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Abstract. Processes relevant to Pluto's atmosphere are discussed, and our current knowledge is

summarized, including results of two stellar occultations by Pluto that were observed in 2002.

The question of whether other Kuiper belt objects (KBOs) may have bound atmospheres is

considered, and observational indicators for KBO atmospheres are described.  The definitive

detection of a KBO atmosphere could be established with targeted stellar-occultation

observations. These data can also establish accurate diameters for these objects and be used to

detect possible nearby companions.  Strategies for acquiring occultation data with portable,

airborne, and fixed telescopes are evaluated in terms of the number of KBO occultations per year

that should be observable.  For the sample of 29 currently known KBOs with H ≤ 5.2, (radius ≥

300 km for a geometric albedo of 0.04), we expect about 4 events per year would yield good

results for a (stationary) 6.5-m telescope.  A network of portable 0.36-m telescopes should be

able to observe 6 events per year, and a 2.5-m airborne telescope would have about 200 annual

opportunities to observe KBO occultations.
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1 Introduction

Under the influence of solar heating, cometary ice sublimates into the beautiful coma and tail

that has become the hallmark of these bodies in the popular literature.  Their gravity is too weak

to overcome the velocity of the escaping gas and its entrapped dust.  More massive bodies,

however, have sufficient gravity to hold back the sublimated gas in the form of a bound

atmosphere that can last for the age of the solar system.  The gas lost to exospheric escape into

space can be replenished from surface volatiles.

Given that bound atmospheres exist on Pluto, and Neptune's satellite Triton (an ex-KBO

with a size and density similar to Pluto), it is natural to ask whether other denizens of the Kuiper

belt also have bound atmospheres.  Our first step toward answering this question is to lay out the

physical conditions necessary for a bound atmosphere, according to our present understanding.

Certainly the larger bodies—especially those with high albedo—would be the most promising

candidates.  Stern et al. (1988) used the high albedo of Pluto to infer that it had an atmosphere

prior to its direct detection by a stellar occultation in 1988—although the observers were not

aware of this inference, since it appeared in the literature well after the event (Elliot et al. 1988).

Both the size and albedo contribute to the H magnitude, which may prove to be an effective

observational indicator for the presence of an atmosphere.  [The H magnitude is defined as the V

magnitude of a body at 1 AU from both the Sun and the observer at zero phase angle (Bowell et

al. 1989). The smaller the H magnitude, the larger and/or brighter is the body.]

More direct evidence for an atmosphere would be the spectral identification of bands of

common ices whose sublimated gases (at the surface-ice temperature of the body) might remain

gravitationally bound.  This approach led Cruikshank & Silvaggio (1979) to propose that Triton

had an atmosphere a decade prior to its direct detection by Voyager 2 with a radio occultation

(Tyler et al. 1989).  Even more definitive observations would be the detection of spectral

signatures unique to the gaseous phase (as distinct from the solid phase) of CH4, O2, N2 or CO.
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Although the latter three molecules have weak spectral bands (due to the nearly complete

absence of a dipole moment), the direct detection of CH4 gas has been achieved for Pluto by

Young et al. (1997).

Tenuous atmospheres can be more easily detected with occultations—provided, of

course, that suitable occultation events can be identified and successfully observed for the body

of interest.  These could be (i) occultations of spacecraft radio signals (e.g. Tyler et al. 1989), (ii)

solar or stellar occultations observed from a flyby or orbiting spacecraft (e.g. Broadfoot et al.

1989), or (iii) stellar occultations observed from Earth (e.g. Elliot et al. 1995a; Elliot and Olkin

1996).  The latter includes observations from fixed and portable ground-based telescopes,

airborne telescopes—such as the Stratospheric Observatory for Infrared Astronomy

(SOFIA)—and Earth-orbiting telescopes, such as the Hubble Space Telescope (HST).

