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1Also at Lowell Observatory, 1400 West Mars Hill Road, Flagstaff, AZ

86201'4499' ) A variety of CCD astrometric data was used to predict the lo-
Also at Department of Physics, MIT, and guest observer, Cerro Tololo Inte%?

) . . . ation of the path for the occultation of the star we have denoted
American Observatory, National Optical Astronomy Observatories, operated|] 176" by Trit hich don 1997 July 18. and isibl
the Association of Universities for Research in Astronomy, Inc., under cooper- r y Triton, which occurred on uly 15, and was visibie

ative agreement with the National Science Foundation. from locations in northern Australia and southern North America.

3 Now at Southwest Research Institute, Suite 426, 1050 Walnut St., BouldBr,network of fixed and portable telescopes equipped with high-
CO 80302. speed photometric equipment was set up to observe the event, with

4 Now at Astronomy Department, Coinell University, Ithaca, NY 14853.  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 ubar
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.
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other atmospheric shape. The second method is to observe

occultation from one or more sites that passes near the centel
Triton’s shadow and model the structure of the “central flash
(Elliot et al. 1977) to learn the shape of the atmosphere, as w:
done for Titan from multi-station observations of its occulta-
tion of 28 Sgr (Hubbaret al. 1993). The first method probes

the shape of the atmosphere at altitudes of about 100 km, wh
the second method probes the shape at about 20-km altitude
Earth-based occultation observations of Triton’s atmosphere.

Both methods have been applied to Triton occultation data f
the star Tr148 (which occurred on August 14, 1995, McDonal
and Elliot 1995). A circular solution with the immersion and
emersion half-light times yielded a half-light radius (in Triton’s
shadow) of 1425+ 3.5 km (Olkin et al. 1997). An ellipti-
cal solution with the same data yielded a half-light semimajo
axis of 14754 +5.7 km, but the ellipticity had a large error:
0.02940.016 (Olkinetal.1997). On the other hand, the central-
flash modeling yielded more precise results: 1432km for the
half-light semimajor axis and.018=+ 0.003 for the ellipticity
(Elliot et al.1997), which implies wind speeds near the speed ¢
sound. Hence we wanted to record several light curves within tt
central region of Triton’s occultation shadow in order to furthel
investigate the structure of the central flash.

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

The next occultation suitable for our goals was that of Tr17
(McDonald and Elliot 1995)—arR = 122 magnitude star
bright enough to yield good signal-to-noise with our 0.35-n

Several Voyager observations imply the presence of stropgrtable telescopes equipped with high-speed CCD photom

winds in Triton’s lower atmosphere (Smiét al. 1989, Hansen ters (Buieet al. 1993, Dunham 1995). This occultation was pre-
et al. 1990). Surface winds to the northeast were inferred frodicted to occur on 1997 July 18. Our early astrometry indicate
the dust streaks, and cloud motions showed an easterly fltvat the event would be visible in eastern Australia, giving goo
at an altitude of 1-3 km (Hansest al. 1990). However, at the deployment opportunities for these telescopes to map the ce
~8-km altitude of the two detected plumes, the winds were blowral flash. This region also has some large, fixed telescopes tt
ing westward at an estimated velocity of 5-15 ™ @ngersoll potentially could yield light curves of high quality for learning
1990). Energy sources for winds include (i) the flow associatetbre about Triton’s atmospheric structure.
with maintaining vapor-pressure equilibrium of the major at- Here we describe our pursuit and observation of Triton'’s oc
mospheric constituent, Nlwith surface frosts (Ingersoll 1990) cultation of Tr176. The plan for telescope deployment develope
and (ii) the uneven solar heating of Triton’s variegated surfaces our work on predicting the visibility zone for the occultation
where the frost is at a temperature of 38 K and the dark areapaigressed. A notable aid to the prediction efforts was an appul
a temperature of57 K (Elliot et al. 2000). of Triton to Tr176 5 months prior to the occultation, which was
From Earth-based observations, the presence of global wiradserved over a period of a week from Cerro Tololo and Pertt
can be inferred from the shape of a constant pressure level withifFollowing our observations of the Tr176 occultation, Elliot
the atmosphere, since Triton’s rotation period and the directienhal. (1998) reported Hubble Space Telescope observations
of its pole are known (Seidelmann 1992). Probing Triton’s a& subsequent occultation by Triton of the star Tr180, which oc
mosphere with a stellar occultation, one can determine its atnooired on 1997 November 4 (McDonald and Elliot 1995). The
spheric figure with two complementary methods. The first is found that the surface pressure of Triton’s atmosphere has i
establish a set of constant-pressure points by observing the @eased since the time of Voyager, indicating a warming of th
cultation from a group of sites that span the full extent of TritonNl, surface frost. Also, a preliminary analysis of the Tr176 dat:
atmosphere. One can then model these points with a circleset has indicated an increase of pressure in Triton’s atmosphe
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since the Tr148 occultation (Sicarey al. 1998). Here we de- the sidereal rate (Dunhaet al. 1991). The integration times
scribe a more extensive analysis of the Tr176 data set, in whicked were 10 s for the R filter and 40 s for the custom filte
we present our light curves for the occultation and—using bo#titogether, 280 frames suitable for astrometric analysis wel
our data and that from the other group (Sicaedyal. 1998)— recorded.

perform a joint analysis that examines the size, shape, temperaAt Perth a CCD camera based on SNAPSHOT (Dunhat

ture, and pressure of Triton’s atmosphere. etal.1985, Dunham 1995) was mounted on the 0.6-m telesco
and astrometric data were recorded for 8 nights (Table I). Tt
OCCULTATION PREDICTIONS CCD was a 2K square Loral device, with a focal-plane scale «

0.73 arcsec/pixel that yielded a field 024%h a side. The R and

The occultation star (Tr176) was identified by McDonald ancustom filter described above were also used, and the integrat
Elliot (1995) as part of a systematic search for occultation catimes for the exposures were 60 and 120 s, respectively.
didates for Triton carried out at MIT's George R. Wallace Jr. Other astrometric data sets were recorded with the 0.46-m ¢
Astrophysical Observatory, located in Westford, Massachusettegraph at Lowell Observatory and the 1.5-m Strand astrome
The astrometry used to identify the candidate placed the centerreflector at the U.S. Naval Observatory (USNO) in Flagstaf
of the occultation path 1800 km south of the geocenter, bDetails of these data sets are in Table I. Astrometric data record
with an error o£5000 km. Additional astrometric observationswith the Lowell astrograph differed from the other data sets i
obtained with the Flagstaff Astrometric Scanning Transit Telghat the strip-scan mode was used (Dunteral. 1991). Also,
scope (FASTT, Stonet al. 1996) indicated a similar location astrometric observations with the Fine Guidance System (FG
for the shadow path, but with a smaller error. Accordingly, plareboard the Hubble Space Telescope were carried out on J
were made for observations and refining the predicted path2)f1997, and these established that Tr176 was a single star

the event. a limit of no companion withAm < 2.5 separated more than
_ _ 50 mas from the brighter component. This allowed us to in
Astrometric Observations terpret the ground-based astrometric data in terms of a sin

An appulse of Triton to Tr176, which occurred on 1999’ _
February 19—5 months prior to the occultation—provided a Animportant feature of all of the astrometric data used for th

good opportunity for refining the predicted path of the occult&rédiction is that each frame or strip scan contained the imag
tion. For 7 nights surrounding the appulse, for approximately 134 P0th Tr176 and Triton. Hence all astrometric reductions coul
each night, CCD frames were recorded with the STIS CCD &J; aimed at flnd!ng solutions that give accyrgte.rglatlve po§|.t|0|
the Curtis-Schmidt telescope at Cerro Tololo, which has an &f-these two objects; the accuracy of their individual position
trance aperture of 0.6 m and a primary-mirror diameter of 0.9 #f the J2000 system was not critical.

(Table ). The CCD was 2048 pixels square, with a focal-pla .

scale of 2.028 arcsec/pixel that produced a field about hh5 Reduction at MIT

a side. A separate amplifier was used to read out each quadrarithe astrometric data were reduced at MIT by first correc
of the CCD, which could be accomplished in 40 s. About haifg the raw CCD frames for bias and flat-field. Then the pixe
of the frames were recorded with a Kron-Cousins R filter ammnters of the astrometric reference stars, along with those 1
the other half with a custom filter that had a central wavelengiiiton and Tr176, were measured with the DAOPHOT packag
of 720 nm and a passband of 50 nm. The telescope trackedStetson 1987) in IRAF (Tody 1986). This routine establishe
a sidereal rate, producing CCD frames that we shall refer tothe point-spread function (PSF) for the frame by averaging tt
“stare frames” to distinguish them from “strip scans,” for whicPSFs for several stars. Then it found the centers of other ©
the telescope is fixed and the rows of the CCD are clockedjatts on the frame by fitting each with the frame PSF. Triton lie

TABLE I
Data Acquired for the Occultation Prediction

Telescope Field of view Focal-plane scale Epoch Number of
Observatory aperture (m) Instrument (archyin (arcsec/pix) (1997) frames Observers
CTIO 0.6-0.9 STIS 2048 5120 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 15 Tek2K 130 0.33 7/13-7/17 200 Bosh, Sickafoose

aThe 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%avefoire processing.
¢ Astrograph.
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TABLE II
Astrometric Analyses

Epoch Reference Ephemeris Closest
Analysist Filter (1997) networR Centroid Regd correctior¥ approach (mas)
ul R 7113-7/16 USNO [75] DAOPHOT Lin Mean 804
U2 R 7/113-7/17 USNO [75] DAOPHOT Lin Mean 593
u3 R 7113-7117 USNO [75] DAOPHOT Lin Linear 686
U4 R 7/13-7/17 USNO [75] DAOPHOT Quad Mean 53
us R 7/13-7/17 USNO [75] DAOPHOT Quad Linear E205)
C1 720 2/15-2/21 USNO [48] Lorentzian Lin Mean 626
c2 720 2/15-2/21 USNO [48] Lorentzian Lin Meatt 61+ 25
C3 720 2/15-2/21 USNO [48] Lorentzian Lin Linear F29
C4 720 2/15-2/21 USNO [48] Lorentzian Lin Lineaxt 62+18
C5 R 2/15-2/21 USNO [48] Lorentzian Lin Mean 4318
C6 R 2/15-2/21 USNO [48] Lorentzian Lin Meant 74423
c7 R 2/15-2/21 USNO [48] Lorentzian Lin Linear 5721
c8 R 2/15-2/21 USNO [48] Lorentzian Lin Lineaxt 100+ 20
C9 720 2/15-2/21 USNO [48] DAOPHOT Lin Mean 9716
C10 720 2/15-2/21 USNO [48] DAOPHOT Lin Linear 9616
Cc11 R 2/15-2/21 USNO [48] DAOPHOT Lin Mean 1383
C12 R 2/15-2/21 USNO [48] DAOPHOT Lin Linear 13432
Predicted closest approach (unweighted average of U2, C3, and C7) .7+8Z7
Actual closest approach (from fit to the occultation data) 749+0.4

a“y” denotes an analysis based on data from USNO, while “C” denotes an analysis based on data from CTIO. An unweighted average of analyses U2
C7 was used for the final prediction (see text).

b“USNO” denotes a network of stars measured with FASTT.

¢ See text.

d The registration code “lin” denotes a 6-term linear transformation between pixel coordinates and celestial coordinates, while “quad” de¢enteguatiatic
transformation.

