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The latitudinal variation of Saturn's tropospheric composition (NH 3 , PH 3 and AsH 3 ) and aerosol properties (cloud altitudes and opacities) are derived from Cassini/VIMS 4.6-5.1 µm thermal emission spectroscopy on the planet's nightside (April 22, 2006). The gaseous and aerosol distributions are used to trace atmospheric circulation and chemistry within and below Saturn's cloud decks (in the 1-to 4-bar region). Extensive testing of VIMS spectral models is used to assess and minimise the effects of degeneracies between retrieved variables and sensitivity to the choice of aerosol properties. Best fits indicate cloud opacity in two regimes: (a) a compact cloud deck centred in the 2.5-2.8 bar region, symmetric between the northern and southern hemispheres, with small-scale opacity

Introduction

The Visual and Infrared Mapping Spectrometer (VIMS, [START_REF] Brown | The Cassini Visual And Infrared Mapping Spectrometer (Vims) Investigation[END_REF] onboard the Cassini spacecraft exploits a unique region of Saturn's spectrum between 4.6 and 5.1 µm where the effects of scattered sunlight diminish; the collision-induced opacity due to H 2 -He is at a minimum and strong CH 4 absorptions are absent. As a result, this wavelength range allows Cassini to probe deeper into Saturn's troposphere than at any other infrared wavelength. As on Jupiter, this 5-µm window is sensitive to the emission of the gas giant's internal heat, attenuated by overlying cloud decks that appear in silhouette against the warm thermal emission. To date, analysis of VIMS data has focussed on the detailed morphology of images at discrete near-IR wavelengths (e.g., Baines et al., 2006;[START_REF] Baines | Saturn's north polar cyclone and hexagon at depth revealed by Cassini/VIMS[END_REF][START_REF] Choi | Cloud features and zonal wind measurements of Saturn's atmosphere as observed by Cassini/VIMS[END_REF], which has revealed a wealth of information about dynamical phenomena within Saturn's cloud decks (e.g., strings of pearls, ribbon waves, the hexagon, polar vortices, annular clouds, and equatorial plumes; see the review by Del [START_REF] Del Genio | Saturn Atmospheric Structure and Dynamics[END_REF]. However, the wavelength dependence of Saturn's 4.6-5.1 µm spectrum (1950-2220 cm -1 ) has yet to be fully exploited. In this paper, we study the influences of gaseous distributions and cloud properties on nightside VIMS spectra (i.e., sensitive to thermal emission alone, in the absence of reflected sunlight) to determine the latitudinal distribution of opacity sources in Saturn's troposphere.

Saturn's 5-µm window is expected to be similar to Jupiter's, albeit with a different vertical distribution of tropospheric aerosols due to Saturn's lower gravity. Voyager/IRIS and Galileo/NIMS investigations demonstrated that Jupiter's 5-µm emission was anticorrelated with both the visible albedo and with a variable opacity cloud in the 1-2 bar region (e.g., [START_REF] Westphal | Five-micron pictures of Jupiter[END_REF][START_REF] Terrile | The vertical cloud structure of Jupiter from 5 micron measurements[END_REF][START_REF] Marten | Study of the ammonia ice cloud layer in the Equatorial Region of Jupiter from the infrared interferometric experiment on Voyager[END_REF][START_REF] Bezard | Study of the deep cloud struc-ture in the equatorial region of Jupiter from Voyager infrared and visible data[END_REF][START_REF] Irwin | Cloud structure and atmospheric composition of Jupiter retrieved from Galileo near-infrared mapping spectrometer real-time spectra[END_REF][START_REF] Roos-Serote | Analysis of Jupiter North Equatorial Belt hot spots in the 4-5-µm range from Galileo/near-infrared mapping spectrometer observations: Measurements of cloud opacity, water, and ammonia[END_REF][START_REF] Irwin | The Retrieval of Cloud Structure Maps in the Equatorial Region of Jupiter Using a Principal Component Analysis of Galileo/NIMS Data[END_REF]. This correlation is not readily apparent on Saturn, where the visible belt/zone contrasts are subdued by the upper tropospheric hazes. Nevertheless, VIMS 5-µm images show extremely detailed zonal organisation, with a diverse range of meteorological features (finescale zonal lanes, small vortices and other turbulent structures), some of which are common to both visible and 5-µm imaging (e.g., [START_REF] Choi | Cloud features and zonal wind measurements of Saturn's atmosphere as observed by Cassini/VIMS[END_REF][START_REF] Vasavada | Cassini imaging of Saturn: Southern hemisphere winds and vortices[END_REF]. [START_REF] Orton | Review of Knowledge Prior to the Cassini-Huygens Mission and Concurrent Research[END_REF] reviewed the first investigations of Saturn's 5-µm window from ground-based and space-based platforms, starting with the first spectroscopic detections of CH 3 D [START_REF] Fink | Deuterated methane observed on Saturn[END_REF] and phosphine (PH 3 ) by [START_REF] Larson | Infrared spectroscopic observations of the outer planets, their satellites, and the asteroids[END_REF] from the Kuiper Airborne Observatory. PH 3 was found to dominate the shape of Saturn's 5-µm emission, but its poorly understood absorption coefficients hampered quantitative analyses of the 5-µm window for many years (Noll and Larson, 1990). The abundance of PH 3 has since been studied at 5 µm using a range of techniques [START_REF] Bézard | Detection of arsine in Saturn[END_REF]Noll and Larson, 1990;de Graauw et al., 1997). Ground-based observations began to reveal the other principal contributors to the 5-µm spectrum: CO was first detected in UK Infrared Telescope measurements (UKIRT) at 5 µm by [START_REF] Noll | Detection of carbon monoxide in Saturn[END_REF]; germane (GeH 3 ) from UKIRT [START_REF] Noll | Evidence for germane in Saturn[END_REF] and later ISO de Graauw et al. (1997); and arsine (AsH 3 ) from UKIRT [START_REF] Noll | Arsine in Saturn and Jupiter[END_REF] and the Canada-France-Hawaii Telescope [START_REF] Bézard | Detection of arsine in Saturn[END_REF]. NH 3 bands (2ν 2 and ν 4 ) affect the long-wavelength edge of this window and were first detected by [START_REF] Fink | The NH3 spectrum in Saturn's 5 micron window[END_REF], and later refined by Voyager/IRIS (Courtin et al., 1984) and ISO (de Graauw et al., 1997). Detection of a subsolar H 2 O distribution at 5-µm had to wait for disc-averaged ISO spectra in the 1990s (de Graauw et al., 1997). Finally, IRTF imaging at 5.1 µm indicated that Saturn's deep cloud layers were spatially inhomogeneous [START_REF] Yanamandra-Fisher | NOTE: Saturn's 5.2-µm Cold Spots: Unexpected Cloud Variability[END_REF] before Cassini's arrival. Although the spectral resolution of VIMS is necessarily smaller than ground-based instruments, it offers the capability to map the spatial distribution of some of these gases for the first time, without having to correct for telluric contamination.

Besides the wide ranging spectral effects of PH 3 , Saturn's poorly-understood cloud properties further complicate quantitative analyses of the VIMS spectra.

The expected condensation altitudes for volatiles can be estimated using thermochemical equilibrium theory and knowledge of bulk elemental abundances (Weidenschilling and [START_REF] Weidenschilling | Atmospheric and cloud structures of the jovian planets[END_REF][START_REF] Atreya | A comparison of the atmospheres of Jupiter and Saturn: deep atmospheric composition, cloud structure, vertical mixing, and origin[END_REF], although these do not account for mixing via atmospheric motions. Assuming a five-fold enhancement in concentrations over solar composition, calculations by [START_REF] Atreya | A comparison of the atmospheres of Jupiter and Saturn: deep atmospheric composition, cloud structure, vertical mixing, and origin[END_REF] suggested that VIMS observations probe vertical dynamics and chemistry in the NH 3 (base at 2 bar) and NH 4 SH (base at 6 bar) ice cloud-forming regions of Saturn's troposphere. Our present knowledge of Saturn's clouds, largely derived from visible and near-IR reflectivity studies, is reviewed by [START_REF] West | Clouds and Aerosols in Saturn's Atmosphere[END_REF]. Common features of the numerous studies (e.g., Karkoschka andTomasko, 1992, 1993;[START_REF] Stam | Near-IR Spectrophotometry of Saturnian Aerosols-Meridional and Vertical Distribution[END_REF][START_REF] Temma | Vertical structure modeling of Saturn's equatorial region using high spectral resolution imaging[END_REF][START_REF] Pérez-Hoyos | Saturn's cloud structure and temporal evolution from ten years of Hubble Space Telescope images (1994-2003[END_REF][START_REF] Karkoschka | Saturn's vertical and latitudinal cloud structure 1991 -2004 from HST imaging in 30 filters[END_REF] include (a) a stratospheric haze (1 < p < 90 mbar) of small radius (r ≈ 0.1 -0.2µm) particles, presumably originating from photochemical processes; (b) a tropospheric haze from the tropopause down to the first condensation cloud deck at 1.5-2.0 bar, possibly with aerosol-free gaps in the vertical distribution; and (c) a possible thick NH 3 cloud, although no spectroscopic signature for NH 3 ice has been observed. As we shall demonstrate in Section 4, VIMS is sensitive to a combination of these upper level ubiquitous hazes and the deeper cloud decks.

The spatial distribution of NH 3 gas is intimately tied to the latitudinal variability of the hazes. Global constraints on the NH 3 vertical distribution have been provided by a number of authors, as highlighted in Table 1. Generally, NH 3 was found to be around 500 ppm below 3 bar (de Pater and Massie, 1985;[START_REF] Briggs | Radio observations of Saturn as a probe of its atmosphere and cloud structure[END_REF], decreasing to 100 ppm at the condensation altitude [START_REF] Briggs | Radio observations of Saturn as a probe of its atmosphere and cloud structure[END_REF][START_REF] Grossman | High-resolution microwave images of Saturn[END_REF]de Graauw et al., 1997;[START_REF] Orton | Vertical Distribution of PH 3 in Saturn from Observations of Its 1-0 and 3-2 Rotational Lines[END_REF][START_REF] Burgdorf | Far-infrared spectroscopy of the giant planets: measurements of ammonia and phosphine at Jupiter and Saturn and the continuum of Neptune[END_REF]) and then decreasing with altitude according to a subsaturated vapour pressure profile and photolysis in the upper troposphere (e.g., de Graauw et al., 1997;[START_REF] Kerola | Analysis of the Near-IR Spectrum of Saturn: A Comprehensive Radiative Transfer Model of Its Middle and Upper Troposphere[END_REF][START_REF] Kim | Highresolution spectroscopy of Saturn at 3 microns: CH 4 , CH 3 D, C 2 H 2 , C 2 H 6 , PH 3 , clouds, and haze[END_REF][START_REF] Fletcher | Methane and its isotopologues on Saturn from Cassini/CIRS observations[END_REF].

In this work we derive the latitudinal distribution of gaseous composition (NH 3 , PH 3 , AsH 3 ) and cloud opacity (tropospheric clouds and hazes) from VIMS observations of the 5-µm window. Section 2 describes the selection and error sources in the VIMS data; Section 3 introduces the spectral model, techniques and opacity sources allowing us to retrieve atmospheric properties. The degeneracies between assumed cloud distributions and properties is explored in Section 4. Section 5 presents the VIMS-derived distributions of gases and clouds and Section 6 describes their implications for Saturn's tropospheric dynamics and chemistry.

Observations

VIMS Data and Calibration

Saturn's emitted radiance in the 4.6-5.1 µm region is measured by the Visible and Infrared Mapping Spectrometer (VIMS, [START_REF] Brown | The Cassini Visual And Infrared Mapping Spectrometer (Vims) Investigation[END_REF] on the Cassini spacecraft. Although this instrument actually consists of two bore-sighted grating spectrometers, only the infrared channel (0.85-5.1 µm) is considered in the present study. VIMS has a passively cooled linear array of 256 InSb photodiode detectors operating at 55-60 K. VIMS-IR records spectral images by stepping a 2-axis scan mirror orthogonally in the along-slit (64 pixel positions of the visible channel slit) and cross-dispersion directions. One spectrum is acquired at each of 64 mirror steps in the cross-dispersion direction, yielding an effective pixel size of 0.5 mrad on a 64 × 64 pixel grid. The near-IR spectral resolution is approximately 15 nm, sampled at intervals of 16.6 nm.