In this paper we discuss the processes that occur in Pluto's atmosphere, as an example of

a bound KBO atmosphere.  Then we investigate how we might search for bound KBO

atmospheres with what we term "targeted" stellar occultations.  By "targeted" we mean those

occultations that can be predicted in advance for specific KBOs, from a knowledge of their orbits

and a catalog of stars that lie near their projected paths through the sky.  This type of occultation

is in contrast with the occultation surveys (e.g. Alcock et al.; Roques et al., these proceedings)

proposed to search for small KBOs.

Stellar occultations are a particularly sensitive probe for bound gaseous atmospheres,

because of their exponential refractivity gradients.  These are distinct from rapidly escaping

"particulate" atmospheres—such as cometary comas—which are more easily detected by

imaging observations (because of the large amount of light scattered per unit mass by small

particles).  For example, the coma of (2060) Chiron—suspected from the body's unusual

photometric activity (Tholen et al. 1988)—was first revealed with imaging data (Meech and

Belton 1990; Luu and Jewitt 1990). The extinction of starlight due to concentrated "jets" of

material from (2060) Chiron's nucleus (and perhaps a bound coma), however, were later detected

with a stellar occultation (Elliot et al. 1995b).
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2 Pluto's Atmosphere

2.1 PROCESSES

Pluto is an example of a small, icy-body whose atmosphere originates from the sublimation of

surface ice.  This process is illustrated in the diagram of Figure 1, where the solid horizontal line

corresponds to the body's surface.  Volatiles from the interior of the body can reach the surface

by a variety of processes (Stern 1989; McKinnon et al. 1997), where impinging sunlight causes

sublimation.  Areas of ice in shadow are cooler and will be sites of frost condensation, with the

accompanying release of heat.  However, the temperature difference between the shaded and

sunlit ice is small, since the processes of sublimation and condensation act as a thermostat to

keep the surface ice within a fraction of a degree around the body (Trafton and Stern 1983).  This

process results in the net transport of frost from equatorial regions to the polar regions (Spencer

et al. 1997; Hansen and Paige 1996).  This mechanism does not operate for extremely tenuous

atmospheres (such as that of Io), since the flow that would be required to maintain equilibrium

would be greater than the speed of sound (Ingersoll 1990).
Insert Figure 1 Here

The gaseous inventory of an icy-body atmosphere can be established to some extent from

its near-IR spectrum, which can reveal the molecular bands of certain ices (e.g. CH4, N2, CO), if

present, while other ices (e.g. Ar) have no detectable bands in easily accessible spectral regions.

If the mole fractions of the surface ices are known (either by spectroscopic evidence or other

lines of reasoning), we can refer to the vapor-pressure curves of Figure 2 and use Raoult's law to

deduce the partial pressures of the atmospheric constituents  (e.g. Owen et al. 1993).
Insert Figure 2 Here

Photochemical processes (Summers et al. 1997; Lara et al. 1997; Krasnopolsky and

Cruikshank 1999) and dynamical processes (Ingersoll 1990) also occur in icy-body atmospheres,

and models for these have been most extensively developed for Triton, based on the information

gained from the Voyager 2 flyby in 1989 (Yelle et al. 1995; Strobel and Summers 1995).  Also,
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the structure of small-body atmospheres in the early outer solar system has been considered by

Rao (2001).  For our work, however, the process of atmospheric escape will be the most

important for the task of determining which bodies can retain an atmosphere.

The thermal structure of an icy-body atmosphere in the outer solar system is controlled

by radiative and conductive processes.  Beginning with the model of Yelle & Lunine (1989), the

radiative-conductive models developed for Pluto's atmosphere have become increasingly

sophisticated (Hubbard et al. 1990; Lellouch 1994).  Virtually the same models apply to Triton's

atmosphere (e.g. Stevens et al. 1992), since their principal atmospheric constituents are the same,

and currently these bodies are at nearly equal solar distances.  The most recent radiative-

conductive model is that of Strobel et al. (1996), which includes heating from the 2.3- and 3.3-

µm vibrational bands of CH4, as well as cooling by the 7.6-µm vibrational band of CH4, the

rotational lines of CO, and heat conduction to the surface.  The potential role of aerosols has

been discussed by Lellouch (1994).  From these models one can estimate the exospheric

temperature, which controls atmospheric escape.

