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The Thermal Structure of Triton’s Middle Atmosphere?
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heat conduction model, where the principal atmospheric heating was solar EL
The atmospheric structure of Triton in the altitude range 25—  ationospheric heights and the heat was conducted down to the surface whel
150 km shows an unexpectedly steep thermal gradient of 0.26 K  Was radiated away (Broadfoetal. 1989). With further data analysis this model

km-1 above 50 km altitude with a nearly isothermal profile below. was refined to include heating by energetic magnetospheric electron precipi
The upper part of the profile can be explained by downward con- tion (Strobekt al.1990, Stevenst al.1992), the addition of a troposphere below

. . ) 10 km (Yelleet al. 1991, Stansb 1.1992), and CO rotational i li
duction of heat deposited by magnetospheric electrons and solar m (Yelleet a ansberrgta ).an roationa’ fine cooling

h heri | kmi | (Stevenset al. 1992, Krasnopolsket al. 1993). These factors are used in the
UV. However, the atmospheric temperature below 50 km is too cold most comprehensive models basedM@yagermeasurements (Krasnopolsky

for identified radiative processes to dispose of the inferred heat flux  4ng cruikshank 1995, Strobel and Summers 1995, Stetheil 1996). More
(0.0012 erg cm~2 s7*) from the upper atmosphere. This implies that recently, Triton’s atmosphere has been probed by stellar occulation observatic
either the atmosphere is not in a steady state and/or an unidentified  (Olkin et al. 1997), and these have revealed an atmospheric expansion since
cooling mechanism is at work in the altitude range 25-50 km. When  Voyagerflyby, due to a temperature increase in the surface ice (Ellimlt 1998).
extrapolated to the surface, the inversion results yield a pressure of In order to test the applicability of the radiative—conductive models to Triton’

19.0+i.g pbar, about 5pbar greater than that observed by Voyager. atmosphere, we have retrieved temperature profiles in the altitude range Z
o 120 km by applying numerical inversion techniques to the stellar occultatio

light curve (see Fig. 1) recorded with Fine Guidance Sensor (FGS) #3 aboard

Hubble Space Telescope in November 1997 (E#ipal. 1998). The inversion

equations used followed standard procedures (e.g., Wasserman and Veve

) ) 1973), except that (i) we avoided the usual approximation that the atmosphe
From theVoyagerNeptune-Triton flyby in 1989, measurements were madg.aje height is much smaller than the planetary radius, and (i) we include

by theVoyagenRIS instrument that suggested a surface temperatureftifl@B horizontal focusing by the planetary limb.

(Conrathet al.1989). The first report of théoyagerRSS results gave an equiv-

alent isothermal temperature of the lower atmosphere &f & and a surface

pressure of 16 3 ubar (Tyleret al. 1989), but later analysis revised these values 1 /0 1

to 424+ 4 K and 14+ 1 ubar (Gurrola 1995)VoyagerUVS data implied that the v(r) = exp[; /e(r) cosh(r'/r) de(r’)] -1 0

upper atmosphere at ionospheric heights was isothermal@® K (Broadfoot

etal.1989). These three data sets were interpreted in terms ofaradiative—therm@ére,,(r) is the refractivity of the atmosphere as a function of radjusis an

integration variable, and is the angle that the starlight is refracted by Triton's

. . tmosphere. We assume that the atmospheric composition does not vary v
1 Based on observations with the NASA/ESA Hubble Space Telescope, dius, so the number densityr) as a function of radius is given by

tained at the Space Telescope Science Institute, which is operated by the Asso-
ciation of Universities for Research in Astronomy, Inc. under NASA Contract Nov(r)
NAS5-26555. nM)=——.
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The equations used are as follows:
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1.0f results from a previous occultation (Elliet al. 1997). Details of that work will
be presented later. For this analysis we use228 km for the closest approach
X distance to maintain numerical consistency with our previous analysis (Ellic
o 0.8 etal.1998), but the error bar is large enough to include the other determinatiol
3 just discussed.
EJ 0.6 We attempted to adjust the parameters of a radiative—conductive model to
n the inversion profiles in Fig. 2, but without success. In this regard itis instructiv
D to illustrate the basic properties of a radiative—thermal heat conduction mod
~N 0.4 . ) o )
=5 as a guide to understanding the implications of the stellar-occultation therm
e profiles. In these modes CO and gkre the radiatively active molecules, and
5 0.2 information on the amounts of these in Triton’s atmosphere has been establist
z by Voyager(as discussed below). In Fig. 2 the most basic model incorporate
0.0 ionospheric heating and chemical recombination heating above 145 km with tl
-400 200 0 500 200 magnitude and profile discussed in Strobel and Summers (1995) and Strol

etal.(1996) with downward heat conduction. This model has approximately th
correct magnitude for the temperature gradient above 50 km, but is much t
warm in comparison with the measured thermal structure above 30 km. If we a
fgi full heating and cooling associated with £d\V-photolysis heating, near-

