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Abstract

Saturn’s northern storm of 2010-2011 was continuously monitored by instru-
ments aboard the Cassini spacecraft, allowing the opportunity to study this storm
system in the infrared to a level never before possible by utilizing Cassini’s Com-
posite Infrared Spectrometer (CIRS). Ethylene has been tracked at the millibar
altitude level (stratosphere) over the full time frame of this storm. Additional
monitoring was provided by the ground-based spectrometer Celeste at the United
Kingdom Infrared Telescope (UKIRT) and the NASA Infrared Telescope Facility
(IRTF). The time series of these observations finds that ethylene is enhanced at
the millibar level over pre-storm levels at temperatures greater than 180 K and

remains enhanced in the storm system until temperatures relax back to approxi-

Email address: brigette.e.hesman@nasa.gov (Brigette E. Hesman)

Preprint submitted to Icarus June 21, 2016



mately the same temperature regime. The resulting maps of ethylene show that
ethylene morphology is different from methane morphology and that the ethy-
lene abundances at 1.3 mbar range from 20 ppb to 100 ppb before disappearing
by April 2012. The temperatures at the millibar altitude level in this time frame
went from the pre-storm 140K to 220K in May 2011, but had only relaxed back
to 180K by April 2012. Gas phase chemistry and dynamics have not been able
to explain the enhanced ethylene abundances and other sources such as heteroge-
neous chemistry involving Saturn’s stratospheric haze may need to be considered
as possible sources of the enhanced ethylene.

Keywords: Saturn, atmosphere, Atmospheres, composition, Atmospheres,

structure, Abundances, atmospheres, Atmospheres, chemistry

1. Introduction

Saturn’s northern storm of 2010-2011 has presented an excellent opportunity
to study one of these rare convective events that occur intermittently in Saturn’s
northern hemisphere. This storm is only the sixth of its magnitude to ever be ob-
served and the first one at this latitude in over a century. Saturn is known to have
massive storm systems that erupt approximately once per saturnian year (29.4
Earth years); typically near the equator, the previous began in September 1990
at 12°N (Sanchez-Lavega et al., 1991; Beebe et al., 1992). In December 2010
Saturn’s northern hemisphere was spectacularly disrupted from its slow spring-
time warming by a massive storm eruption at approximately 40°N (all coordinates
given in planetographic latitude in this article) (Fischer et al., 2011). Cassini and
ground-based observations of this storm have resulted in a wealth of data. Study-

ing this storm across a large wavelength region has produced a 4-dimensional view
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(longitude, latitude, altitude, and time) of the storm and the effect it has had on the
surrounding atmosphere. The onset of the storm was first identified by radio emis-
sions, Saturn Electrostatic Discharges (SEDs), measured by the Radio and Plasma
Wave System (RPWS) on Cassini; SEDs and lightning likely occur at the depths of
the water clouds (Fischer et al., 2011). The tropospheric convective storm clouds
that were being fed from below (Sromovsky et al., 2013) between December 2010
and August 2011 were studied in the optical from the ground-based telescopes and
Cassini’s Imaging Science Subsystem (ISS) (Fischer et al., 2011; Sdnchez-Lavega
et al., 2011, 2012; Sayanagi et al., 2013). Two heated regions in the stratosphere,
referred to as “beacons”, which are thought to be the result of waves generated
in response to the storm clouds punching through to the upper troposphere, have
been monitored in the infrared by Cassini and ground-based telescopes. This has
resulted in the discovery of the greatest atmospheric temperature change ever seen
on Saturn in addition to unexpected changes in species abundances (Hesman et al.,
2012; Fletcher et al., 2012).

Storms on Saturn probe the deep atmosphere as material is transported from
levels beyond the reach of sunlight up to the observable atmosphere. Storms have
a dramatic effect on the local environment, introducing sudden changes that dwarf
the effects of seasonal change as Saturn progresses through its 29-year revolution
about the Sun. It is not known what triggers these large storms. The approximate
annual periodicity suggests solar forcing, yet sunlight does not reach the water
cloud where these storms are believed to originate (Dyudina et al., 2010; Hueso
and Sanchez-Lavega, 2004). Saturn radiates more energy than it receives from
the Sun, but the details of this process are not well understood. Storms may be

a way in which Saturn releases its excess thermal energy in sudden bursts, rather
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than gradually. The convective plume that erupted in December 2010 was nearly
10 years earlier than expected in the cycle of great eruptions on Saturn (Sanchez-
Lavega et al., 1991). This convective plume was sheared to the north and south by
the prevailing wind field. By August 2011 convective activity had largely ceased.
However, Saturn’s stratosphere remained perturbed by the storm at mid-northern
latitudes throughout 2011 and 2012.

Optical studies of these storms provide important information on morphol-
ogy and cloud top locations as is detailed in Sdnchez-Lavega et al. (2012) and
Sayanagi et al. (2013). Thermal infrared studies provide additional information
on the temperature and gas composition of the environment inside and adjacent
to storm systems on Saturn. An early study of the infrared signature of the storm
by Fletcher et al. (2011) showed the initial appearance of the beacons in Saturn’s
stratosphere in January 2011. At this time, a temperature difference of 16 K was
observed from the quiescent pre-storm conditions. Between January and April
2011, the tropospheric vortex was flanked by these two stratospheric beacons and
temperatures in the beacons continued to rise during this period. In May 2011 the
two beacons merged into one resulting in a vortex 80 K warmer than pre-storm
conditions (Fletcher et al., 2012; Hesman et al., 2012). Hydrocarbon emission
was greatly enhanced, resulting in the detection of stratospheric ethylene emission
for the first time by Cassini’s Composite Infrared Spectrometer (CIRS) (Hesman
et al., 2012).

