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We observed Pluto and Triton with the CSHELL echelle spectro-
graph on the Infrared Telescope Facility in April and July 1996, in
an effort to detect the R(2), R(3), and R(4) rotational lines of the 2-0
vibrational transition of gaseous CO. As no lines were detected, we
derived 3-0 upper limits on the average widths of these three lines
of 0.040 cm~? for Pluto and 0.028 cm~! for Triton. The correspond-
ing upper limits on the gaseous CO mole fractions depend on the
assumed profiles of temperature and pressure in the atmospheres
of these bodies. If Triton’s atmosphere in 1996 resembles that mea-
sured by stellar occultation in 1997, we find a 3-o upper limit to
the CO mole fraction of 59%. If Pluto’s atmosphere resembles the
tropospheric model of J. A. Stansberry, J. I. Lunine, W. B. Hubbard,
R. V. Yelle, and D. M. Hunten (1994), Icarus 11, 503-513, we find
a 3-o upper limit to the CO mole fraction of 6%. For Pluto, this
limit to the gaseous mole fraction argues against intimate mixtures
(e.g., “salt-and-pepper” mixtures, as opposed to solid solutions) of
surface CO and N, frost.  © 2001 Academic Press

Key Words: Pluto, atmosphere; Triton, atmosphere; carbon
monoxide.

1. INTRODUCTION

first is the issue of surface—atmosphere interaction. While C
is expected to be present in the atmospheres of both bodies, |
cause it is seen on their surfaces, the atmospheric mole fractic
depend on how the atmosphere interacts with the surface. T
three models for the behavior of multicomponent ices on Plut
and Triton—the ideal-solution, detailed-balance, and pure-C
models—predict gaseous CO mole fractions that differ by mor
than two orders of magnitude (e.g., Traftenal. 1998).

The second issue is the question of the thermal structure a
energy balance in the atmospheres of Pluto and Triton. Whi
N, dominates the atmosphere on both bodies, the radiative b
ance is controlled by the two spectrally active minor specie:
CH, and CO. The lack of observational constraints on Pluto’
atmospheric CO abundance is a significant source of uncertair
in thermal models that attempt to explain Pluto’s warm atmo
sphere at Lubar (~60 K warmer than the surface), as well as the
steep thermal gradient neandar, (e.g., Strobett al. 1996).
Similarly, knowledge of the gaseous CO mole fraction is neede
to model the observed changes in Triton’s thermal structure b
tween 1989 and 1997 (Elli@t al. 2000).

The third issue addressed by the mole fraction of CO is th
question of the origin and evolution of Pluto and Triton. CO is

The mole fractions of CO in the atmospheres of Pluto aricosmochemically important species in the outer solar syste

Triton touch on three important and long-standing issues

1 Visiting Astronomer at the Infrared Telescope Facility, which is operated

. Theme models of solar system formation suggest that CO shot

dominate over K (Lewis and Prinn 1980, Prinn and Fegley
981, McKinnoretal.1995). Thus, M's dominance at Pluto and

the University of Hawaii under contract to the National Aeronautics and Spadéiton is a puzzle. If the escaping atmosphere is replenishe
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in steady state from the interior, then the current atmospher
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composition may provide important clues to the primordid@SHELL's Arand Kr calibration lamps that were approximately
volatile inventories of these bodies (Trafton 1990). evenly spaced across the spectral range. Because the wavelel

