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A variety of CCD astrometric data was used to predict the lo-
cation of the path for the occultation of the star we have denoted
“Tr176” by Triton, which occurred on 1997 July 18, and was visible
from locations in northern Australia and southern North America.
A network of fixed and portable telescopes equipped with high-
speed photometric equipment was set up to observe the event, with
the following observational goals: (i) mapping the central flash (to
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establish the global shape of Triton’s atmosphere at about 20-km
altitude by modeling the detailed shape of the central flash), (ii) ob-
taining one or more light curves of high signal-to-noise ratio from
a large telescope (to accurately determine the thermal structure of
Triton’s atmosphere), and (iii) obtaining light curves distributed
across Triton’s disk (to probe the thermal structure of Triton’s at-
mosphere above different areas and to establish the shape of the
atmosphere at about 100-km altitude by modeling the half-light sur-
face). Although the large, fixed telescopes proved to be outside of the
occultation shadow and observations with some of the portable tele-
scopes were foiled by clouds, light curves were successfully recorded
from Brownsville, Texas, and Chillagoe, Queensland. These were
combined with data from another group to determine the radius
and shape of the half-light surface in Triton’s atmosphere and the
equivalent-isothermal temperatures at the sub-occultation latitudes
on Triton. A circular solution for the half-light surface (projected
into Triton’s shadow) yielded a radius of 1439 4 10 km. However, the
data are indicative of a global shape more complex than a sphere.
Such a figure is most likely caused by strong winds. Light-curve
models corresponding to the best fitting circular and elliptical at-
mospheres were fit to the data. The mean pressure at 1400-km radius
(48-km altitude) derived from all of the data was 2.23 + 0.28 ybar
for the circular model and 2.45 £ 0.32 pbar for the elliptical model.
These values suggest a global pressure increase at this level since a
previous Triton occultation in 1995 August. The mean equivalent-
isothermal temperature at 1400 km was 43.6 + 3.7 K for the circular
model and 42.0 £ 3.6 K for the elliptical model. Within their (some-
times large) uncertainties, the equivalent-isothermal temperatures
agree for all Triton latitudes probed.  © 2000 Academic Press
Key Words: Triton; occultations; atmospheres; structure.

INTRODUCTION

Several Voyager observations imply the presence of strong
winds in Triton’s lower atmosphere (Smith ez al. 1989, Hansen
et al. 1990). Surface winds to the northeast were inferred from
the dust streaks, and cloud motions showed an easterly flow
at an altitude of 1-3 km (Hansen et al. 1990). However, at the
~§8-km altitude of the two detected plumes, the winds were blow-
ing westward at an estimated velocity of 5-15 m s™! (Ingersoll
1990). Energy sources for winds include (i) the flow associated
with maintaining vapor-pressure equilibrium of the major at-
mospheric constituent, N,, with surface frosts (Ingersoll 1990)
and (ii) the uneven solar heating of Triton’s variegated surface,
where the frost is at a temperature of 38 K and the dark areas at
a temperature of ~57 K (Elliot et al. 2000).

From Earth-based observations, the presence of global winds
can be inferred from the shape of a constant pressure level within
the atmosphere, since Triton’s rotation period and the direction
of its pole are known (Seidelmann 1992). Probing Triton’s at-
mosphere with a stellar occultation, one can determine its atmo-
spheric figure with two complementary methods. The first is to
establish a set of constant-pressure points by observing the oc-
cultation from a group of sites that span the full extent of Triton’s
atmosphere. One can then model these points with a circle or
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other atmospheric shape. The second method is to observe the
occultation from one or more sites that passes near the center of
Triton’s shadow and model the structure of the “central flash”
(Elliot et al. 1977) to learn the shape of the atmosphere, as was
done for Titan from multi-station observations of its occulta-
tion of 28 Sgr (Hubbard ez al. 1993). The first method probes
the shape of the atmosphere at altitudes of about 100 km, while
the second method probes the shape at about 20-km altitude for
Earth-based occultation observations of Triton’s atmosphere.

