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Abstract. The infrared spectrum of Uranus has been recordedrbon vertical distributions were derived. Subsequent ana
between 7 and 16,om with the grating mode of the Short-ses yielded an eddy mixing coefficient at the homopause &
Wavelength Spectrometer of 1SO, with a resolving power tiveen 3 18cm?s~! and 10 cm?s—! (Herbert et al., 1987;
1500. The 6-12m spectrum of Uranus has also been record&limmers and Strobel, 1989; Bishop et al., 1990; Atreya et &
at lower resolution (R=90) by the PHOT instrument in sped991), significantly lower than the currently accepted values
troscopic mode. The spectra show no signatures other thanf&cn? s~ for Jupiter (Atreya et al., 1981), 1010° cn? s~!
C,Hs band centered at 13umMm. From the absence of emissiorfor Saturn (Atreya, 1981; Sandel et al., 1982; Parkinson et g
in the region of the CH 7.7 um band, and by fitting the {61,  1997) and 10cm? s~! for Neptune (Bishop et al., 1998).
data on the basis of a photochemical model, the eddy diffusion Infrared spectroscopy offers a powerful tool for sounding t
coefficient is retrieved (in the range 5%0' cn? s~! at the stratospheres of the giant planets, through the study of the e
homopause). This result is consistent with the values previouslgn bands of methane and its photochemical products. Infra
derived from the Voyager UV occultation experiments. spectroscopy with ISO (Infrared Space Observatory), launch
in November 1995, has provided a major improvement in th
Key words: planets and satellites — Uranus — infrared: solaesearch field. In the present paper, the 1ISO thermal spectr
system of Uranus is compared to synthetic spectra using a new set
theoretical vertical distributions of CHand GH,, calculated
for various values of the eddy diffusion coefficient. A new de
termination of this coefficient is thus derived.

1. Introduction

The stratosphere of Uranus is characterized by a very low valliegpservations
of the eddy diffusion coefficient. The mean stratospheric tem-

perature was first retrieved in the pressure range 0.3680 The 7-16.5:m spectrum of Uranus was first recorded in Oc
from ground-based stellar occultation measurements (Dunhtger 1996 with ISO, using the grating mode of the SWS. T
et al., 1980; French et al., 1983; Sicardy et al., 1985HL resolving power is about 1500. Descriptions of the ISO satelli
was detected from UV spectroscopy using IUE (Caldwell @nd the SWS instrument can be found in Kessler et al. (199
al., 1984; Encrenaz et al., 1986), and from low-resolutigind de Graauw etal. (1996) respectively. The 7gtizpectrum
IR ground-based data (Orton et al., 1987). The most pias recorded on October 4,1996, with an aperture of 14x20 a
cise measurements of Uranus stratospheric parameters If@gand an integration time of 45 min. The 12-J}@rbpart was
been obtained from the Voyager ultraviolet solar occultatidg@corded on October 28, 1996, with an aperture of 14x27 arcs
data (Herbert et al., 1987) which provide the opacity of thend an integration time of 53 min. In both cases, the apert
stratosphere as a function of wavelength and altitude betwdgludes the full disk of Uranus (3.5 arcsec diameter).

1 bar and 50Q:bar. Atmospheric thermal profiles and hydro- In the 7-11um range, no spectral signature is exceedi
the noise level (I = 0.1 Jy); in particular, the CHv, band at

Send offprint requests t@h. Encrenaz 7.7umis not detected. Beyond 1dn, the noise level increases
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Fig. la and b Topa: ISO SWS grating (light line) and PHT-S spectraa:ﬂ E ' ]
(histograms) of Uranus in the 7+@n region. The upper error bar cor-3 4 - 3
responds to the &-noise level of the SWS spectrum; for the PHT-S E 3
data, this noise level is 0.01Jy. The data at 7.63—ir69centered e Lo Lo Lo Lo Lo i L

on the Q-branch of the CHv,4 band, correspond to the second SWs ¢~ 712

grating spectrum (see text); the lower error bar is theriise level.

