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ABSTRACT

Aims. We provide an extensive new sub-millimetre survey of the trace gas composition of Saturn’s atmosphere using the broad spectral
range (15–51 cm−1 ) and high spectral resolution (0.048 cm−1 ) oﬀered by Fourier transform spectroscopy by the Herschel/SPIRE
instrument (Spectral and Photometric Imaging REceiver). Observations were acquired in June 2010, shortly after equinox, with
negligible contribution from Saturn’s ring emission.
Methods. Tropospheric temperatures and the vertical distributions of phosphine and ammonia are derived using an optimal estimation
retrieval algorithm to reproduce the sub-millimetre data. The abundance of methane, water and upper limits on a range of diﬀerent
species are estimated using a line-by-line forward model.
Results. Saturn’s disc-averaged temperature profile is found to be quasi-isothermal between 60 and 300 mbar, with uncertainties of
7 K due to the absolute calibration of SPIRE. Modelling of PH3 rotational lines confirms the vertical profile derived in previous studies
and shows that negligible PH3 is present above the 10- to 20-mbar level. The upper tropospheric abundance of NH3 appears to follow
a vapour pressure distribution throughout the region of sensitivity in the SPIRE data, but the degree of saturation is highly uncertain.
The tropospheric CH4 abundance and Saturn’s bulk C/H ratio are consistent with Cassini studies. We improve the upper limits on
several species (H2 S, HCN, HCP and HI); provide the first observational constraints on others (SO2 , CS, methanol, formaldehyde,
CH3 Cl); and confirm previous upper limits on HF, HCl and HBr. Stratospheric emission from H2 O is suggested at 36.6 and 38.8 cm−1
with a 1σ significance level, and these lines are used to derive mole fractions and column abundances consistent with ISO and SWAS
estimations a decade earlier.
Key words. Planets and satellites: atmospheres – submillimeter: general – planets and satellites: individual: Saturn –
planets and satellites: composition

1. Introduction
Saturn’s atmospheric composition is the end product of a
plethora of physicochemical processes (e.g., condensation, vertical transport, thermochemistry, photochemistry and exogenic
inputs) supplying molecular species to the regions of the atmosphere accessible to remote sensing (see review by Fouchet
et al. 2009). Compositional measurements place constraints on
the vertical stratification of the atmosphere (including, for example, the condensation of volatiles and the release of latent
heat); the strength of vertical mixing from the deep interior
and exogenic flux from the external environment; and provide
a window onto the bulk composition of the proto-planetary

nebula at the time of Saturn’s formation. In this paper we report new determinations of Saturn’s trace gas abundances using
Fourier transform spectroscopy from the Herschel/SPIRE instrument (Spectral and Photometric Imaging Receiver, Griﬃn et al.
2010). This disc-averaged analysis complements the spatiallyresolved sub-millimetre spectroscopy of Saturn from the Cassini
Composite Infrared Spectrometer (CIRS, e.g., Fletcher et al.
2009b; Teanby et al. 2006), albeit with a factor of ten improvement in spectral resolution.
Previous studies of Saturn’s sub-millimetre spectrum from
space- and ground-based platforms have revealed a great deal
about the molecular composition of the gas giant atmosphere.
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2. Herschel /SPIRE observations of Saturn
Herschel/SPIRE (Swinyard et al. 2003; Griﬃn et al. 2010)
comprises an imaging photometer and a Fourier Transform
Spectrometer (FTS), both of which use bolometer detector arrays (3 arrays for photometry and 2 for spectroscopy, see Griﬃn
et al. 2010, for an explanation of the SPIRE instrument and observing modes). The spectrometer calibration scheme was described by Swinyard et al. (2010a) and Fulton et al. (2010), and
the specific techniques for calibrating a bright, extended source
will be discussed below. SPIRE observed Saturn on June 13th
2010 (operational day 395 for Herschel) when the planet subtended 17.75 from Herschel’s vantage point. As the full width
at half maximum (FWHM) of the beam increases from 17 to
45 towards the shortest wavenumbers, the measured spectrum
can be considered as semi-extended at the longest wavenumbers (50 cm−1 ) and as a point source disc average at the shortest
A44, page 2 of 18
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The spectral range investigated by SPIRE (15–51 cm−1 , 194–
671 μm, or 447–1550 GHz) is largely invisible from the ground,
but is characterised by the rotational transitions of the tropospheric species phosphine (PH3 ), ammonia (NH3 ) and methane
(CH4 ). Stratospheric emission features of CO and H2 O betray
the external sources of these oxygen compounds, and several
as-yet undetected species are known to have transitions in this
spectral range (including the hydrogen halides, HCN, HCP, CS,
SO2 , H2 S and others). These features are superimposed onto a
continuum, formed both by collision-induced opacity of H2 , He
and CH4 and by the pressure-broadened line wings of PH3 and
NH3 .
Observations from the Caltech Sub-millimeter Observatory
(CSO) placed upper limits on a host of species (H2 S, hydrogen
halides, alkali hydrides, HCN and HCP) and produced vertical
profiles of the disequilibrium species, PH3 (Weisstein & Serabyn
1994, 1996; Orton et al. 2000, 2001). The Sub-millimeter Wave
Astronomy Satellite (SWAS) and Infrared Space Observatory
(ISO) determined the stratospheric abundances of exogenicallysupplied H2 O (Feuchtgruber et al. 1997; Bergin et al. 2000;
Moses et al. 2000b), and a combination of IRAM (Institut
de Radio Astronomie Millimétrique) millimetric measurements
and JCMT (James Clerk Maxwell Telescope) sub-millimetre
observations have been used to investigate the distribution of
CO in Saturn’s stratosphere (Cavalié et al. 2008, 2009, 2010).
Spatially-resolved Cassini observations between 10–200 cm−1
have been used to map Saturn’s PH3 (Fletcher et al. 2007a,
2009a), determine the abundance of CH4 (Fletcher et al. 2009b)
and place new upper limits on the abundances of the hydrogen
halides (Teanby et al. 2006).
Ground-based observations are inherently degraded by the
limited availability of spectral windows and the variable telluric transmission, which hampers the capability for accurate radiometric calibration. Fourier transform spectroscopy
from Herschel/SPIRE, on the other hand, can produce a wellcalibrated signal across a broad spectral range. This means
that multiple rotational transitions can be used simultaneously to place constraints on Saturn’s chemical composition.
Furthermore, the unique epoch of the Herschel observations in
June 2010 (soon after Saturn’s ring plane crossing and northern spring equinox in August 2009) means that contamination
of the disc average by Saturn’s rings is kept to a minimum. We
describe the reduction of the SPIRE data in Sect. 2; the use of an
optimal estimation retrieval model to derive temperatures, PH3
and NH3 from the data in Sect. 3; and the derivation of trace gas
abundances using a line-by-line forward model in Sect. 4.
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Fig. 1. Saturn’s sub-millimetre spectrum measured by Herschel/SPIRE
in 2010. The spectrum consists of a long-wave channel (14–32 cm−1 )
and a short-wave channel (32–52 cm−1 ). Raw flux units of Janskys are
shown in panel a); these are converted into radiance units in b) and to
brightness temperatures in c), approximately represent the atmospheric
temperature at the line-forming region. Key features of the spectrum –
PH3 , NH3 and CH4 – are labelled in c).

