy

Vatican Obs., Italy 41◦44′48′′ N E. Carreira 61 0.1 0.45
12◦39′06′′ E F. Rossi 0.8

450

Catania Obs., Italy 37◦41′30′′ N C. Blanco 91 1.0 0.44
14◦58′ 42′′ E

1725

Ein Harod, Israel 32◦33′35′′ N H. J. Reitsema 36 0.1 0.45
35◦23′42′′ E Y. Nevo 0.80

20

Wise Obs., Israel 30◦35′48′′ N N. Brosch 100 0.1 0.73
34◦45′48′′ E

836

shows the location of the inversion laye
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for 28 Sgr areα(1950.)= 18h43mn19s.77, δ(1950.)=−22◦26′

46′′.91. This position takes into account the proper motion
the star (D. Mink, private communication, 1989). Finally, t
parallax effects associated with the observing sites on the E
(Table I) yield the motion of the observer in Titan’s shado
However, the accuracies of the ephemeris and on the stella
sition are not sufficient to define the absolute position of
observer in the shadow at a given time. We have to use for
some benchmarks in the satellite atmosphere itself, as desc
in the next section. These benchmarks provide the positio
each observer at a given time and, thus, uniquely define the
solute path of the observers in the satellite shadow.

The resulting tracks are shown in Figs. 1 and 2. We denoξ
andη the eastward and northward positions, respectively, of
observer relative to the center of Titan’s shadow. The two clo
paths corresponding to Northern Europe stations are sepa
by about 15 km, and the farthest ones (Northern Europe
Israel) are about 1700 km apart. The dotted circle in Fig
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FIG. 1. Tracks of the various stations in Titan’s shadow, as projected in
plane of the sky (W and N denote celestial west and north at epoch). Obse
move from the right to the left in this diagram. The lower two tracks corresp
to stations in Israel. The upper five tracks, packed together, correspond to st
in Northern Europe; see Fig. 2 for an expanded view. Note that the Vatican t
at the left, starts only halfway in the shadow, due to the presence of clouds d
the first half of the occultation. The radius of the solid surface of Titan is take
beRT= 2575 km, but it was not detected during these observations (see Fi
The dotted circle marks the location of the inversion layer A, at 425-km altitu
described in the text.

425 km (pressurep∼ 7µbar), which is discussed later. The ha
light stellar flux was reached when the star was just above
altitude, at about 450 km above Titan’s surface (p∼ 4µbar). The
titanocentric latitudes of the suboccultation points at that le

are listed in Table II for each station. This calculation assumesalong the limb of the satellite. There are actually two problems
TABLE II
Titanocentric Latitudes of the Half-Light Levels and Time Shifts for Each Station

Latitude
δt immersion δt emersion δt

Site Immersion Emersion (layer A) (layer A) (central flash) Averageδt

Manley −15.9◦ +20.0◦ −0.066 s +0.38 s +0.60 s +0.30 s
Hertford −16.8◦ +19.1◦ +0.22 s +0.097 s −0.11 s +0.07 s
RGO −17.3◦ +18.7◦ −0.44 s −0.81 s −0.77 s −0.67 s
Langwedel −17.7◦ +18.1◦ −0.27 s −0.18 s +0.081 s −0.12 s
Essen −18.0◦ +17.8◦ +0.25 s +0.088 s −0.13 s +0.07 s
Pic du Midi −21.9◦ +14.0◦ +0.54 s +0.63 s n.a. +0.59 s
Vatican n.a. +10.4◦ n.a. −0.96 s n.a. −0.96 s
Catania −29.5◦ +6.0◦ +0.51 s +0.35 s n.a. +0.43 s
Ein Harod −44.0◦ −09.4◦ −0.29 s −0.23 s n.a. −0.26 s
Wise −46.2◦ −11.7◦ −0.55 s −0.59 s n.a. −0.57 s
ET AL.
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that Titan and Saturn have their poles aligned, as seems
the case from the analysis of H93.

The diameter of 28 Sgr (projected at the distance of Tit
D= 1.35× 109 km) has been derived from the occultation
the star by chosen Saturn’s ring sharp edges (Frenchet al.
1993, Hubbardet al. 1993a). This diameter,∼18 km, corre-
sponds to about 1 s of time in the lightcurves, since the velo
of the observer in Titan’s shadow was close to 18.5 km−1

for all the stations. On the other hand, the Fresnel scaleF is
of the order of 1 km in the visible (see Appendix A), so th
the spatial resolution is dominated by the stellar diameter,
by diffraction effects. Note, however, that as the star “se
in Titan’s atmosphere, its vertical diameter shrinks in prop
tion to the stellar flux. Consequently, the vertical resolution i
proves as deeper layers are explored. For instance, at the u
parts of the various profiles shown in this paper (altitude le
around 500 km) the vertical resolution is about 13 km. At
bottom of the profiles (altitude∼ 300 km), it reduces to abou
1.5 km.

3. AN ABSOLUTE VERTICAL SCALE

Stellar scintillation is detected not only during ingress a
egress (Fig. 3), but also well above the noise during the en
occultation (Fig. 4), as the stellar image follows Titan’s lim
(Fig. 2).

To study in detail the structure of the atmosphere from vari
stations, we need a consistent way of associating the tim
which a stellar photon is received by an observer at the E
with the altitudez and position angle of the stellar image
Titan’s atmosphere at that time. A failure to do so will misali
atmospheric features that are otherwise connected.

As an observer enters Titan’s shadow, the stellar image
verges from the observer’s track, due to refraction effects (Fig
We want to know where the image of the star is at each mom
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’s shadow,
e the t
FIG. 2. Closeup views of the tracks shown in Fig. 1, at ingress (A) and egress (B). The thin lines are the tracks followed by the observers in Titan
as in Fig. 1. The dotted circles show the 300- and 500-km altitude levels, between which the most significant data are recorded. The thick curves arracks
actually followed by the stellar images along the limb, between these two limits. Note that the stellar images first probe the atmospherevertically, and then move

essentiallyhorizontally.
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FIG. 3. Fiducial features A and B observed at Pic du Midi and Ein Harod (red channel). These features are used as benchmarks for defining an abs
of altitude. The abscissa is the distance from the observer to the center of Titan’s shadow. The zero stellar flux for each normalized lightcurve is indicated by the
horizontal line on the right. For sake of clarity, the Pic du Midi lightcurve has been shifted vertically by 0.7.

FIG. 4. Dropsin magnitudeof the stellar flux as a function of time for three chosen stations. The lightcurves have been smoothed at a time resolutio
The time on the abscissa applies to the Pic du Midi lightcurve only;+148 s has been added to the Wise and Ein Harod UT times to center all the data in the
Note also that for sake of clarity, the Wise and Ein Harod curves have been shifted vertically by−10 and−5 magnitudes, respectively. The dotted lines indic
the drop in magnitude that the star should have at each station to reach the 3σ noise level due to the background flux (Titan+ sky). Thus, the stellar scintillation
due to Titan’s atmosphere largely dominates the stellar scintillation due to the Earth atmosphere, except during the second half of the Pic du Midi evnt. In this
part of the lightcurve, the stellar light was almost completely blocked by an aerosol layer (see H93). Note finally the wide central flash observed at Pdu Midi,
caused by ray focusing near the shadow center.
362
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STRUCTURE OF TIT

in this calculation: (i) the time recorded at a given station m
be wrong, which can translate into several kilometers in Tita
atmosphere at a velocity of 18.5 km s−1, and (ii) the position
of the stellar image actually depends on the refractivity pro
of the atmosphere, which is not known a priori (this is actu
what we are looking for!).

3.1. Origin of Altitudes: The 425-km Inversion Layer

We have first allowed a small shift in time,δt , for each station
This shift slides each track along itself by about 18.5 km s−1,
as noted before. Unfortunately, we cannot use the solid su
of the satellite as a benchmark to determineδt , since refrac-
tion prevents the image of the star from reaching Titan’s gro
(Fig. 2). However, we can rely on fiducial features in the atm
sphere itself.

A first possibility is to use the half-light times derived fro
isothermal fits to the lightcurves, and then use the corresp
ing positions in the plane of the sky to derive the shape
the center of the “half-light” limb. Unfortunately, the half-lig
times can hardly be derived to better than about±0.5 s, i.e.,
about 10 km in the plane of the sky. This is due to the
that some data are intrinsically noisier, or have poorly calibra
background (Titan+ sky) levels. Also, the aerosol layer sever
distorts some of the lightcurves, providing displaced half-li
times (see, for instance, the emersion at Pic du Midi in Fig
Modeling the effects of the aerosols on the lightcurves is a ra
difficult task since this layer is not homogeneous along the li
and also because its absorbing properties depend on wave
(see H93).

Consequently, we prefer to use more local and sharp fea
in the lightcurves. They have the advantage of providing
ings that are much less affected by possible absorptions a
calibration problems.

We noted in particular that a conspicuous broad spike
limited by two sharp dips (denoted “A” and “B”) is present
all the lightcurves (Beiskeret al.1989) (and see two exampl
in Fig. 3). We see later that these dips correspond to inver
layers in the temperature profiles (see, for instance, Figs. 7
9). We first projected, in Titan’s shadow, the positions of
observers at the times when these dips were observed. A
squares adjustment then provides the center of the circle
best fits all these positions, allowing for the small shiftsδt in the
timing of each station (see Table II). We use only the positi
provided by dip A, because dip B is not so well defined in so
stations (see Figs.18–20). Because it is higher in altitude
signature of dip B is relatively more affected by noise, wh
explains probably why its altitude seems to vary by a few k
meters even for nearby stations (see, for instance, the Wis
Ein Harod profiles in the Fig. 20B).

Another sharp benchmark is provided by the central fla
when available. At the northernmost stations (Man

Hertford, RGO, Langwedel, and Essen), the central flash
N’S STRATOSPHERE 363
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narrow spike, which is thus quite sensitive to timing errors (s
H93). The global solution obtained for the central flash in H
does show small discrepancies between the model and the a
observations. Theδt values necessary to bring the central fla
observations onto the H93 model are listed in Table II. One
note the clear correlation of theδt values obtained from laye
A at immersion and emersion and from the central flash. U
less coincidental, this correlation strongly points toward timi
errors, rather than a physical departure of layer A from a cir

The times for feature A are listed in Table III, as are t
averageδt values that have been applied to each station (
also the last column of Table II). Once these shifts have b
taken into account, we obtain in the last two columns of Table
the positionsξ and η of the observers in the shadow plan
using the ephemeris of Titan, the coordinates of the star, and
parallax effect for each station, as described at the beginnin
Section 2.