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

only ~15 arcsec from Neptune and, being nearly 5 magnitudeates and the J2000 astrometric system, in which we could sol
fainter, the determination of its center is affected by the wings efther linearly for 6 transformation coefficients or quadratically
Neptune’s image. Since establishing an accurate difference fir-12 transformation coefficients. Four different standard-ste
tween the center of the images of Tr176 and Triton was critical b@tworks were available, but which was used depended on t
the astrometry, we tried an alternate method. First we fit the gdield of view and homogeneity of the data set being analyze
eralized Lorentzian model in Eq. (1) (see Eqg. (1) of Beshl. Here we refer to a data set as all of the data recorded with tl
1992) to the image of Tr176 to establish the shape of the poisaeme telescope, instrument, filter, and mode (strip scan or stz
spread function. Then we used the two parameters that descfiaene).
the shape of the PSF from this fit in a simultaneous fit of the Table Il presents a variety of reductions, each one differel
images of Triton and Neptune for their centers and relative ifrom the others with respect to either the data set used or tl
tensity. Saturated pixels in Neptune’s image were omitted froamalysis procedures. Column 1 gives anidentification of the ane
the fit. In the subsequent steps of the reduction, these centegis, with the first letter denoting the observatory where the da
for Tr176 and Triton were used in place of the centers derivegere recorded (Table I). Table 1l does not contain results of ot
from DAOPHOT, although we retained the centers determinatialyses of the astrometric data from Perth or Lowell becau:
with DAOPHOT for the reference network stars. If time weréhese data sets yielded results inferior to those from the USN
available, a more rigorous application of this method would haeed CTIO data sets and were not used in our final occultatic
been to (i) account for the different angular diameters of Neptupeediction. In the case of the Lowell astrograph, the problem wit
and Triton (which the DAOPHOT algorithm did not do either}he datawastracedto an unexpectedly longtime for the telesco
and (ii) use the same PSF for the reference stars as we didtfbguit moving after being set in position to record a strip sca
Triton and Tr176 (this would have made the absolute astromefonfortunately this cause was not identified until long after th
more accurate, in addition to the minimal requirement for theccultation had occurred). The second column gives the filte
occultation prediction of accurate relative astrometry). used to record the data used in the analysis, and the fourth giv
The pixel positions for the astrometric reference stars weltee source of the astrometric network. The reference stars we
then used to establish a transformation between the pixel coomieasured with FASTT at USNO (Stoekal. 1996). The number
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in square brackets is the number of stars in the network that weerause we wanted to avoid injecting more “judgment calls” int
used in a particular analysis, and this number was chosen asttieoccultation prediction than were absolutely necessary. V
maximum set of stars that appear on all frames of a data setselected analyses C3 (720-nm-filter data) and C7 (R-filter dat
The fifth column gives the method for finding the centroidbecause (i) our model routine yielded more consistent results 1
for a particular analysis, where “DAOPHOT” means that it gerthe centroiding for Triton (in close proximity to Neptune) thar
erated all centroids. “Lorentzian” means that the generalizag achieved with DAOPHOT, (ii) there was no significant time
Lorentzian fit (as mentioned above) was used for Tr176 aoéfset of Triton from its ephemeris, and (iii) a significant linear
Triton (with DAOPHOT being used for finding the centroids ofrend appeared in the extrapolation for this data set.
the reference stars). The method for registering the pixel coor-Then we established our best value for the predicted close
dinates of the reference stars to the J2000 system is giverapproach distance as an unweighted average of these three
the sixth column, where “lin” denotes the linear registration arslilts (U2, C3, and C7), since it was clear that the formal erro
“quad” the quadratic registration. are not good indicators of the real errors. The resulting clo:
In the penultimate column of Table Il we present the methagst approach distance is .82 4.7 mas, where the error was
used to extrapolate the correction to Triton’s ephemeris, as dedculated from the scatter of the three values. Based on tt
termined by the astrometric reductions, to the time of the occastrometric solution, predictions for the sites of all known ob
tation in order to establish a prediction. In discussing this egervers were posted on the MIT website (http://occult.mit.ed
trapolation it is conceptually easier to assume that all the errtd h prior to the event. In Table 11l we have given the prediction
is in Triton’s ephemeris. Although this case is highly unlikely, ifor the geocenter and our four portable telescopes based on t
makes an insignificant difference to the occultation predictioastrometric result. The predicted shadow path is illustrated
since we are concerned only with the relative position of Tr1#g. 1, where the three dashed lines represent the predicted p
and Triton. One approach is to assume that there is a mean oftdfahe northern limb, centerline, and southern limb.
in RA and Dec between Triton’s true position and its ephemeris, Although the astrometric analysis just described was use
and we denote these solutions by “mean.” Another approackas our final prediction, during the 2 months prior to the even
to allow a linear drift of this offset with time, which basically
corresponds to a small rotation between the J2000 system as TABLE 111
defined by the network of reference stars (each of which have gina| prediction and Comparison with Observed Results
positional errors) and the J2000 system as defined by Triton’s

ephemeris. In addition to solving for a mean or linear offset, one Closestapproach  Eventmidtihe  Chord length
can also allow an offset in time between Triton’s position and Station (km) (UTC) (km)
its ephemeris, which would appear if there were a IongitudingrlownsviIIe
error in its ephemeris. We denote the inclusion of this effect byp ¢ gicted 82685 10:10:06% 4 23394 120
“At” in the seventh column of Table II. Observed 10:10:25 0.2 2640+ 10

Finally, in the last column of Table Il, we give the corrected Circular fi€ 569+ 7 10:10:28+ 0.7 2644+ 8
“closest approach,” which is defined as the minimum distanceE!liptical fit? 564+5 10:10:26£ 0.5 2642+6
between the center of Triton’s shadow to a hypothetical obser@hillagoe
at the center of the Earth. The error bars are formal errors thagredicted —265+85 10:17:33k 4 2815432
are.based on the internal consistenf:y of each analys_is. For pon%?iﬁ{ ;’refcijlc 52147 1%)?1%13 8:;1 ;g;gi ;4
parison, the angle subtended by Triton’s atmospheric half-lightgjiptica fit _524+5 10:10:54- 0.5 267645
radius is about 70 mas. Coen

Examining the predicted closest approach distances fobredicted 1685 10:17:34t 4 2862+ 1
Table 1l we see that their scatter is more than their formal errorsCircular fi —246+7 10:17:53+ 0.8 2836+ 3
For the USNO data we felt the most reliable result was likely Elliptical fit? —251+8 10:17:53£ 0.5 2830+ 2
to be from the U2 analysis because (i) it included the entifgeocentric
USNO data set, (ii) quadratic registration was not warranted, ang"edicted —1323+85 10:13:50: 4 1133+ 155
(iii) there was no significant linear trend in the extrapolation for Circular f'.lcd 19807 10:14:0820.7 :

. Elliptical fit —1585+5 10:14:06£ 0.5 e
this data set. Trancones

The CTIO data were recorded at extremely high airmass, an@,qgicted 214 85 10:10:16+ 4 2864 25
we hada priori reasons for preferring the 720-nm data over thatcircular fic —45+7 10:10:36+ 0.8 2877+ 1
from the R filter: (i) the Neptune background near Triton was Elliptical fit? -50+1 10:10:36+ 0.3 287241

less, (ii) the refractive dispersion over the filter bandwidth was-

less, and (iii) the longer exposures would have averaged out th : ,

differential refraction between the objects on the frame within Unweighted mean of solutions C3, C7, and U2 from Table Il
. ; . | "¢ Calculated from astrometric solution Fit No. 2 in Table VI.

different isoplanatic patches. In the end, however, we decided calculated from astrometric solution Fit No. 6 in Table VI.

to accept the 720-nm filter and R-filter data on an equal basis: Triton's shadow did not pass over the geocenter.

fter 1997 07 BO h UT.
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FIG. 1. Predicted shadow path and worldwide observing sites. Dotted lines show the final predicted shadow path referenced in Table IIl. Solid line
the astrometric solution calculated from observed chords. Solid squares indicate sites acquired data used in this analysis, and open sqearefsteoousi
consortium’s observations were unsuccessful, either due to clouds or being outside Triton’s shadow as it crossed the Earth. The stationasf@ labeidt,
Brownsville; Bu, Bundaberg; Ch, Chillagoe; Co, Coen; Du, Ducabrook; Lo, Lochington; McD, McDonald; MK, Mount Kent; MS, Mount Stromlo; SS, Si
Spring; Tr, Tracones.

copious tests were run with a variety of methods for each statfpese results. However, with the objective of promoting furthe
of the prediction calculations. For example, in addition to thenderstanding of the astrometric methods that we used to pred
procedures described above, different choices of the referenites occultation, we shall present our results in the time orde
star network were used to compare results from using the mtsit they were generated, offering what insights that we can.
accurate positions available (Hipparcos) versus those having &igure 2 shows a graphical summary of the results in tern
larger number of stars (USNO A1.0). Both JPLs DE-403 araf right ascension and declination. By applying this offset tc
DE-118 ephemerides were used. Also, solutions were foundttne ephemeris of Triton, we can predict the shadow path of tt
registering the pixel positions to celestial coordinates, with amgent. (For comparison, note that the MIT results in Table Il ar
without the tangent-plane projection (Smart 1977). presented in terms of the offset and its error perpendicular |
the motion of Triton’s shadow.) The zero-point of Fig. 2 is se
by the astrometric solution inferred from the occultation light
Our desire to get at least two ground stations in a location thatrves (to be discussed later) and represents the truth sou
would sample the central flash required an extremely accuratethe prediction (solid line). Overlain on the plot is the size
prediction, and we knew that systematic errors would be as iwf Triton (dashed lines) and the rough size of the central flas
portant as random errors. Therefore, a prediction effort at Lowegion (dotted lines). Shown in this fashion, a correct predictio
ell Observatory was undertaken in parallel with the MIT effortss one that includes zero within its uncertainty. However, to b
This effort used a completely separate software pipeline anduseful, the uncertainty of the prediction must be less than tt
times a different algorithmic approach. At Lowell (as at MIT}kize of the central flash region.
we experimented with different methods of centroiding, differ- The main astrometric data sets used for the predictions plc
ent reference-star networks, and different terms in the equatided in Fig. 2 are as follows: (i) stars, Perth; (ii) triangles, CTIO:
used to register the astrometric frames to the reference-star (ié)-squares, USNO. Very few predictions were computed witt
work. Since the time available for this work prior to deploymerthe Perth data, as it was quickly apparent that the internal scat
of our portable telescopes was limited, these reductions were imthose data was just too large to be useful. Triangles (up throu
carried out as extensively as we would have liked. Furthermopgediction 41) mark predictions based on the CTIO data. Ewvc
as willbe shown later, the results contain yet unidentified systefation of the CTIO-based predictions involved changes in soft
atic errors, which we had hoped to identify prior to publication okare, reference catalogs, and position extraction technigues.