(15 cm−1 ). The observations consisted of 8 individual interferograms between 14:14:49 and 14:42:20 UT, a total of 1651 s.
During the observation the target was tracked by the Herschel
spacecraft in non-sidereal pointing mode. The spectrum was
taken as part of the functional and calibration set-up observations used to establish the optimum operating conditions for the
instrument.
Figure 1 shows the SPIRE spectrum of Saturn, both in raw
units and converted to brightness temperatures, demonstrating
the dominance of PH3 , NH3 and CH4 features. Saturn was observed with the highest available unapodised spectral resolution on the FTS, corresponding to a FWHM of the instrument
spectral response function (a sinc function) of 0.048 cm−1 (or
1.2 GHz). Spectra were recorded on a wavenumber grid with a
0.01 cm−1 spacing.
2.1. Data processing and calibration

The sub-millimetre flux density of Saturn is much higher than
that of typical targets for the SPIRE instrument, which was designed to cope with flux densities up to a few hundred Janskys
rather than the approximately 5000–25 000 Jy from Saturn.
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Under nominal detector bias and sensitivity conditions, the
power from Saturn would saturate the detectors and conditioning electronics and no useful data would result. We have therefore used a “bright”-source setting for observations of objects
brighter than Uranus, which reduces the eﬀective responsivity
of the bolometers and the electronics gain to prevent amplifier
saturation. This method was first tested and calibrated on Mars
(Swinyard et al. 2010b) and is now implemented as a standard
observing mode for SPIRE (SPIRE Observers Manual 2011).
The processing applied to “bright” setting data varies from
the standard pipeline described in the Observers Manual (SPIRE
Observers Manual 2011) and Fulton et al. (2008). Absolute radiometric calibration of the Saturn spectrum used an observation of Uranus taken on Herschel operational day 209 (2009
December 8) and a model of Uranus’ atmospheric structure
(based on Spitzer observations, Orton et al., in prep.) to provide
a reference. The Uranus model used as the calibration standard
is an update to the model of Griﬃn & Orton (1993), and we
estimate it to have an absolute radiometric uncertainty of 5%.
Although Uranus’ stratospheric temperature field is thought to
be variable (rotational modulation of mid-infrared hydrocarbon
emissions was reported by Orton et al. 2010), the Herschel spectrum is mainly sensitive to tropospheric H2 -He emission that was
unaﬀected by this variability, allowing us to continue to use the
ice giant as a calibration standard.
We convert the voltage interferograms from the detectors
into net bolometer temperature for the dark sky and Saturn.
Following the standard pipeline procedure the interferograms are
linearised (i.e., placed on a common position grid); de-glitched
to remove cosmic ray eﬀects; baseline-corrected to remove low
frequency temporal variations and phase-corrected before transformation into the spectral domain. At this stage, the eight individual spectra from each of the mechanism scans are kept separate to allow determination of the noise in each spectral bin.
The dark-sky observation is subtracted from each scan and the
absolute calibration applied by dividing through by the residual spectral response function (RSRF) derived from the Uranus
observation. When this procedure was used for the Martian observation it was found that a further gain correction was required
(Swinyard et al. 2010b), probably because the detectors are operating at temperatures very far from their nominal range. The
final gain correction is found by comparing the signals from the
internal calibration source (PCAL, Griﬃn et al. 2010) taken during the Uranus and Saturn observations. The gain factors found
for this observation were 1.29 for the short-wave channel (SSW)
and 1.71 for the long-wave channel (SLW), with an overall uncertainty of ±15% on the applied gain correction. This systematic uncertainty due to the noisy PCAL signal dominates over all
other terms and we take the overall absolute uncertainty on the
spectrum to be ±15%.
The spatial response of the SPIRE FTS varies with frequency
in a complex manner due to the combination of multi-moded
feedhorns on the bolometer detectors and the compact nature of
the optics (Ferlet et al., in prep.). This is illustrated by the behaviour of the FWHM of the spatial response versus frequency
shown in Fig. 2b. The manner in which the beam couples to
sources of varying spatial extent is also complex. In general the
approach to solving the coupling integral between the source and
the instrument spatial response involves decomposing the beam
into a linear superposition of electromagnetic modes (Kogelnik
& Li 1966; Martin & Bowen 1993; Padman & Murphy 1991).
The eﬃciency with which these modes couple to the source is
not easily modelled in the case of the SPIRE FTS as the optics
cause distortion of the primary feedhorn modes, giving a more

