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Abstract

In its decade of operation the Cassini mission has allowed la®k deep into Saturn’s
atmosphere and investigate the processes occurring bslemshrouding haze. We use
Visual and Infrared Mapping Spectrometer (VIMS) 4.6—pr8 data from early in the
mission to investigate the location and properties of $&turioud structure between
0.6 and 5 bars. We average nightside spectra from 2006 ditediacircles and model
the spectral limb darkening using the NEMESIS radiativesfar and retrieval tool.
We present our best-fit deep cloud model for latitudd§® < 1 < 50°, along with
retrieved abundances for NHPH; and AsH. We find an increase in NdHabundance
at the equator, a cloud base~&.3 bar and no evidence for cloud particles with strong
absorption features in the 4.6—5.in wavelength range, all of which are consistent
with previous work. Non-scattering cloud models assumirgp@position of either
NH3 or NH4SH, with a scattering haze overlying, fit limb darkening @sand spectra
at all latitudes well; the retrieved optical depth for theptospheric haze is decreased in
the northern (winter) hemisphere, implying that the hazed&ahotochemical origin.
Our ability to test this hypothesis by examining spectrafiiecent seasons is restricted
by the varying geometry of VIMS observations over the lifettod mission, and the

appearance of the Saturn storm towards the end of 2010.
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1. Introduction

It has long been known that clouds are present on the gianefdan our solar
system, but attempts to predict their location and comjoosiising microphysical
models have so far been relatively unsuccessful (e.g. Atetyal. 2005, describing
the cloud patterns found on Jupiter by the Galileo spacgcr@louds are intimately
linked with planetary dynamics and chemistry, so undedstantheir formation and
behaviour is a key part of studying any planetary atmosphere

The arrival of the Cassini mission at Saturn provided an ecgdented opportunity
to study its atmosphere. In the subsequent decade, Sastnatsspheric composition
has been monitored during the changing seasons (Fletchér 2010; Sinclair et al.,
2013; Fletcher et al., 2015); a spectacular hexagonalwtids been observed at the
north pole (Fletcher et al., 2008; Baines et al., 2009); &eddevelopment of a dra-
matic, large scale storm has been traced over a period ofsdewenths (Fletcher,
L. N. et al., 2011; Fischer et al., 2011barg&hez-Lavega et al., 2011; Fletcher et al.,
2012; Hesman et al., 2012; Sromovsky et al., 2013; Sayanadi, 013; Achterberg
et al., 2014). Cassini’s suite of instruments includes tlei® and Infrared Mapping
Spectrometer (VIMS), which provides wavelength coveragvben 0.3 and 5.{tm
at a spectral resolution 6f16 nm. Absorption bands due to methane, ammonia, phos-
phine and other trace gases are present in this wavelenmugle;rave can observe the
reflected sunlight signature from the dayside at shorteeleagths, and on the night-
side the thermal emission from the planet begins to emergeoaind 4.6um. This
broad wavelength coverage provides sensitivity over alafttude range, making this
instrument extremely useful for atmospheric soundingy,alsie to the typical size of
particles (Roman et al. 2013 finds tropospheric haze pestichve radii of approxi-
mately 2um), VIMS is highly sensitive beyond 46m to the spectralféect of clouds
and haze in the lower atmosphere (between 1 and 8 bars).

In this work, we use VIMS 4.6—5.2m thermal emission spectra from the night-
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side of Saturn to investigate the tropospheric cloud ane& h&tratospheric and tro-
pospheric haze properties can be explored using reflegtetifiom the dayside (e.g.
Karkoschka and Tomasko 2005; Sromovsky et al. 2013; Romah 2013) but sun-

light does not penetrate far enough into Saturn’s atmosgtberasily probe cloud much
beyond the 1-bar pressure level. On the other hand, thermigk®n from the deep
atmosphere is absorbed and scattered by clouds in thisdatiegion (Baines et al.,
2006; Choi et al., 2009), as discussed by Fletcher et al1@0Who presented the first
detailed exploration of thermal emission from Saturn usiliS. They investigated

the sensitivity of the spectrum to properties of the tropesiz cloud and haze, as well
as determining the latitudinal dependence of;PNH3; and AsH gas abundances,
but found considerable solution degeneracy. We build o phevious work by us-

ing spectroscopic limb darkening within latitude circlesprovide further constraint
on the properties of the cloud and haze. Ground-based @igaTs by Yanamandra-
Fisher et al. (2001) showed strong latitudinal variatiob.idum brightness, attributed
to variation in cloud properties; we aim to gain a broad, glghicture of Saturn’s

tropospheric aerosol properties as a function of latitude.

Uncertainty as to the composition and size, and therefatesing properties, of
the Kronian clouds is a major contributor to solution degeog in the Fletcher et al.
(2011a) study. Atreya and Wong (2005) use an equilibriuraatimodel for Saturn to
predict the presence of NHce and solid NHSH clouds in the troposphere. The pH
ice cloud is estimated to form a little above the 2 bar levethwhe deeper NESH
cloud forming at around 5 bars. Below this level we may alqueexwater ice clouds
to form, but it is unlikely that these will persist to high ergh altitudes for the VIMS
measurements to be sensitive to them (at these waveleMiMS, is mostly sensitive
to pressures between 1 and 8 bar, Fletcher et al. 2011a).

Previous observational work on Saturn’s cloud (e.g. Kackka and Tomasko

2005; Fletcher et al. 2011a; Sromovsky et al. 2013; Roman2d43) has indicated the
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presence of both stratospheric and tropospheric hazds thégttropospheric haze lo-
cated in the region directly above where the \itbud is predicted to form. However,
infrared observations sensitive to the deeper tropospieere provided no evidence
for the two distinct tropospheric cloud decks (h&hd NH,SH) above the 10 bar level
predicted by Atreya and Wong (2005) (see Sromovsky et al3R0lhstead, a single
cloud deck beneath the tropospheric haze, in the 1—5 bar raygeferred, located in
between the predicted base pressures fog Bkl NH,SH. This may indicate that the
deep cloud is in fact a mixture of these two components, aorisposed of either Ngi
or NHsSH but also contains impurities. Based on the Atreya and W2805) model
predictions, we consider NHand NH,SH compositions for the troposperic cloud and
NH3 for the tropospheric haze. Adopting compositions fralinitio models in this
way reduces the degeneracy of the problem and allows a morenative exploration

of other cloud parameters such as particle size.