CO has not been detected in the atmospheres of either Plstale varied slightly along the slit, the wavelength calibratiol
or Triton. For Triton, reported observed upper limits on the C@as determined individually for each spectrum. The spect
atmospheric mole fraction include 1% from Voyager 2 UV3vere then rectified to a common wavelength scale before a
observations (Broadfoatt al. 1989) and 1.5% from Hubble eraging. The average dispersion was 0.022 nm/pixel. The lam
Space Telescope UV spectroscopy (Stral. 1995). For Pluto, also provided an estimate of CSHELL's line spread function fo
there exists only a non-constraining upper limit from the nor filled slit, which was well approximated by a Gaussian with
detection of the pure rotational transitions of CO from radifull width at half maximum (FWHM) of 4.6 pixels, implying
observations (Barnes 1993). Energy balance considerationsiresolving powerX/A)) of 22,500. We saw no evidence for a
Triton’s thermosphere suggest upper limits on the CO atmsignificantly higher spectral resolution from point sources (i.e
spheric mole fraction of 0.02 to 1% (Stevems al. 1992, our stellar standards), so we adopt the filled-slit resolution f
Krasnopolskyet al. 1993), but these limits depend critically onall astronomical standards and targets.
the location of the thermosphere’s lower boundary and the magWe recorded the background flux while maximizing on-targe
netospheric power input (Strobel and Summers 1995). CO miaxposure time by observing the target in one of two positior
ing ratios of 0.02-0.2% were considered in an attempt to mod&\’ or “B”) separated by 12—16 arcsec along the 30 arcsec sli
Triton’s lower atmosphere (Elliat al. 2000), but as none of the During observations of Pluto and Charon, we oriented the s
models reproduced the temperatures observed by a 1997 stking the Pluto—Charon axis. In this configuration, Charon
lar occultation (Elliotet al. 2000), no clear conclusion on thecontribution to the total flux (28% at 2.3@m, Brown and
derived CO mixing ratio can be reached. On Pluto, radiativé&alvin 2000) was constant with time, even in the presence
convective models have been run with assumed ratios for @Ossible tracking errors that might move Pluto and Charon pe
(0.075% by Lellouch 1994 and 0.046% by Strobehl. 1996), tially out of the slit. The dispersion caused by the Earth’s af
but were not run with varying amounts of CO to set uppenosphere is completely negligible, due to our small waveleng
limits. range.

We therefore observed Pluto and Triton in an attempt to detectWe extracted the spectra from the two-dimensional CSHEL
the spectral signature of gaseous CO, using a technique witltages using the optimal extraction algorithm (Horne 1986
which we had previously detected gaseous, GhlPluto (Young Details of the extraction closely follow Youred al. (1997). Be-
et al. 1997). In this technique, we look for absorption featuresause the seeing was generally 0.6—1.0 arcsec, the 12—16 arc
of near-IR rotation-vibration lines at spectral resolutions higthrow allowed the rows between positions A and B to be use
enough to distinguish the narrow atmospheric lines from tlier background estimation.
broad absorption of the frosts on these body’s solid surfacesAt 2334 nm, the flux from Pluto and Triton is due to re-
In this paper, we present the details of these observations, thikeicted sunlight, and the solar lines have to be characterized ¢
reduction, and the analysis of the resulting spectra in termsrefnoved. The solar lines in the reflected solar spectrum we
upper limits on gaseous CO on Pluto and Triton. We then discudsaracterized using spectra of nearby asteroids. Again, we n
the implications of these upper limits for models of surfacehat the absorption features due to minerals on the asteroi
atmosphere interaction. surfaces are much broader than the rotation—vibration lines

interest for this project. Telluric lines were corrected using 2—

observations per night of A type stars BS 6033 (for Pluto) an
2. OBSERVATIONS AND REDUCTION BS 7614 (for Triton), which were within°sof the targets, ob-

served near in time to our targets and at a range of airmasses

We observed Pluto during the nights of 1996 April 21-24, arehcompassed the airmasses of our target observations. Char
Triton during the night of 1996 July 28 with the CSHELL echelleontribution to the Pluto—Charon spectrum was removed und
spectrograph (Greemt al. 1993) at NASA's Infrared Telescopethe assumption that Charon should have no detectable gase
Facility (IRTF). Our total on-target integration time was 10 h o€O features (Elliot and Young 1991).

Pluto ard 4 h on Titon. The dates of observation were specif- The final, normalized spectra for each target are shown
ically chosen to Doppler shift CO lines in the atmospheres &ig. 1. The signal-to-noise ratio (SNR) is 4.5 for Pluto and 6.
Pluto or Triton away from telluric CO lines. We restricted ourfor Triton for each spectral point (0.022 nm, or 0.041¢nFor
selves to observing Pluto and Triton at airmasses less than &&aussian instrumental line-spread function with 0.19%cm
to further minimize the chance of introducing errors during thEWHM, these correspond to@-upper limits in the equivalent
correction for telluric absorption. width for a single line of 0.070 cnt for Pluto and 0.048 cmt