A circular least-squares fit to these positions yields a radiu
2910.3 km in the shadow plane for feature A, with a rms dev
tion of 2.5 km (excluding the Vatican station, see the comme
below), and a center atξc=−8143.6 km andηc=−660.5 km.
This center is then taken as the origin of coordinates in
shadow plane, in particular for calculating the distance of
suboccultation points to Titan’s center.

TABLE III
Geometry of Layer A

Shadow-plane
coordinatesξ , η (km)

Immersion Emersion Time shift
Site (UT) (UT) (s) Immersion Emersion

Manley 22:39:30.5 22:44:43.5 +0.30 −10,992.2 −5350.3
−1,222.0 +150.1

Hertford 22:39:24.1 22:44:37.6 +0.07 −10,991.6 −5335.2
−1,273.0 +100.5

RGO 22:39:24.9 22:44:38.7 −0.67 −10,987.3 −5325.5
−1,298.5 +75.8

Langwedel 22:38:49.9 22:44:03.4−0.12 −10,973.5 −5318.2
−1,326.0 +41.5

Essen 22:38:59.0 22:44:12.6+0.07 −10,976.1 −5316.0
−1,343.4 +26.1

Pic du Midi 22:39:40.5 22:44:52.2 +0.59 −10,913.6 −5274.3
−1,548.6 −181.3

Vatican (red) n.a. 22:44:00.7 −0.96 n.a. −5245.8
n.a. −395.1

Catania 22:38:46.3 22:43:50.5+0.43 −10,748.0 −5232.4
−1,962.4 −638.0

Ein Harod (red) 22:37:31.5 22:42:00.9−0.26 −10,247.3 −5361.0
−2,670.4 −1511.4

Wise 22:37:38.5 22:42:00.4 −0.57 −10,154.4 −5402.1
−2,764.2 −1637.4
is aa Once the time shifts have been applied; see text.
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sphere and to the interval of radiusdr ′ traveled by the observer

2 The relativistic bending caused by Titan’s mass amounts to only 0.2 km at
364 SICARD

The validity of our procedure can be addressed, in partic
the assumption that the fiducial feature A (and, to a lesse
tent, B) corresponds to a global spherical horizontal layer in
satellite atmosphere. This assumption can actually be valid
on several grounds:

i. The rms residual per degree of freedom is significantly
proved once we apply the time-correctedδt values. We have ac
tually 18 points along the limb, while a circular fit has three f
parameters (position of the center and radius). The rms res
of the circular fit without time shift is 7.5 km, correspondi
to a rms residual per degree of freedom of 7.5

√
18/(18− 3)=

8.2 km. If time shifts are allowed for each of the nine statio
we have then 12 free parameters (nine time shifts and thre
rameters for the circle). Since the rms residual for the circ
fit is 2.5 km, this yields a rms residual per degree of freedom
2.5
√

18/(18− 12)= 4.3 km, i.e., an improvement of almost
factor of 2 compared with the fit without time shift. Also, a
as noted before, the good correlation observed for theδt val-
ues derived separately at immersion and emersion and fo
central flash strongly suggests systematic timing errors at
station.

ii. The center of the 2910.3-km circle lies only 2.6 km fro
the center of the shadow as derived independently from the
tral flash analysis by H93. The isobar level associated with
central flash is atp ∼ 250µbar, while the isobar correspondin
to dip A is at p ∼ 7 µbar. The two isobars are thus concen
to within a small fraction of a stellar diameter (18 km), quit
good agreement if one remembers that these two pressure
are separated by more than 3.5 scale heights.

iii. As detailed below, no global deviation from a spheri
shape is observed, at least at the latitudes probed here (∼−46◦

to +20◦), indicating that the 7-µbar isobar is not significantl
oblate in this range of latitude. This is consistent with the shap
the 250-µbar isobar, as derived from the central flash analy
which shows a deviation of less than 3 km from a spher
the same range of latitude (see Fig. 34 of H93). Thus, altho
H93 gives a rather substantial global oblateness,∼0.016, for the
250-µbar level, its departure from a sphere is significant o
for latitudes larger (in absolute value) than∼50◦.

More quantitatively, we have performed elliptical lea
squares fits to the positions listed in Table III, to detect a poss
oblateness of layer A. These fits do not improve the resid
per degree of freedom. For instance, with no time shift app
we get a rms residual of 7.4 km with an elliptical fit, not an i
provement with respect to 7.5 km for a circular fit since we n
have five free parameters for the ellipse (position of the ce
ξc, ηc, semimajor axis, oblateness, position angle), instea
three for the circle. We get a similar result when time shifts
applied: the rms residual is about the same (2.5 km) usin
elliptical or a circular fit. This means that no significant dep
ture from a circle can be detected for layer A, using our d

set.
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It remains to explain the origin of the timing shifts liste
in Table II. According to the observers at Manley, Hatfie
Langwedel, Essen, Pic du Midi, and Catania, these shifts
comparable to or only slightly larger than the announced t
ing accuracies. It is hard to conclude in the case of the Vat
data, since only one side of the occultation is available. The t
shift there is close to 1 s, but it is impossible to check whet
a similar correction applied at immersion, to confirm a timi
problem. Finally, after discussions with the observers at RG
Ein Harod, and Wise, no clear explanations can be given for
large (with respect to the announced accuracies) timing cor
tions that must be applied at these stations.

Finally, we point out that the rms residual of 2.5 km obtain
with a circular fit, and with the time shiftsδt values applied,
corresponds to an internal rms time residual of about 0.13 s,
a velocity of about 18.5 km s−1. This is what we can reasonab
expect when measuring the times for feature A and for the cen
flashes.

In view of the general discussion given above, we thus ass
that the fiducial features A and B are consistent with the e
tence of global spherical layers in Titan’s atmosphere, at lea
the latitudes probed by the occultation (see Fig. 1, Table II).
shall see that these features actually correspond to two inve
layers, i.e., sudden and local increases in temperature wit
titude. Owing to the bending of the stellar rays by refractio2

which amounts to 90 km at the Earth for layer A, the radius
the circle quoted above, 2910.3 km, places that layer at an
titude ofzA = 2910.3+ 90− RT= 425.3 km above the ground
where we use a radius ofRT= 2575 km for Titan’s solid surface
(Lindal et al. 1983). A similar procedure yields an altitude
450–455 km for layer B. We shall see, however, that this la
tends to disappear at titanocentric latitudes smaller than−20◦

(Fig. 20). From now on, and for each profile, the origin of a
tude is thus chosen so that the layer A is exactly at 425 km ab
Titan’s surface. As discussed in Section 4, our procedure sh
not introduce systematic errors much larger than∼10–15 km
for this chosen origin of altitude.

3.2. Defining a Consistent Altitude Scale

Defining anorigin of altitude as explained above is not su
ficient, however, to obtain a consistent altitude scale for all
observations. As an observer gets deeper into Titan’s sha
the ray bending due to refraction becomes larger. The resu
defocusing of light is the main cause for the drop of signal in
lightcurves. As long as haze absorption can be ignored (w
is not always the case here, see below and Fig. 4), conserv
of energy relates the normalized stellar flux8(t) at timet to the
altitude intervaldr probed by the image of the star in the atm
the Earth, and is negligible here.
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in the shadow during the same time:

8(t) = f
dr

dr ′
, (1)

where f is the focusing factor due to the limb curvature (s
Appendix A for notation and diagram).

The variationsdr ′ are derived from the motion of the ob
server in Titan’s shadow. The numerical integration of Eq.
then yields in principle the altitudez= r − RT at any timet . In
reality, any small error in the normalization of8(t), due for in-
stance to imperfect knowledge of the zero stellar flux basel
will propagate in the integration and systematically distort
altitude scale. Furthermore, noise in8(t) due to the detectors
and/or to the Earth’s atmosphere will place a given event at
wrong altitude. Finally, absorption by aerosols will reduce8(t)
below its expected value in the deeper parts of the lightcur
distorting again the altitude scale. Such absorption is ind
present in several lightcurves, especially at egress (see F
and H93).

To avoid such distortions, we have assumed a given sm
density profilen(z) for the atmosphere, using the model
Yelle (1991) (see Fig. 5). This density profile yields in turn
refractivity profile ν(z) (where 1+ ν is the refractive index),
assuming that the atmosphere is pure molecular nitrogen,3 N2.
We adopt the valueK = 1.091× 10−23+ 6.282× 10−26/λ2 cm3

molecule−1 for the specific refractivity of nitrogen, whereλ is
expressed in micrometers (Washburn 1930). Assuming a sp
ically symmetric atmosphere, the profileν(z) provides the bend-
ing angleω(z) of the stellar ray which went through the layer
altitudezat closest approach to Titan’s ground (i.e., atr = RT+
z from the center of the satellite),

ω(z) =
∫ +∞
−∞

∂ν

∂r
· ds, (2)

where the integration is carried out on elementary pathsds
along the ray [see Appendix A, Eq. (A1)]. Note thatω is neg-
ative. For practical purposes, the integral above has been
formed numerically by considering elementary atmospheric
ers of thickness 1 km, distributed between the altitudes 250
1300 km, with a density profile following Yelle’s model. Be
cause the profileν(z) varies almost exponentially with altitude
most of the bending angleω comes from a layer of thicknessH
(the scale height,∼50 km, see below), which corresponds to
horizontal length traveled by the ray ofL ∼√2πrH ∼ 1000 km,
usingr ∼ 3000 km.

