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Abstract. We present a comprehensive analysis of data obtained
during the 1989 July 3 occultation of 28 Sgr by Titan. The data
set includes 23 lightcurves from 15 separate stations, spanning
wavelengths from 0.36 ym to 0.39 um. A detailed model of the
structure of Titan’s atmosphere in the altitude range 250 to 450
km is developed, giving the distribution of temperature, pres-
sure, haze optical depth, and zonal wind velocity as a function
of altitude and latitude. Haze layers detected in Titan’s strato-
sphere are about one scale height higher than inferred from
Vovager data, and show a wavelength dependence indicative of
particle sizes on the order of 0.1 pm. A marked north-south di-
chotomy in haze density is observed, with a transition to lower
density south of about —20° latitude. Zonal wind speeds are in-
ferred from global distortions from spherical symmetry, and are
of the order of 100 m/s, with significant increase toward higher
latitudes. Titan’s high atmosphere shows substantial axial sym-
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metry; the position angle of the symmetry axis is equal to the
position angle of Saturn’s spin axis to within ~ 1°.
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1. Introduction

Saturn’s largest satellite Titan occulted the bright K giant star
28 Sgron 3 July 1989. Multiple observations provide very sub-
stantial fractional coverage of the occultation shadow, high time
resolution and high signal/noise, and excellent range in wave-
length, The center of the shadow passed over the most densely
populated parts of Europe, providing numerous opportunities
for coverage of the central caunstics. This unusual event was
observed by professional and amateur astronomers at stations
in Europe, Central Asia, and the Middle East. The resulting
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chords across Titan’s shadow have impact parameters to the
shadow center ranging from 200 km north of the center to more
than 2000 km south of the center. Since the total radius of Titan’s
occultation shadow is nearly 3000 km (Sicardy et al. 1990; Hub-
bard et al. 1990), almost 50% of the shadow was covered with
chords, at an averaged spacing of about 200 km. Our data set
thus represent an enormous incomplete raster image of Titan’s
occultation shadow, with transverse and vertical dimensions of
about 6000 km and 2500 km respectively. Although only about
15 fully independent raster lines are available in this image, the
spatial resolution along an individual raster line (chord} is quite
high, and equal to about 18 km, the projected diameter of 28
Sgr at Titan, (Hubbard et al. 1992), corresponding to about 1 s
in time.

Owing to the large distance from the earth to Titan, D) =
1.35 x 10% km at the time of the occultation, the structure of the
occultation shadow is determined by the integrated properties of
Titan’s atmosphere along the ray paths through the atmosphere,
which can be well represented as straight lines with impact pa-
rameter r to the center of Titan. Titan’s atmosphere can thus be
represented for the purposes of this analysis by its integrated
properties projected onto the reference plane, defined as a plane
passing through the center of Titan and normal to the line con-
necting the center of Titan with the occuited star. Thus r is a
two-component vector lying in the reference plane, with origin
at the center of Titan. In this discussion, we express its compo-
nents as x and y, which increase in the directions of celestial
east and north respectively,

After suffering a small net bending angle « in Titan’s atmo-
sphere, a ray from the star to the observer eventually reaches
a point with impact parameter 1’ to the center of curvature of
the shadow. This point lies in the shadow plane, which passes
through the center of the earth and is normal to the line con-
necting the center of Titan with the occulted star (Fig. 1). For
all practical purposes, the angle o never exceeds the value (6000
km/D) = 4 x 10~° radians. Thus the previously-stated assump-
tion, that the rays are straight lines dunng propagation over a
distance of ~ 500 km through Titan's atmosphere, is an excel-
lent one.

The occultation data set consists of measurements of ¢(r’),
where ¢ is the steliar flux in vnits of its unocculted value, and
r’ is a two-dimensional vector giving the observer’s projected
position on the shadow plane with respect to the center of the
shadow pattern (Fig. 1). Clearly r' is parallel to r. It has corre-
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sponding components " (toward celestial east) and ' (toward
celestial north). Our problem is to employ @(r’) to determine
the integrated properties of Titan’s atmosphere as a function
of r, and then to deconvolve the results to determine the full
three-dimensional structure of the atmosphere.

The region of Titan’s atmosphere which is probed by this
data set extends over altitudes & from about 250 km to about
500 km above Titan's surface, a region which was not exten-
sively investigated by the Voyager spacecraft. The spacecraft
experiments obtained detailed atmospheric profiles in the alti-
tude range A = 0 to 200 km (radio-occultation; Lindal et al,
1983), and %~ > 1000 km (UV occultation; Smith et al. 1982).
Considerations of hydrostatic equilibrium constrain the aver-
age temperature profile in the intermediate altitude range corre-
sponding to the spacecraft data gap. Model temperature profiles
have been calculated in the gap range 200 < h < 1000 km (Lel-
louch et al. 1990; Yelle 1991) using this constraint, and can in
principle be tested by our data set. An investigation of particu-
Jate hazes in Titan’s atmosphere using Voyager images (Rages &
Pollack 1983; hereafier RP) provides a prediction of vertical and
tangential optical depths as a function of h, which can also be
tested by the occultation data. Using the RP haze model in com-
bination with any of the model atmospheres which cover the gap
range, we would predict essentially negligible tangential optical
depth for photons reaching any point in the occultation shadow.
However, the strong evidence for wavelength-dependent occui-
tation profiles near the center of the shadow (Sicardy et al. 1990;
Hubbard et al. 1990) shows that the RP model was not a valid
representation of Titan’s atmosphere on 3 July 1989.

Our paper is organized as follows. Station parameters and
descriptions of individual experiments are briefly summarized
in Sect. (2). In Sect. (3) we calculate shadow profiles for a loss-
free Titan atmosphere, and compare thern with the observations.
This establishes the regions of the atmosphere which can be con-
sidered to be loss-free (i.e., the tangential optical depth 7 can be
considered negligible). We then carry out a formal inversion of
the loss-free portions of the lighteurves to obtain the background
temperature profiles. In Sect. {(4) we analyze the portions of the
lightcurves where 7 appears to be important, and use the results
to infer properties of the Titan hazes. In Sect. (5) we discuss
the region of the shadow where the mapping ' — r becomes
singular, i.e., the “central flash™.

The volume and quality of the data and the complexity and
interrelatedness of the various processes which give rise to the
complete occultation shadow pose a particularly daunting prob-
lem in modelling. Thus, although we present the separate aspects
of the modelling in a linear fashion, it must be recognized that
each aspect has a nonnegligible impact on every other aspect,
and the proper way to read this paper is in the same way that the
analysis was performed, i.e. in a recursive fashion. Qur over-
all philosophy has been 1o strive for economy of parameters,
to seek the simplest model to account for features in the data
which repeat at two or more stations and which therefore seem
to be globally significant. Nevertheless, the model is not sim-
ple, and the number of parameters is such that a formal error
analysis is not feasible. Indeed, computation of a full set of
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model lightcurves for all stations and wavelengths requires sev-
eral minutes of CPU time on the latest Sun 4/370 workstation.
Derivation of a fully-optimized model in a least-squares sense
would require on the order of one year of CPU time. Thus, the
preferred model has been obtained by sequential and recursive
partial optimization of a subset of the parameters. Parameters of
the preferred model are presented with estimated uncertainties,

2. Summary of individual experiments

In this paper we present an analysis of all data that we were
able to obtain in digital form with sufficient signal/oise and
signal stability to admit quantitative comparison with model
lightcurves.

Table 1 lists the geographically separate stations contribut-
ing data to this paper, as well as multiple individual experiments
at each station. Many of the experiments have been described in
more detail in other publications (Beisker et al. 1989; Sicardy et
al. 1990; Hubbard et al. 1990; Forrest & Nicolson 1990) Table
2 lists the personnel at each observing site.