Reduction at Lowell
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FIG. 2. Lowell predictions relative to the path of the occultation. The upper panel shows the offset in right ascension plotted versus prediction ncimbel
is roughly proportional to time. The lower panel shows the offset in declination. Generally, the higher the prediction number, the betterittvegiredidtbe. The
offset is shown in kilometers (projected onto the Earth at the Earth—Triton distance) on the left and in milliarcseconds on the right. The sive atiffosphere
at the half-light level is indicated by the dashed lines, and the rough size of the central-flash region is shown by the dotted lines. The zerds figinteoitiset
by the geometry inferred from the occultation light curves (to be discussed later) and represents the truth sought in the prediction (solatibke)rehsesent
predictions based on the Perth data. Triangles represent predictions based on the CTIO data. The evolution of the CTIO-based predictionsyasogaesed
in software, reference catalogs, and position extraction techniques. Squares represent predictions based solely on the data taken at USMaic{Tdlkfer!)
from the “truth” by much more than their formal errors due to one or more unknown systematic errors. The final prediction from MIT is shown by theifast p
each panel (solid circle). See text for a discussion of these predictions.

these Lowell reductions it was found that the declination direexcluded). Note that the scatter between nights is consistent w
tion could be registered to the network of reference stars irttee uncertainties and the grand average is in fact a “correct” sol
purely linear fashion. However, the right ascension direction riéen. Prediction 41 was considered the best possible prediction
quired the addition of quadratic plate constants to achieve a gdamvell from the CTIO data after nearly 2 months of painstaking
fit. All of the predictions shown by the open triangles througtvork. In hindsight, this prediction met all of our requirements
number 20 were computed with the aperture-based, centerfof-a valid and useful prediction. The deployment of the groun
light measurements of all stars and Triton. The details of this pstations would have been accurate based on only this predictic
sitional extraction method are discussed in Buie and Bus (1992)However, an occultation prediction based on a pre-oce
Predictions 21-32 were based on the DAOPHOT positions @agation appulse had been done only once before (by Franz a
measured as part of the MIT effort. While it may not be obvioud/asserman to predict an occultation by Uranus in 19771/Ade
from this plot, the PSF-based positions were marginally bett€irculars 3038 and 3040). This fact combined with the tight as
than the aperture sum positions. trometric requirements lead us to pursue observations in the de
Predictions 42-57, represented by the squares in Fig. 2, wrgt prior to the event. The prediction subset 53-56 shows tl
based solely on the data taken at USNO (Table I). These prediigle-night predictions and the final averages (filled square).
tions were computed with a mix of aperture summed-centroittss case, note that the scatter between nights is much larger
and DAOPHOT centroids. For these data, the choice of positithre error bars from each night alone. Also note that the USN
extraction method did not make any difference. Note that tliata led to predictions that were systematically offset from th
final MIT prediction (shown in Fig. 1 and Table 1ll) is plottedtruth by more than their formal errors.
as the last prediction in Fig. 2 as a solid circle. It may be that the difference in the noise behavior betwee
There are two interesting subsets of predictions shown time CTIO and USNO data is due to small but systematic rot:
Fig. 2. Members of the first subset are 34—40. These are predions in the reference-star grid. Both reductions were support
tions based on each night of CTIO data, reduced individuallyy data collected by FASTT, and the random and systematic ¢
The filled triangle (prediction 41) that follows is the average abrs are probably at the same level. CTIO and USNO differe
all but the first night of CTIO data. These predictions are dravin both field of view and pixel scale. CTIO covered a muct
from only the 720-nm filter observations (i.e., R-band data welarger field but at a coarser pixel scale. The coarser pixel scale
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probably the cause of the higher random errors. However, ttiection should be selected (e.g., the set of reference stars sho
larger field would minimize any systematic rotation errors in theot change from frame to frame); (4) the reference stars shot

plate solutions. surround the candidate star and all positions of Triton, so th:
no extrapolation outside the reference network is ever necess:
Summary of Prediction Methodology to establish Triton positions; (5) a limiting factor in determining

Looking back on the prediction effort there were a number an accurate center for the Triton PSF is the model used for tt
'Qgs of the Neptune PSF; (6) the Triton and Neptune image

lessons learned and a few more questions raised. The best é d not b at fruct th PSF f hf
dictions come from a process that blends good data and soft uld not be used to constructIne average or each Irar

reductions with a substantial level of human judgment. Blind d (7) the longer the exposure time for _astrom_etnc fram_es, t
taking data and reducing it by “turning the crank” does not if"°"€ that astrometric errors caused by differential refraction b

sure the best answer. Unfortunately, adding in human judgméWFen objects in different isoplanatic patches are averaged ot

is a process that requires considerable time. In the case where
data are taken in the days just prior to the event, there is hardly OBSERVATIONS
enough time to add enough judgment. From this standpoint, our
technique of using a pre-occultation appulse to generate a pre©ur observational goals for this event were to (i) map th
diction should be the technique of choice as long as the orbéntral flash with a set of portable telescopes (to establish the
of the object is very well known. Despite making considerabl@ticity of Triton’s atmosphere at about 20-km altitude by mod-
progress in our prediction techniques, we still face the challengkng the detailed shape of the central flash), (ii) obtain one c
of understanding the true errors in our predictions, since the saabre light curves of high signal-to-noise ratio from a large tele
ter of the results (both in Table Il and Fig. 2) is greater than tlseope (to accurately determine the thermal structure of Triton
formal errors based on the internal consistency of each analysisnosphere), and (i) obtain light curves distributed across Tr
Although a complete description of all the work carried oubn'’s disk (to probe the thermal structure of Triton’s atmospher
to test the consistency of our astrometric reductions is well babove different areas and establish the shape of the atmosph
yond the scope of this paper, we summarize here the factors thiahbout 100-km altitude by modeling the half-light surface)
we found to be important for accurate occultation-predictiadence our observational plan employed two approaches: to u
astrometry for Triton with CCD data: (1) both the occultatiotarge telescopes that might be within the occultation path ar
star and Triton should be recorded on the same frame, whichdeploy four portable telescopes in an evenly spaced gri
can be done either near an appulse (for which one can intergpanning the central flash region near the center of the shadc
late to find the closest approach distance of Triton to the stdife sites from which our consortium attempted observations a
or immediately prior to the occultation (for which one mussummarized in Table IV. Here we list for each site the telescor
extrapolate to find the closest-approach distance); (2) an acaperture, instrument, instrumental parameters, and observers
rate, self-consistent set of astrometric reference stars is essentiahlthough we initially considered observations from Mauna
(3) a set of reference stars common to all frames used in a Kea, early on it became clear that the occultation path woul

TABLE IV
Occultation Observing Sites?

Telescope Image scale Subframe Integration

Site aperture (m) Instrument (arcsec/pix) (reveol) time (s) Observers
Brownsville 0.35 PCCD 1.2 9R 90 0.5 Hubbard, Reitsema, Hill
Chillagoe 0.35 PCCD 1.2 8191 0.5 Elliot, Person
Coer? 0.35 PCCD 1.2 8& 90 0.5 Dunham, Young
McDonald 0.9 2-ch phdt. ¢ ¢ ¢ Wasserman, Nye
Mt. Kent® 0.4 WCFOCY 3.0 60x 57¢ 0.125 Pasachoff, Babcock, McConnochie
Mt. Stromlo 1.9 2-ch phot. ¢ ¢ ¢ Millis, Birch
Siding Spring 2.3 CASPIR 0.5 f f Francis
TronconeB 0.35 PCCD 1.2 8& 90 0.5 Buie

a Sites for the IOTA group are given in Sicardyal. (1998).

b Coordinates (east longitude, latitude, altitude in meters) for the telescope south of Coen wel(183, —14° 24 00", 200); at Mt. Kent,
(152° 51 327, —27° 47 58’, 678), and at Troncones;(01° 43 13.2', +17° 46 43.7', 3).

¢ At McDonald and Mount Stromlo, aperture photometers were used.

d The Williams College Fast Coronal Imager.

€This is the size of the subframe in binned pixels, each of whichi®2Zctual pixels on the detector.

f The Cryogenic Array Spectrometer/Imager (CASPIR) was useuavitfilter (1.3:m). The telescope was set to a slow slew so the image
of Triton and Tr176 trailed across the 25&56 InSb detector in 180 s, which yielded an effective time resolution of slightly less than 1 s.
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pass well south of Hawaii, so we concentrated on setting opted 317 km north of the predicted centerline in central Mexict
observations on the 1.7-m telescope at Mount Stromlo and tHewever, extremely poor weather prospects there led to a la
2.3-m telescope at Siding Spring. Only close to the time of tmeinute decision to shift the LPL observing site to Brownsville
event did it become a good possibility that the occultation pallexas, where clear skies were forecast, although there was
would pass over McDonald, where we were able to use the 0.9pnospect of observing a Triton central flash at that site. The Ml
telescope on short notice. Conditions were poor at McDonaktation and one of the Lowell stations were deployed in northel
with variable cirrus reflecting the bright moonlight, and no usef@ueensland, Australia—at Chillagoe and near Coen, respec
data were recorded. Clear weather prevailed at Mount Stronvely—while the other Lowell station was deployed at Troncone:
and Mt. Kent, but these sites proved to be south of the occultatistexico. The stations were deployed, based on the prediction
path (Fig. 1). days before the event, which indicated a shadow path that w

In addition to these observations from fixed telescopes, foabbout 70 km north of the final prediction (Fig. 1). The location:
portable telescopes equipped with high-speed, portable CGfour stations, relative to the ideal locations set by the deplo
photometers (PCCD, Buiet al. 1993, Dunham 1995) were ment prediction, for our portable stations were (from north t
planned to be deployed in a grid spanning the predicted centrsduth along the grid): Brownsville, 331 km north; Troncones
flash region, with an approximate spacing of 0.01 arcsec, (cor8s km north; Coen, 46 km north; and Chillagoe, 18 km south.
sponding to 211 km at the Earth—Triton distance). This strategyThe four portable stations were in place for test observatiol
was set up on the premise that our prediction would be in erron the night before the event. No filters were used in order |
by no more thant0.02 arcsec (which correspondst@22 km maximize throughput, and the sub-frame sizes used for the obs
at the Earth—Triton distance). With this grid in place and if theations (Table V) were set to include a reference star of simile
shadow would pass where predicted, the two central statidmgghtness as Tr176 that lies less than an arc minute southw
would be about 106 km from the center of the shadow, and thEit. Observing conditions were excellent in Brownsville, with
outer two stations would be about 317 km from the center. If thnotometric skies and sub-arcsecond (occasionally diffractio
prediction error were 0.02 arcsec, however, one of the boundéingited) seeing. The telescope was located at a site overlookil
stations would be 106 km from the center, with each other statiamesaca(oxbow lake) of the Rio Grande. These circumstance
211 km further from the center than its more central neighboapparently helped to produce superb image quality despite

About 2 weeks prior to the event, when we had to decide whsgta-level site and high airmass. Flat fields were obtained on t
portable equipment to ship to Australia, the prediction indicatethwn sky immediately following the occultation. At Chillagoe,
that Triton’s shadow would straddle northern Queensland askies were clear, but an intermittent light breeze caused m
southern North America, with some overlap. Since these regiangntary vibrations of the telescope. Unfortunately, attempte
are on opposite sides of the Earth, it would not be possibledbservations from Coen and Troncones were clouded out.
rapidly shift our portable stations between the two zones near theAdditional occultation light curves from three sites in
time of the occultation. Hence we deployed two of our portablsustralia were recorded by the International Occultation Timin
stations in Australia and two in North America. Association (IOTA, Sicardet al. 1998). In Table V we present

Due to weather prospects and logistical considerations, Wee coordinates (in WGS84 coordinates, as determined with tl
did not achieve the precise locations indicated by our plann€&dobal Positioning System, (GPS)) for all stations where dat
grid. The initial strategy called for the LPL equipment to be lowere recorded that are used in our analyses.