2. Data and reduction

We use nightside VIMS cubes from April 2006 (late northernteisouthern sum-
mer; Table 1) to investigate the cloud limb darkening prapsr We choose cubes from
this year as Cassini’s fairly equatorial orbit at that tinlewas us to investigate from
the equator up to the mid-latitudes of both hemispheredsdt facilitates comparison
with Fletcher et al. (2011a), who used the same cubes. Theswerlapping observa-
tions taken in a single session while Saturn rotated und#¢ineuch that all longitudes
were observed. They are shown in Figure 1, in which it can ba #eat the northern
latitudes are much brighter than the south ain.

Similar coverage was obtained during 2007, and in Sectibna& compare the
limb darkening for the two years. We attempted to investigatther into the mission
to see if these trends began to change as Saturn moved toveanads equinox and into
northern summer. However, our ability to do this was reddy the unavailability

of similar data products. Between 2008 and 2010, we couldomate a sequence of
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Observation Date Integration Time (S)
CM1524383985 2006-04-22 480
CM1524388848 2006-04-22 480
CM1524393612 2006-04-22 480
CM1524400806 2006-04-22 480
CM1524403247| 2006-04-22 480
CM1524408018 2006-04-22 480
CM1524412815/ 2006-04-22 480
CM1524417617| 2006-04-22 480

Table 1: List of 2006 data cubes used in the current research.

VIMS images covering a wide simultaneous range of latitualed emission angles,
which is required for a study of this kind. This was due to thacgcraft moving to
an inclined orbit. Towards the end of 2010 the large Satwmsemerged, causing
great disruption to the atmosphere witfieets that persisted for several Earth years,
preventing any further study.

We investigate the latitudinal dependence of the cloud gntigs by exploiting the
change in emission angle along a latitude circle as viewedIMS. To first order,
we do not expect significant longitudinal variability at $keepressure levels on Saturn
(see Yanamandra-Fisher et al. 2001 for details gftbvariability observed from the
ground), so much of the broad zonal variation evident in Fégu and 2 is due to limb
darkening. To average out small-scale longitudinal vimiatve take all 8 data cubes
together and bin the spectra in latitude and emission aAgig data points with a solar
incidence angle of less than 10&re rejected, to avoid contamination from reflected
sunlight. We extract latitude circles from“4®to 50N, taking all pixels at intervals of
10 in latitude with a spread af3°. By binning over a broad latitude band we hope
to average over any small-scale variation, although it red¢la@t we do not resolve the
fine details of the latitude variation as reported by Fletateal. (2011a).

We also average spectra in the longitudinal direction et€fyin emission angle,
to ensure that any local features are smoothed out. Thitgeéswan emission angle

range between°tand 453 at the equator, and 3%&nd 853 at the highest latitudes. The
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Latitude ¢) | Emission angle rangé)
-40 ~35—85
-30 ~25—65
-20 ~15—55
-10 ~5—55

0 ~5—45
10 ~5—55
20 ~15—55
30 ~25—65
40 ~35—85
50 ~45—85

Table 2: Emission angle ranges for each latitude circle. @hges refer to the central angle of the highest
or lowest 10 range included for each latitude circle. The angles ina¢awards higher latitudes because
the sub-spacecraft point lies close to the equator for aénkations.

average limb darkening at 5pdm for latitude circles and 2(horth and south are shown
in Figure 3. The small scale variation is apparent, but it$s alear that the average
captures the basic limb darkening trend well. The variatioemission angle range
is due to the equatorial location of the spacecraft duriegétobservations, leading to
generally higher emission angles further from the equabfow and equatorial lati-
tudes, the images do not extend to the limb of the planetcatimg the limb darkening
range. An example of the manipulation of a single cube is shioviFigure 2.

The cubes were downloaded from the NASA PDS archive andresdith using the
standard ISIS pipeline (Fletcher et al., 2011a). The cubegmjected onto a System
Il planetographic latitud#éongitude grid. Radiometric errors are conservatively-est
mated to be 12% of the average flux between 4.7 andu;lthe 12% value is based
on the error estimates used in Fletcher et al. (2011a), batsaeme a constant error of
12% of the average 4.7—5dm flux across all wavelengths and all emission angles,

which favours the spectral regions where the signal is &rge

3. Model atmosphere and retrieval

The Saturn model atmosphere is based on the work of Flettlhér(2011a). Line

data sources are as in this previous paper and Giles et a4b)2B8fter Fletcher et al.
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Figure 1: Map projected data cubes as used by Fletcher e2(dl14), which we also use in this work. A
clear hemispherical asymmetry in theu flux is apparent, with the northern latitudes appearingetmich
brighter. Reprinted from Icarus, 214, Fletcher, L. N. et 8hturn’s tropospheric composition and clouds
from CassiniVIMS 4.6-5.1um nightside spectroscopy, 510—533, Copyright (2011), wéhmission from
Elsevier
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Figure 2: Map projected data cube CM1524383985, shownustitite our data selection procedure. White
contours show emission angles. Hatching indicates regi@ctesl due to sunlight contamination (solar
incidence angle less than 1Q5Pale shaded stripes show the latitude circles used.
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Figure 3: 5.1um radiance for all pixels within a single latitude circle & 2orth and south. Whilst pixel-
level variations are apparent, the shape of the limb darker@lation is well represented by the average.
This encompasses both latitudinal and longitudinal vammti
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Figure 4: Jacobians (functional derivatives) for tempemtBH;, NH3 and Ash for a typical cloudy model
atmosphere as used in this work. A compact tropospheric cloudcated at 2.3 bars and an extended
haze between 0.1 and 0.6 bar. Jacobians show sensitivityattges in temperature (per K) and £NH3

and Ash abundances (per log volume mixing ratio) affelient altitudes. The VIMS instrument is mostly
sensitive to pressures between 1 and 8 bar. Texteof the cloud can be clearly seen in the increased
sensitivity above the 2.3-bar level in the temperature angl Ridobians, whereas the haze is too high up to
have a similar fect.

(2011a), we use latitudinally varying temperature profilased on retrievals from the
Composite Infrared Spectrometer (CIRS) instrument awstagyer the 2004—2008
period of observations, extrapolated to an adiabat in tlep gemosphere (Fletcher
etal., 2007, 2010). CIRS (FA3P4) operates in the 7—16n wavelength range, mak-
ing it highly sensitive to Saturn’s thermal emission fron066100 mb and 10—1 mb
and therefore an ideal probe of temperature in the uppeospiere and middle strato-
sphere. The temperature at higher pressures, closer tegims in which VIMS is
sensitive (see Figure 4), is not probed by the CIRS instramed cannot be indepen-
dently constrained using VIMS data; however, we expectdngperature to be more
stable in the deeper regions of the atmosphere. We do nogftine, expect small-
scale variability to fiect our results, especially as we average over spectra figimh e

different data cubes.
3.1. Retrieval Algorithm

We use the NEMESIS radiative transfer and retrieval algoritlrwin et al., 2008)
to simultaneously retrieve several atmospheric propefittam the VIMS spectra. After

Fletcher et al. (2011a), we only vary the model parametevgiioh the 4.6—5.Jum

10
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spectral region is most sensitive, keeping everythingfeted. The main absorbers in
this spectral region are the cloud and haze, as discussadhier detail in Section 3.2.
Regarding molecular absorbers, Fletcher et al. (2011ajdfdlat, whilst NH, PH;,
AsHs, GeH,, CH, and CHD have absorption in this region, variation in the abun-
dances of Gely CH, and CHD had an insignificantféect on spectra at the resolution
of VIMS. The abundances of these gases were therefore fixdtetgalues used in
Fletcher et al. (2011a), leaving only three variable ga3é® sensitivity of the spec-
trum to absorption by P¥ NH3z and AsH is indicated in Figure 4, with PHhaving
the broadestféect across the spectrum. Mldbsorbs at wavelengths longer than 4.8
um and Ash at shorter wavelengths.