FIG. 1. Triton occultation of Tr180 as observed with FGS #3. The signaI heati dth LR lina in vibrational bands). then the t t
from all four PMT’s were added together and the astrometric scan signatur: eating, and thermal-IR cooling in vibrational bands), then the temperatu

was removed to produce this occultation light curve, which is plotted relati\'/%elevated even further at all relevant altitudes. If instead, we add CO rotation
to the time of closest approach of the HST to the center of Triton’s occultation
shadow. The photon noise in the data can be barely discerned on the pre-a -
post-occultation levels. The increase in signal near the center is due to the ft 120

Seconds after Closest Approach

cusing of starlight by Triton’s atmosphere near the center of the shadow. Th add CH4 & CO //I {{b S
irregular variations on the lower parts of the light curve are caused by smal 100 ! N L
density fluctuations within the atmosphere, possibly due to turbulence create'é\ Lt
by convection. x 80 .
8 ol Vovager .z |
= .
whereNg is Loschmidt's number andstp is the refractivity of N (the major &5 model . Q\b‘
constituent of the atmosphere; Owaral. 1993) under standard conditions. The < 40 . .660
inversion integral for the pressure as a function of radis), is ‘o
20 add CO

p(r) = M/O costri(r’/r) — /1 —(r/r)2do@’), (3)
6

rrvstp r)

40 50 60 70 80 90
where Mg is the mass of one atomic unjt, is the molecular weight of N
Mj is the mass of Triton, anG is the gravitational constant. The far-limb flux
subtracted from the light curve prior to the inversion calculations was determined
from a prior model fit to the entire light curve (Elliet al. 1998). These fluxes  FIG.2. Triton's thermal profiles compared with radiative—conductive mod-
agreed with those determined from the far-limb images in the astrometric scagis. Altitudes were calculated from radii for a surface radius of 1352 km. Th
Other far-limb subtractions were tested, and the resulting temperature profleger points with error bars are a combined plot of (i) the temperatures (for a
proved to be insensitive to the choice, except for the lowest 5-10 kilometetitudes above-90 km) derived from the light curve model used to establish the
Radius steps used for the inversion ranged from a maximum of 4 km (determimeitial conditions for the inversion calculations and (ii) the temperatures (belov
by time resolution of the 1.0-s averaged data) to a minimum of 1 km at lowet90 km) calculated from the inversions. The immersion profile is the cooler on
altitudes (Fig. 2). Error bars for the temperatures were calculated as describedtiyigher altitudes, but below80 km the profiles are virtually indistinguishable.
Frenchet al. (1978), but modified as appropriate for our small-planet inversiofhe model profiles are as follows: (i) “conduction,” (- - —) the most basic model
equations given above. includes only ionospheric heating and chemical recombination heating abo
The immersion and emersion temperature profiles are shown in Fig. 2. Abdwb km (Strobel and Summers 1995) and downward heat conduction to the si
a stellar flux of 0.5 (corresponding to an altitude~e30 km) the profiles were face; (ii) “add CO” (—, to left) adds to the “conduction” model CO rotational
established by fitting a model to the light curve that allows a thermal gradidirte cooling with a CO mixing ratio of 0.0002; (iii) “add CH4%4s) adds to the
(Elliot and Young 1992). These model fits were then used to determine tl@nduction” model recombination heating below 145 km, UV Gihotolysis
initial conditions for the inversions that established the profiles below 90 km. Theating, near-IR Cliheating, and thermal-IR cooling with a Gldrofile based
effects of photon noise are indicated by the error bars, while imprecise knowledgevoyagerUVS solar egress occultation (Herbert and Sandel 1991); (iv) “adc
of the minimum distance that the HST passed from the center of Triton's shad@M4 and CO” (- — —) has CO mixing ratio of 0.002 and the “add CH4"4CH
introduces a systematic error in the altitude scale of a few kilometers, but pefile divided by a factor of 2; and (v) “no heat to surface” (—, to right) is the
little effect on the temperatures. Although the photon noise has uncorrelasaine as the “add CO” model, but with the constraint that no heat is conducted
errors, the errors in the resulting temperatures are larger than the RMS scdltersurface. Only the “add CO” model has the proper temperature profile abo
of the temperatures because the inversion procedure introduces a correlaBifrkm, but not below. The “add CH4 and CO” can match the nearly isotherms
The analysis of the astrometric scans with FGS #3 after the occultation yiefait of the inversion profiles but fails by a factor of 2 to match the derived tem
a closest approach distance of the HST to the center of Triton's shadowpefrature gradient above 50 km. The line labeled “Voyager model” (- - -) refer
236+ 51 km (without a center of body to center of light correction). The closesb a radiative—conductive model (Stroletlal. 1996) based on théoyagerre-
approach distance determined from the fit to the entire light curve for a circukaults described at the beginning of the paper. The lowest 8 km in this model
figure yielded 224t 4 km (Elliot et al. 1998). Allowing an elliptical figure in a troposphere (Yellet al. 1991), inferred primarily from observations of the
the model fit gives 21% 3 km for the closest approach distance. The ellipticitplumes, which sets the lower boundary condition for the radiative—conductiv
of the atmospheric figure from this latter model fit is about 0.02, consistent withlculations.