complex response versus frequency than standard modelling allows. We have found, however, that the intensity pattern of the
point spread function can be represented by a combination of
Hermite-Gauss (HG) polynomials, which follow the form of the
expected native feedhorn modes (Ferlet et al., in prep.). The efficiency with which these couple to point- and fully-extended
sources has been estimated using observations of Neptune and
Uranus to establish the point source response, and a model of
the flux from the Herschel telescope itself to establish the fully
extended response. Saturn, at 17.75, fills the higher frequency
(SSW) beam, but can be considered as a point source in the
context of the lower frequency SLW beam (Fig. 2b). For SLW,
a small correction for eﬃciency was made using a power-law
interpolation of the coupling eﬃciency between the two extremes. This correction amounted to no more than 5% at the
high-frequency end of the SLW band. Using this corrected eﬃciency for SLW and the extended source eﬃciency for SSW, we
have then performed the coupling integral between each mode
and a circular source the same angular size as Saturn to correct
the observed spectrum to the emitted spectrum. It is this corrected spectrum (Fig. 1) that is used for the comparison to the
model in the remainder of this paper.
Following removal of the instrument response, the eight individual Saturn spectra can be co-added, removing any remaining
outliers, and the noise estimated from the standard deviation between the spectra at each frequency bin. This random error was
smaller than 1% of the measured signal for much of the spectral range, with the short wavelength channel (SSW) producing
a slightly larger error than the long wavelength channel (SLW).
The random error is largest at the long-wavelength ends of each
channel, with errors exceeding 1%, so these were omitted from
subsequent analysis.
2.2. Estimating Saturn’s ring contribution

Despite the near edge-on view of Saturn’s rings in June 2010,
we tested the influence of ring thermal emission and absorption
at each wavenumber. The calculation involved a number of individual steps. The ring-opening angle in June 2010 was small
(φ = 2.2◦ from Herschel’s vantage point), so the rings oﬀer only
a small surface area to a distant observer, as shown in Fig. 2.
The temperatures of the rings were assumed to be 65 K for the
A ring, 68 K for the B ring and 80 K for the C ring (e.g., Flandes
et al. 2010), with optical depths (τ) of 0.6, 2.0 and 0.1 for the
A, B and C rings respectively (e.g., Colwell et al. 2010). We
used a simple formulation to estimate the ring emission spectrum (Iem = B(T )(1 − exp(−τ/μ))), where B(T ) is the blackbody
emission of each ring, and the parameter exp(−τ/μ) accounts
for the viewing geometry (μ = sin(φ)) and optical depth (τ).
Ring absorption was negligible in this case, but was included
via Iabs = Isat exp(−τ/μ), where Isat is the disc-averaged radiance
from Saturn.
This ring spectrum was then weighted by the fractional visible surface area of each ring contributing to the beam. The
ring area was calculated as ellipse arcs, estimating the fraction obscured by Saturn’s disc. Figure 2 shows that the area
of the beam occupied by the rings is largest at the shortest
wavenumbers, where the SPIRE FWHM is at its largest (44.7).
At the largest wavenumbers, the beam size (16.8) is smaller
than Saturn’s disc, so that only the small portion of the rings
eclipsing Saturn can contribute. Thus the ring area was multiplied by the SPIRE beam FWHM (Fig. 2b), and used to estimate
the spectrally-variable percentage of the beam area occupied by
each ring (Fig. 2c). Finally, the area-weighted ring emission was
A44, page 3 of 18
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Fig. 2. Observational geometry of Saturn from Herschel, and estimations of the contribution of Saturn’s rings to the disc-averaged spectrum.
Panel a) shows the size of the planet in arcseconds and the small ring-opening angle as Saturn’s northern hemisphere passed the spring equinox.
The SPIRE FWHM at 50 cm−1 is shown as the dotted line close to Saturn’s limb. The size of the SPIRE beam width is compared to the width of
Saturn and the A, B and C rings in panel b). The fractional area of the SPIRE beam occupied by each of the rings is given in panel c), and was
used to calculate the contribution of ring emission and absorption to the spectrum as a fraction of the total signal in d). Contributions smaller than
2% are within the estimated uncertainties on the SPIRE data.

considered as a fraction of the total signal in the SPIRE discaveraged spectrum, and found to be approximately 1.5–2.0% at
the longest wavenumbers, decreasing to 0.5–1.0% at the shortest
(Fig. 2d).
This ring contribution is smaller than systematic errors on
the photometry (5%), so can be assumed to be a second-order
error in the present analysis. If, however, such disc-averaged observations were undertaken at any other time in Saturn’s seasonal
cycle, the ring contribution would be non-negligible. The ring
contribution was added to the measurement error as a source of
uncertainty in the spectral modelling, and we will further discuss the importance of the Enceladus water torus (Hartogh et al.
2011) in Sect. 4.2. Thus the total calibration uncertainty is comprised of the systematic uncertainty in the Uranus model; the
random noise on the measurements; instrumental artefacts and
ringing; uncertainties associated with the coupling between the
SSW and SLW channels; plus the contribution of Saturn’s rings
to the beam.