Fletcher et al. (2011a) found that the CIRS-derived; Pibfile did not provide
a good fit to the VIMS data. The CIRS instrument focal planesi® 4, previously
used to constrain PHabundance (Fletcher et al., 2009), are sensitive to alisoripy
PH; at lower pressures (300—800 mbar) than the VIMS measuremAst§letcher
et al. (2011a), in this work the RHprofile is modelled with a constant volume mixing
ratio up to a given pressure level (the ‘knee pressure’)yalyehich the abundance
drops dtf as a function of altitude. CIRS measurements indicatedRkgtwould be
well-mixed up to 0.55 bar, but Fletcher et al. (2011a) fowden analysing the VIMS
observations, that the knee pressure instead occurred® dtat. We test thefBect
on the retrieval of varying this knee pressure. Though deppssures for the knee
between 1.1 and 1.5 bar do indeed produce a better fit for tggesnearest-to-nadir
spectra, lower pressures produce a slightly better fit fobldarkening profiles, with
a lower reduced-squared (Figure 5). They? for the limb darkening is calculated
by treating all spectra in the limb darkening sequence asglesdataset. However,

the spectral shape is reproduced slightly less well at tloeger pressures. Changing

1They? goodness-of-fit parameter is calculated using the relaffon (Z(Ymeasured — Ymoddlled)2/02); the
reducedy? is this sum divided by the number of degrees of freedom.
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the knee pressure does result in some changes in retrieligesvahe tropospheric
PH; abundance decreases for lower knee pressures, to compédoisttie fact that
the tropospheric abundance is fixed up to a higher altituge;ctoud optical depth
decreases slightly whilst the haze optical depth increemaed a similar trade{dis
seen between NiHand AsH;, with NH3 decreasing and AsHncreasing. However, all
of these &ects are small and in the majority of cases do not exceed thevad error.
We therefore fix the knee pressure at 1.3 bar to facilitatglemoomparison with the
results of Fletcher et al. (2011a), and retrieve the deepaPdndance and a fractional
scale height above the knee.

A priori abundances for PHNH3z and Ash are the best-fit values from Fletcher
et al. (2011a), and the other model atmosphere parametetheasame, with the ex-
ception of the cloud properties used which are explainethéurin Section 3.2. We

retrieve scaled specific densities for the cloud specidaded in the model.
3.2. Cloud models

The key diferences between this work and that of Fletcher et al. (20ads)n
the treatment of clouds, and the use of limb darkening matto place further con-
straints on their properties. Fletcher et al. (2011a) dacoasider limb darkening and
the majority of their conclusions are based on nadir gegnsgtectra. Because of the
different paths through the atmosphere for spectrafigrdnt emission angles, using
limb darkening relations provides further information. rlexample, if particles are
strong scatterers then the limb darkeniritget is less pronounced than for mostly-
absorbent particles, as more light propagates throughtthesphere at low emission
angles. Roos-Serote and Irwin (2006); Giles et al. (201B)aestrate that scattering is
important in the Jovian atmosphere atrh; we test the requirement for a scattering tro-
pospheric cloud layer on Saturn by comparing scatteringandscattering retrievals.
The retrieved atmospheric properties depend on both thelalertical structure and

scattering properties, with limb darkening providing ety constraint on both than

12



0.40 1.0
Retrieval with limb darkening
0.38[ ] 0.9
o
=
R ossf 1 “x 08f 1
§ Retrieval with near-nadir only E
c 034 3 0.7F H"v// 3
jo)
o
032 7 0.6
0.30 L L n " L 0.5 i . . ; 2
04 06 08 10 12 14 16 04 06 08 10 12 14 16
10 0.8
= ® 06 1
g
8 8 [ é
< 04 .
s «©
s 7 | 3 S
2
o 02f 1
6 E
5 . . . . . 0.0 . . . . .
0.4 0.6 0.8 1.0 1.2 1.4 16 0.4 0.6 0.8 1.0 1.2 1.4 16
1000 8 " " ' "
= 800 [ ] g 6F il
£ Q
Q o
& 600 ) b =
o« T S 4 q
= >
> 400 ] )
[ I
z 2 2 1
200 ]
0 L n s . L 0 L . .
0.4 0.6 0.8 1.0 1.2 1.4 1.6 0.4 0.6 0.8 1.0 1.2 1.4 1.6
100 T i ) ! T 10.000
£
g & 1.000F 4
()
8 *‘H*HH\W g
4] w
S I
B £ 0100¢ E
<] o
B ©
3
3 £ oot} E
10 0.001 L L n . L
04 06 08 10 12 14 16 04 06 08 10 12 14 16
Knee Pressure (bar) Knee Pressure (bar)

Figure 5: Retrieved atmospheric properties and fitting atas for limb darkening relations atZ®when
different PH knee pressures are used. Pressures around 1.1 bar proebesttiit if only the nearest-nadir
spectrum is considered (top left-hagd plot), but the full limb darkening series slightly favoursaaver
pressure closer to the CIRS value (top right-hafdlot). However, we find that most retrieved values
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single observations taken close to the nadir.

Fletcher et al. (2011a) consider three compositions fortrihygospheric cloud: a
non-scattering grey cloud, an Nhte cloud with refractive indices taken from Mar-
tonchik et al. (1984), and an NJSH cloud with refractive indices taken from Howett
et al. (2007). Extended and compact, scattering- and nattesing variants of these
models were considered, with or without the presence of arlyixg grey cloud at the
condensation pressure expected for the;Mldud (around 1.5 bar).