TABLE V
Observatory Coordinates? and Half-Light Times

East longitude Latitude Altitude Time of half-light for Opr
Site? (G| (G| (m) (Utc) (km) (km)
Brownsville, | —973211.3 +2558 40.9 -0.9 10:09:322+0.34 —32392 —4599
Brownsville, E 10:11:18564+0.34 —29901 —3725
Bundaberg, | 15222354 —24 56 35.7 10 10:17:197+0.40 —31075 —6094
Bundaberg, E 10:18:049+ 0.40 —29822 —5641
Chillagoe, | 14431 36.5 —170857.4 368.6 10:16:520+ 0.67 —32006 —5633
Chillagoe, E 10:18:4D5+0.24 —29487 —4719
Ducabrook, | 147 26 40.0 —235355.0 320 10:17:194+0.49 —31202 —6076
Ducabrook, E 10:18:192+0.49 —29757 —5553
Lochington, | 14731248 —2356425 270 10:17:173+0.52 —31202 —6080
Lochington, E 10:18:199+0.52 —29750 —5555

2 Geodetic, WGS84.
b«” denotes immersion and “E” denotes emersion. The coordinates are the same for both events.
¢ After 1997 07 18 at 00: 00 h.
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Brownsville Chillagoe with wind shake Chillagoe

FIG. 3. Three sample images are displayed. The first is a typical image from the Brownsville image cube. The second image shows the wind shake
to exclusion of about half of the Chillagoe data points and is one if the best images of those discarded. The third is a representative image flepadtmosab
of the Chillagoe image cube. All three images have exposure times of 0.5 s, as given in Table IV, with north at the top and East on the left. The lattye bo
upper center of the frames is Neptune, with the blended Tr176/Triton just to its left. The image in the lower right is a reference star.

LIGHT CURVES our inability to measure separate signals after occultation. W

estimate the minimum flux from Tr176 at mid occultation to be

For Brownsville, data cubes consisted of 1600 frames each@08-+ 0.05. Also, it should be noted that there was an interve

a 90-pixel by 90-pixel CCD field (1 pixet 1.2 arcsec) whichin- of ~10 s, commencing at 10:10:30, when the reference st
cluded Triton, Tr176, Neptune, and a reference star (Fig. 3). Tégayed from the 9& 90 field due to guiding problems. During

frames were recorded every 0.5 s. Additional data cubes wefigs interval, the PSF from the last fit to the reference star we

obtained 1.5 h prior to the event to permit separate photomegfyed.

of Triton and Tr176. The cube containing the occultation was a ||ght curve was constructed from the Ch|||agoe data cub

started at 10:02:14 UTC as noted manually on the observing Mh the PSF method, but Neptune was used as the standa

and confirmed by the header on the data file. Throughout toge problem with the Chillagoe data arose from variable winc

night, the GPS system maintained lock and there was never @Rske of the telescope. Individual images (Fig. 3) ranged |
indication of any malfunction in the timing chain used to trigger
the frame transfers.

The reduced light curve (Fig. 4) was obtained throughtheu s .. ., -
of the reference star and the PSF method described below. Fi
all image cubes were bias-subtracted and flat-fielded. Then," I
reference star, located about 32 pixels west and 36 pixels S0 x1.00} ¥
of Tr176, was fitted with a Gaussian profile. The flux from thiz
reference star was approximately three times the combined fi3 *7[
from Tr176 and Triton. The half-power radius of the referencs
star's Gaussian was typically about 0.8 pixel. The reference stz ZE
PSF was fitted to the combined image of Trl176 and Tritol oz}
with the amplitude of the Gaussian and the coordinates of |
center as free parameters. Note that here, as in the rest of
analysis, Triton and Tr176 are treated as a single source due
their proximity near and during the times of occultation. Dat
recorded before the occultation, when Tr176 and Triton were
well separated, were used to estimate the separate signals 6#G.4. Brownsville light curve: The normalized flux from Tr176is plotted
Tr176 and Triton and thus to calibrate the minimum flux fromn4ersus time after 1997 July 18" WT. The solid line is a plot of a spherical,
Tr176 at mic-occultation. However, the colors of TrL76, Trioraerel Mol see o) o heente ot cuve guern Tabe ¢ T
and the reference star are different, and differential extinctiongitive to the astrometric solution. The high scatter around the pre- and po:
the high airmass was important and not well calibrated owing éécultation signal levels is indicative of the signal-to-noise reported in Table 1X

0.50 [

.
10:08 10:09 10:10 10:11 10:12 10:13
UT Time on 1997 July 18
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quality from small, compact, and easily distinguishable image

of Neptune and the Triton-Tr176 blend to a smeared conglome 110 ,* . * .f"_, K aek e s
ation of the two. To find an approximate position for Neptune* o2 Lt R P IRER
: M X

center we used the technique of marginal analysis (Edliet. 3
1989). In this method all the rows of the image frame are add¢s
to form a summed row, and the same procedure is applied & 080
the columns. Then the image center in the summed row and t§ 0.7
summed column is established. From this approximate cenig
of Neptune we used the known offset of Triton to establish a2
approximate center of the Triton—Tr176 blend as starting va
ues for the PSF fitting that would follow. Marginal analysis was 040
applied to each frame, but at this stage marginal analysis faili .

10:14  10:15 10:16 1017 10:18 10119 10:20 10:21
or produced unusable results on the frames most affected UT Time on 1997 July 18
wind-shake. These frames were dropped from further analysis.

Once more accurate estimates of central pixel positions WereFlG'_S' Chillagoe light curve: The normalized ratio of th_e combined flux

. . from Triton and Tr176 to that of Neptune is plotted versus time after July 1€
obtained for each Obje,Ct on each fram_e anda le_aSt_SquareS R887, & UT. The solid line is a plot of a spherical, small-planet model (see tex
cedure was used to simultaneously fit generalized Lorentzig#y the entire light curve given in Table IX. The midtime was a free paramete
PSFs to the image of Neptune and the blended images of Trit@ble 1X), which permitted the light curve to shift relative to the astrometric
and Trl76 (which were treated as a single image). The imagt@tion. The high scatter around the pre- and post-occultation signal levels
profile—described by Eq. (1) of Bosdt al. (1992)—has two indi_cativeofthesignal—to—noise repor‘tedintable IX._Therelativelackofpointsil

. . . the immersion part of the curve contributed to the high errors for the atmosphe!|
paramgters that qescnbe the shapg of the PSF: th(_a d|amh,etelgarameters reported in Table XII.
of the image (defined as the full-width at half-maximum) and
a power-law exponentp (termed the “shape index”). K is
the peak signal andthe radial distance from the center of thgg3g points were trimmed from the pre- and post-occultatio
image, then the signal as a function of radial distance from thgyiqns far from the event. The remaining points were furthe
center of the images(r) is given by reduced by omitting the 285 with the largest formal errors il

the ratio of the peak intensity of the blended image to that

o ) (1) Neptune. The resulting light curve is displayed in Fig. 5, wher
1+ (2r/d)P 535 of a possible 945 points within the time interval displaye

were used in the subsequent analyses.

In our modeling of the images of Neptune and the Triton— Construction of the Bundaberg, Ducabrook, and Lochingto
Trl76 blend, we fit for a common value of the shape inddight curves will be described in a forthcoming publication or
and image diameter. The row and column centers for both this event by Sicardy, Beisker, and their colleagues.
blended image and that of Neptune were allowed to be free
parameters, although the relative position of the blended image POST-EVENT ASTROMETRY
to that of Neptune was fixed at the average fitted value for 20
frames just after the occultation. Also used as free parametersight curves from all successful observation sites (Figs. 4—¢
were the background level, the peak signal level for Neptungere then analyzed to produce an astrometric solution for tt
and the ratio of the Triton—Tr176 peak signal level to that avent. Firstthe half-lighttimes forimmersion and emersion wer
Neptune. Since this ratio is proportional to the signal of the stastablished by a two-pass procedure. Inthis procedure, each li
and Triton, corrected for variable seeing and extinction, we usaerve was fit with an isothermal, small-planet model (Elliot anc
it (versus time) for the occultation light curve. Young 1992). The fitted parameters included only the full ligh

Thisfitwas applied to each of the remaining individual frametgvel for Triton and Tr176, the background light level, the even
although the least-squares fitting on some of them never canid-time, and the minimum distance between the site and tl
verged. Some fits converged satisfactorily only after approxienter of Triton’s shadownin (also referred to as the distance
mately 15 iterations, at which time the ratio of Triton—Tr176 tof closest approach). In these fits, the “energy ratio(the
Neptune peak signal levels (with calculated error from the fitatio of the gravitational potential energy of a molecule to KT
were extracted for each frame and concatenated to form the ligliot and Young 1992), was fixed at 70, near the average vall
curve. The final light curve was then produced by discarding tfigund by Olkinet al. (1997) for the highest quality data sets for
points above a certain threshold in formal error in an attemibte Tr148 occultation by Triton. Also, the half-light radius (in
to eliminate those frames where wind-shake contaminated ffriiton’s atmosphere) was fixed at 1450 km. The half-light time
Tr176—Triton image with smeared light from the wings of thavere insensitive to the exact value bfand half-light radius
Neptune image. After this, a light curve was compiled of pointssed. For each light curve, the fitted event mid-times were the
from these 1650 of the original 2000 frames acquired. A furtheombined with the calculated shadow velocity and fitted close
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Ducabrook andg-axes pointing in the direction of increasing right ascen
E 1.25 s . sion and declination, respectively. In these calculations we usi
5 100 < s v the celestial coordinates of Tr176 given by McDonald & Elliot
g (1995) and JPL's DE405 ephemeris for Triton. Coordinates ¢
5 0.7 the portable telescopes were determined by GPS receivers,
£ 0.50 calculations are carried outin the J2000 coordinate system. Sin
g the observer coordinates on Earth are referred to the Earth’s |
2025 stantaneous rotation pole (apparent coordinates) rather than

10:16 10:17 10:18 10:19

UT time on 1997 July 18 J2000 pole, one step of the calculation transformed the obsen

coordinates to the J2000 system. We prefer this approach to p

Lochington forming the reduction in apparent coordinates, since any sm:
) errors in the conversion of apparent coordinates to J2000 (.t
precession, nutation, and the aberration of starlight) enter with
multiplicative factor of the Earth’s radius, rather than the Earth
Triton distance.

For the half-light times in Table V we calculated the topo-
graphic coordinates of the observé(f), g:(t)] and the coordi-
1078 017 048 070 nates'of the center of.Triton‘,[,'(t), gp (t)]. We can relate these
UT time on 1997 July 18 coordinates to the projected distandg(t), gor(t)] between the

center of Triton's shadow and the observer by allowing an (ur
Bundaberg known) offset in Triton's ephemerisf{, go). These quantities
- are related by the equations

1.25
1.00
0.75
0.50

0.25

Normalized Stellar Flux

0.00

for(t) = () — (fp (1) — o) ()
Gor(t) = (1) — (G (t) — Qo). ®3)

Normalized Stellar Flux

et The coordinatesfly(t), gp:(t)] at the half-lighttimes are given
10:16 10:17 10:18 10:19 in Table V, where each coordinate pair is either the immersio
UT time on 1997 July 18 or the emersion location on the shadow plane for a single st
FIG. 6. 10TA light curves: The normalized flux of Triton and Tr176 istlon' We can fit this set of coordinates to a circle, with the cente
plotted versus time after 1997 July 18, 0T for the Bundaberg, Duckabrook, Coordinates {o, go) and radius as free parameters. The resultin
and Lochington light curves. The solid line is a plot of a spherical, small-planeadius would be the half-light radius in the shadow plane (whic!
model (see text) fit to the entire_light curve givenin Table IX. The rr?idtime'wa\'g one scale-height smaller than the half-light radius in the a
afree paramgter (Taple 1X), Wh‘ICh permitted each light curve to shift relative fﬂosphere), and from the fitted values d¢,(go) we can derive
the astromet.nc' so_luthn. The hlgh scatter a_round the pre- and post-occultgtﬁ n t tri lution for th ¢ tual cl t
signal levels is indicative of the signal-to-noise reported in Table IX. The poin _e astrometric solution ‘?r e eYe” (actual closest approa
noted were excluded from the Lochington fit. distances for each observing station).