Once the functionω(z) has been tabulated numerically, o
can relate (i) the altitudez of the lowest layer probed by a give

ray to (ii) the actual distancer ′ of the observer to the center o

3 Argon may also be present in the atmosphere. Its refractivity is so clos
that of nitrogen that the results would not be modified.
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the shadow when this ray is intercepted on the Earth:

z= r ′ − D · ω(z)− RT. (3)

An interpolation givesz for each positionr ′ of the observer in the
shadow, yielding for instance the stellar tracks shown in Fig
This procedure has the advantage of providing a smooth and
sistent altitude scale, independent of the noise or normaliza
problems in the lightcurves. We have tested this model by tak
another atmospheric model, developed earlier by Lellouchet al.
(1990) (see Fig. 5). The resulting paths of the stellar images
almost undistinguishable from those derived from Yelle’s p
file. The discrepancy reaches only 5 km in absolute altitud
the bottom of the profiles.

4. DENSITY AND TEMPERATURE PROFILES

The primary result of the inversions of the lightcurves is t
refractivity profileν(z), from which a number density profile
n(z) is derived once a composition is assumed (pure nitroge
our case, as noted before).

Figures 5 and 6 show the density profiles obtained from v
ious stations, where the altitude is determined by the invers
itself, not from Yelle’s model (as will be the case for the oth
profiles presented in this paper). The decrease in the slope
served at the bottom of some profiles (see Fig. 6) comes f
the presence of the aerosol layer. There is, on the other h
a general divergence of the profiles above 510 km, due to
the exponential decay of the atmospheric density and, thu
the exponential sensitivity of the profiles to the noise in t
lightcurves.

Although there is good general agreement between the t
retical and retrieved profiles (Fig. 5), it is hard to decide, fro
Fig. 6, which model fits better the observations. Most of the d
persion observed in Fig. 6 is due to the inversion itself (noise,
knowledge of the zero stellar flux, etc.). This is suggested by
fact that nearby stations, or even multichannel experiments a
same site, can give altitude discrepancies as high as 10–1
for a given value of the density. In particular, to within 10–15 k
(i.e., 20–30% of the scale height), we are unable to detect in 1
a possible change in the surface pressure that would shift th
titude scale by a constant amount with respect to the theore
model based on the Voyager results of 1980. Such a chang
pressure could be due to a variable amount of dissolved n
gen in hypothetical oceans of ethane or methane on the sat
surface (Duboulozet al.1989), although no definitive work ha
been published concerning this issue (E. Lellouch, 1999, priv
communication). In any case, our results show that the abso
altitude scale should not have systematic errors much larger
10–15 km.

Figure 6 shows that the observed density profilesn(z) are
basically exponential. Linear fits to the profiles log[n(z)] be-
tween 330 and 470 km (where the data are less affected

aerosols or noise) yield density scale heights ofH = 50± 2 km
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FIG. 5. Theoretical density profilesn(z) derived from the model of Yelle (1991) and Lellouchet al. (1990), compared with the observations (22 profil

between∼300 and 510 km). See details in Fig. 6. The altitude in this figure and Fig. 6 is determined by the inversion.
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andH = 51± 2 km at immersion and emersion, respectively.
do not note any significant difference inH between immersion
and emersion.

To avoid the problems caused by the aerosol layer, in pa
ular concerning the determination of the altitude at the bot
of the profiles, the altitude scale will be, from now on, de
mined by assuming that the background atmosphere follo
density profile as calculated by Yelle (1991) (see Section 3
The other quantities, such as the number densityn, the tempera
tureT , and the temperature gradient∂T/∂z, will be given by the
classic inversion method, as described in Vapillonet al. (1973)
and Roqueset al. (1994). Thus,only at the moment of plottin
the profilesdo we use the altitude scale derived from Yell
model.

The temperature profilesT(z) are derived in particular us
ing an arbitrary initial conditionT = T0 at z= z0. The result-
ing profiles are shown in Fig. 7, where the initial condition h
been chosen so as to coincide with the model of Lellouchet al.
at a given altitude. Thus, the apparent better agreement o
observations with this model in Fig. 7 is artificial. In reali
the two models are indistinguishable, as was already evide
Fig. 5 or 6 (see also the discussion of this point in H93, Sectio
Note the presence of inversion layers A and B at 425 and 450

respectively. These layers will be more conspicuous in the d
sity fluctuation profiles, as we will see now.
e
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om
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5. DENSITY AND TEMPERATURE FLUCTUATIONS

Once the exponential trendnexp has been subtracted, one o
tains the relative density fluctuationsε= δn/nexp= (n− nexp)/
nexp as a function of altitude (see Fig. 8). Note that the invers
layers at 425 and 450 km (zone of maximum positive tempe
ture gradients) correspond to negative density fluctuation gr
ents. We have plotted in Fig. 8 the growth with altitude expec
if these fluctuations were caused by freely upward-propaga
gravity waves. In the absence of dissipation or zonal wind,
growth ensures that the product of the exponential backgro
density by the amplitude squared of the wave (in other wo
its energy flux) is conserved, which translates into the gro
factor of exp(z/2H ) shown in Fig. 8.

It is difficult to derive any conclusion about such an amp
fication by examining Fig. 8, first because the lower levels
severely affected by haze absorptions, and second becaus
upper levels are exponentially affected by noise. In any case
amplitudes reached by the fluctuations bring them to the li
of convective stability, as we see next. Thus, further growth
probably inhibited above∼500 km. Note that the largest fluc
tuations (corresponding to layers A and B) have amplitude
∼±5%.

Instead of plotting the temperature fluctuationsδT = T −T̄

with respect to an average valuēT , we study a physically more
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FIG. 6. Enlargments of the previous figure for immersion only (A, 10 profiles) and emersion only (B, 12 profiles).



368 SICARDY ET AL.
FIG. 7. Temperature profiles derived from the observations at immersion (A) and emersion (B), compared with the models of Yelle and Lellouchet al.The
altitude here and in all the remaining profiles is determined by using Yelle’s model; see text. The better agreement with the model of Lellouchet al.comes from
the arbitrary choice of initial conditions; see the text. Note the systematic drop in temperature at the bottom of the profiles, especially in some emersion profiles.

This is caused by the absorbing aerosol layer, and does not correspond to a real decrease in temperature; see H93 for details.
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FIG. 8. Relative density fluctuationsδn/nexp with respect to an exponential atmosphere at immersion (left) and emersion (right). Only the altitude
310–500 km is plotted here, because the higher levels are too much affected by noise to be reliable, while the lower levels are too much obscuredols,

which explains the trends of the profiles below∼370 km (see also Fig. 7). The dash–dotted line indicates the growth of fluctuations expected from freely upward
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closer to the horizontal (see Fig. 2). To avoid this problem, the
propagating gravity waves.

relevant quantity, namely, the vertical temperature gradient∂T/
∂z. The latter has the advantage of being readily comparab
the adiabatic lapse rate,

0 = − g

cp
, (4)

whereg is the acceleration of the gravity andcp is the spe-
cific heat at constant pressure. Fromg= 135.4 cm s−2 at the
ground, one getsg= 101.4 cm s−2 at 400 km. Furthermore
takingcp= 1.04× 107 erg K−1 g−1, we get0∼−1 K km−1 in
the region of interest. For larger negative gradients (in abso
value), the atmosphere becomes convectively unstable.

The temperature gradients are shown in Fig. 9. One can
the cutoff of the gradient near the adiabatic lapse rate0, as
well as the asymmetry between the negative and positive p
of the profile. The negative parts have a rounder shape sha
bounded by0, while the positive part has a more “spiky” aspe
and extends at several times the value of|0|. This behavior is
typical of all the temperature gradient profiles. Actually none
them shows a superadiabatic lapse rate.

The cutoff and the asymmetry of the profiles are illustra
in Fig. 10, where the histogram of∂T/∂z for selected profiles
is plotted. We have eliminated from the histogram the val
derived from the Catania station, because of the large time

of 1 s used there (Table I), which severely smoothes out
e to

lute

see
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temperature profiles. We also eliminated profiles derived in
blue on multichannel detectors, because the aerosol absor
is much more severe in that band than in the red.

6. SPECTRA OF DENSITY AND
TEMPERATURE FLUCTUATIONS

To better address the question of the nature of the fluctuat
observed in Fig. 8, we have performed a Fourier analysis
some of the profilesε(z) = δn/nexp(z). More precisely, we cal-
culate the power spectra4 P(m)= |ε̃(m)|2 of the profiles, where
ε̃(m) is the Fourier transform ofε(z), and wherem= 2π/λz is
the vertical wavenumber. The derivation ofP(m) is described
in Appendix B, where we note in particular that no spectral
formation for vertical wavelengthsλz larger than∼50 km and
smaller than∼3 km can be gathered from our profiles.

To avoid as much as possible the effect of aerosol absorpt
we have discarded the profiles derived from the blue chann
some instruments. We have assumed that all the features v
in Fig. 8 are caused by a perfectly layered atmosphere, i.e.,
the fluctuations are caused by vertical structures only. This
not be the case when the stellar track in the atmosphere bec
the4 Often referred to as “spectra” in the rest of the text.
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FIG. 9. Temperature gradient profiles at immersion (left) and emersion (right). The dash–dotted line indicates the adiabatic lapse rate0 obtained from
Eq. (4). The general trend toward higher values of the gradient at low altitude (especially at emersion) is a spurious effect caused by the aerosol layer.

FIG. 10. Cumulative histogram of the temperature gradients∂T/∂z bewteen 330 and 470 km, for selected profiles (see text). Note the strong cutoff a
adiabatic lapse rate0. To show better the tails of the distribution on both sides, the histogram has been expanded vertically by a factor 10 and then plo

dotted line. Note the asymmetry of the histogram with respect to 0, with higher values of|∂T/∂z| reached on the positive side.
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FIG. 11. Heavy lines: average of power spectra of density fluctuations, at immersion (left) and emersion (right). The thin lines indicate the±rms. deviations.
At immersion, we used the profiles from Manley, Hertford, Greenwich, Langwedel, Essen, Pic du Midi (R channel), Ein Harod (R channel), and Wise. Forrsion,

we used the same stations plus the R channel of Vatican. The significance of the−3 slope is discussed in the text. The dotted line in each panel indicates the noise

h

T

h

eter
n the

n the
lar

f and

n’s
abil-
the
., for

for-
was
mes
t im-
out-
en
rted.
level; see text.

profiles have been considered only when the tangent of the a
between the stellar track and the local vertical is smaller than
In other words, we assume that the aspect ratio of atmosp
features (horizontal to vertical typical lengths) is at least 10. T
is a reasonable assumption, as seen in Section 8, where a
ratios of∼30 or more are derived.