We used CSHELL's 1.0 arcsec slit with a nominal spectrébr Triton. Because we have three lines in our spectral range, \
range of 2336.36 to 2342.06 nm, chosen to include the R(B)pk for abundances of gaseous CO that yield average widt
R(3), and R(4) lines of the 2-0 transition of CO. We determinddr the R(2), R(3), and R(4) lines of 0.040 and 0.028 ¢rfor
the wavelength calibration for each night, using five lines frofluto and Triton, respectively.
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FIG. 1. High-resolution spectra of Pluto and Triton. For clarity, the spectra are plotted binned by 4 pixels (roughly one plotted point per resolutipn ele
No CO absorption is detected in the spectra. Solid lines show the drops expected for lines of CO with widths equal to our dénnis &+ individual lines
(0.070 cnt? for Pluto and 0.048 cmt for Triton).

3. ANALYSIS CO column densityNco) and equivalent width depends on the
o ) ) . temperature and pressure of the atmosphere. Furthermore,
Our upper limits apply to the disk-averaged equivalent widthyg|e fraction for a given column density of CO depends of
W, of the R(2), R(3), and R(4) lines. To turn these into UPP§fe total column density for the atmosphere as a whbl (
limits on CO abundance, we need to consider (i) the pressyfg ciculate the upper limits on CO mole fractions for five se
and temperature profiles in the atmospheres of Pluto and TritQQ a4 atmospheric models, plotted in Fig. 2. The surface pre
(i) the limb darkening of their surfaces, (iii) the opacity of CQy,re average temperature, and total column density for each
as a function of pressure, temperature, and wavelength, (V) S¢ak five model atmospheres are summarized in Table I.
tering in the atmospheres, and (v) the integral of opacity over theg pjuto, the atmospheric structure between the surface a
line of sight through the atmosphere to find the absorption, agd44ius of 1215 km is highly uncertain. Based on measur:
the integral of abso_rption over wavelength and emission anglgants of the N frost temperature (Trykat al. 1994) and the
These are covered in turn below. 1988 stellar occultation by Pluto (Elliot and Young 1992), the
surface pressure is probably in the range 3-14far, and
the atmospheric temperature probably varies from 35-40
The upper limits on the mole fractions implied by our obse(near the surface) to 100—120 K (nearlar). Within this range,
vations are model dependent because the relationship betwaenconsider three specific models as typical of the possib

3.1. Atmospheric Pressure and Temperature Profiles

TABLE I
Upper Limits of Gaseous CO for Selected Pluto and Triton Model Atmospheres
Model Reference Par (ubar)  Tag(K) N (m?)  Neo(cm2)  Xco
Pluto
PL1 (isothermal) Elliot and Young 1992 58 102 8k 102 35x 107t  23%
PL2 (inversion) Elliot and Young 1992 2.8 99  21x 107 6.6x 102 —
PL3 (tropopause) Stansberyal. 1994 58 39 Ax10%2% 12x1070 6%
Triton
TR1 (1989 Voyager) Yellet al. 1995 14 38 Bx 1Pt 27x1071  71%

TR2 (1997 occultation)  Ellioet al. 2000 17 52 BHx 10 29x102 59%
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FIG. 2. Model atmospheres. Plots of temperature (left) and pressure (right) for five representative model atmospheres for Pluto (thin) and Triton (th

atmospheres. Models PL1 and PL2 are based on the isotltarkening of Pluto from the Pluto/Charon mutual events, usin
mal (e.g., hazy) and temperature inversion (e.g., clear) modalMinnaert limb-darkening expression,

from Elliot and Young (1992), while model PL3 resembles the

“deep troposphere” model of Stansbegtyl. (1994). The choice Reiuo(it) o< n271, (1)

of these models implicitly assumes that Pluto’s atmosphere has
changed little between 1988 and 1996. where u = cos@), andé is the emission angle. For the sub-

