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Abstract. The infrared spectrum of Titan around At was et al., 1984). Water ice enters the atmosphere in the form
recorded in the grating mode of the Short Wavelength Spectroigy particles. Vaporization and subsequent photolysis produ
eter (SWS) of ISO, with a resolving power of about 1900. TwWOH, which reacts with various hydrocarbon radicals (principall
emission features appear at 43.9 and 3@ where pure rota- CHs) to produce CO. The CO in turn reacts with OH, produg
tional water lines are expected. Line strengths are about 8 tinmeg CO,. Another possibility is that C@is directly injected into
the 1o statistical noise level. The 4@ vertical profile for wa- the atmosphere (Feuchtgruber et al., 1997). Losses gfliyO
ter suggested by the photochemical model of Lara et al. (1998hotolysis and reaction with the methylene radical occur, but
rescaled by a factor of about O_“.81_3, is compatible with the data. rates insufficient to overcome G@roduction. A steady state
The associated water mole fraction is aboi_]i & 1072 atan for CO; is reached when condensation and attendant precipi
altitude of 400 km (column density of 2t6:9 x 104 mol cr2 tion of CG; ice halts a further buildup. The response time fo
above the surface). The inferred water influx at 700 kmin Titarf@€ System on Titan is- 4 x 10% years. In contrast, CO has &
atmosphere is in the range (0.8-2:8)0° mol cn2s~L. much longer equilibrium time constant (doubling time10°
years), and its steady-state abundance is roughly proportio

Key words: planets and satellites: Titan — infrared: solar systef@ the abundance of GHand almost independent of the,@
influx. Intercomparisons of observed abundances of the varig
oxygen and hydrocarbon species provide crucial tests for the
ideas.
To date water vapor has been found in the stratospheres

1. Introduction all four giant planets. Two major sources of meteoritigCH

Two oxygen compounds were identified in Titan’s atmosphe N likely. One is the interplanetary component (IC) pervadi

over 15 years ago: CO(observed by Voyager 1/IRIS; Samuel_the outer solar system and the other is a local component (

son et al., 1983) and CO (observed from the Earth; Lutz et aﬁrising from sputtering and collisions associated with local ig
1983), Tr'1e derived abundance of C&trongly sugg;ests thesaitellites; and rings. One of the goals for the search for wai

presence of stratospheric water vapor as the required sourc ron Titanisto deFermlne the relatlvg(Bhnfluxes at Satgrn
oxygen, though its detection has proven difficult. and Titan. The hope is to separate the relative contributions

Since the recent discoveries of g@nd HO in the strato- the IC and LC in the Saturn system, which in turn will lead to

spheres of the giant planets (Feuchtgruber etal., 1997; Le"mpc%terlunderstandlng of the role these Sources play in injecti
ter into the atmospheres of the other major planets. Anot

etal., 1997), there has been a renewed interest in oxygen ch&=" . X
) wedt n oxyg | is to better understand the oxygen chemistry occurring

istry in reducing atmospheres. The essentials of the proc o . .
were first outlined in Samuelson et al. (1983; see also Yu an’s atmosphere and to set some constraints on §ad

profiles.
Send offprint requests té&. Coustenis (e-mail: coustenis@obspm.fr)  Synthetic high resolution spectra of Titan demonstrated t

* Based on observations with ISO, an ESA project with instrumernp®tential value of the ISO spectrometers to study the satellite
funded by ESA Member States (especially the Pl countries: Franggmosphere (Coustenis et al. 1993). Titan was observed
Germany, the Netherlands and the United Kingdom) with the partigs O in January and December 1997. The 7x#bspectrum
pation of NASA and ISAS. The SWS instrument (P.I. Th. de GraauWacorded in January 1997 was used to infer the disk-avera

is a joint project of the SRON and the MPE. RES would like to tha mperature and composition of Titan (Coustenis et al. 1998
D. Hamilton for illuminating discussions regarding dust transport in

the Saturn System.
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54 water lines at 227.8 and 254 crh(43.9 and 39.4m
z Z 53 ; respectively), along with the off-source spectra. The
B % 52 ; background plots correspond to 3 times less total
a s : integration time than the on-Titan (1 hr instead of
50 ; 3.2hrs). The & error bars are of the order of 0.2 Jy
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2. Observations present in the SWS Relative Spectral Response file (for a gen-
eral discussion of the SWS calibration and description of the

Titan pbservatlons in th_e spectral region arounqh@ which m?in residual instrumental artifacts, see Salama et al., 1997,
contains water vapor lines, were performed using the Sh%‘rak

Wavelength Spectrometer (SWS) of ISO in the grating mo nd references therein). In the case of the 3.2 hr observation of

) . itan, this results in around 1500 independent data points for the
on Dec?mber 217, 1997, when Titan was at its Greatest East§§r.137um line in a single resolution element at the line center.
Elongation with respect to Saturn.