Jeans escape of gas from the top of the atmosphere occurs when a molecule, through

random collisions, acquires a velocity sufficiently high to overcome the body's gravity.

Hydrodynamic escape occurs when the gas escapes by flowing out of the atmosphere in bulk

(e.g. Trafton et al. 1997).  The escape rates for both processes are limited by the solar energy

absorbed at high altitudes, and both are determined by the ratio of the thermal energy of a

molecule to the gravitational potential well (Chamberlain and Hunten 1987).  If G  is the

gravitational constant, k is Boltzmann's constant, M is the atomic mass unit, µ is the molecular

weight of the gas, m is the mass of the body, r is its surface radius, and Texo is its exospheric

temperature, then lexo is given by the equation:

† 

lexo =
GMmm
rkTexo

.

(1)
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Escaping volatiles are replenished by sublimation of surface ices.  For example, Trafton

et al. (1997) have estimated that Pluto has lost a depth of up to 3 km of N2 ice over the age of the

solar system that has sublimated into the atmosphere and then escaped into space, while

Krasnopolsky (1999) has estimated the amount to be only ~0.5 km. Since this processes depends

exponentially on lexo this process is much more effective on bodies less massive than Pluto.

Measurement of the atmospheric escape from Pluto is one of the objectives of the New Horizons

Pluto mission (Stern & Spencer, these proceedings: http://pluto.jhuapl.edu/mission.htm).

2.2 CURRENT UNDERSTANDING

The direct detection of Pluto's atmosphere was made in 1988 with a stellar occultation (Elliot et

al. 1988; Hubbard et al. 1988; Elliot et al. 1989; Millis et al. 1993).  For a review of the

mechanics of atmospheric occultations, the reader is referred to Elliot & Olkin (1996), and for a

comprehensive overview of Pluto's atmosphere prior to the 2002 stellar occultations, Yelle &

Elliot (1997) should be consulted.  Figure 3 reproduces a recent summary of observational

constraints (Elliot et al. 2003b) on the structure of Pluto's atmosphere, which has been updated

here (bold-italic) for the 2002 stellar occultation results (Elliot et al. 2003a; Sicardy et al. 2003).

From surface-ice spectra (e.g. Owen et al. 1993) and the assumption of vapor-pressure

equilibrium, it can be inferred that the atmosphere is composed predominantly of N2, with trace

amounts of CO and CH4.  Combining this knowledge with the occultation results yields a mean

atmospheric temperature of 104 ± 8 K for a pure N2 atmosphere (Elliot and Young 1992), where

the error bar has been reduced from the published value to reflect an improvement in our

knowledge of Pluto's mass (Null and Owen 1996; Foust et al. 1997; Olkin et al. 2003).  A further

constraint on the atmospheric structure is placed by mutual-event measurements of Pluto's

surface radius (see Binzel and Hubbard 1997 for a review).  The result of Young & Binzel

(1994), who included limb-darkening in their analysis, is plotted in Figure 3.  Also plotted in

Figure 3 is the measurement of the surface-ice temperature of 40 ± 2K by Tryka et al. (1994), for
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which the error bar in radius has been calculated from the error bar in temperature under the

assumption of vapor-pressure equilibrium.
Insert Figure 3 Here

An important question about Pluto's atmosphere raised by the 1988 occultation

data—particularly from the Kuiper Airborne Observatory (KAO) data set—is the "kink" (a.k.a.