Figure 2 shows all chords for stations with photometric data,
projected on the r’ plane. These chords were derived from an
ephemeris calculated by L.H. Wasserman for Titan, predicting
apparent geocentric positions at 6, 12, 18 hrs ET on 3 July 1989,
and at0, 6 hrs ET on4 July 1989. The apparent steliar positions at
the same times were then calculated, and corrections for station
offsets from the geocenter applied. Finally, the relative offset of
star from Titan in the reference plane was adjusted for best fit
of the lightcurves to the data. That is, if the ephemeris position
of a station at time ¢ is given by «'z, y% on the r’ plane, we
subtract from the coordinates of each station a constant offset
x4, Yo, Such that o’ = 25 — 2 and ' = v — ¥},

We performed the following steps to reduce the individual
data sets to similar form for comparison with models. First, data
taken at rates substantially higher thar 1 hz were smoothed to a
time resolution of approxitmately 1 s, about the time required to

Table 1. Stations and individual experiments
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Table 2. Observers

Location Personnel

Manley Obs., UK
Hertford Obs., UK

R. Miles, A.J. Hollis
R.W. Forrest, 1. K. M. Nicolson

Rayal Greenwich Obs., UK G. Appleby
Heikendorf, Germany E. Riedel
Langwedel, Germany M. Nezel, M. Bruns, H. Struckmann
Essen, Germany H. Denzau

H.-i. Bode, C. Bittner
J.E. Arlot, F. Roques, F. Sévre, W. Thuillot
M. Hoffmann, E.H. Geyer
J. Lecacheux, B. Sicardy, C. Buil, F. Colas,
A. Klotz, E. Thouvenot, J.L. Vidal
E. Carreita, F, Rossi
C. Blanco, 8. Cristaldi
H.J. Reitsema, Y, Nevo
N. Brosch
K. Zdanavicius, K. Cernis

Hannover, Germany
Meudon Obs., France
Hohet List Obs., Germany
Pic du Midi Obs., France

Vatican Obs., Italy
Catania Obs., Italy
Ein Harod, Istacl
Wise Obs., Israel
Maidanak Obs., Uzbekistan
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Fig. 2. Tracks (chords) of stations across the shadow plane. The circular
outline shows the half-flux locus. The spindle-shaped outline near the
center shows the location of central caustics (shown in more detail in
Fig. 33)

Location Telescope A (pm) Sampling {hz) Latitude Longitude Elev. (m)

Manley Obs., UK 0.35/0.28 m 6.55 5 53° 1443”7 2244’ 15" W 75
Hertford Obs., UK 0.36 m 0.72 10 51° 46° 28” 0° 531" W 66
Royal Greenwich Obs., UK 0.5 m 0532 5 50° 52" 10"  0° 20°51" E 50
Heikendorf, Germany 0.15 m 0.55 5 54° 207 33" 10° 4 44" E 10
Langwedel, Germany 0.3m 0.55 5 52° 58” 37 11" E 20
Essen, Germany 0.36 m 0.55 5 51° 247 357 7415 E 94
Hannover, Germany 0.4 m 0.45 to 0.85 5 52°21'25" 9° 44’H5" E 80
Meudon Obs., France 0.6 m 0.44 18.2 48° 48’ 18” 2° 13’53 E 100
Meudon Obs., France Im 0.45 to 0.85 4.7 48° 48’ 187 2° 13’ 53" E 100
Hoher List Obs., Germany 1.06 m 0.55 5 50° 97 45” 6°51'0" E 533
Pic du Midi Obs., France Im 0.44 1.8 42° 56’ 127 0° 8 32” E 2861
Pic du Midi Obs., France 0.6 m 0.65 0.58 42° 56° 12° 0°8 32" E 2861
Pic du Midi Obs., France Zm 0.75/0.89 20 42° 56’ 12”7 0°8 32" E 2861
Vatican Obs., Italy 0.61 m 0.45/0.8 100 41° 44> 48” 12° 39° 6 E 450
Catania Obs., Italy 0.61 m 0.36/0.44/0.56 0.71 37° 41°30" 14° 58’ 42" E 1725
Catania Obs., Italy 0.91 m 0.44 1 37° 41’ 30" 14° 58’ 42" E 1725
Ein Harod, Israel 0.36 m 0.45/0.8 100 32° 33° 36"  35° 23742 E 20
Wise Qbs., Israel 1m 0.73 20 30° 35” 48"  34° 45’ 48" E 900
Maidanak Obs., Uzbekistan 1m 0.544 0.33 38 41' 3" 66° 54’ 30" E 2540
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sweep through one stellar diameter. Second, lightcurves were
normalized to a mean value of unity outside of occultation, and
to a mean value of zero when only the signal from Titan and
the sky background alone was present. The zero level was ob-
tained from calibration observations at each site where these
were available, In many cases, a reliable zero level was not
available, or was strongly inconsistent with plausible theoreti-
cal lightcurves. In these cases a constant zero level was inferred
by other means. For example, zero levels were calibrated at
Ein Harod and Wise Observatory, but not at Vatican Observa-
tory (where clouds were present during the initial seconds of
the occultation). But since identical photometers were used at
Ein Harod and Vatican, the stellar scintillations in Titan’s at-
mosphere near midoccultation could be used to normalize the
flux at Vatican. That is, we assumed that the rms scintillation
amplitude was proportional to the mean stellar flux over some
appropriate averaging interval, and the proportionality constant
inferred from the Ein Harod and Wise data was used to renor-
malize the Vatican data. The best-fit atmospheric models with
realistic haze optical depths (see below) show that the normal-
ized stellar flux observed at stations near the center of the shadow
should ai times be essentially zero. Thus, for such stations the
zero level was adjusted for consistency with the model, usually
by setting zero at the minimum signal level.

3. Lightcurves and inversions for a loss-free atmosphere

A general theory for calculating the lightcurve ¢(r’) for a spher-
ical planet with a weakly bound atmosphere and an arbitrary
variation of temperatore 7" with height A is presented by Hub-
bard, Yelle, & Lunine (hereafter HYL, 1990). Here A is the
height of a point in the atmosphere above the solid surface of
Titan at a radius of 2575 km. A weakly bound atmosphere is
one where the gas scale height H (approximately 50 km for Ti-
tan) is sufficiently large compared with the atmospheric radius
a {about 3000 km) that all terms in H/a must be retained. The
HYL theory is a generalization of the theory for a weakly bound
isothermal atmosphere presented by Hubbard et al. (1988a).
HYL also present a general solution to the inverse problem, that
is, determination of the profile of gas refractivity N (%) from a
knowledge of ¢(r'). Once N(h) is determined, we integrate the
equation of hydrostatic equilibrium

1dl" gu  1dN !
Tdh " RT™ Nan’ W
where g is the local gravity, R is the ideal gas constant, u = 28
amu is the mean molecular weight (assuming pure nitrogen gas),
and it is assumed that /V is proportional to the gas mass density
p, as discussed below, Equation (1) is integrated from a starting
temperature at high altitude #, obtained from a model atmo-
sphere constrained by Voyager data, as described below. Once
T'(h) becomes available from the solution to Eq. (1), the gas
pressure I is obtained from the equation of state P = RpT/p.
The dependence of refractivity N on wavelength X plays
only a minor role in the determination of atmospheric struc-
ture. Because N(A) is a decreasing function of A, at a given

point in the lightcurve the bending angle « is smaller at longer
wavelengths, and therefore at longer wavelengths the stellar flux
probes slightly deeper in Titan’s atmosphere. In this paper we
assume the following dispersion formula for nitrogen gas:

2 — 1 -' I
3 Nsrp — 1 % 108 = p A 2)
2 N%TP +2

T — A2 * T

where 3/ = 39534, 3" = —83734, p/ = 152294, u' =
—240.651, A is in um, and Ngrp denotes the refractivity at
standard temperature and pressure (Washburn 1930). To scale
from Ngrp to IV at mass density p, we multiply Ngp by the
factor p/(28L amu), where L is Loschmidt’s number and amn
is the atomic mass unit. Using Eq. (2), we find that the maxi-
mum difference in % between the projected stellar images at the
shortest wavelength of observation (0.36 pzm) and the longest
wavelength (0.89 pm) at the greatest bending angle (near the
center of the shadow) is only about 2 km, or about 0.1 stellar
diameter.