Both methods have been applied to Triton occultation data for
the star Tr148 (which occurred on August 14, 1995, McDonald
and Elliot 1995). A circular solution with the immersion and
emersion half-light times yielded a half-light radius (in Triton’s
shadow) of 1427.5+3.5 km (Olkin et al. 1997). An ellipti-
cal solution with the same data yielded a half-light semimajor
axis of 1475.4 £5.7 km, but the ellipticity had a large error:
0.029 £ 0.016 (OIkin et al. 1997). On the other hand, the central-
flash modeling yielded more precise results: 1432 4+ 2 km for the
half-light semimajor axis and 0.018 & 0.003 for the ellipticity
(Elliot et al. 1997), which implies wind speeds near the speed of
sound. Hence we wanted to record several light curves within the
central region of Triton’s occultation shadow in order to further
investigate the structure of the central flash.

In addition to mapping the central flash, another motivation
for further observation of stellar occultations by Triton is to look
for changes in Triton’s atmosphere with time. Various models
have predicted that Triton’s atmosphere should be expanding or
collapsing, depending on the thermal properties of the surface
(Hansen and Paige 1992, Spencer and Moore 1992).

The next occultation suitable for our goals was that of Tr176
(McDonald and Elliot 1995)—an R = 12.2 magnitude star
bright enough to yield good signal-to-noise with our 0.35-m
portable telescopes equipped with high-speed CCD photome-
ters (Buie et al. 1993, Dunham 1995). This occultation was pre-
dicted to occur on 1997 July 18. Our early astrometry indicated
that the event would be visible in eastern Australia, giving good
deployment opportunities for these telescopes to map the cen-
tral flash. This region also has some large, fixed telescopes that
potentially could yield light curves of high quality for learning
more about Triton’s atmospheric structure.

Here we describe our pursuit and observation of Triton’s oc-
cultation of Tr176. The plan for telescope deployment developed
as our work on predicting the visibility zone for the occultation
progressed. A notable aid to the prediction efforts was an appulse
of Triton to Tr176 5 months prior to the occultation, which was
observed over a period of a week from Cerro Tololo and Perth.

Following our observations of the Tr176 occultation, Elliot
et al. (1998) reported Hubble Space Telescope observations of
a subsequent occultation by Triton of the star Tr180, which oc-
curred on 1997 November 4 (McDonald and Elliot 1995). They
found that the surface pressure of Triton’s atmosphere has in-
creased since the time of Voyager, indicating a warming of the
N, surface frost. Also, a preliminary analysis of the Tr176 data
set has indicated an increase of pressure in Triton’s atmosphere
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since the Tr148 occultation (Sicardy et al. 1998). Here we de-
scribe a more extensive analysis of the Tr176 data set, in which
we present our light curves for the occultation and—using both
our data and that from the other group (Sicardy et al. 1998)—
perform a joint analysis that examines the size, shape, tempera-
ture, and pressure of Triton’s atmosphere.

OCCULTATION PREDICTIONS

The occultation star (Tr176) was identified by McDonald and
Elliot (1995) as part of a systematic search for occultation can-
didates for Triton carried out at MIT’s George R. Wallace Jr.
Astrophysical Observatory, located in Westford, Massachusetts.
The astrometry used to identify the candidate placed the center
of the occultation path 1800 km south of the geocenter, but
with an error of 5000 km. Additional astrometric observations
obtained with the Flagstaff Astrometric Scanning Transit Tele-
scope (FASTT, Stone et al. 1996) indicated a similar location
for the shadow path, but with a smaller error. Accordingly, plans
were made for observations and refining the predicted path of
the event.

Astrometric Observations

An appulse of Triton to Tr176, which occurred on 1997
February 19—5 months prior to the occultation—provided a
good opportunity for refining the predicted path of the occulta-
tion. For 7 nights surrounding the appulse, for approximately 1 h
each night, CCD frames were recorded with the STIS CCD on
the Curtis-Schmidt telescope at Cerro Tololo, which has an en-
trance aperture of 0.6 m and a primary-mirror diameter of 0.9 m
(Table I). The CCD was 2048 pixels square, with a focal-plane
scale of 2.028 arcsec/pixel that produced a field about 1.15° on
a side. A separate amplifier was used to read out each quadrant
of the CCD, which could be accomplished in 40 s. About half
of the frames were recorded with a Kron-Cousins R filter and
the other half with a custom filter that had a central wavelength
of 720 nm and a passband of 50 nm. The telescope tracked at
a sidereal rate, producing CCD frames that we shall refer to as
“stare frames” to distinguish them from “strip scans,” for which
the telescope is fixed and the rows of the CCD are clocked at
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the sidereal rate (Dunham et al. 1991). The integration times
used were 10 s for the R filter and 40 s for the custom filter.
Altogether, 280 frames suitable for astrometric analysis were
recorded.