"knee") in the occultation light curve (plotted as points in Figure 4) that has been interpreted

alternatively as (i) extinction arising from a sharply bounded extinction layer (Elliot et al. 1989;

Elliot and Young 1992) or (ii) the onset of a steep thermal gradient (Eshleman 1989; Hubbard et

al. 1990).  One way to distinguish between the two proposals would be a multi-wavelength

occultation observation: extinction effects would cause the occultation light curve to be different

at different wavelengths (due to wavelength dependent absorption by sub-micron sized particles),

while a steep thermal gradient would cause very little wavelength dependence of the light curves

(because refractivity is a weak function of wavelength).
Insert Figure 4 Here

To determine the cause of the kink and to investigate possible changes in Pluto's

atmosphere since 1988, two stellar occultations were observed in the summer of 2002.  The data

set from the first occultation indicated that Pluto's atmosphere had changed (Buie et al. 2002),

but the data were not of sufficient quality for further conclusions.  The second occultation was

more extensively observed, and these results led to several conclusions (Elliot et al. 2003a;

Sicardy et al. 2003): (i) the kink in the light curve has disappeared, (ii) the atmospheric pressure

within the altitude range probed by the occultation increased by a factor of two between 1988

and 2002, (iii) the temperature in this region is virtually the same for both occultations, (iv)

dynamical activity in the region of Pluto's atmosphere probed in 2002 is much stronger than in

the region probed in 1988, and (v) an asymmetry in Pluto's atmospheric structure is observed.

Furthermore, the multi-wavelength observations show a wavelength dependence in the minimum

flux of the occultation light curve (Elliot et al. 2003a).  This wavelength dependence can be
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interpreted as due to extinction effects in Pluto's atmosphere, although the presence of faint, red

companion to the occulted star could have caused the same effect.  This latter possibility can be

tested with high-resolution imaging of the occulted star.

3 What KBOs Might Have Bound Atmospheres?

3.1 REQUIREMENTS FOR A SMALL-BODY ATMOSPHERE

For a small body to have a bound atmosphere, three conditions must be satisfied.  First, the body

must have an inventory of volatiles on its surface that can sublimate (e.g. N2, CO, CH4); second,

the temperature must lie within the correct range—high enough for adequate vapor pressure

(Figure 2), but not so high that the atmosphere would escape into space; and third, the body's

mass must be sufficient to retain the atmosphere.  These three factors can be considered together

in the escape parameter, lexo, as defined by equation (1).  The escape parameter is calculated with

the exospheric temperature, Texo.  For incipient  atmospheres, however, we expect the exospheric

temperature to be very close to the equilibrium black-body temperature of the surface ice.  To be

explicit for this situation,  we denote the escape parameter by lsurf.  We assume a spherical body

of radius r, density r, geometric albedo p, and phase integral q (~0.5 for the icy Uranian

satellites, Helfenstein et al. 1988). The body has a surface volatile of molecular weight µ and is

at a solar distance D.  If this body is of uniform temperature,  i.e. its surface temperature is

determined by radiative equilibrium with solar radiation, then the escape parameter is given as

lsurf by equation (2), which has been normalized to parameters approximately appropriate for

Charon at 40 AU:

† 

lsurf =14 0.8
1- 0.5p( )

È 

Î 
Í 

˘ 
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(2)

In Figure 5 we have used equation (2) to calculate contours for constant values of lsurf in

the body-radius vs. solar-distance plane with all other parameters fixed at their normalizing
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values.  Horizontal lines for an icy body of radius 1175-km, Charon, and Quaoar cover a range of

solar distances.  Charon and Quaoar have nearly the same radii, but Charon covers a much

greater range of solar distances.  Not plotted in Figure 5 is the region, at large solar distances,

where vapor-pressure equilibrium would break down, when (as the surface becomes colder and

the atmosphere becomes more tenuous due to the drop in the surface pressure) the required flow

velocity becomes comparable to the sonic velocity (Ingersoll 1990).
Insert Figure 5 Here

3.2 H-MAGNITUDE: AN ATMOSPHERIC INDICATOR?

The most likely KBO candidates for atmospheres are those that reflect the most light because

they have the largest radii and/or highest albedos (perhaps indicative of freshly condensed frost).