The atmosphere of Triton was measured by Voyager 2 in 1989aron face of Pluto, they fourld= 0.49+ 0.02 To be con-
(Broadfootet al. 1989, Tyleret al. 1989), and by stellar occulta- Servative, however, we take= 0.6, for slight limb darkening.
tions in the 1990's (Ellioet al. 2000). The occultations indicate  For Triton, we take the formulation and parameters fror
both an increase in pressure since the Voyager encounter &t@nsberryet al (1992), who characterized the reflectance
a change in the thermal profile (Elliet al. 2000). Again, we function as a simplified version of Hapke’s equation. For ou
consider specific models for the pressures and temperature¥igying geometry (where the incidence and emission angles
Triton's atmosphere. Model TR1 is based on the Voyager obsgftectively equal), the reflectivity from Stansbesyal (1992)
vations (see Yellet al. 1995), while TR2 is based on a highs closely approximated by

quality stellar occultation in November 1997 (Ellittal. 2000).
With all our atmospheric models, we assume that CO has a Rriiton(14) o< 14 3u/2. (2)

constant mixing ratio, independent of location or altitude. Be-
For both Pluto and TritonR is independent of wavenumber

cause CO has the same molecular weightgashé mixing ratio ;
of CO should not vary with altitude due to diffusive separa@ver the small spectral range of our observations. To account

tion. Furthermore, the chemical timescale for CO reactions!@fal variation of albedo, it is sufficient to defirié(.) as the
sufficiently slow that the mixing ratio of CO is expected to b@zimuthal average reflectivity.

constant with altitude (Summees al. 1997). .
3.3. Opacity of CO

. . For each of the three lines in our spectral range, we ca

3.2. Limb Darkening : gy .
culated the absorption coefficient as a function of waveleng
Because an atmospheric absorption line has a smaller diakd altitude, using a Voigt profile (Goody and Yung 1989). W
averaged equivalent width for a limb-darkened body than fase the line strengths from the HITRAN96 database (Rothm:
a body without limb darkening (e.g., Chamberlain and Huntest al. 1987, 1992), which are based on Goorvitch (1994). Re
1987), we parameterized the limb darkening of the surfacesaafnt measurements suggest that the strengths in the HITRAN
Pluto and Triton. Young and Binzel (1994) measured the lindatabase are too large by 3—4% (Chuck Chackarian, perso
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TABLE I tical optical depths 0f-0.15 at 0.7um (Elliot and Young 1992);
Adopted CO Line Strengths and Widths models of the production and sedimentation of the propose
Pluto hazes find a typical particle size o£0.1 um
Line strength  Energy of  Pressure-broadened lingStansherret al. 1989). Triton’s scatterers (and presumably the
Frequency =~ at296K —lowerstate  widthBt=100K ) nqeq pluto scatterers) are probably composed of conden

i 1 1 —1

tne  (enm)  (emimolecule) (o) (cm™fatm) N, or simple hydrocarbons (such as ethane), which have neg
R(2) 4271.1766 D91x 1021 11.54 0.1645 gible imaginary indices of refraction at visible wavelengths o
R(3) 42747407 B51x102*  23.07 0.1589 at 2.34um (Grundyet al. 1993, Quirico and Schmitt 1997).
R(4) 42782343 B94x10°% 3845 0.1548 At near-IR wavelengths, these small particles can be treated

Rayleigh scatterers, for which the scattering cross section fc
lows 1. The effect of conservative scatters on a line shap
can be calculated using the formulation of Hilligtral. (1990,
communication, 2000); since our upper limit is inversely prat991), by replacing their haze optical depth with the total op
portional to line strength, our results can be simply scaled if ndigal depth (haze scattering plus line absorption), and by re
strengths become available. The temperature dependence offlileeing their haze single scattering albedo with the ratio ¢
strength is calculated as given in Rothnedral. (1987). haze optical depth to total optical depth. We find that scatte
For the N broadened half-widths of CO, we use measuréng has a negligible effect on the observed equivalent widths
ments of Bouaniclet al. (1983), made at temperatures relevar.34um.
to the atmospheres of Pluto and Triton (93-190 K). Although
Bouanichet al. (1983) measured linewidths at the CO funda3.5. Integration Over Altitude, Wavelength, and Emission Angl

mental, there is very little dependence of linewidth on vibra- We begin the calculation of the disk-averaged equivaler

tional quantum number (Bouanich and Blanquet 1988). Mo{}ﬁdth by finding the optical depth,, as a function of emis-

recently, Varanasét al. (1987) measured selected lines of CQ.. 1 ; ;
X ; sion angle § = cos and wavelength. The optical depth is
For the R(3) line, the measurements of Bouargtlal. (1983) gle ¢ ) g P P

. : the integral of the extinction coefficient,, along the line of
and Varanaset al. (1987) agree. The widths of Nakazawa ani‘ g Y g