3. Saturn continuum modelling: temperatures, PH3 ,
and NH3
The SPIRE data were reproduced in two stages, using an optimal estimation retrieval algorithm (Irwin et al. 2008) to retrieve the atmospheric temperature, PH3 and NH3 mole fractions to fit the continuum, prior to using a line-by-line forward
A44, page 4 of 18

model to place precise estimates on Saturn’s trace-gas abundances (Irwin et al. 1997). Disc-averaged radiances were calculated via an exponential integral method (Goody & Yung 1989a).
The sub-millimetre model includes collision-induced absorption
of H2 -H2 , H2 -He, H2 -CH4 and CH4 -CH4 pre-calculated from the
tabulations of Borysow (1991, 1993); Borysow et al. (1988);
Borysow & Frommhold (1986, 1987) and references therein.
The helium mixing ratio He/H2 was set to 0.135 (Conrath &
Gautier 2000).
The reference atmospheric structure was defined on 120
pressure levels equally spaced in log(p) between 1 μbar and
10 bar. An a priori temperature profile was estimated as a
mean of Cassini/CIRS T (p) profiles between ±45◦ latitude from
Cassini’s prime mission (sensitive to the 1–800 mbar range,
Fletcher et al. 2010). The PH3 profile was initially set to the
CIRS-derived mole fraction 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 PH3 scale height to the scale
height of the bulk atmosphere, Fletcher et al. 2009a). The vertical distribution of NH3 initially had a reference mole fraction of
60 ppm below 1 bar (Fletcher et al. 2009b), 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). The CH4 mole fraction was set to a deep
value of 4.7 × 10−3 (Fletcher et al. 2009b) and drops with altitude due to both diﬀusive processes and photochemical reactions
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throughout the 1–1000 mbar range, as reviewed by Moses et al.
(2000a). The inclusion of additional gases into the basic model
will be described in Sect. 4.
The rotational lines of PH3 originate from an update to
the commonly-used GEISA database in the 8–176 cm−1 region
by Kleiner (priv. comm.). The PH3 lines were broadened by
both H2 and He using γH2 = 0.1078−0.0014J cm−1 atm−1 and
γHe = 0.0618−0.0012J cm−1 atm−1 (Levy et al. 1993), and a
temperature dependence of T n where n = 0.702−0.01J (J is
the rotational quantum number). For NH3 we use line data from
Kleiner et al. (2003), hydrogen- and helium-broadened using the
empirical model of Brown & Peterson (1994). A Rosenkrantz
Ben-Reuven lineshape was assumed for ammonia (using line
coupling from Eq. (13) of Birnbaum et al. 2000, and an appropriate temperature dependence). Experiments with a Van Vleck
Weisskopf lineshape for both PH3 and NH3 showed negligible diﬀerences at the resolution of the SPIRE observations.
Although our preliminary analysis uses spectroscopic line data
for methane from the work of Brown et al. (2003) with a multiplicative factor of 1.154 for the line intensities (based on the
results of Wishnow et al. 2007, which is also present in the latest
HITRAN 2008 compilation), we also use a more recent line list
from Boudon et al. (2010) in Sect. 4.1 to show potential uncertainties in the CH4 mole fraction. Both line lists were hydrogenbroadened using a half-width of 0.059 cm−1 atm−1 at 296 K and
a temperature dependence, n = 0.44 (Margolis 1993).
The spectroscopic data for PH3 , NH3 and CH4 were used to
generate k-distributions (ranking absorption coeﬃcients, k, according to their frequency distribution, Irwin et al. 2008) using a
0.048 cm−1 FWHM on an evenly sampled wavenumber grid of
0.012 cm−1 spacing. We used a direct sorting method to calculate

45

50

Fig. 3. Optimal estimation fitting of the SPIRE
continuum using a retrieval algorithm (Irwin
et al. 2008). Data are shown as black circles, the
fit is the continuous line. Radiances in panel a)
are converted to brightness temperatures in b),
and the residual (black dots) is shown in panel
c). The dotted line in c) shows the radiance uncertainty on the SPIRE data, the dashed line
shows the zero line.