Practically, the spectra have been calculated for altitudes la
than 310 km for all the stations, except for Wise (altitudes lar
than 343 km) and Ein Harod (altitudes larger than 347 km).
upper limit for all the profiles has been set at 500 km to av
the exponential increase of the noise.

We have plotted in Fig. 11 an average of selected power s
tra, choosing those data with sufficient signal-to-noise ratio
time resolution. Note that the rms dispersion around the a
age is rather small, indicating a robust power law behavior.
dotted lines indicate the noise level for these spectra. They
been obtained by generating synthetic lightcurves to which s
tillation or photon noise (depending of the data) has been ad
Note that the actual spectra dominate the noise by a factor∼100
to 1000 between wavelengths of∼5 and 50 km. Thus, the de
rived spectra are largely dominated by fluctuations in Tita
atmosphere, not by ground-based noise. We have also d
in this figure the−3 slope expected for saturated gravity wa
power spectra (see the discussion in Section 9). The obse

slope seems steeper (∼−4), in particular at high frequencies
ngle
10.
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However, as we see now, the effects of both the stellar diam
and ray crossings can alter the original spectrum and steepe
slope.

7. EFFECT OF RAY CROSSING AND STELLAR DIAMETER

7.1. Retrieval of the Vertical Profiles

The question addressed here is the role of ray crossing i
retrieved vertical density or temperature profiles, in particu
the asymmetries of the temperature gradients and the cutof
the adiabatic lapse rate0, as shown in Figs. 9 and 10.

A priori, these results indicate that we do observe in Tita
stratosphere breaking of structures through convective inst
ity. However, we will see that ray crossings can also mimic
same behavior in the spectral range considered here, i.e
vertical wavelengths between∼3 and 50 km.

We note first that ray crossing leads to a net loss of in
mation, since we cannot distinguish in our data which path
followed by a given photon. The inversion procedure assu
that there is a one-to-one correspondence between the inpu
pact parameter of the photon in the atmosphere and the
put location of this photon when it arrives at the Earth. Wh
this assumption breaks down, the retrieved profiles are disto
.Note, however, that this limitation is not inherent to the inversion
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procedure, and that the full information can be retrieved in
case of radio occultations, for which the frequency meas
ments allow ray crossing to be identified and interpreted (
e.g., Hinsonet al.1998).

Let us consider a basically isothermal atmosphere of s
height H and exponential density profilenexp(z), with rela-
tive fluctuationsε(z)= δn(z)/nexp(z)= δν(z)/νexp(z). As shown
in Appendix A (see also French and Lovelace 1983) a h
monic fluctuation with vertical extensionλz (i.e., with vertical
wavenumberm= 2π/λz) will cause ray crossing if its relativ
amplitude is larger than

εcr = 1

(1−80)(mH)3/2
, (5)

where80 is the Baum and Code flux associated with the smo
background atmosphere.

On the other hand, a given fluctuation will reach convec
instability when the adiabatic lapse rate is reached, that is
∂ε/∂z= (γ − 1)/(γ H ), i.e., for relative amplitudes larger tha

εad= γ − 1

γ
· 1

mH
, (6)

whereγ is the adiabatic index.
Equations (5) and (6) show that

εcr

εad
= 1√

2π
· 1

1−80
· γ

γ − 1
·
(
λz

H

)1/2

. (7)

In our case,γ ∼ 1.4, and the most significant results are obtain
for 80 lying between∼0 and 0.5. Thus,εcr/εad∼

√
λz/H .

This is quite unfortunate in the present study, since the ver
scales that we are probing (roughly in the range 3–50 km) y
values ofεcr/εad of order unity. In other words, the fluctuation
are reaching the convective instability at about the same tim
they cause ray crossing. Note that this ambiguity is the resu
a fortuitous combination of the numerical values ofγ , the scale
heightH , and the typical vertical extensionsλz considered here
and is not intrinsic to the inversion method.

There is a further coincidence that complicates the inter
tation of diagrams such as Fig. 9. Ray crossing occurs w
the photons encounter a local relative increase in density
height, to counteract the defocusing effect caused by the ge
exponential decay of density with altitude. This correspond
a local decrease in temperature with height, i.e., a local neg
gradient of temperature. In other words, ray crossing occu
the same place where convective instability is taking place.
is well visible in the left panel of Fig. 15B or the left panel
Fig. 16A.

As shown by French and Lovelace (1983) (and see
Figs. 15, 16), ray crossing induces a damping of the retrie

structures after the inversion has been performed, which can
ET AL.
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plain the asymmetry of Fig. 9. However, Eq. (7) shows that r
crossing is less likely for the larger vertical structures, whi
should therefore be better retrieved.

This is illustrated in Fig. 12, where we model the two inve
sion layers A and B of Fig. 9. The solid line in the left panel
the initial temperature gradient profile, and the dash–dotted
is the retrieved profile after inversion. Since no ray crossing
induced by this structure, and also because it is much larger
the stellar diameter at that level (about 13 km), the retrieved p
file agrees very well with the original one. If the amplitude of th
temperature fluctuation is multiplied by 2, however, the negat
side of the profile induces ray crossings, and is then seriou
damped after the inversion (dotted line). Although distorted,
positive side of the profile is better retrieved, since it does
induce ray crossing.

We have performed various tests on this particular featu
varying the amplitude and the asymmetry of the gradients
fit the observations. We could not find any satisfactory way
reproduce the observed profile (right panel of Fig. 12) by r
crossing only, except for quite exotic models where the temp
ature has a strong local superadiabatic lapse rate of several t
the values of0=−1 K km−1. Such a highly unstable layer is
unlikely to be maintained.

Thus, the general behavior of the temperature profiles n
layers A and B is likely to correspond to real inversion laye
separated by a convectively unstable region. This may be no
case for smaller structures, as explained below.

7.2. Retrieval of the Vertical Spectra

The spectra shown in Fig. 11 can be altered both by the ste
diameter and by ray crossing. These two effects tend to smo
out the high frequencies, so that the spectra presented here
be taken with some care.

To study these effects, we have generated in a direct way
cultation lightcurves from a model atmosphere with some p
scribed structure. We use a method of ray tracing, along the l
presented in Section 3.2. Only geometrical optics is conside
(no diffraction), while the smoothing by the stellar diameter
taken into account in most of the profiles. It is the domina
source of smoothing since the stellar diameter at Titan (18 k
is larger than the Fresnel scale (∼1 km). Once generated, the
lightcurve is inverted with our usual code.

Figure 13 shows the transfer function for the stellar diam
ter. Temperature fluctuations with a flat power spectrum are fi
superimposed on an isothermal profile. A lightcurve is then g
erated, and the smoothing by the stellar diameter is applied
the final step, an inversion is performed and the resulting po
spectrum of the retrieved temperature profile is plotted as a th
line. One first notes that at low frequency there is a slight exc
of power in the retrieved spectrum, due to the fact that the inv
sion does not provide a strictly isothermal profile, but rather ad
some low-frequency features to the profile. Second, one can
the gradual tapering of the spectrum at higher frequency du

ex-the stellar diameter. This induces an artificial slope of about−2
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FIG. 12. Model for the double-inversion layer observed at Ein Harod emersion (red channel). Left panel: The input model is shown as a solid
retrieved gradient profile (after inversion, taking into account the stellar diameter) is plotted as a dash–dotted line; note that it is almost undistinguishable from
the original profile. To illustrate the effect of ray crossing, the input model has been multiplied by 2 and then inverted (dotted line). Note that the retrieved dotted
profile is not multiplied by 2. Rather, the negative gradients are bounded by approximately−1 K km−1, while the positive spikes are distorted. Thus, ray cross

can simulate the saturation of an atmospheric wave by the adiabatic lapse rate. Right panel: Comparison of the retrieved profile (dash–dotted line, already shown
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in the left panel) with the temperature gradients of Ein Harod. See the tex

to the resulting power spectrum. There is finally a sharp dro
power for wavelengths smaller than∼3 km. This drop is cause
by the stellar diameter and, to a lesser extent, by the fac
crossing starts to play an important role as higher frequen
are encountered.

These two effects are now examined in more detail, cons
ing original spectra with slope−2,−3, and−4. Figure 14 shows
for instance that the stellar diameter of the star alone can ste
an original−2 spectrum (Fig. 14A, left) into a∼−3 spectrum
(Fig. 14A, right). Note, however, that an original−3 spectrum is
little affected by the stellar diameter (Fig. 14B, left) and is a
little affected by severe ray crossing (Fig. 14B, right), exc
for some loss of signal at higher frequencies, leading to a s
closer to−4 than to−3.

The effect of ray crossing is complex in the details, bu
tends to steepen a shallow spectrum toward a−3 spectrum. This
is because the required amplitudeεcr for a fluctuation to yield ray
crossing is proportional tom−3/2 [Eq. (5)]. Beyond ray crossing
the retrieved fluctuation is severely damped. Consequent
ray crossings occur at all scales, the retrieved power spec
is proportional toε2

cr∝ m−3, even if the original spectrum i
shallower than that.

This effect is illustrated in Fig. 15. Temperature fluctuatio

(and therefore density fluctuations) are first generated wit
for details.
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flat spectrum. The thin line in the left panel of Fig. 15A sho
the temperature gradient of that profile. This original profile
used to generate a lightcurve, taking into account the smoot
by the stellar diameter. This lightcurve is then inverted, yield
the thick line in the Fig. 15A, left. One can see that ray cro
ing has very seriously damped the original profile. Also,
Fig. 15A, right, shows that the originally flat spectrum has b
transformed in a much steeper, roughly−3, power spectrum.

The same effect is observed in the Fig. 15B. There, an orig
temperature profile with a−2 spectrum is generated. Note th
ray crossing causes a tapering of the negative temperature
dients after inversion, as anticipated in the previous subsec
On the other hand, note that the positive gradients are well re
duced after inversion. Also, the absolute altitude of each fea
is well retrieved. Figure 16 shows further versions of ray cross
effects, with steeper original spectra (−3 and−4 slopes).

Simulations of both Figs. 15 and 16 should be compared
actual profiles and spectra, as shown in Fig. 17 for Pic du M
(or in Fig. 11 for an averaged version). The observed po
spectra generally exhibit a general−3 slope at low frequencies
followed by a∼−4 slope at higher frequencies.