Temperature (K)
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line cooling with a CO mixing ratio of 0.0002—which is only slightly higher TABLE I

than the mixing ratio of 0.00015 inferred from analysis of surface-ice spectra Energy Fluxes

(Cruikshanket al. 1993)—then the calculated temperature profile is in agree-

ment with the data above 50 km, but is too cold and not isothermal below 50 km. Global average
If we use the same amount of CO, but allow no heat flow to the surface (i.e., all Quantity (erg cm2s1)
heat conducted into the middle atmosphere from above must be radiated away)

then the temperature required in the middle atmosphere is considerably higgghtospheric heat flux (down) 0.0012
than the observed values (Fig. 2). Combining both CO rotational line cooligghnvective heat flux (up) 30

with CO mixing ratio of 0.002 and full Clrheating and cooling with théoyager  Convective heat flux (dowR) 3.0
UVS solar occultation egress Ghprofile (Herbert and Sandel 1991) divided nsolation absorbed by frdst 81

by a factor of 2, we obtain a nearly isothermal atmosphebé& K from 25t0 | gtent heat of sublimatidh 0.7

50 km, but above 50 km a temperature gradient that is too small by a factor oRdiogenic heat flux from interi®r 50+ 1.6

The latter effect results from the downward ionospheric heat flux being radiated

away above 120 km by CO rotational line cooling. High CO mixing ratios pro- agyer the dark areas with mean temperature of 57 K, which compose abc
duce isothermal conditions with GHiensities controlling the absolute value ofgoy, of the surface. If convection is not operating, the dark areas could be as c
temperature, whereas low CO mixing ratios permit temperature gradients abgyesg k.

50 km consistent with HST occultation data. We have considered and rejectedgyer the frost at 38 K, which composes about 91% of the surface.
additional radiatively active constituents such as HCN. Whereas its rotationatThis is the part of the 1500 erg criis~? arriving from the Sun at the distance

line cooling would be extremely efficient, its vapor pressure at 50 K should B¢ Triton that is calculated to be absorbed by the frost in order to balance ¢
negligibly small. Thus we conclude that the class of radiative-thermal condy&svective and radiogenic heat fluxes.