Several assumptions play an essential role in the inversion
procedure. First, it is assumed that photons are conserved as
they propagate through the occulting atmosphere. Thus the den-
sity of photons received per unit area at the earth is modified
only by differential refraction, which permits the functional de-
pendence ¢(r’) to be analyzed to obtain the distribution of net
refractive bending angles o (where Da(h) = |r — r'|). Second,
it is assumed that photons are refracted in a plane containing
the observer and the projected gradient of the mean occulting
atmosphere. If atmospheric turbulence is present, its effect in
scattering photons out of this plane is assumed to be zero on av-
erage. Third, it is assumed that detectable flux is obtained from
only one stellar image at a time. If significant flux is received
from more than one stellar image, as can in principle occur in a
weakly-bound, loss-free planetary atmosphere, it is necessary to
know the separate contributions of each image to ¢(ry in order
to obtain the distribution of bending angles. Such information
can in principle be obtained from area detectors with sufficient
resolution, but was not in generai available for the Titan data.

The first step in the inversion process is to establish the por-
tions of the shadow which can be considered loss-free. Since
models of the relevant altitude range (Iellouch et al. 1990; Yelle
1991) show that temperature gradients are not sufficiently large
to strongly affect the lightcurves, we may assume an isothermal
atmosphere to first approximation. The assumed mean temper-
ature ranges from a minimum of 151 K (Yelle model o) to a
maximum of 174 K (Lellouch et al. 1990). Figure 3 shows data
from several of the chords, illustrating various degrees of sen-
sitivity to hazes in the deeper levels of Titan’s stratosphere, The
theoretical curves are calculated using a temperature T = 174
K, and a projected atmospheric oblateness of 0.015 (see below).
They are fitted to the outer edges of the shadow by adjusting the
offset of the ephemeris position of Titan with respect to the
star, but a fit to the center of the shadow is obviously impos-
sible without drastic changes to the assumed model. While a
strong temperature inversion at the bottom of the probed region
can lead to a strong suppression of the flux in a loss-free at-
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Fig, 3. Comparison of data (solid curves) and theory with zero haze optical depth (dashed curves) for several lightcurves. Note the substantial
loss of signal at the bottom of the observed lightcurves
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northern hemisphere of Titan, while dashed curves are from chords which primarily sampled the southern hemisphere. (a) Inversions started
from Yeile model  at high altitude; (b) inversions started from the Lellouch model
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Fig. 5. Same as Fig. 4, but for temperature vs. pressure

mosphere (Eshleman 1989; HYL), such an inversion is highly
implauvsible in Titan’s atmosphere in the 250-300 km altitude
range. Moreover, a temperature inversion would lead to essen-
tially wavelength-independent flux suppression, while the data
show strong wavelength dependence (see, e.g., Figs. 15-18, be-
low).

With the results of Fig, 3 as a guide, we then conducted an
inversion of each lightcurve using the method of HYL, terminat-
ing the inversion at the level where the best-fit haze model (see
below) predicted a tangential optical depth 7 in excess of 0.2
The haze model shows that we are always justified in neglecting
the far-limb image when inverting the flux where v < 0.2 for
the near-limb image.

Results of the inversions are summarized in Fig. 4 (a,b) and
Fig. 5 (a,b). These plots show individual lightcurve inversions
(lighter curves) compared with models. The models marked F,
a, and 7 are from Yelle (1991), using his nomenclature, while
the model marked L is from Lellouch et al. (1990). As is well
known, inversions are sensitive to the initial temperature value
adopted at the high-altitude starting point. The effect of this
sensitivity is shown in version (a) and (b) of each figure, where
the inversions are respectively started from Yelle model @ and
from the Lellouch model at high altitude. The scatter between
the individual inversions appears to be the result of noise in the
zero-point value (at low altitudes), and noise in the starting value
for the bending angle (at high altitude), thus the ensemble of
inversions demonstrates the range of uncertainty in an individual
inversion rather than real variations from point to point in Titan’s
atmosphere.

547
-5 T T T
0 — |
— B — —]
Lol
o - -
]
3 L i
o - i
="i] » -
2 1 —
1.5 — —]
2 b| 1 1 | ]}
100 250

We have coded the inversions in various ways, seeking sys-
tematic variations with wavelength, and with immersion vs.
emersion, The only station-to-station variation which is evident
is the north-south vanation, which appears in the sense that the
inversions from northern chords show a pronounced downturn
in temperature with decreasing altitude (increasing pressure) at
altitudes A < 380 km. This effect is not caused by a real de-
crease in temperature, but rather reflects the onset of a drop in
stellar flux caused by rapidly-increasing haze optical depths in
the northern chords.

We conclude from the inversions for temperature that (a)
mean temperatures in Titan’s stratosphere lie in the range 150-
170 K, and are probably slightly cooler than values given by
the Lellouch model, and slightly warmer than values given by
the coldest Yelle models; (b) there is no evidence for signif-
icant temperature differences between the sunset (immersion)
limb and sunrise (emersion) limb, or for differences between
the northernmost {equatorial} and southernmost (high southern
latitudes) chords.

4, Titan’s stratospheric hazes

RP carried out the first detailed analysis of vertical haze optical
depths in Titan’s atmosphere, based on Voyager 2 images of
the atmosphere. Utilizing the leftmost panel of Fig. 4 from RP,
and assuming that the equatorial profile pertains to the entire
atmosphere, we infer a vertical optical depth 7, = 0.1 at an
altitude /=225 km. The scale height for the vertical haze optical
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depth H, inferred from RP’s analysis is H., ~ 30 km; thus the
tangential optical depth 7 is given by

T =0.1 x /277 /H, expl(225 — h)/ H,), (3)

where 7 and £ are expressed in km, 7 = 2575 + h, and the value
of T applies to visual wavelengths.

Equation (3) does not predict significant haze optical depths
at any of the altitudes probed by the stellar occultation observa-
tions. The minimum altitude probed by the occultation depends
on the stratospheric temperature, in the sense that the higher the
temperature, the smaller (deeper) the minimum altitude at deep-
est penetration. For a mean stratospheric temperature 7 = 174
K, the minimum altitude is 257 km, while for T = 151 K it
increases to 285 km. However, even with the warmest model at
T = 174 K, Eg. (3) fails to provide sufficiently large values of
T to agree with the data.

It is also evident from the data that a single T(A) relation-
ship fails to describe the lightcurves for the chords north of Ein
Harod, which probe a substantial range of latitudes on Titan.
Were there a single such relationship, any asymmetry between
the immersion and emersion parts of the lightcurves would be
due only to deviations of Titan’s atmosphere from a spherical
shape. Some stations, such as Pic du Midi, Vatican, and Catania,
show pronounced asymmetries which cannot be ascribed to de-
partures from sphericity. Detailed comparison of the stellar flux
with the calculated position of the main steilar image as a func-
tion of time at each of these stations shows that the flux tends to
change rapidly with time when the image has reached a critical
angular distance from the projected spin axis of Titan, assuming
that the latter is collinear with Saturn’s spin axis. That is, the data
from Pic du Midi, Vatican, and Catania indicate that there are
two haze regimes in Titan’s stratosphere: a haze regime of rela-
tively low optical depth which extends over Titan’s south pole,
and a regime of relatively high optical depth which extends over
the north pole and equatorial regions. A transition between the
haze regimes appears most noticeably in the Pic du Midi data
at about 81750 UTC, and in the Vatican data at about 81700
UTC. The regimes appear to be symmetric about Titan’s spin
axis. Further confirmation of the two-haze model emerges from
its partial successes in accounting for asymmetries in central
flashes at stations north of Pic du Midi.

