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ABSTRACT

Aims. Thermal infrared imaging and spectroscopy of the July 19920upiter impact site has been used to identify unique featu
of the physical and chemical atmospheric response to tlegpatted collision.

Methods. Images and high-resolution spectra of methane, ethanecatyglene emission (7-13m) from the 2009 impact site were
obtained by the Very Large Telescope (VLT) mid-infrared eagispectrometer instrument, VISIR. An optimal estimatiomiestl
algorithm was used to determine the atmospheric tempesaturd hydrocarbon distribution in the month following tmpact.
Results. Ethane spectra at 12.2/n could not be explained by a rise in temperature alone. Ethas enhanced by 1.7-3.2 times the
background abundance on July 26, implying production asdbelt of shock chemistry in a highy@ ratio environment, favouring
an asteroidal origin for the 2009 impactor. Small enhancesm@ acetylene emission were also observed over the ingitect
However, no excess methane emission was found over the irgragitude, either with broadband 7:8a imaging 21 hours after
the impact, or with center-to-limb scans of strong and weakhane lines between 7.9 and & in the ensuing days, indicating
either extremely rapid cooling in the initial stages, or Bsence of heating in the upper stratosph@re (L0 mbar) due to the near-
horizontal orientation of the impact. Models of 12:8% spectra are consistent with~a3 K rise in the lower stratospherg ¢ 10
mbar), though this solution is highly dependent on the speptoperties of stratospheric debris. The enhanced etbarission was
localised over the impact streak, and was diluted in theiegsueeks by redistribution of heated gases by zonal flow amthmwith
the unperturbed jovian air.

Conclusions. The diferent thermal energy deposition profiles, in addition totigdaly reducing (@O > 1) environment and shallow
impactor angle, suggest that (a) the 2009 plume and shocksfdid not reach the sub-microbar altitudes of the Shoerrlagvy 9
plumes, and (b) models of a cometary impact are not direpijieable to the unique impact circumstances of July 2009.

Key words. Planets and satellites: Jupiter — Planets and satellitemspheres — Planets and satellites: composition — Atnesgph
effects

1. Introduction However Fletcher et al. (20)@emonstrated that the energy
deposition from the 2009 impact was markedlyfelient from
The July 19, 2009 impact of an unidentified object with Jupitehe SL9 observations. Infrared spectroscopy from IRSHELL
(Sanchez-Lavega et al. 2018 expected to have deposited sigin 1994 Bézard 1997 Bézard et al. 1997Griffith et al. 1997
nificant quantities of thermal energy into the jovian stratalemonstrated that compressional heating from the cotigpsi
sphere, driving unique shock-chemistry in the impact negioplume deposited excess energy in the 5-p@@r region, at
Models of the comet Shoemaker Levy 9 impacts in 1994 (SL%e lower boundary of the shock. The upper stratospherit hea
seeHarrington et al. 2004and references therein) predict twdng caused enhanced emission from the strongest liDies in
sources of atmospheric heating: (a) kinetic energy in tledgue the v4 vibrational band near 7.4m, but was absent from the
entry channel from the incoming bolide, being disrupted amdeaker lines probing the lower stratosphere. This enhaanem
vaporised as it fell to its terminal depth; and (b) heatimgnfr produced a strong 7.8om signature in IRTAMIRAC2 imag-
the compression shock wave as the ballistic plume of maiag of the SL9 impacts@rton et al. 199% The temperature pro-
rial re-entered the atmosphef@rawford 1996 Mac Low 1996 files deduced byBézard (199Y indicated that temperature en-
Deming & Harrington 2001l The material in the plume was ahancements could not exceed 20 K at 1 mbar or 10 K at 10
complex mixture of reprocessed material from the impactanbar 24 hours after impact. Conversely, broad-band &h3
the unique chemical products from the shock heating of the jand 17-25um spectra of the 2009 impact from GenjirReCS
vian air and entrained jovian gases from the deeper tromwsph(Fletcher et al. 201)0were inverted to show that no temperature
(Lellouch 1996 Zahnle 199% Excess thermal energy in the upperturbations were detected in the upper stratosphera |bwer
per stratosphere was then radiated away with an approxitrate stratospheric warming of8+2.0 K at 10-30 mbar was observed
day timescaleQ@rton et al. 199bas the atmosphere returned tdive days after the impact.
its unperturbed state.
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In this paper we provide additional evidence foffeiiences jected and absolutely calibrated using the techniquesoleee
in energy deposition between the two impacts as a strong inii Fletcher et al. (2009bTablel focusses solely on the 7.9- and
cation that the physical models of the SL9 bolide, plume ari.3.um observations, but full details of the IRTWIRSI images
shock phases may not be directly applicable to the 2009 impaare described b@rton et al. (201pand the Gemini-XMichelle
Furthermore, we show that enhancements in hydrocarbon abinmages byde Pater et al. (20)0A subset of these observations
dances at the impact site point to a verffelient composition are compared in Figd.and?2.
for the 2009 impactor compared to SL9. In Sectiome present
the results of imaging at 7.9 and 12:3 in the month following o
the 2009 impact. Sectiod compares stratospheric temperaturé-2- Non-Detection in CHs Images

retrievals from CI4 emission in 8.Qum spectra of the impact nlike the residual high-altitude thermal energy follogithe

latitude obtained on July 26, 2009 and August 12, 2009, and L9 impacts, Figl(a) shows that no perturbations of the strato-

magnitude of upper stratospheric perturbations permitjethe oo ic temperatures are evident 21-27 hours after the 2009
data. Sectiond and5 compare models of ethane and acetyler]é:pact_ The cylindrical map of the IRTRIRSI data in Fig.

emission over the impact site near 1grf and 13.3:m, respec- 1(d) indicates that thermal variations smaller than approxi

tively. The implications of the lack of stratospheric temgiare tely 1 K would be overwhelmed by (i) random error on
enhancements and the elevated hydrocarbon abundancés-arg . i dividual IRTRMIRSI images and (i) small-scale strato-

cussed in Sectiof. spheric perturbations related to dynamics and thermal wave
activity. GeminiMichelle high-resolution imaging at 7.4m
2. Thermal Imaging of the 2009 Impact Site (panel (e)) confirms the absence of stratospheric periorsat

) . . 72 hours later. Finally, imaging from VI/VISIR in panel (b)
The first hm'; of dﬁerencle.s fbetv\:jegn th.e 20?9hand 199'4hl and stretched to enhance contrasts in panel (c)) cleanhode
pacts came from thermal inirared imaging of the stratosphek a5 the presence of longitudinal thermal wave activitg
temperature field. Imaging of the SL9 impacts from a therm

! arm band at 50-54 (planetocentric) and wave structures in
array camera, MIRAC2Qrton et al. 1995Friedson et al. 1995 : : ;
demonstrated that 7.85 and 12 fluxes rose substantiallya band poleward of 63, possibly associated with the edge of

during the R impact and plume phases, and left residual SJuplters south polar vortex. The VIVISIR data in Fig. 1(f