SWS does not use spatial chopping; hence all spectra will
contain some contributions from zodiacal light and galactic
2.1. Strategy for data acquisition background as well as diffuse light from Saturn. In order to take
. : these unwanted contributions into account we have acquired
For the detection of the weak water lines neay#4f) we have .

|||rr1](?aependent background spectra close to the source. These off-

used an ISO observational mode that corresponds to grating ; o
X . . . source observations are performed at a position on the sky cho-
profile scans optimized for sensitive observations of one or mare

singe nes (de Graauw et a, 1996). Thus, on December 27’ ol H RETTER B A ey JOt e 2 e

1997, a total of 4.2 hours were allocated for the detailed seaft I)1 P P

of water on Titan. Integration times of 3.2hr and 1.0 hr were . .
) - present in and around the SWS slit.

devoted to on-source and off-source observations, respectl\%ly

(Fig. 1). The 3.2 hr spectrum on Titan is composed of 23 up-

down scans on the 39.3n line and 26 up-down scans on the2.2. Reduction of the data

43.89um line. The scans are overlapping, covering about 2r¢1e reduction of the Titan observations was performed within

resolution elements and consist of pairs of scans in oppo%g SWS Interactive Analysis environment. The main process-

dlre&t;?(?;:]nmog(;?r: tﬁnovgfggliggts nggiinstlﬁgts,i:izzs 0in pipeline modules were run from the raw data telemetry
ping y 9 CngRD) on each individual grating scan, with particular atten-

step at a time. For each position, 8 resolut|o_n el_eme_znts are g, given to the detector dark current subtraction steps and to
aged _onto the 12_e|er_nent de_tector array, whichis aligned al hd removal of the spikes by use of the interactive tool. The
the dispersion direction. This r_esults na staggere(_j Coveralcts of the 1SO Solar System tracking and of the detector
of the wavelength range; the line and nearby continuum %F%nsients during each scan were treated by flatfielding (with a

recorded by all 12 detector elements, whereas the outer PaE2ond order polynomial) each detector scan to the same con-

of the continuum are recorded by a grgdually decreasing nu inuum shape. This shape was determined from previous ob-
ber of detector pixels. Thus, the statistical errors grow near the . . ;
servations obtained in January 1997 over a larger wavelength

scanned borders with respect to the center. Any residual unid n—ge (29.5 to 45m) and well approximated by flat lines in the
tified features appearing in the spectra at the 1% level (Fig. all wa\;elength ranges scanned here. Each scan was regrid-
might be attributed to the residuals of the instrumental artifac d to the instrumental resolution (0 141.:hat 254 entl and

such as: (a) glitches and spikes caused by the high energy rgdl -1 o4 597 g eyt respectivelyj. Residual spikes in the

ation, (b) transient response of the detector in the presenc?gg 2 were removed by computing the median of each bin in the

moderately high flux sources, and (c) tracking and pointing jit-. S X
ter on the tail of the beam profile associated with the stray Iigﬁ{t‘d and clipping away data that exceeded the median by more

. . . an ¥. These last two operations were iterated twice.
from Saturn. Additional uncertainty may result from residuals P