At Perth a CCD camera based on SNAPSHOT (Dunham
et al. 1985, Dunham 1995) was mounted on the 0.6-m telescope
and astrometric data were recorded for 8 nights (Table I). The
CCD was a 2K square Loral device, with a focal-plane scale of
0.73 arcsec/pixel that yielded a field 0.42° on a side. The R and
custom filter described above were also used, and the integration
times for the exposures were 60 and 120 s, respectively.

Other astrometric data sets were recorded with the 0.46-m as-
trograph at Lowell Observatory and the 1.5-m Strand astromet-
ric reflector at the U.S. Naval Observatory (USNO) in Flagstaff,
Details of these data sets are in Table I. Astrometric datarecorded
with the Lowell astrograph differed from the other data sets in
that the strip-scan mode was used (Dunham ez al. 1991). Also,
astrometric observations with the Fine Guidance System (FGS)
aboard the Hubble Space Telescope were carried out on July
2, 1997, and these established that Tr176 was a single star, to
a limit of no companion with Am < 2.5 separated more than
50 mas from the brighter component. This allowed us to in-
terpret the ground-based astrometric data in terms of a single
star.

An important feature of all of the astrometric data used for the
prediction is that each frame or strip scan contained the images
of both Tr176 and Triton. Hence all astrometric reductions could
be aimed at finding solutions that give accurate relative positions
of these two objects; the accuracy of their individual positions
in the J2000 system was not critical.

Reduction at MIT

The astrometric data were reduced at MIT by first correct-
ing the raw CCD frames for bias and flat-field. Then the pixel
centers of the astrometric reference stars, along with those for
Triton and Tr176, were measured with the DAOPHOT package
(Stetson 1987) in IRAF (Tody 1986). This routine established
the point-spread function (PSF) for the frame by averaging the
PSFs for several stars. Then it found the centers of other ob-
jects on the frame by fitting each with the frame PSF. Triton lies

TABLE 1
Data Acquired for the Occultation Prediction

Telescope Field of view Focal-plane scale Epoch Number of
Observatory aperture (m) Instrument (arcmin?) (arcsec/pix) (1997) frames Observers
CTIO 0.6-0.94 STIS 2048 51207 2.028 2/15-2/21 280 Elliot, Agner
Lowell 0.5¢ SNAPSHOT 3200 0.844 5/29-7/17 600 Person, White, Motz
Perth 0.6 SNAPSHOT 145 0.73 2/13-2/20 45 Dunham
USNO 1.5 Tek2K 130 0.33 7/13-7/17 200 Bosh, Sickafoose

“ The Curtis-Schmidt telescope at CTIO has an entrance aperture of 0.6 m and a primary diameter of 0.9 m.
b Due to the large size of this data set, the frames were trimmed to the central 800 arcmin? before processing.

¢ Astrograph.
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TABLE II
Astrometric Analyses

Epoch Reference Ephemeris Closest
Analysis? Filter (1997 network? Centroid® Reg d correction® approach (mas)
Ul R 7/13-7/16 USNO [75] DAOPHOT Lin Mean 80+4
U2 R 7/13-7/17 USNO [75] DAOPHOT Lin Mean 59+3
u3 R 713-7/17 USNO [75] DAOPHOT Lin Linear 68+6
U4 R 7/13-7/17 USNO [75] DAOPHOT Quad Mean 56+3
Us R 7/13-7/17 USNO [75] DAOPHOT Quad Linear 75+6
Ci 720 2/15-2/21 USNO [48] Lorentzian Lin Mean 62+16
Cc2 720 2/15-2/21 USNO [48] Lorentzian Lin Mean, At 61+25
C3 720 2/15-2/21 USNO [48] Lorentzian Lin Linear 72+19
C4 720 2/15-2/21 USNO [48] Lorentzian Lin Linear, At 62+ 18
Cs R 2/15-2/21 USNO [48] Lorentzian Lin Mean 43+ 18
C6 R 2/15-2/21 USNO [48] Lorentzian Lin Mean, At 74123
Cc7 R 2/15-2/21 USNO [48] Lorentzian Lin Linear 57121
C8 R 2/15-2/21 USNO [48] Lorentzian Lin Linear, At 100+ 20
c9 720 2/15-2/21 USNO [48] DAOPHOT Lin Mean 97+ 16
C10 720 2/15-2/21 USNO (48] DAOPHOT Lin Linear 96 £ 16
Clt R 2/15-2/21 USNO [48] DAOPHOT Lin Mean 110+33
C12 R 2/15-2/21 USNO [48] DAOPHOT Lin Linear 114+32
Predicted closest approach (unweighted average of U2, C3, and C7) 62.7+4.7
Actual closest approach (from fit to the occultation data) 74.9+0.4