Previous infrared studies of Saturn’s ethylene emission have shown it to be
difficult to detect on Saturn (Encrenaz et al., 1975; Bézard et al., 2001), but the
high temperatures found in the beacon region in May 2011 produced strong ther-

mal emission at 10.5 um (950 cm™") due to ethylene in the stratosphere. Ethylene
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is an important species to study as it is a short-lived tracer of photochemistry in
Saturn’s stratosphere. Stellar occultation data acquired in 2006 by the Ultraviolet
Imaging Spectrograph (UVIS) on Cassini yielded a detection and vertical profile
of ethylene with a retrieved mole fraction of 1.6x107° at 0.5 mbar in Saturn’s at-
mosphere at 15.2°N (Shemansky and Liu, 2012) in the pre-storm Saturn. The
UVIS observations are very important as ethylene has not been detectable in pre-
storm conditions by CIRS and this UVIS measurement provides a pre-storm basis
of comparison with the ethylene profile derived from the beacon. This short-lived
hydrocarbon is a tracer of chemistry occurring in an unusual dynamical region
of Saturn’s stratosphere. Ethylene does not reach the deep atmosphere of Saturn
and hence the unexpected emission cannot be the result of direct upwhelling. In
addition to observing ethylene using CIRS the ground-based cryogenic echelle
grating spectrometer, Celeste, was used at a higher spectral resolution to detect a
band of ethylene lines in the beacon in May 2011. Using CIRS data we derived
a C,H4 mole fraction of 0.59 + 0.45x107 at 0.5 mbar and using Celeste data we
obtained a mole fraction of 2.7 + 0.45x107® at 0.1 mbar (Hesman et al., 2012).
This is two orders of magnitude higher than the amount measured by UVIS prior
to the storm. It is also much higher than predicted by photochemical models,
indicating that perhaps another production mechanism is required or a loss mech-
anism is being inhibited. The enhanced ethylene emission could not be explained
completely by transport of ethylene from its production at higher altitudes to the
altitudes where these measurements are sensitive (Hesman et al., 2012). In the
sections that follow, ethylene emission throughout 2011 and 2012 is investigated
from ground-based observations using Celeste and using multiple data sets from

CIRS. Tracking the changes and morphology of ethylene emission in the beacon
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provides insight into the species lifetime and how it responds to temperature in

this disturbed region of the atmosphere.

2. Observations

2.1. Spacecraft Observations: CIRS

Heated regions of Saturn’s stratosphere at the latitude of the northern storm
and confined to 20 to 30 degrees of longitude were first detected by Fletcher et al.
(2011). These “beacon” features are thought to be produced by wave activity gen-
erated by the massive storm at 40°N latitude extending over a large altitude range
from the water cloud near 10 bars to the upper troposphere around 100 mbars.
These hot regions were observed regularly using both Cassini and ground-based
telescopes at wavelengths in the thermal infrared. Specifically, the combination of
Cassini/CIRS observations and ground-based data collected using the spectrom-
eter Celeste provides a powerful set of capabilities for studying hydrocarbons on
Saturn. CIRS provides broad-band, absolutely calibrated spectra at high spatial
resolution and modest spectral resolution (Flasar et al., 2005). It also provides,
through measurements of CH,4 and collision induced H, opacity, temperature pro-
files for both the stratosphere and upper troposphere of Saturn. The use of a cryo-
genic grating spectrometer (Celeste) operating at resolving powers of up to 30,000
on ground-based telescopes permits the detection of multiple emission lines of
ethylene. To investigate ethylene emission in the beacon eleven CIRS data sets
with sufficient spectral resolution and longitude coverage were identified. In ad-
dition, two ground-based Celeste data sets were collected to monitor the changes
in ethylene emission at higher spectral resolution. These observations, along with

the initial detection of ethylene by CIRS and Celeste in May 2011 (Hesman et al.,
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2012), characterize the changes in ethylene emission throughout 2011 and 2012.
CIRS is a dual Fourier transform spectrometer covering the thermal infrared
with three focal planes: the far-infrared focal plane, FP1, which is a single ther-

mocouple detector covering 10-600 cm™!

, and two mid-infrared focal planes, FP3
and FP4, which are arrays of 10 HgCdTe detectors covering 600-1100 cm™! and
1100-1500 cm™! respectively (Flasar et al., 2005). The far-infrared detector oper-
ates at the instrument temperature of 170 K, and the mid-infrared detectors oper-
ate at 80 K. The fields-of-view per detector are 3.9 mrad for the far-infrared and
0.3 mrad for the mid-infrared. The apodized spectral resolution is selectable from
0.5 to 15 cm™!. Only FP3 and FP4 have been used in this study.

There were two types of CIRS observations identified for this study. Observa-

tions with a spectral resolution of 0.5 cm™!

which sit-and-stare at the planet as it
rotates beneath are used to study composition (called COMPSITs). These obser-
vations are either performed on the central meridian (low to moderate emission
angle) or offset to one of the limbs (high emission angle) with the FP3/FP4 focal
planes oriented north-south. COMPSITs at high emission angle have contribution
functions for temperature and composition that peak near the 1.0 mbar level in
Saturn’s stratosphere. Observations with a spectral resolution of 3.0 cm™! which
sit-and-stare at the planet as it rotates beneath are used to map temperature and
composition (called MIRMAPs). These observations are performed on the cen-
tral meridian (low to moderate emission angle) in order to obtain temperatures
throughout the stratosphere and in the upper troposphere. All CIRS data sets were
calibrated using a database that incorporates large amounts of deep space spectra.

Cylindrical maps of radiance (expressed in brightness temperature) in the

methane band (1305 cm™') as well as in the peak of the ethylene band (~950 cm™")
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are shown in respectively, Figures 1 and 2. The observations that these maps are
created from are detailed in Table 1. These six maps show the methane and ethy-
lene emission in March 2011 (Figs 1& 2a), July 2011 (Figs. 1& 2b) and 1& 2¢),
December 2011 (Figs. 1& 2d), January 2012 (Figs. 1& 2e), and February 2012
(Fig. 1& 2f). It is clear that in March 2011 there were two hot regions in the
stratosphere (as shown in the methane map; Fig. 1a) and a slight hint of ethy-
lene in the more northern hot spot (Fig. 2a). The equivalent map for May 2011 is
shown in Hesman et al. (2012). The May 2011 map showed that the two beacons
had merged into one and that ethylene emission had “turned-on”. The methane
and ethylene showed different structure in their beacon shape. By July 2011 the
methane maps show that the beacon temperature was dropping and the ethylene
beacon was growing more compact. By early 2012 the beacon has dropped by
about 50 K from its peak temperature in May 2011 (~220 K) and the ethylene
emission has become a small circular feature that is less than 10 degrees in longi-
tude extent compared to its 25 degree longitude extent in May 2011. In addition,
the ethylene peak moves from approximately 40°N to 35°N between 2011 and
2012. There was insufficient signal-to-noise (SNR) in the maps in order to map
the ethylene abundance over the beacon region. Therefore, all CIRS spectra in a
6° north-south by 20° east-west bin were averaged over the peak ethylene emis-
sion region in order to increase the SNR and create a single “hot-spot” spectrum
for each of the data sets listed in Table 1. The average longitude, latitude, and
emission angle of the binned data is also given in the table. As these observations
vary widely in emission angle it is not useful to directly compare their spectra
but instead we compare the temperature and ethylene profiles retrieved from these

data sets. This is discussed in Section 3.
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2.2. Groundbased Observations: Celeste