the k-distribution from line-by-line spectra within each spectral
bin (e.g., Goody et al. 1989b). For the continuum fitting, we
initially used a triangular function as an approximation to the
SPIRE instrument function. Subsequent line-by-line modelling
used the appropriate sinc function.
The optimal estimation retrieval algorithm was used to simultaneously derive tropospheric temperatures, a parameterised
PH3 profile and a continuous NH3 profile to provide an optimal
fit to the 15–50 cm−1 range of the SPIRE data. We experimented
with the assumed errors on our a priori assumptions to ensure a
smooth vertical T (p) profile which lay close to the Cassini/CIRS
reference profile. We found that the SPIRE data could not be
reproduced without varying both the temperature and composition, and that fixing the T (p) to that derived by Cassini did not
provide an adequate fit to the data. The vertical variation of the
ortho/para-H2 ratio, which is known to be seasonably-variable
on Saturn due to diﬀering conversion rates and vertical transport (Fletcher et al. 2010), was found to be poorly constrained
by the data, and an equally good fit could be obtained by assuming an equilibrium para-H2 fraction. The model fit to the spectra
and the residuals are shown in Fig. 3. The spectral region between 28.5–32.5 cm−1 was omitted from our fitting because of
the dominance of instrumental artefacts (large-scale oscillations
observed in Fig. 1) in the overlap region between the two channels. No additional scalings were required to match the model
continua to the observations.
An estimate for the vertical sensitivity of the SPIRE data
is provided by the functional derivatives (the rate of change of
spectral radiance with a particular model parameter) in Fig. 4.
Temperature sensitivity peaks at 500 mbar with a FWHM extending from 220–780 mbar. The functional derivative for PH3
A44, page 5 of 18
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Fig. 4. Functional derivatives (rate of change of radiance with respect to the model parameter) for the four major contributors to the sub-millimetre
spectrum. Figures have been normalised, and each contour represents a change of 0.1. A scale bar is provided in panel c).
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Fig. 5. Retrieved vertical profiles for temperature, PH3 and NH3 in the best-fitting case. The solid line shows the retrieved profile, the dotted line is
the uncertainty on the retrieval, estimated by applying a 5% shift in the measured radiances (the absolute calibration uncertainty) and redoing the
calculation. The dashed line in the temperature plot a) is a global mean of the T (p) profiles retrieved from the Cassini/CIRS far-infrared focal plane
between 2004 and 2008. The dot-dashed grey lines in a) and b) are temperature and PH3 retrievals based on extreme estimates of the calibration
uncertainty of ±15%. The NH3 profile in c) was estimated by scaling the saturated vapour pressure profile (see Fig. 8), so the uncertainties are the
same at all altitudes. The grey dashed line in c) is the saturated vapour pressure curve of NH3 assuming a relative humidity of 100%, the dot-dashed
grey line use the temperature profiles given by the dotted lines in a). The uncertainty in the saturated mole fraction is greater than the uncertainty
on the retrieved abundances of NH3 .

is almost identical, with a range varying from 260–700 mbar.
However, when we attempted to reproduce the SPIRE spectrum
by varying PH3 alone, we required unrealistic departures of the
PH3 vertical profile from previous studies, so fitting the data
by varying PH3 alone was deemed inadequate. The spectrum
is sensitive to NH3 in the 500–1350 mbar range (with a peak
at 660 mbar, although the SPIRE cannot constrain temperatures
at the deeper levels) and CH4 in the 100–480 mbar range (peak
sensitivity at 250 mbar).
A44, page 6 of 18

3.1. Temperature profile

The retrieved T (p) is shown in Fig. 5a, where we have also
tested the sensitivity of the retrieved profile to uncertainties in
the absolute calibration (see Sect. 2) due to (i) 5% errors due
to the use of Uranus as the calibration reference (dotted lines)
and (ii) an extreme estimate of 15% uncertainty based on the applied gain correction (dot-dashed lines). These calibration uncertainties dominate the error on the thermal profile, exceeding the
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Fig. 6. Testing the sensitivity to the pressure knee of the PH3 vertical distribution. The pressure levels (in mbar) are given by the key in the top left
corner, but the diﬀerences between these curves is hard to distinguish in the top four panels, showing the diﬃculty we face in trying to constrain
the pressure knee from these data. The χ2 /N distributions in the bottom panels show convergence on the 500–650 mbar range. The χ2 estimates
do not include the spurious emission peaks from the models (see main text and Fig. 7). The best fitting pressure knee, deep mole fraction and
fractional scale height are provided in the lower panels.

formal retrieval uncertainties (i.e., those accounting for the degeneracy between temperatures and PH3 and NH3 in our model).
We also tested the eﬀects of shifting the long-wavelength spectrum by 2–3% relative to the short-wavelength spectrum (not
shown) to assess the coupling between the two spectroscopic
arrays, but found that the retrieved T (p) suﬀered from nonphysical oscillations, indicating an inability to fit the resulting
spectra.
The extreme range of temperatures suggested by the ±15%
gain correction deviate substantially from previous measurements of Saturn’s tropospheric temperatures (e.g., Lindal 1992),
so we consider only solutions within a ±5% calibration uncertainty for the remainder of this manuscript. For the T (p) profiles shown by the solid and dotted lines in Fig. 5a, which diﬀer
by 6–7 K in the 0.1–1.0 bar region, the retrieved T (p) appears
slightly diﬀerent to the mean Cassini/CIRS thermal profile
(dashed line) in the 0.1–0.8 bar region (using far-IR temperature
retrievals from an average of Cassini’s prime mission, 2004–
2008, Fletcher et al. 2010), leading to a quasi-isothermal appearance for the tropopause between approximately 60 and
300 mbar. This sort of profile is characteristic of Saturn’s equatorial tropopause, a location of vigorous upwelling and cooling via
adiabatic expansion (Fletcher et al. 2007b), but it would be rather
surprising if the cool equatorial zone were dominating the discaveraged emission measured by SPIRE. The diﬀerence between
the SPIRE and CIRS profiles is within the error associated with
the ±5% radiance uncertainty, and we caution that (i) the SPIRE
retrieval used an equilibrium para-hydrogen fraction because of
the narrow 15–50 cm−1 spectral range is unable to oﬀer adequate constraints on the vertical para-H2 distribution (compared
to the broader 10–600 cm−1 range used for the CIRS retrieval
of para-H2); and (ii) the retrieval of temperature from SPIRE is
not fully independent of the retrieved PH3 and NH3 abundances
because of the broad pressure-induced wings of these absorption features. Furthermore, the SPIRE data does not contain information on temperatures outside of the 220–780 mbar range,
and we should be cautious of interpreting thermal profiles in

regions where the retrieved temperatures relax smoothly back
to the a priori profile. It is interesting to note, however, the hints
of structure in the 100–150 mbar region reminiscent of the temperature knee discovered by CIRS (Fletcher et al. 2007b), which
may be due to localised heating by sunlight-absorbing hazes in
the upper troposphere.
3.2. Phosphine, PH3