This can be quantified by the H magnitude of the body and is illustrated in Figure 6, where we

have plotted the radius versus H magnitude for Pluto, Triton, Charon, and a selection of KBOs.

The radii of Varuna and Quaoar are plotted at the values measured with the radiometric

technique, and the radii for the others are plotted for assumed geometric albedos of 0.04 and

0.64.  Pluto and Triton, with known N2 atmospheres, lie to the far right of the plot.  Just to their

left is Charon, and to its left lie the other currently known KBOs.  We see that the main KBO

population lies well above Charon in H magnitude—because Charon has a somewhat higher

albedo than yet measured for any KBO other than Pluto.  It should be noted, however, that

Charon's albedo is significantly less than several icy Saturnian satellites that (presumably) have

no atmospheres.
Insert Figure 6 Here

3.3 DOES CHARON HAVE AN ATMOSPHERE?

The anomalously high albedo of Charon compared with the handful of KBOs for which we have

measured albedos leads one to wonder whether it might have an atmosphere.  A stellar

occultation was observed by Walker (1980), who determined a lower limit on the radius of

Charon from his single-chord observation.  The data show no obvious evidence for an
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atmosphere, although the time resolution is low (2.0 sec).  These data were analyzed further by

Elliot & Young (1991), who found that the immersion and emersion events differed from those

expected from an atmosphere-less body at the 2-s level.  In their Figure 2 we see that for both

the immersion and emersion events, the light-curve point adjacent to the main drop is slightly

lower than the full-scale signal from the unocculted star.  No firm conclusions can be drawn

from this result, but we recommend that additional Charon occultation data be obtained with

adequate signal-to-noise and time resolution to probe for an atmosphere.

4 Targeted KBO Occultations

Direct detection of potential KBO atmospheres can be done with stellar occultations, but to

achieve this objective, one must identify events that can be observed with sufficiently high

signal-to-noise.  Successful occultation observations will allow us not only to probe for

atmospheres, but these data could reveal nearby companions to the primary body.  Also, they

provide a direct measurement of the diameter of the KBO.  This goal requires either (i)

occultation light curves for the same event at different sites, or (ii) the combination of a single

occultation light curve with an accurate measurement of the minimum angular separation

between the KBO and the occulted star (Olkin et al. 1996). The latter approach is based on the

assumption of a spherical occulting body.

In setting up a program of targeted KBO occultations, we can benefit from the experience

gained in the observation of occultations by Pluto, Charon, Triton, and Chiron.  The challenges

for these occultations have been twofold: (i) generating an accurate prediction for the location of

the occultation path on Earth, and (ii) observing these events with a telescope large enough to

obtain a light curve with adequate signal-to-noise.  First we consider the prediction problem.  In

Table 1 these four bodies are listed, along with information relevant for occultation work.  In

particular, column 5 gives the present angular radius, which determines the astrometric accuracy

required for the prediction.  The next column gives the number of occultations that have been
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successfully observed.  We note that two events have been observed for Chiron—whose radius

subtends an angle of only 0.014 arcsec.  This bodes well for a KBO occultation program, since

the largest of these bodies subtend comparable angles.

The difficulties for generating reliable predictions of these events are several fold. For

Pluto, Charon, and Triton, the main difficulty is carrying out accurate astrometry in the

proximity of another body.  Prediction astrometry for most KBOs and Centaurs does not have

this problem, but is hindered by a lack of faint astrometric standards.  Furthermore, their

ephemerides will require considerable refinement.
Insert Table 1here.

Figure 7 illustrates the path of the P126A occultation by Pluto that occurred on July 20,

2002.  The three straight lines across northern South America represent the northern limit, center

line, and southern limit of Pluto's shadow for a 10% drop in stellar flux.  The positions of several

observatories are indicated, but they were outside of Pluto's shadow and did not record the event.