We fita circular figure to all 10 data points, which is labeled Fi
approach distances to produce half-light times atimmersion aNd. 1 in Table VI. In this fit,f,, go, and the radius of the shadow
emersion. at half-light, o, were free parameters. Carrying out this fit, we

These half-light times were used in the astrometric reductiemnimized the sum of squared residuals between each half-lig
(described below), and then the light curves were fit again wigoint in the shadow plane and the model circle. Each residu
the small-planet light curve model, but this time the closest agras measured along the path traversed by each station witl
proach distancepfin) for each station was fixed at the valughe shadow plane. In practice we find it easiest to calculate tl
determined from the astrometric solution, but the half-light raesidual,As, along the station path from the residual in radius
dius became a free parameter in the fit. Most of the resulting, since the shadow path of each station is linear to a goc
half-light times from the second set of fits differed less thaapproximation. If we denote the closest approach distance o
0.1 s from those in the first set. An exception was Bundabergyen station to the center of Triton’s shadow fy,, then the
where the differences between the two sets were 0.26 and 0.18sddualAs is given by the equation
for immersion and emersion, respectively. The half-light times

from the second set of light-curve fits are given in Table V, and As — Ar @)
these are the ones used in the subsequent steps of our analysis. /1 — (Pmin/Ph)z.

Our astrometric reduction was carried out in fgh system
of Elliot et al. (1993). This is a geocentric coordinate systenThe quantitiesomin and p, in Eq. (4) can change with each
with the h-axis pointing in the direction of the star, and the iteration, so these are updated as the fit proceeds.
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TABLE VI
Astrometric Solutions? from the Half-Light Timings
Mean radiu$¢  Semi-major PA Reduced RMS errér
Fitt  Data selectioh fo, (km) do, (km) (km) axis (km) Ellipticity (deg) Dok X2 (km)
1 All —30917+18  —4683+24 1438+ 17 — — — 7 15.08 316
2 Weights —30931+12 —4688+15 1439+ 10 — — — 7 6.73 21.2
3 All —30929+ 5 —4712+7 1427+9 1460+ 6 0.046+0.007 —4.059 6 1.99 8.3
4 PA —30938+4 —4693+ 6 1437+ 11 1467+ 4 0.0394+0.003 23t6 5 0.37 3.9
5 Weights —30935+ 5 —4710+8 1427+ 8 1457+ 6 0.042+0.008 —4.059 6 1.45 9.1
6 Weights PA —30940+ 2 —4687+5 1439+ 7 1468+ 5 0.040+0.003 305 5 0.24 3.4

aThese solutions are based on JPL's DE405 ephemeris for Triton and the celestial coordinates for Tr176 given by McDonald and Elliot (1995) foh Tr1’
02 m 51.240 s-20° 00 57.22 (J2000).

b Ellipticities and position angles are given for elliptical fits. All others are circular.

¢ “PA” indicates that the position angle was fit freely instead of being fixed to Triton’s pole position angle. “Weights” indicates that each data paiigthted
inversely by the square of its formal error.

d This shadow-plane radius is one scale height smaller than the radius in Triton’s atmosphere, due to refraction. For elliptical figures, thinégribergsmn
of the two semi-axes.

€ Position angle is defined as the angle of the semiminor axis from the north celestial pole, measured north through east.

f Degrees of freedom: the number of fitted data points minus the number of free parameters.

9 The RMS error is defined as the square root of the weighted mean of the squared path residuals.

Inthe penultimate column of Table VI we display the “reducethe reduced(?. Fits Nos. 5 and 6 are weighted versions of the
chi-square,’x 3, for this fit, which is defined as follows. &s  previous two. Our conclusion from the elliptical fits is that we
is the residual for théth data pointps;, the shadow velocity for can achieve a plausible elliptical model for the figure of the hall
the ith data pointg (i), the formal error for théth data point, light surface. However, the fitted orientation of the ellipse is nc
Ng, the number of fitted data points, aNg, the number of fitted symmetric with respect to Triton’s rotation axis, the expecte
parameters, then the reducgtlis given by line of symmetry. We adopt the weighted solutions (Fits Nos.

and 6) as our preferred circular and elliptical solutions. Th
mean half-light radii for these two are 143910 and 143%

1 & A9 . o= :
szed NN Z 5 j(t 5 (5) 7 km, respect!vely, anq thellmplled closest approach d|§tanc
d p =1 Ysio Uhi for each solution are given in Table VIII and plotted in Fig. 7.

There are only small differences between the closest approe

The formal errors in the half-light times (ty; ), are given in the distances implied by the two astrometric solutions, but to b
last column of Table V. definite we have adopted the closest approach distances for

Returning to our discussion of the reducet| we note that circular solution for the subsequent steps in our analysis. V!
it should be near 1.0 for a fit of an appropriate model to dakglieve that the shadow center derived from the circular solutic
with Gaussian noise of known standard deviation. Values thHadikely to be a better indicator for the center of Triton’s shadov
deviate far from 1.0 indicate that one of these assumptions is
incorrect, with a probability that can be calculated or read from
statistical tables (Bevington and Robinson 1992). Noting the TABLE VI
high reducedy 2 in Table VI for Fit No. 1, we then tried fitting Residuals (km) for the Astrometric Solutions
each point weighted inversely by the square of its formal err !
(Fit No. 2) with no better result. The residuals for all fits are

Segment Brownsville Bundaberg Chillagoe Ducabrook Lochingtor

given in Table VII. 1 Immersion 435  —40.3 6.6 —30.2 -23.3
Seeking improvement in the model fit, we proceeded to fit ah Emersion  —44.4 35.6 -8.0 21.8 34.6
elliptical model to the half-light points. In Fit No. 3 in Table V| 2 mmersion 250 264 -86  -249 210
we fit all the data with an elliptical figure that had the positiorﬁ Emersion — —28.8 23.0 4.9 18.9 258
. . e . . . ., Immersion 7.5 —-3.4 -9.4 -2.3 1.8
angle of its semiminor axis fixed in the direction of Triton'ss gmersion 31 08 _182 50 8.8
rotation pole. The fit shows a significant ellipticity (apparents immersion —1.5 —-6.0 41 -25 15
oblateness) of 0464 0.007 and a much loweg? than any of 4 Emersion 13 41 6.6 -17 5.2
the circular fits that included the Brownsville data. In Fit No. £ mmersion 4.4 -63  -131 —5.6 -15
we allowed the position angle of the semiminor axis to be afre} Emersion 4.4 155 -99 8.3 152
. L L . . Immersion -0.9 -5.9 9.4 -17 2.3
parameter, which allowed a significant rotation in the orientatio§ gnersion 0.8 40  -1.7 13 56

of the apparent ellipse accompanied by a further reduction_in
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TABLE VIII LIGHT-CURVE ANALYSIS
Adopted Astrometric Solutions? for Tr176
Work with past Triton occultation data showed that the small
Closest approach  Closestapproach  Shadow velociylanet model of Elliot and Young (1992) provides a good de

Station fitNo. 2 (km) fitNo. 6 (km) (km's') scription of the light curves (Elliagt al. 1997, 1998, Olkiret al.
Brownsville 56904 6.7 56444 102 2487 1_997), sowe ysed this mc_>_d¢| tofit egch light curve__i_n three way
Bundaberg 1278493 127854+ 135 24.90 (i) the entire light curve, (ii) immersion only, and (iii) emersion
Chillagoe 52064 6.9 5250+ 111 24.87 only. In each of these least-squares fits, the shadow veloci
Ducabrook 1215+84 12181+129 24.88 and the closest approach distance for each observing stati
Lochington 121%+83 122224122 24.88 to the center of Triton’s shadow were fixed at the values fror

aBased upon Fit Nos. 2 and 6 as listed in Table VI. The residuals are givenonliIr adOpt,ed astrometric solution (Flt No. 2 of Tab,le VI)’ but

Table VII. the following parameters were left free: full-scale signal level
background signal level, slope of the background signal leve

half-light radius (within Triton’s atmosphere),, and the pa-

because this solution “averages” all half-light times. Due to tr}%meter,xh, where, is the value of. at the half-light radius.

lack of more stations distributed across the shadow, we view qnﬁ:e event midtimegq, was a free parameter for the fits to en
mid» =

e_II|pt|caI solution to be |_nd|cat|v§ ofa _non-cwcular at_mospherlﬁ e light curves, but fixed at the mean of the half-light times
figure, but not a definitive solution, since the true figure cou . . S
able V) for the separate immersion and emersion fits.

be more complex than a simple ellipse. . . ¥ .
By comparison of the predicted and modeled closest approz}ﬁrllf we defineHy, as the equivalent-isothermal scale height a

distances and half-light times for the geocentric solution @e half-light radiust,), in this modelHy, = rn/An (Elliot and
. - ; oung 1992). The data did not have sufficient signal-to-nois
Table IIl, we see that our final prediction was in error by 249 km . .
; S ) ) .__Jatio to allow the thermal gradient to be a free parameter (z
(12 mas) in the direction perpendicular to the motion of Triton's . : :
. A .was possible for the Tr180 occultation, Elliet al. 1998), so
shadow and 19 s (23 mas) in the direction parallel to the motion :
o e assumed an isothermal atmosphere. Although we know tf
of Triton’s shadow. These errors are somewhat larger than $e ; . . :
formal error of the prediction (Table Ill) riton’s atmosphere |s.not |so.thermal over the altitude rang
' probed by the occultation (Ellicét al. 2000), our results for
atmospheric temperatures and pressures will be directly comg
1500 rable with the equivalent-isothermal results from other occulte
tions (Olkinet al. 1997).