Tanaka (1982) are roughly 5% larger than those of Bouanic ght from the surfacer ) to infinity (Sobolev 1975).
etal (1983) aff = 100K, and 10% larger at = 50 K. There-
fore, the choice of the Bouanickt al (1983) widths is rdr
appropriate for our goal of establishing upper limits on the CO w(n) = / o, (r) 2_(1 N
abundance. Near 100 K, the widths at a given pressure increase Tsurf \ r% = (= 1) sur
with decreasing temperature, proportionaltd 7% (Bouanich
et al. 1983). The line parameters are listed in Table II. From the optical depths, we calculate the equivalent width as
function of emission angle, which we integrate over the observe
3.4. Scattering disks of Pluto and Triton. The disk-averaged equivalent widtt

We considered the effect of both resonant scattering and sci- IS @n integral over wavenumber)(and the cosine of the
tering by haze particles. Although the atmosphere is far frofliSsion angle(, ranging from 1 at disk center to 0 at the
local thermodynamic equilibrium at the altitudes where the lifEnP)- For a non-scattering atmosphere
centers reach unit optical depth, resonant scattering can still be
neglected. This is because we are observing absorption by an :
overtone of the CO fundamental. The CO molecules, once ext¥V = /dv / du uR(w) (1 - e_zr”("))// du uR(u). (4)
cited fromv = 0 to v = 2, strongly prefer to radiate to= 1, 0 0 0
rather thamv = 0. In other words, even if a significant num-
ber of excited CO molecules are deexcited by radiation inste@tle optical depth is multiplied by 2 in Eq. (4) to account for pas
of collisions, they would emit via the 2-1 transition, producingage of light into the atmosphere and reflected from the surfac
photons with wavelengths well outside our spectral range. It is common to solve Eq. 4 with three simplifying assump-

Hazes have been seenin Triton’s atmosphere, with vertical dipns (Chamberlain and Hunten 1987), each of which is poor fc
tical depths 0f~0.005 at 0.47tm and~0.022 at 0.15um and a the extended atmospheres of Pluto and Triton. First, for a plat
derived characteristic particle size90.14 um (Krasnopolsky parallel atmosphere, the optical depth is assumed to be invers
et al. 1992, Rages and Pollack 1992, Krasnopolsky 1993). Theoportional to the cosine of the emission angte & 1/u).
optical depth of Triton scatterers for disk-integrated photonsecond, the Curtis—Godson approximation replaces an isoth
etry is dominated by discrete clouds, with optical depths afial atmosphere with constant mixing ratio by a homogenot
~0.036 at 0.56um and radii of~0.25 um (Hillier et al. 1994). slab that has the same column density as the atmosphere, ar
Hazes have also been postulated in Pluto’s atmosphere, with y@essure equal to half the surface pressure. Third, for no linr

oo
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£ whereNqs is the line-of-sight column density. For isothermal at:

i 002 L # 1 mospheres, the Curtis—Godson pressure ranges fpom

g R A Plane-parallel and Curtis-Godson approximations, | (Psurt/2)(1—1/2) at disk center to p = (Psut/~/2)(1+

E o limb darkening 1 9/(16))) at the limb. The overall effect for a 100 K isother-

. - - - - - Exact solution, no limb darkening 1 mal atmosphere on Pluto is to increase the effective pressure
001 - Exact solution, Minnaert parameter = 0.6 1 roughly 10%. The curve of growth with explicit integrals over

the line of sight is shown as a dot-dashed line in Fig. 3.

The third assumption, that the surface is not limb darkene

A S N has a small effect on Pluto’s curve of growth. This is partly
0 5 10 5 20 25 pecause we assume that Pluto is only slightly limb darkene
Gaseous CO Mole Fraction (%) but also because the relaxation of the plane parallel assumpti