4.1. A Tiran haze model

‘We assume that there are two haze components in Titan’s strato-
sphere: a high-altitude haze, and a component at lower altitudes.
The lower-altitude haze is assumed to be present everywhere,
while the high-altitude haze is restricted to only certain Titan
latitudes. Thus we parameterize Titan’s stratospheric haze with
six parameters: Tor,, Tog. H-r. Hr11, @, and 8.. These parame-
ters are respectively: (a) the tangential optical depth at a refer-
ence altitnde (arbitrarily chosen equal to 318 km) and reference
wavelength (arbitrarily chosen equal to .50 um), for the low
haze component; (b) the same quantitity for the high haze com-
ponent; (c) the scale height of the low haze component; (d) the
same quantity for the high haze component; (e) the index for

the wavelength dependence of the optical depth, assumed to be
independent of altitude and the same for the two haze compo-
nents. Finally, we define @ to be the angle from the projected
north pole of Titan in the reference plane to the ray closest ap-
proach point r, so that  is given by r - ey = 7 cos &, where ey
is a unit vector collinear with Titan’s spin axis projected in the
reference plane. Thus (f) we define 8. such that if 8 < 8., both
haze components are present. When # > 8., only the low haze
is present, The tangential optical depth is then given by

0.5 318 —h

T =T0L(T)qexp[ . ] )
for 8 > 0, and

0.5 318—h 0.5 318 — A
T =ToL (T)Qt‘,xp[wﬁr] + T()H(T)q EXp[ﬂ] (5)

for § < 8., where h is in km and A is in ym.

The haze parameters were adjusted by least-squares to ob-
tain a best fit to the ensemble of lightcurves. The resulting values
are presented in Table 3. As has been explained, the values are
correlated with the assumed stratospheric temperatore profile.
Error bars are estimated.

Our Titan haze model is compared with the RP model in
Fig. 6. The principal differences with RP are (a) we find the
hazes to be approximately one pressure scale height higher in
the atrosphere, and (b) we find the haze scale heighis to be a
factor of two to three smaller than the value deduced by RP. Since

1 20 ubar

350

300

h (km}

100 ubar

250

J;JJ_Llll

opp L—L 1 1 | Ly
0 1 2 3
tangential T

Fig. 6. Optical depth of Titan hazes vs. altitude. Dots show the RP
model. Heavy curves are the occultation model for Yelle model atmo-
sphere a; fight curves are for the Lellouch model atmosphere. Dashed
curves are for the low optical depth regime in Titan’s southern hemi-
sphere; solid curves are for the high optical depth regime for § < &..
Each pair of curves shows 7(h) for A = 0.45 pm (upper) and A = 0.8
pm (lower)

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1993A%26A...269..541H&db_key=AST

FTI93AGA. - Z 269 T541H:

W.B. Hubbard et al.: The occultation of 28 Sgr by Titan

Table 3. Parameters for Titan haze model from 28 Sgr occultation data

549

model atmosphere ToL TOH H.p (km) H.y {(km) q 8. (deg)
Lellouch (174 K} 0.084 0.628 18 18 171202 117+1
Yelle a (151 K) 0.183 3.36 12.7 9.7 1.7+02 11711

the denser haze layer is found in Titan’s summer hemisphere in
1989, the structure of the hazes may well be governed by solar
photons, and thus be substantially time-dependent.
Extrapolation of our haze model to lower altitudes than those
probed by the occultation yields unrealistically large vertical
optical depths, which may be in conflict with sufficient atmo-
spheric transparency to allow formation of infrared gas absorp-
tion features. Resolution of this discrepancy may lie in the recog-
nition that the haze seen in the stellar occultation corresponds to
the high detached haze layer seen in Voyager images. Although
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itreaches large tangential optical depths, it may terminate before
its vertical optical depth becomes substantial.

4.2. Image positions in the reference plane

The relatively simple haze distribution model transforms into
complex effects on the lightcurves because of a combination
of the nonuniform motion of the stellar image in the reference
plane, as seen from each station, together with the orientation
of the Titan globe with respect to the chords. Figure 7{a,b,c,d)

2000
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Fig. 7. Locations of stellar images in the reference plane, as a function of time, for various stations. Positions are calculated for a nonspherical
atmosphere (see following section), and for an isothermal atmosphere. Differences in position for an atmosphere at T = 174 K and for T = 151

are indistinguishable at these scales
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shows the location of the brightest image seen from each sta-
tion as a function of time, plotted on the reference plane. For
clarity, images for northern stations are plotted in Fig. 7a, for
southern stations in Fig. 7b, and enlargements of the part of
the limb where the stellar image enters or leaves the low opti-
cal depth regime are shown in Figs. 7c and 7d. The outermost
(light line) circle shows the locus with an equatorial radius at
7 = 3031 km where the first modulation of the stellar signal by
atmospheric refraction is observed. The innermost heavy cir-
cle shows the solid surface of Titan at » = 2575 km. Shading
denotes the denser northern haze layer, which abrupily gives

way to the less-dense southern haze at a Titan latitude of —20°,

The image locations are generally plotted at a time interval of
approximately 1 s, except for Maidanak, where the interval is
3 s. Large symbols denote times where significant signal level
changes occur, indicative of entry or exit from a haze layer (see
also the lightcurves plotted in Figs. 8-26).

InFig. 7, the images move from right (negative values of )
to left {positive values of x) as time increases. Note in Fig, 7a
that the brightest images appear discontinucusly in the relatively
clear southern polar region during the times of mid-event. That
is, when the observer is near a caustic, the brightest image,
which would normally be in Titan’s northern hemisphere for
a northern observer, shifts abruptly to the south polar region,
where the haze opacity is smaller.
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Fig. 8. (a) Data and model for Manley, the northernmost station, Note
the pronounced central flash. {b) Comparison of data and model in
the vicinity of the central flash. For a simple oblate atmosphere {open
circles), the model gives a much smaller central flash
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4.3. Comparison of model lightcurves with data

The haze model presented in Egs. (4) and (5) and Table 3 is able
to fit the lightcurves quite well. In Figs. 8-26, we compare the
data (solid curves) with a best-fit model (dashed curves). These
lightcurves correspond to all of the experiments listed in Table
1, with the exception of the Meudon 0.6 m, and the Heikendorf
and Hoher List stations. Data from the Meudon 0.6 m have
insufficient signal/noise for analysis in this study (these data
have been published by Sicardy et al. 1990); the Heikendorf
and Hoher List data are presented and discussed in Sect, 5.5
below.

In Figs. 8-26, points on the lightcurves which correspond to
entry or exit from a haze layer are marked with symbols as in
Fig. 7(a,b,c,d). The models plotted in Figs. 8-26 are computed
using the Yelle # model atmosphere and corresponding haze
parameters; models computed using the Lellouch parameters
are virtually indistingunishable. In Figs. 8 and 9 only, we also
plot theoretical central flash profiles for the best-fit simple oblate
model (open circles).

The asymmetric north-south haze distribution has two major
effects on the lightcurves. Well away from the central caustic
region, we see substantial suppression of flux on one side of
midevent but not the other, as is particularly evident in the Pic
du Midi, Vatican, and (to a lesser extent) Catania data. As Fig.
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Fig.9. Data and model for Hertford. The asymmetric central flash is
produced by a combination of asymmetric haze opacity and a complex
caustic pattern
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Fig. 24, Data and model for Catania 0.6 m, V channel
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Fig. 25. Data and model for Ein Harod, blue channel

7 illustrates, this is caused by much larger obscuration of the
principal stellar image in the northern haze layer than in the
southern.

A second major effect is on the central caustics, where those
caustics corresponding to limb points in the dense northern haze
layer are essentially absent. This point is addressed in more
detail in Sect. 5.
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4.4. Inference of haze particle composition and size

The wavelength dependence of the extinction measured by the
occultation {7 «x A™Y, g ~ 1.7) implies that the aerosols have a
size comparable to the wavelength (Mie scattering regime). This
dependence may be used in principle to derive the mean radius
of the particles at the altitude probed by the flashes. In practice,
however, we find that all of a family of size distributions give
the same wavelength dependence, i.e. the same value for the
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Fig. 29. Relation between mean grain radius r, and size distribution
standard deviation o4, as constrained by 28 Sgr data. Grain radius
values at lower altitudes obtained by other investigators are also shown

exponent g. Namely, we adopt a log normal size distribution
(Hansen & Travis 1974) with a mean radius r, and a standard
deviation o4, i.e. the number of particles per unit radius interval
o exp [—In’(r/rg)/202].