; , acquired on July 26 (one week after impact) and August
natures that were detectable for some time afterwards (see g (ane month Iater))/ shos/vs no evidence for gert&rbatioesgov

Conrath 1996and references therein). This analysis of stratg- impact site. In contrast, Hubble Space Telescope irgamgin

spheric temperatures in 2009 uses a successor to MIRA ust 8 Hammel et al. 2010showed the continuing presence
mounted on the same telescope, NASAs Infrared Telescogleg t 20105 gp

Facility (IRTF). These two filters are normally sensitivestrato- th;fg Z%%esr;(,:s?earg |ﬁﬂz;';]egs}tﬁgéhls latitude, extendiagveen
spheric CH and GHg emission in the 0.1-20 mbar and 0.4-403 :
mbar regions, respectiveliletcher et al. 2009blf the circum-

stances of the 2009 impact were the same as SL9 then we wi
expect (a) to see thermal emission from these wavelengthsin
first ~ 48 hours after the 2009 impact; and (b) that this emissi

would diminish over the ensuing days.

Low resolution spectra of the impact site on July 24 in the 8-
ojt?l"d‘m region Eletcher et al. 200showed substantial enhance-
ments in radiance due to the presence of stratospheric ailmamon
&Pd particulate emission, interpreted as broad emissainries

of silicate material in the dark debris field. However, thdiaace
enhancement decreased to zero at the shortest wavele8dihs (
um), consistent with the images presented in EigVe conclude
2.1. Observations that the stratospheric particulates and ammonia (stidgareon

Sanchez-Lavega et al. (20lsed visible observations to showJUIy 26) had no gect on the upper-stratospheric thermal field

; i X ounded by the CHimaging, either by heating or cooling the
that the impact occurred between 07:40 and 14:02 UT on JlQ%rlying stratosphere. The implications of this obsdovagire

19, 2009 on the jovian nightside, creating an impact ‘core’ q: : ;

‘streak’ at a latitude of 53 +0.5°S (planetocentric), and System(?jlscussed In Sectio3

Il longitude of 3045 + 0.5°W. Images at 7.9 and 12,3m

sensitive to the stratospheric temperature field were wétli 2.3. Enhanced Emission in C>Hg Images

on several dates between July 20 and August 16, shown in

Table 1. The first images from the NASA Infrared Telescop&nlike the 7.9um imaging, the impact region is clearly detected

Facility (IRTF) MIRSI instrument (Mid Infrared Spectroneet in 12.3um imaging presented in Fi@. The 12.3am filter is

and ImagerDeutsch et al. 2003on July 20, 2009, were ob- Sensitive to both ethane emission in the lower stratospéuede

tained 21-27 hours after the impact occurred. With a 3-m piP the collision-induced kicontinuum in the upper troposphere

mary mirror, the IRTF provided a fifaction-limited spatial res- (note the presence of fine structure in the MIRSI image on July

olution of approximately 0.65"% 2000 km) at 7.9um, suf- 20 - panel (a) - which is typical of the temperature field per-

ficient to spatially resolve the 4800 2500 km debris field turbed by tropospheric dynamics). Furthermore, struciss®-

(Sanchez-Lavega et al. 2018ubsequentimaging was obtainegiated with the impact streak is clearly visible in highetesion

with the Michelle facility mid-infrared camefspectrometer VLT/VISIR imaging on July 24 and 26, the latter of which is

(De Buizer & Fisher 200on Gemini-North and the Very Large Shown by a white arrow in Fig2(b). This enhanced emission

Telescope (VLT) mid-infrared camespectrometer (VISIR, was impossible to detect above the background noise by Augus

Lagage et al. 2004 featuring 8.1-m and 8.2-m primary mir-16 (panel (f)), although the seeing quality was noticeablyrpr

rors, respectively. These larger telescopes providfichdtion- on the latter date.

limited spatial resolutions as high as 0.25” (720 km) atah® Given the broad spectral range covered by the L2n3fil-

on nights of excellent seeing. ter (approximately im), it is impossible to distinguish between
Images in multiple filters (7-2bm) from all three observato- (a) a rise in upper tropospheric temperature, raising timgirco

ries were reduced, geometrically registered, cylindiyaapro- uum emission; (b) warm stratospheric particulates, whisb a



contribute to the continuum; and (c) enhanced emission from Long-slit VISIR spectra dfier from an optical distortion,
stratospheric ethane lines. However, the morphology of#h8- which is known analytically and was corrected following the
um emission is dferent from images in the 8.8-118n ob- instructions inA. Smette & L. Vanzi (200). The correct pixel
tained on the same dates (e.g., Fig. 2defPater et al. 2030 values were then calculated by interpolation of the souicel p
Instead of the well-separated impact crescent observdweaét values (E. Pantinpers. comms.). The spectral image was ab-
wavelengths, which is believed to be due to emission from sikolutely calibrated by dividing each target spectrum by the
cate material in the dark debriBlétcher et al. 2000 the 12.3- stellar spectrum and multiplying by the Cohen spectral rhode
um emission appears to be localised in the impact streak (@ohen et al. 199%or that star (HD 200914). The stellar spec-
‘core.” The absence of the crescent from the images in Figtrum was extracted by summing the measured flux at each wave-
supports the suggestion that the silicate emission fe§peak- length over all pixels with values above a certain thresheliax
ing at 10.0um) contributes negligible opacity to the 12uf1 losses from the star due to the narrow width of the slit were es
region Fletcher et al. 2000 We can tentatively rule out strato-timated as follows: (i) acquisition imaging of the star wasdn
spheric silicate emission as contributing to the 1@2n3images, elled with a convolution of an Airy function (with a Besselreo
but the degeneracy between temperatures and ethane rem@atson) to represent firaction and a Gaussian to represent see-
problematic. We shall return to this problem with high resol ing; (ii) the ratio of the flux lost to the flux retained in therraw
tion VLT/VISIR spectra in SectioA. slit was used to scale the stellar spectrum. This resultedlin
brated radiance values close to those expected for Jupiter.

3. Non-Detection in 8.0-um Spectroscopy The final step before analysis was the assignment of lati-

In 1994,Bézard et al. (1997used high-spectral resolution ob-tudes, longitudes and emission angles to each positioy dlfen
servations to detect strong Glenhancements near 8 from 32.3” slit. As a maximum chopping amplitude of 25” was used
the SL9 K and L impact sites 23 and 11 hours after impadt, these observations, some of the negative beam obscwred th
respectively. Unfortunately, high resolutioR (= 3200) spec- planet and was omitted from subsequent analysis. Juplitatis

tra of the 7.9-8.Jum region were not obtained until seven daysisible in acquisition images in the broad 1@ filter, was used
after the 2009 impact, some time after the stratosphereléhoto deduce the latitude (88) and emission angle for each pixel,
have cooled. Nevertheless, with the impact debris sti@nein and the rotation of Jupiter between the final acquisitiongena
visible imagesiammel et al. 2019 we conducted a systematicand the time of the spectral observation (TaBlevas used to
search for perturbations to the stratospheric tempemaatrihis calculate longitudes.

latitude.