IR image cubes (two spatial and one spectral dimension) were geometrically and photometrically calibrated (including despiking and flat-fielding with 2005 calibration files) by the VIMS Science team at the University of Arizona. The VIMS calibration procedure was previously described by [START_REF] Mccord | Cassini VIMS observations of the Galilean satellites including the VIMS calibration procedure[END_REF], although uncertainties in absolute calibration have not been fully documented [START_REF] Sromovsky | The source of widespread 3-µm absorption in Jupiter's clouds: Constraints from 2000 Cassini VIMS observations[END_REF]. Systematic errors from pre-flight calibration are thought to be as large as 10% in regions of strong telluric H 2 O absorption, although random noise is expected to be considerably smaller (less than one digital quantisation number, corresponding to approximately 0.1% of the typical 5-µm radiance). Radiometrically-calibrated VIMS-IR Images were navigated by reconstructing 'backplanes' from the post-observation Cassini Mission SPICE kernels generated by NASA/JPL (i.e., information on latitude and longitude, as well as incidence, emission, azimuthal and phase angles) using the ISIS3 (Integrated Software for Imaging Spectrometers) package provided by USGS [START_REF] Gaddis | An Overview of the Integrated Software for Imaging Spectrometers (ISIS)[END_REF].

Artefacts in VIMS spectra identified by [START_REF] Sromovsky | The source of widespread 3-µm absorption in Jupiter's clouds: Constraints from 2000 Cassini VIMS observations[END_REF], particularly those associated with responsivity corrections near overlaps between order sorting filters, are believed to have no effect on the 4.6-5.1 µm spectrum (e.g., Fig. 8 of [START_REF] Brown | The Cassini Visual And Infrared Mapping Spectrometer (Vims) Investigation[END_REF]. Light potentially scattered within the spectrometer has also been identified as a source of enhanced reflectivity in low-signal regions [START_REF] Sromovsky | The source of widespread 3-µm absorption in Jupiter's clouds: Constraints from 2000 Cassini VIMS observations[END_REF], although no such discrepancies between data and models have been identified in the 5-µm window. Finally, we found no evidence for a shift in wavelengths from the nominal grid for any of the image cubes used in this study. Nightside VIMS-IR radiances were assigned uncertainties by considering the larger of (i) 12% of the radiance measured by each pixel, or (ii) 12% of the mean radiance in the 4.6-5.1 µm range. This avoided unequal weightings of retrievals to the low-signal regions of the Saturn spectrum (see Section 3). The 12% envelope is conservative, adding quadrature-estimated errors due to pre-flight calibration as well as forward-model uncertainties on spectral line data. Specifically, we assumed that systematic errors dominate the error budget.

Data Selection

Reflected sunlight observations of the giant planets are complicated by the uncertain optical properties (shape, size distribution, composition, phase function, opacity) of their cloud and haze layers. To minimise these effects, we considered only VIMS nightside spectra at a sufficient distance from the day/night terminator to ignore scattered sunlight. Scattered sunlight from Saturn's rings is unlikely to contaminate the nightside Saturn spectra, as water ice in the rings has a low albedo at all VIMS wavelengths beyond 2.8 µm, and is particularly dark near 3 and 5 µm [START_REF] Orton | Review of Knowledge Prior to the Cassini-Huygens Mission and Concurrent Research[END_REF]. Thermal emission from the atmosphere, in addition to absorption and scattering processes, should determine the overall shape of the 4.6-5.1 µm spectrum. This study uses eight VIMS-IR image cubes from sequence VIMS 023SA MIRMAPB010 (part of sequence S20) on April 22, 2006 (Table 2). Saturn subtended 3.1 • during these observations, at a distance of 2.2 million km (38 Saturn radii). The relatively large spacecraft range meant that almost the entirety of Saturn was captured within the 32 × 32 mrad field of view, allowing multiple latitudes to be covered in a single cube (from 40 • S to 70 • N).

Saturn's sub-solar latitude was 17.6 • S during these observations (a heliocentric longitude, L s = 317.3 • ) approaching the southern autumnal equinox. As such, seasonal hemispheric asymmetries in cloud coloration and atmospheric temperatures [START_REF] Fletcher | Seasonal change on Saturn from Cassini/CIRS observations, 2004-2009[END_REF] were still present.

The eight VIMS cubes sampled Saturn during an entire 10-hour rotation (Table 2) so that a composite image from these cubes covered 360 • of longitude (Fig. 1).

The longitudinal displacement of individual features over the 10-hour sequence was not accounted for in the reprojections, and this is particularly apparent in the overlap region of the first and last cubes in Table 2 (120 • W). Four wavelengths (4.6 to 5.1 µm) are displayed to demonstrate that atmospheric features appear similar across the spectral range, and that an asymmetry between the northern and southern mid-latitudes persisted in April 2006 (Baines et al., 2006). Indeed, the map at 4.6 µm (Fig. 1d) shows a well-defined boundary at 10 • N between the bright north and dark south, and that the equatorial zone is largely indistinguishable from the rest of the southern hemisphere at this wavelength.

The dark equatorial zone is bordered by two regions of diffuse emission between ±5 • . This axisymmetric band is colocated with the narrow prograde jet identified by [START_REF] García-Melendo | A strong high altitude narrow jet detected at Saturn's equator[END_REF], which exists in addition to the broad equatorial jet. An irregular chain of dark features (referred to as equatorial plumes) impinge on these diffuse regions from both north and south. Mid-latitudes between ±5 -±32 • show the strongest asymmetry between the hemispheres, with the northern hemisphere considerably brighter than the south. Both hemispheres are characterised by a series of latitudinally-narrow bright and dark lanes, similar to those observed in reflected sunlight [START_REF] Vasavada | Cassini imaging of Saturn: Southern hemisphere winds and vortices[END_REF][START_REF] Choi | Cloud features and zonal wind measurements of Saturn's atmosphere as observed by Cassini/VIMS[END_REF]. Some discrete features are observed at off-equatorial latitudes (particularly in the bands between 20-30 • in both hemispheres), although the spatial resolution of the S20 sequence of images is insufficient to characterise small-scale features such as the String of Pearls at 33 • N [START_REF] Momary | The Zoology of Saturn: The Bizarre Features Unveiled by the 5 Micron Eyes of Cassini/VIMS[END_REF][START_REF] Choi | Cloud features and zonal wind measurements of Saturn's atmosphere as observed by Cassini/VIMS[END_REF].

Zonal mean radiances were extracted from the reprojected maps onto two different meridional grids: (i) a coarse grid with a step size and latitude width of 5 • for preliminary testing; and (ii) a fine grid with a size and width of 1 • for the final zonal profiles. Within each latitude bin, we selected spectra within 10 • of the minimum emission angle for the latitude, and restricted selections to phase angles greater than 90 • and solar angles greater than 120 • -i.e., ensuring that only nightside observations contributed to the average. The hemispheric asymmetry can be clearly seen in the spectral comparison in Fig. 2. Radiances and brightness temperatures for the 4.6-5.1 µm region are compared for five latitudes, showing that the northern mid-latitudes were uniformly 10-12 K brighter than southern midlatitudes in April 2006. The overall morphology of the spectrum is dominated by absorption from PH 3 gas and tropospheric aerosols, although the band centres for a variety of gases are labelled in Fig. 2b. Note that the broad absorption feature at 4.74 µm is a blend of absorptions due to PH 3 , GeH 4 , AsH 3 and CO. The unusual 'kink' in the equatorial spectrum at 5.1µm that is absent from other latitudes is a signature of tropospheric NH 3 .

Spectral Modelling

Fig. 2 showed that VIMS-IR spectra in the 4.6-5.1 µm range are sensitive to a wide variety of gases and aerosols, but that the spectral resolution (approximately 15 nm, or R = λ/∆λ ≈ 330 at 5 µm) is insufficient to resolve the individual lines.

Instead, they blend together into absorption complexes, requiring simultaneous modelling of the entire range to derive the best-fitting atmospheric profile at each latitude. In this section we describe the basic spectral model before exploring the degeneracies associated with the VIMS spectra in Section 4.

Reference Atmosphere

Saturn's a priori atmospheric structure (temperatures, T (p), and mole fractions, q(p)) was defined on a grid of 39 levels equally spaced in log p between 10 mbar and 10 bar. Temperatures at each latitude were obtained from Cassini/CIRS T (p) profiles from Cassini's prime mission (sensitive to the 1-800 mbar range, [START_REF] Fletcher | Seasonal change on Saturn from Cassini/CIRS observations, 2004-2009[END_REF], and extrapolated between 0.8 and 10 bar with a dry adiabatic lapse rate, g/c p (where g is the latitudinally-variable gravitational acceleration at 1 bar and c p is the specific heat capacity of Saturn's H 2 -He-CH 4 atmosphere).

Collision-induced absorption of H 2 -H 2 , H 2 -He, H 2 -CH 4 and CH 4 -CH 4 was pre-calculated from the tabulations of [START_REF] Borysow | Modelling of collision-induced infrared-absorption spectra of H 2 -H 2 pairs in the fundamental band at temperatures from 20K to 300K[END_REF][START_REF] Borysow | Modelling of collision-induced infrared-absorption spectra of H 2 -H 2 pairs in the fundamental band at temperatures from 20 to 300K[END_REF]; [START_REF] Borysow | Collison-induced rototranslational absorption spectra of H 2 -He pairs at temperatures from 40 to 3000[END_REF]; Borysow andFrommhold (1986, 1987) and references therein. The helium mixing ratio He/H 2 was set to 0.135 [START_REF] Conrath | Saturn Helium Abundance: A Reanalysis of Voyager Measurements[END_REF]. Methane and its isotopologues are well-mixed throughout the altitude range of interest, and were included with mole fractions of 4.7×10 -3 (CH 4 ); 3.0×10 -7 (CH 3 D) and 5.1×10 -5 ( 13 CH 4 ) following [START_REF] Fletcher | Methane and its isotopologues on Saturn from Cassini/CIRS observations[END_REF]. The PH 3 profile was set to the CIRSderived abundance of 6.4 ppm at p > 0.55 bar, decreasing due to photolysis at lower pressures with a fractional scale height of 0.27 (the ratio of the PH 3 scale height to the scale height of the bulk atmosphere, Fletcher et al., 2009a). The vertical distribution of NH 3 had a deep mole fraction of 60 ppm [START_REF] Fletcher | Methane and its isotopologues on Saturn from Cassini/CIRS observations[END_REF], decreasing with altitude following a saturated vapour pressure profile (p > 0.3 bar) and a linear extrapolation to low pressures to represent photolysis (p < 0.3 bar). Minor constituents affecting the 4.6-5.1 µm range were assumed to be wellmixed with altitude, and were included with the following mole fractions: CO (1 ppb, Noll and Larson, 1990); GeH 4 (0.4 ppb, Noll and Larson, 1990); AsH 3 (3.0 ppb, Noll and Larson, 1990); and H 2 O (well-mixed at 0.176 ppm over the altitude range of interest, de Graauw et al., 1997).

Sources of Line data

The near-infrared spectral line database was updated from that used by [START_REF] Irwin | Cloud structure and atmospheric composition of Jupiter retrieved from Galileo near-infrared mapping spectrometer real-time spectra[END_REF]; [START_REF] Roos-Serote | Analysis of Jupiter North Equatorial Belt hot spots in the 4-5-µm range from Galileo/near-infrared mapping spectrometer observations: Measurements of cloud opacity, water, and ammonia[END_REF] for Galileo/NIMS analysis, who predominantly used line data extracted from GEISA 1992 [START_REF] Husson | Management and Study of Spectroscopic Information-The GEISA program[END_REF].