We further explore thefeect of diferent cloud scattering properties on VIMS spec-
tra by considering thefiects on limb darkening relationships. To this end, we carsid
four different cloud model scenarios (Table 3). These consist of pachdeep cloud
made of either Nkl or NH,;SH extending over a single model layer, as Fletcher et al.
(2011a) found that a compact tropospheric cloud producedtartfit than an extended
cloud. In two models we also include a ‘tropospheric hazgétaas indicated by the
Cassini ISS analysis of Roman et al. (2013); we choose tad®na haze layer rather
than the 2-cloud model adopted by Fletcher et al. (2011d)exe tis evidence for the
presence of a tropospheric haze layer from reflected-lighervations of Saturn, lo-
cated higher up than a compact layer at 1.5 bar. This haze imgstended between
0.1 and 0.6 bar, with anfiective particle radius of @m, as suggested by Roman et al.
(2013). This is also consistent with the results of Karké&scand Tomasko (2005).
Roman et al. (2013) do not suggest a composition for this,Hageise a real refractive
index of~1.43 at visible wavelengths, compatible with Martonchikle{1984) values
for NHz ice. Likewise, we use Nklrefractive index properties for this haze, since we
know that NH; is abundant on Saturn and it is expected to condense, atlstiglatly
higher pressures than the tropospheric haze layer.

The extinction cross section and single-scattering allaedoelatively uniform for
2 um NHs particles over the om wavelength range, as can be seen in Figure 6. At 5

um, larger NH particle sizes have more spectrally uniform propertiesmanmad with

14
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NH3z compact cloud] NH4SH compact cloud
No haze A B
NH3 tropospheric haze C D

Table 3: Four dierent cloud models used in this work. The fifth model (E) is a singpey cloud model.

smaller particles. Together with the evidence from Romaal.g2013), this spectral
invariance is why we choose to useith haze particles; given that the composition of
the haze is unknown, we do not want to introduce spuriousrphien features into the
spectrum when haze is included.

We choose to use properties for flEind NH,SH particles rather than an arbitrary
set of cloud properties. Introducing clouds adds a numbéreef parameters to the
model, and it is clear from the results of Fletcher et al. (2)1that the problem is
very degenerate. This is therefore the simplest scendtimugh more complicated
ones exist, and these could be explored by allowing theatfsindices of the cloud
constituent to be free parameters. However, this approaciidvextend the parameter
space for this work to an unfeasibly wide range for a singldtand would be unlikely
to enable us to make any more meaningful statements abociotine properties. Nk
ice and NHSH are the two species that are predicted to condense atipgess which
the VIMS 5um measurements are sensitive, hence our choice. In the ¢ese e
data can be represented by a cloud made of either speciessttisved cloud base
pressure may serve as an indicator of composition shoulzttitroat a predicted cloud
base pressure for either Nlar NH;SH.

For models A—D, we test five fierent particle sizes for the cloud: 0.1, 0.3, 1, 3,
and 10um. The spectral properties for each of these, and for thenZarticles we
use for the haze model, are shown in Figure 6. The signifidaamges in scattering
properties over this range should allow some constrainetplaced on particle size.
For each size, a gamma distribution with a variance of 0.0&sed; this provides a
relatively tight size distribution, but is broad enough tash out smaller scale spectral

features that arise when monodisperse particle sizehlisions are considered, mak-

15
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Retrieved quantity Parameterization
Cloud specific density log multiple of profile (converted to optical depth)
Haze specific density log multiple of profile (converted to optical depth)
PH; VMR Deep abundance, fractional scale height above knee pesssur
NH3; VMR log multiple of profile
AsH3z; VMR log multiple of profile

Table 4: Retrieved quantities and methods of parameterizattdoud particle size and base pressure are
varied manually between retrievals.
ing the extinction cross section and single-scatteringddbcurves smooth. Fletcher
et al. (2011a) used the same size distribution, but onlyidensd 1um particles for the
tropospheric cloud. We compute the scattering crossesestsingle-scattering albe-
dos and phase functions using Mie theory, assuming sphpedicles. The calculated
phase functions are then approximated using a two-term ¢éye@yeenstein function.
For each of the models we also vary the base pressure betwean®5 bar. For
each case, we perform a separate retrieval of the gas \esjaidbud optical depth (and
tropospheric haze optical depth if present) and compargdbeness of the resulting
fit using the reduceg? statistic. To select the best-fit cloud size and base pregsur
each model we perform a full retrieval for the lowest emissaiogle spectrum within
each latitude circle, and then use the retrieved paramgtdsward model the limb
darkening, as a full retrieval using all spectra is very cataponally intensive. Once
the best-fit cloud parameters are selected, full retriewads all limb darkening spectra
are performed for that case only. Retrieved quantities andrpeterizations are listed

in Table 4.
4. Results

We present results from our range of retrieval tests herés ithmediately clear
from consideration of the data that the limb darkening retethips dffer between the
southern and northern hemispheres. Fletcher et al. (20ddmitjfied hemispheric dif-
ferences, with the northern hemisphere consistently apype@® be brighter, indicating

that these latitudes are comparatively less cloudy, andseesae a stronger limb dark-
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Figure 7: Spectra as a function of emission angle and cometsipg limb darkening curves for the 20 and
20°S data. The shades of grey correspond to spectrdfateht emission angles. The symbols in the limb
darkening curves on the left refer to the wavelengths irtditan the bold spectrum in the right-hand panels.
ening slope in comparison with the southern hemisphereumea®&nts. The change in
brightness immediately suggests that the clouda@migaze is optically thinner in the
north - Baines et al. (2006) estimate that tharboptical depth in the north is about
0.7 less than that in the south. This behaviour is seen atines$.6—5.2um win-
dow. In Figure 7, we compare the observations &N\eand 20S, and this fect is
clear. Similar behaviour is also seen at other pairs ofudés, e.g. 4N and 40S
(Figure 8).

Steeper limb darkening is indicative of cloud or haze thahdge dficient at ab-
sorbing and lessficient at scattering light. The longer path length at highssion
angles has an increasefiieet if the atmosphere is more absorbing, producing greater

attenutation at high emission angles. We therefore teg&narof cloud models A, B,
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Figure 8: As Figure 7, but for spectra at°“40and 40S. As in Figure 7, the limb darkening curves in the
north are steep compared with the limb darkening curves indbths

NH3 compact cloud| NH4SH compact cloud
Scattering cloud A B
Absorbing cloud Alii Biii
Scattering cloud haze C D
Absorbing haze, scattering cloud Ci Di
Absorbing cloud, scattering haze Cii Dii
Absorbing cloud+ haze Ciii Diii

Table 5: Scattering variants of cloud models A, B, C and D
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2 C and D to investigate possible causes of increased limbedarf§. These variants
a9 are listed in Table 5. To achieve a non-scattering fwdaed only, we set the single-
20 Scattering albedo for hamdoud at all wavelengths to zero. Where both the cloud and
2 the haze are non-scattering, we simply run the retrievdl 8gattering turnedth