The results of the model fits to the light curves are presente
in Table 1X-A, and plots of the model fits with the data all light
curves are given in Figs. 4—6. In most cases, the results for t
fit to the entire light curve are consistent with the results fo
immersion and emersion within expectations from their forma
errors. However, the signal-to-noise ratios for these data sets
not high, in comparison with those for the Tr148 and Tr180 oc
cultations, which involved brighter stars and larger telescope
In both of these other occultations, the atmosphere exhibited t
same temperature and pressure at all points probed to the nc
limit of the light curves within these data sets (Olkial. 1997,
Elliot et al. 1998, 2000). The sub-occultation locations on Tri-
ton that were probed by this occultation are given in Table X
Using values for parameters given in Table XI, we have used tt
results of the model fits in Table 1X-A to derive the number den
sities, pressures, and temperatures for an equivalent-isotherr

-1500 -1000  -500 . ?(k ) 500 1000 1500  atmosphere (Table XII-A) for the immersion and emersion fits
- fokm The symbolsp;400 andny4g0 denotes the pressure and numbe

FIG.7. Circularandelliptical atmospheric figures. The solid line represenl€nsity at a radius of 1400 km (altitude of 48 km), which is
the adopted circular solution and the dashed line the adopted elliptical solutitre approximate level for which the pressure derived from th
(corresponding respectively to Fit Nos. 2 and 6 from Table VI). Scales givgnodel-fit parameters is the most accurate.

are kilometers north and east of the nominal Triton center from Fit No. 2. The Clearly some of the results (e.g., emersion for Bundabel
chords from the five occultation stations are shown over the half-light disk of o

Triton. Note that the elliptical solution and the circular solution have differerﬁnd immersion for Chlllagoe and LOCh'ngton) have very Iarg'

centers. The point (SP) in the southern hemisphere is Triton's south pole as REPr'S, and these results are highly que.Stionable ¢’:.lt beSt'- T
from the occultation stations. reason for these large error bars is that signal-to-noise ratios

1000

500

g - gofkm)

-500

-1000
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TABLE IX-A
Model Parameters from Circular Fits of the Light Curves

Parameter Light curve Brownsvifle Bundaber§ Chillagoée’ DucabrooR Lochingtorf
Full signal Full 101+0.01 101+0.00 100+0.01 099+ 0.01 099+0.01
Immersion 099+ 0.04 101+0.01 103+0.02 102+ 0.01 085+0.09

Emersion 100+ 0.05 096+ 0.03 101+0.01 094+ 0.05 103+0.09

—1.84+0.55% 104 —6.42+358x 10°° 5.55+3.82x 10°° 1.22+524%x 1075 —6.59+2.71x 104

—4.06+2.82x 1074

Signal slope Full

Immersion —3.78+2.09x 1074 3.124+1.80x 10°© 1.844+0.96x 104 —4.224254% 1073
Emersion —1.81+6.02x 1074 151+1.14x 1073 —6.64+8.08x 104 1.08+0.89x 1073 —1.74+2.41x 1073
Background Full —0.06+0.02 034+0.01 042+ 0.03 033+0.00 031+0.01
Immersion —0.074+0.03 0304+ 0.01 0424 0.03 03440.01 03440.01
Emersion 001+0.04 038+0.01 043+0.03 031+0.02 028+ 0.02
rh (km) Full 14596 + 6.3 14584+ 3.8 14533+ 6.1 14553+55 14621+5.6
Immersion 14624+9.7 14555+ 6.9 14485+ 13.1 14600+ 6.9 14665+ 7.9
Emersion 1452+ 7.9 14540+ 4.2 14534+ 4.9 14472+9.2 14542+ 7.6
Ah Full 524+8.1 699+9.6 1085+ 22.1 604+103 663+123
Immersion 489+112 535+10.7 12434513 698+17.0 1121+56.2
Emersion 72+181 850+189 932+186 560+ 16.7 566+17.1
tmid® Full 10:10:2526+0.27 10:17:3771+0.26 10:17:534+0.27 10:17:483+0.34 10:17:4839+0.37
tmid® Im and em 10:10:25.38 10:17:37.73 10:17:53.17 10:17:48.83 10:17:48.76
pmin (km) All 577.4 1266.5 514.1 1206.4 1210.5
v(kms1) All 24.87 24.90 24.87 24.88 24.88
DoP? Full 695 1887 528 505 175
Residual® Full 1.91 3.95 1.39 1.84 1.14
SNR Full 24.2 34.1 24.7 17.6 13.2

aTime after July 18, 19970 h UTC. Mid-time was freely fit to the full light-curve data. Immersion and emersion fits had a fixed mid-time. Fixed mid-tir
were taken from previous fits to light curves needed for the astrometric analysis.

b Degrees of freedom.

¢ Square root of the sum of the squared residuals. (Residuals normalized to full signal level.)

d Ratio of signal for a 20-km portion of the shadow path to noise as calculated from the given fit residuals.

€ Light-curve signal parameters were normalized to full signal level prior to fitting. Differences between full signal levels and 1.00 are thdittisgligtit
curves to models after this initial normalization.

f Light-curve parameters were normalized to full signal level after fitting. Original full signal level and normalization factor (the ratio of Trit@@ flux to
that of Neptune determined by earlier fits) wa@317+ 0.0001.

these data are barely sufficient for the least-squares fitting tfiegt order), and we use this “half-light isobar” as a referenc
we have carried out, and—in the case of Chillagoe—the prolor inferring the pressure at other levels. The results from th
lem is exacerbated by a loss of data during the main immersianalysis based on an elliptical atmospheric figure can be mc
drop of the light curve caused by wind-shake. Numerical egirectly compared with the results based on circular figures
periments with synthetic light curves and computer-generate@ calculate pressures for an elliptical isobar that has a me
random noise produce similar results for the noise levels eadius of 1400 km. We shall refer to this as the 1400-km ellips
countered in these data. To determine pressures on this isobar, analysis proceeded
The pressure at 1400 km (48 km altitude) is the most sendescribed for a circular solution except that the isothermal ligh
tive indicator for comparison with other pressures derived froourve models were generated using an elliptical figure for tt
occultation data to determine whether changes in atmosphegfractivity contours and calculating fluxes from all perpendicu
pressure have occurred (Ollkdhal.1997). The weighted averagelar limb points on this contour as outlined by Ellettal. (1997)
(equivalent-isothermal) pressure at 1400 km232t 0.28 ubar for modeling the central flash data for the Tr148 occultatior
for the circular model. Since the pressure errors are somewfiie individual elliptical model fits for the various stations are
large and the differences between stations are not significant,ligéed in Table IX-B.
use this weighted average for comparison with the results fromFor extrapolation from the half-light level, each occultatior
other occultations. event was treated separately (immersions and emersions)
Triton’s atmospheric figure is distorted from a sphere, so vike five stations. For each event the local half-light radius we
also derive the pressure using an ellipse to describe the first-orcgculated from the equatorial radius, ellipticity, and positior
deviation from a circular shape. For this analysis, we assuraegle of our adopted elliptical model (Fit No. 6 in Table VI). This
that the half-light surface in Triton’s atmosphere is an isobar (tocal half-light radius was then combined with the fitted energ
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TABLE IX-B

Model Parameters from Elliptical Fits of the Light Curves

Parameter Light curve Brownsvifie Bundaber§ Chillagoé€’ DucabrooR Lochingtor?

Full signal Full 101+1.01 10140.02 1004 0.01 033+0.02 099+ 0.01
Immersion 099+ 0.01 101+0.01 100+0.02 10240.01 086+ 0.09
Emersion (99 0.06 096+ 0.24 100+0.01 094+ 0.01 103+0.09

Signal slope Full —152+059x% 104 —2.05+1.02x10°° —2.69+203x 10°° 1.06+356x 10°° —284+142x10°*
Immersion ~ —4.10+2.82x 10~* —1.564+6.59x 1075 2.26+1.08x 104 1.28+0.02x 104 —2.844+0.08x 1073
Emersion —1.854+0.60x 10 1.504+1.07x 1073 —227+4.34x 107 9.49+3.26x 1074 —1.154+1.69x 1073

Background Full —0.06+0.02 034+0.02 042+0.01 100+0.01 032+0.01
Immersion —0.06+0.04 032+0.03 043+ 0.02 035+ 0.03 049+ 0.03
Emersion (01+0.03 037+0.02 033+0.01 031+0.04 028+ 0.05

rh (km) Full 14917+ 6.5 14891+ 3.9 14907+ 4.6 14872+55 14941458
Immersion 1496 +9.9 14883+ 6.9 148424132 14924+ 7.1 14988+8.1
Emersion 1495+8.1 14849+ 4.3 14893+ 5.1 14777+ 9.6 14852+7.9

*h Full 531482 691+9.5 1023+204 612+105 654+123
Immersion 523+120 583+114 1763+69.2 758+183 1216+40.7
Emersion 6P+17.3 11064275 897+17.9 501+15.0 516+158

tmig® All 10:10:25.38 10:17:37.73 10:17:53.17 10:17:48.83 10:17:48.76

Amin (Km) All 564.4 1278.5 525.0 1218.1 1222.2

v (kms1) All 24.87 24.90 24.87 24.88 24.88

DoP® Full 696 1888 529 506 171

Residual$ Full 1.91 3.95 1.39 1.84 1.15

SNK Full 24.2 34.1 24.7 17.6 13.0

aTime after July 18, 1997 h UTC. Fixed mid-times were taken from previous fits to light curves used in the astrometric analysis.
b Degrees of freedom.
¢ Square root of the sum of the squared residuals. (Residuals normalized to full signal level.)
d Ratio of signal for a 20-km portion of the shadow path to noise as calculated from the given fit residuals.
€ Light-curve signal parameters were normalized to full signal level prior to fitting. Differences between full signal levels and 1.00 are thdittisgligtit
curves to models after this initial normalization.
f Light-curve parameters were normalized to full signal level after fitting. Original full signal level and normalization factor (the ratio of Tritdé flux to
that of Neptune determined by earlier fits) wa83B0+ 0.0005.

ratio (\,) to determine the local (equivalent isothermal) pressufiem other stellar occultations by Triton. We also discuss ou

scale height. This scale height was then used to extrapolateititerpretations of these findings.

pressure to the 1400-km ellipse (along the pressure gradient),

which is pyaoofor the elliptical model. These pressures are givettmospheric Figure
in Table XII-B, and their weighted mean is45+ 0.32 bar.

The parameters describing our adopted elliptical solution (F
No. 6 of Table VI) have been summarized in Table XIII. Also en-
tered in this table are the parameters for elliptical solutions fror

In this section we compare our resultfor Triton's non-sphericg]e Tr148 occultation, both from fitting an elliptical figure to the

atmospheric figure and its atmospheric pressure with resgffi@dow-plane coordinates of the half-light times (Olétral.
1997) and from modeling the central flash (Elktal. 1997). In

their analysis, Olkiret al. (1997) concluded that the half-light
elliptical solution was not significant because of the relatively

COMPARISON AND DISCUSSION

TABLE X
Triton Longitude and Latitude Probed at Half Light by Tr176

Immersion Emersion TABLE XI
Longitude Latitude Longitude Latitude Parameters for Conversion of Fit Results
Site (deg.) (deg.) (deg.) (deg.)
Parameter Value Reference
Brownsville 9.1 +4.6 226.9 +24.4
Bundaberg 89.5 -394 156.1 —-279 Geocentric distance to Triton, AU 29.169 JPL DE405, NEP016
Chillagoe 44.4 —-230 190.5 —35  Triton mass, kg 2.1398 28  (Andersoret al. 1992)
Ducabrook 83.1 —384 160.3 —25.7 Molecular weight of N, amu 28.01
Lochington 82.8 —-383 160.2 —25.7 N2 refractivity, vstpat 0.7um 2.9810* (Peck and Khanna 1966)
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TABLE XI1-A
Equivalent-1sothermal Atmospheric Parameters (Circular Solutions)