it center as for the on-Titan observatioiii,)(no other target is
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The final spectrum was regridded to a resolution equal to The spectrum of this region is sensitive to atmospheric te
five times the instrumental resolution. For each pointin the griderature, collision-induced absorption between 15 and 40k
the median of the fluxes and their statistical standard deviatiand aerosol opacity between 40 and 200 km (Fig. 2). The em
(=oly/n) were computed. The data containing the two watsion observed in the £, lines originates mainly from the
lines at 227.8 and 254 cm (43.9 and 39.4m respectively) 70-150 km range. The rotational water lines, however, are i
are shown in Fig. 1. We subtracted the means of the backgroutichtive of the upper stratosphere of Titan at altitudes of se
spectrum provided by the off-source measurements (also shawal hundred kilometers. These weak, optically thin lines-(
in Fig. 1) from the corresponding on-source Titan data. The8&63 at 43.9um and~ 0.29 at 39.4:m) do not provide con-
means are on the order of 40 Jy for the 39:87line and 52 Jy straints on the vertical profile of 4D, but allow us to test pre-
for the 43.8%um line. This yields continuum fluxes at Titan ofexisting photochemical models. Their broad contribution fung
~56.5Jyat39.4mand~ 59.5 Jy at 43.9m, with correspond- tions peak near the 0.01 mbar level on Titan (around an altitu
ing peak fluxes of 2.2 and 2.5 Jy. of ~400km), extending between 1 and~POmbar (between

From the stray light contributions from Saturn (via the off200 and 700 km; see Fig. 3).
source measurements) and the strengths of the water lines atAccordingly, a theoretical water vapor spectrum was co
Saturn obtained by Feuchtgruber et al. (1997), we can estimpitged for Titan, with spectroscopic parameters from t
the contributions due to Saturn water, even though we do ®EISA'97 data bank (Husson et al. 1997). The nominal al
observe them directly in the off-source spectra. We find thesgtreme temperature profiles used in the calculations are (
contributions to be on the order of 0.6 Jy for the 39:87line rived for the stratosphere (up to about 400 km) from analyses
and 0.5 Jy for the 43.89m line. The remaining peak fluxesther, methane band at 7xm (1304 cnT!), also observed by
associated with the Titan water lines are then about 1.6 dis®D/SWS (Coustenis et al., 1998). These profiles are calcula
2.0 Jy for each line, respectively. for methane abundances of 1.9% in the stratosphere (nomi

A statistical analysis suggests peak intensities above the cand between 0.5 and 3.4% for the extreme values (Lellouch
tinuum of ~ 8¢ for the two water lines. Other features also amal., 1989). They are then extrapolated in the upper atmosph
pear above the formab3evel. These features lie near the endso that they join the recommended model of Yelle et al. (199
of each spectral range and are probably due to increased nasel references therein (the nominal profile is plotted in Fig. 2
a result of the reduced number of detector pixels contributing In our modelling, contributions from {1, (with a mixing
to the signal there. ratio of 1.5x10~?, derived from its other band at 628 crY),

and from estimated water lines from Saturn (simulated with
Gaussian profile and based on values by Feuchtgruber et
3. Modelling and results 1997) were included.

The infrared continuum around 44n on Titan is determined ¢ We fm;j;tlha;a_s%nthbetlc sp;]ectrum using ?colr]§tap|® H]Ole.bl
mainly by collision-induced N5, No-CHj, and CH-CH, raction of 4 x10~'Y above the saturation level is compati

emissions in the upper troposphere, and aerosol emlssmry\qu\t/hehobserlved Sl\lvslll[sdotﬂata tical orofil  the two line
the lower stratosphere. Superimposed on this continuum are € have aiso calculated theoretical profiles ot the two ling

pure rotational lines of KO, as well as spectral signatures o ased on the vertical distribution 0B predicted by the pho-
emission bands of &, and GN, at 220 cnt? and 233 . tochemical model of Lara et al. (1996, their Fig. 12). We fin

Calculations show that only the,8> contribution affects the that the HO profiI(_a of Lara ?t al. (199.6)’ multiplied by-fact(_)rs
inferred strength of the 227.8 crh (43.89um) water line. of 0.35 and 0.45 gives a satisfactory fit to the observations in t
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227.8 and 254 cm! lines respectively (Fig. 4). On this value to the horizontal mixing duration: for a zonal wind of 100 m/s,
uncertainties due to instrumental noise, position of the contimaterial can be transported around Titan in very short periods
uum level in the data, and atmospheric modelling (notably teétime (about 2<10° sec, that is a thousand times faster). This
uncertainty on the thermal profile as mentioned earlier) needréanains true even if the zonal wind decreases with altitude.
be included. Our final water vapor profile is a mean value of For Saturn, Feuchtgruber et al. (1997) find @ fluxes
0.4t53x the Lara et al. profile (Fig. 3). The associated watef 3 x 10° — 5 x 10°molcm2s~!, depending primarily on
vapor mole fraction at 400 km (where the contribution functiorte eddy diffusion profile. Using the most recent estimate of
peak) is then {BZ x 107?. The corresponding +#D column den- Saturn’s eddy diffusion coefficient by Parkinson et al. (1997)
sity is 2.6719 x 104 molcm 2. (Khom = 108 cm?s™1), the H,0 flux into Saturn is then (1.5-5)
%108 molcm~2s~1. Consequently, the Saturn/Titan flux ratio
is then in the range 0.5t0 6.2.
4. Discussion It is not possible at this time to assert with certainty the

