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of 290 and 500 km (pressures p from 110 to 1.4 ubar) are derived.
A dozen lightcurves obtained during the ground-based observa- A mean number-density scale height of 50.5 = 1.4 km is found with
tions of the occultation of 28 Sgr by Titan (3 July 1989) are reana- O significant difference between immersion and emersion. Two in-
lyzed. Profiles of density and temperature between altitude levels z ~ Version layers are observed at 425 and 450-455 km, respectively
(p~ 7 pbar and p~ 4 ubar), with an increase in temperature of

1 Partly supported by a grant from the Institut Universitaire de France. about 10K in less than Az=10 km. These layers are visible both
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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.  © 1999 Academic Press

Key Words: Titan; atmospheres (dynamics and structure); occul-
tations.
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with evidence for a superotation at that level, and velocitie
of ~170ms? at high latitudes, dropping te:100ms?! near
the equator. For comparison the speed of sound at that le
is ~270ms?, assuming a temperature of 175K and a pur
nitrogen atmosphere.

Meanwhile, more information is still contained in the data. I
particular a conspicuous stellar scintillation was monitored du
ing the whole event and from all the stations. This scintillatio
is caused by refractivity and thus also density inhomogeneiti
in Titan's atmosphere. From a theoretical point of view, thes
features provide us with important information about the d
namical state of the stratosphere. In particular, there has be
indication for propagating internal gravity waves from the Voy
ager radio occultation experiment lower in the atmosphere, i.
below ~90 km (~13 mbar) (see Hinson and Tyler 1983, ant
Friedson 1994). These waves propagating upward will incree
their amplitude, to conserve their energy flux as the backgrou
density drops. The regions that we probe are so high that sigr
icant fluctuations£5%) can be observed, and serve as tests f

general models of Titan’s atmospheric dynamics.
Particularly important is the contribution of these waves t
the energy and momentum budgets of the upper stratosph
The momentum deposited when the waves break can serve
OnJuly 3rd, 1989, the bright star 28 Sagittarii (28 $gr; 5.5) maintain zonal winds, while the mechanical energy dissipat
was occulted by Saturn, its rings, and a few hours later, Titarttrough molecular viscosity may compete with the other sourc
thick atmosphere. This exceptional event was followed froof heat at those altitudes [see the example of Neptune, as
Europe, the Middle East and Central Asia by professional ardribed by Roquest al. (1994)]. Also, breaking waves can be
amateur astronomers, at wavelengths ranging from 0.36 aoimportant source of eddy mixing and can cause zonal win
0.89um, with telescopes between 15 cm and 2 m in diameteito decrease with height, as is the case in the terrestrial me
The occultation lightcurves provide information on Titan'sphere and is probably the case above the cloud tops on Ve
atmosphere at altitude levels between about 250 and 600 Krinson and Jenkins 1995). From a more practical point of vie
above the satellite’s surface. This corresponds to pressure letkése inhomogeneities may be important for and have meas
of about 250 and 0.1/bar, respectively. The atmospheric layerable effects on the Huygens probe as it plunges in the satel
below 250 km are inaccessible because the stellar flux is then edmosphere in December 2004 (Fulchignoni 1992, and see
much refracted and also because Titan's atmosphere becourissussion by Strobel and Sicardy 1997). Conversely, the prc
obscured by hazes. On the other hand, layers higher than 600dc¢neleration may serve as a tool to monitor the vertical dens
are too tenuous to have a significant effect on the stellar flyxofile over a fine scale.
As explained later, however, in this paper we restrict our studyWhile it is obvious that a significant scintillation is present i
to altitudes between290 and 500 km~+110-1.4ubar), where our data, some care must be taken when interpreting the res
the signal-to-noise ratio is high enough to reveal fine densitgrived from their analysis. The aim of this paper is to evall
fluctuations in Titan's atmosphere. ate the role of several possible biases that can distort the ol
Unique results have already been obtained from this occuliaal structure of the atmosphere. Then, our results can be u:
tion. A joint analysis of the lightcurves and a detailed discusss input parameters for further modeling of Titan stratosphe
sion of the results were published by Hubbatdal. (1993b), dynamics, a work that we defer to the future.
hereafter referred to as H93. Complementary information isAfter a brief description of the observations (Section 2), w
presented in the references mentioned at the beginning of tiedine a consistent origin and a consistent altitude scale for
next section. Among the results derived so far, we can qudte lightcurves (Section 3). This is necessary when compari
the temperature profiles betweer800 and 500 km, the spa-data sets, in particular to study the horizontal structure of the c
tial extension of Titan's stratospheric haze (with a north/sousierved features. Density and temperature profiles are derive
asymmetry), and the aerosol size distribution. Noteworthy alSection 4, and fluctuations with respect to a smooth atmosph
is the fortuitous detection of a central flash as the European sage described in Section 5. In that section, we show evidence
tions went near the center of Titan's shadow. This flash yieltiseaking structures under convective instability. In Section
the precise shape of the 2nar isobar (250-km altitude) and, vertical spectra of the fluctuations are derived. The possit
thus, provides constraints on the satellite zonal wind systehiases due to the finite stellar diameter and ray crossing

1. INTRODUCTION
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examined in Section 7. The horizontal layering of the atm@or 28 Sgr arax(195Q) = 18'43"1%.77, §(195Q) = —22°26
sphere is analyzed in Section 8, with a determination of tag’.91. This position takes into account the proper motion ¢
horizontal-to-vertical ratio (aspect ratio) of the structures anbe star (D. Mink, private communication, 1989). Finally, the
their horizontal spectrum. We finally discuss our results iparallax effects associated with the observing sites on the Ea
Section 9. (Table ) yield the motion of the observer in Titan’s shadow
However, the accuracies of the ephemeris and on the stellar |
2. OBSERVATIONS sition are not sufficient to define the absolute position of a
observer in the shadow at a given time. We have to use for th
Observational details and preliminary results can be fousdme benchmarks in the satellite atmosphere itself, as descril
in Beiskeret al. (1989), Forrest and Nicolson (1990), Hubbaréh the next section. These benchmarks provide the position
et al.(1990), and Sicardgt al. (1990). More complete descrip-each observer at a given time and, thus, uniquely define the ¢
tion and analysis are provided in H93. We have chosen, amasajute path of the observers in the satellite shadow.
all the available data, the lightcurves with sufficient signal-to- The resulting tracks are shown in Figs. 1 and 2. We dehote
noise ratio and time resolution to reveal the stellar scintillation Bandn the eastward and northward positions, respectively, of tt
Titan atmosphere. The observational circumstances of the daliserver relative to the center of Titan’s shadow. The two close
used in this paper are summarized in Table I. paths corresponding to Northern Europe stations are separa
The geocentric ephemeris of Titan, based on the VSOPBR about 15 km, and the farthest ones (Northern Europe al
theory (Bretagnon 1982), was provided by the Bureau des Lderael) are about 1700 km apart. The dotted circle in Fig.
gitudes, and is available on request. The adopted coordinagbsws the location of the inversion layer “A”, at the altitude of

TABLE |
Circumstances of Observations
Latitude Telescope Sampling
Longitude diameter rate A
Site Elevation (m) Personnel (cm) (s) urh)
Manley Obs., UK 531443" N R. Miles 35 0.2 0.55
02°4415" W A. J. Hollis
75
Hertford Obs., UK 514628" N R. W. Forrest 36 0.1 0.72
00°05 31 W I. K. M. Nicolson
66
Royal Greenwich Obs., UK 58210’ N G. Appleby 50 0.2 0.532
00°205Y E
50
Langwedel, Germany 58837' N M. Bruns 30 0.2 0.55
09°1703" E M. Nezel
20 H. Struckmann
Essen, Germany 52435 N H. Denzau 36 0.2 0.55
07°0415" E
94
Pic du Midi Obs., France 43612 N J. Lecacheux 200 0.05 0.75
00°0832' E S. Pau
2861 B. Sicardy
Vatican Obs., Italy 414448’ N E. Carreira 61 0.1 0.45
12°3906" E F. Rossi 0.8
450
Catania Obs., Italy 374130" N C. Blanco 91 1.0 0.44
14°58 42 E
1725
Ein Harod, Israel 323335’ N H. J. Reitsema 36 0.1 0.45
35°2342' E Y. Nevo 0.80
20
Wise Obs., Israel 33548’ N N. Brosch 100 0.1 0.73
344548 E

836
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' ' T ' T ' that Titan and Saturn have their poles aligned, as seems to
N the case from the analysis of H93.

The diameter of 28 Sgr (projected at the distance of Tita
D =1.35x 10° km) has been derived from the occultation o
the star by chosen Saturn’s ring sharp edges (Frestcal.
1993, Hubbarcet al. 1993a). This diameter;-18 km, corre-
sponds to about 1 s of time in the lightcurves, since the veloci
of the observer in Titan’s shadow was close to 18.5 krh s
for all the stations. On the other hand, the Fresnel sEale
of the order of 1 km in the visible (see Appendix A), so tha
the spatial resolution is dominated by the stellar diameter, r
by diffraction effects. Note, however, that as the star “set:
in Titan's atmosphere, its vertical diameter shrinks in propo
tion to the stellar flux. Consequently, the vertical resolution in
proves as deeper layers are explored. For instance, at the uy
parts of the various profiles shown in this paper (altitude lev
around 500 km) the vertical resolution is about 13 km. At th
bottom of the profiles (altitude 300 km), it reduces to about
! . 1 R 1 . 1.5 km.