4 “U” denotes an analysis based on data from USNO, while “C” denotes an analysis based on data from CTIO. An unweighted average of analyses U2, C3, and

C7 was used for the final prediction (see text).
# “USNO” denotes a network of stars measured with FASTT.
¢ See text.

4 The registration code “lin” denotes a 6-term linear transformation between pixel coordinates and celestial coordinates, while “quad” denotes a 12-term quadratic

transformation.

¢ Here “mean” denotes a solution for only a mean offset between the measured positions for the star and Triton, while “linear” denotes a solution that allows a
linear trend (with time) of the mean offset. For either case, “At” allows for an offset in time for Triton relative to its ephemeris.

only ~15 arcsec from Neptune and, being nearly 5 magnitudes
fainter, the determination of its center is affected by the wings of
Neptune’s image. Since establishing an accurate difference be-
tween the center of the images of Tr176 and Triton was critical to
the astrometry, we tried an alternate method. First we fit the gen-
eralized Lorentzian model in Eq. (1) (see Eq. (1) of Bosh et al.
1992) to the image of Tr176 to establish the shape of the point-
spread function. Then we used the two parameters that describe
the shape of the PSF from this fit in a simultaneous fit of the
images of Triton and Neptune for their centers and relative in-
tensity. Saturated pixels in Neptune’s image were omitted from
the fit. In the subsequent steps of the reduction, these centers
for Tr176 and Triton were used in place of the centers derived
from DAOPHOT, although we retained the centers determined
with DAOPHOT for the reference network stars. If time were
available, a more rigorous application of this method would have
been to (i) account for the different angular diameters of Neptune
and Triton (which the DAOPHOT algorithm did not do either)
and (ii) use the same PSF for the reference stars as we did for
Triton and Tr176 (this would have made the absolute astrometry
more accurate, in addition to the minimal requirement for the
occultation prediction of accurate relative astrometry).

The pixel positions for the astrometric reference stars were
then used to establish a transformation between the pixel coordi-

nates and the J2000 astrometric system, in which we could solve
either linearly for 6 transformation coefficients or quadratically
for 12 transformation coefficients. Four different standard-star
networks were available, but which was used depended on the
field of view and homogeneity of the data set being analyzed.
Here we refer to a data set as all of the data recorded with the
same telescope, instrument, filter, and mode (strip scan or stare
frame).

Table II presents a variety of reductions, each one different
from the others with respect to either the data set used or the
analysis procedures. Column 1 gives an identification of the anal-
ysis, with the first letter denoting the observatory where the data
were recorded (Table I). Table I does not contain results of our
analyses of the astrometric data from Perth or Lowell because
these data sets yielded results inferior to those from the USNO
and CTIO data sets and were not used in our final occultation
prediction. In the case of the Lowell astrograph, the problem with
the data was traced to an unexpectedly long time for the telescope
to quit moving after being set in position to record a strip scan
(unfortunately this cause was not identified until long after the
occultation had occurred). The second column gives the filter
used to record the data used in the analysis, and the fourth gives
the source of the astrometric network. The reference stars were
measured with FASTT at USNO (Stone ez al. 1996). The number
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in square brackets is the number of stars in the network that were
used in a particular analysis, and this number was chosen as the
maximum set of stars that appear on all frames of a data set.