For a KBO occultation the path would be 0.1-0.5 the size of the Pluto path, which—if well

placed—could be observed by two of the large-telescope facilities indicated on the diagram.
Insert Figure 7 Here

Meeting the challenge of achieving adequate signal-to-noise for an occultation can be

accomplished with the observation of either (i) of a bright-star event with a small telescope, or

(ii) a faint-star event with a large telescope.  Although bright-star opportunities occur less

frequently, the mobility of small telescopes has allowed that approach to be a viable strategy for

occultation work in the past.  Fixed telescopes and the KAO have also been used to observe

occultations. A combination of these strategies has provided the most valuable data sets.  In

Table 2 we compare these three strategies in terms of their respective rates of opportunities for

the observation of KBO occultations.  The first column gives the size of the telescope employed

by each strategy, which sets the limiting R magnitude (next column) for the occulted star that

would give a signal-to-noise ratio of 10 for a 1-second integration.  In the third column we give
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the average rate, gR, of occultations of stars brighter than the limiting magnitude that would occur

somewhere on Earth for a canonical KBO with a 300 km radius (H = 5.2, for pV = 0.04, as used

by the Minor Planet Center) that orbits the Sun in a circular orbit at a distance of 40 AU.  The

next two columns present the factors that limit the number of events that can be successfully

observed, and we consider these in turn.
Insert Table 2 Here

The first, the location factor, fl, is the fraction of the events occurring somewhere on

Earth for which the occultation path passes over the telescope and the event is observable

accounting for the fraction of the time that the KBO is above 20° altitude, without significant

interference from sunlight and moonlight.  For the airborne and portable-telescope strategies, the

estimates of the location factor are based on a sample of predicted Chiron occultation paths (Bus

et al. 1994; Person et al. 1996) that could have been accessible to each strategy.    Portable and

airborne telescopes can use their mobility to avoid the Sun and Moon, while a fixed telescope

cannot.  The next column contains the weather factor, fw, which is an estimate for the fraction of

events that could not be observed during cloudy conditions.  We combine these into an overall

factor, 

† 

e = fl fw .

In the final column we give the number of observable events per year (per telescope) with

each strategy, Nobs, which is given by:

† 

Nobs = egRNKBO

where NKBO is the number of KBOs in the occultation program.  At the time of the conference, 29

KBOs and Centaurs with H ≤ 5.2 with astrometric errors less than 300 arcsec were available for

such a project. This number will increase with time as new discoveries are made (Buie et al. &

Trujillo et al., these proceedings).  However, virtually all of the KBOs included in a targeted

occultation program will  require additional observations to reduce the errors in their

ephemerides.
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The basic tasks to secure KBO occultation data include: (1) establishing a pool of KBOs

for potential occultations, (2) refining the ephemerides for these KBOs, (3) establishing a list of

candidate stars for each KBO, (4) prediction of the occultations, (5) requests for telescope time,

(6) refinement of the predictions close to the time of the events, and (7) observation of the

occultations.  This work will require the use of a variety of telescopes and a cooperative effort

from the KBO community.

5 Summary and Conclusions

We have discussed the atmosphere of Pluto, and used it as a basis for speculating on the

possibilities for atmospheres on large KBOs. Pluto and Triton both have atmospheres of

primarily N2 in a state of vapor-pressure equilibrium.  They have high albedos and have about

twice the diameter of other currently known KBOs. In size, Charon is rivaled by the population

of large KBOs, but it has a much higher albedo than any currently measured values for these

bodies—with perhaps hints of a tenuous atmosphere revealed in occultation data from 1980

(Elliot and Young 1991). Given the temperatures in the Kuiper Belt, one might expect to find

atmospheres of N2, CO, CH4, Ar, or Kr (if these noble gases have been retained by KBOs in

adequate abundance). Having a bound atmosphere, of course, requires that the KBO have an

inventory of surface volatiles that can sublimate, that it have an appropriate temperature and

lastly, that its mass is sufficient to retain an atmosphere.