¢ (km)

FIG.1. Tracks of the various stations in Titan’s shadow, as projected in the o . . .
plane of the sky (W and N denote celestial west and north at epoch). Observerstellar scintillation is detected not only during ingress an
move from the right to the left in this diagram. The lower two tracks corresporegress (Fig. 3), but also well above the noise during the ent

tostationsin Israel. The upper five tracks, packed together, correspondto statigpgultation (Fig. 4), as the stellar image follows Titan's liml
in Northern Europe; see Fig. 2 for an expanded view. Note that the Vatican traﬁlg- 2)

atthe left, starts only halfway in the shadow, due to the presence of clouds dur gl_ tudy in detail the struct fthe at h £ .
the first half of the occultation. The radius of the solid surface of Titan is taken to O Study In detail tne structure ot the atmosphere from vario

be Ry = 2575 km, but it was not detected during these observations (see Fig. 34ations, we need a consistent way of associating the time
The dotted circle marks the location of the inversion layer A, at 425-km altitude/hich a stellar photon is received by an observer at the Ea
described in the text. with the altitudez and position angle of the stellar image ir
Titan's atmosphere at that time. A failure to do so will misalig
425 km (pressurp ~ 7 pbar), which is discussed later. The halfatmospheric features that are otherwise connected.
light stellar flux was reached when the star was just above thaf\s an observer enters Titan's shadow, the stellar image
altitude, at about 450 km above Titan's surfape{(4 ubar). The vergesfromthe observer’s track, due to refraction effects (Fig.
titanocentric latitudes of the suboccultation points at that levale want to know where the image of the star is at each mome
are listed in Table Il for each station. This calculation assumekng the limb of the satellite. There are actually two problen

2000

—2000

3. AN ABSOLUTE VERTICAL SCALE

TABLE Il
Titanocentric Latitudes of the Half-Light Levels and Time Shifts for Each Station

Latitude ) . .
St immersion &t emersion St
Site Immersion Emersion (layer A) (layer A)  (central flash) Average
Manley -15.9 +20.0° —0.066 s +0.38s +0.60s +0.30s
Hertford -16.8 +19. +0.22s +0.097 s —-0.11s +0.07s
RGO -17.3 +18.7 —0.44s —0.81s —-0.77s —0.67s
Langwedel —-17.7 +18.1 -0.27s —-0.18s +0.081s -0.12s
Essen —-18.0° +17.8 +0.25s +0.088 s —0.13s +0.07 s
Pic du Midi -21.9 +14.00 +0.54 s +0.63s n.a. +0.59s
Vatican n.a. +10.4 n.a. —-0.96s n.a. —0.96s
Catania -29.5 +6.0° +0.51s +0.35s n.a. +0.43s
Ein Harod —44.00 —-09.4 —-0.29s -0.23s n.a. —-0.26s

Wise —46.2 -11.7 —0.55s —0.59s n.a. —0.57s
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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’s <
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 cumaekare 1
actually followed by the stellar images along the limb, between these two limits. Note that the stellar images first probe the atveosgdigreand 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 abso
of altitude. The abscissa is the distance from the observer to the center of Titan’s shadow. The zero stellar flux for each normalized lightoateel ibyiritlie
horizontal line on the right. For sake of clarity, the Pic du Midi lightcurve has been shifted vertically by 0.7.
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FIG. 4. Dropsin magnitudeof the stellar flux as a function of time for three chosen stations. The lightcurves have been smoothed at a time resolution ¢
The time on the abscissa applies to the Pic du Midi lightcurve epiyt8 s has been added to the Wise and Ein Harod UT times to center all the data in the fic
Note also that for sake of clarity, the Wise and Ein Harod curves have been shifted vertically0land—5 magnitudes, respectively. The dotted lines indicat
the drop in magnitude that the star should have at each station to reach tiwésg level due to the background flux (Titarsky). 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 PicrdulMitieve
part of the lightcurve, the stellar light was almost completely blocked by an aerosol layer (see H93). Note finally the wide central flash obsedieM ati Pic
caused by ray focusing near the shadow center.
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in this calculation: (i) the time recorded at a given station mayarrow spike, which is thus quite sensitive to timing errors (se
be wrong, which can translate into several kilometers in Titarf493). The global solution obtained for the central flash in H9:
atmosphere at a velocity of 18.5 km's and (i) the position does show small discrepancies between the model and the ac
of the stellar image actually depends on the refractivity profildbservations. Thét values necessary to bring the central flasl
of the atmosphere, which is not known a priori (this is actuallgbservations onto the H93 model are listed in Table Il. One ce
what we are looking for!). note the clear correlation of th# values obtained from layer
A at immersion and emersion and from the central flash. Ur
less coincidental, this correlation strongly points toward timin
3.1. Origin of Altitudes: The 425-km Inversion Layer errors, rather than a physical departure of layer A from a circly

We have first allowed a small shift in timét, for each station. The times for feature A are listed i_n Table 1ll, as are the
This shift slides each track along itself by about 18.5 krh, s 2veragest values that have been applied to each station (s
as noted before. Unfortunately, we cannot use the solid surf&g° the last column of Table 11). Once these shifts have be
of the satellite as a benchmark to determitesince refrac- taken into account, we obtain in the last two columns of Table |

tion prevents the image of the star from reaching Titan's groufs€ POSitionss and » of the observers in the shadow plane
(Fig. 2). However, we can rely on fiducial features in the atm&'Sing the ephemeris of Titan, the coordinates of the star, and 1
sphere itself. parallax effect for each station, as described at the beginning

A first possibility is to use the half-light times derived from>€ction 2. _ o _ .
isothermal fits to the lightcurves, and then use the correspond? Circular least-squares it to these positions yields a radius

ing positions in the plane of the sky to derive the shape aqd10-3 km in the shadow plane for feature A, with a rms devie
the center of the “half-light” limb. Unfortunately, the half-lightt'on of 2.5 km (excluding the Vatican station, see the commen

times can hardly be derived to better than aba0t5s, i.e, PElOW), and a center ¢ = —81436 km andnc = —660.5 km.
about 10 km in the plane of the sky. This is due to the fadf!iS center is then taken as the origin of coordinates in tr
that some data are intrinsically noisier, or have poorly calibrat§§2dow plane, in particular f(?r calculating the distance of tr
background (Titar- sky) levels. Also, the aerosol layer severelyuPoccultation points to Titan's center.

distorts some of the lightcurves, providing displaced half-light
times (see, for instance, the emersion at Pic du Midi in Fig. 4).
Modeling the effects of the aerosols on the lightcurves is a rather
difficult task since this layer is not homogeneous along the limb,
and also because its absorbing properties depend on wavelength

TABLE 111
Geometry of Layer A

Shadow-plane

(see HI93). ] ) ] _ coordinates, n (km)
Consequently, we prefer to use more local and sharp features Sie 'mTUef)'O” EETJeTr)S'O” T'r(‘;g shift P ——
in the lightcurves. They have the advantage of providing tim-
ings that are much less affected by possible absorptions angfgkey 22:39:30.5 22:44:435 +0.30 —10,992.2 —5350.3
calibration problems. —1,222.0 +150.1
We noted in particular that a conspicuous broad spike dgertford 22:39:24.1 22:44:37.6 +0.07 —10,991.6 —5335.2
limited by two sharp dips (denoted “A” and “B”) is present in -1,273.0 +100.5
all the lightcurves (Beiskegt al. 1989) (and see two examplesRGo 22:39:24.9 22:44:38.7 —0.67 —10,987.3 —5325.5
in Fig. 3). We see later that these dips correspond to inversion —1,2985  +75.8
layers in the temperature profiles (see, for instance, Figs. 7 amdgwedel 22:38:49.9 22:44:03.4-0.12 -10,973.5 -5318.2
9). We first projected, in Titan’s shadow, the positions of the -1,326.0 +415
observers at the times when these dips were observed. A legsten 22:38:59.0 22:44:12.6+0.07 —10,976.1 —-5316.0
squares adjustment then provides the center of the circle that —1,3434  +26.1

best fits all these positions, allowing for the small shiftg1the PicduMidi  22:39:40.5 22:44:52.2 +0.59 —10,913.6 —5274.3
timing of each station (see Table Il). We use only the positions -15486 1813
provided by dip A, because dip B is not so well defined in son¥gtican (red) na. = 22:44:00.7 —0.96 na.  -5245.8
stations (see Figs.18-20). Because it is higher in altitude, the n-a —39%.1
signature of dip B is relatively more affected by noise, whicfi®a"a 22:38:46.3 22:43:50.5+0.43 _12’522‘2 _Sgg’g'g
explains probably why its altitude seems to vary by a few kilo- o

meters even for nearby stations (see, for instance, the Wise &fid'20¢ () 22:37:31.5 22:42:00.9-0.26 i0zars Lo
Ein Harod profiles in the Fig. 208). ise 22:37:38.5 22:42:00.4 —0.57 —10’154 4 —5402.1
Another sharp benchmark is provided by the central flash, R T ' 27642 _1637.4
when available. At the northernmost stations (Manley.
Hertford, RGO, Langwedel, and Essen), the central flash is & Once the time shifts have been applied; see text.
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The validity of our procedure can be addressed, in particularlt remains to explain the origin of the timing shifts listec
the assumption that the fiducial feature A (and, to a lesser éx-Table Il. According to the observers at Manley, Hatfielc
tent, B) corresponds to a global spherical horizontal layer in thangwedel, Essen, Pic du Midi, and Catania, these shifts «
satellite atmosphere. This assumption can actually be validatsinparable to or only slightly larger than the announced tin
on several grounds: ing accuracies. It is hard to conclude in the case of the Vatic

data, since only one side of the occultation is available. The tir

i. The rms residual per degree of freedom is significantly inghift there is close to 1's, but it is impossible to check wheth
proved once we apply the time-correcttdzalues. We have ac- a3 similar correction applied at immersion, to confirm a timin
tually 18 points along the limb, while a circular fit has three fregroblem. Finally, after discussions with the observers at RG
parameters (position of the center and radius). The rms residg# Harod, and Wise, no clear explanations can be given for t
of the circular fit without time shift is 7.5 km, correspondingarge (Wlth respect to the announced accuracies) timing COIT
to a rms residual per degree of freedom &18/(18 - 3) = tions that must be applied at these stations.