Our ground-based instrument, Celeste, is a cryogenic grating spectrometer
with an array detector that can achieve resolving powers up to 30,000. This in-
strument has been described in Jennings et al. (2009). The instrument setup was
similar to that used in previous observations (Romani et al., 2008; Hesman et al.,
2009). The Celeste observations were performed at the United Kingdom Infrared
Telescope (UKIRT) on July 18, 2011 (DOY = 199) and the NASA Infrared Tele-
scope Facility (IRTF) on April 2, 2012 (DOY = 93). At both UKIRT and the IRTF
the spectrometer was coupled to the telescope with foreoptics which provided an
approximately f/8 beam to the spectrometer entrance slit. The spectrometer uses
an 18 x 34 cm? echelle grating and an Si:As detector array with a 128 x 128 pixel
format and a spatial resolution of ~0.36” /pixel at UKIRT and 0.82"/pixel at IRTF.
The entire spectrometer is cooled with liquid helium to an operating temperature
of 6 K.

At both telescopes a 300 um-wide and 6 mm-long slit was used to capture the
spectra. At UKIRT the width corresponds to ~1.5” in the sky and at the IRTF
this is ~3.3”. In both instances the length of the slit is much larger than the
size of the planet (equatorial diameter ~17” at UKIRT and ~19” at the IRTF) so
therefore the length of the slit was oriented in an east-west direction centered on
35°N latitude on Saturn so as to simultaneously cover all the longitudes available
corresponding to the storm beacon latitude. In this way each resolution element
subtended ~12.5° in latitude (slit width) and 2.6° in longitude (along the slit) at
UKIRT, and ~21° in latitude (slit width) and ~6° in longitude (along the slit) at the
IRTF. These values are considered for the central meridian of the planet. As we

move along the slit towards both limbs the curvature of the planet increases both
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of these values per resolution element. In order to further increase the signal-to-
noise level of the spectra five spatial pixels were combined for the UKIRT data and
four spatial pixels were combined for the IRTF data. This resulted in an effective
resolution element of ~12.5° in latitude by ~13° in longitude at UKIRT and ~21°
in latitude by ~24° in longitude at the IRTF. This technique was used to guarantee
continuous coverage of the beacon as it moved across the dayside hemisphere of
Saturn. At both telescopes this slit width yields a spectral resolution of ~0.1 cm™,
and the detector array covers a ~2 cm™! spectral interval centered on 949.6 cm™
at UKIRT and 949.4 cm™! at the IRTF.

Sky subtraction was performed by regularly chopping the telescope between
the planet and the sky during the integration period. Celeste custom software tells
the telescope secondary mirror when to chop and also keeps track of which posi-
tion it is integrating on. The Moon was used as a flat-field reference for calibration
since it was the only radiance source in the sky that completely filled the slit, was
bright enough to register in short exposures and contained telluric absorption line

information. We assume that at our small ~2 cm™!

spectral interval the Moon’s
thermal emission is essentially flat. We also selected maria regions near the limb
and manually scanned over it during the integration to smooth out any intensity
variations due to terrain differences.

The Celeste observations were obtained and reduced in the standard method
whereby the spectra from two different nod positions are subtracted to remove
any offset signal. In each of these nod positions the telescope chops between the
sky and the planet, but the position of the planet is alternated to eliminate any

possible biases either in the light path or electronic readout sequence. We refer

to these as A (planet-sky) and B (sky-planet) nod positions. The response of the

10
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array is then normalized by using the Moon flat-field. A total of 14 subtracted
A-B pairs were combined to create the UKIRT spectrum shown in Figure 3 (green
curve) which has an equivalent emission angle of 37°. This spectrum represents a
total of 1 hour of integration time on the beacon region. A total of 44 subtracted
A-B pairs were combined to create the IRTF spectrum shown in Figure 3 (blue
curve), which has an equivalent emission angle of 44°. This spectrum represents
a total of 2.35 hours of integration time on the beacon region. In both spectra the
main C,H, emission feature was shifted on the detector in the spatial direction
to account for rotation of the planet, and also shifted spectrally to account for the
change in radial velocity as the planet rotated. The CIRS data from two successive
maps indicate that the beacon was moving at 2.6°/day (25.2 m/s, subsonic) in the
summer of 2011 and 2.9°/day in the spring of 2012. The beacon was therefore
centered near 57°W longitude on July 18, 2011 and 40°W longitude on April 2,
2012.

At UKIRT the intensity calibration for the Saturn spectrum was obtained by
comparing it with a spectrum taken in a similar fashion (same instrument settings
and procedure) on July 13, 2011 of the northern latitudes of Jupiter. For the Jupiter
spectrum the slit length was also oriented east-west over latitude 59°N. These are
auroral latitudes on the planet, but at the time of the observations there was no
auroral activity registered at those longitudes (65° - 100° SIII). Auroral activity
on Jupiter, when present, is usually strongly localized on a hot spot at ~180° SIII
longitude. This was evident as there was no measurable ethylene emission ob-
served on top of the continuum in the Jupiter spectrum. We proceeded to match
the continuum intensity level of that spectrum to the continuum radiance provided

by radiative transfer models according to the method outlined and used in Romani

11
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et al. (2008). In this manner, the radiance uncertainty for the UKIRT Saturn spec-
trum is estimated at ~ +15%, mostly due to model emission angle uncertainties in
the Jupiter spectrum. At the IRTF the intensity calibration for the Saturn spectrum
was obtained using observations of Venus collected on the same day as the Sat-
urn data, and also using the same procedure and similar instrument settings. The
measured Venus spectrum was converted to real intensity units by using the Ven-
era 15 average global spectrum (Zasova et al., 2004). The radiance uncertainty is
estimated at ~ £10%, in this case mostly due to air mass extinction uncertainties
at this wavelength and the absolute calibration of the Venera 15 spectrum.

Ethylene is detected as a band of lines at UKIRT in July 2011 but it is not
present above the noise level in the IRTF data in April 2012. The Celeste data
from the McMath-Pierce Telescope in May 2011 are presented in Figure 3 (red
curve) as a comparison. The steps used in reducing, calibrating, and analyzing
this spectrum were presented in Hesman et al. (2012). The equivalent emission
angles of all three data sets are 35-43° which allows direct comparison of the
calibrated intensity shown in Fig. 3. The strongest ethylene lines are evident with
peaks at wavenumbers beyond 949.4 cm™!, however the entire 2 cm™! band pass
is dominated by ethylene emission. The significantly increased emission between
948.5 and 949.4 cm™! shown in the red curve (May 15, 2011) is not only the result
of higher temperatures during this time period but also due to an increased amount
of ethylene at pressures between 0.1 and 10 mbars on Saturn.