This analysis is summarized in Fig. 29, where we have plot-
ted, for each value of o, the value of r, which yields the A7
dependence that we find for the optical depth. We assume that
the aerosols are Mie scatterers, and we use the optical prop-
erties of tholins (Khare et al. 1983) with the imaginary index
of refraction scaled by 4/3 as suggested by geometric albedo
measurements (McKay et al. 1989). The resulting points shown
in Fig. 29 are not sensitive to the precise value of the optical
constants. For example, increasing or decreasing the imaginary
index of Khare et al. in the visible by one order of magnitude
does not significantly affect the result, Also, attempts have been
made to change the dependence of the imaginary index, which
varies like ~ A~% in the visible and near infrared (0.4 to 1 ym)
according to Khare et al. Other dependences, of the form A¢
were used for the imaginary index, but it was soon realized that
changing the log-log slope ¢' up to -1 has little effect on the
final log-log slope ¢ derived for 7 oc A9,

On the other hand, Fig. 29 shows that the mean particle
radius is somewhat sensitive to the width of the aerosol size
distribution; for example a distribution characterized by ¢, =0.7
requires vy = 0.035 um to fit the data, while one characterized
by o4, =0.3 requires ry = 0.14 pm. The maximum mean particle
radius, corresponding to a monodisperse distribution (7= 0), is
then close to 0.2 pm. These conclusions apply to the 320-340km
altitude region in the northern hemisphere and to the 280-320
km region in the south, where the tangential optical depth due
to aerosol extinction is on the order of 1 and the corresponding
vertical optical depth is on the order of 0.05.

A mean particle radius of 0.1 gm has been derived from Pi-
oneer 11 polarization measurementts (Tomasko & Smith 1982),
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while Voyager 1 measurements of brightness variations with
phase angle suggest a mean particle radius of 0.2 m or greater
(Rages ct al. 1983). Tomasko & Smith (1982) have attempted to
explain this apparent contradiction between Pioneer and Voy-
ager results by adding a thin layer of larger particles with ver-
tical optical depth of 0.05 above a more extensive distribution
of small particles. The results reported here appear to rule out
this suggestion because the small particle size derived from the
occultation measurement pertains precisely to the optical depth
region in which Tomasko & Smith require large particles. West
& Smith (1991) proposed an alternate explanation and suggested
that the Voyager and Pioneer results could be reconciled if the
acrosols are aggregates of smaller particles. The polarization
properties of the aggregates are similar to those of small spher-
ical scattering centers composing the aggregate while the scat-
tering phase function is dominated by the overall size of the
aerosol. Further work is required to determine if these aggre-
gate particles are consistent with the wavelength dependence
of extinction inferred from the occultation data. Finally, a re-
cent paper by Toon et al. 1992, presents a revised model of
Titan’s aerosols. This model takes into account the UV, visible
and IR measurements of the satellite geometric albedos, as well
as some dynamical constraints to maintain the detached aerosol
layer observed around 350 km by RP (upward winds at altitudes
above 300 km). Toon et al. derive an approximately log normal
size distribution for the aerosols at the 210 km aliitude level, i.e.
about 1-2 scale heights below the levels we probe here. Their
Fig, 16 gives ¢, ~ 0.58 and r;, ~ 0.04 pm at that level, The
corresponding point has been plotted in Fig. 29, and shows good
agreement with our points, even though we are studying levels
separated by 50 to 100 km in height.

Thus, our results appear to be consistent with the various
observations and models of Titan’s aerosols. Even though we
cannot distinguish between these models, the results shown in
Fig. 29 nevertheless yield important constraints on the aerosol
distribution size in the 280-340 km altitude range. As stated
earlier, this is because the points of Fig. 29 are directly de-
rived from multiwavelength observations, and are rather model
independent, since their positions are quite robust against the
assumed optical properties of the grains.

5. Titan’s central flash

All of the data sets from near-central chords clearly show the
presence of a central flash produced by proximity to limb caus-
tics. The stations that show this phenomenon (Meudon, Essen,
Langwedel, RGO, Manley, and Hertford) span a distance of ap-
proximately 150 km parallel to Titan’s projected spin axis. The
flash has a width of about 100 km at the southernmost station
{Meudon}, but persists over a substantially larger distance in the
orthogonal direction.

The originat theory of the central flash produced by a non-
spherical planetary atmosphere was derived by Elliot et at.
(1977), motivated by observations from a single station of a
flash produced by Mars’ atmosphere during the occultation of
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¢ Gem. This theory assumes that the atmospheric shape corre-
sponds to an ellipsoid of rotation, as would be produced by slow,
uniform rotation of the atmosphere. The flash is observed on the
shadow plane at points corresponding to centers of curvature of
the projected atmosphere. For an atmosphere with an elliptical
projection, the locus is an equilateral diamond-like figure with
the cusps aligned along the projected spin axis and orthogo-
nally. Our 28 Sgr data cannot be satisfactorily fitted with such
an equilateral central caunstics pattern. As we sweep across this
locus, there is a relation between the temporal duration of the
flash observed at a single station which passes through the cen-
ter of the shadow, and the change in duration and intensity of
the flash for stations progressively farther from the center of the
shadow. The maximum width of the central flash at Meudon,
the station which exhibits a double flash, is too small to be
consistent with the large distance from Meudon to Manley, the
northemmost station which also shows a flash. Thus, caustics
formed by Titan’s southern limb do not coincide with the sim-
ple diamond-shaped locus produced by an elliptical limb, but
are relatively more extended parallel to the spin axis, and more
contracted perpendicular to the spin axis. No plausible distri-
bution of Titan hazes could so distort the caustics observed by
the six northernmost stations, which sample the relatively haze-
free sonthern polar atmosphere. Hazes can truncate caustics, but
cannot appreciably change their shape.

3.1. Uniform rotation vs. differential rotation

Apart from the disagreement with the data, there exists a
physical basis for rejecting the model of a globally elliptical
(oblate) Titan atmosphere, namely, the implied differential ro-
tation velocities of the atmosphere are too large to be plausi-
ble. The oblate model that comes closest to fitting the data has
an observed obiateness (i.e., projected in the reference plane)
eobs = (& — bops)/a = 0.016, where a and by, are respectively
the equatorial radius and the polar radius projected in the ref-
erence plane. This model has a diamond-shaped central caustic
locus with each of the four cusps at a distance 2egpee = 100 km
from the center of the shadow (Fig. 30). The oblateness of level
surfaces of an atmosphere in hydrostatic equilibriom rotating at
angular rate w is given by

3 1 aw?
€:§J2+“i?, (6)

where J; is Titan’s dimensionless mass quadrupole moment, ¢
is its atmospheric gravity (about 1 m/s?), and e = (a — b)/a,
where b is the true polar radius. We expect the solid body of
Titan to be rotating synchronously with Titan’s orbital period
(16 days); thus the hydrostatic structure of the solid body should
be spherically symmetric to within a few hundred meters, and
we set J; = 0. Equation (6) can then be solved for w using
e = 0.020 (corresponding 10 gy = 0.016), giving a maximum
zonal flow velocity wa = 340 m/s, which is highly supersonic
with respect to the solid surface. At a temperature of 170 K, the
adiabatic sound speed in nitrogen gas is 266 m/s.
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Fig. 30. The best-fit model for central caustics in the reference plane,
assuming a simple oblate model for Titan’s atmosphere. Portions of the
caustics shown with light lines are missing because of large haze optical
depth in Titan’s northern hemisphere. Dashed chords show paths of
stations with nonphotometric data. The coordinates &, 4 are equivalent
to x, y, but are rotated so that Titan’s projected spin axis lies along the
§ axis

Our discussion of the formation of Titan’s central flash will
require the use of three-dimensional coordinates centered on
Titan. We let r3 be the three-dimensional vector position of a
point in Titan’s atmosphere with respect to the center of Titan; r
is its two-dimensional projection onto the reference plane. We
will use a spherical polar coordinate system (r3, 8, ), where
r3 is the distance from the center of Titan, # is the angle from
the spin axis {colatitude), and  is the angle from an arbitrary
longitude.

Figure 31 shows Ar, the deviation of the atmosphere from
spherical structure, defined by Ar = r3(#) — b, for both the
projected and unprojected models. Zonal flow velocities v =
13w = aw sin @ are shown in Fig. 32.