The fifth column gives the method for finding the centroids
for a particular analysis, where “DAOPHOT” means that it gen-
erated all centroids. “Lorentzian” means that the generalized
Lorentzian fit (as mentioned above) was used for Tr176 and
Triton (with DAOPHOT being used for finding the centroids of
the reference stars). The method for registering the pixel coor-
dinates of the reference stars to the J2000 system is given in
the sixth column, where “lin” denotes the linear registration and
“quad” the quadratic registration.

In the penultimate column of Table II we present the method
used to extrapolate the correction to Triton’s ephemeris, as de-
termined by the astrometric reductions, to the time of the occul-
tation in order to establish a prediction. In discussing this ex-
trapolation it is conceptually easier to assume that all the error
is in Triton’s ephemeris. Although this case is highly unlikely, it
makes an insignificant difference to the occultation prediction,
since we are concerned only with the relative position of Tr176
and Triton. One approach is to assume that there is a mean offset
in RA and Dec between Triton’s true position and its ephemeris,
and we denote these solutions by “mean.” Another approach is
to allow a linear drift of this offset with time, which basically
corresponds to a small rotation between the J2000 system as
defined by the network of reference stars (each of which have
positional errors) and the J2000 system as defined by Triton’s
ephemeris. In addition to solving for a mean or linear offset, one
can also allow an offset in time between Triton’s position and
its ephemeris, which would appear if there were a longitudinal
error in its ephemeris. We denote the inclusion of this effect by
“At” in the seventh column of Table II.

Finally, in the last column of Table II, we give the corrected
“closest approach,” which is defined as the minimum distance
between the center of Triton’s shadow to a hypothetical observer
at the center of the Earth. The error bars are formal errors that
are based on the internal consistency of each analysis. For com-
parison, the angle subtended by Triton’s atmospheric half-light
radius is about 70 mas.

Examining the predicted closest approach distances for
Table II we see that their scatter is more than their formal errors.
For the USNO data we felt the most reliable result was likely
to be from the U2 analysis because (i) it included the entire
USNO data set, (ii) quadratic registration was not warranted, and
(iii) there was no significant linear trend in the extrapolation for
this data set.

The CTIO data were recorded at extremely high airmass, and
we had a priori reasons for preferring the 720-nm data over that
from the R filter: (i) the Neptune background near Triton was
less, (ii) the refractive dispersion over the filter bandwidth was
less, and (iii) the longer exposures would have averaged out the
differential refraction between the objects on the frame within
different isoplanatic patches. In the end, however, we decided
to accept the 720-nm filter and R-filter data on an equal basis,
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because we wanted to avoid injecting more “judgment calls” into
the occultation prediction than were absolutely necessary. We
selected analyses C3 (720-nm-filter data) and C7 (R-filter data)
because (i) our model routine yielded more consistent results for
the centroiding for Triton (in close proximity to Neptune) than
we achieved with DAOPHOT, (ii) there was no significant time
offset of Triton from its ephemeris, and (iii) a significant linear
trend appeared in the extrapolation for this data set.

Then we established our best value for the predicted closest
approach distance as an unweighted average of these three re-
sults (U2, C3, and C7), since it was clear that the formal errors
are not good indicators of the real errors. The resulting clos-
est approach distance is 62.7 + 4.7 mas, where the error was
calculated from the scatter of the three values. Based on this
astrometric solution, predictions for the sites of all known ob-
servers were posted on the MIT website (http://occult.mit.edu)
10 h prior to the event. In Table ITI we have given the predictions
for the geocenter and our four portable telescopes based on this
astrometric result. The predicted shadow path is illustrated in
Fig. 1, where the three dashed lines represent the predicted path
of the northern limb, centerline, and southern limb.

Although the astrometric analysis just described was used
for our final prediction, during the 2 months prior to the event

TABLE III
Final Prediction and Comparison with Observed Results

Closest approach Event midtime? Chord length

Station (km) (UTC) (km)