Four rotational transitions of PH3 dominate the SPIRE spectrum,
permitting a test of the vertical parameterisation of the PH3 profile in terms of a deep mole fraction beneath a reference pressure, p0 . Using the best-fitting T (p) profile, we independently
retrieved the PH3 deep mole fraction and fractional scale height
for p0 in the 400–1000 mbar range for each of the four transitions, shown in Fig. 6. The four lines provided deep mole fractions of 5.2–5.5 ppm, with a value of the pressure knee between
500–650 mbar and a fractional scale height of 0.31–0.35. When
all four lines were used simultaneously, the best fit profile had a
reference p0 = 570 mbar, similar to sub-millimetre studies from
CIRS (550 mbar, Fletcher et al. 2007a) and the CSO (650 mbar,
Orton et al. 2001), and a deep mole fraction of 5.5 ± 0.4 ppm and
a fractional scale height of 0.33 ± 0.03 (shown in Fig. 5b). When
we shifted the absolute calibration by ±5% we found that the
mole fraction varied from 5.2–6.2 ppm (dashed lines in Fig. 5b).
This range is consistent with the 6.4 ± 0.4 ppm estimate from
Cassini/CIRS 10-μm observations for the same altitude levels
(Fletcher et al. 2009a), and slightly larger than the 2.8–5.0 ppm
range cited from Cassini/VIMS (Visual and Infrared Mapping
Spectrometer) 5-μm studies for deeper pressures (below 1.3 bar,
rather than 0.5 bar used here, Fletcher et al. 2011). The source
of the PH3 discrepancies between the pentad polyad at 5 μm and
the rotational absorption features in the SPIRE spectral range is
a topic of ongoing investigation.
The presence of spurious emission cores in the models in
Fig. 6 shows that, with the high spectral resolution of SPIRE,
we can also draw tentative conclusions about the upper limits of
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Fig. 7. The high spectral resolution of SPIRE is used to place limits on the presence of PH3 in Saturn’s stratosphere. Using the best-fitting
parameterised profiles from Fig. 6, we apply upper-level cutoﬀs between 1 mbar and 300 mbar and test the change in χ2 . The upper panels show
the data (points) compared to models with high-altitude cut oﬀs at diﬀerent pressure levels (key shown in mbar in the upper left panel). The lower
panels show Δχ2 for the variable cutoﬀ pressure with 1σ and 3σ confidence limits as the dotted horizontal lines.

PH3 penetration into the lower stratosphere. SPIRE does not detect any stratospheric emission lines of PH3 , implying that our
standard parameterisation of the PH3 profile must be adjusted
to prevent the presence of PH3 in the stratosphere. As this requires modelling of narrow stratospheric features, we switched
to the line-by-line forward model and convolved the output spectra with a sinc instrument function, testing upper level cut oﬀs for
the PH3 distribution between 1 mbar and 300 mbar. The lines at
35.6 and 44.5 cm−1 provided the strongest constraints, and Fig. 7
shows how the goodness-of-fit parameters (χ2 ) varies for the
diﬀerent PH3 cutoﬀs. The SPIRE data rule out the presence of
PH3 above the 10-mbar level (3σ confidence) due to the absence
of narrow emission cores in the data. Similarly, PH3 must be
present in the 100–300 mbar region to explain the depths of the
absorption features. The multi-lobed behaviour of the χ2 distribution can be explained by comparing models with cutoﬀs at 20,
50 and 100 mbar in Fig. 7: 50 mbar produces an absorption core
that is too strong; whereas 20-mbar permits some stratospheric
emission to “fill in” the absorption, partially improving the fits.
Nevertheless, models with PH3 cutoﬀs between 80–100 mbar
provide the best reproductions of the SPIRE data, and this profile is shown in Fig. 5b.
3.3. Ammonia, NH3

Reproducing the three ammonia absorption features observed by
SPIRE (a single feature near 19 cm−1 plus a doublet feature near
A44, page 8 of 18