While the longitude extent of the ethylene emission region in the beacon
(~20°) was larger than Celeste’s single pixel field-of-view (2.6° longitude x 12.5°
latitude) on UKIRT, the latitude extent was smaller. This was not the case in

the Celeste spectra taken at the McMath-Pierce telescope in May 2011 (see Fig.1

12



263

264

265

266

267

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

286

of Hesman et al., 2012). When the ethylene lines became visible, the size of
the beacon in the north/south direction in ethylene emission was larger than the
McMath-Pierce beam. However, at UKIRT it was necessary to apply a correction
for beam dilution in the latitude direction because the ethylene spot had reduced
in size as shown by comparing Fig.1 of Hesman et al. (2012) to Fig. 2c. We de-
tected ethylene emission in three Celeste pixels in the north/south direction, which
corresponded to 12.5° in latitude at the beacon latitude. The actual extent of the
ethylene emission was 6° as determined from the CIRS observations. Approxi-
mating both profiles as Gaussian, we adopted the ratio of these, 2.1, as the beam

dilution factor. We estimate an uncertainty of 20% on this factor.

3. Data Analysis and Results

In this analysis the Saturn storm is broken into different time periods as pre-
sented in Fletcher et al. (2012). The time period before the storm erupted in De-
cember 2010 is referred to as the pre-storm in this discussion. The time period
where two stratospheric beacons were present and growing in strength is referred
to as storm phase 1 and lasted from January 2011 to May 2011. The merging of
the two beacons to become one beacon, which produced the largest temperature
difference from the pre-storm value of 140 K ever seen on Saturn, is referred to
as storm phase 2 and lasted from May 2011 to August 2011. And finally, storm
phase 3 was after the visible storm clouds dissipated in August 2011 but when
infrared measurements were still showing changes from the pre-storm conditions
in the stratosphere.

In order to retrieve ethylene abundances with time we first extract the tem-

peratures inside the beacon over the pressure ranges where CIRS and Celeste are

13
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sensitive. The temperature profiles are folded into the abundance retrievals which
give a time series of ethylene abundances in the precursor period to the storm and

the 3 time phases of the storm.

3.1. Temperatures in the Beacon

The temperature profile was retrieved using spectral bands separate from the
ethylene region, in both the FP3 and FP4 focal planes. The same averaging used
to produce the ethylene spectrum in the beacon region (as described in Section 2)
was used to create the spectra used for temperature retrievals. Separate retrievals
for upper tropospheric and stratospheric temperatures are performed using the
constrained linear inversion algorithm described by Conrath et al. (1998). For
the tropospheric retrievals, the spectral ranges from 600-620 and 640-660 cm™
(FP3) are used where the atmospheric opacity is from the collision-induced S(1)
line of hydrogen, assuming equilibrium hydrogen. Opacity from H,-H,, H,-He,
H,-CHy, pairs is included, using algorithms from Borysow et al. (1985, 1988) and
Borysow and Frommbhold (1986). A He/H, ratio of 0.135 is assumed (Conrath and
Gautier, 2000) along with a pressure dependent CH, mole fraction profile based
on the photochemical profile in Moses et al. (2000) scaled to a tropospheric value
of of 4.5x1073 as given in Flasar et al. (2005). The stratospheric temperatures are
retrieved using the v4 band of CH4 between 1250 and 1311 cm™! (FP4). Methane
transmittances were calculated using the correlated-k method (Lacis and Oinas,
1991), using line data from the GEISA 2003 line atlas (Jacquinet-Husson et al.,
2005) with H,/He broadening (Linda Brown, private communication).

We used the v, band of CH, centered near 1304 cm™! to derive the strato-
spheric temperature profile on Saturn for all of our spectral averages. In Figure 4a

we show a comparison of CIRS spectra of Saturn prior to the storm, a spectrum
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of a Saturn beacon acquired on January 14, 2012 and a spectrum of Jupiter’s
northern aurora acquired on January 13, 2001 during Cassini’s flyby of the gi-
ant planet. The spectral resolution is 0.5 cm™' and the emission angle is 67° for
both Saturn spectra and 70° for the Jupiter spectrum. We selected three CH,4 fea-
tures that sound different altitudes in the stratosphere. All are optically thick at
the spectral resolution of CIRS. As described previously, the temperature inver-
sion algorithm uses the entire v4 band but it is instructive to examine how these
three spectral features constrain the temperature profile. In Figure 4b we show
the retrieved temperature profiles for Saturn in September 2010 and in a beacon
in January 2012 along with contribution functions for the three spectral features.
The strongest CH, line at 1305.75 cm™! sounds the 0.5 mbar level with half-power
points near 0.1 and 1 mbar. The medium-strength feature at 1302.5 cm™! sounds

! sounds the 5 mbar level.

the 2 mbar level, and the weakest feature at 1310 cm™
We therefore have sufficient vertical resolution to distinguish between different
heating mechanisms for the beacon. Prior to the storm, the spectrum was nearly
flat between 1304 and 1306 cm™' (Fig. 4a, blue curve). This is the signature of
a nearly isothermal profile for p < 2 mbar. The spectrum of a jovian aurora in-
creases sharply from 1304 to 1306 cm™! (Fig. 4a, red-dash curve) due to a heated
layer at high altitudes around 1x10—3 mbar on Jupiter (Drossart et al., 1993). The
spectrum of a Saturn beacon exhibits the opposite behavior. The strong CH, fea-
ture at 1305.75 cm™' is observed to be in absorption (Fig. 4a, red curve). This
is the result of a cold layer at 0.5 mbar residing above a hot layer at 2 mbar in
the beacon. This is inconsistent with a high-altitude energy source, such as au-

roral heating. It is consistent with adiabatic heating in the downward phase of

a gravity wave, as discussed by Hesman et al. (2012) and Fletcher et al. (2012).
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Our temperature retrievals permit us to explore gradients in the profile of minor
constituents over the 0.5 to 5 mbar range in Saturn’s stratosphere where we have
reliable temperatures. Figure 4b shows the temperature profile (solid red curve)
retrieved from the beacon region in Saturn’s northern storm region. The uncer-
tainty limits in the retrieved temperature profile are approximately 1 K over the
0.1 to 10 mbar range in the stratosphere and over the 100 to 300 mbar range in the
troposphere. Between these pressure regions, the inversion algorithm smoothly
interpolates temperatures. The temperature profile is not well-determined at pres-
sures less than 0.1 mbar. The retrieved temperatures for the CIRS data given in
Table 1 are shown in Fig. 5.