This comparison should make us rather cautious in interp
ing the vertical spectra obtained here, even though some q
h atitative results can be derived from Figs. 15 and 16. In these
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FIG. 13. An originally flat power spectrum of temperature fluctuatio
was first generated, and is shown here as a thin line. A synthetic lightcurve
then generated using the corresponding density profile, and it was smooth
the stellar diameter before being inverted. The resulting power spectrum o
retrieved temperature profile is plotted as a thick line. See text for comme

figures, the synthetic profiles have an amplitude that is cho
so as to roughly reproduce the observed typical amplitudes,
at Pic du Midi (Fig. 17).

This shows for instance that an original flat spectrum is
a good model for Titan’s atmosphere. In effect, the amplit
of the original profile of Fig. 15A (left) results in temperatu
gradients of several times the adiabatic lapse rate0. Such a
highly unstable atmosphere is unlikely to be maintained, e
by breaking gravity waves. Also, a−4 original spectrum yields
too steep a retrieved spectrum (Fig. 16B) and contains too
energy at high frequency when compared with real data (Fig.

The intermediate cases (−2 and−3 spectra) are both con
sistent with the observations. The observed spectra coul
explained either by−2 spectra steepened by stellar diame
smoothing and ray crossings, or by a pure−3 original spectrum
with no ray crossing (and, thus, with real adiabatic lapse
cutoff), or by a mixture of the two situations.

Note, however, that there is no special reason why the cu
of temperature gradients should be exactly at0 if it were caused
by ray crossing only. Thus the profiles shown in Fig. 9 are pr

ably close to reality, the features being close to the convec
ET AL.
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instability limit and the spectrum being close to a−3 power
law.

8. HORIZONTAL LAYERING

8.1. Global Trends along the Limb

We have been concerned up to now withverticalstructure of
individual profiles. Because of the geographical coverage av
able from various stations (Fig. 1), thehorizontalstructure of the
atmosphere can be probed as well. In particular, we would lik
evaluate the horizontal coherence of some features. To do so
use the profiles of temperature gradient,∂T/∂z. They are bet-
ter suited than the temperature profilesT(z) since they are less
affected by general linear trends, while preserving the inform
tion on the local temperature fluctuations. Figure 18 shows
∂T/∂zprofiles at immersion and emersion on a large scale. E
profile has been shifted horizontally by the distance, along
limb of Titan, to the northernmost station (Manley). Figure
shows more local features, as observed from the closely pa
European stations. The two panels in this figure show su
variations in the small structures that are discussed below.

To study possible trends with latitude (due for instance to s
sonal effects), we have plotted the profiles according to latitu
not distance, in Fig. 20. As noted in the caption to Fig. 18,
Catania profiles appear somewhat smoothed out due to the la
integration time step used there. Consequently, layer A at
station does not appear as sharp as in the other stations. A
examination of Fig. 20 shows that layer A is a global featu
visible from latitude8∼−45◦ to 8∼+20◦. Layer B, on the
other side, is readily visible only at latitudes8 north of∼−20◦.

It is interesting to note that the two layers A and B are well c
related between the northern immersion stations and the so
ern emersion stations. This may be a priori surprising as
corresponding points in Titan are separated by almost one T
diameter (Fig. 1). A closeup view of this correlation is shown
Fig. 20B. This indicates that layers A and B are zonal featu
that extend around the whole satellite at a given latitude.

8.2. Cross-Correlation of Fine Features

To have a more quantitative description of the horizontal la
ering of the atmosphere, we have evaluated the cross-correl
coefficient of the various profiles in a given altitude interval. L
gr (z)= ∂T/∂z be the temperature gradient at altitudez derived
from a given station. This profile is first resampled by line
interpolation with a regular and fixed vertical step of 0.2 k
Let (zi , gri ) and (z′i , gr ′i ) be two such profiles derived for two
stations. Then, the cross-correlation5 coefficientCCis defined as

CC=
∑

i

(gri − ḡr ) · (gr ′i − ḡr ′)
/

√∑
(gri − ḡr )2 ·

∑
(gr ′ − ḡr ′)2, (8)
tive5 Just called “correlation” hereafter.
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FIG. 14. A synthetic occultation lightcurve is generated with some vertical density fluctuations superimposed to an isothermal atmosphere, and thed.
(A, left) The original power spectrum of density fluctuations is a power law of exponent−2. The spectrum of temperature fluctuations, after inversion, is satisfact
retrieved in this panel, assuming that the star is a point source. Note, however, the steepening of the spectrum at the right end, due to ray crossing. (A, right) Before
inversion, the synthetic lightcurve has been smoothed by the stellar diameter projected at Titan (taking into a account the vertical contraction of the image at lower
altitudes). The retrieved spectrum is then steepened to a slope of approximately−3. (B, left) Same as (A, right), panel i.e., taking into account the stellar diam
except that the original spectrum has a slope of−3. (B, right) Same as (B, left), except that the fluctuations have been multipled by a factor of 10, which in
ray crossings. See text for discussion.
375
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espo
ture
FIG. 15. Left panels: The thin lines are synthetic temperature gradient profiles, and the thick lines are the retrieved profiles after inversion of the corrnding
lightcurve (the stellar diameter is taken into account). The dot–dashed line shows the adiabatic lapse rate0. Right panels: Power spectra of the retrieved tempera

profiles found in the left panels. (A): The original temperature power spectrum is flat. (B): The original power spectrum has a slope of−2. Note that the smoothing
by the stellar diameter, substantial at higher altitudes in the (B, left), diminishes at lower altitudes as the apparent stellar diameter shrinks.
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FIG. 16. Same as the previous figure,

where the bars denote the average value over the interval co
ered.To account for possible small misalignments of the st
tures, we have allowed vertical shifts of one of the profiles w
respect to the other, by increments1z of 1 km in the limit
around the zero nominal value. We have then r
th a−3 spectrum (A) and a−4 spectrum (B).

sid-
c-

th

tained the maximum value ofCC obtained in this process, an
used it in the plots shown in Fig. 21.

One can see that the correlation corresponding to Interv
(bracketing layer A between 410 and 440 km, see Fig.

e-remains high, namely, greater than 80%, even at large distances.
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FIG. 17. Left panel: Temperature gradient profile obtained at Pic du Midi, immersion. As in Figs. 15 and 16, note the increasing spatial resolution
layers are probed. Right panel: Power spectrum of the temperature fluctuations (between altitudes of 310 and 500 km) corresponding to the left panel.ee text for
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details. As in Fig. 11, the dotted line indicates the noise level.

This shows that the structure of layer A is essentially the s
in all profiles, as was expected from Fig. 20. The correlat
corresponding to Interval 2 (see Fig. 19) exhibits a drastic
different behavior, with a clear decrease with distance, an
drop of 50% for a distance of 250 km along the limb. On
other hand, the autocorrelation of Interval 2 drops to 50% f
vertical displacement of about 1.8 km, indicating an aspect r
ρ of the features (ratio of horizontal to vertical characteris
lengths) of about 140 in that interval.

8.3. Correlations of the Israel Lightcurves

A more detailed study of the horizontal structure of the atm
sphere is possible using the lightcurves obtained at the Is
stations, Ein Harod and Wise (see Fig. 2). The correspon
stellar tracks have the advantage of being relatively clea
aerosols (see Fig. 4 of H93), so that the stellar flux was dete
with a good signal-to-noise ratio all around the southern limb
Titan at these stations (Figs. 4 and 25).

Furthermore, the Ein Harod detector could record simulta
ously in two channels, at 0.45 and 0.80µm. Because the refrac
tivity of the gas is decreasing with wavelength, the “blue” ste
image at a given moment is slightly higher in the atmosph
than the “red” stellar image. Assuming a pureN2 atmosphere
and a smooth temperature profile as calculated by Yelle (1

(see Section 3.2), one can calculate the trajectory of the s
me
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lly
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lar image in the atmosphere. The result is shown in Fig.
where the altitudez of the stellar image in Titan’s atmosphere
plotted versus the distancex traveled along the limb. Note the
large difference (more than two orders of magnitude) betw
the vertical and horizontal scales. Actually, the stellar imag
are following essentially horizontal tracks in the atmosphere
is evident from Fig. 2.

As shown in Appendix A, the ratio8sm/8 of the smooth
background stellar flux to the actual observed flux depends
both the altitudez and the distancex along the limb [Eq. (A4)].
An example of the ratio8sm/8 is shown in Fig. 25 as a func
tion of x for the Wise data. For each lightcurve, this ratio w
resampled according tozonly, and then compared with the rati
8sm/8 obtained from another lightcurve. For a given altitu
z, let δx(z) be the distance along the limb of the two stellar im
ages observed by the two experiments. For instance, for the
channels of the Ein Harod detector, the distanceδx(z) ranges
from about 1 km aroundz= 500 km to about 60 km around
z= 300 km (Fig. 22).

We can then calculate the cross-correlationCC(z) of the two
ratios8sm/8 over a finite vertical intervalz±1z/2. Typically,
1z= 10 km, but we may choose larger correlation interv
higher in the atmosphere and smaller ones lower down. We
finally calculate the autocorrelation of8sm/8, and determine
for which displacementδz the autocorrelation reaches the valu

tel-CC(z). Then, the typical aspect ratioρ of the structures detected
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ts distanc
Not
FIG. 18. (A) Temperature gradients profiles obtained at chosen stations during immersion. Each profile has been shifted horizontally according to ie
(along the limb) to the Manley station. (B) The same for emersion profiles. The prominent and ubiquitous inversion layer A can be seen in both panels.e: The

Catania profile appears smoother than the other profiles because of the larger integration time step, 1 s, used at that station (see Table I).
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es labeled
FIG. 19. Same as Fig. 18, but on a more local scale to show the correlations between the European profiles. (A) Immersion profiles. The vertical lin

1 and 2 show the altitude intervals used for cross-correlation calculations; see the text and Fig. 21. (B) Emersion profiles.
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coverage
FIG. 20. Same as Fig. 18, but the profiles have now been shifted according to the titanocentric latitude. (A) General view showing all the latitude
obtained during the occultation. (B) Expanded view showing some European profiles at immersion, compared with the Israel profiles at emersion. Note that although

the two sets of profiles probeoppositelimbs of the satellite (see Fig. 1), there is a strong correlation of the profiles of layers A and B.
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FIG. 21. Filled squares: Cross-correlation coefficientsCC(see text) corresponding to interval 1 (see Fig. 19), versus the distance along the limb of Titan
circles: The same for Interval 2. Both immersion and emersion profiles have been used to obtained theseCC values. The dotted lines show the linear regressio
for each set of points.

