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ABSTRACT

Aims. Triton possesses a thin atmosphere, primarily composeiirofan, sustained by the sub-
limation of surface ices

Methods. The goal is to determine the composition of Triton’s atmasphand to constrain the
nature of surface-atmosphere interactions.

Results. We perform high-resolution spectroscopic observatiorthién2.32-2.37:m range, us-
ing CRIRES at the VLT.

Conclusions. From this first spectroscopic detection of Triton’s atmasghin the infrared, we
report (i) the first observation of gaseous methane sincksit®very in the ultraviolet by Voyager
in 1989 and (ii) the first ever detection of gaseous CO in thellga. The CO atmospheric abun-
dance is remarkably similar to its surface abundance, apéeaap to be controlled by a thin, CO-
enriched, surface veneer resulting from seasonal tranapdior atmospheric escape. The £H
partial pressure is several times larger than inferred fvoyrager. This confirms that Triton’s at-
mosphere is seasonally variable and is best interpreteldeoywarming of CH-rich icy grains as
Triton passed southern summer solstice in 2000. The presg#r@0 in Triton’s atmosphere also
affects its temperature, photochemistry and ionospheric ositipn. An improved upper limit

on CO in Pluto’s atmosphere is also reported.
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1. Introduction

Like Pluto, Neptune's satellite and probably former KuiBsit object Triton possesses a tenuous,
predominantly nitrogen atmosphere, in equilibrium withfaoe ices mostly composed ofdnd

a variety of other species. The most volatile of these spe€ikl and CO, must be presentin trace
amounts in the atmosphere as well. However, depending opréese mechanisms of surface-
atmosphere interactions, the expected atmospheric aboesl@ary by orders of magnitude, and
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except for the detection of CHn the UV by Voyager in 1989, observations have been severely
lacking. Progress in IR-detector technology makes the testady of thin and distant atmospheres
now possible. Following our observations of methane indXwtmosphere (Lellouch et al. 2009),

we here report on the first spectroscopic detection of Tetatmosphere in the infrared.

2. VLT/CRIRES observations and CH4 and CO measurements

Spectroscopic observations of Triton were obtained on 4uB009, using the CRIRES infrared
echelle spectrograph (Kaufl et al. 2004) installed on ESO Yuropean Southern Observatory
Very Large Telescope) UT1 (Antu) 8.2 m telescope. We foalissethe regions of the (2-0) band
of carbon monoxide and of thg+v4 band of methane, covering the 2318-2330, 2334-2345, 2349-
2359 and 2363-2373 nm ranges. We used the instrument inieglaptics mode and with a slit of
0.4”, providing a mean spectral resolution of 60,000, argplaed spectra during 4 hours. A large
Doppler shift (-23 knyfs) ensured proper separation of the target lines from theiteabsorptions.

The resulting spectrum shows the detection of many linestdueethane in Triton’s atmo-
sphere, particularly at 2320-2330 nm (Fig. 1). This is thst fabservation of gaseous methane
since its discovery by Voyager (Herbert and Sandel 1991)oAsur study of Pluto’s Chl, we
constructed a direct line-by-line atmospheric model ofoftj integrated over angles and including
solar lines reflectedfdTriton’s surface as well as the telluric transmission (setits in Lellouch
et al. 2009). The spectrum was first modelled by assuminggdestemperature layer, with Triton’s
atmospheric methane mean temperature (T) and column yéa}¥ias free parameters. We in-
ferred T=50j§g K and a= 0.08:0.03 cm-am (Fig. 2 on-line). The same analysis for Pluto had
given T=90"% K and a= 0.75'335 cm-am. This confirms that Pluto’s atmosphere is warmer than
Triton’s, as a result of its higher methane abundance.

The error bars on the inferred mean methane temperaturaiehetisat it is not possible to
constrain the methane vertical distribution. Instead, seziithe Voyager-determined thermal struc-
ture (temperature vs altitude, Krasnopolsky et al., 19898)raethane vertical profile (Herbert and
Sandel 1991, ingress UV occultation profile). The lattemaha decrease of the GHnixing ra-
tio with altitude with a scale height 6f20 km, due to photolysis. We obtained the same column
density as above, indicating a partial pressure of methb@e83.7 nbar, i.e. a surface density of
(1.9+0.7) x 102 cm3. This appears to be3, times larger than inferred from Voyager in 1989,
adopting the Cilnumber densities of Herbert and Sandel (1991) and Strobebammers (1995)
(4.7x10' cm2, within a factor 1.7, averaging ingress and egress). An éuger enhancement
factor (5'3) is indicated if the Krasnopolsky and Cruikshank (1995heggsis of the Voyager UV
data, giving CH = 3.1+0.8x 10 cm3 at the surface, is used. Results are independent on the sur-
face pressure, as collisional broadening is negligibleyTdiearly demonstrate that the ¢plartial
pressure has increased in the last 20 years.