8.2 km. If time shifts are allowed for each of the nine stations, Finally, we point out that the rms residual of 2.5 km obtaine
we have then 12 free parameters (nine time shifts and three @@&h a circular fit, and with the time shiftét values applied,
rameters for the circle). Since the rms residual for the circulggrresponds to an internal rms time residual of about 0.13 s, w
fitis 2.5 km, this yields a rms residual per degree of freedom gfvelocity of about 18.5 kn2. This is what we can reasonably
2.5{/18/(18 — 12) = 4.3 km, i.e., an improvement of almost aexpect when measuring the times for feature A and for the cent
factor of 2 compared with the fit without time shift. Also, and|ashes.

as noted before, the good correlation observed forstheal- In view of the general discussion given above, we thus assu
ues derived separately at immersion and emersion and for hgt the fiducial features A and B are consistent with the exi
central flash strongly suggests systematic timing errors at eaghce of global spherical layers in Titan’s atmosphere, at leas
station. the latitudes probed by the occultation (see Fig. 1, Table 11). V

ii. The center of the 2910.3-km circle lies only 2.6 km fronshall see that these features actually correspond to two invers
the center of the shadow as derived independently from the ceqyers, i.e., sudden and local increases in temperature with
tral flash analysis by H93. The isobar level associated with thfide. Owing to the bending of the stellar rays by refracfion
central flash is ap ~ 250.bar, while the isobar correspondingwhich amounts to 90 km at the Earth for layer A, the radius «
todip Ais atp ~ 7 pbar. The two isobars are thus concentrighe circle quoted above, 2910.3 km, places that layer at an
to within a small fraction of a stellar diameter (18 km), quite gtude ofzx = 29103 + 90— Ry = 4253 km above the ground,
good agreement if one remembers that these two pressure ley@{gre we use a radius & = 2575 km for Titan’s solid surface
are separated by more than 3.5 scale heights. (Lindal et al. 1983). A similar procedure yields an altitude of

iii. As detailed below, no global deviation from a sphericaf50-455 km for layer B. We shall see, however, that this lay
shape is observed, at least at the latitudes probed hefd  tends to disappear at titanocentric latitudes smaller thae
to +20°), indicating that the 7tbar isobar is not significantly (Fig. 20). From now on, and for each profile, the origin of alti
oblateinthisrange of latitude. This is consistent with the shapetgiie is thus chosen so that the layer A is exactly at 425 km abc
the 250u.bar isobar, as derived from the central flash analysisitan's surface. As discussed in Section 4, our procedure sho

which shows a deviation of less than 3 km from a sphere bt introduce systematic errors much larger thatD—15 km
the same range of latitude (see Fig. 34 of H93). Thus, althoug this chosen origin of altitude.

H93 gives a rather substantial global oblatene€s016, for the
250-ubar level, its departure from a sphere is significant only.2. Defining a Consistent Altitude Scale

for latitudes larger (in absolute value) thas0°. . . , . .
ger ( ) Defining anorigin of altitude as explained above is not suf:

More quantitatively, we have performed elliptical leastlicient, however, to obtain a consistent altitude scale for all !

squares fits to the positions listed in Table I1l, to detect a possilBservations. As an observer gets deeper into Titan's shad
oblateness of layer A. These fits do not improve the residudi¢ ray bending due to refraction becomes larger. The resulti
per degree of freedom. For instance, with no time shift app”e@@focusing of light is the main cause for the drop of signal in tf
we get a rms residual of 7.4 km with an elliptical fit, not an imightcurves. As long as haze absorption can be ignored (whi
provement with respect to 7.5 km for a circular fit since we nol§ not always the case here, see below and Fig. 4), conserva
have five free parameters for the ellipse (position of the centef energy relates the normalized stellar ftait) at timet to the
£, 1c, Semimajor axis, oblateness, position angle), instead gfitude intervaldr probed by the image of the star in the atmo
three for the circle. We get a similar result when time shifts af®here and to the interval of radids’ traveled by the observer
applied: the rms residual is about the same (2.5 km) using an

elliptical or a circular fit. This means that no significant depar-

ture from a circle can be detected for layer A, using our data The relativistic bending caused by Titan's mass amounts to only 0.2 km
set. the Earth, and is negligible here.
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in the shadow during the same time: the shadow when this ray is intercepted on the Earth:
dr z=r'"—D-w(2) — Ry. 3
o= 19 " w(2) - Rr ®3)

Aninterpolation giveg for each position’ of the observerin the
where f is the focusing factor due to the limb curvature (seghadow, yielding for instance the stellar tracks shown in Fig. :
Appendix A for notation and diagram). This procedure has the advantage of providing a smooth and c

The variationsdr’ are derived from the motion of the ob-Sistent altitude scale, independent of the noise or normalizatit
server in Titan's shadow. The numerical integration of Eq. (Pyoblems inthe lightcurves. We have tested this model by takir
then yields in principle the altitude=r — Ry at any timet. In  @nother atmospheric model, developed earlier by Lell@ieth.
reality, any small error in the normalization @{t), due for in- (1990) (see Fig. 5). The resulting paths of the stellar images &
stance to imperfect knowledge of the zero stellar flux baselir@imost undistinguishable from those derived from Yelle's pro
will propagate in the integration and systematically distort tifle. The discrepancy reaches only 5 km in absolute altitude
altitude scale. Furthermore, noisedr(t) due to the detectors the bottom of the profiles.
and/or to the Earth’s atmosphere will place a given event at the
wrong altitude. Finally, absorption by aerosols will reddog) 4. DENSITY AND TEMPERATURE PROFILES
below its expected value in the deeper parts of the lightcurves,
distorting again the altitude scale. Such absorption is indeedThe primary result of the inversions of the lightcurves is the
present in several lightcurves, especially at egress (see Fige#activity profile v(z), from which a number density profile
and H93). n(z) is derived once a composition is assumed (pure nitrogen

To avoid such distortions, we have assumed a given smootlr case, as noted before).
density profilen(z) for the atmosphere, using the model of Figures 5 and 6 show the density profiles obtained from va
Yelle (1991) (see Fig. 5). This density profile yields in turn &us stations, where the altitude is determined by the inversic
refractivity profile v(z) (where 1+ v is the refractive index), itself, not from Yelle’s model (as will be the case for the othe
assuming that the atmosphere is pure molecular nitrédén, profiles presented in this paper). The decrease in the slope «
We adoptthe valuk =1.091x 107224 6.282x 10726/22cm®  served at the bottom of some profiles (see Fig. 6) comes fro
molecule! for the specific refractivity of nitrogen, whebeis the presence of the aerosol layer. There is, on the other ha
expressed in micrometers (Washburn 1930). Assuming a spheegeneral divergence of the profiles above 510 km, due to t
ically symmetric atmosphere, the profil&z) provides the bend- the exponential decay of the atmospheric density and, thus,
ing anglew(z) of the stellar ray which went through the layer athe exponential sensitivity of the profiles to the noise in thi
altitudez at closest approach to Titan’s ground (i.e.s a Ry +  lightcurves.

z from the center of the satellite), Although there is good general agreement between the the
retical and retrieved profiles (Fig. 5), it is hard to decide, fron

T 3y Fig. 6, which model fits better the observations. Most of the di:

(2) = [m ar ds, (2) persion observed in Fig. 6 is due to the inversion itself (noise, bz

knowledge of the zero stellar flux, etc.). This is suggested by tt
where the integration is carried out on elementary paths factthat nearby stations, or even multichannel experiments att
along the ray [see Appendix A, Eg. (Al1)]. Note thais neg- same site, can give altitude discrepancies as high as 10-15
ative. For practical purposes, the integral above has been ger-a given value of the density. In particular, to within 10—15 krr
formed numerically by considering elementary atmospheric lagi-e., 20—30% of the scale height), we are unable to detectin 19
ers of thickness 1 km, distributed between the altitudes 250 amgossible change in the surface pressure that would shift the
1300 km, with a density profile following Yelle's model. Be-titude scale by a constant amount with respect to the theoretit
cause the profile(z) varies almost exponentially with altitude,model based on the Voyager results of 1980. Such a change
most of the bending angte comes from a layer of thickne$$s pressure could be due to a variable amount of dissolved nitr
(the scale height;-50 km, see below), which corresponds to gen in hypothetical oceans of ethane or methane on the satel
horizontal length traveled by the ray af~ +/27rH ~1000km, surface (Dubouloet al. 1989), although no definitive work has
usingr ~ 3000 km. been published concerning this issue (E. Lellouch, 1999, priva
Once the functiorw(z) has been tabulated numerically, oneommunication). In any case, our results show that the absolt
can relate (i) the altitude of the lowest layer probed by a givenaltitude scale should not have systematic errors much larger th
ray to (ii) the actual distana€ of the observer to the center of10-15 km.
Figure 6 shows that the observed density profil€g are
basically exponential. Linear fits to the profiles Infd)] be-
3 Argon may also be present in the atmosphere. Its refractivity is so closei¥een 330 and 470 km (where the data are less affected
that of nitrogen that the results would not be modified. aerosols or noise) yield density scale heightsloE 50+ 2 km
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FIG. 5. Theoretical density profiles(z) derived from the model of Yelle (1991) and Lellouehal. (1990), compared with the observations (22 profile:
between~300 and 510 km). See details in Fig. 6. The altitude in this figure and Fig. 6 is determined by the inversion.

andH =51+ 2 km atimmersion and emersion, respectively. We 5. DENSITY AND TEMPERATURE FLUCTUATIONS
do not note any significant difference lth between immersion
and emersion. Once the exponential tremtdy, has been subtracted, one ob

To avoid the problems caused by the aerosol layer, in partteins the relative density fluctuations= 5n/Nexp= (N — Nexp)/
ular concerning the determination of the altitude at the bottom,, as a function of altitude (see Fig. 8). Note that the inversic
of the profiles, the altitude scale will be, from now on, detetayers at 425 and 450 km (zone of maximum positive tempet
mined by assuming that the background atmosphere followsuae gradients) correspond to negative density fluctuation gra
density profile as calculated by Yelle (1991) (see Section 3.2nts. We have plotted in Fig. 8 the growth with altitude expecte
The other quantities, such as the number demsitiye tempera- if these fluctuations were caused by freely upward-propagati
tureT, and the temperature gradiet/dz, will be given by the gravity waves. In the absence of dissipation or zonal wind, tt
classic inversion method, as described in Vapikbml. (1973) growth ensures that the product of the exponential backgrou
and Roqueet al. (1994). Thuspnly at the moment of plotting density by the amplitude squared of the wave (in other worc
the profilesdo we use the altitude scale derived from Yelle'#ts energy flux) is conserved, which translates into the grow
model. factor of expg/2H) shown in Fig. 8.