FIG.3. Limitations of the plane parallel assumption for Pluto and Tritord€Creases the importance of the columns above the limb.
Curve of growth (disk-averaged equivalent width vs. column density) for the
average of the R(2), R(3), and R(4) lines of the 2-0 transition of CO for
the isothermal model of Pluto’s atmosphere (PL1). The three lines show that the

usual assumptions of a plane parallel atmosphere, together with the Curtis— . . L.
Godson approximation, underestimate the mole fraction by 10%. The derived 3 upper limits to the CO column densities

and CO mole fractions for our five model atmospheres are pr
sented in Table I. The derived limits for CO gaseous mixin
darkening, the reflectivity is independent,of With these sim-  ratios are plotted in Fig. 4, together with previously observe
plifying assumptions, the disk-averaged equivalent width can Bgper limits and the predictions based on the various models f
expressed surface—atmosphere interaction. For the Pluto inversion moc
atmosphere (PL2), and both the Voyager and stellar occultati
models of Triton’s atmosphere (TR1 and TR2), the observatiol
1 - 2E;5[27,(1)] dv, (5) presented here result in non-constraining limits. This is due -
the relatively low pressures for these atmospheres, which hg
two effects on the CO mixing ratios. First of all, a lower pres
where E3 is the exponential integral, ang(1) is the optical sure decreases the pressure-broadened half-widths for the
depth at disk center. The disk-averaged equivalent width undiees, increasing the column of CON§p) needed to produce
these assumptions is plotted as a dashed line in Fig. 3. the required equivalent width (Goody and Yung 1989). Secon
The first of the preceding assumptions, that the atmospheraiwer pressure implies a smaller total column density of th
plane parallel, fails near the limbs of Pluto or Triton, whare atmospherel). Both of these increase the upper limit to the CC
approaches 0. This reaches an extreme at the limb itself, wherele fraction Xco = Nco/N) implied by these observations.
the plane parallel approximation formally giveg0) = co. The For the isothermal and tropopause Pluto models (PL1 and PL.
line-of-sight integral (Eq. 3) yields,(0) = 7,(1)s/7A/2C(), we find upper limits of 23 and 6%, respectively.
wherel = rqi/H is a measure of the boundedness of the at-
mospherer,gis the surface radius, ard is the scale height at 5 DISCUSSION
the surfaceC(1) ~ 1is a small-planet correction factor that de-
pends in detail on the atmosphere’s thermal structure (e.g., EllioDuring the Voyager 2 encounter with Triton in 1989, Triton’s
and Young 1992). Accounting for the exact line-of-sight inteatmosphere was determined to be primarily (Broadfoot
gral has a surprisingly large effect. On Pluto, the plane paralktial. 1989). Our results show that Triton did not change fron
assumption overestimates optically thin absorption by 24%. a nearly pure N atmosphere to a nearly pure CO one betwee
The second assumption, that the effective presquris(alf 1989 and 1996. This is hardly surprising and is consistent wi
that of the surface pressurps(;s), also fails at the limb, and to a the non-detection of ultraviolet emission features in 1993 (Ste
smaller extent, has to be modified for extended atmospheregtatl 1995). Therefore, we consider our Triton results to b
any viewing angle. The effective pressure in the Curtis—-Godspan-constraining upper limits.
approximation is found by weighting the pressure along a line Our derived limit for the inversion model of Pluto’s atmo-
of sight by the density of the absorber (Goody and Yung 198§phere (PL2) is also non-constraining. Even for a pure C

4. RESULTS

W =~
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FIG. 4. Curves of growth. Upper panel: average equivalent width of the R(2), R(3), and R(4) lines of the 2-0 transition of CO as a function of gaseo
mole fraction for the three atmospheric models described in Fig. 2: PL1 (solid), PL2 (dashed), and PL3 (dot-dashed). Our abs@pediit to the equivalent
width is 0.040 cr®; this is plotted as a horizontal dotted line. The corresponding upper limits on the gaseous CO mole fraction for PL1 and PL3 are inc
with left-pointing arrows. Lower panel: same as upper panel, for Triton. Atmospheric models are TR1 (solid) and TR2 (dashed), and our ebsppexdiBt
to the equivalent width is 0.028 crh. Previous upper limits for Triton are also plotted: B89 (Broadfeial. 1989) and S95 (Steret al. 1995). In both panels,
shaded regions denote predicted mole fractions for different theories of surface—atmosphere interaction.