tion models considered cannot explain the temperature profiles presented herethe average amount of heat required to sublimate enough frost to incre
An alternative explanation for the temperature profile below 50 km is that vgfe syrface pressure from 14 to ABar over 8.3 years.
tical mixing is driving the temperature gradient toward the adiabatic or saturatecg own et al. (1991).
lapse rate (0.76 and 0.17 K krhfor Ny, respectively), and that the region be-
low 50 km is convective—a deep troposphere. Using a convective heating model
(Stansbernet al. 1992, 1994), we find that tropospheric temperatures of 50 Eemperature of the lower atmosphere musti® K (much higher than the ob-
can be achieved if there are now considerably more unfrosted regions in Tritosesved temperature 6f50 K) and the temperature gradient above 50 km woulc
southern hemisphere than in 1989. To determine this, we examined a suitdeimuch too small. If we additionally require radiative cooling to account fol
models in which th&oyagerderived albedo (Stansberyal.1992) of a portion even a small part of the upward convected heat flux, even higher temperatu
of Triton’s surface was artificially darkened to represent the removal of a se@euld result. Thus the two radiatively active molecules 4G@lHd CO, explicitly
sonal frost layer. We then computed the heating and cooling of the atmospherduded in our model appear to be insufficient to allow for a steady circulatio
by the surface, using the position of the Sun appropriate for 1997 (Stansbetriven by a combination of radiative cooling and convective heating. We ha\
1998). Models in which a latitude band in the southern hemisphere was darkenetlidentified any other likely constituents that would be abundant enough
were found to effectively heat the atmosphere. For example, a model in whigtovide the necessary cooling, hor have we investigated the effects of a nonu
the albedo was lowered to 0.2 in the latitude bantl4®0’S gave an average form distribution of CO—although if CO were concentrated below 50 km, the
atmospheric temperature at the top of the planetary boundary layer in exogsalitative effects on the radiative—conductive temperature profiles would be
of 50 K. Parameters describing the energy fluxes in that convection model #re right direction. In the absence of a mechanism for producing a near-surfe
givenin Table I, which reflect the assumption of no net atmospheric heating. T¢@ncentration of CO any such models would be entirely ad hoc.
convective heat fluxes through the planetary boundary layer, which is less thaonceptually, one could envisage during the summer months on Triton tl
2 km thick, are roughly 10 times larger than in 1989 (Stansbetgl. 1992; Sun sublimating the ice off the surface, lowering the surface albedo, raisir
see Table 1). The stratospheric heat flux is about 20~ of the downward the surface temperature, and initiating vigorous convection that increases 1
convective heat flux and has no effect on the tropospheric thermal structurethickness of the troposphere. In the absence of any probable candidates for
In order to achieve the 50-K temperature in the region 25-50 km requirdthtional cooling, eventually the tropopause heating shuts off convection ar
by the observations, one could make a small adjustment of parameters ofttietroposphere increases in temperature until the atmosphere can radiate a
convection model (Table I) to achieve a small downward heat flow to the surfatiee ionospheric heat flux. In the fall, the surface temperature decreases and
Turbulent motions (eddies) above the boundary layer and below the tropopatispopause descends toward the surface. However, the time required for
in Triton’s atmosphere would transport heat downward as a direct consequedonward conductive heat flux (0.0012 erg¢hs 1) to heat the lower atmo-
of the isothermal (or any subadiabatic) temperature gradient. Indeed, the madlere from the observed value of 50 K to 63 K is nearly 800 years—muc
requires the existence of such “free atmosphere” eddies to transport bothltr@er than other time constants for seasonal changes (Hansen and Paige 1
small stratospheric heat flux and the much larger upward convected heat fipencer and Moore 1992). So we could be observing an intermediate state
back down to the surface in cold areas in order to conserve energy. However, subfth the temperature gradient is slowly changing from the dry adiabat (caus
a closed circulation, with the heat sink located at the same pressure as the hgat spring convective surge) through isothermal, toward a conductive profi
source, would violate Sandstr’s theorem (Defant 1961), which (applying thethat will never be established.
second law of thermodynamics) states that a closed steady-state circulation cafaving determined the temperature profile in Triton’s middle atmosphere, w
be maintained in an atmosphere only if the heat source is at a higher pressure ttzse refined (Table I1) our previous value for Triton’s surface pressure in 199
the heat sink—otherwise viscous forces will eventually damp-out the circulatid@ur first analysis of these data (Elliettal. 1998) established the surface pressure
One way to satisfy Sandsim’s theorem would be to radiate away (withinbased on (i) the fit of a power law thermal-gradient model to the data to dete
the troposphere) both the heat conducted downward from the ionosphere anige the pressure at a radius of 1400 km (48 km altitude), and (ii) extrapolatic
the heat convected up from the surface. We investigated the effectiveness of@@is pressure to the surface using both a radiative—conductive model (Strol
and CH, (at the mixing ratios given earlier) for accomplishing this radiativeet al. 1996) and a simple isothermal assumption. Our pressure at 1400 km rad
cooling by computing a radiative—conductive model of the atmosphere undersed on the inversion is more accurate, but slightly lower than that from o
the assumption that the entire heat flux from the stratosphere had to be radigtetal model fit (Elliotet al. 1998). We extrapolate the pressure at 1400 km
away above the surface (the “no surface heat flow” model of Fig. 2). In contraEable I1) to the surface using the scale height at the lowest altitude probed |
the other radiative models in Fig. 2 each assumed that the stratospheric heattflexinversion. Since the temperature must decrease to 38.0 K over the frost
was removed at the tropopause by the convective mechanisms just discusseahe (but presently unknown) fashion, this method may slightly underestima
Figure 2 shows that in order to radiate away just the stratospheric heat flux, the surface pressure. The main contribution to the errors in the surface press
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TABLE Il Elliot, J. L., and L. A. Young 1992. Analysis of stellar occultation data
Triton’s Atmospheric Structure for planetary atmospheres. |. Model fitting, with application to Pluto.
Astron. J103 991-1015.
Quantity Immersion Emersion Average Elliot, J. L., H. B. Hammel, L. H. Wasserman, O. G. Franz, S. W. McDonald,
M. J. Person, C. B. Olkin, E. W. Dunham, J. R. Spencer, J. A. Stansberr
Geometry M. W. Buie, J. M. Pasachoff, B. A. Babcock, and T. H. McConnochie 1998
Sub-solar latitude?( —49.6 Global warming on TritonNature393, 765-767.
Sub-Earth latitude’) —494  Elliot, J. L., J. A. Stansberry, C. B. Olkin, M. A. Agner, and M. E. Davies 1997.
Sub-occultation longitude) 10 206 Triton's distorted atmospher8cience278 436-439.
Sub-occultation latitude’ =5 -8 French, R. G., J. L. Elliot, and P. J. Gierasch 1978. Analysis of stellar occulatic
Pressures data. Effects of photon noise and initial conditioltarus 33, 186—-202.
Pressure at 1400 kmp.bar) 19793 1703 1831 Gurrola, E. M. 1995Interpretation of Radar Data from the Icy Galilean Satel-
Surface pressurewpar) 20_7_%3 17,3_%:2 19,0ji:§ lites and Triton Ph.D. Thesis, Stanford University,
Temperatures Hansen, C. J., and D. A. Paige 1992. A thermal model for the seasonal nitrog
Gradient (K km~1) 0.28 0.23 0.26 cycle on Triton.carus 99, 273-288.
At 50 km (K) 51.5 51.6 51.6  Herbert, F., and B. R. Sandel 1991. £&hd haze in Triton’s lower atmosphere.
Surface frost (K) 381032 J. Geophys. Re§6, 19,241-19,252.
Surface dark area (K) 50-57 Krasnopolsky, V. A., and D. P. Cruikshank 1995. Photochemistry of Triton’s