The 2335-2365 nm part of the Triton spectrum (see excerpigir8) shows the detection of 8
lines due to the CO(2-0) band (R2-R5, P2, P3, P5 and P8),qingvihe first detection of CO in its
atmosphere. An accurate determination of the CO abundangagticularly dfficult, as at infinite
spectral resolution, these features are very narrow, aatiDoppler-shaped lines. Nonetheless,
assuming a vertically uniform CO distribution, and utitigithe whole set of CO lines (see Fig. 4
on-line), we determine a CO column of 0.30 cm-am, i.e. a CQ@iglgressure of 24 nbar, within
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Fig. 1. Black: Triton spectrum at 2320 - 2330 nm observed by CRIRES The spectral resolu-
tion is 60,000. Red and blue curves show synthetic speathyding telluric and solar lines. Red:
methane column density in Triton’s atmospherB.08 cm-am. Triton’s thermal profile, based on
Voyager measurements, is taken from Krasnopolsky (199Baaroyager-like vertical distribution
is used for methane (Herbert and Sandel 1991, entranceg)r@ilie: no methane. The continuum
slope is due to the red wing of the + v4 band due to solid methane. Here, as in Fig. 3, the vertical
unit approximately represents the geometric albedo (boburacted for telluric and solar lines).
Models are shifted vertically by -0.07 for clarity.

a factor of 3. The column density GOH, ratio is nominally~3.75 (surface partial pressure ratio
CO/CH4 ~2.5), with a factor of 4 uncertainty. Deriving the @@ and CH,/N, mixing ratio is
complicated by the fact that the surface pressure in 2008ksawn. Stellar occultation results
(Olkin et al. 1997, Sicardy et al. 1998, Elliot et al. 1998028) indicate that the pressure has been
doubling in~ 10 years from the 14bar value determined by Voyager in 1989 (Gurrola 1995). A
reasonable assumption for 2009 is far, providing C@N, ~ 6x10°4 and CH/N;, ~2.4x10™*

at the surface, within factors of 3 and 1.4 respectively. Tieabundance we determine is many
times less than previous upper limits (Broadfoot et al. 1%8@ing et al. 2001).

3. Discussion

Near-infrared observations indicate that CO and,@re present on Triton’s surface with mixing
ratios of 0.05 % and 0.1 % relative to,Nand at least for ClJ mostly in solid solution in N
(Cruikshank et al. 1993, Quirico et al. 1999, Grundy et all®0In this situation, the expected
partial pressure of each species is the product of its sabig finaction and its pure vapor pressure
(Raoult’s law for an ideal mixture). This scenario leadstta@spheric abundances of CO andCH
that are about 1 and 3 orders of magnitude lower than obserespectively (Fig. 5). Although
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Fig. 3. Black: portions of the Triton spectrum at 2335 - 2340 nm ansill23355 nm. Five CO lines
(R5, R4, R3, P2 and P3) are present in these spectral rangésaril blue curves show synthetic

spectra, including telluric and solar lines, as well asofrs methane. Red: CO column density
in Triton’s atmosphere: 0.30 cm-am. Blue: No CO. The mismatch in the “continuum” leeer
2351-2354 nm is due to the absorption of the (2-0) band of @Jsee e.g. Quirico et al. 1999,
Grundy et al. 2010), not included in models.