HITRAN2004 [START_REF] Rothman | The HITRAN 2004 molecular spectroscopic database[END_REF] was used for CO, H 2 O, CH 4 , CH 3 D and 13 CH 4 . Absorption due to phosphine's pentad polyad dominates the VIMS 5-µm spectrum, with the 2ν 2 band at 5.07 µm and the broad ν 2 + ν 4 band between 4.69 and 4.78 µm. Furthermore, the ν 1 and ν 3 bands absorb shortward of 4.58 µm and contribute to the reduced thermal emission at these wavelengths. GEISA2003 (Jacquinet- [START_REF] Jacquinet-Husson | The 2003 edition of the GEISA/IASI spectroscopic database[END_REF] was used for PH 3 as it contained updates from [START_REF] Kleiner | NH 3 and PH 3 line parameters: the 2000 HITRAN update and new results[END_REF] for some missing bands in the 5-µm window. However, the PH 3 absorption coefficients are still subject to considerable uncertainty, as the original intensity studies of [START_REF] Tarrago | Phosphine spectrum at 4-5 µm : analysis and line-by-line simulation of 2v2, v2 + v4, v1, and v3 bands[END_REF] are estimated to have only a 20-30% accuracy. Work is underway to compare this band to the dyad at 9 µm [START_REF] Fusina | The ν2 and ν4 bending fundamentals of phosphine (ph3)[END_REF][START_REF] Brown | Line intensities of the phosphine dyad at 10 µm[END_REF] and the octad at 2.9 µm [START_REF] Butler | The absorption spectrum of phosphine (ph3) between 2.8 and 3.7 µm: Line positions, intensities, and assignments[END_REF]. GEISA2003 was also used for GeH 4 , and contained updated 0-5300 cm -1 line data for NH 3 from [START_REF] Kleiner | NH 3 and PH 3 line parameters: the 2000 HITRAN update and new results[END_REF]. AsH 3 was not present in either database, so we used line data from Dana et al. (1993) and [START_REF] Mandin | Line Positions and Intensities in the Vibrational System 2ν2/ν2 + ν4/2ν4/ν1/ν3 of Arsine[END_REF], following the NIMS analyses of [START_REF] Irwin | Cloud structure and atmospheric composition of Jupiter retrieved from Galileo near-infrared mapping spectrometer real-time spectra[END_REF][START_REF] Roos-Serote | Analysis of Jupiter North Equatorial Belt hot spots in the 4-5-µm range from Galileo/near-infrared mapping spectrometer observations: Measurements of cloud opacity, water, and ammonia[END_REF].

Foreign broadening (by H 2 ) for each of the molecules was estimated for all lines as follows. GeH 4 was broadened with a half-width of 0.1 cm -1 atm -1 and a temperature dependence T 0.75 (Jacquinet- [START_REF] Jacquinet-Husson | The 2003 edition of the GEISA/IASI spectroscopic database[END_REF]. AsH 3 had a half width of 0.075 cm -1 atm -1 and T 0.5 (an assumption based on PH 3 ). PH 3 used es-timated half-widths from [START_REF] Kleiner | NH 3 and PH 3 line parameters: the 2000 HITRAN update and new results[END_REF] and T 0.65 . NH 3 had a half-width of 0.072 cm -1 atm -1 and T 0.73 (B. Bézard & L. Brown, pers comms.). The spectroscopic data for each gas were used to generate k-distributions (ranking absorption coefficients, k, according to their frequency distribution, [START_REF] Irwin | The NEMESIS planetary atmosphere radiative transfer and retrieval tool[END_REF] using a 16 nm FWHM on an evenly sampled wavelength grid of 8 nm spacing. We use a direct sorting method to calculate the k-distribution from line-by-line spectra within each spectral bin (e.g., [START_REF] Goody | The correlated-k method for radiation calculations in nonhomogeneous atmospheres[END_REF]. A triangular instrument function was used for spectral modelling, which was found to be a good approximation for grating spectrometers with rectangular entrance slits and linear arrays of detectors, and allows rapid convolution over the k-distribution. The use of pre-tabulated k-distributions greatly accelerates spectral calculations and permits rapid retrieval of atmospheric spectra.

Forward Modelling and Retrieval

VIMS spectra were analysed using a suite of radiative transfer and retrieval codes developed at the University of Oxford (Nemesis, [START_REF] Irwin | Radiative transfer models for galileo NIMS studies os the atmosphere of jupiter[END_REF][START_REF] Irwin | The NEMESIS planetary atmosphere radiative transfer and retrieval tool[END_REF], which have been previously used to investigate Galileo/NIMS near-IR spectra of Jupiter (e.g., [START_REF] Irwin | Cloud structure and atmospheric composition of Jupiter retrieved from Galileo near-infrared mapping spectrometer real-time spectra[END_REF][START_REF] Irwin | The Retrieval of Cloud Structure Maps in the Equatorial Region of Jupiter Using a Principal Component Analysis of Galileo/NIMS Data[END_REF] and Cassini/CIRS thermal-IR spectra of Jupiter and Saturn (e.g., Fletcher et al., 2009a[START_REF] Fletcher | Seasonal change on Saturn from Cassini/CIRS observations, 2004-2009[END_REF]. The correlated-k method [START_REF] Goody | The correlated-k method for radiation calculations in nonhomogeneous atmospheres[END_REF][START_REF] Lacis | A description of the correlated-k distribution method for modelling nongray gaseous absorption, thermal emission, and multiple scattering in vertically inhomogeneous atmospheres[END_REF] is used for rapid calculation of non-monochromatic transmission along an inhomogeneous atmospheric path based upon pre-tabulated absorption coefficients, aerosol extinction cross-sections and collision-induced absorption. Retrievals of temperature, aerosol and gaseous composition are achieved using optimal estimation [START_REF] Rodgers | Inverse Methods for Atmospheric Remote Sounding: Theory and Practice[END_REF], but adapted for planetary applications by tuning a priori uncertainties to achieve the optimal trade-off between precision (the quality of the spectral fit to the data) and physically-realistic solutions [START_REF] Irwin | The NEMESIS planetary atmosphere radiative transfer and retrieval tool[END_REF]. Retrievals require calculations of both the upwelling radiance, I(λ), as well as the rate of change of radiance with the model parameters (dI/dx), based on the reference atmosphere (Section 3.1), which is perturbed in successive iterations (based on a Marquardt-Levenburg braking parameter, [START_REF] Press | Numerical Recipes, 2nd Edition[END_REF] to converge on the optimal solution. The algorithm seeks to minimise the residual between measured and modelled spectra (the traditional χ 2 ).

The 5-µm window can be modelled assuming thermal emission from the planet, attenuated by absorbing clouds. We neglect any thermal emission from the clouds themselves, as these reside at higher, cooler (by 50-80 K) altitudes than the source of the upwelling radiance (the 4-6 bar region, where temperatures reach approximately 240 K, see Section 3.5). In this case the functional derivatives (or Jacobians, dI/dx) are computed analytically, permitting rapid convergence to the optimal solution. However, multiple scattering from aerosols in the real Saturnian atmosphere will increase the optical paths of individual photons, thereby enhancing the gas absorptions and decreasing the molecular abundances required to reproduce the spectra.

The Nemesis software performs full multiple-scattering calculations (either for thermal emission, reflected sunlight or a combination of both) using a matrix operator (or doubling-adding) approach [START_REF] Plass | Matrix operator theory of radiative transfer. 1: Rayleigh scattering[END_REF][START_REF] Hansen | Light scattering in planetary atmospheres[END_REF] in a plane-parallel atmosphere, but numerical-differencing must be used to evaluate the functional derivatives due to the complexity of the multiple-scattering scheme. Integration of the scattered radiance over all solid angles was simplified in two ways: first, the integration over zenith angle used a Lobatto quadrature scheme with five angles to reduce the calculation to a simple weighted sum. The scattering scheme must use sufficient zenith angle quadrature points to represent the phase functions of the scattering particles. Second, as thermal scattering is an azimuthally symmetric process, only the first (azimuthally-independent) Fourier component was used. The numerical calculations involved in multiple scattering are computationally expensive, slowing the retrieval process by an order of magnitude, but has a significant effect on the 5-µm window of the VIMS spectrum (Section 4).

Introducing Cloud Models

As knowledge of Saturn's vertical cloud structure and optical properties remains rather limited, we aimed to explore a broad range of parameter space with a variety of different cloud models (Table 3). A full vertical opacity retrieval was poorly constrained by the 5-µm data due to the degeneracy between PH 3 and aerosols. Instead, four parameterised vertical structure models were considered (optical depths are quoted for 5 µm);

• I: Single Compact Cloud: A single aerosol layer with variable optical thickness τ 1 and base pressure, p b .

• II: Two Compact Clouds: A compact aerosol layer with a variable τ 1 , composition and base pressure was placed beneath a spectrally-grey cloud at a fixed altitude with variable opacity, τ 2 . This upper cloud was arbitrarily placed at the predicted NH 3 condensation altitude for a solar nitrogen abundance (1.47 bar, 152 K, [START_REF] Atreya | A comparison of the atmospheres of Jupiter and Saturn: deep atmospheric composition, cloud structure, vertical mixing, and origin[END_REF] to minimise the number of free parameters in the model, although it would be deeper for bulk enrichments in Saturn's nitrogen content.

• III: Single Extended Cloud: A well-mixed distribution of aerosols with variable opacity τ 1 between the 100-mbar pressure level (the tropopause) and a variable base pressure, p b .

• IV: Compact Upper Cloud, Extended Deep Cloud: A combination of the physically-thin upper cloud from Model II and the extended cloud from Model III.

In addition to the vertical structure, we tested the sensitivity to the aerosol composition by calculating extinction cross sections and phase functions p(θ) based on the refractive indices in Table 3 and shown graphically in Fig. 3. The models tested were (A) a grey cross-section and single scattering albedo (ω 0 = 0.95) across the 4.6-5.1 µm range, with an isotropic phase function (Fig. 4); (B) pure NH 3 ice [START_REF] Martonchik | Optical properties of NH3 ice from the far infrared to the near ultraviolet[END_REF]; (C) pure NH 4 SH [START_REF] Ferraro | Infrared Intensity Measurements of Cryodeposited Thin Films of NH 3 , NH 4 HS, H 2 S, and Assignments of Absorption Bands[END_REF];

(D) a modified pseudo-NH 4 SH cloud based on a refractive index of 2.3 + 0.01i (following suggestions by, [START_REF] Nixon | Atmospheric Composition and Cloud Structure in Jovian 5-µm Hotspots from Analysis of Galileo NIMS Measurements[END_REF]; and (E) updated NH 4 SH optical constants from [START_REF] Howett | Optical constants of ammonium hydrosulfide ice and ammonia ice[END_REF]. For each cloud type in Table 3, Mie theory was used to calculate the scattering properties of spherical 1-µm-radius particles with a standard gamma distribution of particle sizes, variance 0.05 µm. The phase function p(θ) (shown in Fig. 4) was calculated as a two-term Henyey-Greenstein (HG) function (explicitly calculating the fraction of forward scattering and the asymmetries in the forward and backward scattering functions). With the exception of the isotropic scatterer, there is little to distinguish between the phase functions in Fig. 4, which are mostly determined by the chosen particle size. The crucial differences between the cloud models lies in the wavelength-dependence of the single scattering albedo (Fig. 3d, related to the imaginary refractive indices in Fig. 3a).

The absorption cross-sections, HG phase functions and size distributions in Figs. 3 and4 were not intended to be an exhaustive representation of Saturn's clouds, given the substantial degeneracies inherent in the interpretation of VIMS spectra. Nevertheless, they are broadly representative of the types of condensed phases that might be present in Saturn's troposphere. Addition of further complexity (e.g., using the dual-absorber of NH 3 and NH 4 SH following Sromovsky and Fry, 2010a, , or introduction of non-spherical particles) was not warranted by the 4.6-5.1 µm data, but such a combination is certainly possible for Saturn's cloud decks. Hydrazine (N 2 H 4 ), from the photolysis of tropospheric NH 3 , is not expected to be a major constituent of the tropospheric clouds, and the single scattering albedo and phase function in Figs. 3 and 4 (Clapp and Miller, 1996) are not sufficiently different in the 4.6-5.1 µm range to distinguish hydrazine from NH 3 ice in the VIMS spectrum. However, one important species is absent from Table 3 that could potentially be a major contributor to IR opacity in this spectral range -diphosphine (P 2 H 4 ), which is expected to be present in significant quantities from PH 3 photolysis. Very little is known about the absorptive and scattering properties of P 2 H 4 , and a determination of the optical properties of diphosphene is an urgent priority for future VIMS studies, particularly in reflected sunlight.

The uncertain spectral properties of non-spherical particles, NH 3 +NH 4 SH mixes, P 2 H 4 and other potential contaminants in Saturn's clouds could significantly alter the retrieved opacities and cloud altitudes described in Section 5. Nevertheless, useful latitudinal contrasts in atmospheric parameters can still be derived.