Since the structure of the central caustics depends essentially
on the curvature of the atmosphere, we seek a more general
theory to relate the shape of the atmosphere to the zonal wind
distribution on Titan. Qur problem is to find a wind distribution
which is physically plausible and which reproduces the observed
geometry of the central caustics.

Assume that the only winds which are important for this
problem are steady-state zonal flows with velocity v = ryw(rs, 8)
e,. where e, is a unit vector in the direction of increasing .
The underlying planet, and hence the gravity field, is assumed
to be spherically symmetric. Viscosity is set equal to zero. The
two components of Euler’s equation then read:

,_1; (%—Ig) = 3w’ sinf cos § (N
™

(6-component), and

1,8P .

;(%)8 = —g+rPsin’ @ ®)

{r3-component), where P is the pressure and p is the mass den-
sity.
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Fig. 31. Solid curve, difference in radius of a level surface in Titan’s
stratosphere, as a function of colatitude ¢ (angular distance from true
spin axis), inferred from the best-fit simple oblate model. Vertical
dashed-dot lines delimit the range of # near the pole where no oc-
cultation data are available, because of the tilt of Titan’s spin axis to
the reference plane
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Fig. 32. Zonal flow velocity in Titan’s stratosphere, as a function of
colatitude 4, inferred from the best-fit simple oblate model. Vertical
dashed lines delimit the range of # near the pole where no occultation
data are available, because of the tilt of Titan’s spin axis to the reference
plane

For an isothermal or nearly-isothermal atmosphere, the
caustics are determined by the shape of surfaces of constant &V,
which coincide with isopycnic surfaces (constant p) for constant
chemical composition. Let the radius of an isopycnic surface
with polar radius & be given by

3= bll + f(ba 9)]; (9)

where f is a small quantity of order bw?/g, vanishing at the
pole (6 = 0). We transform Eqs. (7) and (8) from the variables
T3, # to the new variables b, #, and linearize in f and w?, with
the result

] [(ap)b B b(a—f)b(a—P)a] = t2? sin B cos

-[(= 1
» 1\ 30 30 )4\ b (10)
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(8-component), and

laj =gyl — f+b of + b’ sin® @
o)y = ot 1+0(5), )

ab b ()

(ry-component), where g =
(L =2 )9

Now substitute for P the ideal-gas equation of state P =
FpT/u. The atmosphere is assumed to be at temperature
T = Ty + AT(bh,8), where AT is assumed to be small com-
pared with the constant background temperature Tj. Define
a gas scale height H = RTy/pgs, and a rotation parameter
q(b,0) = bw? /gy. Expand f, AT, and q on a basis set of Legen-
dre polynomials Fj{cos @)

GM/r? = (1 - 2H)GM/¥ =

F=Y " fb)Pfcosh),

(12)
=0
etc. By definition,
> (13)
=1
Egs. (10} and (11) then yield the following hierarchies:
H AT,
fl _—1 = _ZA.!mQ"ma (14)
=0}
and
dAT/Toy, AT, dfi
H(=g—) =~ heb() = ZBfmqm (15)
(1 # 0), where
2m+1 f! e
Ay, = f dz P, (x) / dz'z' P(x') (16)
—1 Q
and
Im+1 [ 2 2
Bin= "0 [ daPn@P@)5 5P@] A
o —1

are dimensionless projection coefficients, which have the prop-
erty that they are zero unless [ and 772 are both even (or both odd).
In obtaining Eq. (15), we have used the lowest-order result for
the unperturbed atmosphere at temperature Ty, dp/db= —p/H.
For solid-body rotation and AT = 0, eqgs. {14) and (15) reduce
to fo = —qo/3 and f — bdf2/db = 2qy/3, giving solution (6)
with .J; = 0. For the more general case of arbitrary tempera-
ture gradients and zonal wind profiles, hierarchies (14) and (15)
couple these quantities with the atmospheric shape coefficients
f1 as a function of height b. If temperature fluctuations AT can
be ignored, hierarchy (14) can be straightforwardly inverted to
deduce the zonal wind profile coefficients g,, from the shape
coefficients f;. For Titan's atmosphere in the region of interest,
H/b = 0.017, while the inversions presented in Sect. (3) sug-
gest that AT /Ty A 0.1 in the pressure range of a few tens of
microbars, In reality this represents an upper limit on AT/T;
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since the presence of strong scintillations introduces spurious
detail in the temperature profiles obtained from inversions. We
have no direct information about the temperature fluctuations
al P =~ 100 gbar where the central flash is formed, but we
shall assume that they are similar to those at higher levels. We
further assume that the shape coefficients f; vary with b only
over scales of order b. Thus they can be treated as constant in
the relatively thin height range probed by the occultation, and
hierarchy (15) then plays no role in the solution. Ultimately, of
course, if the atmosphere becomes stationary and spherically
symmetric with respect to the solid surface at deeper layers, ap-
preciable temperature gradients must play a determining role in
the hierarchies (14) and (15). We assume that this occurs deeper
in the atmosphere than the layers of interest to us here.

We may thus introduce a general set of shape coefficients f;
to vield a central caustic pattern which agrees with the obser-
vations. However, in the absence of temperature gradients, the
function f(f) must obey a strict constraint. If T = const., we
have (2P/30), = 0, and from Eq. (11), (3P/3b)s = —gop 0
lowest order. Substituting in Eq. (10), we obtain

of 2
>
2(39) /sin2f=g=bw'/gy > 0,

for all 6. This requires that 8 f /34 be an odd function of 8, and
thus that f be an even function of €. This restricts the expansion
to only even terms in [, and is a consequence of the general
Poincaré-Wavre theorem (Tassoul 1978).

To obtain a central flash of the required geometry and dimen-
sions, and to simultaneously satisfy constraint (18), we require
an expansion for f in which the even coefficients f;; are all neg-
ative, and decrease more slowly with increasing [ than would
be the case for an elliptical profile. It must also be recognized
that the coefficients for the observed profile,

(13)

T = bops (1 + fons), (19

are not the same as the coefficients of the expansion about the
rotation axis, Eq. (9), because the rotation axis is tilted to the
reference plane by an angle B = 25.4°. Because of the tilt, the
shape of the satellite’s atmosphere at any colatitude smaller than
B from the poles is unobservable by occultation, and the true
polar radius b increases to the apparent polar radius gy, in the
reference plane. Define a cartesian coordinate system w3, 3, 21
with the y3-axis along Titan’s rotation axis, and the z3-axis in
the plane defined by the spin axis and the vector from Titan to
28 Sgr. The “true” coefficients fy give the atmospheric shape
in'this coordinate system:

T3 = b[l =D fu+ Zthpz.!(’ys»/T‘.%)]-

=1 =1

(20

Now transform to a new coordinate system 7, , 2 by rotating
about the z3-axis by angle B:

.’L‘3=i,
y3=Fcos B — Zsin B,

23 = Fcos B+ sin B, (21)
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Fig. 33. (a) The best-fit model for central caustics in the reference
plane, assuming a differentially-rotating model for Titan’s atmosphere.
Portions of the caustics shown with dotted lines are missing because of
large haze optical depth in Titan’s northern hemisphere. Dashed chords
show paths of stations with nonphotometric data (Heikendorf, Hoher
List). (b) Enlargement of the central region of (a). Shaded circle shows
28 Sgar’s disk projected on the reference plane, with a radius = 9 km
(Hubbard et al. 1992). Details of caustics at smaller scales are smeared
out

and substitute in Eq. (20). If the projected radius of a point in the
atmosphere is r = /%2 + §2, then the location of the point of
tangency to the atmosphere is given by dr /8% = 0 (the partial is
taken with § held constant, and staying on the constant-density
surface), with the result (to lowest order in f):

Z=b)  fuPy(icos B/b)sin B.
=1

(22)

Table 4. Expansion coefficients for the shape of Titan’s stratosphere

559

50 LI

llIIIIIIIIEILi

40

i
1
!
[
30 i

Ar (km)

20

10

I\I\I\III!I\II'IlI\I\ItI

ILJJIILI||I|1|\I|\I\IML

150

Ollillllllll\\\l

50 100
g {deg)

[=]

Fig. 34. Solid curve, difference in radius of a level surface in Titan’s
stratosphere, as a function of colatitude 8, inferred from the best-
fit differentially-rotating model. Vertical dashed-dot lines delimit the
range of # near the pole where no occultation data are available, because
of the tilt of Titan’s spin axis to the reference plane

Setting Z = 0 to lowest order, from Eq. (22), it follows that
r3 = r, and, from Eq. (21), y3 = § cos B, which gives

r= b[l - qu +ZfzzP2;(coséc0sB)].