Henry’s law may be more applicable than Raoult’s in the cdgbe N,-CH,4 system, this does
not reduce the discrepancy by more than a factor of 2-3. Ttublem has been studied in the
case of Pluto’s atmospheric methane, present at the 0.5 8b(Moung et al. 1997, Lellouch et
al. 2009), i.e. also considerably enriched over its solidtgm equilibrium value. The origin of
such enhancement is thought to ultimately lie in the sedswndution of the N-dominated solid
solution. Preferential sublimation of,Nnitially creates a thin surface layer enriched in the less
volatile species. Further evolution of this layer may ledtes (i) to the formation of chemically
pure grains in vertically or geographically segregatecodép (“pure ice” scenario), or (ii) to the
establishment of a homogeneous “detailed balancing laygtrolling the surface-atmosphere ex-
changes. In the “pure ice” case, the atmospheric mixingsatie in simple proportion of the pure
vapor pressures at the relevant ice temperatures (whichhmdyterent for diferent species) and,
except for the main species which controls the pressuréediractional area covered by each ice.
Focussing on the case of Gldn Pluto, Stansberry et al. (1996) demonstrated that purgl&@H
deposits (whose existence is proved by observations, seg&Bbal. 1999) assume higher tempera-
tures than N due to their reduced sublimation cooling and preferentiahfation in regions of high
insolation. Even if covering only a few percent of Pluto’sfage, such patches can explain the ob-
served atmospheric abundance of methane. Alternativedy detailed balanced” model (Trafton,
1990; Trafton et al. 1998) predicts that surface-atmosplrchanges in presence of atmospheric
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Fig.5. Abundance measurements and equilibrium curves for Tetaalatiles. The black, pink
and light blue curves show the vapor pressure of puse@O and CH ices, calculated from
Fray and Schmitt (2010). For CO and &Hhe thick curves (red and blue, respectively) show
the partial pressures based on Raoult’s law for an ideal soliution with N, with CO and CH
respective abundances of 5 x1@nd 1 x 102 in the ice (Quirico et al. 1999). For CO and Gkhe
thin red and blue show the partial pressures expected irréingefvork of the “detailed balancing
model” (see text). The black square shows the 1989 Voyagesspre measurement (14 nbar),
which corresponds to sublimation equilibrium of Me at 37.25 K. The green symbol represents
the Voyager-measured GHbartial pressure (Herbert and Sandel 1991); it is plotte88atl K,

the surface temperature measured by Voyager and sheeNemperature inferred by Tryka et al.
(1994). The blue star and the red square show thg &ifl CO abundances determined in this
work. They are plotted at a temperature 0£3XK. A 39 K temperature corresponds to a plausible
40 ubar pressure for Triton’s atmosphere in 2009; 40 K, whichesponds to a Nvapor pressure
of 65ubar, is a reasonable upper limit, given the stellar ocdoli@hferences that Triton’s surface
pressure has doubled in the 10 years following the VoyagectepThe CO partial pressure we

measure is consistent with expectations from the detaddshicing model, while Clis lower.

escape and seasonal transport lead to an atmospheric dtorpreflecting that of the accessible
ice reservoir from which it is replenished. When no fractiton (e.g. dfusive) occurs during es-
cape or transport, the atmospheric mixing ratios are idahtib those in the volatile reservoir. This
is accomplished by the thin surface veneer enriched in e Velatile species, throttlingtothe
N> sublimation, and in permanent equilibrium with the atmasptaccording to Raoult’s law.

Our observations provide discriminating keys on these ates. The case for CO is most
straightforward because (i) CO is not subject tfiudiive separation from Nupon escape (ii) as
the ratio of its vapor pressure to that of ¥ largely insensitive to temperature in the relevant range
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Fig.6. Atmospheric mixing ratios and composition of the ice bougdayer (“film”) in the de-
tailed balancing model. (Top): CO2é$ystem. A surface pressure of gbar is assumed (estimate
for 2009). The dark blue line is the @R, mixing ratio expected for pure ices. The green curve
shows the CO mole fraction in the ice surface film, and thekbtarve is the C@N, atmospheric
mixing ratio derived from the composition of the ice film armplying Raoult’s law. The range of
CO/N, atmospheric mixing ratios inferred in this work for this gsare ((2-18) x 1) is indicated

by the blue-colored region. It implies a @ mixing ratio in the surface film of (1.4-12) x 1®
(see text). The surface film is therefore largely dominatetllp, and the total pressure is defined
by N, equilibrium at 39.075 K. (Bottom): CHN, system. Calculations are here performed for
a 14 ubar pressure, appropriate for the Voyager conditions. Thyayer-determined GiN,, at-
mospheric mixing ratio at the surface level ((1.1-3) x*0s indicated by the yellow region. The
colored lines have the same meaning than in the top panblGij replacing CO. The intersection
of the black line with the colored area shows that explaittimgobserved Climixing ratio and the
total pressure requires a 38.3-39.6 K surface temperataevauld imply a very high Chimole
fraction (50-80 %) in the surface film, well beyond the solipiimit of CH 4 in N,. The same
conclusion is reached if the GFamounts measured in 2009 are used. Note that these diagrams
remain similar at other surface pressures, the only chanigeglthe required ice temperature to
sustain the total pressure.