3.1. VISIR Observations 3.2. Center-to-Limb Curves

Two sets of 7.9-8.1#m spectraR = 3200) were obtained by
VLT /VISIR on July 26 and August 12, 2009, 7 and 24 days aft
the impact, respectively. Details of the observationalsege
for both dates can be found in TatdleA slit 32.3"long and 0.4 ues for each pixel along the length of the slit). For a com-
wide was orientated east-west, perpendicular to Jupteritral o0 homogeneous latitude circle, we would expect it ra
m%’d'gqfltand cer;ten(ejd ??hthe Iaﬂtu?;&hof the Impact. A bro%ﬁfce to depend solely on emission angle (higher angles probe

- (aj\r; ('j ert_(cetrr]] ereda tdekr))ea Od Ieﬂfﬁ'ﬁmlfgflotn_zﬂwas higher, warmer stratospheric altitudes), and estimatethef
used to identify the impact debris and place the slit at it#@®e o0 o imp profiles (solid grey curves) were calculatsing
Each spectrum consisted of three pairs of chop-nodded isna

(six files), which were processed using a combination of tROE I pehrature ﬁ)roflles derived from Cashsw;l ob_se(rj\_/atlloni)_mk))_zl
pipeline (via its front-end interface, GASGANO version B3, (Fletcher et al. 2009aHowever, given the longitudinal variabil-

with spectral extraction and calibration performed viatoos ity observed in Figl, we can see that the measured radiance de-
P P viates substantially from the smooth center-to-limb caryear-
made IDL software.

Wavelength calibration was performed by the ESO pipel ticularly in Figs.3(c) and (d). These contrasts are believed to

. ; . caused by the longitudinal thermal wave activity visilole
(A. Smette & L. Vanzi 200y using df-source telluric spectral : AT :
lines (from one half of the chopping cycle). The half-cycl%he CH, imaging in Fig.1. No attempt has been made o fit the

%rig. 3 shows a subset of six east-west radiance scans at a par-
ticular wavelength in the July 26 dataset (i.e. the radiarate

. ; : rey curves to the measured data, so the close correspadenc
frame was collapsed to form a one-dimensional telluric spe

trum. which was then cross-correlated with a model for the Cassini-derived radiances with the calibrated VISIRulss
P oo = . : dicates a lack of stratospheric temperature variatiomduhe
mospheric emission in this particular mode. This was used+o

sign wavelengths to each pixel in the dispersion directiaor. intervening decade.

each of the six files, a single féérenced image (i.e. the on- ) .

source position of the chopper minus thi-gource position, The expected_lqt;athn of @he 2Q09 impact, as calcul_atgd from
detecting the jovian flux on top of the telluric backgroundjsw the N-band acquisition imaging minutes before (Tab)lds in-
generated, with bad pixels detected in the half-cycle fiaare dlcated by two vertical dotted Imes_ln Fig. Spect_ral obse_r-
removed by interpolation over neighbouring pixels. Theeghr Vations at 11.qum (to be presented in a forthcoming publica-
nodded pairs were then combined (by shifting and addinggusifion). taken 5 minutes after the 8/m spectra as part of the
offsets computed for the on-source frames) to form the nodd@@Me template without moving the slit, showed J\émission
2D spectral image. This procedure was repeated for botothe§t Precisely the expected location. We conclude that nadteri
vian spectra and spectra of a Cohen standard star (HD 2009%}}in the streak and crescent of the 2009 impact, comisin

(Cohen et al. 199%or flux calibration. silicate dust and stratospheric ammonia at warm lowercstrat
spheric temperatures, has negligibléeet on the 7.9-8.1um
1 httpy/www.eso.orgscjdata-processirigoftwarggasganp spectra seven days after the impact.



3.3. Stratospheric Temperature Retrievals Fig.7 also demonstrates the decreasing sensitivity of the 7.9-
. o , . .8.1um spectra with altitude - for example, temperature perturba
An optimal estimation retrieval ~algorithm, ~Nemesigjons of around 10-15 K are permitted in the 10-L@r region
(Irwinetal. 2003, was used to derive the stratospherigithin a 3 confidence limit. A similar decrease in sensitivity
temperature field at the impact latitude for both the July 2835 reported bonrath (199%in their review of thermal mea-
and the August 12 datasets. The reference atmosphere (R{fements after SL9. But although these high-altitude eap
f|Ies_ of temperature and_ moI(_acuIar abundances) and sourgge enhancementgact only the cores of strong GHines, it is
of line data were described in full bifletcher etal. (2000 jmportant to note that no discrete perturbations were skt
Absorption co€iicients ) for each species were used tQnhe jmpactlongitude for any wavelength in the 7.9481irange,

generatek-distributions (ranking the cdiécients in order of poth weak and strong CHines alike (Fig.3). This absence of a
strength within a particular spectral interval) at tRe= 3200 thermal signature will be discussed in Section

spectral resolution of the VISIR spectrometer. The tropesic

temperature structure was fixed to that derived by Cassini

in 2000 fletcher etal. 2009a and the temperature field at4 gnhanced Ethane Emission at 12.3 um

altitudes higher than the 100-mbar level were allowed tg t@r

fit the spectrum. Low-resolution spectroscopy in the 12-18n region from
An example of the spectral fit to longitude 300 from the GeminjT-ReCS (see Fig. 2 dfletcher et al. 200on July 24

July 26 data is given in Figd, and this quality is typical of demonstrated that_ radiances were enhanced over the impact

the 180 positions along the slit used to determine the tempgieak but not the impact crescent. Imaging in Figonfirms

ature cross section. The rate of change of radiance as we &gt only the streak is visible at 12.8n. Crucially, the peak of

the temperature profile (the functional derivative, or viiigg  th€ GHe emission (thes band at 12.22m) was just as enhanced

function) is shown in Fig5. Summing over all wavelengths, theas the surrounding continuum, leadiRtgtcher et al. (2010to

functional derivative peaks at 5.7 mbar, with a FWHM extenddterpretthis as arise in the lower stratospheric tempegatver

ing between 1.3 and 20.5 mbar. However, Figndicates that the impact streak. High-resolution cross-dispersed é&xbpec-

there is also some sensitivity to the 3-1ifar level in the cores troscopy of the impact on July 26 from VIWISIR also demon-

of the strongest CHlines. It is therefore likely that we would Strated excess emission near 12u#5compared to identical ob-

have some sensitivity to upper stratospheric perturbaffsim- Servations on August 13.