atmosphere and ionosphede Geophys. Re400, 21,271-21,286.

& Determined from the difference in inversion temperature at 50 and 90 krgrasnopolsky, V. A., B. R. Sandel, F. Herbert, and R. J. Vervack 1993. Tempe

ature, N, and N density profiles of Triton’s atmosphere: Observations an
model.J. Geophys. Re88, 3065—-3078.

arise from the uncertainty in the closest approach distance as discussed akggn, C. B., J. L. Elliot, H. B. Hammel, A. R. Cooray, S. W. McDonald,

Although one must extrapolate to calculate the surface pressure, the fact that A, Foust, A. S. Bosh, M. W. Buie, R. L. Millis, L. H. Wasserman,

the surface pressure has been increasing is firmly established through compat: . Dunham, J. McDonald, L. A. Young, R. Howell, W. B. Hubbard,

ison of the half-light radii for two stellar occultations (Olkét al. 1997, Elliot R. Hill, R. L. Marcialis, J. S. McDonald, D. M. Rank, J. C. Holbrook, and

et al. 1998). A third stellar occulation, observed in July 1997, confirms this H_ Reitsema 1997. The structure of Triton's atmosphere: Results from tt

result (Sicardyet al. 1998). For a uniform surface-pressure increase pbar entire ground-based occultation data sesrus 129, 178-201.

over the 8.3 years between thleyagermeasurement and the occultation, th wen, T. C., T. L. Roush, D. P. Cruikshank, J. L. Elliot, L. A. Young, C. de

average latent heat required is about 0.23 of the downward convective heat fl uéergh, B. Schmitt, T. R. Geballe, R. H. Brown, and M. J. Bartholomew 1993

(Table 1). Consequently this latent heat has a S|gn|f|carjt role |n'the epergy X5 rface ices and the atmospheric composition of PRt@nce61, 745-748.
change between the atmosphere and surface. The predicted radiogenic heat from

the interior (Brownret al. 1991) would also be significant (Table I). Sicardy, B., O. Mousis, W. Beisker, E. Hummel, W. B. Hubbard, R. Hill, H. J.
Reitsema, P. Anderson, L. Ball, B. Downs, S. Hutcheon, M. Moy, G. Nielsen
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