atmosphereXco = 100%), the PL2 model results in an aver- In an ideal solution, the partial pressures of all species a
age equivalent width of only 0.02 crh, less than our 3 upper the products of their solid mole fractions and their pure vapc
limit of 0.04 cnT L. pressures (Raoult’s law). For Pluto, if we assume a surface ter
For the isothermal model of Pluto’s atmosphere (PL1), weerature of 40t 2 K (Trykaet al. 1994) and a solid CO mixing
derive an upper limit to the CO mole fraction B0 < 23%. ratio of 0.1-0.5%, we find the ideal solution model predicts
For the tropopause model (PL3), we find an upper limit of 69gaseous CO mole fraction of 0.01-0.05%. For Triton, if we as
Provided that Pluto’s atmosphere in 1996 had a surface pressume a surface temperature of 38 K (see Yellal. 1995 for a
of at least~58 pbar (corresponding to anNrost temperature review) and a solid CO mixing ratio of 0.05-0.1%, we find the
of 40 K or more), we can conclude from these observations thdéal solution model predicts a gaseous CO mole fraction of onl
CO was a minor constituent in the atmosphere. This suppodt§04—-0.007%. For both bodies, the mixing ratios predicted kb
the conclusion of Oweat al. (1993), based on surface spectrahe ideal solution are not ruled out by our data.
that N, is the dominant constituent of Pluto’s atmosphere. The detailed-balance model is based on atmospheric esce
The upper limit for Pluto’s troposphere model (PL3) is lovover seasonal timescales, and suggests that species in the at
enough to warrant a comparison with predictions based sphere are replenished from a volatile reservoir. Applying th
surface—atmosphere interactions. While the vapor pressure oafton (1990) two-component escape model to CO, which doe
a single frost is well understood (Brown and Ziegler 1980), theot undergo diffusive separation in an Btmosphere, we con-
vapor pressure over multi-component frosts is not (e.g., Traftolude that CO should be present in the atmosphere with a mixir
et al. 1998). We briefly consider the ideal-solution, detailedatio near that of the volatile reservoir. In this model a veneer ¢
balance, and pure-CO models of surface—atmosphere intel@®- and CH-rich frost forms in response to relative sublimation
tion. The first two of these models depend on the observed Cades, choking off B sublimation. However, this putative veneer
abundances on the surfaces of Pluto and Triton. For Pluto, igthin; if it exists, the moderate resolution near-IR spectroscop
ported solid CO mixing ratios range from 0.1 to 0.5% (Oweabservations (Oweat al. 1993, Cruikshanlet al. 1993, Dou¢’
et al. 1993, Dout et al. 1999). For Triton, reported solid COetal 1999, Quiriccet al. 1999) probably measure the underlying
mixing ratios range from 0.05 to 0.1% (Cruikshagtlal. 1993, volatile reservoir rather than the veneer. Therefore, this mod
Quiricoet al. 1999). predicts a gaseous mixing ratio near that of the measured so
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mixing ratio, or 0.1-0.5% for Pluto and 0.05-0.1% for TritonBouanich, J. P., and G. Blanquet 1988. Pressure broadening of C
For both bodies, the mixing ratios predicted by detailed balanceénd OCS spectral linesl. Quant. Spectrosc. Radiat. Trand0, 205-
are not ruled out by our data. 220.

The pure-CO model assumes that areas of pure CO and pl%”:gvn, M: E and W. M’. Calviq 2000. Evjdence for crystalline water and
N, exist on the surface. In this case, the ratio of CO and N ammonia ices on Pluto’s satellite Char&tience287, 107—-109.

Brown, G. N., Jr., and W. T. Ziegler 1980. Vapor pressure and heats of vapc

in the atmosphere should S|mply equal the ratio of their vaporization and sublimation of liquids and solids of interest in cryogenics belov

pressures. If solid CO and,xist in spatially isolated patches  1.atm pressureddv. Cryogenic Enges, 662-670.

(as suggested by Grundy and Buie 2001), then the gaseous &r@berlain, J. W., and D. M. Hunten 198 heory of Planetary Atmospheres:
mole fraction will depend critically on the relative temperatures An Introduction to Their Physics and Chemist8nd ed. Academic Press,
of the CO and N regions. However, if CO and Nrosts exist ~ Orlando, FL.

in an intimate (i.e., salt-and-pepper) mixture, then their physic@luikshank, D. P, T. L. Roush, T. C. Owen, T. R. Geballe, C. de Bergt
proximity causes CO and Nto be at the same temperature. B. Schmitt, R. H. Brown, and M. J. Bartholomew 1993. Ices on the surfac