28 The only variant of cloud models C and D that produce a good fidldatitudes
23 1S the case where the deep cloud is assumed to be non-sugtberti the haze is not
2« (models Cii and Dii). It is possible to reproduce théfelient limb darkening rela-
285 tionships with a single model because the retrieved hadeabptepth is lower in the
26 northern (winter) hemisphere than the southern hemisphigrerefore, the combina-
2z tion of cloud and haze in the southern hemisphere is moréesicet overall than the
2 Northern hemisphere cloud and haze, which produces stellawb darkening in the
20 Ssouthern hemisphere compared with the northern hemisphere

200 The diterence in goodness of fit between MH and NH compositions for the
2 tropospheric cloud is very small, although for most latésich slightly better fit is
22 Obtained for NHSH. This is a result of the fact that for either case particdesare
23 favoured for which the extinction cross section and sirgglattering albedo variation
204 With wavelength is small — no strong spectral features ofctbad are visible in the
25 Spectrum. To test thefiect of spectral features due to the cloud, we test a furthelemo
26 (Cloud model E) which is based on models Cii and Dii but hascsphy-invariant
27 properties for the cloud and haze. The cloud becomes a signple non-scattering
28 cloud, and the haze is grey and scattering with a spectmaltgriant phase function
20 (based on the phase function fopth NH3 particles at 5um, as shown in Figure 6).
300 We find that in the majority of cases models including haze @ &) provide a
s Slightly better fit to the spectra than models without hazeuid B). The exception is at
a2 50°N where models A and B provide the best fit, and where the vetdidiaze optical
w3 depth for models C and D is low anyway. The best-fit model vasidor NH; and

ws  NH4SH compositions are shown in Table 6. The fact that haze madel generally
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favoured is not an unexpected result as the troposphere ez been identified from
observations at shorter wavelengths, as in e.g. Roman(@04l3). This fact, coupled
with the need for the haze to reproduce the change in limbeaiémly properties as a
function of latitude, suggests that the VIMS thermal enoissipectral region is sensi-
tive to both a tropospheric cloud and to some opacity highehé atmosphere. The
retrieved parameters for the best-fit A and B models are ptedén Figure 9, for best-
fit C and D models in Figure 10, and for best-fit non-scattegrey cloudscattering
grey haze models (E) in Figure 11.

For the+2( latitude circles, we test fierent base pressures for the haze between
1.8 and 0.2 bar (for a tropospheric cloud base pressure db&:3Figure 12). For
all base pressures higher than 0.4 bar, we find there is gotutfie spectra, and the
variation in retrieved values for fierent haze base pressures is within the error bars
and therefore insignificant; the top and base pressurebemefore fixed at 0.1 and 0.6
bar respectively, which are values taken from Roman et @lL3Pand constrained by
reflection results. This base pressure is consistent whttr diterature values, including
Stam et al. (2001), Moz et al. (2004), and Carlson (2010). It should be noted #sat
deeper base pressures for the haze are not excluded, tmeredguirement for a gap
between the tropospheric cloud and haze; however, the fiadiating to scattering
and the strong variation in haze optical depth with latitddenonstrates that the cloud
and haze must be independent of each other. Converselg,ithsirong evidence that
the haze must be an extended layer rather than a compagctdaytbie goodness of fit
gets significantly worse as the haze base pressure gets tdhke top pressure.

It is obvious from Table 6 that the parameter space is highbederate; however,
there are broad trends that can be immediately extractedielancluding haze are
generally favoured. The flerence in goodness of fit between the hazy and haze-free
models is most clear at southern latitudes, which makegii@sense as this is where

the retrieved haze optical depth is greatest.

21



15 08
s 061
E 10 1
& i
w
g o 04f
= T
2 5 ]
o 02f
0 n " L 0.0
60 -40 20 0 20 40 6 60
2000 8
T 1s00f 1 % 6
g 2
T 1000 1 € 4t
2 5
Z s00f 5 2 2 1
0 0
60 -40 20 0 20 40 60 60 40 -20 O 20 40 60
100 ’ 12
z
< S 10f ]
B 8
a E gl 1
g 10 8
2 L J sl ]
5 8
e ]
H ES ]
(] o
3 2f ]
| s L ' s n 2 0 ¥ N " L L
60 -40 -20 0 20 40 60 60 -40 20 0 20 40 60
1 10.0
B ofF 3
8 2 ~N
< / R x
3 Q
g af ] 3 10} g
= &
3 4f E
&4
5 L L s 0.1 n L n L
60 -40 -20 0 20 40 60 60 -40 20 0 20 40 60

Latitude (degrees) Latitude (degrees)

Figure 9: Best-fit retrieved values for each latitude cifolemodels Aiii - black crosses and Biii - red stars.
Cloud optical depth is quoted at 5uin.

22



10 0.6
=~ 8r ]
g
5 of 1 z 0.4
< °
S 4t B e
? 02f 1
o
ok ]
0 0.0
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
1000 - — - - - 6
< 8oor ] =
E 8 af B
& e00f 1 ;'/
o
s S
> 400 ] o
[ I 2f §
z 2
200 3]
0 s 0
60 -40 20 0 20 40 60 60 -40 20 O 20 40 60
3.0 10.0
E =
g 25 b g
o =}
= =
o
£ 20f {1 & 1o} .
o o
kel [
3
o - ol
2 15 §
1.0 0.1
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
1 _ 12
e
= S 10 1
2 e 8 ]
- N
a °
ke b
S 8 4r 7]
o E . Q
c 4 ]
5 27 ]
5 © 0
60 -40 20 0 20 40 60 60 -40 20 0 20 40 60
100 - - T T T Latitude (degrees)
Y
o
g 1o} E
o
Q
o
0.1 . . N r

-60 -40 -20 0 20 40 60
Latitude (degrees)

Figure 10: Best-fit retrieved values for each latitude eifdr models Cii - black crosses and Dii - red stars.
The jumps in cloud base pressure and particle size occur e@atange of discrete pressures and sizes is
tested. Clouthaze optical depth are quoted at fuh.

23



12 : 0.8
10F 7
= bl 06 1
g 8f I ) ] .
z 6f o k 2 .
-3 " : o 04
2 : x
2 ar 5
T : 02f
sE 3
0 0.0
60 40 20 0 20 40 6 60
2000 6
T 1s00f 1 s
g g4
Z 1000} 1 <
s -
o
T 1 5 2 1
Z s00f - ]
0 0
60 40 20 0 20 40 60 60 -40 20 0 20 40 60
10 10.00
E £
o 3
3 8 100f E
8 g
5 8
° © L 4
3 g o0
[5) =
1 0.01
60 -40 20 0 20 40 60 60 40 20 0 20 40 60
1 10.0
e o
2 5t i &
g 3 § 1.0F g
a
- o
3 4f E
&4
5 . . . . . o
6 40 20 0 20 40 60 60 40 -20 0 20 40 60
Latitude (degrees) Latitude (degrees)

Figure 11: Best-fit retrieved values for each latitude eifdr model E (triangles). Cloyldaze optical depth
are quoted at 5.fum.