ilar to those observed during SL9 Bgzard et al. 1997if any

were present on July 26. 4.1. VISIR Observations
The stratospheric temperature cross sections for the impac

latitude at 54S on July 26 and August 12 are compared in Fig=chelle spectroscopy of the impact site was obtained by
6. The impact longitude was only just visible on August 12 tasYLT/VISIR on July 26 and August 13 2009, 7 and 25 days after
set on the eastern limb. Contrasts from east to west aresbdliethe impact, respectively (Tab®. The echelle spectra require
to be caused by zonal thermal wave activity visible in the;CH shorter slit length (4.17) than the medium resolution $@ec
imaging in Fig.1. However, the 17-day separation between thegéscussed in Sectio8, so no spatial detail could be extracted.
observations prevents characterisation of the waves fraset Four orders of the echelle spectra provided useful obsenst
data. On July 26 the region between 285-305appears to be of the impact latitude, and here we focus on ethane emission i
cooler by~ 1 K at 2-3 mbar than other longitudes. However, foithe 12.236-12.262m range. The data reduction process was
mal retrieval errors on the absolute temperatures are aortieg  identical to that described in Sectiéhl, with the following
of 3 K at this altitude, so this slight cooling trend is notrsfg ~ exceptions - no optical distortion corrections were nemgss
cant. This is reinforced by the absence of notable pertimbgt and no geometrical registration was performed in longitude
in the center-to-limb curves in Fi§. space. Instead, we used acquisition imaging to check tleat th
However, GeminiT-ReCS observations suggested a lowlit, aligned east-west parallel to the equator, was plaated
stratospheric temperature rise 053 2.0 K in the 10-30 mbar the correct latitude (58°S) and covered the impact longitude
region on July 24Fletcher et al. 2010 To test the sensitivity of (3045°W) on both dates (see Fig). Radiometric errors were
the VISIR spectra to such a temperature enhancement, ang$mated from the standard deviation of the radiance at eac
high-altitude temperature perturbations such as thoserobg Wavelength along the 4.1” slit length.
in the aftermath of SL9Rézard 199Y, we used Gaussian per-
turbations to the best-fitting(p) profile at 304W on July 26. ,
These temperature perturbations ranged from 1 to 40 K, an
were applied at pressures from 50 mbar dar. Uncertainty on Using the stratospheric temperature profile retrieved ictiSe
the VISIR spectra was estimated to be g\8/cn?/syum, rep- 3 as ama priori, we varied both the stratosphefi¢p) and GHg
resentative of the range of east-west radiance contras&sdd mole fraction to reproduce the measured radiance in ig.
along the VISIR slit. The surfaces pf are shown in Fig7, and Model fits to the two datasets are shown as solid (July 26) and
indicate that the maximum temperature perturbation thatldvo dotted (August 13) black lines. Unlike the stated resotutid
go undetected within ad3 confidence ¥? = 9) is 3 K at 6-10 R = 25000 at 10.Qum (A. Smette & L. Vanzi 200y, we found
mbar. In all likelihood, such a temperature perturbatioruldo thatk-distributions had to be calculated Rt= 35000 at 12.25
have been detected in these spectra, suggesting eithecdal-a um to reproduce the spectra reliably. Even so, some smd#-sca
ing of the 3.5 K enhancement at 10-30 mbar detected by T-ReGS&illations observed in the residual between the models an
on July 24; (b) a redistribution of the heated gases in therintdata (lower panel, Figd) are due to imperfect characterisation
vening two days (compare the impact debris field in Fig8) or  of the spectral resolution and smaffsets in the wavelength cal-
(c) an inaccurate thermal retrieval from the T-ReCS spetiien ibration. Nevertheless, Fi§.indicates that both the ethane lines
to the uncertain fects of particulate emission from the debrigand the surrounding continuum were enhanced on July 26 com-
on July 24. pared to August 13.

g Ethane and Temperature Retrievals



The functional derivatives (rate of change of radiance witfind that we need dlierent abundances to fit each of the lines:
ethane abundance) in Figjl(a) indicate that this spectral rangehe strongest line suggests an increased abundance bypadact
is sensitive to ethane variations at pressures betweenad®2 2-3 on July 26, but the weaker line doesn’t show any increase
40 mbar, permitting the retrieval of vertical profiles ofiz and at all. When we calculate the functional derivative (Fig(b),
T(p). Several diterent techniques were used to model the datine rate of change of the radiance with respect 1614, we
Firstly, we could not reproduce the data by varying the teiape find that the stronger line is sensitive to a greater rangd-of a
ture profile alone. However, equally successful fits weraioled titudes (1Qubar to 20 mbar) than the weaker line (10-1Q®@&r
if we (a) varied bothr' (p) and GHg at the same time; and (b) if only), which suggests that either a temperature pertuwiatian
we varied GHg alone; thus the data does not distinguish betweecetylene increase in the 1-20 mbar region is responsibtaéo
these two scenarios. Fifj0 shows the outcome of the two sce-enhanced emission at 13.36@%. In the absence of an absolute
narios: panels (a)-(e) show the temperature and ethanéegroftalibration, we cannot draw quantitative conclusions ftbese
required to fit the spectra when both are varied, and pankels @cetylene lines, other than stating that an increaselity @mis-
(h) show that higher €Hg mole fractions are required when thesion from the 1-20 mbar region was tentatively detected theer
temperature is fixed at the August 13 values. If the temperatimpact location.
is allowed to vary (a Z + 1.7 K rise peaking at 3 mbar), then
we require a ® + 3.5 ppm ethane abundance increase centergd
at 0.3 mbar (Figl0(d)), or equivalently an increase oftx 0.4
times the background ethane abundance centered at 6 mpar (Fhe phenomena discussed above - the absence of upper strato-
10(e)). Alternatively, if we fix the stratospheric tempera&sito spheric temperature perturbations, the possibility otihgan
the August 13 values, then we need a larger increas8af25 the lower stratosphere and the elevated abundance of ethane
ppm centered on 0.3 mbar (FiyXg)), or equivalently aB+0.4 - demonstrate that the 2009 impact was substantialfigrdint
times enhancement over the background at 6 mbar (B{®)). from the collisions of the icy comet SL9. Thermal perturba-
Finally, the inclusion of aerosol opacity in the spectraldels tions to CH, emission were not observed, either with imaging
had negligible &ect on the retrieved profiles, consistent witl21 hours after the impact or with high-resolution spectopsc
the large separation between the 12i@8emission and the 10- in the ensuing seven days. Enhancements jHsCGand GH,
um peak of silicate emission observed in the GemiffH8eCS emission were detected over the impact streak, and petsiste
observations. for at least 7 days following the impact. The lack of a 7.9-