With our evidence for water vapor in Titan and the detecticfﬁlative importance of.the local (LC) and interplanetary (IC)
of CO, and H,O in Saturn (de Graauw et al., Feuchtgruber &pmpqnents in supplylng water tq the atmospheres of Saturn
al. 1997), all three major oxygen compounds (CO,C8,0) and T!tan. T_he HO influx we derlve_ from the data appears
appear to be present in both the atmospheres of Titan and &g pe in basic agreement with that inferred _from_the ablgtlon
urn, and intercomparisons of the associated oxygen chemidf¥ del of English et al. (1996) for the leading side of Titan

H 6 —2 o—1 H
become possible. In particular, estimates of the relative rated/gfe9grated value ot- 2 x 10”molcm™=s~7), and is therefore

H,O injection into the two atmospheres follow from abundanc® reasonable accord. with what i_s expected for the IC. Also,
determinations and photochemical modelling. the fact that the flux into Saturn is not much larger than that

The Lara et al. HO profile was calculated by using a Wa_into Titan suggests that the LC is not overly dominant. Indeed,
ter external flux (')f 6.2% 10° molcm2s-! referred to the gravitational energetics greatly favors Saturn as the recipient

tropopause for an eddy diffusion coefficient at the homopau%fewater originating from_the inner icy satellites and rings (see
Knom ~ 107 cm~2s~1. A linear scaling of this model suggestse'g' Connerney and Waite, 1984; Connerney, 1986; Northrop

that the water vapor flux that best fits our data is*%'.gsx and Connerney, 1987 for discussions of the influx into Saturn of
10° mol em-2s-1. The meteoroid ablation model of E_nglish evater eroded from Saturn’s rings). Note however that sputtering

al. (1996) suggests that meteoritic water should be deposifidi2© ice from Phoebe, lapetus, and Hyperion might provide

in Titan’s atmosphere over a broad range of altitudes cente|':§8fe“':'m'al sources for Titan.

around 700 km. Referring the water flux to 700 km then yields Onthe c;]ther halnd,feven.the_ IC |IsfexpecFed to be g:ha}rcer(]j at
an HO influx at Titan~ 1.6 x 10°molcm-2s-1. Due to a Saturn as the result of gravitational focussing. Specifically, the

large intrinsic uncertainty, the actual value lies somewhereﬂ#x'nto_apl,ane}'s e”nr;arrlmce?,wnhbresgectto its value awazyfrom
the range8 x 10° — 2.8 x 10 molcm2s~!, not including any (he gravitational pull ofthe planet, by a factor= 1t(vese/u)”,

uncertainties associated with the eddy diffusion coefficient. Whereves. is the escape velocity from the planet ands the
No significant spatial variations in the,® distribution are '€lative particle-planet velocity. Following Moses (1992), we

expected, inspite the fact that the incoming micrometeorite fIGZOPt foru the heliocentric escape velocity at Saturn’s orbit
is expected to be much larger on the leading than on the trailiflg: 7 KM/S). This leads t¢ = 7.8 for Saturn and = 1.02 for

side of Titan. The reason is that the lifetime gf®lin the atmo- Titan, i.e. a ratio equal to 75 Th_|s value_ls gllghtly outside
sphere is considerably long (on the order of 5 years), compama error bars on the Saturn/Titan influx ratio given before, but
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could be reconciled by a moderate change in the velocity of thederstanding Titan's oxygen chemistry, and that the comp
icy particles. However, the above reasoning ignores possibkted issues involved with dust transport in the Saturn systé
electrical charging of the dust from ion collisions in Saturn'san now be addressed with growing confidence.
magnetosphere. The resulting precipitation of highly charged
ice particles into Saturn’s atmosphere along magnetic Iinesl:%feren ces
force will enhance the kD influx at Saturn relative to that at
Titan. Connerney, J.E.P., 1986, Geophys. Res. Let. 13, 773-776