Sensitivity Analysis

Synthetic spectra for each gas contributing to the 5-µm window are presented in Fig. 5. The mole fractions in the reference atmosphere were scaled by arbitrary amounts to show their spectral influence (using a simple compact grey cloud, model II.A). PH 3 , NH 3 and AsH 3 have the largest contributions to this range, with smaller influences from H 2 O, GeH 4 , CO and CH 3 D. PH 3 in particular has a strong effect on the mean flux and spectral gradient between 4.9 and 5.0 µm.

Variations of CH 4 and 13 CH 4 have negligible effects on the spectra. Some of the spectral signatures are similar (e.g., AsH 3 and GeH 4 , not to mention those of aerosol absorption and the broad effects of PH 3 ), leading to degeneracies in the interpretation of VIMS spectra, which will be explored below.

The vertical sensitivity of the spectra is highly dependent on the scattering properties and opacity of the cloud layers as well as the abundances of the absorbing gases. However, an estimate of the sensitivity is provided by the functional derivatives for the best-fitting II.A model (Fig. 6, using compact clouds at 1.4 and 2.7 bar and τ 1 = τ 2 = 1). The functional derivatives have been normalised, so that no account has been made for the magnitude of their spectral effects from demonstrate that Saturn's thermal emission originates from the 4-6 bar region, where atmospheric temperatures reach approximately 240 K. In the absence of absorbing/scattering aerosols, the radiance in the 5-µm window would therefore be considerably larger than the 140-190 K brightness temperatures in Fig. 2.

Model Degeneracies and Validation

Modelling a single VIMS spectrum is relatively straightforward -a large number of gaseous and aerosol parameters can be tuned to provide an excellent fit to the low resolution VIMS spectra (R ≈ 330 at 5 µm). However, the results must also be physically realistic when multiple retrievals are performed to study Saturn's zonal mean properties. Furthermore, the residuals between measured and synthetic spectra (the χ 2 parameter) should be as spatially uniform as possible to ensure that we have captured all of the variability in the model. This section will explore the degeneracies inherent in modelling VIMS nightside spectra in the absence of prior constraints on Saturn's aerosol optical properties and distributions.

Through extensive tests of the model with different temperature, composition and cloud assumptions with the 22 coarse zonal-mean spectra described in Section 2.2, we demonstrate that VIMS data can provide robust conclusions about relative spatial variability, even if absolute abundances and opacities are poorly constrained.

Model Assumptions

We began by testing a number of assumptions in our forward models and retrievals. The simplest solution would be to fit the spectrum by varying T (p) or PH 3 alone, in the absence of attenuating/scattering aerosols. However, thermal variations needed to be unrealistically large in the 1-5 bar region to reproduce the cool brightness temperatures observed in Fig. 2, and it proved impossible to reproduce the 4.6-4.9 µm and 4.9-5.1 µm regions simultaneously by varying PH 3 alone. Furthermore, fixing all the gases at their a priori distributions and varying the opacity of the simplest cloud model (I.A, a single compact grey-absorbing cloud in Table 3) failed to reproduce the spectrum. The VIMS spectra can only be reproduced by a simultaneous retrieval of gaseous abundances and aerosol opacity.

But which gases to include in the retrieval? With the best-fitting aerosol distribution in the grey-absorbing case (both scattering and non-scattering), we sequentially added scaled retrievals of each gas (i.e., fixing the vertical profile but varying the absolute abundance) and assessed (a) the quantitative improvement to χ 2 and (b) the qualitative appearance of the meridional distribution from the 22 spectra.

Variations of PH 3 were essential, whereas the importance of NH 3 only became apparent once we investigated equatorial latitudes where the spectrum near 5.1 µm appears markedly different from other regions (Fig. 2). The addition of AsH 3 moderately improved the fit in the region surrounding the broad absorption at 4.74 µm (this was especially true at low latitudes). However, although the remaining gases in the model (GeH 4 , CO, H 2 O and CH 3 D) had some minor effects on the spectra, they did not deviate far from their a priori abundances and were deemed insignificant (using an F-statistic test, [START_REF] Bevington | Data reduction and error analysis for the physical sciences, 2nd Edition[END_REF]. Omitting these four gases from the retrieval had negligible effects on the retrieved NH 3 , PH 3 and AsH 3 abundances.

Adding complex cloud parameterisations: Simultaneously fitting for the spatial variation of PH 3 , NH 3 and AsH 3 , along with the variable opacity and depth of the single-cloud model I.A failed to provide adequate fits to the VIMS spectra.

A similar conclusion was reached for Galileo/NIMS 5-µm spectra of Jupiter (e.g., [START_REF] Irwin | The Origin of Belt/Zone Contrasts in the Atmosphere of Jupiter and Their Correlation with 5-µm Opacity[END_REF], which required two separate aerosol populations, suggestive (but not uniquely) of a main jovian cloud deck of NH 4 SH overlain by optically thin NH 3 clouds. This prompted the development of the 3 additional cloud models (II-IV) in Section 3.4 which immediately improved the fits to the VIMS spectra. The 2-cloud schemes produced the best fits as the two opacity sources were allowed to vary independently of one another, increasing the number of free parameters available for the retrieval. In addition, experiments varying both the deep cloud base pressure (p b ) and opacity (τ 1 ) showed that they have sufficiently different spectral effects to make them separable. A comparison of the χ 2 values in Section 4.2 for the four different vertical models show that, while some can be ruled out, others gave such similar spectral results that they could not be distinguished from each other. Furthermore, the VIMS spectra are insensitive to location and extent of the upper cloud in models II and IV -shifting the base pressure between 1.4 and 1.8 bar for both compact and extended upper clouds had no effect on the fitted spectra, only the cumulative opacity (τ 2 ) has an influence.

Temperature variations in the deep troposphere: Independent retrievals of T (p) from the 5-µm window would be impossible given the degeneracy with PH 3 and aerosols, although spatial variations are expected to be small. Nevertheless, three different assumptions were tested: (a) a mean CIRS-derived T (p) from Cassini's prime mission (Fletcher et al., 2009a) with the same lapse rate g/c p for all latitudes; (b) the same mean T (p) but with a latitude-dependent lapse rate (i.e., varying with g); and (c) the full meridional CIRS T (p) with a latitudevariable lapse rate. The last assumption provided the best fits to the VIMS spectra (there is VIMS sensitivity to p < 800 mbar in Figs. 6 and7), although in practise there was little to differentiate between the three cases. Retrieved meridional distributions of NH 3 and AsH 3 were very similar for all three assumptions, but PH 3 and aerosol optical depths were affected. North-south asymmetries of PH 3 and aerosols were present for all three cases, but the PH 3 asymmetry was smaller when the CIRS-derived tropospheric temperature asymmetry was accounted for.

Uncertainties in retrieved absolute values arising from the differing temperature assumptions are 13%, 16% and 10% for PH 3 , NH 3 and AsH 3 , respectively; 33% and 50% for the deep and upper cloud opacities. Thus the retrieved gaseous composition and aerosols have a degeneracy with the deep atmospheric temperatures, but the best-fitting assumption (c) was used for the remainder of this study.

Vertical distribution of PH 3 : Early models of VIMS spectra (e.g., [START_REF] Baines | Saturn's north polar cyclone and hexagon at depth revealed by Cassini/VIMS[END_REF] assumed PH 3 to be well-mixed up to 0.55 bar (Fletcher et al., 2009a).

However, it proved difficult to simultaneously fit the 4.6-4.7 µm radiances and the 4.8-5.0 µm spectral gradient. Fixing the PH 3 abundance at some mean for all latitudes generally worsened the quality of the spectral fits, particularly over the southern hemisphere (PH 3 was noted to be elevated in the southern troposphere, Fletcher et al., 2009a). Finally, we parameterised the vertical PH 3 distribution in terms of a deep mole fraction (q 0 ) up to a pressure level (p 0 ), followed by a decreasing abundance with altitude according to a fractional scale height, ( f , the ratio of the gas scale height to that of the bulk atmosphere) (Fletcher et al., 2007a).

Varying p 0 simultaneously with aerosols and other gaseous mole fractions for all 22 VIMS spectra (in both the scattering and non-scattering cases), we found optimum fits for p 0 between 1.1-1.3 bar (examples of the χ 2 surfaces for the equator, 30 • N and 30 • S are shown in Fig. 8). The cloud base and PH 3 p 0 were found to be at lower pressures (higher altitudes) at the equator than at mid-latitudes.

The introduction of the parameterised PH 3 profile had a substantial effect on the χ 2 at all latitudes, producing closer fits to both the 4.6-4.7 µm region and the spectral gradient between 4.8-5.0 µm. Similar tests for NH 3 and AsH 3 indicated that the well-mixed assumption was perfectly valid. However, the PH 3 p 0 determined by VIMS was considerably deeper than that determined by CIRS and sub-mm data (0.55-0.65 bar, [START_REF] Orton | Vertical Distribution of PH 3 in Saturn from Observations of Its 1-0 and 3-2 Rotational Lines[END_REF]Fletcher et al., 2009a). Further-more, the retrieved fractional scale height was rather small, permitting negligible PH 3 abundances at p < 1 bar, again inconsistent with CIRS. Indeed, when we compared the range of PH 3 abundances derived from VIMS (3.0-5.5 ppm for the range of cloud models studied here, Section 5) to that derived from CIRS (5.4-8.2 ppm, with a mean of 6.4 ppm, Fletcher et al., 2009a), we found that VIMS and CIRS PH 3 abundances differed by factors of 1.5-1.8, even though the meridional variations of q 0 and f were similar from both instruments. Although CIRS is sensitive to lower pressures (300-800 mbar) than VIMS (2-3 bar), we expect PH 3 to be well-mixed between these two levels. It is unlikely that near-IR line strengths could be too strong by a factor of two, as this exceeds the uncertainties on line data for either the near-IR or mid-IR vibrational bands (Section 3.2). Identification of the source of this discrepancy will require (i) consistent measurements of PH 3 line data across multiple bands; (ii) higher spectral resolution observation of Saturn's emission to separate PH 3 absorption from continuum opacity sources; and (iii) simultaneous near and mid-IR retrievals in the presence of tropospheric aerosols.

Nevertheless, relative PH 3 variations can still be derived from VIMS spectra.

Degeneracies in Spectral Modelling

At the start of this analysis, it was hoped that VIMS nightside spectra would constrain a unique cloud model and, independently, the spatial distribution of gases. However, the degeneracies between the different model parameters soon became overwhelming. Fig. 9 shows the meridional distribution of χ 2 for all four vertical models (I-IV), scattering and non-scattering cases, for optical models A-C (Figs. 34). Testing of models D (pseudo-NH 4 SH cloud of [START_REF] Nixon | Atmospheric Composition and Cloud Structure in Jovian 5-µm Hotspots from Analysis of Galileo NIMS Measurements[END_REF]) and E (updated NH 4 SH optical constants by [START_REF] Howett | Optical constants of ammonium hydrosulfide ice and ammonia ice[END_REF]) produced negligible differences to (i) the quality of the spectral fits and (ii) the meridional distributions of gases and aerosols, so were omitted from the subsequent analysis. All cloud models produce poor fits poleward of 55 • N due to a failure of our models to fit the higher emission angles (sensitive to higher altitudes in Saturn's atmosphere).

In general, the compact cloud models I and II produced the best fits to the spectra. The 2-cloud scheme fitted better at the equator (Fig. 9); at latitudes poleward of 10 • S and the 35-65 • N region of the northern hemisphere. However, the 2-cloud scheme cannot be distinguished from the single cloud scheme between 10-35 • N, in a region where haze opacity is thought to be negligible (see Section 5). Finally, although the extended deep cloud models (III and IV) produced reasonable fits to the spectrum by eye, the χ 2 (Fig. 9) was sufficiently different to distinguish between the compact and extended cloud structures for the deep cloud.