=1 i=1

(23)

where cosf = /. The observed shape coefficients fa; o are
then obtained as a linear combination of the “true” coefficients
far by projecting expansion (23) onto the basis Py;(cos §). The
inverse process of obtaining the “true” shape from the observed
shape involves an extrapolation of the shape components into
the unobservable region within an angle B of the pole.

After considerable experimentation, we have derived a pat-
tern of central caustics with an aspect ratio which matches the
data (see Fig. 33). This is computed with expansion coefficients
given in Table 4. The series is truncated after fg .b,. These co-
efficients are then deprojected by inverting series (23) to obtain
the coefficients with respect to the rotation axis, which are also
given in Table 4. These coefficients give the deprojected devia-
tions of the atmosphere from spherical symmetry Ar (Fig. 34).
Finally, the system of equations (14) is inverted (with AT; =)
to obtain the zonal flow profile (Fig. 35).

Note that the atmospheric model with nonuniform w differs
only slightly from radial symmetry except near the poles, Since
the geometry of Titan’s orientation with respect to the reference
plane prevents us from measuring the atmospheric shape within

rotation model fo f2 fa

uniform, observed 0.01 -0.01 0

uniform, deprojected 0.012255  -0.012255 0
nonuniform, observed 0.00399 -0.00185  -0.00111
nonuniform, deprojected  0.01090 -0.00445  -0.00363

fe fa

0 0

0 0
-0.00074  -0.00030
-0.00216  -0.00067
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Fig. 35. Zonal flow velocity in Titan’s stratosphere, as a function of
colatitude @, inferred from the best-fit differentially-rotating model,
Vertical dashed lines delimit the range of & near the pole where no
occultation data are available, because of the tilt of Titan’s spin axis to
the reference plane

an angular distance B of the pole, the deprojected shape is an
extrapolation of the projected shape within this region, and may
therefore be an exaggeration of the true deviation from spher-
ical symmetry. The high-order variations in the zonal velocity
field are artifacts of the truncation of the expansion at F;. Thus,
the inferred zonal velocities are to be interpreted in a qualita-
tive and not quantitative sense. It is interesting to note, however,
that the high-order terms that we have introduced into Titan’s
atmospheric shape produce high-order variations in the model
lightcurves near the center of the shadow which are not in con-
tradiction to the data (see especially the lightcurves for Pic du
Midi and Vatican). We also note that the model for Titan’s zonal
circulation was derived entirely from the occultation data set,
without reference to any global circulation model (GCM). In
fact, however, our result shown in Fig. 35 agrees both qualita-
tively and quantitatively with a Titan GCM published by Hour-
din et al. (1992; see especially their fig. 6). Our model and the
GCM were developed completely independently.

Finally, we can compare the altitude of the isopycnic sur-
face in Fig. 34 with the altitude of the detached haze layer as
derived by RP. These authors derive an oblate shape, aligned
with Titan’s assumed spin axis, for the loci of the densest parts
of this layer. They give an altitude of 357 & 5 km for the layer
near the equator, and 340 + 10 km near the pole (77.5° latitude).
Figure 34 gives an altitude difference ~ 27 km between these
two latitudes. Although we are measuring a different physical
quantity (isopycnic level instead of maximum of optical depth),
it is interesting to note that our results are consistent with those
of RP.

We conclude the following: (a} A reasonable central flash
having the size and aspect ratio necessary to fit the data can
be obtained with differential zonal flows with velocities on the
order of 100 m/s. We emphasize that this result is valid enly to
order of magnitude because of the sensitivity of the inversion to
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the values of the shape coefficients, which are uncertain to £20
percent {estimated). (b) The central flash requires higher angular
velocities near the poles than at equatorial latitudes. (c) The
deprojected shape coefficients are of the order of a few x102,
Our estimate of the possible effects of temperature gradients
indicates that they may begin to be important at the level of
~ 10~ in Eq. (8). Thus our assumption about the constancy of
T on isopycnic surfaces may be only qualitatively valid.

5.2, Implications of meridional temperature gradients for
zonal winds

The deprojected curve of geopotential height in Fig. 34 indicates
that the height of the isopycnic surface at the central flash alti-
tudes (~ (.25 mbar) decreases approximately 14 km between
the equator and 65° latitude. This equatorial *bulge” must be
supported hydrostatically. Because the lateral contrasts in pres-
sure near the surface are expected to be small (cf., e.g., Hunten
et al. 1984), this implies that the temperature, integrated over
a vertical column from the surface to the central flash level,
must be warmer at low latitudes than at high. If AT'(P) denotes
the decrease in temperature along an isobar at pressure P from
the equator to 65°, and Az{P) the corresponding decrease in
isobaric height, then integration of Euler’s vertical momentum
equation (8) from the surface to pressure level P and from the
equator to 65° latitude leads to the condition:

Ps din P’
AT(PHEE

Axp)= T (24)
T

where F is the universal gas constant, 4 is the molecular weight
of the atmosphere, and Py is the surface pressure. In deriving
(24), use was made of the ideal gas law. Furthermore, the term
representing the centripetal acceleration on the right-hand side
of Eq. (8) was neglected relative to g, which is a good approxi-
mation for the wind speeds depicted in Fig. 35, The analysis in
the preceding subsections assumed that there were no temper-
ature gradients along isobars at the central flash altitudes, and
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Fig. 36. Schematic of isobaric and isopycnic surfaces at the central
flash altitudes when temperatures decrease poleward at these heights
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hence that isobars and isopycnic surfaces coincided at these
levels. However, cbservations by the Voyager spacecrafi, taken
eight years earlier near Titan’s northern spring equinox, indi-
cated that high latitudes remained colder up to the 0.3-mbar level
or higher (Flasar et al. 1981; Flasar & Conrath 1990; Couste-
nis et al. 1991). If this situation also pertains to the present
observations, then depsities will increase poleward along iso-
bars. Because the density decreases with altitude, this means
that the isopycnic surface height will decrease poleward less
rapidly than the isobaric height, as Fig, 36 illustrates. In general,
the zonal winds are coupled to the decrease in isobaric height,
not isopycnic height, and therefore the earlier calculation of
the zonal winds would underestimate their strength under the
conditions depicted in the figure. The magnitude of this effect
depends on how confined the meridional temperature contrast
is in altitude, as will now be shown.

In Fig. 36, the drop in isobaric height (Azp), the drop in
isopycnic height (Az,), and their difference (Azp..,) are de-
fined as positive quantities. From the ideal gas law, the frac-
tional change in density along the 0.25-mbar isobar is simply
—AT/T|p=g.25 mnar- Buler’s vertical balance equation (8) and
the ideal gas law imply the relation:

BRI

0% il RT
o 25)
r or

where the last step, omitting the term involving the vertical gra-
dient in temperature, introduces an error of only a few percent at
the altitudes of the central flash (¢f. Lindal et al. 1983; Coustenis
etal. 1991).

If the height Azp._ , is not too large, integration of Eq. (25)
— together with the ideal-gas relation that Ap/p = —AT/T
along isobars — simply yields Azp_, = %%| Po00.25 mbar-
Combination with Eq. (24) gives

Azp_, AT pg2smbar/g
T rPs din P’
Ao T [F AT T

(26)

The zonal winds depends on Azp; this is just a restatement of
Euler’s meridional balance equation (7), cast in terms of merid-
ional geopotential gradients along isobars instead of meridional
pressure gradients at constant height. The correction to the in-
ferred winds is proportional to v/ Azp/Az,.