The temperature profile used to interpret the Celeste C,H, data was acquired 1-
week later using the CIRS MIRMAP on July 26, 2011 (DOY = 207). The spatial
extent of the Celeste slit was used to define the latitude range over which the
CIRS temperature retrievals were performed. This retrieved temperature profile
is shown as the green curve in Fig. 5. Fig. 5 illustrates that beacon temperatures
in July 2011 remained stable at ~190 K at 1.3 mbar. The UKIRT observations
were timed to be adjacent to CIRS observations so that CIRS data could be used

to retrieve temperature.

3.2. Abundance Retrievals

The C,H, abundance profile retrievals were performed using the Non-Linear
Optimal Estimator for Multivariate Spectral Analysis (NEMESIS) code as de-
scribed in Irwin et al. (2008). Absorption of the contributing species was cal-
culated using the correlated-k method (Lacis and Oinas, 1991). The k-tables for
C,H, were calculated using line parameters based on data from the GEISA 2003

line atlas (Jacquinet-Husson et al., 2005) with modifications to the temperature ex-
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ponent (set to 0.73), which is used in the relation of the temperature dependence of
the pressure broadening coefficient, modified to use H, pressure broadening rather
than N, (Bruno Bézard, private communication). Inputs into the model were
the temperature profiles and an assumed ethylene mole fraction profile. A one-
dimensional photochemical model was used along with a temperature profile of
the beacon region to generate an ethylene mole fraction profile. The model takes
into account the photolysis and chemical reactions that interlink the hydrocarbons
with each other and atomic hydrogen. It solves their coupled continuity equations
assuming steady state conditions. The net flux of the species includes terms for
both transport (eddy mixing) and molecular diffusion. For a more detailed model
description of the model see Romani et al. (2008). Ethylene has a photochemical
lifetime of about 20 days in the 2 to 0.2 mbar region. The photochemical model
predicts C,;H4 abundance profiles for the warmest (~200 K) regions of Saturn’s
stratosphere that are enhanced by a factor of 2 in the 2 to 0.2 mbar altitude range
over the ethylene abundances calculated for the unperturbed (140 K) atmosphere.

The CIRS C,H, observations were obtained using nadir rather than limb data.
Limb data is very scarce and do not cover the beacon. At 3.0 cm™!, only one
C,H, emission feature is evident. At 0.5 cm™' (CIRS) and at 0.1 cm™! (Celeste)
resolution, multiple emission lines of C,H, of varying strength were detected.
This gives us limited information about the vertical profile of C,H4. We used two
different approaches to retrieve the abundance of C,H,. In the first approach, the
theoretical ethylene photochemical profile was uniformly increased or decreased
by a scaling factor to determine the best scale factor that reproduced the data.
In the second, the scale factor applied to the theoretical ethylene photochemical

profile was allowed to vary with altitude to produce a continuously-variable profile
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that best fit the data. We call the first approach “scale factor” and the second
“continuously-variable”. Both techniques yield the same abundance at the peak
of the contribution function near 2 mbar. In deciding which type of approach
(scale factor or continuously-variable) to fit the data we looked at the contribution
functions and at the goodness-of-fit of the model to the spectral lines.

In Fig. 6 three ethylene profiles are shown. The green curve shows the photo-
chemical profile of ethylene which has been calculated using the photochemical
model (Romani et al., 2008) using the temperature profile shown in black. The
red curve is the profile that results when applying a single scale factor to the
green curve in order to fit MIRMAP data taken in July 2011. The blue curve is a
continuously-variable profile that was retrieved by letting the ethylene profile vary
at each altitude from the photochemical profile. The contribution functions for
these different abundance profiles is shown in Fig. 6. Fig. 7 shows the MIRMAP
spectrum (black curve) and the models based on the two different retrieved abun-
dance profiles shown in Fig. 6. As the residuals show, there is very little differ-
ence between the two model curves and both produce reduced y?, as reported by
NEMESIS, indicating that they fit the data equally well. However, when moving
to the 0.5 cm™! data the situation changes. Fig. 8 shows the retrieved temperature
profile for the COMPSIT data taken in January 2012 (black curve) and three ethy-
lene abundance curves: the photochemical (green), the scale factor fit (red), and
the continuously-variable retrieval (blue). In Fig. 9 the 0.5 cm™' data is shown
in black with the two models in red and blue. In this situation it is clear that the

main ethylene feature at 949.5 cm™

, as well as several nearby data points, is fit
with greater accuracy using the continuously-variable profile, with the profile that

scales the photochemical profile producing a much less desirable fit. In Figs. 10
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and 11 the UKIRT data shows that both the scale factor and continuously-variable

! where the

models fit within the error bars of the spectrum except near 950.0cm™
continuously-variable profile is the only curve within the error bars. These tests
of parameter space led us to use a continuously-variable profile approach to fitting
the data at spectral resolutions higher than 2.5 cm™'. We are not sensitive over a
large altitude space as one is when doing limb studies but clearly the data at higher
spectral resolution is allowing us to retrieve more information out of the analysis
rather than just one scale factor.

Even though the differences in the retrieved spectra are small when com-
paring the scale factor to the continuously-variable approach, we preferred the
continuously-variable approach for finer spectral resolutions (0.5 and 0.1 cm™).
Essentially, the continuously-variable fit indicates at what altitude this species has
the largest contribution. For these observations this corresponds to the 1.3 mbar
pressure region and therefore all results are presented at the 1.3 mbar level. The
profiles retrieved in a continuously-variable fashion are shown in Fig. 12. It is
necessary to note that these profiles all peak at the 1.3 mbar pressure range except
for the profile on March 3, 2011 (DOY = 062) which peaks at a slightly lower
pressure level; this data set pertains to the time period before the two beacons

merged. The 1.3 mbar abundances of ethylene with time are shown in Fig. 13.