The temperature profile§(z) are derived in particular us- It is difficult to derive any conclusion about such an ampli
ing an arbitrary initial conditionT =Ty at z=z,. The result- fication by examining Fig. 8, first because the lower levels a
ing profiles are shown in Fig. 7, where the initial condition haseverely affected by haze absorptions, and second because
been chosen so as to coincide with the model of Lelletcdd. upper levels are exponentially affected by noise. In any case,
at a given altitude. Thus, the apparent better agreement of #meplitudes reached by the fluctuations bring them to the lirr
observations with this model in Fig. 7 is artificial. In realityof convective stability, as we see next. Thus, further growth
the two models are indistinguishable, as was already evidenpimbably inhibited above-500 km. Note that the largest fluc-
Fig.5or6 (see alsothe discussion of this pointin H93, Section B)ations (corresponding to layers A and B) have amplitude
Note the presence of inversion layers A and B at 425 and 450 kint5%. B
respectively. These layers will be more conspicuous in the dendnstead of plotting the temperature fluctuatidis=T —T
sity fluctuation profiles, as we will see now. with respect to an average valiliewe study a physically more
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FIG. 7. Temperature profiles derived from the observations at immersion (A) and emersion (B), compared with the models of Yelle ancetalldteh
altitude here and in all the remaining profiles is determined by using Yelle’s model; see text. The better agreement with the model oét &lloaofes from
the arbitrary choice of initial conditions; see the text. Note the systematic drop in temperature at the bottom of the profiles, especially in siomerefiles.
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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which explains the trends of the profiles belev870 km (see also Fig. 7). The dash—dotted line indicates the growth of fluctuations expected from freely up
propagating gravity waves.

relevant quantity, namely, the vertical temperature gradi€rit temperature profiles. We also eliminated profiles derived in tt
dz. The latter has the advantage of being readily comparabledlae on multichannel detectors, because the aerosol absorpt

the adiabatic lapse rate, is much more severe in that band than in the red.
r—_9 @) 6. SPECTRA OF DENSITY AND
Cp TEMPERATURE FLUCTUATIONS

whereg is the acceleration of the gravity amg is the spe-  To better address the question of the nature of the fluctuatio
cific heat at constant pressure. Frge= 1354 cm s 2 at the observed in Fig. 8, we have performed a Fourier analysis
ground, one getg= 1014 cm s2 at 400 km. Furthermore, some of the profiles(z) = §n/nex(2). More precisely, we cal-
takingc,=1.04x 10" erg K1 g7, we getl' ~—1 Kkm~tin culate the power spectr@(m) = |¢(m)|? of the profiles, where
the region of interest. For larger negative gradients (in absolét@n) is the Fourier transform af(z), and wheren=2x /2, is
value), the atmosphere becomes convectively unstable. the vertical wavenumber. The derivation B{m) is described
The temperature gradients are shown in Fig. 9. One can $edppendix B, where we note in particular that no spectral in
the cutoff of the gradient near the adiabatic lapse fatas formation for vertical wavelengths, larger than~50 km and
well as the asymmetry between the negative and positive pasaller than~3 km can be gathered from our profiles.
of the profile. The negative parts have a rounder shape sharplyfo avoid as much as possible the effect of aerosol absorptiol
bounded by", while the positive part has a more “spiky” aspecive have discarded the profiles derived from the blue channel
and extends at several times the valuelgf This behavior is some instruments. We have assumed that all the features visi
typical of all the temperature gradient profiles. Actually none af Fig. 8 are caused by a perfectly layered atmosphere, i.e., tl
them shows a superadiabatic lapse rate. the fluctuations are caused by vertical structures only. This m:
The cutoff and the asymmetry of the profiles are illustrateabt be the case when the stellar track in the atmosphere becor
in Fig. 10, where the histogram 6fT /9z for selected profiles closer to the horizontal (see Fig. 2). To avoid this problem, th
is plotted. We have eliminated from the histogram the values
derived from the Catania station, because of the large time step
of 1 s used there (Table 1), which severely smoothes out thé Often referred to as “spectra” in the rest of the text.
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Atimmersion, we used the profiles from Manley, Hertford, Greenwich, Langwedel, Essen, Pic du Midi (R channel), Ein Harod (R channel), and Wissiofor er
we used the same stations plus the R channel of Vatican. The significance- thepe is discussed in the text. The dotted line in each panel indicates the nc
level; see text.

profiles have been considered only when the tangent of the anigt®vever, as we see now, the effects of both the stellar diame
between the stellar track and the local vertical is smaller than Ehd ray crossings can alter the original spectrum and steepen
In other words, we assume that the aspect ratio of atmosphesiizpe.
features (horizontal to vertical typical lengths) is at least 10. This
is a reasonable assumption, as seen in Section 8, where asggEFFECT OF RAY CROSSING AND STELLAR DIAMETER
ratios of~30 or more are derived.
Practically, the spectra have been calculated for altitudes lar . . i
than 310 km for all the stations, except for Wise (altitudes Iarggfralr' Retrieval of the Vertical Profiles
than 343 km) and Ein Harod (altitudes larger than 347 km). TheThe question addressed here is the role of ray crossing in t
upper limit for all the profiles has been set at 500 km to avoigtrieved vertical density or temperature profiles, in particule
the exponential increase of the noise. the asymmetries of the temperature gradients and the cutoff
We have plotted in Fig. 11 an average of selected power sp#te adiabatic lapse rafg as shown in Figs. 9 and 10.
tra, choosing those data with sufficient signal-to-noise ratio andA priori, these results indicate that we do observe in Titan’
time resolution. Note that the rms dispersion around the avstratosphere breaking of structures through convective instak
age is rather small, indicating a robust power law behavior. Titg. However, we will see that ray crossings can also mimic th
dotted lines indicate the noise level for these spectra. They haame behavior in the spectral range considered here, i.e.,
been obtained by generating synthetic lightcurves to which scirertical wavelengths between3 and 50 km.
tillation or photon noise (depending of the data) has been addedWe note first that ray crossing leads to a net loss of infol
Note that the actual spectra dominate the noise by a fact60 mation, since we cannot distinguish in our data which path w:
to 1000 between wavelengths 6 and 50 km. Thus, the de-followed by a given photon. The inversion procedure assum
rived spectra are largely dominated by fluctuations in Titanthat there is a one-to-one correspondence between the input
atmosphere, not by ground-based noise. We have also drgyact parameter of the photon in the atmosphere and the o
in this figure the—3 slope expected for saturated gravity wavput location of this photon when it arrives at the Earth. Whe
power spectra (see the discussion in Section 9). The obsertled assumption breaks down, the retrieved profiles are distorte
slope seems steeper{4), in particular at high frequencies.Note, however, that this limitation is not inherent to the inversiol
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procedure, and that the full information can be retrieved in thain the asymmetry of Fig. 9. However, Eq. (7) shows that re
case of radio occultations, for which the frequency measurerossing is less likely for the larger vertical structures, whic
ments allow ray crossing to be identified and interpreted (sestould therefore be better retrieved.
e.g., Hinsoret al. 1998). This is illustrated in Fig. 12, where we model the two inver
Let us consider a basically isothermal atmosphere of scalen layers A and B of Fig. 9. The solid line in the left panel i
height H and exponential density profileep(z), with rela- the initial temperature gradient profile, and the dash—dotted i
tive fluctuations: (z) = én(2) / Nexp(2) = 6v(2)/vexp(2). As shown is the retrieved profile after inversion. Since no ray crossing
in Appendix A (see also French and Lovelace 1983) a handuced by this structure, and also because itis much larger tt
monic fluctuation with vertical extensioxy, (i.e., with vertical the stellar diameter at that level (about 13 km), the retrieved pi
wavenumbem = 2 /A;) will cause ray crossing if its relative file agrees very well with the original one. If the amplitude of th

amplitude is larger than temperature fluctuation is multiplied by 2, however, the negati
side of the profile induces ray crossings, and is then seriou:

1 damped after the inversion (dotted line). Although distorted, tt

€or = W (5) positive side of the profile is better retrieved, since it does n

induce ray crossing.

wheredg is the Baum and Code flux associated with the smoothW.e have perfo_rmed various tests on this particular _featun
background atmosphere. varying the amplitude and the asymmetry of the gradients

On the other hand, a given fluctuation will reach convecti\ﬂet the observations. We could not find any satisfactory way

instability when the adiabatic lapse rate is reached, that is, f:grlg;cs’?nugcf)ntgee?(k;z%rtﬁ? g&gzlgx(cr)lt?ch:n%zg?sl \?vfhlzlrge. tﬁ?tgr{];
de/0z=(y = 1)/(yH).1.e. forrelative amplitudes larger than ature has a strong local superadiabatic lapse rate of several ti

the values o’ = —1 K km~L. Such a highly unstable layer is

€ad = V__l . i (6) unlikely to be maintained.
mH Thus, the general behavior of the temperature profiles ne
. _ o layers A and B is likely to correspond to real inversion layer:
wherey is the adiabatic index. separated by a convectively unstable region. This may be not
Equations (5) and (6) show that case for smaller structures, as explained below.
€or 1 1 y A\ Y2 7.2. Retrieval of the Vertical Spectra
©o Lol () g et
€ad 21 1—Po y—-1 \H The spectra shown in Fig. 11 can be altered both by the stel

diameter and by ray crossing. These two effects tend to smo
In our casey ~ 1.4, and the most significant results are obtaineolt the high frequencies, so that the spectra presented herer
for &g lying between~0 and 0.5. Thusse/€aq~ /Az/H. be taken with some care.