In the non-scattering case, the residuals for optical models A-C (the grey, NH 3 and NH 4 SH cloud compositions) were indistinguishable from one another. Modelling scattering within the clouds improved the fits for the grey isotropic scatterer and NH 4 SH clouds, but not for NH 3 (although differences in the chosen particle sizes could have an effect on this conclusion). Ruling out pure NH 3 ice, the two remaining optical models produced very similar fits to the VIMS spectra: the grey assumption was better at northern mid-latitudes (10-40 • N) whereas solid NH 4 SH provided a better fit at all other latitudes (Fig. 9). Although this is certainly not a unique solution, the NH 4 SH imaginary refractive indices in Fig. 3 from both [START_REF] Ferraro | Infrared Intensity Measurements of Cryodeposited Thin Films of NH 3 , NH 4 HS, H 2 S, and Assignments of Absorption Bands[END_REF] and [START_REF] Howett | Optical constants of ammonium hydrosulfide ice and ammonia ice[END_REF] suggest smaller single scattering albedos between 4.7 and 4.9 µm compared to NH 3 ice or the other possible cloud compositions, even though the scattering phase functions (Fig. 4) are all very similar to one another. This difference provides marginally better fits for solid NH 4 SH than other constituents, although we have not conducted an exhaustive study of possible cloud candidates (e.g., the omission of diphosphine described in Section 3.4). In conclusion, the compact scattering cloud schemes (models I and II, with II doing better at known 'hazy' latitudes), in combination with the grey or NH 4 SH optical properties (A and C) provided the best reproductions of the VIMS spectra.

Aerosol Profile Uncertainties

Given that no single cloud model provided the best fits to the data, we have to consider the range of possible solutions to this underconstrained problem. If compact cloud layers are used (models I-II), the base pressures for the opacity (p b ) must be placed between 1.9 and 2.7 bar. In the southern hemisphere, where the opacity of the upper cloud is highest, p b is poorly constrained and can be at any pressure greater than 2 bar (see the χ 2 figures at the top of Fig. 12). Extended well-mixed clouds in the deep troposphere (models III-IV, previously shown to give poor reproductions of the VIMS data) require p b > 2.8 bar, and typically place the bottom of the cloud between 3.3 and 4.0 bar.

The addition of scattering to the model causes the retrieved optical depths of the deep cloud (τ 1 ) and upper cloud (τ 2 ) to increase by factors of 2-5 relative to the non-scattering case (depending on the chosen optical model, Fig. 10). Furthermore, scattering introduces an emission-angle dependence to the deep optical depths if the cloud is an isotropic grey scatterer (Fig. 10a), but not when it is comprised of solid NH 4 SH (Fig. 10b). As the emission angle is varying from equator to pole, this suggests that the isotropic phase function (Fig. 4) is a poor representation of Saturn's aerosols, as previous reflected sunlight studies of Saturn's clouds suggest a latitudinally-uniform τ 1 or an equator-to-pole decrease in opacity (e.g., [START_REF] Stam | Near-IR Spectrophotometry of Saturnian Aerosols-Meridional and Vertical Distribution[END_REF][START_REF] Karkoschka | Saturn's vertical and latitudinal cloud structure 1991 -2004 from HST imaging in 30 filters[END_REF]. The NH 4 SH scattering cloud produced optical depths for the deep cloud which were largely independent of latitude (Fig. 10b). Ultimately the meridional variation of τ 1 cannot be uniquely determined unless (i) each latitude is viewed with the same emission angle; or (ii) multiple emission angles are used to separate the degenerate effects of emission angle and τ 1 . No emission angle dependence is detected in retrievals of the upper cloud, τ 2 (Fig. 10c), which shows an asymmetry between northern and southern hemispheres for all of the cloud models tested (models II and IV featured the upper cloud), although the retrieved optical depths are highly dependent on the chosen aerosol model.

Degeneracies in Gaseous Composition

Unfortunately, the degeneracy between the different cloud models provides substantial uncertainties in the absolute abundances of gases derived from the 5-µm window. The relative variations of ammonia (shown in Fig. 11a for the grey-cloud optical model) are similar for all cloud models, but there are clear offsets in absolute abundance. The use of scattering clouds increases the pathlength for individual photons in the upper troposphere, and hence reduces the amount of each gas necessary to reproduce the absorption features (grey curves in Fig. 11 are systematically lower than the black non-scattering curves). Compact cloud models tend to yield smaller retrieved abundances than extended clouds, and even the best-fitting aerosol models differ in abundance by a factor of 2-3. Nevertheless, the enhanced NH 3 abundances at 45 • N, 25 • S and the equator are persistent features, irrespective of the chosen cloud model. However, in the cases of AsH 3 and PH 3 , the chosen cloud model can have a substantial effect on both the meridional structure and the absolute abundances.

AsH 3 (Fig. 11b) shows a north-south asymmetry in the non-scattering case that becomes much smaller when multiple scattering in the southern hemisphere is taken into account. The distribution of PH 3 is even more problematic, with a large scatter in measured abundances (Fig. 11c), although each aerosol model generally produces a north-south asymmetry in PH 3 . The formal retrieval error on each PH 3 measurement is small, given that this gas dominates the shape of the VIMS spectrum, but the degeneracy between the cloud models makes a determination of the absolute abundance near-impossible without additional constraints.

The cause of this offset in absolute abundance is demonstrated in Fig. 12 for 15 • N, 15 • S and the equator (using non-scattering cloud model II.A), which shows how the algorithm converges to the optimal solution. There is a large variation of retrieved parameters with the cloud base pressure, showing how sensitive the absolute abundances are to the choice of aerosol model. As we described above, the deep cloud base pressure for the southern hemisphere (with the thickest upper cloud) is poorly constrained and could be placed anywhere at p > 2 bar (first row of Fig. 12). Placing cloud opacity at greater depth requires larger abundances of PH 3 (2nd row) and NH 3 (7th row), but smaller abundances of AsH 3 (6th row) to reproduce the absorption features. Furthermore, any variations in the deep cloud opacity τ 1 are largely compensated by the upper cloud τ 2 (4th and 5th rows of Fig. 12). This figure demonstrates the tradeoffs between the parameters in retrievals at each latitude, so we conclude that the absolute abundances and optical depths are dependent on the correct parameterisation of Saturn's clouds.

Validation Experiments

A robust way of demonstrating the validity of the retrieval scheme is to attempt extraction of the same variables from modelled VIMS spectra with simulated noise. 200 spectra were synthesised with non-scattering cloud model II.A at a range of latitudes (±45 • ) and emission angles (0-45 • ); a range of a priori abundances for PH 3 , NH 3 , AsH 3 and GeH 4 (the latter as a control); and a range of values for the deep cloud τ 1 and p b and upper cloud τ 2 . The synthetic spectra were randomised using the same noise levels described for the real VIMS spectra (Section 2.1), and then the parameters were simultaneously retrieved from the synthetic spectra. Fig. 13 shows a positive correlation between the true values and retrieved values for each parameter, with the exception of GeH 4 . The average deviations between modelled and retrieved values are: PH 3 (8%), AsH 3 (7.3%), NH 3 (30%), τ 1 (59%), τ 2 (25%) and p b (17.6%). In addition, the NH 3 abundance appeared to be 30% lower than the true values, whereas the retrieved τ 1 was 54% larger than the input values. The large uncertainties on τ 1 , τ 2 and p b demonstrate the high correlation between these parameters, and the difficulties in separating them in the retrievals.

These simple experiments provide estimates of the uncertainties in absolute abundances based solely on random measurement errors. They do not represent the uncertainties due to systematic offsets. As we have seen, abundance uncertainties are dominated by the choice of cloud parameterisation rather than random error on the VIMS spectra. Relative spatial variability in retrieved quantities are more robust, and these will be presented in Section 5.

Results

Atmospheric composition (parameterised PH 3 ; well-mixed NH 3 and AsH 3 ) and aerosol properties (τ 1 , τ 2 and p b using the 2-cloud scheme, model II) were retrieved from 107 VIMS 4.6-5.1 µm spectra between 38 • S and 67 • N (planetocentric). The meridional distribution of each parameter is shown in Fig. 14, with the zonal mean radiances and brightness temperatures at 5 µm indicated in the top panels and the best-fitting spectral models in Fig. 15. Given the difficulties in distinguishing between scattering and non-scattering cases with the grey or NH 4 SH optical properties (models A and C) based on the χ 2 alone (Fig. 14b), we applied both techniques to the VIMS retrievals. Pure NH 3 ice and isotropic scattering were previously ruled out, although we stress that the retrieved atmospheric composition was very similar in these cases. The meridional distribution of χ 2 (Fig. 14b) shows a small improvement using multiple scattering with the phase function of NH 4 SH, but the effect is insignificant within a ∆χ 2 = 1. Although the scattering cloud is more physically realistic, its inclusion has a substantial effect on retrieved parameters for such a small improvement in χ 2 , so both sets of results are shown to highlight the degeneracy issue.

Saturn's Clouds

The retrieved properties of the compact cloud scheme are shown in Fig. 14c-e.

The base pressure of the deep cloud is poorly constrained in the southern hemisphere where significant opacity due to aerosols in the upper cloud (Fig. 14c) and PH 3 (Figs. 14g-h) prevent a unique determination of the deep cloud base. The equatorial cloud is allowed to be present at lower pressures (approximately 2.1 bar) in the non-scattering case, compared to high pressures of the northern hemisphere cloud deck (2.5-2.8 bar). The need for this 2.1-bar equatorial cloud is removed when multiple scattering is used, when the equatorial cloud base becomes consistent with northern mid-latitudes. Both the scattering and non-scattering models agree on the cloud base pressures at northern mid-latitudes. Seasonallyvariable cloud opacities in the 2-3 bar region are deemed unlikely given the long radiative timescales at these pressures, so a cloud base in the 2.5-2.8 bar region is likely to exist globally on Saturn, with upward advection pushing the cloud higher at the equator.

Optical depths of the two clouds are higher in the multiple scattering case.

The upper cloud τ 2 (arbitrarily placed at 1.4 bar, representative of the cumulative opacity of clouds and hazes above this pressure level) is more opaque in the southern hemisphere in both scattering and non-scattering cases. It is likely that the extended haze layers between the tropopause and 1.4 bar that are responsible for scattering of reflected sunlight on the dayside [START_REF] Pérez-Hoyos | Saturn's cloud structure and temporal evolution from ten years of Hubble Space Telescope images (1994-2003[END_REF] are also contributing to the attenuation of 5-µm flux on the nightside. Finally, the upper cloud shows enhanced equatorial opacity only in the multiple-scattering case.

Increased equatorial opacity is qualitatively expected when we consider the 'hazy' appearance of Saturn's low latitudes in reflected sunlight (e.g., [START_REF] Porco | Cassini Imaging Science: Initial Results on Saturn's Atmosphere[END_REF][START_REF] Vasavada | Cassini imaging of Saturn: Southern hemisphere winds and vortices[END_REF] and the observations of vertical upwelling of the disequilibrium species PH 3 (Fletcher et al., 2009a).

The deep cloud opacity (Fig. 14d) shows opposing behaviours depending on the scattering assumptions. In the scattering case, we see a trend of increased opacity at high latitudes, whereas the opposite is true in the non-scattering case.

A mean of the two would be uniform with latitude, which may be more realistic for the non-seasonal conditions in the 2-3 bar pressure regime. Small-scale variations in τ 1 of approximately 20-30% are colocated in the two cases, but the amplitude of the opacity variation is likely to depend on the spatial resolution of the VIMS images. Comparing to Fig. 1, the narrow axisymmetric bands of bright 5-µm flux are coincident with regions of lower opacity (particularly evident between 20-30 • N). Fig. 14d suggests that these bright bands are regions of diminished opacity of the deep cloud layer, rather than being due to changes in the base pressure of the 2.5-2.8 bar cloud or the opacity of the upper 'haze'. Finally, unlike the elevated opacity of the upper cloud at low latitudes, there it nothing notable about the deep cloud opacity at the equator.

In summary, VIMS nightside spectra are consistent with clouds in two regimes -(i) a compact, meridionally-uniform cloud deck centred in the 2.5-2.8 bar region with small-scale opacity variations responsible for the narrow, bright axisymmetric lanes in VIMS images; and (ii) a hemispherically-asymmetric upper cloud above 1.4 bar, whose exact altitude and vertical structure are not constrained by VIMS, but which is likely to extend towards the tropopause and is responsible for reflected sunlight scattering. The upper cloud/haze is seasonally variable, whereas the deep cloud is not. Degeneracy between the scattering and non-scattering cases leads to uncertainties in absolute optical depths, and elevated equatorial opacity is only present in the scattering case.