To examine the possible magnitudes of the divergence of
the isobaric and isopycnic surfaces at the central flash altitudes,
two limiting cases have been examined. The first assumes that
AT(P) = O at the surface and increases linearly with —In P.
Neglecting the vertical variation in g, the left-hand side of Eq.

(26) becomes 1/1 i ( 555300 ) = 0.23. Thus Azp/Az, ~

1.29, and the implied zonal winds are only 14% larger than
estimated earlier. With Az, = 14 km from the observations, Eq.
(24} implies that AT | p_g 25 mpar = 17 K, which is comparable
to the meridional temperature contrasts observed by Voyager
(Flasar et al. 1981; Flasar & Conrath 1990; Coustenis et al.
1991). The Voyager observations suggest that AT may increase
over a more restricted range of altitudes (Flasar et al. 1981). An

‘extreme case is one in which AT = 0 up to the 15 mbar level in

the middle stratosphere, then increases linearly with —{n P at
higher altitudes. This model implies Azp/Az, ~ 2 and winds
which are 40% larger than estimated in the earlier subsection.
The implied temperature contrast is AT|peg 25mper =~ 36 K,
which is far larger than that observed by Voyager during northern
spring. Hence, it would seem that the temperature contrasts —
and the concomitant zonal winds — must build up more slowly
with altitude than this extreme model suggests.

5.3. Sensitivity of central flush to spin axis

On 3 July 1989, the position angle of Saturn’s projected spin
axis with respect to celestial north (J2000.0 coordinates) was
Pg = 6.255°. In the foregoing discussion we have assumed that
pr, the position angle of Titan’s projected spin vector ey, was
also pg. In this section we set limits on the maximum difference
between ps and pr.

Let pr = py + Ap. Figure 3 and Figs. 8-28 are computed
with Ap = 0. The central flash times at the northernmost stations
indicate a sensitivity to Ap at the level of about =5°, while the
times of entry or exit into haze layers are sensitive to Ap at the
level of about £1°. As we have seen from Sect. 4, when the pro-
jected spin vector in the reference plane ey is calculated under
the assumption Ap = 0, the atmospheric north-south bound-
ary between the haze domains as defined by &, turns out to be
axisymmetric with e, to within about one degree.

The central flash probes Titan’s atmosphere at somewhat
deeper layers than the boundary between the haze domains, and
is sensitive to the axisymmetry of the isopycnic surfaces, Based
on central flash calculations with varying values of Ap, holding
all other parameters from the optimized solution constant, we
conclude Ap =0 + 3°,

If we calculate the characteristic time for the evolution of
Titan’s spin state under the influence of Saturn’s tidal field, it
turns out to be much less than the age of the solar system {or any
plausible choice of parameters. It is thus highly probable that
the rotation period of Titan’s solid body is equal to its orbital
period, that the spin vector of Titan’s solid body is collinear with
Saturn’s spin vector as defined by the ring plane, and that the
axis of symmetry of the atmosphere aligns with the spin vector
of the solid body.

5.4. A further consistency check

The Heikendorf and Hoher List stations suffered from nonpho-
tometric conditions, and data from these sites were not analyzed
during the initial modelling of lightcurves, However, as Figure
33 shows, both the Heikendorf and Hoher List chords passed
close to the center of the caustics. The Hoher List chord was only
slightly south of the Meudon chord, and the lightcurve would
have played a crucial role in the analysis, since we would expect
to see a double central flash as at Meudon. Figures 37 and 38
respectively show the Heikendorf and Hoher List lightcurves,
plotted with theoretical lightcurves from our best-fit model. The
observational lightcurves have been roughly scaled to permit
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Fig. 37. Heikendorf data (solid curve), compared with the best-fit the-
oretical model (dashed). Excursions in the data baseline are evident

comparison with the theoretical curves, but cannot be quantita-
tively normalized. Not only does the transparency vary, but the
zero-flux baseline drifts up and down due to varying contribu-
tions of sky background and Titan background. In the case of
the Hoher List data, a second channel which monitored another
star shows that the transparency was essentially zero just prior
to the central flash, but then rose to a value of about 0.5 during
the central flash. A double central flash is indeed visible in the
Hoher List data, and matches the theoretical profile, We empha-
size that the Heikendorf and Hoher List data sets were examined
only after the final theoretical model had been optimized to the
other data.

6. Discussion

The prenounced difference in the high-altitude haze density be-
tween Titan’s northern and southern hemisphere is a striking re-
sult of our synthesis. This difference has been noted previously
from analyses of Pioneer and Voyager spacecraft data (Toon et
al. 1992). We quote from Toon et al.: “The detached haze layer
observed by Voyager (Smith et al. 1981) is present throughout
the Southern hemisphere and at low latitudes of the Northern
hemisphere. Its altitude is smaller at the south pole, and it merges
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Fig. 38. Hoher List data (solid curve), compared with the best-fit theo-
retical model (dashed). Strong transparency variations and excursions
in the data baseline are evident

with the main haze layer at the north pole. Hence, there is both
a hemispheric asymmeiry, and an equator to pole variation.”
They attribute the detached haze to large scale Hadley circula-
tion at altitudes above 300 km, with vertical velocities ~ 0.01
m/s. In 1981, at the time of the Voyager encounter, according to
this model, rising motions would have occurred in the southern
hemisphere and equatorial regions, and sinking motions at mid-
dle and high northern latitudes. In 1981, Titan was near equinox,
moving from northern winter to northern summer, whereas in
1989 it was near midsummer at northern latitudes. We observe a
haze distribution which is virtually the opposite of that described
by Toon et al., which, if their model is correct, implies rising
circulation velocities in the northern hemisphere and north of
—20° latitude. Their model for the detached haze does imply
considerable enhancement of optical depths at altitudes above
250 km, compared with RP, as we require.

The planned Cassini orbiter mission will provide detailed in-
formation about Titan’s atmosphere over several years centered
on 2006, That time interval will be during Titan post-solstice
southern hemisphere summer, and the solar aspect at Titan will
therefore be approaching the one that prevailed during the Voy-
ager encounters. As Fig. 39 shows, our high-resolution view of
Titan’s atmosphere during northern summer could well be the
only one available during this season for many years to come,
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Fig. 39. Titan seasonal aspect as a function of date (2 is the Titan-
centered declination of the sun). The dates of spacecraft encounters
by Pioneer 11, Vovager 1, and Voyager 2 are shown, together with the
planned active dates of the Cassini Saturn orbiter mission

and may play a significant role in constraining models for Ti-
tan's atmospheric circulation and response to solar heating.

As a careful inspection of Figs. 8 — 28 shows, our model
has still not successfully reproduced every general trend in the
data. In some cases our calculation of the central flash peak
flux is smaller than the data, and in other cases larger. Since the
detached haze in the southern hemisphere, which governs the
level of the central flash, may be quite patchy as a function of
altitude, it may not be possible to fit all central flashes exactly
with a smooth model.

It is also evident that the observed flux falls below the model
flux on the emersion side of the lightcurves at Manley, Hertford,
RGO, Langwedel, and Essen (near 81800 — 81850 UT). This
effect could be due to the presence of denser haze on the emer-
sion (sunrise) side of Titan at these latitudes. Thus, a non-axially
symmetric model may be needed to account for these features.

In the central flash data at Pic du Midi, a pronounced drop
in the flux is seen near 81700 UT, which is not accounted for
in the model. Also, at Catania, our model tends to overestimate
the flux near the center of the shadow, and predicts a sharper
discontinuity near the edge of the haze layer than is observed.
A mode! which includes regional variations in haze opacity on
smaller scales may be needed to fit all of the data more closely.

On still smaller scales, we see sirong scintillations during
the occultation at all stations. These rapid fluctuations in the
stetlar signal are produced by refractivity fluctvations in Titan’s
atmosphere (Hubbard et al. 1988b; Narayan & Hubbard 1988).
Scintillations are observed throughout the height and pressure
interval shown in Figs. 4 and 5, and are a major source of “noise”
in the inversions for the temperature structure. We plan to con-
duct an analysis of the scintillations, which should lead to further
information about the dynamics of Titan’s high atmosphere. Our
data set is well suited for this purpose.
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