Parameter Fit Brownsville Bundaberg Chillagoe Ducabrook Lochington
rn (km) Im 146214+9.7 14555+ 6.9 14485+131 14600+ 6.9 14665+ 7.9
Em 14592+79 14540+ 4.2 14534+4.9 144724+9.2 14542+7.6
Ah Im 489+ 112 535+10.7 1243+513 698+ 17.0 1121+56.2
Em 712+181 8504189 9321+186 560+ 16.7 566+17.1
Hp (km) Im 299+6.8 272+54 88+9.8 209+5.1 130+6.5
Em 205+5.2 170+ 3.0 156+ 3.1 258+7.6 257+7.7
Tiso (K) Im 67.2+153 617+124 2024221 472+115 2914145
Em 463+118 37.3+£87 355+71 593+ 17.6 584+17.7
N1a00(10 cm—3)2  Im 3.22+121 265+0.89  1705+60.24 4244231  2182+4404
Em 419+2.24 973+ 8.56 A77+249 1954+0.80 261+1.06
P1400 (Mbarjj Im 2.994+1.05 2254+ 0.55 476+1172 276+ 1.06 876+ 1355
Em 267+1.10 367+2.43 233+0.90 1604+0.61 210+ 0.62

2 Number density (for &) at 1400 km.
b Pressure (for b) at 1400 km.

large formal errors in the fitted parameters. We agree with thpsssibility that—depending on the dynamical state of Triton’
conclusion but it may be indicating some non-spherical atmatmosphere—isobaric surfaces could have different figures
spheric structure, so we have shown the solution in Table Xdifferent altitudes. Note that for the purposes of this discussic
for reference. we are assuming that the half-light surface is an isobaric surfac

In comparing the three ellipses presented in Table XlII, w&hich need not be the case but is likely a good approximation
see that none of the solutions agree with each other. FurtherWe conclude that at the times of the Tr148 and Tr176 occu
more, only the central-flash solution (for Tr148) has a semimations, Triton’s atmosphere has exhibited a significantly nor
nor axis that is consistent with the direction of Triton’s pole apherical figure. However, the size and orientation of the ellipst
the time—a line of symmetry that might be preferred for globait those two times are not consistent with each other, and the
wind patterns. The half-light solutions refer to a radius of abolipticities differ by a factor of 2. Here we also note that the
1450 km in Triton’s atmosphere (which corresponds to an albserved ellipticities are lower limits on the oblateness of Tri
titude of about 100 km), while central-flash modeling is sendien’s three-dimensional figure, since the observed ellipticitie
tive to the shape of the atmosphere several scale heights lowepresent the three-dimensional oblateness projected onto
at an altitude of about 20 km. Hence, we must allow for th&hadow plane.

TABLE XII1-B
Equivalent-1sothermal Atmospheric Parameters (Elliptical Solutions)

Parameter Fit  Brownsville Bundaberg Chillagoe Ducabrook Lochington
rn (local; km) Im 1482.1 1438.5 1430.5 1438.9 1445.1
Em 1436.8 1482.8 1474.9 1477.0 1484.6
Ah Im 523+120 583+114 1763+1892 758+183 1216+60.7
Em 679+17.2 1106+ 275 897+17.9 501+15.0 516+15.8
Hp (km) Im 283+6.5 247+48 81+87 189+4.6 119+5.9
Em 211+54 134+33 164+33 295+8.8 288+8.8
Tiso (K) Im 62.0+14.2 574+113 191+202 4414106 274+136

Em 493+125 293+7.3 364+7.3 6504196 6284193

N1a00(10 cm3)2  Im  3.72+1.56 3114+1.19  470+483 5374338  347+797
Em 428+222 818+655  650+358  198+0.71  263+0.96

Praco(wbarf Im  3.19+1.17 247+0.67 123741325 327+149 1310+2390
Em 291+1.15 331+193 326+132 178+063 228+0.64

@ Number density (for M) on the ellipse with mean radius 1400 km.
b pressure (for B on the ellipse with mean radius 1400 km.
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TABLE X111
Comparison of Elliptical Models

Elliptical model Event date Semimajor akigkm) Ellipticity PA of semi-minor axis PA of Triton pole’} References
Tr148, central flash 1995-08-14 1432 0.018+0.003 3t5 3.2 (Elliotet al.1997)
Tr148, half-light 1995-08-14 (1475 6)° (0.029+ 0.016) (~20+10) 3.2 (Olkinet al. 1997)
Trl76, half-light 1997-07-18 14685 0.040+0.003 30+ 5 —-4.1 This work

@ Half-light level in the shadow plane.
bvalues in parentheses have low statistical significance.

The oblateness (ellipticityg of a planetary atmosphere is re{Hansenet al. 1990), (ii) the observed motion of a plume top
lated to the gravitational momed4 and the rotational parameter(Soderblomet al. 1990), and (iii) the possible motion of a

g by cloud (which has an alternative interpretation as different visi
3 q ble portions of a larger stationary cloud, Hansgral. 1990).
e= E‘]Z + > (6) Each of these indicators gives a wind direction, while winc

speeds derived from the latter two are 15 and 13 l®spec-
whereq = v?/ag. Herev is the equatorial rotation speealjs tively (Hanseret al. 1990, Soderbloret al. 1990). Atmospheric
the mean radius, anglis the atmospheric gravity. The lack ofdistortion is yet another indicator of winds, but, as discusse
correlation between the orientation of the minor axis of the above, speeds in excess of 100 ™ would be required to ex-
mospheric figure and the rotation axis of Triton indicates that tipéain the extreme distortion observed. Identified drivers for suc
contribution of J, to e must be negligible. This empirical con-winds include (i) uneven insolation on the surface frost, with thi
clusion agrees with our calculations using the model of Zharkoesulting flows that maintain vapor-pressure equilibrium, an
et al. (1985) that the rotation of Triton and tidal forces fron{ii) differences in albedo that lead to thermal differentials acros
Neptune would produce an ellipticity of onky0.001. Setting the surface. Neither of these mechanisms would be expect
J, = 0in Eq. (6), we find that = 280 m s* for e = 0.040 (Fit to produce the high wind speeds required by the atmosphe!
No. 6 in Table VI), compared with a sound speed of 140 sdistortion.
(v would be much lower if the atmosphere were rotating with Immediately following the Voyager encounter, Ingersoll
the solid body). It seems highly unlikely that this is a permane(®990) discussed the implications of vapor-pressure equilibriul
state of affairs in Triton’s atmosphere, for the equator-to-pofer producing winds on Triton. Applying only mass conservatior
variation in the pressure at a fixed altitude would be comparaldtea non-rotating body, he found that the flow velocity requirec
to the pressure itself! to maintain vapor pressure equilibrium is only about 0.32f s
A similar unexpectedly large ellipticity (0.016) was observethearly three orders of magnitude less than the sonic velocity
for Titan at the time of the 28 Sgr occultation (Hubbatdal. Considering the effects of Coriolis forces and the Ekman laye
1993). Although the multi-chord observations of the central flaste raised this estimated wind speed to 78 h a value much
were not consistent with a simple elliptical model, Hubbatral.  closer to the magnitude of the wind speeds needed to account
(1993) constructed a differentially rotating model that satisfigtle atmospheric distortion that we observed. However, Ingers
the multiple central-flash observations and required maximuit©90) points out that the wind speed for an outflow vortex woul
wind speeds about half that for the best fitting oblate modéle limited by turbulence and the rotation speed of Triton (16.7 1
In their analysis of the shape of the central flash for the Tr148* at the equator). The turbulence limit is highly uncertain dus
occultation, Elliotet al. (1997) presented arguments regardingp uncertainty in the drag coefficient, but he concludes that win
why the observed ellipticity could not be due to a distortion afpeed, both in the Ekman layer and in the atmosphere above
Triton’s gravity field, Triton’s atmospheric extinction, or vari-abou 5 m s,
able refraction due to a partial segregation of Triton’s atmo- Recently Forgegt al. (1999) discussed a 3-D general circu-
spheric species. They concluded that a global elliptical modation model for Triton, in which they attempted to reproduce
implied wind speeds in excess of the sonic speed and propo#sa Voyager 2 observations. However, their model is inconsi
that winds restricted to certain latitude bands (essentially a diént with wind directions required to explain the observed plum
ferentially rotating model as discussed above for Titan) coutltift. Ingersoll’s (1990) scenario, which produced the wind di-
explain the data without requiring such high wind speeds. Urections observed by Voyager, was examined, but their mod
fortunately, only a single light curve probed the central flasivas unable to reproduce his results. No wind speeds were |
so a more detailed model for the winds on Triton could not g@rted for their model.
constructed as Hubbagd al. (1993) were able to do for Titan.  These two works were aimed at explaining the wind speec
Several lines of evidence from the Voyager encounter estatnd directions inferred from Voyager data and do not addre:
lished the existence of winds on Triton: (i) the surface strealtse issue of wind speeds approaching the sonic velocity. €
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TABLE X1V
Atmospheric Pressures and Equivalent-Isothermal Temperatures

365

Occultation Surface pressure Equivalent-isothermal pressure Equivalent-isothermal

Event date fbar) at 1400 kmgbar) temperature (K) References
\oyager 1989-08-25 141 — — Tyleret al.(1989); Gurrola (1995)
Tré0 1993-07-10 — B 57.7+820 Olkin et al.(1997)
Tr148 1995-08-14 — 094 0.14° 46.74+1.4° Olkin et al.(1997)
Trl76 1997-07-18 — 23+0.28 436+3.7 This work (circular solution)
Trl76 1997-07-18 — 25+0.32 420+ 3.6 This work (elliptical solution)
Tr180 1997-11-04 1918 2.15+0.02¢ 49.4+0.24 Elliot et al.(1998)

@ Equivalent-isothermal pressure at a radius of 1400 km from the center of Triton.

b Error bars are large because this was a single-chord event with no central flash.

¢ Weighted average of the values given in Table IX of Olétral. (1997).

d Elliot et al. (1998) published values for a model with a thermal gradient; entered here are the equivalent-isothermal values for an isothermal mode! 1
same data.

it appears that more theoretical effort is needed to determiokTriton’s atmosphere is not isothermal in the region probe
whether high-speed winds could be produced in Triton’s atmby the stellar occultation (Ellicgt al.2000). Similar differences
sphere without violating other observational constraints. For dxetween the actual pressure and the equivalent-isothermal pr
ample, the wind speed in a “winter” inflow vortex in the Northerisure are expected to exist between the other data sets, but
polar region would not be subject to the upper limit of Triton'signal-to-noise ratios for these (including the present data s
rotational speed, and wind speeds significantly greater than thase not great enough to allow an inversion in order to obtai
considered by Ingersoll (1990) may be possible. the actual pressure versus altitude (as was possible for the Tr]
light curve). Hence we shall use the equivalent-isothermal pre
sures to compare occultation results.