Finally, although a 2.5-2.8 bar cloud deck of NH 4 SH provided the best fits to the spectra for the limited range of clouds tested in this study, this solution is certainly non-unique and we cannot rule out a more complex combination of NH 3 , NH 4 SH and possibly P 2 H 4 (see Section 3.4). The cloud deck is deeper than the predicted condensation altitudes for pure NH 3 (1.47-1.81 bar, Table 4 of [START_REF] Atreya | A comparison of the atmospheres of Jupiter and Saturn: deep atmospheric composition, cloud structure, vertical mixing, and origin[END_REF], for solar and five-fold enrichments of heavy elements), but also higher than the predicted levels of NH 4 SH (4.56-5.72 bar). Homogeneous cloud condensation occurs when the partial pressure of a gas exceeds its saturation vapour pressure. Formation of solid NH 4 SH is more complex, involving a twocomponent reaction between NH 3 and H 2 S whose equilibrium can be expressed by the empirical equation [START_REF] Lewis | The clouds of Jupiter and the NH 3 -H 2 O and NH 3 -H 2 S systems[END_REF][START_REF] Atreya | Atmospheres and Ionospheres of the Outer Planets and their Satellites[END_REF];

log(p NH 3 p H 2 S ) = 14.82 - 4705 T (1)
where p NH 3 and p H 2 S are the partial pressures of the two gases. Assuming that the abundances of the two gases are equal at the cloud condensation altitude (H 2 S is completely used up in this reaction, whereas NH 3 survives to condense at higher, cooler altitudes), and comparing the saturated vapour pressure curve to Saturn's temperature profile, we require approximately 2 ppm of H 2 S to form the VIMS 2.5-2.8 bar cloud. This would be produced by only 10% of the solar S/H ratio of [START_REF] Grevesse | The Solar Chemical Composition[END_REF], considerably smaller than the 10× solar S/H abundance suggested by [START_REF] Briggs | Radio observations of Saturn as a probe of its atmosphere and cloud structure[END_REF] (equivalent to 250 ppm), but larger than the 16 ppb upper limit of [START_REF] Weisstein | Submillimeter Line Search in Jupiter and Saturn[END_REF]. Simple thermodynamic theory is a poor approximation to Saturn's true clouds, given that they are unlikely to be pure ice condensates and probably contain a range of impurities. The VIMS 2.5-2.8 bar cloud cannot be identified unambiguously using the present dataset. by [START_REF] Burgdorf | Far-infrared spectroscopy of the giant planets: measurements of ammonia and phosphine at Jupiter and Saturn and the continuum of Neptune[END_REF], [START_REF] Lellouch | The deuterium abundance in Jupiter and Saturn from ISO-SWS observations[END_REF], [START_REF] Orton | Vertical Distribution of PH 3 in Saturn from Observations of Its 1-0 and 3-2 Rotational Lines[END_REF], de Graauw et al. (1997) and Noll and Larson (1990). Finally, an asymmetry in the deep PH 3 abundance in the non-scattering case is deemed unlikely as the vertical mixing processes responsible for the presence of this disequlibrium species in the upper troposphere are not expected to be seasonally-variable. No deep asymmetries are observed in the multiple-scattering case.

Gaseous Composition

Tests revealed that the use of the CIRS-derived mole fractions and p 0 could not reproduce the VIMS spectrum adequately for any choice of cloud model, which leaves us with a conundrum -even though the meridional distributions are largely similar, the absolute values are quite different from the two instruments. As the same retrieval model was used in both studies, one possibility is that the line data for the pentad polyad at 5-µm are inconsistent with that of the dyad at 9 µm, making direct comparisons difficult. Indeed, the 5-µm line data are only accurate to the 20-30% level (Section 3.2), which may explain some of the discrepancy, but not all of it. Furthermore, just as VIMS retrievals are prone to PH 3 and aerosol degeneracies, CIRS retrievals are prone to T (p)-PH 3 degeneracies. Finally, the retrieved high-altitude PH 3 is determined by the absorption complex at 4.74-µm:

if scattered light within the instrument artificially enhances the flux in this absorption band (see Section 2.1) then we would require less PH 3 than expected from CIRS. Further testing of the PH 3 -aerosol degeneracy with improved knowledge of the cloud composition, along with consistent measurement of the PH 3 line data, is required to resolve this issue.

If we take the VIMS-derived PH 3 at face value, then some mechanism must be depleting PH 3 above the p 0 = 1.3-bar level. PH 3 is thought to be well-mixed by vertical diffusion at depth and depleted at higher altitudes due to photolysis to diphosphine (P 2 H 4 , a candidate for Saturn's haze) and elemental phosphorous. In the 1-3 bar region of VIMS sensitivity (Fig. 6), photochemical models suggest that production and loss rates are balanced due to recycling of P 2 H 4 to PH 3 (J. Moses, pers. comms.), so depletion would be unexpected. If the PH 3 loss at p < 1.3 bar is real, then it may simply represent adjustment of the vertical profile between the well-mixed deep profile and the photolysis regime.

Ammonia

Unlike PH 3 , the meridional distribution of NH 3 was similar for all of the aerosol models tested, even though the absolute abundances vary between scattering and non-scattering cases in Fig. 14i. Indeed, the largest discrepancy between scattering and non-scattering is at the equator and mid-southern latitudes, where the aerosol opacity was at its largest. NH 3 is enhanced at the equator between ±5 • latitude by three times the northern mid-latitude abundances. This enhancement is coincident with the narrow region of diffuse brightness in Fig. 1, and with a narrow prograde jet identified by García-Melendo et al. ( 2010) which exists in addition to the broad equatorial jet. However, the NH 3 enhancement is confined to a much narrower equatorial region (±5 • ) than the CIRS-derived PH 3 enhancement (±20 • ) in the 0.2-0.8 bar region (Fletcher et al., 2009a).

Smaller enhancements are also notable in axisymmetric bands at 23-25 • S and 42-47 • (planetocentric), coinciding with dark lanes at 5.1 µm (Fig. 1). The northern hemisphere NH 3 peak exists between opposing zonal jets (prograde at 41 • N, retrograde at 49 • N), suggesting upwelling on the poleward side of the prograde jet. Interestingly, this jet was the location of a meandering lane known as the ribbon wave, first discovered by Voyager (e.g., [START_REF] Godfrey | The Saturnian ribbon feature -A baroclinically unstable model[END_REF]. The region north of the jet exhibited significant eddy activity associated with the wave [START_REF] Godfrey | The Saturnian ribbon feature -A baroclinically unstable model[END_REF]), and appears to be the location of a dark band near 45 • N flanked by 5-µm bright regions in Fig. 1. The northward gradient of potential vorticity (PV) was found to change sign at 44 • N near to this jet, potentially violating the stability criterion of Arnol'd's second theorem [START_REF] Read | Mapping potential vorticity dynamics on saturn: Zonal mean circulation from Cassini and Voyager data[END_REF] and suggesting that the eddy activity (and possibly the enhanced NH 3 detected by VIMS) arises due to instabilities in the flow at depth. If the two hemispheres are symmetric at depth, we might expect a similar NH 3 enhancement at southern mid-latitudes (44-51 • S), and indeed Cassini imaging shows wave-like activity and an abundance of small vortices at this latitude [START_REF] Vasavada | Cassini imaging of Saturn: Southern hemisphere winds and vortices[END_REF][START_REF] Choi | Cloud features and zonal wind measurements of Saturn's atmosphere as observed by Cassini/VIMS[END_REF]. Unfortunately, these southern latitudes were not covered by the nightside VIMS spectra studied here.

The band at 23-25 • S, which is embedded in the region of prograde flow associated with the equatorial jet, is also associated with a dark band in Fig. 1. The upwelling band is poleward of the warm South Equatorial Belt (SEB) at 14-17 • S, and further north than Saturn's 'storm alley' (a region between 33-40 • S characterised by an abundance of vortices, [START_REF] Vasavada | Cassini imaging of Saturn: Southern hemisphere winds and vortices[END_REF], but may be associated with wave-like activity and tilted streaks observed in the same latitude band [START_REF] Vasavada | Cassini imaging of Saturn: Southern hemisphere winds and vortices[END_REF][START_REF] Choi | Cloud features and zonal wind measurements of Saturn's atmosphere as observed by Cassini/VIMS[END_REF]. Finally, despite these three regions of upwelling, we cannot unambiguously identify the sink regions of gaseous NH 3 required for continuity. However, depletion of gaseous NH 3 could be provided by (i) subsidence in regions flanking the upwelling, (ii) condensation to form fresh NH 3 clouds and (iii) photolysis to form hydrazine (a possible constituent of Saturn's tropospheric hazes).

Aside from these three regions of upwelling, the NH 3 abundance is reasonably uniform, varying between 120-180 ppm in the northern hemisphere, and slightly larger (120-220 ppm) in the south, depending on the scattering assumptions. Given the range of the results in Fig. 11, the NH 3 mole fraction derived from VIMS is uncertain by a factor of 2. For the best fitting cloud models we find globally-averaged abundances of 140 ± 50 ppm (scattering) and 200 ± 80 ppm (non-scattering) in the 1-4 bar sensitivity range of Fig. 6. The retrieved NH 3 abundance can be compared to the partial pressure for 100% relative humidity to estimate the condensation altitudes for the gas. Equatorial NH 3 (500 ppm) would condense near 1.65 bar, whereas the global mean abundance (140 ppm) suggests condensation at 1.35 bar. This implies that NH 3 is saturated and well-mixed by diffusive processes up to the 1.35-1.65 bar level (consistent with the expected altitude of NH 3 condensation, [START_REF] Atreya | A comparison of the atmospheres of Jupiter and Saturn: deep atmospheric composition, cloud structure, vertical mixing, and origin[END_REF], and then declines following a saturated vapour-pressure curve and photolysis at lower pressures. Compared to some of the previous disk-averaged NH 3 determinations in Table 1, we find consistency with the 70-120 ppm values of [START_REF] Briggs | Radio observations of Saturn as a probe of its atmosphere and cloud structure[END_REF], [START_REF] Grossman | High-resolution microwave images of Saturn[END_REF]), de Graauw et al. (1997, quoted for the 1.2-bar level), [START_REF] Orton | Vertical Distribution of PH 3 in Saturn from Observations of Its 1-0 and 3-2 Rotational Lines[END_REF] and [START_REF] Burgdorf | Far-infrared spectroscopy of the giant planets: measurements of ammonia and phosphine at Jupiter and Saturn and the continuum of Neptune[END_REF]. The VIMS result is within the range of 50-200 ppm measured by Voyager/IRIS (Courtin et al., 1984) and slightly smaller than the 500 ppm abundance at p > 3 bar derived from microwave spectra (de Pater and Massie, 1985), except in the region of strong upwelling at the equator.

Arsine

AsH 3 is the principal arsenic-bearing gas on Jupiter and Saturn, though previous studies have focussed solely on globally-averaged values. The meridional distribution of AsH 3 is shown in Fig. 14j for the first time. Both scattering and non-scattering cases indicate local maxima flanking the equatorial region, centred on 7 • N and 7 • S. The two maxima are much closer to the equator than the warm tropospheric belts (±15 • ) observed by CIRS (Fletcher et al., 2007b). However, the non-scattering case predicts an AsH 3 asymmetry (from around 4 ppb in the south to 2.5-3.0 ppb in the north) that is not apparent in the scattering case (uniform abundance of 2.2 ± 0.3 ppb in both hemispheres). The global mean abundances of AsH 3 in the scattering (2.2 ± 0.3 ppb) and non-scattering (3.3 ± 0.8 ppb) cases are consistent with ground-based measurements of 3.0±1.0 ppb (Noll and Larson, 1990) and 2.4 +1.4 -1.2 ppb [START_REF] Bézard | Detection of arsine in Saturn[END_REF], although VIMS spectra do not have the spectral resolution to confirm the decreasing abundance with altitude (presumably due to photolysis) detected by [START_REF] Bézard | Detection of arsine in Saturn[END_REF].