In summary, the enhanced 12.26% emission can be ex- um signature favours enhanced abundances of hydrocarbons to
plained by both (a) temperature enhancements consistéimt veixplain these observations, rather than enhanced tempesat
the interpretation of Gemini/$-ReCS observations on July 24However, this is inconsistent with Geminj3SReCS spectra
(Fletcher et al. 2000and (b) ethane enhancements over the imvhich showed uniform radiance enhancements across the 12-
pact location. Given that a stratospheric temperatureresgia 13 um range Fletcher et al. 2010 which cannot be explained
ment of 27 + 1.7 K is statistically permitted by the 7.9-8.Jum by C,Hg alone. These results raise several questions, which we
spectroscopy discussed earlier (Fiy,. it is plausible that both discuss below.
mechanisms contribute to the enhanced emission here. lowev
the absence of an 8,0n signature suggests that this temperatur
enhancement is actually at higher pressures than thosednp

by the GHg-only retrievals (see Sectidnl), and a full explana- Although both the broad-band 8-1&1 T-ReCS spectra on July
tion for the enhanced £ emission will require hydrodynamic 24 and the 12.2%m VISIR spectra on July 26 areonsistent
modelling of the 2009 shock circumstances. with a~ 3 K temperature enhancement in the stratosphere, this
is not a unique solution, given the uncertain optical propsr
of the particulate dust over the impact site. The T-ReCS sen-
sitivity to 8.0um (where no flux enhancement was observed)
The discovery of enhanced ethane emission over the impeestricted the temperature perturbation to the 10-30 ndggon
sight prompted the search for additional hydrocarbon eoriss (Fletcher et al. 20100 whereas the VISIR spectra at 12.26
specifically acetylene (f1,). The zeroth order of the echelle(i.e. without sensitivity to the 8.@m emission) permits the tem-
spectroscopy described in Sectiérl and Table2 covered two perature enhancement to be higher up, in the 1-10 mbar region
C,H; emission lines at 13.3534 and 13.368% atR = 35000. Unfortunately, the dferent resolutions of the VISIR 7.9-8uin
However, absolute calibration of this spectrum provedipart spectra and the 12.2&% spectra prevent simultaneous retrievals
larly problematic due to the presence of a telluric absorpfiea- from both datasets, but such a retrieval would likely linfie t
ture centered at 13.36#n, right between the two jovian emis-stratospheric temperature rise to deeper levels (10 mbar).
sion lines. The low signal to noise on the stellar calibratdhis Taken together, the thermal infrared spectra suggest sised
echelle order prevented determination of the absolutearadi, inlower stratospheric temperature8 K atp > 10 mbar) which
so we compare line-to-continuum ratios in Fi@. The contin- were detectable on July 24 and July 26 but had dissipated by
uum is assumed to be the mean of the uncalibrated flux eitifargust 13 (i.e. cooling by at least 0.15d&y). If such a cool-
side of the emission feature. However, the continuum may hang trend was linear (which is extremely unlikely), then knser
changed between the August 13 and July 26 observationsyas tsteatosphere over the impact streak may have be€K warmer
had done for the ethane spectra in Fig. than the surroundings following the impact bolide and plume
Fig. 12(a) appears to show an enhanced emission on July @ases. Large temperature enhancements in the 5@0re-
over August 13 for the strongest of the two lines. Converselyion, such as those observed following the SL9 impacts at the
the enhancement observed for the weaker line in Eifp) is G, Kand L sitesBézard 199Yare not required to reproduce the
within the estimated error on the spectrum. Furthermoregif 2009 data.
calculate the expected line-to-continuum ratio by scalimg In their review of the available thermal measurements of the
CassiniCIRS derived GH, profiles of (Nixon et al. 2007, we SL9 fragmentsConrath (199%indicated that temperature per-