Such atmospheres could be detected with targeted stellar occultations. These data will

also give direct diameter measurements for these objects as well as search for close companions.

This project is observationally challenging because the occultation path of a KBO on the Earth is

small.  An occultation prediction will require accurate astrometry of the candidate stars and

much better ephemerides for the KBOs.  KBO occultations could be observed with a network of

portable telescopes, an airborne telescope (SOFIA), or with fixed telescopes.  Each of these
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approaches is likely to be successful in the future, as they have been in the past for Pluto,

Charon, Triton, and Chiron.
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Figure Captions

Figure 1. Processes in icy-body atmospheres.  Processes for transport of volatiles to the surface
include diffusion, solid state convection, surface gardening and internal activity
(Stern 1989; McKinnon et al. 1997).  The horizontal line defines the body’s surface,
where frost sublimates in sunlight and condenses in shadows.  If the surface
temperature is sufficiently high, vapor-pressure equilibrium can be maintained, which
keeps the ice temperature at a nearly constant value over the entire surface.  At the
top of the atmosphere, the rate of atmospheric escape is determined by the ratio of
thermal energy to the gravitational potential (see text).

Figure 2. Vapor pressure of ices. The plot relates the interactions of temperature versus ice
pressure for five ices (N2, CO, Ar, CH4, Kr) that could be found within a bound
atmosphere of an icy-body in the outer solar system.  Volatiles Xe and CO2 have
vapor pressures much too low at these temperatures to appear in this plot while the
vapor pressure for Ne is too high (data from Brown and Ziegler 1980).  The
horizontal line indicates the surface pressure for which the stellar flux would have
dropped by 0.5 of its unocculted value at the surface radius for a body similar to
Charon at 40 AU that has a bound nitrogen atmosphere.

Figure 3. Possible thermal profiles for Pluto's atmosphere in 1988 with updated pressure values
for 2002 on the right-hand scale.  Other results from the 2002 occultations are
indicated in bold.  Temperature is plotted versus radius for three different thermal
scenarios: (i) "no troposphere", (ii) "deep troposphere", and (iii) "haze".  For the first
two scenarios, extinction effects in the occultation light curve are assumed to be
negligible.  The pressure scale on the right is based on the deep-troposphere scenario.
For all scenarios a predominantly N2 atmosphere in vapor-pressure equilibrium with
surface ice is assumed.  The thermal inversion results (Elliot et al. 2003b) for
immersion and emersion are plotted as points (without error bars), while unmeasured
parts of the profiles are plotted as lines.  For the no-troposphere scenario, the thermal
profile would follow the steep slope indicated by the inversion until the surface is
reached (r = 1150 km, p = 60 µbar).  However, if the atmosphere has a deep
troposphere (Stansberry et al. 1994), the thermal profile would reach a minimum at
the radius indicated by the no-troposphere scenario, but then it would continue a
convective profile to the surface.  The maximum temperature gradient would be the
dry adiabatic gradient of –g(r)/cp = –0.61 K km–1 (for r = 1175 km, where cp is the
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specific heat at constant pressure for N2), but smaller convective gradients have been
discussed (Stansberry et al. 1994).  In this scenario, the surface radius and pressure is
not constrained and could match any value indicated by the mutual events (Young
and Binzel 1994).  In the haze scenario, the steep drop in the occultation light curve is
postulated to be caused by extinction effects in the atmosphere, so the temperature
profile below the top of the haze layer (r = 1225 km, p = 2.5 µbar) is unconstrained,
although the temperature must decrease in some manner to reach a value at the
surface that would be consistent with vapor-pressure equilibrium for N2 ice at a
surface temperature of 40 ± 2 K (Tryka et al. 1994;  figure adapted from Elliot et al.
2003b).