Like PH 3 , AsH 3 can be thought of as a tracer of tropospheric mixing, as its abundance at the altitudes studied by VIMS greatly exceeds thermochemical equilibrium predictions (e.g., [START_REF] Fegley | Thermodynamics of selected trace elements in the Jovian atmosphere[END_REF][START_REF] Fegley | Chemical models of the deep atmospheres of Jupiter and Saturn[END_REF]. This disequilibrium is thought to be caused by vertical transport, mixing parcels of air from the deep troposphere at a faster rate than AsH 3 can be chemically destroyed (conversion to solid phase As 4 or As 2 S 2 ), thus the tropospheric AsH 3 abundance represents Saturn's equilibrium composition at much deeper levels (temperatures exceeding 400 K, [START_REF] Fegley | Chemical models of the deep atmospheres of Jupiter and Saturn[END_REF]. Using the solar photospheric composition of [START_REF] Grevesse | The Solar Chemical Composition[END_REF], we estimate a supersolar

As/H ratio of 6.4-9.6 times solar (depending on the scattering and non-scattering assumptions), larger than the subsolar (0.6×) abundance on Jupiter (Noll et al., 1990), whereas P/H is supersolar on both planets (Fletcher et al., 2009a). As pointed out by [START_REF] Fegley | Chemical models of the deep atmospheres of Jupiter and Saturn[END_REF], this difference is hard to explain because P and As exhibit similar cosmochemical behaviours, so we might expect equal enrichments of both elements during accretion.

Discussion: Possible Dynamical Mechanisms

While detailed dynamical modelling is deferred to future studies, here we discuss some plausible speculations concerning the dynamical processes responsible for the retrieved gaseous abundances and cloud distributions in Section 5. Cloud-tracking observations of eddy-momentum convergence on both Jupiter and Saturn have long indicated that eddies accelerate the jets at pressures of 1 bar or deeper [START_REF] Ingersoll | Interaction of eddies and mean zonal flow on Jupiter as inferred from Voyager 1 and 2 images[END_REF][START_REF] Salyk | Interaction between eddies and mean flow in Jupiter's atmosphere: Analysis of Cassini imaging data[END_REF][START_REF] Del Genio | Saturn eddy momentum fluxes and convection: First estimates from Cassini images[END_REF].

In steady state, these eddy accelerations would be balanced by meridional flow that is equatorward across eastward jets and poleward across westward jets. This meridional flow also helped to explain the prevalence of thunderstorms in jovian belts [START_REF] Gierasch | Observation of moist convection in Jupiter's atmosphere[END_REF][START_REF] Ingersoll | Moist convection as an energy source for the large-scale motions in Jupiter's atmosphere[END_REF] and the distribution of NH 3 from radio observations (e.g., Fig. 3 of [START_REF] Showman | Dynamical implications of Jupiter's tropospheric ammonia abundance[END_REF]. However, these observations need to be reconciled with the 'classical' view of of the belt/zone circulation on giant planets, whereby air rises in low-temperature anticyclonic zones on the equatorial flanks of eastward jets and sinks in warmer cyclonic belts (e.g., [START_REF] Hess | The Atmospheres of the Other Planets[END_REF]. The resulting meridional circulation causes poleward motion across eastward jets and equatorward motion across westward jets, opposing the flow suggested by the jet-pumping scenario described above. In steady state, the zonal Coriolis accelerations implied by this 'upper cell' circulation are balanced by an unidentified source of atmospheric 'drag' that decelerates the jets in the upper troposphere (Conrath and Pirraglia, 1983;[START_REF] Gierasch | Zonal mean properties of Jupiter's upper troposphere from Voyager infrared observations[END_REF]Conrath et al., 1990).

The VIMS results require both the jet-pumping and the jet-damping circulation regimes to be invoked (the stacked-cell hypothesis). In this scenario, we suggest that drag within 20-30 While we stress that the stacked-cell hypothesis may not be a unique explanation (and further predictive modelling is required), we note that these two different circulation regimes emerge quite naturally from considerations of momentum balance of the jets -the jet-pumping eddies on Jupiter and Saturn likely result from baroclinic instabilities or moist convection in the adiabatic region of the deep troposphere. However, convection and instabilities are largely inhibited in the stablystratified upper troposphere so that eddies are confined to the deeper cell, leading to jet damping (and the opposite sense of meridional circulation) in the upper cell.

The transition between the regimes of differing eddy behaviour (jet-pumping to jet-damping) may be set by the thermal stratification of the atmosphere, which grows larger in the upper troposphere. Numerical models of jet formation on the giant planets indeed show deep circulation cells whose tops close at 1 bar, al-though they do not consistently capture the hypothesized upper cells and the jet decay with altitude, perhaps because the appropriate small-scale drag processes in the upper troposphere (e.g., absorption of small-scale gravity waves) are not represented [START_REF] Lian | Deep jets on gas-giant planets[END_REF]. The mean circulation of the stacked cells would not be closed systems, as turbulent small-scale eddy transport would permit mixing of gases (e.g., mean flux of PH 3 , NH 3 and AsH 3 ) and aerosols vertically between the cells, as well as creating temporal variability on the cell structure itself. Furthermore, the PH 3 and AsH 3 off-equatorial maxima have no counterparts in the zonal jet structure (which shows a broad prograde jet at the equator), but small-scale variations in the jet velocity (e.g., those recently detected by [START_REF] García-Melendo | A strong high altitude narrow jet detected at Saturn's equator[END_REF] may produce localised vorticity-mixing barriers that could be correlated with the distinct, narrow cloud lanes.

A second plausible explanation for the VIMS results involves eddy mixing, which could play an important role in transport of heat and gaseous species as they do on Earth (e.g., the Ferrel cell, where eddy heat transport dominates over mean transport). The mean circulation would produce cold equatorial temperatures on isobars in the upper cell (upwelling and divergence, as detected by Cassini/CIRS, Fletcher et al., 2007b) and warm temperatures in the deep cell (convergence and subsidence). A similar temperature pattern can also result from a single circulation cell in the presence of latent heating warming the atmosphere at depth (e.g., Fig. 9 of [START_REF] Lian | Generation of equatorial jets by large-scale latent heating on the giant planets[END_REF]. Because the air is statically stable, isentropes (surfaces of constant entropy) would bow upward at the equator in the upper cell and downward in the lower cell (e.g., Fig. 5 of [START_REF] Showman | Interpretation of Galileo Probe Data and Implications for Jupiter's Dry Downdrafts[END_REF].

Mixing by eddy transport is almost isentropic on Saturn because of the long radiative time constant. Hence eddy mixing in the upper cell transports NH 3 and PH 3 -laden air upward and equatorward from greater pressures (off the equator) to lower pressures (at the equator). Similarly, eddy mixing in the deep cell would transport PH 3 and AsH 3 -poor air downward and equatorward from lower pressures (off the equator) to greater pressures (at the equator). Thus quasi-isentropic mixing by eddies could occur simultaneously with a mean non-isentropic meridional flow (air crosses isentropes as it is heated and cooled), and both processes are capable of explaining the meridional distributions of PH 3 , AsH 3 and NH 3 observed by VIMS.

Unfortunately, the spectral resolution of the VIMS data is too low to permit full 2D (i.e., latitude and altitude) retrievals of PH 3 , AsH 3 and NH 3 which would allow further study of these different regimes. Furthermore, Section 4 indicated that the separation of gaseous composition and aerosol scattering/absorption is certainly non-unique. Although sensitivity extends over the 1-4 bar range in Fig. 6, we can obtain only a single 1D (i.e., latitudinal) estimate for AsH 3 and NH 3 abundances. Although the 1D distributions of these gases are consistent with the stacked-cell hypothesis, 2D distributions from high spectral-resolution mapping of these dynamical tracers is required to make advances in this field. However, this hypothesis may also explain why visible reflectivity (which exhibits albedo contrasts characteristic of the upper-cell meridional circulation in the jet-damping region) appears so different from Saturn's 5-µm appearance in Fig. 1 (representing the jet pumping in the deeper meridional cell).

Conclusions

Cassini/VIMS maps of Saturn's 4. et al., 1999) and higher than the predicted levels for NH 4 SH condensation (5.72 bar), so its composition cannot be identified unambiguously.

3. Phosphine: PH 3 dominates the morphology of the 5-µm spectrum, but its meridional variation is highly sensitive to the choice of cloud model. A well-mixed PH 3 distribution failed to reproduce the spectrum, and we found that the abundance begins to decline for p < 1.3 bar (lower pressures at the equator). The fractional scale height for the upper-tropospheric PH 3 generally showed a maximum at the equator and a mid-latitude asymmetry (consistent with the results from Cassini/CIRS, Fletcher et al., 2009a). The key difference between the compositions is the enhanced absorption of NH 4 SHlike species [START_REF] Ferraro | Infrared Intensity Measurements of Cryodeposited Thin Films of NH 3 , NH 4 HS, H 2 S, and Assignments of Absorption Bands[END_REF][START_REF] Howett | Optical constants of ammonium hydrosulfide ice and ammonia ice[END_REF] between 4.7 and 4.9 µm. Pseudo-NH 4 SH [START_REF] Nixon | Atmospheric Composition and Cloud Structure in Jovian 5-µm Hotspots from Analysis of Galileo NIMS Measurements[END_REF] N 2 H 4 [START_REF] Clapp | Complex Refractive Indices of Crystalline Hydrazine from Aerosol Extinction Spectra[END_REF] NH 4 SH [START_REF] Howett | Optical constants of ammonium hydrosulfide ice and ammonia ice[END_REF] Grey Isotropic Cloud NH 4 SH [START_REF] Ferraro | Infrared Intensity Measurements of Cryodeposited Thin Films of NH 3 , NH 4 HS, H 2 S, and Assignments of Absorption Bands[END_REF] NH 3 [START_REF] Martonchik | Optical properties of NH3 ice from the far infrared to the near ultraviolet[END_REF] (b) Real Refractive Index N 2 H 4 [START_REF] Clapp | Complex Refractive Indices of Crystalline Hydrazine from Aerosol Extinction Spectra[END_REF] NH 4 SH [START_REF] Howett | Optical constants of ammonium hydrosulfide ice and ammonia ice[END_REF] Grey Isotropic Cloud NH 4 SH [START_REF] Ferraro | Infrared Intensity Measurements of Cryodeposited Thin Films of NH 3 , NH 4 HS, H 2 S, and Assignments of Absorption Bands[END_REF] NH 3 [START_REF] Martonchik | Optical properties of NH3 ice from the far infrared to the near ultraviolet[END_REF]) 
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 5 Fig. 5. VIMS spectra are generally sensitive to abundance profiles in the 1-6 bar region, with peak sensitivity for PH 3 , NH 3 and AsH 3 in the 1-3 bar range. Some gases (notably GeH 4 , CO and CH 3 D) show sensitivity to the 0.4-1.0 bar range, although these generally have a smaller overall effect on the spectrum. In the absence of absorbing cloud layers, contribution functions (Fig. 7, the product of the transmission weighting function, dτ/dz, and the black body emission, B(z, T ))
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  Figs. 14g-j show the meridional distributions of PH 3 , NH 3 and AsH 3 in the scattering and non-scattering cases. In all three cases scattering increases the path length of individual photons and hence reduces the abundances required to reproduce the absorption features.

  Fig. 14 indicated that the best-fitting VIMS models produce deep PH 3 (p > 1.3 bar)and AsH 3 distributions that do not show the same meridional variations as NH 3 and high-altitude PH 3 (p < 1.3 bar). In particular, deep PH 3 and AsH 3 showed local maxima either side of the equator, whereas the PH 3 scale height, the upper cloud opacity and NH 3 show maxima directly at the equator. At first glance this is difficult to interpret in terms of vertical transport from the deep troposphere, but the two different regimes may be reconciled if we consider a scenario where two stacked meridional circulation cells exist in Saturn's troposphere (see descriptions[START_REF] Del Genio | Saturn Atmospheric Structure and Dynamics[END_REF][START_REF] Ingersoll | Moist convection as an energy source for the large-scale motions in Jupiter's atmosphere[END_REF][START_REF] Showman | Dynamical implications of Jupiter's tropospheric ammonia abundance[END_REF].

  • of the equator enables a 'classical' meridional circulation in the upper cell. Air rises and diverges (cools) within the equatorial zone, advecting PH 3 -and NH 3 -rich air (along with aerosols to act as cloud nucleation sites) from depths below the NH 3 cloud into the upper troposphere to explain the equatorial maxima in Figs.14c, g and i. This upper-cell air then moves poleward to 10-20 • , where it descends and warms over the equatorial belts , leading to the relatively PH 3 -and NH 3 -depleted air at those latitudes. However, this classical upper-cell circulation must give way in the deeper troposphere to a circulation in the opposite sense. VIMS observations of off-equatorial maxima (≈ ±10 • ) in AsH 3 and deep PH 3 (Figs.14h and j) suggest that air rises in the belts at 10-20 • , moves equatorward and descends at the equator.