. . of Triton. Science261, 742—745.
This leads to gaseous CO mole fractions of 7-10% for Pluto , _ . . _
Douté, S., B. Schmitt, E. Quirico, T. C. Owen, D. P. Cruikshank, C. de Bergh

an_d 6-9% for Tmor_]‘ The pr_e\_”OUSIy_ published upper limits on T.R. Geballe, and T. L. Roush 1999. Evidence for methane segregation at
Triton’s atmospheric CO mixing ratio (Broadfoet al. 1989,  syrface of Plutolcarus 142 421-444.
Sternet al. 1995) rule out an intimate mixture of CO an@ N gjjigt, J. L., D. F. Strobel, X. Zhu, J. A. Stansberry, L. H. Wasserman, ani
on the surface of Triton. Similarly, for the tropopause model of 0. G. Franz 2000. The thermal structure of Triton’s middle atmospluznes
Pluto’s atmosphere (PL3), we find that the non-detection of COL43 425-428.
absorption presented here rules out the possibility of an intimétéot, J. L., and L. A. Young 1991. Limits onthe radius and a possible atmosphe
mixture of CO and M on the surface of Pluto. of Charon from its 1980 stellar occultatidearus 89, 244—254.

Although our data and analysis rule out intimate mixture@”m' J. L., and L. A. Young 1992. Analysis of stellar occultation data for

e lanetary atmospheres. I—Model fitting, with application to Plétstron.
of CO:N, on Pluto for the deep-troposphere model, this in nogalrgzeggla_%c;s‘%p eres. I—\iodel 1iting, with application fo Flcistron

way suggests that mtlmate, mIXtu,reS ,Of L are u.n“kely' Goody, R. M. and Y. L. Yung 198%Atmospheric Radiatign2nd ed. Oxford
Because CO:hlforms a solid solution in any proportion (Klee ynjy. press, Oxford.

and Knorr 1991), new frost composed of these molecules Wiborvitch, D. 1994. Infrared CO linelist for thél £+ state Astrophys. J. Supp.
be mixed at the molecular level, regardless of their relative rateser.95, 535-552.

of deposition. Our results suggest CQ:fidmains in solid solu- Greene, T. P., A. T. Tokunaga, D. W. Toomey, and J. B. Carr 1993. CSHELI
tion, despite the different vapor pressures of CO apdiNstark 2 high spectral resolution 1-sm cryogenic echelle spectrograph for the
contrast, dilute Cilin N, becomes saturated a#%, while di- ~ 'RTF-Proc. SPIE1946 313-324.

lute N, in CH, becomes saturated at3% (Prokhvatilov and Grundy, W. M., B. Schmitt, aqd E. Qgirico_1993. The_temperature-depende
Yantsevich 1983). Therefore, for a large range of relative depo_spectra of alpha and beta nitrogen ice with application to Tritwarus 105

o . . = ; 254-258.
sition rates, Cijand N> will condense into an intimate mIXtureGrundy, W. M., and M. W. Buie 2001. Distribution and evolution of i,

of solid solutions of CH saturated in B, and N saturated in  and CO ices on Pluto’s surface: 1995 to 19@8rus submitted.
CHa. Hillier, J., P. Helfenstein, A. Verbiscer, J. Veverka, R. H. Brown, J. Goguen, an
T. V. Johnson 1990. Voyager disk-integrated photometry of Trinience
ACKNOWLEDGMENTS 250, 419-421.
Hillier, J., P. Helfenstein, A. Verbiscer, and J. Veverka 1991. Voyager photomet
LAY and EFY thank Dale Cruikshank for his help at the telescope during of Triton: Haze and surface photometric properti@sGeophys. Re€6,
the Triton run. Jim Elliot provided an electronic form of the Triton atmo- 19,203-19,210.

spheric profile from Elliotet al. 2000. This paper profited from discussions,_”“ien J., and J. Veverka 1994. Photometric properties of Triton hdzesus
with Chuck Chackarian, Will Grundy, and Bernard Schmitt. Larry Trafton and 10g 284-295.
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Klee, H., and K. Knorr 1991. Phase diagram of Ar:CO solid solutionsPhys.
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Krasnopolsky, V. A., B. R. Sandel, and F. Herbert 1992. Properties of haze
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