24



PH3 VMR (ppmv)
o ~ @ © 8
T T T T
L L L L
PH3 FSH
o o o
S o @
T T T

0.2
5 0.0
0.0 05 1.0 15 2.0 0.0 05 1.0 15 20
1000 Y T T 8 " T "

NH3 VMR (ppmv)
n B (2} @®
[=] o [=] (=3
o o o o

T T T

| L | L
AsH3 VMR (ppbv)
N S o
T T T

0 0
0.0 05 1.0 15 20 0.0 0.5 1.0 15 20
5 10.000

Cloud Optical Depth
n w >
T T T
L L L
Haze Optical Depth
5
[=3
o
T

0.100 ¢ E
0.010
1 0.001 . . :
0.0 05 1.0 15 20 0.0 0.5 1.0 15 20
20 Pressure (bar)
151 ]
“x
B 1of i
o
3
o
&
05 ]
0.0
0.0 0.5 1.0 15 20

Pressure (bar)

Figure 12: Variation in retrieved quantities foifidirent haze base pressures &tS(0Base pressures lower
than 0.4 bar do not provide as good a fit to the spectrum, indg#tat the haze must be extended and not
compact (the haze top pressure is 0.1 bar). For base pregseatsr than 0.4 bar, the variation in goodness
of fit and retrieved quantities is small and within error.

25



332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

A szed B szed C szed D szed E szed

50° | Aiii | 0.82| Biii | 0.72 | Cii | 1.2 | Dii | 094 | E | 1.4
40° | Aiii 1.6 | Biii 1.5 | Cii 1.5 | Dii 14 |E| 14
30¢° | Aiii 1.6 | Biii 16 | Ci | 038 | Di |048| E| 14
200 | Aiii | 0.73 | Biii | 0.72| Ci | 053 | Dii | 0.63| E | 0.61
100 | Ailii 1.5 | Biii 1.4 | Ci 1.2 | Dii| 10 |E| 1.4
0° A | 0.68| Biii | 0.68| Ci | 056 | Di | 0.66 | E | 0.79

-10° | Aiii | 0.75 ]| Biii | 0.69| Cii | 0.63| Dii | 0.50 | E | 0.67
-20° | Aiii | 0.80| Biii | 0.80| Cii | 0.29| Dii | 0.29 | E | 0.32
-30° | Aiii 1.2 | Biii 1.2 | Cii | 076 | Dii | 019 | E| 11
-400 | Aiii 1.6 | Biii 1.6 | Cii | 0.39| Dii | 037 | E | 0.47

Table 6: Best fit variants of the five cloud models for eachudg{ models AB are NHy/NH4SH models
without haze, models /D are the same with haze. Models i) have scattering cloud anéoattering haze,
models ii) have scattering haze and non-scattering cloud,namdels iii) are completely non-scattering.
Model E is a grey model with scattering haze and non-scaterioud. The best-fitting models for each
latitude are highlighted using bold font. Quoted redug@dalues are for fits to the nearest-nadir spectrum
with forward modelled limb darkening.

We also show full spectral fits for the 20 and 20S cases in Figure 13. This
reinforces the clear ffierence in not only the limb darkening relation but also thexsp
tral shape between the two latitudes, with theN@pectra clearly seen to be flatter in
shape. The Dii model (non-scattering MsH cloud, scattering haze) clearly fits both
sets of spectra well.

We can also produce a reasonable fit to the data with noresicatgrey clougscattering
grey haze model E, although the best fit is achieved with agp & H;SH cloud. The
fact that a grey cloud can also reproduce the data means ¢hatilwhave no strong
evidence for a particular cloud composition. This is reinéal by the fact that the best-
fit particle sizes for the Nkland NH,SH clouds are the sizes for which the extinction

codficient is relatively flat across the VIMS wavelengths (Figé)yeindicating that no

significant absorption features due to cloud are presehimtihe spectra.
5. Discussion

Generally, latitudinal trends in gas abundance agree Wwehfihdings of Fletcher
et al. (2011a), with a clear peak in Nt the equator and both Bldnd AsH; elevated

in the southern hemisphere relative to the north. The ketdédraze optical depth is
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Figure 13: Full spectral fits at 20 and 20S, for full retrievals using the cloud model Dii. Left: limb
darkening data are shown by crosses with error bars, modeésteyisks. Right: measured spectra are
shown by crosses and dotted lines, and model fits are indibgtedlid lines (spectra). Errors on the spectra
are indicated by a single black bar.

also reduced in the northern hemisphere for models wherdahe is present. No
significant trends in cloud particle size or base pressweef@ind as a function of

latitude.
5.1. Cloud and haze

We found that, of the five cloud models tested, the best fitalveras obtained
for variants of model D, with an NESH deep cloud and NdR2-um tropospheric haze
(chosen for the relative spectral invariance of its scatgproperties), although model
C also provides a reasonable fit. Hazy models C and D are $yrfavgured over haze-
free models A and B. These results, coupled with observatid@ tropospheric haze
layer using other instruments and also CaggiiMS measurements on the dayside,
lead us to conclude that the models including troposphexie lshould be favoured.
However, for completeness, we here discuss ffextof the haze on the retrieval.

In general, the latitudinal trends in the retrieved valumsgases are independent

of the cloud model. The Pl NHz; and Ask VMRs are all slightly higher in the
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southern hemisphere for the haze-free case, perhapstindithat gas absorption is
compensating for the reduced opacity when the haze is raind¥ee PH scale height

is also larger for the haze-free case, indicating that métg @&sorption is required
higher in the atmosphere. Theffdirences are negligible in the northern hemisphere,
where the retrieved haze optical depth is small anyway. Towdcoptical depth is
higher in the southern hemisphere for the haze-free moagé#sn, suggesting that the
haze provides significant opacity. The cloud optical depttttie hazy models is very
consistent with latitude, implying that the haze is resgidador the large variation in

5 um brightness with latitude that is seen in Figure 1.