Discussion

.1. Stratospheric Cooling

5. Acetylene Emission at 13.3 um



turbations of around 3-4 K above the 10-mbar pressure ley#ase, the shock heating of the entry channel is expecte/to h
were consistent with the data, and that similar perturbatio similar consequences for hydrocarbon chemistry. We woatd n
the 10-100 mbar region were feasible in the first 2-3 days faxpect ethane to be a major product of a collision with a water
lowing the events (e.g., Fig. 10 o€Conrath 1995 They sug- rich body (confirmed by the SL9 observations), and indeed Fig
gested that the sources of such heating could be downward pE® of Zahnle (199% indicates that ethane is only produced by
etration of heating from the fallen plumes, or buoyant aalimb shock chemistry under ‘dry’ conditions. Furthermore, tHey*
upwelling from the deeper atmosphere (see the discussionairi splashback models (Fig. 14 @ahnle 199% suggest that
Orton et al. 201) Similar mechanisms could explain the lowercetylene dominates in shock temperatures greater th&ahk300
stratospheric heatingp(> 10 mbar) of the 2009 impact. whereas ethane and ethylene would be more readily produced
A minimum cooling rate of 0.15 Klay in the 10-100 mbar at temperatures in the 2000-2600 K range. These sorts of tem-
region is significantly larger than the nominal rate of réid& peratures could have been reached in large volumes suiiraund
cooling (a 2-3 year timescale at these pressiBézard 1997 the heated entry channel. The analysis of acetylene linas ne
Conrath et al. 1990 Additional radiative cooling from the sil- 13.3um suggests that any enhancements ibl£were similar
icate debris in the 9-1&m and 17-2Qum regions and strato- to those of GHg, and we cannot conclude that either species was
spheric NH at 10.0um are likely to contribute, but we also notedominant.
that significant horizontal redistribution of energy andtenel Finally, slow upwelling of tropospheric air (responsible
occurred in the week following the impact, mixing and dihgfi for the presence of Nlin the stratosphere in both SL9
the warmer gases with unperturbed regions (Bigestimates of and the 2009 impactsGriffith et al. 1997 Fast et al. 2002
the balance between excess heating from the dark silicedts ( Fletcher et al. 2020 could have raised this newly-produced
absorption mainly at visible wavelengths) and enhancetirpo ethane into the lower stratosphere. But given that the sinaall
from thermal emission are extremely sensitive to (a) the-mipospheric abundance of;8Bs (approximately 0.7 ppm at 200
eralogical make-up; (b) the particle size distributiond ) the mbar at 50S, Nixon et al. 2007 is smaller than the quantities
presumed altitude of the debrB&zard 199y. Bézard's calcula- detected over the impact streak, some excess productiojHaf C
tions focussed on small (0.Q&n) particulate grains which con- must have occurred.
densed in the ascending SL9 plumEsi¢dson 199Band were Applying these dry-air models to the 2009 impact, we
deposited at high altitudep (< 0.1 mbar). The estimated cool-conclude that shock chemistry along the impact streak must
ing rates may therefore be inappropriate for the larger-Q08 have occurred in an environment with a higfOCratio in or-
um radius) tropospheric and stratospheric particulatesrobs  der to produce the reduced species. The 2009 impactor was
in the 2009 impact Hammel et al. 201,0de Pater et al. 2010 oxygen-depleted (favouring the asteroidal impactor hiypsis,
Orton et al. 201 Nevertheless, it is likely that emission fromOrton et al. 201pand small enough that it (a) did not penetrate
the debris dominates the rapid cooling time scale for these ias deep as the jovian water cloud and (b) did not produce &shoc
pacts, as suggested for SL9 Bégard 199Y. hot enough to favour acetylene over ethane production. ©n th
other hand, the impactor must have been large enough for its
6.2. Hydrocarbon Enhancements over the Impact ;hk? E;:rkggtnctr;[(e)rpeetna(itré’slct&gjeenggzgrtgtei\ll.ﬂgggodeck at 700-800
Irrespective of the chosen temperature structure at thadtrip- Once generated, ethane is a stable molecule in the Jovian
cation, the VLTVISIR 12.25um spectra suggest that ethane wasfratosphere. Although photolysis could destroy a tingtfom
elevated over the impact streak on July 26 by 1.7-3.2 times #f the GHg to produce a small quantities 0£B; in the days
abundance measured on August 13 at 6 mbar (or, equivalerf®lowing the impacts, the photochemical loss rates fgHE
by 1.5-14.3 ppm at 0.3 mbar). Information on the spatioteralpoare so low that neither the ethane nor acetylene abundances
variability of ethane in the aftermath of SL9 is lacking da¢tte Would be significantly modified by photochemical processes i
difficulties in identifying hydrocarbon emissions after the imthe days or even months following the impact (J.1. Mogess.
pacts (see the review Hyellouch 199¢. Where enhancementscomms). As an alternative, the primary reason for the depletion
were observed, they were attributed to rises in stratogphe®f ethane by August 13 is dilution as the impact region expand
temperatureConrath 1995 Large ethylene enhancements werand mixed with unperturbed jovian afast et al. (2010used
certainly seenGriffith et al. 1997, but 9-14um spectra of the R HIPWAC spectroscopy to report an increase above the quiesce
impact Sprague et al. 1994 ellouch 1996 seemed to suggestbackground by a factor of 1.6 on August 11, two days before
suppressed ethane emission at 1 possibly as a result of our August 13 observations. However, thegHg rise was not
enhanced continuum emission from dust. This is in stark coplserved directly over the impact longitude, but was higvest
trast with the 2009 analysis of the 12.25 excess flux, which 0of 310°'W and lower to the east. Our August 13 VISIR spectra
requires enhanced,8g to explain. at 304W were therefore sensitive to the ‘quiescent’ region ac-
The ethane enhancement has implications for the distmctgording toFast et al. (2010 However, their ethane distribution
chemistry in the shocks of the 2009 impactor. Ethane is bdghinconsistent with the uniform eastwards and westwareapr
destroyed and synthesised by impacts in both the shoclediedfg of material observed by Hubblelammel et al. 2010 and it
entry channel and the subsequent plume splashback, and nitiély be more consistent with longitudinal thermal wave égtiv
of the thermochemistry is controlled by th¢Cratio. The ele- unrelated to the impact (i.e., stratospheric temperatereiba-
vated ethane is not present in the crescent and is unlikélgnte  tions observed in Figd-2) at the altitudes sensed by HIPWAC.
come from the impactor material itself. Instead, shock akeyn
in ‘dry’ jovian air (C/O> 1) leads to reduced products, with ex
cess carbon being sequestered in HCpH£and other hydro-
carbonsZahnle 1995 Conversely, shock chemistry in ‘wet’ jo- The absence of a thermal perturbation to @m®imaging from
vian air (GO < 1) produces oxidised products like CO angH IRTF/MIRSI 21 hours after the Wesley impact is puzzling.
from the excess oxygerzéhnle 199% Although the models Using a similar instrument (MIRAC2) on the same telescope
of Zahnle (199p are more applicable to the plume splashbadk 1994, Orton et al. (199p detected 7.82#m remnants from

'6.3. Absence of 7.9-um Emission 24 hours Post-Impact



fragments E, Q1R and L. Images at 7.98m from CFHT 2500 km (e.g., consistent with observatiodsssup et al. 2000
showed enhanced brightness over the G-Q-R-S and/i€om- Taking the 100-mbar surface as a reference level, the 2008
plexes Billebaud et al. 1996 The E site was indistinguishablerose no higher than the 1-8@8ar level, so this ballistic analysis
2.6 days after the impact at 7.86n (Orton et al. 1995 and suggests a much lower altitude for the shock-related erdzgy
Bézard (199Ysummarizes that thermal perturbations over largesition and chemistry. Indeed, the 2009 plume may neves hav
sites decayed faster (1-2 days for K and L) than smaller sitie$t the influence of frictional drag, and particulate tcfEies
(8-10 days for W, R and QXostiuk et al. 1995 Differences cannot be regarded as truly unimpeded. Given that the shock
between the temperature perturbations over each fragiment,front penetrated to at least 1 bar (from enhanced Nikr the
luminosity of the plumes and the sizes of the SL9 debris weimpact streakfFletcher et al. 2000 the shallow entry angle im-
attributed to (i) heterogeneity between comet fragmeiitslif- plies that the rising plume would have needed to travel over
ferent processes in each plume, or (iii) th&elient altitudes of much greater distances to reach the microbar pressure of th
the plume splash bacBézard 1997Bézard et al. 1997Larger SL9 shock fronts (e.gDeming & Harrington 200}, and would
impacts were postulated to have produced more particulate rhave been prone to greater frictional dissipation as iteted
terial which persisted at high altitudes for longer, enliagthe through the collapsing entry column (C. Palofas. comms.).
cooling rate over those of the smaller impacts. We must also question our ability to detect the i@r@signa-
Each of the SL9 fragments described above were classiftede of an impact with a shallow entry angle - kinetic energy
as large and intermediate impacts (class 1, 2a, 2b or 2caccdransferred to the stratosphere by the incoming bolide @oul
ing to the scheme oHammel et al. 1996 None of the class 3 have been distributed over a wider horizontal area and small
impacts (B, N and Q2, smaller in extent) were reported to havertical extent compared to SL9. As a result, it would cdmuité
signatures at 7.@m. However, given the large area of debrigess to the upwelling radiance than if the energy had been de-
produced by the Wesley impactor, it seems unlikely that it cgosited over a greater vertical range. Finally, the initi@bling
be compared to the smallest of the SL9 fragments. Nevegbelof the plume (over tens of minutes) could have been so rapid
excess thermal emission at 7u8% is not always detected for jo- that no trace of a 7.@m signature remained by the time of the
vian impacts. first IRTF/MIRSI observations 21-27 hours later. The ultimate
A full explanation for the absence of an observable uppegsolution of the absence of the 8t signature will require
stratospheric temperature enhancement will require cehgar- detailed modelling of the 2009 shock orientation, streragit
sive modelling of the 2009 impact circumstances (impactengaltitude for rocky and icy bodies of a range of densities areks
size, mass, density, debris field and energy depositionl@yofi
We know that similar plume and splashback processes octurre )
in 2009 and 1994, given the similarity of the debris and sili{- Conclusions

cate emission distribution in the cresceRlefcher etal. 2010 gpectroscopy of methane, ethane and acetylene emission ob-
but the orientation and geometry of each collision wereemathizined by VLVISIR have been analysed to study the temper-
different. Indeed, the shallow angle of the 2009 impactof (7Qtyre and hydrocarbon distributions over the July 2009 Ehpa
from vertical,Sanchez-Lavega et al. 2Q1@sulted in (i) a near- sjte |y addition, contextual imaging for these spectraeyeo-
horizontal orientation of the shock-heated entry chanmél ayiged by a number of ground-based observatories. A syrthesi