Brownsville

Predicted 826+ 85 10:10:06 + 4 2339+120

Observed 10:10:25+£0.2 2640+ 10

Circular fit 569+7 10:10:28 £ 0.7 2644 £8

Elliptical fit? 564 +5 10:10:26 + 0.5 2642 £6
Chillagoe

Predicted —265 + 85 10:17:33+4 2815+32

Observed 10:17:53+0.4 2679+ 14

Circular fit® -521+7 10:17:54 £ 0.7 2683 +£7

Elliptical fit? —524+5 10:10:54 +0.5 2676 £5
Coen

Predicted 10+ 85 10:17:34 +4 2862 +1

Circular fit® —2461+7 10:17:53 £ 0.8 2836+3

Elliptical fit? —251+8 10:17:53 +0.5 2830+2
Geocentric

Predicted? —1323+85 10:13:50+4 1133+ 155

Circular fit® —1580+7 10:14:08 £ 0.7 €

Elliptical fit! —1585+5 10:14:06 + 0.5 €
Troncones

Predicted 211+85 10:10:16 £ 4 2864 1+ 25

Circular fit¢ —45+7 10:10:36 £ 0.8 2877+ 1

Elliptical fit4 -50+1 10:10:36 £ 0.3 2872 +1

¢ After 1997 07 18 0h UT.

b Unweighted mean of solutions C3, C7, and U2 from Table II.
¢ Calculated from astrometric solution Fit No. 2 in Table VI.

4 Calculated from astrometric solution Fit No. 6 in Table VL.

¢ Triton’s shadow did not pass over the geocenter.
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FIG. 1.

Predicted shadow path and worldwide observing sites. Dotted lines show the final predicted shadow path referenced in Table III. Solid lines show

the astrometric solution calculated from observed chords. Solid squares indicate sites acquired data used in this analysis, and open squares show sites where our
consortium’s observations were unsuccessful, either due to clouds or being outside Triton’s shadow as it crossed the Earth. The stations are labeled as follows: Br,
Brownsville; Bu, Bundaberg; Ch, Chillagoe; Co, Coen; Du, Ducabrook; Lo, Lochington; McD, McDonald; MK, Mount Kent; MS, Mount Stromlo; SS, Siding

Spring; Tr, Tracones.

copious tests were run with a variety of methods for each stage
of the prediction calculations. For example, in addition to the
procedures described above, different choices of the reference-
star network were used to compare results from using the most
accurate positions available (Hipparcos) versus those having a
larger number of stars (USNO A1.0). Both JPLs DE-403 and
DE-118 ephemerides were used. Also, solutions were found by
registering the pixel positions to celestial coordinates, with and
without the tangent-plane projection (Smart 1977).

Reduction at Lowell

Our desire to get at least two ground stations in a location that
would sample the central flash required an extremely accurate
prediction, and we knew that systematic errors would be as im-
portant as random errors. Therefore, a prediction effort at Low-
ell Observatory was undertaken in parallel with the MIT efforts.
This effort used a completely separate software pipeline and at
times a different algorithmic approach. At Lowell (as at MIT)
we experimented with different methods of centroiding, differ-
ent reference-star networks, and different terms in the equations
used to register the astrometric frames to the reference-star net-
work. Since the time available for this work prior to deployment
of our portable telescopes was limited, these reductions were not
carried out as extensively as we would have liked. Furthermore,
as will be shown later, the results contain yet unidentified system-
atic errors, which we had hoped to identify prior to publication of

these results. However, with the objective of promoting further
understanding of the astrometric methods that we used to predict
this occultation, we shall present our results in the time order
that they were generated, offering what insights that we can.

Figure 2 shows a graphical summary of the results in terms
of right ascension and declination. By applying this offset to
the ephemeris of Triton, we can predict the shadow path of the
event. (For comparison, note that the MIT results in Table II are
presented in terms of the offset and its error perpendicular to
the motion of Triton’s shadow.) The zero-point of Fig. 2 is set
by the astrometric solution inferred from the occultation light
curves (to be discussed later) and represents the truth sought
in the prediction (solid line). Overlain on the plot is the size
of Triton (dashed lines) and the rough size of the central flash
region (dotted lines). Shown in this fashion, a correct prediction
is one that includes zero within its uncertainty. However, to be
useful, the uncertainty of the prediction must be less than the
size of the central flash region.

The main astrometric data sets used for the predictions plot-
ted in Fig. 2 are as follows: (i) stars, Perth; (ii) triangles, CTIO;
(iii) squares, USNO. Very few predictions were computed with
the Perth data, as it was quickly apparent that the internal scatter
in those data was just too large to be useful. Triangles (up through
prediction 41) mark predictions based on the CTIO data. Evo-
lution of the CTIO-based predictions involved changes in soft-
ware, reference catalogs, and position extraction techniques. In

























