4. Discussion

The detection of ethylene in the northern storm region is significant because
it is a short-lived tracer of photochemistry in Saturn’s stratosphere. CIRS mea-
sured detectable levels of C,H, for approximately 10 months. However, in early

2012 ethylene emission faded more quickly than the temperature decreased in the
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beacon region. Fig. 5 shows the retrieved temperature profiles for the different
phases of the storm that are defined in Fig. 13. In the first phase of the storm there
were two beacons and the peak temperatures occurred near the 0.5 mbar level
(dash-dot, dotted curves; Fig. 5). In May 2011, the two beacons merged and the
resulting beacon exhibited its maximum temperature of ~220 K and dropped in
altitude to near the 2 mbar pressure level (solid curves). By August 2011 the radio
signals that indicate lightning on Saturn fell off abruptly, thus marking the end of
the active storm period in the troposphere resulting in the dissipation of the upper
tropospheric storm clouds (Sayanagi et al., 2013). However, in the stratosphere
the temperature of the beacon remained well above pre-storm levels. Over the
next two years (storm phase 3) the surviving beacon continued to cool until it was
no longer detectable by early 2014.

Although both the ethylene abundance and the atmospheric temperature were
enhanced in the beacon region(s), the two phenomena followed different chronolo-
gies. Ethylene was detectable for approximately 10 months, from 150 to 425 days
after the start of the storm, whereas enhanced temperatures in the beacon region
were observed for nearly 3 years. In particular, C;H, emission faded quickly in
early 2012. Between January 2012 (burgundy and green solid curves Fig. 12)
and April 2012 (red-dashed curve Fig 12) the ethylene emission dropped below
our detectable limit. However, in April 2012 the temperature at 2 mbar was still
180 K (red-dashed curve Fig 5), well above the pre-storm temperature. Thus, it
appears that ethylene became detectable once the temperatures rose above about
~180 K, and faded quickly once the temperatures fell below ~180 K, whereas the
temperature anomaly decayed over a time period of about 3 years. Therefore, the

changes in ethylene abundance occurred on a shorter timescale than the cooling
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of the stratospheric temperatures in the beacon. The persistence of the ethylene
enhancement for ~10 months is longer than the calculated photochemical lifetime
of ~20-30 days. However, it should be noted that the calculated ethylene lifetime
applies to nominal, rather than enhanced abundances of C,H,. One possible sce-
nario is that with the higher temperatures the C,H, photochemical system shifted
to a new equilibrium state in which the ethylene abundance was maintained at
the enhanced values until the temperature dropped below a certain threshold. The
rapid disappearance of C,H, in early 2012 is consistent with the ~ 20-30 day
lifetime.

We now examine whether the greatly enhanced ethylene emission could pos-
sibly be due to only enhanced hydrocarbon production at pressures less than
0.01 mbar in the region of its photochemical production from CH,4 photolysis.
CIRS data alone do not rule out this mechanism because they are not sensitive to
C,H, at pressures less than 0.01 mbar. However, when combined with Celeste
observations (as shown in Fig. 14) it is possible to assess if microbar enhance-
ment of ethylene can be the sole cause for enhanced ethylene emission in the
beacon region. In Fig. 14 a synthetic spectrum is calculated for a C,H, profile
that is enhanced by a factor of 100 over the photochemical profile only at pres-
sure levels less than 0.01 mbar (microbar region). Increasing the ethylene in the
upper stratosphere by such a large factor does not fit the Celeste data as shown by
the red dashed curve in Fig. 14a. There is a severe lack of ethylene emission in
the strongest feature at 949.4 cm™' as well as in the wings as compared with the
UKIRT spectrum. The Celeste data also constrain the minimal detectable abun-
dance of C,H4. The synthetic spectrum calculated using the photochemical pro-

file (blue curve) shows that even with the heightened temperatures of the beacon
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the photochemical profile produces ethylene emission below our detection limit.
The Celeste data can therefore be used to set limits on the altitude over which
the ethylene enhancement is present when used in conjunction with the CIRS
observations. It is only when the amount of ethylene at pressures greater than
0.01 mbar is increased above the photochemical that the Celeste spectrum is able
to be fit. Therefore even if the production rate at the microbar level was greatly
increased it is not possible to produce the observed Celeste spectra with only an
adjustment made in the microbe region. However, because this work shows that
the abundance of C,H, at the millibar-level is enhanced over the pre-storm value
measured by UVIS (Shemansky and Liu, 2012) and it stays enhanced for a sig-
nificant time period there must be a mechanism altering ethylene at the millibar
level, as opposed to the microbar level.

Ethylene is an important species on Saturn because it has photochemical path-
ways that connect together C;H, and C,Hg that have a long observational history
(e.g. Sada et al., 2005). In Hesman et al. (2012) we examined the effect of the
elevated temperature in the beacon region on the gas phase photochemistry of
ethylene. We found that with nominal gas phase photochemistry the photochem-
ical model produced only a doubling in the ethylene volume mixing ratios due to
the temperature increase alone whereas our observations indicate a 100-fold in-
crease in the ethylene abundance at the 2 mbar altitude region. In the region of the
observed enhanced ethylene emission (0.1 mbar<p<10 mbar) the principal source

of C,H,4 comes from reactions involving C,Hj3, the vinyl radical:
CH;+H, - GCH;+H (R1)
C2H3 +H+M — C2H4 +M (R2)

where M is any other atmospheric molecule. The primary source of the vinyl
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radical is acetylene. Ethylene’s primary sink is:
C2H4 +H+M —> C2H5 +M (R3)
with photolysis playing a lesser role:

C2H4 +hv — C2H2 + H2 (R4)

C2H4 +hy — C2H2 +2H (RS)

In this region ethylene is in photochemical equilibrium with production and loss
balancing each other with a per molecule lifetime on the order of 20 days. As
noted in Hesman et al. (2012) there could be either an unknown source of ethylene
that turns on and then off with the rising and then falling temperatures in the
beacon region, or a suppression of the major sink of ethylene, R3.

In order to investigate these processes, we examined the effects of not only
the elevated temperature on the nominal gas phase photochemistry, but also the
effects of the enhanced abundances retrieved from the observations. We calcu-
lated the photolysis rates, chemical reaction rates and free radical mixing ratios
in the beacon region with the gas phase photochemical model mixing ratios ar-
tificially enhanced to match the retrieved values in the region between 10 and
0.1 mbar. With these elevated abundances, ethylene becomes a significant ab-
sorber in part of the UV spectrum where the hydrocarbons absorb and the overall
ethylene photolysis rate in the atmospheric region increases by a factor of ~20.
This could explain in part the persistent ethylene enhancement during the storm
as C,H, photolysis leads to C,H; production, which leads to C,H; production and
finally back to C;H, (R1 & R2). This is in contrast to R3 where C,Hs produc-
tion leads to CH; production and eventually to either CH4 or C,Hg. However, this

does not explain the initial ethylene enhancement or its decay back to pre-storm

23



530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

values because with the elevated temperature, the gas kinetic reaction rate for R3
increases and the overall reaction remains the dominant sink for ethylene. With
elevated temperatures only 36% of ethylene loss is via photolysis and 64% is via
R3, whereas with elevated temperatures and enhanced mixing ratios, photolysis
is only 15% of the total ethylene loss rate while R3 is 85% of the loss rate. Thus
R3 increases more in relative importance than the photolysis sink. However, this
loss via H is probably unsustainable since in the 10 to 0.1 mbar region the H atom
loss rate is ~ 3x the production rate with 86% of the loss rate coming from the
reaction with ethylene.