(ii) low vertical velocities of the re-impacting plume, vafi o o) the available infrared data allows us to draw the fwilug
could have lead to substantiallyfidirent altitudes, orientations, ;gnclusions:

shock velocities and energies for the 2009 plume and splash-
back. These dierences in the altitudes of the shocks could be . Ethane Enhancement: Spectra of GHg emission at 12.25-
responsible for the absence of the Zr@-signature: either (a) a  ;m suggest that ethane was elevated on July 26 by 1.7-3.2
weak shock occurred at much higher altitudes than the méerob  times the abundance measured on August 13 at 6 mbar (or,
pressure levels (where radiative cooling would be muclefgst equivalently, by 1.5-14.3 ppm at 0.3 mbar). Ethane produc-
or (b) the shock never reached the 1-mbar pressures sensed b¥ion in shock chemistry is favoured in environments with a
7.9um imaging. high GO ratio, implying that the 2009 impactor was oxygen-
In the first scenario, a sub-microbar weak shock would cause depleted and small enough that it (a) did not penetrate as
a reduced amount of heating; cooling would be more rapid; deep as the jovian water cloud and (b) did not produce a
and neither IRTF nor VLT 7.9 data would be sensitive to  shock hot enough to favour acetylene over ethane produc-
the signatures of the impact. However, this ifidult to rec- tion. These results favour an asteroidal rather than cameta
oncile with the shock-produced debris (silicates, silicasl origin for the 2009 impactor.
other dark particulates) that are known to be present in fRe U2, Hydrocarbon Distribution: 12.3um imaging suggested
per troposphere and lower stratosphere soon after the tmpac that emission enhancements frosHg and the surrounding

(Hammel et al. 201,0de Pater et al. 201(Fletcher et al. 2010 continuum were localised over the impact streak (and ab-

Subsidence of the debris from microbar pressures to the sent from the crescent, consistent with low resolution spec

tropopause is extremely unlikely over such short timescaled troscopy of the 12-1@m region,Fletcher et al. 2000 This

our observations seem to favour the second scenario. supports the suggestion that silicate emission from theisleb
For the second scenario, we utilise Equation 3 of the bigllist  has a negligible contribution to the 12.8 spectrum. The

trajectory reconstruction (danchez-Lavega et al. (201®ased ethane enhancements persisted for at least 7 days following

on the SL9 analysis afessup et al. 200@o estimate the maxi-  the impact, when they were first measured by VISIR spec-

mum height of the plume above the 100-mbar pressure level. Fo troscopy. The primary mechanism for the return to the qui-
an ejection velocity of & + 0.5 knys and an elevation angle of  escent atmospheric state by August 13 was dilution as the
70+ 5°, we estimate maximum altitudes of 1j§gkm above the impact region expanded and mixed with unperturbed jovian
100-mbar pressure level, at a time 168f s after the ejection. air.

Conversely, using elevation angles and ejection velactiipi- 3. Upper Stratospheric Temperatures (p < 10 mbar): No

cal of SL9, we find that the maximum plume height can be up to excess methane emission from the impact longitude was ob-
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Table 1. Imaging observations at 7.9 and 128+ sensitive to stratospheric temperatures and hydrocarbon

Date Time (UT) Instrument Wavelength gm) | Time since Detection (hrs
2009-07-20 11:46 IRTF/MIRSI 7.9 21
2009-07-22 14:03 GeminyMICHELLE 7.7 72
2009-07-24 06:30 VLT VISIR 7.9 112
2009-07-26 07:13 VLT /VISIR 7.9 161
2009-08-15 03:11 VLT VISIR 7.9 637
2009-08-16 08:05 VLT /VISIR 7.9 666
2009-07-20 12:06 IRTF/MIRSI 12.3 21
2009-07-22 14:41 GeminyMICHELLE 12.5 72
2009-07-24 06:34 VLT VISIR 12.3 112
2009-07-26 07:17 VLT /VISIR 12.3 161
2009-08-15 03:15 VLT VISIR 12.3 637
2009-08-16 08:09 VLT /VISIR 12.3 666

Notes. The final column gives the time since the first detection ofitipgact rotating onto the jovian limb, 14:02 UT on 2009-07-19

Table 2. Sequence for the spectral observations from MIBIR.

Date Time (UT) Measurement Target Airmass| Seeing (arcsec
2009-07-26| 04:35-04:42 Acquisition of star HD 200914
04:44-05:18 Calibration of MR spectra 1.019 1.27"
05:27-05:59| Acquisition of Impact site at 10.0m
06:01-06:10 MR Spectrum 7.9-8.km 1.018 1.127
07:30-07:40| Acquisition of Impact site at 10.0m
07:44-07:52 HRX spectra of impact 1.092 1.05”
07:59-08:03 Acquisition of star HD 200914
08:06-08:15 Calibration of HRX spectra 1.221 0.98”
2009-08-12| 06:59-07:03| Acquisition of impact site at 10.0m
07:04-07:13 MR 8.0 um spectrum 1.69 0.57”
08:13-08:21 Acquisition of star HD 200914
08:23-08:57 Calibration of MR spectrum 1.69 0.59”
2009-08-13| 02:08-02:26| Acquisition of impact site at 10.0m
02:28-02:37 HRX spectra of impact 1.22 0.91”
02:44-2:48 Acquisition of star HD 200914
02:51-02:59 Calibration of HRX spectra 1.07 0.97"

Notes. Seeing estimates in the final column are for visible wavdlengeported for each spectral observation.
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(a) IRTF/MIRSI 20-Jul-2009 11:46 UT
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(d) IRTF/MIRSI 20-Jul-2009 11:46 UT
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(b) VLT/VISIR 26-Jul-2009 07:13 UT
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) VLT/VISIR 26-Jul-2009 07:13 UT (Stretched)

148
() Gemini-N/Michelle 22-Jul-2009 14:03 UT
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(f) VLT/VISIR 26-Jul-2009 07:13 UT
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Fig. 1. Images of CH emission from Jupiter’s stratosphere (0.1-20 mbar, apprately) as described in Table No perturbation
from the impact (either the impact streak or crescent) ieaet above the background noise and thermal wave actRatyel
(a) shows an IRTMIRSI image from July 20, with a white arrow indicating thepact longitude. Panels (b) and (c) show a
VLT /VISIR image from July 26, stretched to enhance contrastirep@). Panels (d)-(g) are cylindrical reprojections afhtness
temperature on four dates (UT times and instruments giveaah panel). Any perturbation due to the impact would be eege
at 55'S (planetocentric latitude) and 302V8 (System III). All images were obtained in 7.8n filters, with the exception of the
7.7um filter on Michelle (July 22).
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System Il West Longitude
330 320 310 300 290 280