(e.g. CON, = 0.112 at 36 K and 0.166 at 41 K), its atmospheric mixing ratioutd be roughly
seasonally constant. The observed CO abundance is overtl@osaf magnitude lower than the
pure CO vapor pressure (Fig. 5), and one might envisage lleaatmospheric CO results from
the sublimation of pure CO patches coverin@.4 % of the surface. However, we do not regard
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this scenario as likely. Although the pure vs isolated fofnf€® on Triton's surface has not yet
been proven from observations, the miscibility of CO andsolid phase in all proportions and
the similarity of their vapor pressures argue for a co-casdédon of the two species on Triton's
surface. This is further supported by the strikingly simitangitudinal distribution of the Mland
CO ice bands at Triton (Grundy et al. 2010), strongly sudgesif a spatially constant GQ,
ice mixing ratio. In addition, even if pure CO patches ocedron Triton’s surface, they would
probably not be able to elevate the CO atmospheric abunddmicg the mechanism envisaged for
Pluto methane. This is because CO is not buoyantznréktricting the dispersal of CO-rich gas
in the background atmosphere and therefore the sublimedies of the CO patches (Stansberry
et al. 1996). Instead, the detailed balancing model prevalphysically-expected interpretation
to the fact that the atmospheric @@ mixing ratio is consistent with its value in the ice phase
(Fig. 5). Based on this scenario, the-RO composition of the surface boundary layer (“film”) can
be established by simple application of Raoult’s law, pdovwg g-o(film) = gco(atm)xps:(CO)/
psat(N2) (Trafton et al. 1998). Adopting again=p40 ubar, our observeddp(atm)= (2-18) 1074
indicates @o(film)= (1.4—12x1073. Therefore the surface veneer is still dominated byaNd the
presence of CO does not importantly modify thedimospheric pressure, defined by equilibrium
at 39.1 K (Fig. 6). Because it may be as thin as a few molecalart, the surface film may not be
visible in the near-IR spectra.

The case for Cllis more complex. As previously realized (Cruikshank et 803, Yelle et
al. 1995, Strobel and Summers 1995, Strobel et al. 1996)CHeatmospheric mixing ratio at
the surface measured by Voyagerl(8x10) is at least three orders of magnitude larger than
expected for ideal mixture. However, we note that it is alsaléer, by a factor of6, than the ice
CHg4/N2 mixing ratio, and as such does not agree with the detaileahibalg model in its simplest
form. Unlike CO, CH is subject to atmospheric photolysis and mass separatiwhits vapor
pressure is more temperature-dependent. This probablgsihk surfagatmosphere abundance
relationship for CH complex and seasonally variable. In any case, the phaseadiagf N,-CH,
is not obviously consistent with the formation of a £Hich solid solution veneer (Stansberry et
al., 1996). In fact, explaining the range of observed,;@tmospheric abundance would require
a CH, mole fraction in the surface film as high as 50-80 % (Fig. 6)ll Wweyond the solubility
limit of CH,4 in N2 (Prokhvatilov and Yantsevich 1983).The formation of putd,Gce grains,
decoupled from the mixture and not influencing its subliorai{Stansberry et al. 1996, Spencer
et al. 1997), further evolving into a lag deposit, may be aemgausible outcome. Using a Bond
albedo of 0.85 (Triton’s polar cap) and an emissivity of Q,7% reasonable subsolar temperature
for these pure methane patches is 45-48 K. Applying the Btanget al. (1996) Pluto model then
indicates that methane patches covering 0.5-1 % of Tritenface are diicient to maintain a
~2x10~* atmospheric mixing ratio. Although there is no evidencesfarh patches in Triton’s near-
IR spectrum, the methane longitudinal distribution of ¢ is diterent from that of N, and small
areas of Clj-dominated ice, notably near 30ngitude, are not inconsistent with observations
(Grundy et al. 2010). In contrast, the existence of widedjpese methane ice is ruled out; therefore
the emphasized fact that the Voyager-measured methan& paessure was consistent with vapor
pressure equilibrium of pure GHice at 38 K is probably coincidental.