40 cm−1 in Fig. 1) with a physically-plausible NH3 distribution
proved more problematic. SPIRE sensitivity to NH3 extends over
the 500–1350 mbar range (Fig. 4), but temperatures below the
780-mbar level are under-constrained by the SPIRE data, leaving a degeneracy between temperatures and NH3 abundance at
depth. Furthermore, the measured ammonia features all appear
deeper than we can account for using a simple model of saturated
ammonia vapour throughout the region of sensitivity, based on
the best-fitting T (p). Using the retrieval model to fit these spectra requires either (i) a larger tropospheric lapse rate or (ii) supersaturated NH3 abundances (the partial pressure of NH3 exceeding the saturated vapour pressure with a 100% relative humidity)
when compared to the nominal T (p) profile in Fig. 5a. The former is inconsistent with the rest of the SPIRE spectrum, so we
must evaluate the plausibility of the latter.
Figure 8 highlights the origin of the problem, which shows
NH3 spectra calculated for the best-fitting SPIRE T (p). We parameterise the profile in terms of the degree of saturation, a
deep mole fraction, and an upper level cutoﬀ. Varying the deep
mole fraction (Fig. 8d) has the same eﬀect as varying the pressure level for the transition from well-mixed NH3 at depth to
a variation determined by saturation at lower pressures, but we
found this to have a negligible eﬀect on the spectrum unless
the deep mole fraction was smaller than approximately 50 ppm
(i.e., the transition region is around the 1-bar level), which is unlikely when compared to previous studies. It is important to note,
therefore, that SPIRE is insensitive to Saturn’s well-mixed NH3
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Fig. 8. Determining the most plausible fit for the NH3 doublet. The vertical profile is parameterised in terms of a degree of saturation (panel a),
with relative humidities given as percentages in the key, based on the best-fitting T (p)), an upper-level cut oﬀ (panel c), with pressures between
250–860 mbar given in the key) and a deep mole fraction (panel d)), with mole fractions given in ppm in the key). Of the three parameters, the
only way to increase the depth of the absorption features to match the SPIRE data (black circles) is to increase the relative humidity (panel a)).
The models in c) and d) do not match the data because they assume a relative humidity of 100%. The Δχ2 for each value of the relative humidity
is evaluated for data between the two dotted vertical lines in panel a (i.e., avoiding artefacts in the data near 41.5 cm−1 ) and displayed in panel b).
The best-fit mole fraction at 660 mbar plus the 3σ uncertainty is shown in panel b).

abundance beneath the cloud-condensation region near 1.8 bar
(calculated for a fivefold enrichment in heavy elements, Atreya
et al. 1999). If we apply arbitrary upper-level cutoﬀs to the NH3
profile (Fig. 8c) we decrease the absorption depths, worsening
the fit to the data. The only way to increase the size of the absorption features for the best-fitting SPIRE T (p) is to increase
the relative humidity beyond 100% in Fig. 8a. Although supersaturated conditions could occur in the absence of condensation
nuclei (e.g., supersaturation with respect to water ice occurs in
some regions of the terrestrial atmosphere), the visibly-hazy appearance of Saturn’s troposphere should provide ample sites to
encourage condensation. We therefore deem NH3 supersaturation in this region to be unlikely.
To investigate this further, we fixed the deep mole fraction
at 100 ppm (representative of the conclusions of Courtin et al.
1984; Briggs & Sackett 1989; de Graauw et al. 1997; Orton
et al. 2000; Fletcher et al. 2011) and scaled the NH3 relative
humidity to fit the absorption features in Fig. 8a. The variation in χ2 is shown in Fig. 8b relative to the mole fraction at
660 mbar (near the peak of the functional derivatives). We find
a best fit mole fraction of 257+66
−53 ppb at 660 mbar (errors of

20–25% are 3σ uncertainties based on Fig. 8b), which is consistent with the Cassini/CIRS derivation of 330 ± 30 ppb at the
same pressure level (Fletcher et al. 2009b). We avoid oscillatory
artefacts in the data that contaminate the wings of the NH3 lines
in Fig. 8a. Taking the SPIRE T (p) at face value, this represents
a supersaturation of 210+54
−42 % at 660 mbar (T (660) = 115.5 K).
However, the degree of supersaturation diminishes if we assume
that the tropospheric temperatures are warmer: the Cassini/CIRS
T (660) = 116.8 K suggests a humidity of 143+37
−29 %; and the
Voyager radio occultation profile T (660) = 117.5 K (interpolated from Lindal 1992) suggests a humidity of 117+30
−24 %.
Increasing the absolute calibration by 5% served to decrease
the amount of NH3 required to fit the data by 30%. Combined
with the increased temperature of T (660) = 118.8 K we find
sub-saturated conditions of 81+21
−17 % (quoted humidity errors do
not include uncertainty on the temperatures). Indeed, we would
need to warm the 660-mbar temperatures to 118 K (ΔT = 2.5 K,
within the temperature range suggested by the ±5% calibration uncertainties) to make the NH3 profile consistent with a
100% relative humidity. Hence, although the derived NH3 mole
fraction is accurate to within 20–30% (Fig. 5c), the degree of
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saturation is highly dependent on the temperature profile. Both
sub-saturated and supersaturated conditions are tolerated within
the ±5% absolute calibration uncertainty, so we cannot provide
meaningful estimates of the NH3 relative humidity.
This discussion also raises the question of how well we know
the saturated vapour pressure (psat ) curve at the low temperatures of Saturn’s troposphere. Measurements are only available
for T > 162.4 K, and must be extrapolated to the 90–130 K
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conditions of Saturn’s upper troposphere. We calculate the saturated vapour pressure via psat = exp (a + b/T + cT ), where the
coeﬃcients (a = 23.0868, b = −4263.72 and c = −2.169 × 10−2)
were estimated from a fit to data compiled in Lide (1995) and
Kaye & Laby (1995) for T > 160 K. This curve is almost identical to those from Briggs & Sackett (1989) and Atreya (1986)
for T < 195 K, who both cite Karwat (1924) as their primary
source (also used in the compilation of Lide 1995). However,
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Fig. 11. Derivations of upper limits on Saturn’s trace gases in the well-mixed case. For all thirteen gases, the left panel shows the line to continuum
ratio in the data (circles) compared to a number of models (grey solid lines), and the right panel shows the degradation of the χ2 parameter as we
increase the mole fraction. Dashed lines show the 1σ and 3σ confidence limits. For some species we show only the line which provided the best
constraints on the upper limit.