(a) IRTF/MIRSI 20-Jul-2009, 12:06 UT

Planetocentric Latitude

T/VISIR 24-Jul-2009, 06:34 UT
T

Planetocentric Latitude

009, 07:17 UT

Planetocentric Latitude

(f) VLT/VISIR 16-Aug-2009, 08:09 UT

Planetocentric Latitude

\ . \ . |
330 320 310 300 290 280
System Il West Longitude

Fig. 2. Images of the Jupiter impact site obtained at 18 sensitive to both upper tropospheric temperatures theténe-scale
structure in panel (a)) and emission from stratosphesldgCPanels (a) and (b) show the reduced images from IRITRSI and
VLT /VISIR, respectively, with white arrows indicating the ingbatreak. These are cylindrically reprojected in panelgficfor
several dates, and show that the excess emission was utatidtestbove the noise on August 16 (which had the pooresigeéi
all the dates sampled). The broad circular artefact and i@yion in the lower right of panel (d), and the striations angpl (e),
are problems associated with striping in the YWISIR images and proximity to the planetary limb. Stripeseveot completely
removed by the median filtering algorithm employed in theuctidn. All images were obtained in 123 filters.
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Fig.3. Six examples of the variation of radiance (black dots) froesiv(left) to east (right) for wavelengths sensitive to,CH
emission obtained by VL/VISIR on July 26. These radiance curves were obtained in théium resolutionR = 3200) mode
between 7.9 and 8,m. The vertical dashed line is the location of the centralidi@n. The two dotted lines delimit the extent of
the impact debris field as seen at other wavelengths, and steabsence of any thermal signature due to the impact thouig

the 7.9-8.1um range. The smooth grey line is a model of the expected cedéenb variation of the radiance, calculated using
CassiniCIRST(p) profiles for this latitude, but no attempt has been made tbdibbserved data. Contrasts between east and west
are believed to be caused by longitudinal thermal wave ictiisible in Fig. 1. The full spectrum is shown in Fid.
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Fig. 4. Comparison between measured spectra - circular pointsesitit bars - and a fitted model (solid line) on July 26 at the
impact longitude (approximately 30&). Panel (b) shows the residual between the measuremeahte@model. The high quality
of this fit is typical of all points along the VISIR slit (i.eampling a range of longitudes) on both dates.
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Temperature Functional Derivative

1087

10°

10*

Pressure (bar)

WA A

7.95 8.00 8.05
Wavelength (um)

Fig. 5. Functional derivative between 7.9 and gt (the rate of change of upwelling radiance with the tempeedield) calculated
for the T(p) profile at the impact latitude and longitude. The functiaterivative has been normalised, so that the darkest region
contribute the most to the radiance. VISIR spectra exhdrite sensitivity to temperatures in the 344far region.

(a) July 26 Temperature Cross Section (b) August 12 Temperature Cross Section

\,—\,—’\/4—\170

10° T

T 1 0'5 T

1 180
1 160

Pressure (bar)
Pressure (bar)

360 340 320 300 280 260 40 20 360 340 320
System Il West Longitude System Il West Longitude

Fig. 6. Stratospheric temperatures retrieved from 7.9¢8rilspectra on July 26 (left) and August 12 (right) for the mesitude
of the impact debris (58). Contours are spaced every 5 K, darker shades indicaterdemperatures. Typical errors on the
stratospheric temperature are 2.7 K at 10 mbar and 3.5 K atal. mb
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Chi-Squared Surfaces
10° - - T T T

10°

10*

Pressure (bar)

1073

10°F

Temperature Perturbation (K)

Fig.7. Chi-squared surfaces for the addition of temperature gmations to the best-fittind (p) profile at 304W on July 26.
Temperature perturbations were modelled as Gaussianidansctvith peak amplitudes between 1 and 40 K. The 20- and 3r
surfaces are labelled, showing the decreasing sensitivitjgh altitude temperature perturbations.

(@) 10.0 um Acquisition Image July 26 (b) Slit Image for HRX Spectroscopy

Fig. 8. Acquisition images of Jupiter between 07:30 and 07:40 UTubyn 26 2009, just prior to echelle spectroscopy of the impact
site from VLT/VISIR. White arrows show the location of the impact featiranel (a) shows the appearance of Jupiter at 4.0
and the bright impact debris field (silicate and ammonia simiig in the image center). Panel (b) shows that this brighitps also
centrally located in the slit, and was in the center of theniedor echelle spectroscopy.
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Fig.9. Upper panel: Comparison of the data (dots for July 26, diamonds for Aud33twith spectral models (solid black line
for July 26, dotted black line for August 13), showing thergased GHg emission on July 26. The data are an average over the
4.1"-long slit for the cross-dispersed echelle mode of XIIBIR. Lower panel: Residual between the data and the model for July
26 (solid black line) and August 13 (dotted black line). Misdgere calculated for the £Blg-only case, fixingT (p) to the August

13 values. Note that the vertical scales for (a) and (figdfrom one another.
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12.25 wm Temperature & Ethane Retrieval
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Fig. 10. Profiles of temperature and ethane derived from models of/VISIR 12.25um spectroscopy of the impact site. Two
different techniques for fitting the data were attempted. In thpeupanels we fit the data by varyifidp) (a-b) and the gHg
abundances simultaneously (c-e). In the lower panels whditata by varying &g alone (f-h). In all cases, the solid lines are
results for July 26, the dashed lines are results for AugBistie dotted lines show the formal retrieval error on theiwakprofiles,
though these are omitted from panels a, c and f for clarityeAnancement of ethane is required in both scenarios.
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. Ethane Functional Derivative
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Fig. 11. Functional derivatives (rate of chance of radiance withateims of the gaseous abundance at each pressure level) for
ethane and acetylene, in the spectral ranges covered byMWAIR spectroscopy of the impact location. These plots shiosv
altitude-sensitivity of each spectrum. The functionaivigives have been normalised to unity, with the darkesiwa showing the
location of maximum sensitivity.

(a) C,H, at 13.3697 um (b) C,H, at 13.3534 um
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Fig. 12. Observations of two gH> lines from VLT/VISIR on July 26 (dots) and August 13 (diamonds). As absotalération
proved dificult for these spectra, the plots are expressed as a linertbauum ratio, with the continuum defined by a mean of
the uncalibrated flux either side of the emission featuré® Tip’ of the continuum is an artefact of poorly-correctetluric
absorption. Models of the expected ratio, based on scaliag:tH, profiles ofNixon et al. (2007, are shown as dotted lines for
comparison. The same models were used for panels (a) anddl@ating the dificulty in determining a unique profile of,El,
from this dataset.
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