  6-5.1 µm nightside thermal emission have been used to study the latitudinal distribution of opacity sources in Saturn's tro-posphere between 38 • S and 67 • N (planetocentric). The spatial variation of atmospheric composition (PH 3 , NH 3 and AsH 3 ) and aerosol properties (the opacities of a compact 2.5-2.8 bar cloud and aerosols at p < 1.4 bar) are used to probe the vertical dynamics and chemistry in the NH 3 and NH 4 SH ice cloudforming regions of Saturn's troposphere. The spatial variability of Saturn's NH 3 and AsH 3 have been measured for the first time. Although the parameterisation of the aerosol model (scattering versus non-scattering; compact versus extended clouds; size distribution and refractive indices) has a significant effect on the retrieved opacities and gaseous abundances, we find that relative spatial variability can be retrieved reliably from the VIMS spectra even if absolute abundances remain uncertain. This study provides the following conclusions: 1. VIMS Sensitivity: Maps of Saturn's thermal emission at 4.6-5.1 µm reveal a previously unseen dynamical regime in the adiabatic region of the troposphere, with numerous narrow lanes of opacity variations (particularly the dark lane ±5 • of the equator); a strong mid-latitude seasonal asymmetry in emission between ±5 -±32 • ; and a plethora of discrete cloud features. This deep regime may be the region of eddy convergence which supplies momentum to the prograde jets (e.g., Del Genio et al., 2009), below the jet-drag region of the thermally-stratified upper troposphere. However, VIMS spectra are also sensitive to upper tropospheric clouds/hazes, with a seasonally-generated asymmetry in opacity attenuating the thermal emission. Extensive testing of the retrieval model indicated VIMS sensitivity to both atmospheric composition (parameterised PH 3 , well-mixed NH 3 and AsH 3 , but not GeH 4 , CO, H 2 O or CH 4 ) and cloud properties.2. Saturn's Clouds: Spectral fitting was consistent with cloud opacity in two regimes -(i) a compact, meridionally-uniform cloud deck centred in the 2.5-2.8 bar region with small-scale opacity variations (20-30% at the resolution of the VIMS images used in this study) responsible for the narrow, bright axisymmetric lanes in VIMS images; and (ii) a hemispherically asymmetric upper cloud above the 1.4-bar level, whose exact altitude and vertical structure are not constrained by VIMS, but which is likely to extend towards the tropopause and is responsible for reflected sunlight scattering on the dayside. The upper cloud shows a 1.5-2.0 times enhanced opacity within ±10 • of the equator. A scheme with a single-cloud layer was indistinguishable from the 2-cloud scheme at northern mid-latitudes, where the opacity of the upper cloud is at its smallest. The deep cloud base is poorly constrained in the southern hemisphere (it must exist at p > 2 bar) where the opacity of the upper cloud is at its largest. The meridional opacity distribution is highly sensitive to the optical properties of the clouds, but of the limited range of cloud compositions tested here, the optical constants of NH 4 SH provided the best fits to the VIMS spectra. The deep cloud is not likely to consist of pure NH 3 ice, but more complex cloud compositions (e.g., a mixture of NH 3 and NH 4 SH; or the presence of P 2 H 4 and other contaminants) cannot be ruled out. The 2.5-2.8 bar cloud is deeper than the predicted condensation altitude of NH 3 (1.81 bar for a 5× enrichment of heavy elements, Atreya
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 1 Figure Captions
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 2 Figure 2: Comparisons of zonally-averaged radiances (a) and brightness temperatures (b) for five latitudes (the equator, ±15 and ±30 • ) extracted from the image cubes in Fig. 1. Prominent features in the spectrum are labelled in panel (b) in their approximate locations, but these gases actually have effects over a wider region of the low-resolution VIMS spectrum than indicated here. Radiance errors described in the main text are indicated in panel (a).

Figure 3 :

 3 Figure 3: Optical constants for the range of cloud compositions considered in this study (a key for the different lines is shown in (b). Imaginary (a) and real (b) refractive indices are taken from the listed references. Extinction crosssections (c) and single scattering albedoes (d) were calculated using Mie theory for a standard gamma distribution of particles of radius r = 1.0 ± 0.05 µm. The
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 4 Figure 4: Variation of phase function with scattering angle for the range of cloud compositions used in this study. Phase functions were calculated as a twoterm Henyey-Greenstein (HG) functions based on the optical properties listed in
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 5 Figure 5: Sensitivity of VIMS nightside spectra to a selection of gases in the model atmosphere. Spectra were calculated using a compact grey-absorbing cloud in the absence of scattering, with molecular abundances scaled from 0.1-10 times the a priori values (key is shown in panel i). PH 3 , NH 3 and AsH 3 have the largest effects over this spectral range.
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 6 Figure6: Examples of the functional derivatives (Jacobians, the rate of change of radiance with a particular model parameter) for temperature and several gases contributing to the 5-µm window. Spectra were calculated using a compact grey-absorbing cloud (model II.A), so results will vary depending on the properties of the absorbing gases. Jacobians have been normalised to unity for each gas, and this does not represent their relative contribution to the spectrum (see Fig.5, for example). A scale bar is shown for the central three panels. VIMS spectra are mostly sensitive to compositional variations in the 1-3 bar region.
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 7 Figure 7: Contribution function (product of the transmission weighting function and the Planck black body function) calculated for a cloud-free case for the VIMS spectrum. The contribution function shows a maximum sensitivity to the 5-bar level.
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 8 Figure 8: Contours of χ 2 for VIMS retrievals varying the base pressure p b of the deep cloud layer and the transitional pressure p 0 from well-mixed deep PH 3 to PH 3 in the photochemical depletion region. Three representative latitudes are shown, indicating that the best fitting p 0 is 1.3 bar, although this can be at lower pressures at the equator.
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 9 Figure 9:The meridional distribution of χ 2 for optical models A-C (grey, NH 3 and NH 4 SH cloud scattering properties), which depend on the scattering processes (T=non-scattering, S=scattering) and vertical models (I-IV). These retrievals were performed for 22 coarsely gridded VIMS zonal mean spectra using the grey-cloud approximation. Comparison of these values was used to rule out certain optical models and vertical distributions, although considerable degeneracies still exist.
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 10 Figure 10: Demonstration of the dependence of retrieved cloud optical depths on the chosen aerosol models (T=non-scattering, S=scattering). Panels (a) and (b) show the opacity of the deep cloud and the spurious emission angle dependence when grey scatterers are assumed. Panel (c) shows that the north-south asymmetry in upper-cloud opacity is present for all model assumptions. The corresponding χ 2 are shown in Fig. 9.
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 11 Figure 11: Demonstration of the degeneracy in gaseous distributions of NH 3 , AsH 3 and PH 3 depending on the choice of aerosol optical models (T=nonscattering, S=scattering) and vertical models (I-IV). The corresponding χ 2 are shown in Fig. 9.
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 12 Figure 12: Trade off between the different atmospheric parameters for three latitudes, 15 • S (left column), the equator (central column) and 15 • N (right column). The seven rows show (a) the variation of χ 2 /N with base pressure, where N is the number of spectral channels (N = 32, so a ∆χ 2 = 1 envelope corresponds to 0.03 in these panels) in the retrieval; (b-c) the PH 3 deep mole fraction and fractional scale height; (d-e) the opacity of the deep and upper clouds in model II.A; (f-g) the well-mixed mole fractions of AsH 3 and NH 3 . The vertical dashed line shows the best-fitting base pressure for each latitude (note that it is poorly
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 13 Figure 13: Scatter plots showing positive correlations between synthetic VIMS spectral inputs ('true' values) and the retrieved outputs. The only figures showing no correlation is GeH 4 , which cannot be reliably retrieved from the VIMS data. The deviation between true and retrieved parameters (the dotted line shows a 1:1 relationship) is used to define the random error on retrieved quantities.
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 14 Figure 14: Meridional distributions of Saturn's cloud and aerosol properties (panels c-e) and gaseous distributions (panels g-j), for the two best-fitting cloud models: an upper haze and a deep compact cloud, with the non-scattering grey assumption (solid line, model A) and the scattering NH 4 SH assumption (dotted line, model C). These are compared to the zonal mean radiances and brightness temperatures in panels a and f, respectively. Although the scattering model shows a small improvement in χ 2 in panel a, suggesting that the optical properties of NH 4 SH produce the best results, this improvement is deemed insignificant given the degeneracies discussed in the main text. The points with error bars at 60 • S show the formal retrieval uncertainty in each quantity.

Figure 15 :

 15 Figure 15:The best-fitting spectral models to five selected latitudes. Both the thermal non-scattering and NH 4 SH scattering models (lines) produce nearidentical fits to the data (individual points). Overfitting at 4.67 and 4.85 µm, and underfitting at 5.06 µm, are common features of all spectral models and could not be explained by the addition of further gaseous species.
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 2 VIMS-IR Cubes used in this study. The quoted longitude is for System III West at the start time of the observations.
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Table 3 :

 3 Summary of cloud models tested in this study, vertical structures I-IV, optical models A-E.
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been measured for the first time, showing local maxima at ±7 • and a minimum at the equator. An AsH 3 asymmetry (from around 4 ppb in the south to 2.5-3.0 ppb in the north) was detected using non-scattering clouds, but is not apparent in the more physically-realistic scattering models (uniform abundance of 2.2±0.3 ppb in both hemispheres). This results in a supersolar As/H ratio of 6.4-9.6 times solar, larger than the subsolar (0.6×) abundance on Jupiter. This difference between the two gas giants is unexpected, as P/H is supersolar on both planets and the two species should have shared many common properties during planetary accretion.

Exploitation of the 5-µm window by Cassini/VIMS has revealed a planet with symmetric dynamics at depth coupled to substantial seasonal asymmetries in the upper troposphere. However, uncertainties in the properties and distribution of Saturn's clouds produces significant degeneracies in modelling the VIMS data. Courtin, R., Gautier, D., Marten, A., Bézard, B., Hanel, R., 1984 de Graauw, T., Feuchtgruber, H., Bézard, B., Drossart, P., Encrenaz, T., Beintema, D. A., Griffin, M., Heras, A., Kessler, M., Leech, K., Lellouch, E., Morris, P., Roelfsema, P. R., Roos-Serote, M., Salama, A., Vandenbussche, B., Valentijn, E. A., Davis, G. R., Naylor, D. A., 1997. First Voyager/IRIS 180-300cm -1 de Pater and Massie (1985) 5 × 10 -4 at p > 3 bar Very Large Array (VLA) 3 × 10 -5 at p < 1.25 bar [START_REF] Briggs | Radio observations of Saturn as a probe of its atmosphere and cloud structure[END_REF] 0.7 -1.1 × 10 -4 at p = 2 bar radio T B [START_REF] Grossman | High-resolution microwave images of Saturn[END_REF] 1.2 × 10 -4 around condensation level VLA Noll and Larson (1990) Upper limit 3 × 10 -4 5 µm spectra de Graauw et al. (1997) 1.1 × 10 -4 at p = 1.2 bar ISO/SWS [START_REF] Kerola | Analysis of the Near-IR Spectrum of Saturn: A Comprehensive Radiative Transfer Model of Its Middle and Upper Troposphere[END_REF] Less than 1 × 10 -9 at RC boundary 3 µm data [START_REF] Orton | Vertical Distribution of PH 3 in Saturn from Observations of Its 1-0 and 3-2 Rotational Lines[END_REF] 1 × 10 -4 with 3-4× uncertainty Sub-mm PH 3 analysis [START_REF] Burgdorf | Far-infrared spectroscopy of the giant planets: measurements of ammonia and phosphine at Jupiter and Saturn and the continuum of Neptune[END_REF] 1 × 10 -4 ISO/LWS 96-101cm -1 [START_REF] Kim | Highresolution spectroscopy of Saturn at 3 microns: CH 4 , CH 3 D, C 2 H 2 , C 2 H 6 , PH 3 , clouds, and haze[END_REF] 6 × 10 -8 at 460 mbar 3 µm data 3 × 10 -8 at 390 mbar Fletcher et al. (2009a) (3.3 ± 0.3) × 10 -7 at 690 mbar Cassini/CIRS Far-IR