After the Voyager encounter, a variety of seasonglchicle models (see review in Yelle et
al. 1995) were explored to attempt explaining Triton’s aisappearance and the then measured
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surface pressure. These models, which essentidligrdd in the assumed ice and substrate albedos
and thermal inertia, had limited success, leaving unareivdre simple question of where the
ice is on Triton. Yet, they made distinctive predictions aghte short-term evolution of Triton's
atmosphere. High thermal inertia models predicted a pressarease as Triton approached and
passed Southern summer solstice in 2000 (Triton subsdlarda moved from 45.5 S in 1989

to a maximum 50 S in 2000 and 47 S in 2009). This is a consequehicereased insolation
on, and attendant sublimation of, the Southern polar capr(&r and Moore 1992, Forget et al.
2000). In contrast, “dark frost” models (Hansen and Paigg?) @r low thermal inertia models
predicted a pressure decrease freff®80 on, due to the exhaustion of the seasonal southern cap
and re-condensation ofNon the invisible winter pole. The discovery of the pressacFéase in

the 1990's, and the persisting signature gfaxid other ices in Triton reflectance spectrum with no
obvious temporal evolution (Grundy et al. 2010), strongtyue for the fact that the bright deposits
covering most of Triton southern hemisphere are indeedivela stable seasonal deposits. Our
observation that the methane partial pressure has inctégsa factor~4 from 1989 to 2009 is
qualitatively consistent with the reported pressure iaseeand the above interpretation. Since the
CH, vapor pressure varies more sharply with temperature tharwi expect that atmospheric
methane is currently increasing more rapidly than pressurtenulti-volatile seasonal models will

be needed to fully interpret our results. A direct measurgroéTriton’s current pressure is also
highly desirable, and could be obtained through a redetextioin of the N ice temperature from

its 2.15um band (Tryka et al. 1994).

The detection of CO has also implications on Triton’s atnim@sjc thermal structure, photo-
chemistry, and ionosphere. CO is an important cooling atfeough radiation in its rotational
lines (Krasnopolsky et al. 1993, Strobel and Summmers 1B8®t et al. 2000b). It enriches
atmospheric chemistry by introducing additional oxygeacégs (Krasnopolsky and Cruikshank
1995). Most importantly, it profoundly modifies ionospleetbmposition by providing a source of
C atoms and Cions and by suppressing the' Moncentration at the benefit of C@Qnd NO (see
review in Strobel and Summers 1995). Although the error Inathe CO abundance is still large,
all previous considerations on the role of CO have now dieservational support.

During the same observing night, we also searched for COutoBlatmosphere, covering the
region of the (3-0) band near 1.a#. Only an upper limit (1 cm-am) was obtained. For a charac-
teristic surface pressure of Ibar (Lellouch et al. 2009), this indicates @D < 5x1073. While
improved over previous results (Bockelée-Morvan et aD220¥oung et al. 2001), this upper limit
is still relatively unconstraining when compared to the sugad CO ice mole fraction K103,
Douté et al. 1999). Nonetheless, given the similarity @ thvo bodies, the above considerations
on the surface control of atmospheric CO at Triton shouldyafgpPluto as well. In 2015, obser-
vations with the ALICE and Rex instruments on New Horizonl priovide measurements of the
surface pressure and Gldnd CO abundance in Pluto’'s atmosphere. We anticipate Bawvill
be measured at a uniform ratio of 0.001 and that the methaxi@agniatio will show horizontal

variability associated with local time and methane patsiritiution.
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Fig.2. Zoom on several Cillines showing sensitivity of the spectrum to Triton’s methaSome

portions of the spectrum, especially over 2320-2326 nmyealetively independent on tempera-
ture, while high-energy lines at 2353-2359 nm show incrédsmperature sensitivity. The top two
panels show sensitivity to the methane abundance. Bluganekjreen synthetic spectra have 0.03,
0.08, and 0.20 cm-am of methane. Triton’s thermal profilaken from Krasnopolsky (1993) and

a Voyager-like vertical distribution is used for methanee(bkert and Sandel 1991, entrance pro-
file). Based on these models, the best fit methane columntygéssietermined to be 0.68.03

cm-am (i.e+40 %). The bottom two panels show sensitivity to methane &atpre. The previous

best-fit model using Voyager thermal profile is shown in pi@kher models assume an isothermal
atmosphere with temperature of 30 K (dark blue), 50 K (red) 8K (green). These fits indicate

a mean methane temperature o[ﬂ(](.

Figure available on-line.
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Fig.4. The eight detected CO lines from Triton’s atmosphere. X6-axiits are nm and Y-axis units
are arbitrary. Lines are compared with models including.0300.30 and 3 cm-am of CO. The
slow change of absorption depth with change of column dgrsitaused by heavy saturation
of particularly narrow Doppler-shaped lines at50 K. Based on these models, the best fit CO

column density is determined to be 0.30 cm-am with a fact@ wficertainty.
Figure available on-line.
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