This is quite unfortunate in the present study, since the verticalTo study these effects, we have generated in a direct way
scales that we are probing (roughly in the range 3-50 km) yiatdltation lightcurves from a model atmosphere with some pr
values ofe.r /€59 Of order unity. In other words, the fluctuationsscribed structure. We use a method of ray tracing, along the lir
are reaching the convective instability at about the same timemesented in Section 3.2. Only geometrical optics is consider
they cause ray crossing. Note that this ambiguity is the result(@b diffraction), while the smoothing by the stellar diameter i
a fortuitous combination of the numerical valueggthe scale taken into account in most of the profiles. It is the dominar
heightH, and the typical vertical extensiohgconsidered here, source of smoothing since the stellar diameter at Titan (18 ki
and is not intrinsic to the inversion method. is larger than the Fresnel scateX km). Once generated, the

There is a further coincidence that complicates the interpiéhtcurve is inverted with our usual code.
tation of diagrams such as Fig. 9. Ray crossing occurs wherFigure 13 shows the transfer function for the stellar diam
the photons encounter a local relative increase in density widr. Temperature fluctuations with a flat power spectrum are fi
height, to counteract the defocusing effect caused by the genargberimposed on an isothermal profile. A lightcurve is then ge
exponential decay of density with altitude. This corresponds ¢épated, and the smoothing by the stellar diameter is applied.
alocal decrease in temperature with height, i.e., a local negatilie final step, an inversion is performed and the resulting pow
gradient of temperature. In other words, ray crossing occurssgiectrum of the retrieved temperature profile is plotted as a thi
the same place where convective instability is taking place. Thise. One first notes that at low frequency there is a slight exce
is well visible in the left panel of Fig. 15B or the left panel ofof power in the retrieved spectrum, due to the fact that the inve
Fig. 16A. sion does not provide a strictly isothermal profile, but rather ad

As shown by French and Lovelace (1983) (and see alsome low-frequency features to the profile. Second, one can
Figs. 15, 16), ray crossing induces a damping of the retrieviite gradual tapering of the spectrum at higher frequency due
structures after the inversion has been performed, which can the stellar diameter. This induces an artificial slope of abeut
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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 lin
retrieved gradient profile (after inversion, taking into account the stellar diameter) is plotted as a dash—dotted line; note that it is alrmogtisimalidé 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 titiateHedgted
profile is not multiplied by 2. Rather, the negative gradients are bounded by approximat&lm—1, while the positive spikes are distorted. Thus, ray crossin
can simulate the saturation of an atmospheric wave by the adiabatic lapse rate. Right panel: Comparison of the retrieved profile (dash—detdy Shewal
in the left panel) with the temperature gradients of Ein Harod. See the text for details.

to the resulting power spectrum. There is finally a sharp dropfiat spectrum. The thin line in the left panel of Fig. 15A show:
power for wavelengths smaller thar8 km. This drop is caused the temperature gradient of that profile. This original profile i
by the stellar diameter and, to a lesser extent, by the fact nased to generate a lightcurve, taking into account the smoothi
crossing starts to play an important role as higher frequencikasthe stellar diameter. This lightcurve is then inverted, yieldin
are encountered. the thick line in the Fig. 15A, left. One can see that ray cros:
These two effects are now examined in more detail, considérg has very seriously damped the original profile. Also, th
ing original spectra with slope 2, —3, and—4. Figure 14 shows Fig. 15A, right, shows that the originally flat spectrum has bee
for instance that the stellar diameter of the star alone can steefransformed in a much steeper, roughl@, power spectrum.
an original—2 spectrum (Fig. 14A, left) into &—3 spectrum  The same effectis observed in the Fig. 15B. There, an origin
(Fig. 14A, right). Note, however, that an originaB spectrumis temperature profile with a2 spectrum is generated. Note that
little affected by the stellar diameter (Fig. 14B, left) and is alsay crossing causes a tapering of the negative temperature ¢
little affected by severe ray crossing (Fig. 14B, right), exceplients after inversion, as anticipated in the previous subsectic
for some loss of signal at higher frequencies, leading to a slopa the other hand, note that the positive gradients are well repi
closer to—4 than to—3. duced after inversion. Also, the absolute altitude of each featu
The effect of ray crossing is complex in the details, but it well retrieved. Figure 16 shows further versions of ray crossir
tends to steepen a shallow spectrum towar@apectrum. This effects, with steeper original spectral and—4 slopes).
is because the required amplituggfor a fluctuationtoyieldray ~ Simulations of both Figs. 15 and 16 should be compared wi
crossing is proportional tm—3/2 [Eq. (5)]. Beyond ray crossing, actual profiles and spectra, as shown in Fig. 17 for Pic du Mic
the retrieved fluctuation is severely damped. Consequently(dfr in Fig. 11 for an averaged version). The observed pow:
ray crossings occur at all scales, the retrieved power spectrapectra generally exhibit a generaB slope at low frequencies,
is proportional toe2 o« m~3, even if the original spectrum is followed by a~—4 slope at higher frequencies.
shallower than that. This comparison should make us rather cautious in interpre
This effect is illustrated in Fig. 15. Temperature fluctuationigg the vertical spectra obtained here, even though some qui
(and therefore density fluctuations) are first generated withtitative results can be derived from Figs. 15 and 16. In thes
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' ! ] instability limit and the spectrum being close to-&8 power
] law.

8. HORIZONTAL LAYERING

104

8.1. Global Trends along the Limb

We have been concerned up to now witlrtical structure of
] individual profiles. Because of the geographical coverage ave
- . able from various stations (Fig. 1), therizontalstructure of the
] atmosphere can be probed as well. In particular, we would like
I ] evaluate the horizontal coherence of some features. To do so,
r ] use the profiles of temperature gradient,/dz. They are bet-
ter suited than the temperature profile&) since they are less
affected by general linear trends, while preserving the inform
tion on the local temperature fluctuations. Figure 18 shows t
oT /dzprofiles atimmersion and emersion on a large scale. Ea
profile has been shifted horizontally by the distance, along tl
limb of Titan, to the northernmost station (Manley). Figure 1
shows more local features, as observed from the closely pacl
European stations. The two panels in this figure show sub
variations in the small structures that are discussed below.
To study possible trends with latitude (due for instance to se
L ] sonal effects), we have plotted the profiles according to latituc
[ ] not distance, in Fig. 20. As noted in the caption to Fig. 18, tf
Catania profiles appear somewhat smoothed out due to the lat
et . L integration time step used there. Consequently, layer A at tf
100 10 station does not appear as sharp as in the other stations. A cl
Az (km) examination of Fig. 20 shows that layer A is a global featur
visible from latitude® ~ —45° to ® ~ 420°. Layer B, on the
FIQ. 13. An original!y flat power spectrum pf temperature ﬂuctuationq)ther side, is readily visible only at latitudésnorth of~—20°.
was first generateq, and is shown her_e asa th_ln Ilne.‘A synth_etlc lightcurve Wagt is interesting to note that the two layers A and B are well co
then generated using the corresponding density profile, and it was smoothed b . : .
the stellar diameter before being inverted. The resulting power spectrum of {I%yated between the northern immersion stations and the sot
retrieved temperature profile is plotted as a thick line. See text for comment&rn emersion stations. This may be a priori surprising as t
corresponding points in Titan are separated by almost one Tif
figures, the synthetic profiles have an amplitude that is chosgiameter (Fig. 1). A closeup view of this correlation is shown i
so as to roughly reproduce the observed typical amplitudes, e@g. 20B. This indicates that layers A and B are zonal featur

at Pic du Midi (Fig. 17). that extend around the whole satellite at a given latitude.
This shows for instance that an original flat spectrum is not

a good model for Titan’s atmosphere. In effect, the amplitude2. Cross-Correlation of Fine Features
of the original profile of Fig. 15A (left) results in temperature
gradients of several times the adiabatic lapse Fat&uch a
highly unstable atmosphere is unlikely to be maintained, ev
by breaking gravity waves. Also,-a4 original spectrum yields
too steep a retrieved spectrum (Fig. 16B) and contains too li
energy at high frequency when compared with real data (Fig. 1,
The intermediate cases-2 and—3 spectra) are both con-
sistent with the observations. The observed spectra could
explained either by-2 spectra steepened by stellar diameter

smoothing and ray crossings, or by a pu@original spectrum cC— Z(gri —gn)-(gr! — g_r/)/
i

108 1078

10—10

Power spectrum (arbitrary units)

—

To have a more quantitative description of the horizontal la
ering of the atmosphere, we have evaluated the cross-correla
Befficient of the various profiles in a given altitude interval. Le
r(z) =0T /dz be the temperature gradient at altitudéerived
Bm a given station. This profile is first resampled by linee
r?terpolation with a regular and fixed vertical step of 0.2 kn
et (z, gri) and @, gr{) be two such profiles derived for two
tions. Then, the cross-correlafiaoefficientCCis defined as

with no ray crossing (and, thus, with real adiabatic lapse rate
cutoff), or by a mixture of the two situations.

Note, however, that there is no special reason why the cutoff \/Z(gfi —gn?- Y (gr/ — gry, (8)
of temperature gradients should be exactly #tit were caused i i
by ray crossing only. Thus the profiles shown in Fig. 9 are prob-
ably close to reality, the features being close to the convective ;¢ cajied “correlation” hereafter.
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FIG. 14. A synthetic occultation lightcurve is generated with some vertical density fluctuations superimposed to an isothermal atmosphere, anddhen |
(A, left) The original power spectrum of density fluctuations is a power law of expen2rithe spectrum of temperature fluctuations, after inversion, is satisfactori
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 GobsBgfdre
inversion, the synthetic lightcurve has been smoothed by the stellar diameter projected at Titan (taking into a account the vertical corfteictiageét lower
altitudes). The retrieved spectrum is then steepened to a slope of approximaiéB, left) Same as (A, right), panel i.e., taking into account the stellar diamete
except that the original spectrum has a slope-8f (B, right) Same as (B, left), except that the fluctuations have been multipled by a factor of 10, which indt
ray crossings. See text for discussion.
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FIG. 16. Same as the previous figure, with-8 spectrum (A) and &4 spectrum (B).

where the bars denote the average value over the interval contiihed the maximum value @C obtained in this process, and
ered.To account for possible small misalignments of the strugsed it in the plots shown in Fig. 21.