Bottomb: ISO SWS grating spectrum of Uranus in therG v band. Fig. 2a—c Top a: Vertical temperature profile used in our calculations
The 1o noise level is 0.3 Jy. (solid line) compared to the profile of Bishop et al. (1990) (dashed

line). Middle b: vertical distributions of CH for Models 1 to 5 (see
text). Bottomc: vertical G;H- distributions for Models 1 to 5 (see text).
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(1 o = 0.3 Jy); the only detected signal is the band of GH,
at 13.7um. ground-based spectro-photometry (Orton et al., 1987), this is
In order to improve the upper limit on the Ql-emission, the first Unambiguous infrared detection Qﬂ'@ in Uranus.
other ISO data were recorded, both with the SWS grating and
with the spectroscopic mode of the photometer (PHT-S). Tge
region of the CH v4 Q-branch (7.63-7.69m) was scanned by
the SWS on May 13, 1997, with an integration time of 29 miror an object of Uranus’ size, a flux of 1 Jy corresponds to a
In addition, the complete spectrum of Uranus between 6 abldckbody temperature of 72 K at 13.ih,; at 7.7um, a flux of
12um has been recorded by PHT-S on May 7, 1997 with &l Jy corresponds to a temperature of about 100 K. This shows
integration time of 90 min. The PHT-S spectral resolving powénat the GH, and CH, emission bands in the Uranus spectrum
(R =90) is lower than the SWS one, but its sensitivity is highezan provide information upon the stratospheric regions which
A description of the photometer can be found in Lemke et @re warmer than these temperatures. Assuming the composite
(1996). As shown in Fig. 1a, there is no detectable emissiont@mnperature profile based upon Voyager UVS and radio data
the position of the Chl v, Q-branch. The I noise level is (Atreyaetal., 1991), these regions correspond to pressure levels
0.04 Jy in the SWS data and 0.01 Jy in the PHT-S data. lower than 3 mbar in the £, band and 0.3 mbar in the GH
Fig. 1b shows the spectrum of Uranus in thHg v5 emis- band. On the other hand, both ¢Cldnd GH, mixing ratios
sion band between 13 and 14. The spectral resolution isdrop around the homopause level, believed to be at a pressure
0.0094u:m (R =1450). The S/N ratio in the Q-branch is abouh the range 10-100bar, depending upon the value of the eddy
100. Ten years after a first tentative detection by low resolutidiffusion coefficient (Bishop et al., 1990; Atreya et al., 1991).

Modelling and interpretation



Th. Encrenaz et al.: ISO observations of Uranus L4

50\\\\\\\\\\\\\\\\‘\\\\‘\\\\

that, for all reasonable values of the methane mixing ratio
the tropopause, the eddy diffusion coefficient ranges betwee
10% and 16 cm? s~ 1. For these two K-values, the homopaus
altitudes above the 1-bar pressure level are 354 km (P = 0.C
mbar) and 390 km (P = 0.020 mbar) respectively. Our calcul
tions show that the §H, spectrum of Uranus does not strong|
differ for the two T(P) profiles shown in Fig. 2, simply becaus
the temperatures are roughly the same at the level of maxim
CyH, abundance.
Itcan be noted that Models 2 and 5 predict a maximutd £
mixing ratio of 3—4 107 at a pressure level of about 0.1 mba:
This GHg abundance corresponds to a maximum flux of 0.08
A /A N A NN 0.12 Jy in the strongest multiplet of thg band, at 12.1Gm.
e e b R L T The absence of detection of this band is thus not surprisi
13.4 135 13.6 13.7 13.8 13.9 14 . . .
Wavelength (uum) Taking into account our &-error bar of 0.3 Jy, we derive aB3-
Fig. 3. The 1SO spectrum of Uranus in the8, band compared to UPPEr limit of 3 10°® for the maximum GHg mixing ratio (P

synthetic profiles. Both Models 2 (Q = 16, K =5 10 cm?s ') and = 0.1 mbar).
5(Q=3107, K=10"cn? s !) provide a very good fit to the data.
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3.2. The CH v4 emission band