FIG. 22. Altitude z of the stellar image observed from different stations, as a function of the distancex traveled by the image along the southern limb
Titan. The origin ofx has been arbitrarily chosen so as to correspond to the intersection of the stellar image track with the north–south axis centere

(corresponding toξ = 0 in Fig. 1).
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FIG. 23. Histogram of the aspect ratios of the atmospheric features, derived from the Ein Harod and Wise lightcurves. This histogram combines all

ratios derived from comparing (i) the Ein Harod red and blue channels between themselves, (ii) the Ein Harod red channel and Wise lightcurve, and (iii)the Ein
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Harod blue channel and Wise lightcurve (see the text).

in the intervalz±1z/2 is

ρ =
∣∣∣∣δxδz

∣∣∣∣. (9)

A histogram ofρ is displayed in Fig. 23, where we hav
compared the two channels of the Ein Harod detector betw
themselves and also with the Wise profile. Note the strong p
at ρ∼ 30, with a FWHM of∼30. This shows that we dete
many horizontal features in the atmosphere with typical as
ratios between∼15 and 45. Note also the significant tail in t
distribution ofρ, extending between∼100 and∼250, indicat-
ing that we do detect structures with aspect ratios up to 20
even more. Remember from the previous subsection that th
pect ratio of the structures observed in Interval 2 of Fig. 19
about 140.

Finally, for each vertical interval of correlation, we have d
termined the small vertical displacementzshift of one data se
with respect to the other, necessary to maximize the cor
tion between the two data sets. The value ofzshift/δx is thus
a measure of the inclination of the features with respec
the local horizontal direction. Figure 24 shows a histogr
of these inclinations obtained from the same data as be
(Ein Harod and Wise). As expected, we observe a narrow s
around zero, with a dispersion of about±1.5◦ (∼±2.5× 10−2
radians).
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8.4. Horizontal Spectra

We look for the horizontal spectrum of the atmospheric fluc
ations by studying those parts of the lightcurves where the st
image has an almost horizontal trajectory. We choose for
the Wise lightcurve because it has a good signal-to-noise r
it is relatively clear of aerosol, as noted before, and it rema
far from the central flash region, where more complicated h
zontal focusings occur. Figure 25 shows8sm/8 as a function of
the distancex along the limb for the entire occultation interva
Note that the stellar flux is detected well above the noise du
all that time (see Fig. 4).

To obtain information on the horizontal structure of the
mosphere, we have to choose a region where the slope o
stellar trajectory is very shallow and, more precisely, sma
than the inverse of the aspect ratio of the stratospheric feat
We have derived in the previous subsection typical aspect ra
of up to∼200, with a peak at∼30± 15. We have thus restricte
the calculation of the power spectra of [8sm/8(x)] in regions of
slopes smaller 1/200 (corresponding to the horizontal solid lin
in Fig. 25). We have also performed tests with region where
slope is smaller than 1/50 and 1/100, noting little difference in
the results.

As discussed in Appendix A, the resulting power spectr
must be corrected for projection effects. In particular, if th
horizontal spectrum is a power law∝ kq

h, wherekh is the mod-
ulus of the horizontal wavevector, then the apparent retrie

spectrum should be a power law with indexq+ 2. Thus, when
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FIG. 24. Histogram of the inclinations of the atmospheric features with respect to the local horizontal, derived from the Ein Harod and Wise lightcu
the text).

FIG. 25. Ratio8sm/8 of the smooth flux8sm expected from a Titan atmospheric model to the actual flux8 as observed at the Wise station, as a functi
of the horizontal distancex along the limb (see Appendix A for notation). The horizontal solid line denotes the interval where the slope of the stellar trac

than 1/200 with respect to the local horizontal direction.
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FIG. 26. Power spectrum of the ratio [8sm/8](x) of Fig. 25, calculated
in the interval corresponding to the horizontal solid line. This power spect
has been divided by the square of the frequency to take into account proje
effects, as explained in the text.

plotting the spectrum of Fig. 26, we have divided the pow
spectrum of [8sm/8](x) by the square of the frequency, to ta
into account this correcting term of 2.

The resulting slope observed in this figure is close to−4.
One has to remember that this result is derived from var
assumptions described in Appendix A, namely, the separab
of the vertical and horizontal spectra, the power law beha
of the horizontal spectrum, and its horizontal isotropy. Note
the other hand, that smoothing by the finite stellar size sh
not be a problem here, since the structures that we are loo
at have extensions much larger than the stellar diameter
Fig. 25). Also, horizontal ray crossing should not be a prob
either because we are far from the central flash region.

9. DISCUSSION

A better knowledge of the dynamical state of Titan’s up
stratosphere can bring important constraints on the zonal w
generation and the energy budget at those levels. Also, t

results can give some indications on the perturbations that will
N’S STRATOSPHERE 385
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suffered by the Huygens probe during its descent in the sate
atmosphere. This paper is mainly observational, and deals
the various biases that can affect the retrieved temperature
density profiles. Consequently, it is not our aim here to discus
the theoretical and practical implications of our results. Inste
we summarize them, pointing out their domain of validity a
their limitations. We note also that this study may be useful wh
comparing Titan’s atmosphere with other upper atmosphe
that show an activity, in particular, due to propagation of wav
see the abundant literature on gravity waves in the Earth mid
atmosphere and evidence for wave activity in Venus (Hins
and Jenkins 1995), Jupiter (French and Gierasch 1974), Nep
(Hinson and Magalh˜aes 1993, Roques, in preparation).

Global structure of the stratosphere.A dozen lightcurves
obtained during the 28 Sgr occultation have been used to stu
detail the structure of Titan’s atmosphere between altitude le
of∼290 and 500 km (corresponding to pressures from∼110 to
1.4µbar, respectively). These lightcurves probe both the vert
and horizontal structures of the stratosphere. From a global p
of view, we have seen that the retrieved density profiles,n(z),
agree well with the existing models (Lellouchet al.1990, Yelle
1991), with a density scale height ofH = 50.5± 1.4 km between
300 and 500 km (Fig. 6), and with no significant differen
between immersion and emersion. However, the observat
cannot discriminate between the two models, since they are
close to each other in the region under consideration.

Density and temperature fluctuations.Once the smooth, ba
sically exponential, variation of the density is taken away fro
the profiles, density (and corresponding temperature) fluc
tions are detected well above the noise (Fig. 8). In particu
two conspicuous inversion layers, labeled A and B, are vis
in almost all the profiles, at altitudes of 425 and 450–455 k
respectively (p ∼ 7µbar andp ∼ 4µbar, respectively). These
two layers correspond to sudden inversions of temperature,
increases of up to1T ∼ 10 K in less than1z= 10 km (Fig. 7),
with local positive gradients∂T/∂z of up to 2–3 K km−1.

As shown in Fig. 20, layer A and, to a lesser extent, laye
are found at very different latitudes on Titan (from∼45◦ south
to 20◦ north). In terms of density fluctuations, these featu
represent peak-to-peak relative variations of almost 10% o
the altitude range of 10 km quoted in the previous paragr
(see Fig. 8).

The very nature of these strong inversion layers remains t
explained. Dips A and B observed in the lightcurves (Fig. 3)
probably not caused by absorptions by detached aerosol la
because of the absence of chromatic effects between the blu
red channels of the various experiments. As discussed below
crossing cannot account for this structure either. Also, the
that the region joining these two inversion layers just reaches
adiabatic lapse rate (Fig. 9) points toward a dynamical origin
these features.

Other examples of such inversion layers are indeed enco

betered in planetary upper atmospheres, but their origin is still a
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topic of debate. For instance, lidar observations of the E
mesophere reveal a strong inversion layer, with similar am
tude, and a cutoff at the adiabatic lapse rate around the alt
70–75 km, i.e., pressures of about 45–20µbar (Hauchecorne
et al.1987). These authors interpret the maintenance of th
version layer by the continuous breaking of gravity waves
tering the inversion region. Inversion layers are also obse
in middle atmosphere of Mars in the altitude range 40–60
(pressures∼130–13µbar), with a similar interpretation in term
of gravity wave activity (Th´eodoreet al.1993).

Smaller variations are also clearly visible in Fig. 8, and
of them can have an effect on the Huygens probe acceler
during its descent in the atmosphere of the satellite. Conver
the Huygens Atmospheric Structure Instrument (HASI) exp
ment (which yields the pressure and temperature versus altit
combined with the accelerometer data, could provide inter
ing insights concerning these structures, and extend this s
to higher and lower zones of the atmosphere (Fulchignoni 1
Strobel and Sicardy 1997).

Actually, the amplitudes of the fluctuations observed in
data are consistent with the presence of gravity waves repo
by other authors lower down in the atmosphere (Hinson and T
1983, Friedson 1994). According to Friedson, the energy
of a gravity wave in the WKB approximation is∝ρ ′2/(N3ρ0),
whereρ ′ is the perturbation mass density of the wave,ρ0 is the
background unperturbed density, andN is the Brunt–Vaisala fre
quency. Thus, if dissipation is ignored, the relative amplitud
the wave varies likeρ ′/ρ0 ∝ N3/2/ρ

1/2
0 . (Note that this formula

also ignores the effect of wind shear, which can be very sig
cant.) Around 44 km, the scintillation of the radio signal sent
the Voyager spacecraft indicatesρ ′/ρ0∼ 7× 10−4 (Hinson and
Tyler 1983), whileρ0∼ 5.2× 10−4 g cm−3 andN∼ 0.005 s−1 at
that level. If the gravity waves propagate upward with cons
energy up to inversion layer A (425 km), whereρ0∼ 1.3×
10−8 g cm−3 and N∼ 0.0024 s−1, then the equations abov
predict typical relative amplitudes for the waves ofρ ′/ρ0∼ 5×
10−2. These are actually the amplitudes observed in Fig. 8.