A partial test of the Lara et al. (1996) photochemical modé&lonnerney, J.E.P., and Waite, J.H., 1984, Nature 312, 136-138
entails comparing the calculated abundances kind CQ Coustenis, A., Encrenaz, Th.éBard, B., et al., 1993, Icarus 102, 240
with those suggested by the observations. Th® fux in the 260 )
Lara et al. model was adjusted in order to fit the,Gnission Coustenis, A., Salama, A., Encrenaz, Th., Lellouch, E., Gautier, D.,

. Graauw, Th., Orton, G., Kessler, M.F., 1998, submitted for publ
observed by Voyager 1/IRIS, for an assumed CO mole fraction Catio:w ubm! pu

of 5 x107°. As mentioned previously, the J profile they o Graauw, T., et al. , 1996, A&A 315, L49—152
propose (their Fig. 12) corresponds to an external flux of Wengjish, M., Lara, L.M., Lorenz, R.D., Ratcliff, P.M., and Rodrigo, R.
ter of 6.2x10% cm~2s™!, referred to the tropopause. However, 1996, Adv. Space Res. 17, 157-160
the CQG, profile calculated simultaneously (and shown also ®euchtgruber, H., Lellouch, E., de Graauw, Th., etal., M., 1997, Nat
their Fig. 12) is a factor of two too high when compared with 389, 159-162
observations. In fact, there appears to be an inconsistency idesson, N., Bonnet, B., Scott, N.A., and Chedin, A., 1991, Summa
tween Figs.11 and 12 of this article. Re-examination of the fromthe Internal note L.M.D. 163. Update 1997
calculations by L. M. Lara (priv. comm.) reveals that Fig. 1tara L.M., Lellouch, E., Lopez-Moreno, J.J., and Rodrigo, R., 199
has a wrong caption and that the ©@yager observations are _J- G€0phys. Res.-Planets 101, 2326123283
indeed matched with an 4@ flux of 3.1 x 106 mol cn2s—L. Lellouch, E., Coustenis, A., Gautier, D., etal., 1989, Icarus 79, 328-3

. . ellouch, E., Feuchtgruber, H., de Graauw, Th., et al., 1997, Proced
The H,0 flux that we find hereabove to give the best matclh ings First Workshop on Analytical Spectroscopy, ESA-SP 414

of our observations (2.510° molcm~2s71) is then in good 131
agreement with the value required for €@lthough there re- | ytz, B.L., de Bergh, C., and Owen T., 1983, Science 220, 1374-13
mains considerable uncertainty on the stratospheric abundagieges, J.1., 1992, Icarus 99, 368—383
of CO (Noll et al., 1996, and references therein), we note thasll, K.S., Geballe, T.R., Knacke, R.F. and Pendleton, Y.L., 199¢
this agreement holds regardless of the adopted value for CO,Icarus 124, 625-632

since, to first order, the CQOabundance is independent of thélorthrop, T.G., and Connerney, J.E.P., 1987, Icarus 70, 124-137
abundance of CO as long as the latter is near equilibrium. Parkinson, C.D., Griffioen, E., McConnell, J.C., Glasdtone, G.

In conclusion, the observations of two independent water Sandel B.R., 1997, B.A.A.S. 29, 2995

lines gives evidence for +#O vapor in the atmosphere of Titan.S&/ama. A., Feuchtgruber, H., Heras, A., etal, 1997, Proceedings F
Workshop on Analytical Spectroscopy, ESA-SP 419, 17

We have !nferred the total #D column density, the assomatecgamuelson, R.E., Maguire, W.C.. Hanel, R.A., 1983, J. Geophys. R
value for its abundance around the/dfar level, and the kD 88, 8709-8715

flux. Although further work will be needed to reconcile alkg)ie, R v, Strobell, D.F., Lellouch, E., and Gautier, D., 1997, ESA-S
observables and to disentangle local and interplanetary sources) 177, 243-256
of water, our observations imply progress is being made towaighg, Y.L., Allen, M., and Pinto, J.P., 1984, Astrophys. J. 55, 46550
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