tures, we have allowed vertical shifts of one of the profiles with One can see that the correlation corresponding to Interval
respect to the other, by incremendz of 1 km in the limit (bracketing layer A between 410 and 440 km, see Fig. 1!
Az=+10 km around the zero nominal value. We have then reemains high, namely, greater than 80%, even at large distanc
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This shows that the structure of layer A is essentially the sar@e image in the atmosphere. The result is shown in Fig. 2
in all profiles, as was expected from Fig. 20. The correlatiomhere the altitude of the stellar image in Titan’s atmosphere i
corresponding to Interval 2 (see Fig. 19) exhibits a drasticalpfotted versus the distancetraveled along the limb. Note the
different behavior, with a clear decrease with distance, andaage difference (more than two orders of magnitude) betwe
drop of 50% for a distance of 250 km along the limb. On ththe vertical and horizontal scales. Actually, the stellar imag
other hand, the autocorrelation of Interval 2 drops to 50% foraae following essentially horizontal tracks in the atmosphere,
vertical displacement of about 1.8 km, indicating an aspect ratfevident from Fig. 2.

p of the features (ratio of horizontal to vertical characteristic As shown in Appendix A, the rati@sy/® of the smooth
lengths) of about 140 in that interval. background stellar flux to the actual observed flux depends
both the altitudez and the distance along the limb [Eq. (A4)].
An example of the rati@sy,/® is shown in Fig. 25 as a func-
tion of x for the Wise data. For each lightcurve, this ratio wa

A more detailed study of the horizontal structure of the atmoesampled according toonly, and then compared with the ratic
sphere is possible using the lightcurves obtained at the Israkli,/® obtained from another lightcurve. For a given altitud
stations, Ein Harod and Wise (see Fig. 2). The correspondindet §x(z) be the distance along the limb of the two stellar im
stellar tracks have the advantage of being relatively clear afes observed by the two experiments. For instance, for the t
aerosols (see Fig. 4 of H93), so that the stellar flux was detectdwnnels of the Ein Harod detector, the distafix€) ranges
with a good signal-to-noise ratio all around the southern limb ffom about 1 km arounad =500 km to about 60 km around
Titan at these stations (Figs. 4 and 25). z=300 km (Fig. 22).

Furthermore, the Ein Harod detector could record simultane-We can then calculate the cross-correlat®(z) of the two
ously in two channels, at 0.45 and 0,86. Because the refrac- ratios®y,/ ® over a finite vertical intervat + Az/2. Typically,
tivity of the gas is decreasing with wavelength, the “blue” stellakz= 10 km, but we may choose larger correlation interval
image at a given moment is slightly higher in the atmosphehégher in the atmosphere and smaller ones lower down. We ¢
than the “red” stellar image. Assuming a pude atmosphere, finally calculate the autocorrelation dfy,/®, and determine
and a smooth temperature profile as calculated by Yelle (199&) which displacemeniz the autocorrelation reaches the valu
(see Section 3.2), one can calculate the trajectory of the st@lc(z). Then, the typical aspect ratioof the structures detected

8.3. Correlations of the Israel Lightcurves
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ratios derived from comparing (i) the Ein Harod red and blue channels between themselves, (ii) the Ein Harod red channel and Wise lightcurtiee &al (iii)
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in the intervalz + Az/2 is 8.4. Horizontal Spectra

We look for the horizontal spectrum of the atmospheric fluctu
ations by studying those parts of the lightcurves where the stell
. (9) image has an almost horizontal trajectory. We choose for th
the Wise lightcurve because it has a good signal-to-noise rat
it is relatively clear of aerosol, as noted before, and it remair
A histogram ofp is displayed in Fig. 23, where we havefar from the central flash region, where more complicated hor
compared the two channels of the Ein Harod detector betweggntal focusings occur. Figure 25 showvg,/ @ as a function of
themselves and also with the Wise profile. Note the strong peté]ﬁ distancex along the limb for the entire occultation interval.
at p ~ 30, with a FWHM of~30. This shows that we detectNote that the stellar flux is detected well above the noise durir
many horizontal features in the atmosphere with typical asp@&étthat time (see Fig. 4).
ratios between-15 and 45. Note also the significant tail in the To obtain information on the horizontal structure of the at
distribution of p, extending betweern100 and~250, indicat- Mosphere, we have to choose a region where the slope of |
ing that we do detect structures with aspect ratios up to 200%¢llar trajectory is very shallow and, more precisely, smalle
even more. Remember from the previous subsection that thethén the inverse of the aspect ratio of the stratospheric featur
pect ratio of the structures observed in Interval 2 of Fig. 19 wi¥e have derived in the previous subsection typical aspect rati
about 140. of up to~200, with a peak at30+ 15. We have thus restricted
Finally, for each vertical interval of correlation, we have dethe calculation of the power spectra dfdn/ ®(x)] in regions of
termined the small vertical displacementi of one data set Slopes smaller 2200 (corresponding to the horizontal solid line
with respect to the other, necessary to maximize the correlaFig. 25). We have also performed tests with region where tt
tion between the two data sets. The valuezgfi/6x is thus slope is smaller than/50 and %100, noting little difference in
a measure of the inclination of the features with respect toe results.
the local horizontal direction. Figure 24 shows a histogram As discussed in Appendix A, the resulting power spectrur
of these inclinations obtained from the same data as befégist be corrected for projection effects. In particular, if this
(Ein Harod and Wise). As expected, we observe a narrow spikerizontal spectrum is a power lawky, wherek is the mod-
around zero, with a dispersion of abatl.5° (~+2.5x 102 ulus of the horizontal wavevector, then the apparent retrieve
radians). spectrum should be a power law with indgx- 2. Thus, when

6X

'OZE
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L S L A A ] suffered by the Huygens probe during its descent in the satell
] atmosphere. This paper is mainly observational, and deals w
the various biases that can affect the retrieved temperature ¢
density profiles. Consequently, itis not our aim here to discuss::
the theoretical and practical implications of our results. Instea
we summarize them, pointing out their domain of validity anc
their limitations. We note also that this study may be useful whe
comparing Titan’s atmosphere with other upper atmospher
] that show an activity, in particular, due to propagation of wave:
see the abundant literature on gravity waves in the Earth midc
atmosphere and evidence for wave activity in Venus (Hinsc
. and Jenkins 1995), Jupiter (French and Gierasch 1974), Neptt
(Hinson and Magalkés 1993, Roques, in preparation).

10+2

-4 slope | Global structure of the stratosphereA dozen lightcurves

obtained during the 28 Sgr occultation have been used to study
detail the structure of Titan’s atmosphere between altitude leve
1 of ~290 and 500 km (corresponding to pressures frofd 0 to
1.4pbar, respectively). These lightcurves probe both the vertic
and horizontal structures of the stratosphere. From a global po
of view, we have seen that the retrieved density profités),
agree well with the existing models (Lellouehal. 1990, Yelle
1991), with adensity scale heightldf=50.5 &+ 1.4 km between
300 and 500 km (Fig. 6), and with no significant difference
between immersion and emersion. However, the observatio
. ) L ) cannot discriminate between the two models, since they are t
1000 100 10 close to each other in the region under consideration.

Az (km) Density and temperature fluctuationsOnce the smooth, ba-

FIG. 26. Power spectrum of the ratiabgm/®](x) of Fig. 25, calculated sically e.Xponentia.l’ variation of the dehSity is taken away fror
in the interval corresponding to the horizontal solid line. This power spectrume profiles, density (and corresponding temperature) fluctu
has been divided by the square of the frequency to take into account projeclins are detected well above the noise (Fig. 8). In particuls
effects, as explained in the text. two conspicuous inversion layers, labeled A and B, are visib

in almost all the profiles, at altitudes of 425 and 450-455 kn

respectively p ~ 7 wbar andp ~ 4 ubar, respectively). These
plotting the spectrum of Fig. 26, we have divided the powewo layers correspond to sudden inversions of temperature, w
spectrum of s,/ P](x) by the square of the frequency, to takéncreases of up ta T ~ 10 K in less thamyz = 10 km (Fig. 7),
into account this correcting term of 2. with local positive gradient8T /3z of up to 2-3 K knt.

The resulting slope observed in this figure is close-th As shown in Fig. 20, layer A and, to a lesser extent, layer |
One has to remember that this result is derived from varioage found at very different latitudes on Titan (fror#5° south
assumptions described in Appendix A, namely, the separability 20° north). In terms of density fluctuations, these feature
of the vertical and horizontal spectra, the power law behavimgpresent peak-to-peak relative variations of almost 10% ov
of the horizontal spectrum, and its horizontal isotropy. Note, ahe altitude range of 10 km quoted in the previous paragray
the other hand, that smoothing by the finite stellar size shouke Fig. 8).
not be a problem here, since the structures that we are looking he very nature of these strong inversion layers remains to
at have extensions much larger than the stellar diameter (ggplained. Dips A and B observed in the lightcurves (Fig. 3) ar
Fig. 25). Also, horizontal ray crossing should not be a probleprobably not caused by absorptions by detached aerosol laye

1072

Wise
[ Horizontal density

Power spectrum (arbitrary units )

1074

fluctuations

either because we are far from the central flash region. because of the absence of chromatic effects between the blue
red channels of the various experiments. As discussed below, |
9. DISCUSSION crossing cannot account for this structure either. Also, the fa

that the region joining these two inversion layers just reaches t

A better knowledge of the dynamical state of Titan’s uppexdiabatic lapse rate (Fig. 9) points toward a dynamical origin fc
stratosphere can bring important constraints on the zonal withese features.