Thus, the fluctuations observed in our data are consistent
the upward propagation of gravity waves from deeper lay
In particular, in the region under study, the amplitude of so
the waves can reach the critical value which causes conve
instability and breaking.

Cutoff of the temperature gradients.The temperature gra
dients∂T/∂z clearly show a cutoff near the adiabatic lapse r
0 ∼ −1 K km−1, while spikes can reach positive values of
to 3 K km−1 (Figs. 9, 10). Altogether, these results suggest
ongoing breaking of gravity waves, due to convective instabi
is taking place in this region of the atmosphere, as noted ab

The asymmetry of the∂T/∂z profiles is more difficult to ex-
plain since it depends on the detail of how the waves br
We have considered an alternative possibility to account
this asymmetry, namely, ray crossing (Figs. 15, 16). Note
we have no independent way of distinguishing in our obse
tions between ray crossing and asymmetries caused by bre
waves. Furthermore, Eq. (7) indicates that ray crossing and
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vective instability occur at about the same amplitude for str
tures with the vertical wavelengths detected here (from a
kilometers to some 50 km). This obviously complicates the
terpretation of diagrams like Figs. 9 and 10.

Nevertheless, there is no reason why ray crossing should s
late a cutoff so close to0, as shown in Fig. 10. Thus, even thou
ray crossing could be responsible for some of the morpho
observed in the∂T/∂z profiles, the actual negative gradien
must be close to the adiabatic limit in any case. The strong cu
∂T/∂zby0 has indeed been observed in other atmospheres
the lidar observations of the Earth’s mesosphere (Hauchec
et al.1987), the radio occultation sounding of Venus’ during
Magellan flyby (Hinson and Jenkins 1995), and ground-ba
stellar occultations by Neptune (Roques, in preparation).

Vertical power spectra. Another test as to the nature of th
fluctuations can be performed through the power spectra o
vertical profiles ofn(z) or T(z). Figures 11 and 17 show a ro
bust power law behavior, with an exponent close to−3 for
wavelengths larger than∼10 km and close to−4 for higher
frequencies. There is a concern, however, about the phy
reality of this slope, because ray crossing may occur in som
gions of the profiles, due especially to high-frequency featu
As discussed in Section 7, ray crossing steepens the ori
spectrum. Consequently, we cannot distinguish at our lev
−2 spectrum modified by ray crossing as in Fig. 15B (righ
a real−3 spectrum as in Fig. 16A (right), or a mixture of th
two, when compared with real data (right panel of Fig. 1
However, our simulations clearly indicate that the original sp
trum cannot have a flat shape nor a−4 slope, so that the rea
vertical spectrum must have a slope between−2 and−3.

The−3 slope is reminiscent of the so-called “universal−3
spectrum” found in the Earth oceans (Bell 1975, Garrett
Munk 1975) and middle atmosphere (Smithet al.1987), as well
as in Neptune’s stratosphere (Roques, in preparation). Its o
seems to be linked to the presence of gravity waves propag
upward in a stratified atmosphere, but the detailed mechan
responsible for such a spectrum are not yet clearly establis
Explanations range from breaking of individual wave packet
Doppler-shifted couplings between the horizontal winds for
by the waves or radiation (see the reviews by Gardner 1994
Zhu 1994). In our case, the fact that the adiabatic lapse rate
most reached in some places and the asymmetry in the gra
distribution suggest that breaking due to convective instabil
is actually taking place and must dominate the resulting spe

Horizontal layering. The comparison of various profile
probing regions separated by some tens to hundreds of kilo
ters allowed us to estimate the aspect ratio (ratio of horizonta
vertical typical scales) of the observed structures. While laye
and B exhibit a strong correlation from one profile to the other
discussed before, smaller structures are lost progressively
increasing horizontal distance (see Fig. 21). The compariso
the Israeli lightcurves (Ein Harod and Wise) allowed us to foll
this gradual loss of correlation between the structures as the
probed more and more horizontally.
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This gradual loss indicates typical aspect ratios between
and 45, and even more for some features, as seen in Fig
Also, cross-correlation of profiles for stations from Manley
Pic du Midi indicates aspect ratios of about 140 at altitudes
360 to 415 km (see Fig. 21). Altogether, this reveals a hig
stratified atmosphere. These numbers can be compared wit
typical values ofρ∼ 25–100 found by Narayan and Hubba
(1988) for Neptune’s stratosphere, from the analysis of ste
scintillation near ingress, egress, and central flash. Note tha
observed layers in Titan’s stratosphere are essentially horizo
with a small dispersion of about±2.5× 10−2 radian (∼±1.5◦)
with respect to the local horizontal plane (Fig. 24).

Horizontal power spectrum. In the most horizontal parts
of its track, the stellar image is modulated by the horizon
structure of the atmosphere only (see Appendix A). Howe
we then observe a two-dimenional field of horizontal fluctuatio
projected along a one-dimenional line (the limb of Titan) in t
plane of the sky. The observed “projected” horizontal spectr
has a slope of∼−2, and some assumptions are then neces
to deduce the actual horizontal power spectrum. Namely, if
assume the separability of the vertical and horizontal spectra
isotropy of the horizontal field of fluctuations, and a power l
variation for the horizontal spectrum, we can infer a slope cl
to−4 for the actual horizontal power spectrum (see Fig. 26

The comparisons of the vertical and horizontal power spe
obtained here may be important steps in understanding the
nature of these fluctuations, their mechanisms of interact
and their temporal spectrum, as discussed in detail by Gar

(1994) and Daubner and Zeitlin (1996).
FIG. A1. Basic geometry of a ray deviation during a stellar occultation by a planetary atmosphere. The center of the planet is atO, Oy is directed along the
direction of the incoming stellar rays. The vertical axisOr intercepts that incoming ray atA. The axisOx (not visible here) is perpendicular toOy andOr . Thus,
Ox is directed along the limb of the planet, as seen from the observerB, andOxr defines the plane of the sky. After being slightly refracted by an angleω, the ray
moves along the general directionAs, over a distanceD, and eventually hits the observerB who is moving along the axisOr ′. The axisOv defines the direction
of the local vertical at a given pointP in the planetary atmosphere, andPh defines the direction of the local horizontal atP, in the plane of the figure.
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APPENDIX A: EFFECTS OF FLUCTUATIONS

Let us consider a planetary atmosphere whose density decreases exp
tially with altitude, with a constant scale heightH . We add to this smooth
atmospheric profile three-dimensional (3D) density (and also refractivity) flu
tuations, and we look for the flux eventually received by the observer. We t
the problem in the frame of geometric optics, a valid assumption as long
we consider structures larger than the Fresnel scaleF =√λD, whereλ is the
wavelength of observation andD the distance of the planet to the observer. I
the visible and in the case of Titan (D= 1.35× 109 km), F is of the order of
1 km. Because the projected stellar diameter at Titan (∼18 km) is larger thanF ,
the geometric optics approach is sufficient for our purpose.

The basic geometric of the problem is shown in Fig. A1. Note that the an
of deviation,ω, is negative with our conventions and very small, e.g., always le
than∼2× 10−6 radian in the case of Titan. Consequently,A can be considered
as the distance of the closest approach of the ray to the planet center,O, to an
accuracy better than 1 m. Letr be that closest distance, and letr ′ be the distance
of the observerB to the center of the shadow,O′. Also, due to the very small
value of the deviation angleω, the trajectory of the ray inside the atmospher
can be considered as a straight line going throughA and parallel toOy. This is
the large value ofD, despite the smallness ofω, which is eventually responsible
for the drop of signal at the observer.

Because the fluctuations of density may have a locally horizontal compon
the ray also suffers deviations along the third dimensionOx, perpendicular to
the plane of Fig. A1, i.e., along the limb of the planet as seen from the obser
One can, however, show that these horizontal deviations can be neglected
respect to the vertical ones as long as the observer is far from the cente
the shadow, i.e., outside the region of the so-called “central flash” (see,
Hubbardet al.1988).

In these conditions, the angle of deviation is given by

ω(x, r ) =
∫ +∞
−∞

∂ν

∂r
· ds∼

∫ +∞
−∞

∂ν(x, y, r )

∂r
· dy, (A1)

whereν(x, y, r ) is the refractivity of the atmosphere at a given point along t
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ray. As noted above,ν can be decomposed into a smooth componentν0, varying
exponentially with altitude, and a fluctuationδν:

ν = ν0 + δν.

Note that even though the background atmosphere is supposed to have an
nentialdensityprofile, this does not mean that it is isothermal. The ray hits
observer atr ′ = r + Dω, and from conservation of energy, the observed flux

8 = f
dr

dr ′
= f

1+ D(∂ω/∂r )
,

where f is the focusing factor due to the curvature of the limb. Let80 be the
output flux caused by the profileν0, i.e., a Baum and Code lightcurve. Finall
let 8sm= f80 be the smooth lightcurve that combines the Baum and C
function and the focusing due to limb curvature. Then,

8sm

8
= 1+ D80

∂δω

∂r
∼ 1+ D80

∫ +∞
−∞

∂2δν

∂r 2
· dy.

Now, the fluctuationδν is expressed more easily as a function of thelocal
coordinates (x, h, v), wherex is the distance along the limb, as mention
before,v is the distance to the planet center along the local vertical direc
andh is the circular distance along the local horizontal direction in the plan
the figure. We consider strongly stratified fluctuationsδν(x, h, v), i.e.,∂ν/∂v À
∂ν/∂x, ∂ν/∂h.

Effect of a monochromatic 3D wave.More specifically, we take the fol
lowing form for δν:

δν(x, h, v) = |δν(v)| · sin(kx+ lh +mv),

where the amplitude|δν(v)| varies slowly with altitude like|δν(v)| ∝ exp(−v/
H ′). We assume thatH and H ′ are of the same order of magnitude, but n
necessarily equal. Thus the fluctuationδν is a 3D monochromatic wave with
wavevector (k, l ,m). The strong stratification assumption means thatmÀ k, l ,
and we also assumem À 1/H ′. If H = H ′, the amplitude of the fluctuation
relative to the background valueν0 is constant with height. If the fluctuation i
a propagating gravity wave that conserves the energy flux, thenH ′ = 2H , and
the relative amplitude of the wave grows as exp(v/H ′) with height.