Figure 4. Pluto occultation light curves.  The KAO data from the June 9, 1988 event (points),
and the UH 2.2-m data from the August 21, 2002 event (line) have been plotted
versus distance from the center of their occultation shadows.  The distance scale has
been normalized in units of half-light radius.  The "spikes" (short flashes of starlight,
Elliot and Veverka 1976) in the UH 2.2-m data are seen in the blow-up below the
comparison figure.  These will be discussed in a later publication.  Note that the 1988
light curve drops sharply to zero just below half light, whereas the 2002 light curve
has no such "kink" (after Elliot et al. 2003a).

Figure 5. Contours for the atmospheric escape parameter plotted in the body-radius vs. solar-
distance plane.  This plot shows lines for constant lsurf as given by equation (2).  The
calculation applies to an ideal slowly rotating black body with N2 surface ice and the
albedo of Charon (see text).  Horizontal lines for an icy body of radius 1175-km,
Charon, and Quaoar cover a range of solar distances for comparison.

Figure 6. H-mag an atmospheric indicator.  The H-magnitudes for the brightest KBOs are plotted
versus radius. The solid circles are actual measurements for individual KBOs while
the triangles represent the current population of bright objects if their albedos were
determined to be between 0.04 and 0.64. Pluto and Triton have substantially high
albedos and also have atmospheres. Charon's albedo is somewhat lower, but
significantly greater than that for Quaoar, Ixion and smaller KBOs.  Occultation
measurements on a number of bright objects will allow us to put a constraint on KBO
radii and likewise tell us something about the general albedo trend of these objects.

Figure 7. Shadow path for the P126A occultation by Pluto.  The northern and southern limits for
a 10% drop in stellar flux have been plotted, along with the center line, and the
relative locations of the VLT, Magellan, and Gemini South are indicated for
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comparison.  The shadow path for an occultation by Quaoar would have about half
this width.
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Tables

TABLE 1

TARGETS FOR OCCULTATIONS

Body Mag
(R)

Da(AU) Radiusb

(km)
Radiusb

(arcsec)
Occ.
Obs.

Triton 13.4   30.1  1438 ± 17c 0.067 5
Pluto 14.0   30.6  1214 ± 20d 0.055 4
Charon 16.0   30.6    621 ± 21e 0.028 1
(2060)   Chiron 17.1   12.1      90 ± 7f 0.010 2
(5145)   Pholus 19.2   17.9      95 ± 13f 0.007 0
(10199) Chariklo 17.5   13.1    137 ± 15f 0.014 0
(20000) Varuna 19.8   43.2    450 ± 65g 0.014 0
(28978) Ixion 19.1   42.9  ~600 0.019 0
(50000) Quaoar 18.6   43.4    610 ± 65h 0.019 0
Canonical KBO 20.5   40.0    300 0.010 0

aheliocentric distance as of 2003 May 21

bsurface radius for atmosphere-less bodies; half-light radius for Pluto and Triton

c(Elliot et al. 2000)

d(Elliot et al. 2003a)

f(Altenhoff et al. 2001)

e(Olkin et al. 2003)

g(Jewitt et al. 2001)

hTrujillo, personal communication
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TABLE 2

STRATEGIES FOR TARGETED  KBO OCCULTATION OBSERVATIONS

Telescope Strategy
(aperture, m)

Limiting
Stellar R

Maga

Events per
Year per
KBO, gR

Location
Factor,

fl

Weather
Factor,

fw

Combined
Factor,

e

Observable
Events per
Yearb, Nobs

Portable  (0.36) 16.2 1 0.17 0.75 0.13 ~6
Airborne (2.5) 18.4 12 0.58 0.95 0.55 ~200
Fixed      (6.5) 19.3 30 0.0067 0.60 0.0040 ~4

abased on SNR = 10 for a 1 second integration for the source-limited case (Dunham et al. 2000

and http://sofia.arc.nasa.gov/Science/instruments/performance/HIPO/sensitivity.html).  This

assumption will be valid when the sum of the read-noise for the pixels within the image, the

occulting KBO and background sky light is less than the photon noise from the occulted star.

bfor a single telescope and the current sample of 29 KBOs brighter than an H magnitude of 5.2.
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