generation and the energy budget at those levels. Also, thes®ther examples of such inversion layers are indeed encot

results can give some indications on the perturbations that willtezed in planetary upper atmospheres, but their origin is still
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topic of debate. For instance, lidar observations of the Eanthctive instability occur at about the same amplitude for stru
mesophere reveal a strong inversion layer, with similar amptisres with the vertical wavelengths detected here (from a fe
tude, and a cutoff at the adiabatic lapse rate around the altitkilemeters to some 50 km). This obviously complicates the i
70-75 km, i.e., pressures of about 45428ar (Hauchecorne terpretation of diagrams like Figs. 9 and 10.
et al. 1987). These authors interpret the maintenance of the in-Nevertheless, there is no reason why ray crossing should sir
version layer by the continuous breaking of gravity waves elate a cutoff so close tB, as shown in Fig. 10. Thus, even thougt
tering the inversion region. Inversion layers are also observieay crossing could be responsible for some of the morpholo
in middle atmosphere of Mars in the altitude range 40-60 kabserved in thédT/dz profiles, the actual negative gradient:
(pressures-130-13ubar), with a similar interpretation in termsmust be close to the adiabatic limitin any case. The strong cut
of gravity wave activity (Tleodoreet al. 1993). 9T /0zbyT hasindeed been observed in other atmospheres;
Smaller variations are also clearly visible in Fig. 8, and athe lidar observations of the Earth’s mesosphere (Haucheco
of them can have an effect on the Huygens probe acceleratairal. 1987), the radio occultation sounding of Venus’ during th
during its descent in the atmosphere of the satellite. Converséiagellan flyby (Hinson and Jenkins 1995), and ground-bas
the Huygens Atmospheric Structure Instrument (HASI) expestellar occultations by Neptune (Roques, in preparation).
ment (whichyields the pressure and temperature versus altitude),
combined with the accelerometer data, could provide interest-Vertical power spectra. Another test as to the nature of the
ing insights concerning these structures, and extend this stdigtuations can be performed through the power spectra of 1
to higher and lower zones of the atmosphere (Fulchignoni 19¢gtical profiles ofn(z) or T(2). Figures 11 and 17 show a ro-
Strobel and Sicardy 1997). bust power law behavior, with an exponent close—t_ﬁ for
Actually, the amplitudes of the fluctuations observed in ojravelengths larger tharv10 km and close to-4 for higher
data are consistent with the presence of gravity waves reportegfiuéncies. There is a concern, however, about the physi
by other authors lower down in the atmosphere (Hinson and Tyl&2lity of this slope, because ray crossing may occur in some
1983, Friedson 1994). According to Friedson, the energy fl@ons of the profiles, due especially to high-frequency feature
of a gravity wave in the WKB approximation ig"2/(N2po), As discussed in Section 7, ray crossing steepens the origi
wherep’ is the perturbation mass density of the waugis the spectrum. Consequently, we cannot distinguish at our leve
background unperturbed density, avds the Brunt—Vaisala fre- —2 spectrum modified by ray crossing as in Fig. 15B (right
quency. Thus, if dissipation is ignored, the relative amplitude 8fr¢al—3 spectrum as in Fig. 16A (right), or a mixture of the
the wave varies like'/po o N3/2/,oé/2. (Note that this formula two, when compareq with real c_iatg (right panel c_>f.F|g. 17
also ignores the effect of wind shear, which can be very Sigmhtowever, our simulations clearly indicate that the original spe
cant.) Around 44 km, the scintillation of the radio signal sent M cannot have a flat shape nor-# slope, so that the real
the Voyager spacecraft indicate§ po ~ 7 x 10-4 (Hinson and vertical spectrum must have a slope betweénand—3.
Tyler 1983), whilepo ~ 5.2 x 104 g cn3 andN ~ 0.005 st at The —3 slope is_ reminiscent of the so-called “univers&
that level. If the gravity waves propagate upward with constappectrum” found in the Earth oceans (Bell 1975, Garrett ar
energy up to inversion layer A (425 km), whepg~ 1.3 x Munk 1975) and middle atmosphere (Snétral. 1987), as well
108 g cm 3 and N ~0.0024 s?, then the equations abovedS in Neptune’s stratosphere (Roques, in preparation). Its ori
predict typical relative amplitudes for the wavesofpo ~5x  S€ems to be linked to the presence of gravity waves propagat
10-2. These are actually the amplitudes observed in Fig. 8. upward !n a stratified atmosphere, but the detailed mecha_nis
Thus, the fluctuations observed in our data are consistent wig$Ponsible for such a spectrum are not yet clearly establish
the upward propagation of gravity waves from deeper |aye,l§>_<planat|ons range from breaking of individual wave packets
In particular, in the region under study, the amplitude of sonkoppler-shifted couplings between the horizontal winds force

the waves can reach the critical value which causes convectethe waves or radiation (see the reviews by Gardner 1994 ¢
instability and breaking. Zhu 1994). In our case, the fact that the adiabatic lapse rate is

] most reached in some places and the asymmetry in the grad
Cutoff of the temperature gradientsThe temperature gra- gjstribution suggest that breaking due to convective instabiliti

dientsdT /9z clearly show a cutoff near the adiabatic lapse rajg actually taking place and must dominate the resulting spect
I' ~ —1 K km™, while spikes can reach positive values of up

to 3 K km~ (Figs. 9, 10). Altogether, these results suggest thatHorizontal layering. The comparison of various profiles
ongoing breaking of gravity waves, due to convective instabilitprobing regions separated by some tens to hundreds of kilor
is taking place in this region of the atmosphere, as noted aboters allowed us to estimate the aspect ratio (ratio of horizontal-

The asymmetry of th@T /dz profiles is more difficult to ex- vertical typical scales) of the observed structures. While layers
plain since it depends on the detail of how the waves breaad B exhibit a strong correlation from one profile to the other, :
We have considered an alternative possibility to account fdiscussed before, smaller structures are lost progressively w
this asymmetry, namely, ray crossing (Figs. 15, 16). Note thatreasing horizontal distance (see Fig. 21). The comparison
we have no independent way of distinguishing in our observe Israelilightcurves (Ein Harod and Wise) allowed us to folloy
tions between ray crossing and asymmetries caused by brealthig gradual loss of correlation between the structures as they
waves. Furthermore, Eq. (7) indicates that ray crossing and cpnebed more and more horizontally.
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This gradual loss indicates typical aspect ratios between 15 APPENDIX A: EFFECTS OF FLUCTUATIONS
and 45, and even more for some features, as seen in Fig. 23. _ _
Also, cross-correlation of profiles for stations from Manley to Let us consider a planetary atmosphere whose density decreases expol

. e . . tiglly with altitude, with a constant scale height. We add to this smooth
Pic du Midi indicates aspect ratios of about 140 at altitudes 5} ospheric profile three-dimensional (3D) density (and also refractivity) fluc

360 to 415 km (see Fig. 21). Altogether, this reveals a highfyations, and we look for the flux eventually received by the observer. We tre
stratified atmosphere. These numbers can be compared withttlaeroblem in the frame of geometric optics, a valid assumption as long :
typical values ofp ~ 25-100 found by Narayan and Hubbardve consider structures larger than the Fresnel satey/AD, wherex is the

(1988) for Neptune’s stratosphere, from the analysis of stel r?xvelength of observation arid the distance of the planet to the observer. In

o . isible and in th f Tita® (= 1.35 x 10° km), F is of the order of
scintillation near ingress, egress, and central flash. Notethatikfv's' e and in the case of Titai " m). F is of the order o

9 ) ; ﬁ1 Because the projected stellar diameter at TitakB(km) is larger tharf,
observed layers in Titan's stratosphere are essentially horizonfigd,geometric optics approach is sufficient for our purpose.
with a small dispersion of abou#2.5 x 10~? radian (~+1.5°) The basic geometric of the problem is shown in Fig. A1. Note that the ang

with respect to the local horizontal plane (Fig. 24). of deviationw, is negative with our conventions and very small, e.g., always les
than~2 x 1078 radian in the case of Titan. Consequen#lycan be considered

as the distance of the closest approach of the ray to the planet d@nteran
Horizontal power spectrum.In the most horizontal parts accuracy better than 1 m. Lebe that closest distance, andrébe the distance
of its track, the stellar image is modulated by the horizontal the observeB_to_the center of the_ shadoW®’. Also, d_ue_to the very small
structure of the atmosphere only (see Appendix A). Howevéﬁlue of the_dewatlon angka_, the_trajec_tory of the ray inside the atmqsphere
. . . . . _can be considered as a straight line going throAgind parallel taOy. This is
we Fhen observe atwo-d|.men|.onal flleld of horlzomal f_IUCtu_at'OQP% large value oD, despite the smallness ©f which is eventually responsible
projected along a one-dimenional line (the limb of Titan) in thgy the drop of signal at the observer.
plane of the sky. The observed “projected” horizontal spectrumBecause the fluctuations of density may have a locally horizontal compone
has a slope of-—2, and some assumptions are then necessa‘ygﬂay also s_uﬁers c_ieviations along the third dimengon perpendicular to
to deduce the actual horizontal power spectrum. Namely, if \HE plane of Fig. A1, i.e., along the limb gf the plangt gs seen from the observ
. . . ne can, however, show that these horizontal deviations can be neglected v
fassume the separz_iblllty Of_thevertlcal an_d horizontal spectra, ect to the vertical ones as long as the observer is far from the center
isotropy of the horizontal field of fluctuations, and a power lae shadow, i.e., outside the region of the so-called “central flash” (see, e.
variation for the horizontal spectrum, we can infer a slope clos@bbardet al. 1988).
to —4 for the actual horizontal power spectrum (see Fig. 26). In these conditions, the angle of deviation is given by

The comparisons of the vertical and horizontal power spectra

obtained here may be important steps in understanding the very +o0 gy +0 Ju(x, v, r)
. . . . . w(x,r)zf — -ds~f ————=.dy, (A1)
nature of these fluctuations, their mechanisms of interaction, o OF 0 ar
and their temporal spectrum, as discussed in detail by Gardner
(1994) and Daubner and Zeitlin (1996). wherev(x, y, r) is the refractivity of the atmosphere at a given point along the
r r’
A v A
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A ) ®
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>y
xX@ O

FIG. Al. Basic geometry of a ray deviation during a stellar occultation by a planetary atmosphere. The center of the plenédisiatdirected along the
direction of the incoming stellar rays. The vertical agis intercepts that incoming ray @t The axisOx (not visible here) is perpendicular @y andOr. Thus,
Ox s directed along the limb of the planet, as seen from the obs&nandO xr defines the plane of the sky. After being slightly refracted by an angllee ray
moves along the general directids, over a distanc®, and eventually hits the observBrwho is moving along the axi®r’. The axisOv defines the direction
of the local vertical at a given poirR in the planetary atmosphere, aRdh defines the direction of the local horizontalRtin the plane of the figure.