A possibility in the beacon region is a “turning-on” of a photochemical sink
for H atoms. In this case, the suppressed H atom abundance would consequently
result in the C,H4 mixing ratio increasing. The enhanced ethylene mixing ratios
would shift towards a new photochemical equilibrium and the ethylene enhance-
ment would persist until the temperatures cooled to a point where the H atom sink
“turns-off”’. The return of the H atom abundance to pre-storm levels would then
reduce the ethylene mixing ratio to its nominal profile. For this H atom sink to
compete with R3 its overall reaction rate must be roughly equivalent to R3. The
overall reaction rate for R3 is kg3 * [H] * [C,H4] * [M] where the square brackets
denote the number density and M is any other atmospheric molecule. Our kinetic
rate constant for R3, kg3, uses the following values from the review by Baulch

et al. (1995):

krs = (koko M)/ (koM + ko) (1)
ko = 1.3x10723800T (2)
koo — 6.6X10_15 T1.28e—650.0/T (3)
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where ky is the kinetic rate constant at low pressure and k. is the kinetic rate
constant at high pressure. Similarly, it could be reasoned that any ethylene source
not present in the model would need an overall reaction rate greater than or equal
to R3 to be able to compete with the R3 sink for C,Hj.

Gas phase chemistry alone may be insufficient to explain the observed ethy-
lene enhancement on Saturn. We therefore consider other pathways for producing
ethylene. One possibility is that the ethylene enhancement is due to heteroge-
neous chemistry involving Saturn’s stratospheric haze (West et al., 2009). We
assume that the haze is primarily composed of hydrocarbons as a result of gas
phase methane photolysis and subsequent photochemistry producing higher order
hydrocarbons. The haze can work either as a direct source of C,Hy, as an indi-
rect source, or catalytically. The first instance would involve the haze warming
in response to the rising atmospheric temperatures in the beacon thereby evapo-
rating ethylene ice which would lead to increasing ethylene in the vapor phase.
This is an unlikely scenario because under nominal conditions C,H, does not
condense in Saturn’s stratosphere. As an indirect source there are several possible
mechanisms. One way is that while the warm stratospheric haze is in the solid
state chemical reactions could convert its hydrocarbon component to C,H, which
then vaporizes. Another way is that the haze could vaporize and release complex
hydrocarbons (such as polyacetylene) that undergo gas phase photochemistry to
produce ethylene. In either case, the hydrocarbon component of the stratospheric
haze would have to be known (or modeled) and a complex chemical system (solid
state and/or gas phase) would have to be modeled. Finally, the ethylene enhance-
ment could result due to a catalytic source whereby the warm haze acts as a cata-

lyst that either forms C,H,4 from other gas phase hydrocarbons or acts as a catalytic
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sink for H atoms. Either mechanism would result in an enhancement of the ethy-
lene mixing ratio. However, these mechanisms require theoretical study to see if

they can be reproduced based on the results found here.

5. Conclusions

Eleven CIRS data sets and two ground-based (UKIRT and IRTF) data sets
were studied in this analysis of ethylene emission throughout the northern storm
time period. It has been deduced that ethylene emission appears to “turn-on” when
temperatures in the beacon increased above 180 K and ceased when temperatures
fell back below that threshold. During this time period the ethylene emission var-
ied between 20 and 100 ppb at 1.3 mbars. From these findings it was shown that
there must be a mechanism altering ethylene at the millibar level rather than the
microbar level where it is produced. Gas phase chemistry may be insufficient to
explain the enhanced ethylene abundances and other sources such as heteroge-
neous chemistry involving Saturn’s stratospheric haze may need to be considered.
These mechanisms require further investigation, but the results presented here can

provide the framework for this work.
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Observation Average | Ethylene | Retrieved | 1.3mbar

Name Latitude | Detected? Scale VMR
(degrees) Factor (ppb)

CIRS_137SA_COMPSITO004 37.5 no <35

CIRS_145SA_COMPSIT007 26.8 no <70

(Beacon 2)

CIRS_145SA_COMPSITO007 34.1 marginal 23+3 8§+3

(Beacon 1)

CIRS_146SA_COMPSIT003 32.1 no < 150

(Beacon 2)

CIRS_146SA_COMPSIT004 & COMPSIT005 35.2 no <30

(Beacon 1)