The atmospheric region probed by our study thus covers tRgnthetic models of Uranus in the Ght, band have been cal-
pressure range 3 mbar—iBar. culated and convolved to the spectral resolution of the ISO d
Fig. 2 shows the atmospheric parameters used in our mod@f.comparison (0.0052m in the case of SWS and 0.08#
We adopted the composite, smoothed thermal profile of Atreljathe case of PHT-S). Results are shown in Fig. 4. Taking in
et al. (1991); this profile was preferred to the thermal profiecountthe noise level in the SWS and PHT-S data, only Mog
retrieved by Bishop et al. (1990) from the radio occultation prd-can be ruled out at a @-confidence level. This implies that
file. Indeed, the warm region shown in Bishop et als profil&e€ CH; mixing ratio at the 100ubar level has to be less than
(Fig. 2a), possibly the result of breaking gravity waves (Hins@nlcr(s- In this case, the synthetic spectrum is more sensitive
and Magalhaes, 1991), may be restricted to equatorial latitud&§, temperature profile: calculations show that, if the tempe
and should not be included in global-average models. The ctyre profile of Bishop et al. (1990) is used, the Cémission
and GH, distributions (Fig. 2b and 2c) were derived from a ne®Pectrum is enhanced by a factor of about 4; this is due to t
analysis including photochemistry (Bishop et al., 1998) and ta@mperature increase of Bishop et al.'s profile at the level of
ing into account the solar fluxes at the time of the observatiof@Par (Fig. 2a). In the same way, if the temperature is decreas
Five models are considered, generated with different valueg®fabout 10 Kin the 0.1-1 mbar pressure region, the &ilis-
the CH, mixing ratio at the tropopause (Q) and the eddy difion is decreased by a factor of 2 while theHs emission is
fusion coefficient at the homopause (K)) @ = 104, K = decreased by less than 10%.
10tcm?s™!; (2) Q=104 K=51CFcm?s™!; (3) Q =104,
K=310cm?’s ;4 Q=10% K=10cm’s };(5)Q=3 ;
107°, K = 10* cm? s~1. Models 1 to 4 correspond to methanél' Conclusions
condensation at the tropopause level (P = 100 mbar, T = 528r preferred models of the,E, vertical profile have a mix-
K), while Model 5 assumes methane condensation at a tempeg ratio of 2-4 107 in the pressure range 0.1-0.3 mbar, an
ature level of 49.5 K. Our radiative transfer model, previouskytotal column density of 4-5 1Ocm~2. This result is consis-
used for Jupiter and Saturn atmospheric modelling (Encrenatestt with the early estimate of Encrenaz et al. (1986) based
al., 1996; de Graauw et al., 1997) includes the GEISA specttblE observations. However, it is significantly larger than th
scopic parameters for GHand GH, (Husson et al., 1986); the Voyager UVS determinations, based either on solar occultati
Lorentz linewidths of GH, and CH, are taken from Varanasi equatorial measurements (Herbert et al., 1987; Bishop et ¢
(1992) and Varanasi and Tejwani (1972) respectively. 1990; Atreya et al., 1991) or on the solar reflection spectru
recorded at the pole (Yelle et al., 1989). On the other hand,
ISO results are consistent with the low-resolution ground-bas
observations of Orton et al. (1990).
Fig. 3 shows the ISO-SWS spectrum of Uranus in thelCv5 It can be seen that the comparison of the ISO Uranus d
band, compared to the synthetic spectra generated with the fe¢s with synthetic models all favor a value of the eddy mixin
above-mentioned models at the SWS resolution (0.008% coefficient between 5 £0and 10 cm? s~! at the homopause.
It can be seen that both Models 2 and 5 provide an excell&rbm the Voyager UV solar occultation data, typical equatori
fit to the data. They correspond to akf; mixing ratio close values of 3 180-10' c? s~! were retrieved at the homopause
to 4 1077 at a pressure level of about 10bar. We conclude (Herbert et al., 1987; Summers and Strobel, 1989; Bishop

3.1. The GH, v5 emission band
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