388 SICARDY ET AL.

ray. As noted above, can be decomposed into a smooth compopgntarying  We now use the identity
exponentially with altitude, and a fluctuatién:

+00
/ exp(u?) - sinftana - (U + a)° + ¢] - du
v = vg+ v. —c0

= /7 cosa - exp(—aZsirf «) - sin@? sina cosa + /2 + ).
Note that even though the background atmosphere is supposed to have an expo-
nentialdensityprofile, this does not mean that it is isothermal. The ray hits thg, o case, tan=mH’ > 1, so that cos ~1/mH’ anda ~ 7/2. Conse-
observer at’ =r + Dw, and from conservation of energy, the observed flux i%uently,

o dr f @ rof1?
T dw/or)’ =0~ 1 - Doem2/27r |5v] - exp| —=— [ —
dr’ 1+ D(dw/ar) o 0 [8v] - exp >0 \m
where f is the focusing factor due to the curvature of the limb. fgtbe the . r2 g
output flux caused by the profile, i.e., a Baum and Code lightcurve. Finally, - sin <kx mr-ont Z) :
let ®sm= f ®g be the smooth lightcurve that combines the Baum and Code
function and the focusing due to limb curvature. Then, Let

) 38 o0 525 B
S’“:1+Dq>03—r‘°~1+Dq>o/ ”.dy. e(r)zﬂ

oo Or2 Vo

Now, the fluctuationsv is expressed more easily as a function of lbeal be the relative amplitude of the fluctuation. The Baum and Code dlgixs
coordinates X, h, v), wherex is the distance along the limb, as mentionedelated tovo through
before,v is the distance to the planet center along the local vertical direction,
andh is the circular distance along the local horizontal direction in the plane of 3
. . i . . 1-—dg H
the figure. We consider strongly stratified fluctuatiénéx, h, v),i.e.,ov/dv > Vo = S D%
3v/9x, dv/ah. 0 7D

Effect of a monochromatic 3D wave.More specifically, we take the fol- sg that
lowing form for év:

Dgm r 1\2
Su(x, h, v) = [8v(v)| - sinkx + Ih + mu), —5 (61) ~ 1= (1= o) (MH)¥2. eXP{—ZH, (5) }

2
where the amplitudgv(v)| varies slowly with altitude likesv(v)| o< exp(=v/ - €(r) - sin (kx +mr— e + Z) .
H’). We assume thatl and H’ are of the same order of magnitude, but not am = 4
necessarily equal. Thus the fluctuati®mnis a 3D monochromatic wave with
wavevector K, |, m). The strong stratification assumption means thas k, |, Highly stratified atmosphere. Note that the exponential factor damps the
and we also assume > 1/H’. If H=H’, the amplitude of the fluctuation amplitude of the fluctuations. The argument of this exponential term/23{")
relative to the background valug is constant with height. If the fluctuation is (|/m)?=(L/H")?(Av/in)?/47, whereL ~+/2zrH’ is the horizontal length
a propagating gravity wave that conserves the energy flux, tfea2H, and  in the atmosphere where most of the deviation takes place rqrahd An
the relative amplitude of the wave grows as axfi{’) with height. are the vertical and horizontal wavelengths of the wave, respectively. Taki
Most of the deviation of the ray comes from a horizontal segment of lengtty’ =2H ~ 100 km andL ~ 1400 km for Titan, we haver (2H’)(I/m)? ~
L ~+/27rH <r around A, where the atmosphere is the densest. Also, thES(th/Av)~2. Since the aspect ratio of the observed wavegay, is larger
vertical gradient ofs is assumed to be much larger than horizontal gradient1an~30, the factori(/2H")(I/m)? remains well below unity. Thus, the damp-
From these two properties, one can deduce that ing factor due to the horizontal structure of the wave is actually negligible sin
the exponential above is very close to unity.
This shows that even horizontal wavelengths (along the line of sight) sm

400 92
Psm 1+ Dq>0/ % .dy. with respect td_ are inefficient in damping the ouput flux fluctuatiopsyvided
¢ 0 OV that the aspect ratia., /1y remains large We thus eventually obtain
Furthermoreh ~ y andv ~r + y2/2r in the region of interest. Froafv/dv? ~ ®sm 32
—m?y, one finally gets ?(X’ r)~ 1= (1~ ®o)(mH)
+ ) sin(kx—i—mr rh + n) (A2)
[ 00 - € . - A - -
%(x, ry~1— D<I>om2|8u(r)\/ expy?/2rH’) 2m 4
—00
- siny + my2/2r + kx4 mr) - dy In these conditions, the effect of the horizontal wavelength: 27/1 is a mere

dephasing;-rl2/2m, with no effect on the amplitude of the fluctuation.

+00
2 /o7 2 . . .
=1-Dogm v2rH’|sv]| / expu<) Ray crossing. When ray crossing occurs, caustics are encountered and 1
—00 . . . . N .
flux @ diverges. The expression above thus provides the following criterion fi

2 2 ) ray crossing to appear
r

rl
-sin|mH | u — kx4+mr—— | -du.
* 2H’m2 T 2m

(1— Do) (mH)¥?e > 1, (A3)
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a result previously derived by French and Lovelace (1983) in the particular cadtude, but also the distangealong the limb of Titan. Let, be the wavglength,
of a perfectly layered atmosphete£ | = 0). andm= 27 /1, the wavenumber. The power spectrumfois P(m) = | f(m)|?,

Spectrum of fluctuations. More generally, if we have a spectrum of quctu—Where f(m) is the Fourier transform of, defined as

ations of the form:

- exg—i(kx + 1h + mv)] - dm dkadl What we hgve_ in reality is a profile in a finite intervahf,, Zmax) at N discrete
points z¢ distributed (not regularly) beNtweaamn and zmax. We use the code
described by Deeming (1975) to estimé&ten). This code provides the following

fm) = /_m f(2)€M?dz

00

then the ratiobgy/® is

outputs:
%(x,z)zlfw/// MH)P2E(m k. 1) ) - .
@ (2r) mk,| fn(m) = N Z f ()M
- exg—i (kx 4+ mz+ )] - dmdkdl (A4) k=1
N
where ¢ absorbs the various constant phases of the problem. Equation (A4) yn(m) = i Zeimzu(’
shows that the power spectrum ®fy,/® is directly proportional tan3|¢(m, N =

k,1)|2. In these regions of the stellar trajectory whereis varying much more

rapidly thankx (ingress and egress), then the power spectrurp&f/® is  whereyy (m) is called the spectral window. The “numerical” Fourier transform
o m3|&(m)|2. We have already derived the vertical power spectra of densitfy (m) is related to the true Fourier transforfitm) by fy = yn * f, wherex
fluctuations (see Fig. 11) and found a power law with-a3 slope. We thus denotes the convolution. Although we have accedattm) only, we loosely re-
expect a flavertical power spectrum forgsm/ @](2), which is actually the case ferto Py(m) = | f~N(m)|2 as the “power spectrum” dff, or even the “spectrum”
on examination of various examples near ingress or egress. for short.

After this check, we turn to theorizontalpower spectrum of$sm/ ®](x). The general shape d?y(m) must be interpreted with some care. Several
There are several difficulties in interpreting this spectrum, however. First, if yigoblems can alter the original spectrum: (i) an irregular sampling of the profi
want to derive simple conclusions as to the dependenraf k, 1)|> onk and  (due in our case to the varying velocity of the stellar image in the atmosphers
I, we have to assume thi is separablewith respect to the vertical and hori- which introduces a complex aliasing; (ii) the finite interval over which the spec
zontal directions, i.eJé(m, k, )| = |&,(M)] x |éy(K, I)|. This assumption seems trum is calculatedAz = Zmax — Zmin, Which causes a “windowing effect,”
areasonable one if the fluctuations are due to a field of saturated gravity wayesing off low frequencies; (ii) the stellar diameter, which smoothes out higl
(see the discusion by Daubner and Zeitlin 1996). Another assumption is thalguencies; and (iv) ray crossings, which distort the derived refractivity profile
the field of fluctuation issotropicin the horizontal direction, i.e., th&#,(k,1)]  and thus affect the estimated spectrum.

depends only on the modulus of the horizontal wavenuni@et,v'k? +12. To To counteract point (i), the profiles are first resampled by linear interpolatio
simplify the problem further, we assume that this dependence is a power lawaoh regular step of 0.1 km, in the case of the vertical temperature profiles. T
exponent for [&y(kn)[2, i.€., thatié,(kn)| oc (k? 4 12)9/4, is well below the apparent stellar diameter, which can shrink dowsilt km

A final difficulty then appears, namely, that we observe only a “projectiorét the bottom of the profiles, neas= 310 km.
of the density fluctuations onto the plane of the sky. Equation (A2) shows that The windowing effect [point (ii)] can be minimized by multiplying the entire
the dependence dfsm/ P on the third dimensioh (along the line of sight) has profile by a Hanning function. The latter replaces the original prdf{z) by
disappeared, except for a mere shift in phase?/2m. When integrating the  f(z,) x {1 — cos[2t (Zmax — Zmin)/ AZ]}, tapering the edge of the input profile
Eq. (A4) with respect to the variabfe, and taking into account the assumptionsand reducing spikes in the calculated spectrum. This is similar to apodizatit
described above, one gets in optics to reduce the diffraction pattern. Low-frequency terms can also t
artificially introduced in the profile during the inversion (through arbitrary initial
Dsm . conditions). They are removed by subtracting a low-degree polynomial from tt
F(X) =1-C //k | (K2 +1%)% - exp-ikx) - dk dI profile. This ensures that the power spectrum goes to zero as the frequency @
' to zero (see, e.g., Fig. 14). We have performed tests that show that windowi

where the complex numb& absorbs the various constants and phases of tﬁgects are satisfactorily removed using polynomials of degree 4 over the vertic

problem. The integral above can be calculated in polar coordinates, i.e., writiifvalz = 310-500 km, where most of the profiles were considered. The pric
| =k sing =k tang; thus to pay for this is that we lose the spectral information for wavelengths large

than~50 km (i.e., one scale height) and smaller th&hkm, (see, e.g., Fig. 13).
The apparent stellar diameter [point (iii)] will, on the other hand, remove

0=21
%(x) =1-C / / k(a+2)/2 high-frequency terms, as shown again in Fig. 13. Ray crossings can also stee
@ k J6=0 the spectrum [point (iv)]. This effect is illustrated in Figs. 14 to 16, and is
[cos8]~@/2 . exp(ikx) dk db. discussed in the main text.
Consequently, the projection effects transform an original power spectrkim in ACKNOWLEDGMENTS
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