CIRS_148SA_MIRMAPO001 37.6 yes 70+ 3 92 +6

CIRS_150SA_COMPSITO001 38.6 yes 76 £ 12 51+16

CIRS_151SA_MIRMAPO001 40.9 yes 113+7 92 +8

CIRS_158SA_MIRMAPO001 37.8 yes 72 +7 59+6

CIRS_159SA_COMPSIT004 38.5 yes 67 + 10 25+9

CIRS_159SA_COMPSIT005 333 yes 114+10 | 39+13

CIRS_161SA_COMPSITO001 33.8 yes 74 + 10 28+9

CIRS_164SA_COMPSIT002 38.7 no < 100

Table 2: Cassini CIRS observations of the beacon(s) throughout 2011 and 2012. The first entry
is a pre-storm spectrum from 2010 that is used for comparison against the storm spectra. The
observations in March 2011 are before the beacons merged. In these observations both Beacon
1 and 2 have been analyzed separately to look for signatures of ethylene. This table provides the
value required to scale the ethylene photochemical profile in order to fit the data.
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Figure 1: The 0.5 cm™' (labeled COMPSIT) and 2.5 cm™' (labeled MIRMAP) CIRS maps over
the northern storm latitude for a) March 3, 2011, b) July 7, 2011, c) July 26, 2011, d) December
3, 2011, e) January 13-14, 2012, f) February 16, 2012. Left panel: These cylindrical maps shows
the brightness temperature in the methane band at 1305 cm™! for 5 spatial elements centered near
the storm latitude. Longitudinal coverage was obtained for one rotation of Saturn. All maps have
spatial resolutions of 2° by 2° and are given in planetographic coordinates.
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Figure 2: The 0.5 cm™! (labeled COMPSIT) and 2.5 cm™' (labeled MIRMAP) CIRS maps over
the northern storm latitude for a) March 3, 2011, b) July 7, 2011, c) July 26, 2011, d) December 3,
2011, e) January 13-14, 2012, f) February 16, 2012. Left panel: These cylindrical maps shows the
brightness temperature center of the ethylene band near 950 cm™! for 5 spatial elements centered
near the storm latitude. Longitudinal coverage was obtained for one rotation of Saturn. All maps
have spatial resolutions of 2° by 2° and are given in planetographic coordinates.
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40F 15 fay2011: Northern storm beacoh region (~35N, ~310W), EA=35)
C 18 Jul 2011: Northern storm beacon region (~35N, ~57W), EA=37° |
T 2 Apr 2012: Northern storm beacon region (~35N, ~40W), EA=44°
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Figure 3: The 0.1 cm™' Celeste spectra obtained from the McMath-Pierce Telescope on May 15,
2011 (red curve), the United Kingdom Infrared Telescope on July 18, 2011 (green curve), and the
NASA Infrared Telescope Facility on April 2, 2012 (blue curve). The blue curve shows that by
April 2012 ethylene emission in Saturn’s beacon region has ceased. The analysis of the initial
ethylene detection from McMath-Pierce is presented in Hesman et al. (2012).
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Figure 4: a) The 0.5 cm™' CHy spectra of Saturn prior to the storm (blue curve), a spectrum of
Saturn’s beacon acquired on 2012 January 14 (red solid curve) and a spectrum of Jupiter’s northern
aurora acquired on 2001 Jan 13 (red dashed curve). The emission angles are 67° for both Saturn
spectra and 70° for the Jupiter spectrum. b) The temperature profiles for the pre-storm conditions
(blue curve) and the in beacon conditions (red curve). The contribution functions are shown for
the weak (1310.0 cm™"), medium (1302.50 cm™'), and strong (1305.75 cm™!) methane lines. The
blue solid curve between 1304 -1306 cm™! is practically flat indicating that the temperature is
nearly isothermal (blue solid curve; panel b). The red solid curve between 1304 -1306 cm™
shows absorption indicating a cold layer over a warm layer (red solid curve; panel b).
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Figure 5: The temperature profiles retrieved from the CIRS observations for all of the observations
given in Table 1. Also included is the temperature profile used for the UKIRT data set (green solid
curve). The pre-storm time period is shown by the black-dashed curve. The first phase of the
storm had two beacons and they are shown by the dash-dot and the dotted curves. Solid curves
indicate the second phase of the storm when there was 1 beacon. The red dashed curve shows
the temperature profile when ethylene was no longer present in the CIRS data. The vertical line
indicates a threshold temperature above which ethylene emission “turned-on”.
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Figure 6: a) Retrieved profiles (temperature and abundance) from the July 26, 2011 MIRMAP
observation at 2.5 cm™! resolution. The temperature profile is shown in black. The C,H, photo-
chemical profile is in green. The red curve shows the resulting abundance profile when the scale
factor approach is used in fitting the data. The blue curve shows the resulting abundance profile
when using a profile that is allowed to vary continuously over the altitudes to which these data are
sensitive. b) The contribution functions for the 3 abundance profiles shown in a) at 2.5 cm™!.
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Figure 7: The 2.5 cm™! data (black curve) and models (colored curves; red is scale factor, blue
is continuously-variable) based on the abundance profiles shown in Fig. 6. The residuals between
the models and data are shown in the bottom plot. Both of the retrieved profiles shown in Fig. 6 fit
the 2.5 cm™! spectrum with equivalent goodness-of-fits.
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Figure 8: a) Retrieved profiles (temperature and abundance) from the January 14, 2012 COMPSIT
observation at 0.5 cm™' resolution. The temperature profile is shown in black. The C,H, photo-
chemical profile is in green. The red curve shows the resulting abundance profile when a scale
factor approach is used in fitting the data. The blue curve shows the resulting abundance profile
when using a profile that is allowed to vary continuously over the altitudes to which these data are

sensitive. b) The contribution functions for the 3 abundance profiles shown in a) at 0.5 cm™!.
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Figure 9: The 0.5 cm™' data (black curve) and models (colored curves) based on the abundance
profiles shown in Fig. 8. The residuals between the models and data are shown in the bottom
plot. At this higher spectral resolution it is clear that the model produced from the continually
varying abundance profile (blue curve) produces an overall better fit the to the main ethylene line
at 949.5 cm™!
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Figure 10: a) Retrieved profiles (temperature and abundance) from the July 18, 2011 UKIRT
observation at 0.1 cm™! resolution. The temperature profile is shown in black. The C,H, photo-
chemical profile is in green. The red curve shows the resulting abundance profile when a scale
factor approach is used in fitting the data. The blue curve shows the resulting abundance profile
when using a profile that is allowed to vary continuously over the altitudes to which these data are
sensitive. b) The contribution functions for the 3 abundance profiles shown in a) at 0.1 cm™".
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Figure 11: The 0.1 cm™! data (black curve) and models (colored curves) based on the abundance
profiles shown in Fig. 10. The residuals between the models and data are shown in the bottom plot.
At this higher spectral resolution the continually varying abundance profile (blue curve) produces
a better y? than the scale factor model (red curve).
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Figure 12: The C,Hy profiles retrieved from the CIRS 0.5 cm™' (COMPSIT) and the UKIRT
0.1 cm™! data. The ethylene abundance as measured by UVIS in pre-storm conditions is shown
by the brown triangles. Observations with resolutions higher than 2.5 cm™! were used to retrieve
continuously-variable profiles. The black-dashed curve is the photochemical profile and the red-
dashed curve is the fit produced by NEMESIS where the ethylene lines are not measurable above
the noise.
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Figure 13: The retrieved C,H4 1.3 mbar volume mixing ratio values for all observation days.
Data points in black without error bars show upper limits. Results from retrievals using CIRS at
3.0 cm™' (MIRMAPs) data are shown with diamonds and using 0.5 cm~! (COMPSITs) are shown
with plus signs. A triangle displays the retrieved result from the ground-based 0.1 cm~' UKIRT
data. Upper limits were retrieved by looking at 30 error bars on the ethylene spectrum.
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Figure 14: a) The 0.1 cm~! UKIRT Celeste data (black curve) and models (colored curves) based
on the abundance profiles shown (b). b) The temperature profile for the approximate time and
spatial extent of the UKIRT observations is shown as the black curve. The blue dotted curve is
the photochemical profile of C,H,4 and the red dashed curve is 100x the photochemical profile at
pressures less than 0.01 mbar.
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