Most of the deviation of the ray comes from a horizontal segment of len
L ∼√2πr H ¿ r around A, where the atmosphere is the densest. Also,
vertical gradient ofν is assumed to be much larger than horizontal gradie
From these two properties, one can deduce that

8sm

8
∼ 1+ D80

∫ +∞
−∞

∂2δν

∂v2
· dy.

Furthermore,h∼ y andv∼ r + y2/2r in the region of interest. From∂2ν/∂ν2∼
−m2ν, one finally gets

8sm

8
(x, r ) ∼ 1− D80m2|δν(r )|

∫ +∞
−∞

exp(−y2/2r H ′)

· sin(ly +my2/2r + kx+mr) · dy

= 1− D80m2
√

2r H ′|δν|
∫ +∞
−∞

exp(−u2)

· sin

mH′
u+

√
rl 2

′ 2

2

+kx+mr − rl 2
 · du.
2H m 2m
ET AL.
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We now use the identity

∫ +∞
−∞

exp(−u2) · sin[tanα · (u+ a)2 + φ] · du

= √π cosα · exp(−a2 sin2 α) · sin(a2 sinα cosα + α/2+ φ).

In our case, tanα=mH′ À 1, so that cosα∼ 1/mH′ andα ∼ π/2. Conse-
quently,

8sm

8
∼ 1− D80m3/2

√
2πr |δν| · exp

[
− r

2H ′

(
l

m

)2
]

· sin

(
kx+mr − rl 2

2m
+ π

4

)
.

Let

ε(r ) = |δν|
ν0

be the relative amplitude of the fluctuation. The Baum and Code flux80 is
related toν0 through

ν0 = 1−80

80

√
H3

2πD2r
,

so that

8sm

8
(x, r ) ∼ 1− (1−80) (mH)3/2 · exp

[
− r

2H ′

(
l

m

)2
]

· ε(r ) · sin

(
kx+mr − rl 2

2m
+ π

4

)
.

Highly stratified atmosphere. Note that the exponential factor damps th
amplitude of the fluctuations. The argument of this exponential term is (r/2H ′)
(l/m)2= (L/H ′)2(λv/λh)2/4π , where L ∼√2πr H ′ is the horizontal length
in the atmosphere where most of the deviation takes place, andλv and λh

are the vertical and horizontal wavelengths of the wave, respectively. Ta
H ′ = 2H ∼ 100 km andL ∼ 1400 km for Titan, we have (r/2H ′)(l/m)2∼
15(λh/λv)−2. Since the aspect ratio of the observed waves,λh/λv, is larger
than∼30, the factor (r/2H ′)(l/m)2 remains well below unity. Thus, the damp
ing factor due to the horizontal structure of the wave is actually negligible si
the exponential above is very close to unity.

This shows that even horizontal wavelengths (along the line of sight) sm
with respect toL are inefficient in damping the ouput flux fluctuations,provided
that the aspect ratioλh/λv remains large. We thus eventually obtain

8sm

8
(x, r ) ∼ 1− (1−80) (mH)3/2

· ε(r ) · sin

(
kx+mr − rl 2

2m
+ π

4

)
. (A2)

In these conditions, the effect of the horizontal wavelengthλh= 2π/ l is a mere
dephasing,−rl 2/2m, with no effect on the amplitude of the fluctuation.

Ray crossing. When ray crossing occurs, caustics are encountered and
flux 8 diverges. The expression above thus provides the following criterion
ray crossing to appear
(1−80) (mH)3/2 ε ≥ 1, (A3)
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a result previously derived by French and Lovelace (1983) in the particular
of a perfectly layered atmosphere (k = l = 0).

Spectrum of fluctuations. More generally, if we have a spectrum of fluctu
ations of the form:

δν

ν0
(x, h, v) = 1

(2π )3

∫ ∫ ∫
m,k,l

ε̃(m, k, l )

· exp[−i (kx+ lh +mv)] · dm dk dl,

then the ratio8sm/8 is

8sm

8
(x, z) = 1− (1−80)

(2π )3

∫ ∫ ∫
m,k,l

(mH)3/2 ε̃(m, k, l )

· exp[−i (kx+mz+ ϕ)] · dm dk dl, (A4)

whereϕ absorbs the various constant phases of the problem. Equation
shows that the power spectrum of8sm/8 is directly proportional tom3|ε̃(m,
k, l )|2. In these regions of the stellar trajectory wheremzis varying much more
rapidly thankx (ingress and egress), then the power spectrum of8sm/8 is
∝ m3|ε̃(m)|2. We have already derived the vertical power spectra of den
fluctuations (see Fig. 11) and found a power law with a∼−3 slope. We thus
expect a flatverticalpower spectrum for [8sm/8](z), which is actually the case
on examination of various examples near ingress or egress.

After this check, we turn to thehorizontalpower spectrum of [8sm/8](x).
There are several difficulties in interpreting this spectrum, however. First, i
want to derive simple conclusions as to the dependence of|ε̃(m, k, l )|2 onk and
l , we have to assume that|ε̃| is separablewith respect to the vertical and hori
zontal directions, i.e.,|ε̃(m, k, l )| = |ε̃v(m)| × |ε̃v(k, l )|. This assumption seem
a reasonable one if the fluctuations are due to a field of saturated gravity w
(see the discusion by Daubner and Zeitlin 1996). Another assumption is
the field of fluctuation isisotropic in the horizontal direction, i.e., that|ε̃v(k, l )|
depends only on the modulus of the horizontal wavenumber,kh=

√
k2 + l 2. To

simplify the problem further, we assume that this dependence is a power la
exponentq for |ε̃v(kh)|2, i.e., that|ε̃v(kh)| ∝ (k2 + l 2)q/4.

A final difficulty then appears, namely, that we observe only a “projectio
of the density fluctuations onto the plane of the sky. Equation (A2) shows
the dependence of8sm/8 on the third dimensionh (along the line of sight) has
disappeared, except for a mere shift in phase of−rl 2/2m. When integrating the
Eq. (A4) with respect to the variablem, and taking into account the assumptio
described above, one gets

8sm

8
(x) = 1− C

∫ ∫
k,l

(k2 + l 2)q/4 · exp(−ikx) · dk dl,

where the complex numberC absorbs the various constants and phases of
problem. The integral above can be calculated in polar coordinates, i.e., w
l = kh sinθ = k tanθ ; thus,

8sm

8
(x) = 1− C

∫
k

∫ θ=2π

θ=0
k(q+2)/2

· [cosθ ]−(q+4)/2 · exp(−ikx) dk dθ.

Consequently, the projection effects transform an original power spectrumkh

of slopeq into an “apparent” power spectrum ink of slopeq+ 2. This effect must
then be taken into account when deriving the power spectrum of the horiz
fluctuations (see the main text).

APPENDIX B: VERTICAL POWER SPECTRA
We want to estimate here the power spectrum of the functionf (z). The
quantity f can be the temperature or the density fluctuation, andz can be the
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altitude, but also the distancex along the limb of Titan. Letλz be the wavelength
andm= 2π/λz the wavenumber. The power spectrum off is P(m)= | f̃ (m)|2,
where f̃ (m) is the Fourier transform off , defined as

f̃ (m) =
∫ +∞
−∞

f (z)eimz dz.

What we have in reality is a profile in a finite interval (zmin, zmax) at N discrete
pointszk distributed (not regularly) betweenzmin andzmax. We use the code
described by Deeming (1975) to estimatef̃ (m). This code provides the following
outputs:

f̃ N (m) = 1

N

N∑
k=1

f (zk)eimzk

γN (m) = 1

N

N∑
k=1

eimzk,

whereγN (m) is called the spectral window. The “numerical” Fourier transfo
f̃ N (m) is related to the true Fourier transform̃f (m) by f̃ N = γN ∗ f̃ , where∗
denotes the convolution. Although we have access tof̃ N (m) only, we loosely re-
fer to PN (m) = | f̃ N (m)|2 as the “power spectrum” off , or even the “spectrum”
for short.

The general shape ofPN (m) must be interpreted with some care. Seve
problems can alter the original spectrum: (i) an irregular sampling of the pr
(due in our case to the varying velocity of the stellar image in the atmosph
which introduces a complex aliasing; (ii) the finite interval over which the sp
trum is calculated,1z = zmax − zmin, which causes a “windowing effect,
cutting off low frequencies; (iii) the stellar diameter, which smoothes out h
frequencies; and (iv) ray crossings, which distort the derived refractivity pro
and thus affect the estimated spectrum.

To counteract point (i), the profiles are first resampled by linear interpola
at a regular step of 0.1 km, in the case of the vertical temperature profiles
is well below the apparent stellar diameter, which can shrink down to∼1.5 km
at the bottom of the profiles, nearz= 310 km.

The windowing effect [point (ii)] can be minimized by multiplying the enti
profile by a Hanning function. The latter replaces the original profilef (zk) by
f (zk)× {1− cos[2π (zmax− zmin)/1z]}, tapering the edge of the input profi
and reducing spikes in the calculated spectrum. This is similar to apodiz
in optics to reduce the diffraction pattern. Low-frequency terms can als
artificially introduced in the profile during the inversion (through arbitrary ini
conditions). They are removed by subtracting a low-degree polynomial from
profile. This ensures that the power spectrum goes to zero as the frequenc
to zero (see, e.g., Fig. 14). We have performed tests that show that windo
effects are satisfactorily removed using polynomials of degree 4 over the ve
intervalz= 310–500 km, where most of the profiles were considered. The p
to pay for this is that we lose the spectral information for wavelengths la
than∼50 km (i.e., one scale height) and smaller than∼3 km, (see, e.g., Fig. 13)

The apparent stellar diameter [point (iii)] will, on the other hand, rem
high-frequency terms, as shown again in Fig. 13. Ray crossings can also st
the spectrum [point (iv)]. This effect is illustrated in Figs. 14 to 16, and
discussed in the main text.
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Note. We can make available on demand (at sicardy@mesiob.obspm.f
original lightcurves, as well as the density and temperature profiles rep
here, either as input data in engineering models of the Huygens probe
theoretical studies of Titan’s stratosphere dynamics.
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