We have plotted the equivalent-isothermal pressures

in ;:fslsinatr;ci%f:gr(?znizfgelegnggeg%ggdst?cgfggt ;lnfgegr)%c))nel%o km for the Tr148, Tr176, and Tr180 occultations in Fig. 8
P ) ' ' i For this plot, the circular solutions were used for Tr176 to mak

since the time of the Voyager encounter in August 1989, when{hse results directl .
. y comparable to those solutions for Tr148 ar
surface pressure was measured to b 14.bar with an occul- Tr180. The Tr60 pressure was omitted because it has mu
tation of the spacecratft radio signals (Ty&tral. 1989, Gurrola '
1995). For an Matmosphere in vapor-pressure equilibrium with
surface frost, this pressure corresponds to a surface-frost temper-
ature of 375+ 0.1 K. With this occultation we did not measure
the surface pressure, but we can compare the pressure atara
of 1400 km (48-km altitude) with that derived from other stella 24 P
occultations. 25 ~
In Table XIV we have entered the equivalent-isothermal pre 2 -~
sures derived from the four Triton occultations observed sini2 20 P
1993. These are weighted means of the values from all SZ 1.8 ~
tions in the case of this event and the Tr148 occultation. A‘g . Pie
equivalent-isothermal solution for the Tr180 light curve was n(3 + -
published by Elliotet al. (1998), so we have carried out an& 14 -7
equivalent-isothermal solution for that data set and enteredt ,,
results in Table XIV. Their published fit included a thermal gra
dient as a free parameter, for which the pressure at 1400 knr 1995 1996 1997 1998 1999
2.304 0.03 ubar, while the equivalent-isothermal pressure thau Year
we have entered in Table XIV is?5=+0.02 ubar. The pressure £, 5. Pressure at 1400 km versus year. The equivalent-isothermal pre
at 1400 km determined from inversion of the light immersiosures (calculated with circular solution methods) at a radius of 1400 km (48-k
and emersion |ight curves, however, i8$+0.1 ,u,bar (E||i0t altitude) determined from the Tr148, Tr176, and Tr180 occultations (given i
et al. 2000)_ The inversion pressure should be the most accur'é’ﬁgle XIII? have been plott_ed versqs year. The dashed Iipe isa yveighted lea
. . squares fit to the three points, which shows a trend of increasing pressure
pressure at a radius of ]j400 km determined from th? occultat@bi 0.04 pbar year? at this level. However, extrapolating this linear trend
data for Tr180. The equivalent-isothermal pressure is about 193 to the time of the Voyager encounter yields the unphysical result of ¢
higher than the inversion pressure because the thermal structip@ssibly low pressure.

Pressure

2.6

m (ubar)
®
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greater error bars than the others. The straight line in this figuation model for Triton in the context of which we could interpret
is the result of a weighted linear fit to these three points, andoitir occultation data, we believe that the increasing pressure
has a slope of @9+ 0.04 ubar year?, which indicates a sig- a radius of 1400 km is a robust result for several reasons. Fir
nificant trend for an increase in this pressure during the 2.2-yeee have several light curves for both the Tr148 and the Tr17
interval spanned by these occultations. This rate of increaseotultations, which sampled different locations around the limk
the equivalent-isothermal pressure at 1400 km could not hadence the resulting pressure averages for each event repres
been occurring since the time of the Voyager encounter, howeean, average pressure around the limb of Triton (although n
since extrapolation back to August 1989 yields an impossibéyenly sampled as one would like). An individual station, sucl
low pressure. as Brownsville—which has a large influence on the solution fo
The equivalent-isothermal temperatures given in Table XlWe elliptical atmospheric figure—has only a small effect on th
exhibit a variation greater than expected from their formal eaverage pressure determined for the Tr176 event: the weight
rors, and this variation does not indicate a uniform trend. Thizerage of the pressures for the circular solution (Table XII-A
may be indicating an actual change in temperature within tiglds p1400 = 2.13+ 0.30 ubar without the Brownsuville results
altitude range probed by the occultations or it may be just indircluded, compared with aweighted average. 882 0.28 ubar
cating a change in the thermal gradient in this region, since tfug all five stations.
equivalent-isothermal temperature is a combination of the ac-A second reason for believing the increase in atmospher
tual temperature and its gradient (Elliot and Young 1992). It hasessure is the consistency of this result. Both the Tr176 and t
been found that the thermal structure in the middle atmosphdi.80 events, which occurred just 4 months apart, show agre
does not agree with post-Voyager models and may be changingnt between the derived pressures (Table XIV and Fig. 8
with time (Elliot et al. 2000). However, the thermal structureModeling Tr176 pressure contours as an ellipse with the meth
of the middle atmosphere has much less affect on the surfalsscribed above leads to pressures for the 1400-km isobar
pressure than does the energy budget of Triton’s surface (dugiteen in Table XII-B only slightly different from those for the cir-
vapor-pressure equilibrium). cular solutions listed in Table XII-A. Figure 9 plots the weighted
Considering the large and variable ellipticities for Triton’s atmean of the Tr176 elliptical solutions against the circular solu
mosphere exhibited by the occultation data, how certain can ti@ns for Tr148 and Tr180, in addition to displaying the Tr18C
be ofthe increasing atmospheric pressure at a radius of 1400 knversion solution (Elliotet al. 2000), its extrapolation to the
Could these results be just an artifact of a variable atmosphesigface, and the Voyager surface pressure results (&ylat.
shape? Although we do not have a time-dependent global cird®89). For the levels of comparison, 2—4 scale heights belo

T T T L
Isothermal Model Fit:
1440 - —&— Tr148 {Circle) )
r —oc— Tr176 {Ellipse)
~——— Tr176 (Circle)
L —<— Tr180 (Circle)
1420 | nversion: B
- I e Tri180 Inversion I
£
X L d
@ 1400 |- _Reference Level (1400km) _ _ _vgy S — - — - — - — — — — — ]
= | ) J
& _
Pressure Tr80
1380 Scale Height Eﬁt)rgﬂﬂggg n
F (Tr148)
~
| ~ J
1360 | Vcl):\ygger ~ o i
[ Surface(1352km) _ _ _ _ _ _ _ _ _ _ _ _ _ ____ T e e
. L L L oo | L L L L L t N
0.1 1.0 10.0

Pressure (ubar)

FIG.9. Pressure versus radius on Triton. For each of the three Triton occultation data sets, pressure is plotted against radius in the atmosphédoe. Pre
the circular solutions for Tr148, Tr176, and Tr180 are extrapolations from half-light pressure for a spherical, equivalent-isothermal atfeEsgshees for the
Tr176 elliptical model follow the methodology described in the text. Also plotted are the pressures from direct inversion of the Tr180 lightictetea{E2000)
and their extrapolation to the surface as well as the Voyager measured surface pressue¢ §1y1689, Gurrola 1995). The curvature of the Tr176 (ellipse) line
is due to the elliptical extrapolation method discussed in the text. Within their error bars, the data indicate that atmospheric pressuranitieemsedetween
Tr148 and the 1997 occultations for levels approximately two to four scale heights below half-light.
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the various half-light levels of the occultations, (approximately CONCLUSIONS
1380-1420 km), there is a clear increase in pressure between
Tr148 and the 1997 curves. The Tr176 elliptical solution matchesAlthough we did not succeed in our goals of recording sever
the Tr180 (circular) solution within its error bars for this entiréightcurves within the central flash in order to establish the shay
region. A complete analysis would recompute the Tr148 be@ftTriton’s atmosphere at an altitude-®20 km, our results con-
fitting isothermal models of (Olkilet al. 1997), and the Tr180 firmthe conclusion of Ellioet al.(1998) that the pressure of Tri-
equivalent isothermal pressure given in Table XlII, by allowton’s atmosphere at 1400 km has been increasing—most like
ing ellipticity in the refractivity contours, but this approach iglue to a slight warming of the surface that has released mpre
beyond our current scope. in to the atmosphere. Also, as in past occultations by Triton, w
Finally, lest one be concerned that the conclusion of an ifind thatthe temperatures and pressures derived from light cun
Creasing atmospheric pressure is Who||y dependent on Comrj’QﬁOl’ded at different stations are the same (Within their unce
isons with the Tr148 results (Olkiet al. 1997), the inversion tainties). Hence our results are consistent with no variation—ft
results of the Tr180 data set (Ellietal.2000) show an increase different locations on Triton—in atmospheric temperatures ar
in surface pressure when Compared with Voyager, as showrdigssures at an altitude of about 48 km. This uniformity is cor
Table XIV and Fig. 9. The Tr180 data set has an extremely higistent with the atmosphere being in vapor-pressure equilibriu
signal-to-noise ratio (about 630 compared with values for thigth N2 surface frost.
data setranging between 13.2 and 34.1 in Table IX-A), and inver-We find a significant deviation from a circular shape of the
sions for the temperature, number density, and pressure readh@itlight surface of Triton's atmosphere, which we have mod
a lower altitude limit of about-20 km above the surface, allow-€led as an ellipse that has a semimajor axis of 2468 km (in
ing extrapolation of the pressure to the surface to be carried diton’s shadow plane) and an ellipticity of@!0- 0.003. This
with minimal uncertainty. elliptical solution should not be considered a definitive result fo
Since Triton's atmospheric pressure is determined by vapdte global shape of Triton’s atmosphere—because the data .
pressure equilibrium with surface frosts, the noted pressutet nearly dense enough to establish its global shape. But t
change can be compared with predictions from models for tAgich better fit of the elliptical model compared with the circula
seasonal transport of these frosts. In a survey of models bageefel does indicate that Triton’s atmosphere is distorted from
on the thermal inertia of the surface of Triton and the migr&pherical shape—most likely caused by high-speed winds. Tt
tion of frosts, those models with high thermal inertias predict dg8sult leaves us faced with the problem of understanding how t
increasing pressure during the 1990s (Hansen and Paige 198ghar at half-light can be so distorted from a circular shape, ye
Spencer and Moore 1992). One of the largest predicted increais&$ over 100 km below, the isobar at the surface of Triton mu
is a 12ubar increase between the time of the Voyager encounféhform to a circle, as would be required by the vapor-pressu
in 1989 and the time of the Tr180 occultation (Model L ofquilibrium of N, gas with its surface frost. Further, more de-
Spencer and Moore 1992). This compares with the obsenféiled observations of Triton’s atmospheric shape as a functi
surface_pressure increase o2 ubar between the VoyagerOf time may h6|p to elucidate the Origin of such unexpectedl
measurements and the Tr180 occultation (Table XIV). ModdRrge (and variable) distortion from a sphere.
in this class are consistent with our data. On the other handOur occultation prediction had a cross-track error of onl
models with a low or zero thermal inertia lead to possible atmd2 mas. This is the angle subtended by the radius of an 80-I
spheric collapse during this period (Spencer 1990)—the oppﬁameter Trojan asteroid at a distance of 4 AU, the radius
site of what we observed. A typical model of this type is Moded 500-km diameter Centaur at a distance of 29 AU, and tf
J of Spencer and Moore (1992), which predicts a collapse do¥@flius of an 800-km diameter Kuiper belt object (KBO) at
to a surface pressure of 2+dar. distance of 40 AU. However, predicting occultations of stars b
Larde Changes in Triton’s Spectra| and photometric prope-F[OjanS, Centaurs, and KBOs present the additional ChaIIeng
ties have recently been reported (Buratial. 1994, 1999). of (i) performing accurate astrometry on much fainter bodie
These may be indicative of changes in the albedo and er‘rﬁl@d (II) accurate extrapolation of orbits less well known tha
Sivity of the surface frosts that could be occurring during tﬁélat of Triton. From multi-chord observations of occultation:
seasonal insolation cycle, which, by raising the mean surfad®: these bodies we can establish their diameters, which can
frost temperature, would cause a corresponding increase in $lf€d to calibrate thermal models for those for which we ha
face pressure. This and other mechanisms are discussed by Effitometry at thermal wavelengths. With further improvement
et al.(1998). Finally, the increasing pressure is consistent witf Our astrometric methods accurate predictions for these smal
proposed Koyaanismuuyaw models (Moore and Spencer 198gdies should become achievable in the future.
Spencer 1990, Spencer and Moore 1992) that include a perma-
nent polar frost cap (as opposed to strictly seasonal frost cover- ACKNOWLEDGMENTS
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