The best fit cloud base pressure was similar for all cloud risagsted, occurring
between 1.5 and 2.7 bar. It is possible to place a good camstrathis value as these
pressures occur within the wings of the weighting functitham, so the measurement
is highly sensitive to the location of the cloud. The bespéitticle size is larger than
1 um in all cases; the relative flatness of the extinction cressien for particles of
1, 3 and 10um for both NH; and NH,SH means it diicult to discriminate between
these particle sizes, as all can produce a reasonable fitsheases. We can exclude
sub-micron-sized particles with high confidence.

The best-fitting particle size for NHclouds is consistently found to be 10n,
which is at the upper limit of the sizes tested, but forJ$H the best-fit size varies as
a function of latitude. However, the reduceéifor 1, 3 and 10um is similar for all
latitudes. A best-fit particle size ofidm is associated with lower cloud optical depths,
cloud base pressures and P¥blume mixing ratios. 1um particles have stronger
extinction at shorter wavelengths thanm3 and 1Qum-sized particles (Figure 6), and
this dfect trades fi with raising the cloud deck higher in the atmosphere. WHilste
is little evidence to favour any specific particle size abtvem over any other, it is
clear that particles with a flat extinction cross-sectiomfavoured. This is is keeping

with the fact that a grey cloud model also provides a readerfalio the spectra.
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There is strong degeneracy between the RINMIR and the cloud base pressure,
with lower base pressures associated with loweg Bbluindances and smaller scale
heights. This #ect is a cautionary reminder of the degeneracies presembbigms
like this, and the dependence of other retrieved values tailsief the cloud model.

The retrieved haze optical depth for models C, D and E is high¢he south-
ern hemisphere compared with the northern hemisphere hvidiconsistent with the
findings of Fletcher et al. (2011a) that the haze opticalllépireases in the southern
hemisphere. It should be noted that there is significantriegey in the retrieval be-
tween the cloud and haze optical depths, with these parasriatersely correlated -
so a higher retrieved haze optical depth can figed to some extent by a lower cloud
optical depth. This does not greatlffect retrievals of other parameters, but should be
borne in mind when intepreting these results.

In addition, the optical depth of the tropospheric cloudighly dependent on the
model used, and is generally slightly higher than that foydFletcher et al. (2011a)
(1—2 instead of 0.1—2), although it is within the same rangee ihge spread of
values retrieved by Fletcher et al. (2011a) fdfatient cloud models indicates the de-
pendency on the precise cloud model, and it is to this thattribate the discrepancies.
Fletcher et al. (2011a) observe a small maximum in tropasphi®ud optical depth at
around 20N. For the NH cloud case (C), we see a slight decrease in optical depth to-
wards the highest northern latitudes. The retrieved ojptiepth for the NHSH cloud
is more variable, but this is due to degeneracies with thiggbasize. The optical depth
for the grey cloud case (E) is also relatively uniform withtlede, so the main driver
of the increased brightness in the northern hemisphereaappe be the tropospheric

haze rather than the cloud.

5.2. Cloud composition

The retrieved cloud base pressure over all latitudes aralforodels is found to be

between 1.5 and 2.7 bar, which is consistent with previossliz (e.g. Fletcher et al.
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2011a, 1.8—3.0 bar; Roman et al. 2013, 1.75 bar) and lies leettie predicted base
pressures for Ngland NH,SH clouds (Atreya and Wong, 2005). Therefore, this result
does not provide any evidence for us to favour one of cloudetso@ and D over the
other, and may instead imply that the tropospheric cloudris:iéd from a composite of
NH3; and NH,SH. Another possible interpretation is that the troposighieaize corre-
sponds to the predicted NHloud and the tropospheric cloud to the predicted,SH
cloud, with the formation pressures being slightly lowarlioth than those suggested
in the literature. However, these data do not allow disaration between the scenarios
presented here, and it isficult to see how this question can be resolved in the absence
of in-situ measurements.

Is it certain, however, that whatever the bulk compositibtne tropospheric cloud
it is not a pure species, as either pure J\b# pure NH,SH of the sizes that provide
the best fit would scatter a substantial amount of light. Herethe models that pro-
vide the best overall fit are models for which the troposghelbud is forced to be
non-scattering. If N5 or NH;SH are present these species must be contaminated with
something that darkens the individual particles and makes tmore absorbing. Usu-
ally, dark contaminants of this kind might be expected toligtpchemically produced,
but this seems unlikely to be the case here as the haze istantioated. Impurities
may possibly be formed slightly below the haze, then drifydwards before coating
the cloud particles. However, it isfélicult to further elaborate on this scenario with the

current lack of ground truth for Saturn.
5.3. PH3

Our results agree with those of Fletcher et al. (2011a) inrfopthat a knee pressure
between 1.1 and 1.5 bar produces a better fit to the neardistspactral shape than that
derived from the CIRS results, so results from the VIMS instent are consistent with
each other but not with measurements made at longer wavbiengs discussed by

Fletcher et al. (2011a), this discrepancy may be due to alwet degeneracies in the
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retrievals for one of the instruments, which seems likelyhase is clearly degeneracy
between the retrieved phosphine abundance and the cloudimsed in this work
(see the dierence made by the inclusion of haze, and the variation iticfgsize for
NH,SH).

If the PH; knee pressure really is around 1.3 bar instead of the 0.5%8drared
from CIRS, there must be a mechanism for depleting; Bbove the 1.3 bar level.
Photolysis is the obvious process, but photolysis of BHunlikely to occur this deep
in Saturn’s atmosphere (Fletcher et al. 2009 and refereheesin). Turbulent mixing
with PHz-poor atmosphere higher up could also produce ffexe

We generally retrieve a somewhat highersPHMR than Fletcher et al. (2011a)
using cloud models C, D and E, whichfidgirence can again be attributed t&eliences
in the details of the cloud model used, but we do see a hinead#trease in abundance
going from the southern to the northern hemisphere. Howeweidon't see the peak
at+10° that is hinted at in Fletcher et al. (2011a), most likely assult of the much
broader latitude regions we use. We retrieve a similag Péttional scale height to
Fletcher et al. (2011a), also decreasing from the soutloettmet northern hemisphere.
The higher deep abundances retrieved are more consistdntheise derived from

CIRS observations (Fletcher et al., 2009) than the restifsetcher et al. (2011a).
5.4. NH3 and AsH3

The variation in retrieved Nglabundance as a function of latitude is consistent with
the findings of Fletcher et al. (2011a), with an obvious pdake equator. However,
we retrieve deep abundances 1.0 bar) that are typically a factor of two higher than
those of Fletcher et al. (2011a). Results are particuladgrdpant in the equatorial
peak, with an especially high abundance (a factor of 3 grelada found by Fletcher
et al. 2011a using a grey, non-scattering cloud model)enetd using model E.

The observed discrepancy in deep Nbundance between these results and those

of Fletcher et al. (2011a) can most likely be attributed ®high degeneracy between
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the chosen cloud model, retrieved cloud properties and otloelel parameters. NH
is particularly d@fected as it absorbs over most of this spectral region, in ntineh
same way as the cloud does. In addition, we average spedrarach broader bins
in this work, which may also be a contributing factor. Me&soents such as these,
obtained over a relatively narrow range of wavelengthsoéten subject to this kind
of problem. In a future paper we aim to use dayside reflect@etsa to inform our
models of the tropospheric haze, which in conjunction whth tesults from this paper
will further specify the cloud properties and thus shouldl@a us to better constrain
gas abundances in the deep atmosphere.

The AsH; abundances are very similar between the two analyses, tetkagpve
do not see the reduction in Agkbwards higher southern latitudes that is observed by
Fletcher et al. (2011a). This may be due to the coarser lnmiaking it impossible
to resolve the decrease, or the complex cloud model degaesraready mentioned.

However, the retrieved abundances are the same within tbebars.
5.5. Temporal trends

We find that the striking hemisphericfférence in the shape of the limb darkening
curves is preserved into the following year, 2007. We exan2id07 data cubes listed
in Table 7. For comparison, we show the limb darkening cuate0° for both years
(Figure 14). In addition, we perform a full limb darkeningrieval analysis using
the best fit Cii and Dii models from the 2006 analysis, and iob#éémost identical
latitudinal trends. This is a good test of the model, sincthensouthern hemisphere
the emission angles are typically higher in 2007 than in 2@0®&l in the northern
hemisphere and at the equator the emission angle range is lamger. Results are
shown in Figure 15.

Some small dterences in the retrieval results may be observed betweetwithe
years. The peak abundance of Nkt the equator is slightly reduced in 2007 from

2006. There is also a sharp decrease in retrieved haze logietjoth at -10, which is
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Observation Date Integration Time (s)
CM1551785063| 2007-03-5 120
CM1551785788| 2007-03-5 120
CM1551786483| 2007-03-5 120
CM1551787152| 2007-03-5 80
CM1551787500, 2007-03-5 80
CM1551787847| 2007-03-5 80
CM1551788194 2007-03-5 80
CM1551788541 2007-03-5 80
CM1551788889| 2007-03-5 80
CM1551789236| 2007-03-5 80
CM1551789583| 2007-03-5 80
CM1551789931] 2007-03-5 80
CM1551791020| 2007-03-5 120
CM1551791680| 2007-03-5 120
CM1551792345 2007-03-5 120
CM1551793030| 2007-03-5 120
CM1560840624| 2007-06-18 320
CM1560842057| 2007-06-18 160
CM1561470278 2007-06-25 160
CM1561470996 2007-06-25 160
CM1561471874 2007-06-25 160
CM1561472592 2007-06-25 160
CM1561473460 2007-06-25 160
CM1562652928 2007-07-9 320
CM1562654361 2007-07-9 160

Table 7: List of 2007 data cubes used in the current research.
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Figure 14: Limb darkening curves for 2007 (black) compared\2006 (red) for+20°. The curves are
clearly very similar between the two years and the latituditifierences are preserved. The wavelengths
are 5.12, 5.07 and 4.8m moving down the plot. The radiances and limb darkening belawre very
consistent between the two years.

not observed in 2006. Tests performed withigtient cloud and haze priors indicate that
this is robust, despite the degeneracy between cloud arddpdizal depths. An exam-
ination of the data for this latitude between the two yeamasha strong brightening
between 2006 and 2007, which is consistent with a clearirigeohaze (Figure 16).

As stated above, unfortunately datasets with this wide @ionisangle range were
not obtained with VIMS in subsequent years up to the 2010rsterhich significantly
disrupted the northern hemisphere. However, as the stomovisdying down, any
such data obtained towards the end of mission could be eatyamseful, to compare
the cloud structure during the current season on SaturrtitB006—2007 epoch. We

might expect to see increasing haze opacity in the northemigphere, and decreasing

opacity in the south.

6. Conclusions

Building upon the near-nadir geometry work of Fletcher e{2011a), investigat-
ing the limb darkening behaviour of Saturn’s clouds using @assinVIMS instru-
ment has uncovered further global trends in the cloud ptmserThere are significant
hemispheric dferences in the shape of the limb darkening curves, with mtedpsr

limb darkening in the northern hemisphere during late resrttwinter, indicating that
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Figure 15: Best-fit retrieved values for each latitude eifcbm the 2007 data for models Cii - black crosses
and Dii - red stars, as Figure 10. Due to th&eting geometry the emission angle range for°-4ad 50

is reduced from the 2006 case, so we do not perform retriévathese latitudes. However, the range for
0, 10, 20 and 30is significantly increased. Hence, this is a good test of tielity of the model as it can
clearly be applied to the 2007 data without modification.
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Figure 16: Limb darkening curves for 2007 (black) compareth @006 (red) for -10. At this latitude there

is a clear diference between the two years, with the 2007 radiances beioly brighter than 2006, despite
the generally higher emission angles. This increased lrigistis reflected in the retrieved results.

the cloud and haze must be less scattering overall in thberorhemisphere. This be-
haviour can be reproduced at all latitudes by a model withsaaitering tropospheric
cloud and scattering tropospheric haze; as the haze opléqth decreases from the
southern to the northern hemisphere, the non-scatteringl@dominates, meaning that
the limb darkening curves are steeper in the north.

There is strong evidence for the presence of tropospherie fram other instru-
ments (e.g. see the Roman et al. 2013 results from the 1S&nmsnt), which is borne
out by the VIMS retrievals presented here. However, as fduyrfeletcher et al. (2011a)
the problem is still highly degenerate and it ihdult to determine which hazy model
is the best overall representation of Saturn’s tropospludoud and haze. This is partly
because clouds introduce several parameters into the rattellso because we do
not observe any absorption features in the spectrum thalirretly attributable to the
cloud. Through simply comparing which of our model classesides a good fit at the
greatest number of latitudes, we find that a tropospheric;suattering NESH cloud
with a haze layer above is marginally favoured over otharatimodels; however, given
the high degeneracy of the problem we cannot rule out othelefla@ntirely with this
dataset alone, and whatever the tropospheric cloud is nfad®ast contain a contam-

inant that significantly reduces the single-scattering@dbof the particles from that of
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the pure species.

In a future paper, we hope to utilize the visible range of VIMStudy the strato-
spheric haze and place further constraints on the tropaoisgieze, which will help to
resolve some of the questions raised in this paper. Howeverder to fully break
these degeneracies, it will be necessary to send futureesgadt with either higher
resolution spectrometers (tofiirentiate unambiguously between tieets of cloud
and absorption due to gaseous species)aragescent probes to directly sample the

tropospheric environment.
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