we found that low-temperature estimates of the saturated mole
fractions were highly sensitive to the choice of the extrapolation function for psat . In a recent review, Fray & Schmitt (2009)
improved this extrapolation between 15 and 195 K by calculating thermodynamic functions based upon the heat capacities of
solids and gases, and used a fourth-order polynomial in 1/T to

interpolate psat . Our simple extrapolation based on the measurements is in close agreement with the thermodynamic calculation
of Fray & Schmitt (2009) for T > 90 K (and identical at the 660mbar temperature of 115.5 K), but begins to diverge for lower
temperatures (not relevant for Saturn’s tropopause, Fig. 5a).
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Fig. 12. Derivations of upper limits on Saturn’s trace gases for the case where they are restricted to stratospheric altitudes (p < 1 mbar). For all
thirteen gases, the left panel shows the line to continuum ratio in the data (circles) compared to a number of models (grey solid lines), and the right
panel shows the degradation of the χ2 parameter as we increase the mole fraction. Dashed lines show the 1σ and 3σ confidence limits. For some
species we show only the line which provided the best constraints on the upper limit.

We must also question the ability of our model to reproduce
the far-infrared line shapes, particularly in the wing regions.
Following tests of Voigt, Van-Vleck Weisskopf and Rosenkrantz
Ben-Reuven line shapes (which made negligible diﬀerences to
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the model spectra), we selected the latter for the NH3 lineshape. Opacity due to tropospheric aerosols is absent from our
model as they are not expected to have an eﬀect at these long
wavelengths. Foreign broadening of the line intensities (obtained
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from Kleiner et al. 2003) by H2 and He was calculated using the empirical model of Brown & Peterson (1994), which
reproduces experimentally-measured line widths to an 11% accuracy. Furthermore, Table III of Brown & Peterson (1994)
suggests an experimental precision of 5–7% on the intensities
and 3–6% on line widths for those rotational lines observed by
SPIRE. However, even if we increase the NH3 line intensities by
a conservative 10%, the derived NH3 abundances still suggest
supersaturation based on the best-fit T (p). It is therefore likely
that the uncertainties on the absolute calibration (and hence the
derived T (p)) dominate the relative humidity estimates, even
though the NH3 mole fractions in Fig. 5c are consistent with
previous studies.
Finally, the disc-averaged spectrum may be biased towards
radiance from warmer regions on the disc, which are typically associated with atmospheric subsidence in belts, leading to sublimation of ices to enhance the abundance of NH3
vapour. However, the relation between tropospheric temperatures and NH3 abundance isn’t always clear – for example, NH3
at Saturn’s cold equator is known to be enhanced by vigorous
tropospheric upwelling (Fletcher et al. 2011). Furthermore, this
fails to explain why the SPIRE temperature profile is marginally
cooler than the Cassini/CIRS disc-average in Fig. 5a. In any
case, localised processes may invalidate the comparison of the
global-average NH3 profile to saturation based on the globalaverage T (p) profile. In summary, we find that the SPIRE data
can be reproduced with NH3 following a vapour pressure curve
in the upper troposphere, although the degree of saturation derived from the global-average T (p) and NH3 mole fraction of
257+66
−53 ppb at 660 mbar is highly uncertain.

4. Trace gas species
In addition to the major absorption features, the SPIRE data are
also used to investigate upper limits on a range of trace species
expected to be present in Saturn’s atmosphere. We take the retrieved T (p), PH3 and NH3 and use them in a forward model
with a sinc instrument function, sequentially increasing the mole
fractions of a host of molecular species and assessing the degradation (or improvement) in the quality of the spectral fit. As the
retrieved spectrum doesn’t always fit the continuum adequately,
we fit a smooth spline interpolation (Teanby 2007) through the
measured spectrum (omitting the spectral range aﬀected by the
line of interest) to calculate a line-to-continuum ratio. An upper limit is then deduced from a χ2 analysis, using the following
sources of uncertainty:
– measurement errors (variance σ2x (νk )) due to (i) the standard
deviation on the eight successive Saturn scans (smaller than
1%, see Sect. 2); and (ii) the oscillations about the smooth
spectral continuum (1.5–2.0% of the signal). The latter constraint assumes that the continuum is smooth at all points
away from the line of interest, and that any small-scale structures are due to measurement noise. These instrumental oscillations were found to exceed the rms errors between the 8
scans, and thus dominate the measurement error.
– modelling errors (variance σ2y (νk )) due to the residual between the measured and fitted radiance at each wavelength,
again masking out the spectral line of interest. We used a
mean of the model-data residual over a 3 cm−1 range either
side of the line of interest. This is a systematic oﬀset that
may arise from an incomplete radiative transfer description
in our model, or systematic uncertainties and “ramps” in the
SPIRE data.

By taking these sources of errors together, we are able to place
conservative confidence limits on the trace gas abundances.
Systematic distortions in the measured spectrum have the potential to mask the true measurement statistics in σ2x (νk ), but solely
using the random errors between successive scans would grossly
underestimate the uncertainty in the data. Following Teanby
et al. (2006), we evaluate a χ2 cost function using the residual
between the model line-to-continuum ratio (y(νk )) and the measured ratio (x(νk )) at Nν frequencies, νk , where k = 1, ..., Nν.
χ2 = ΣkN=ν 1

(x(νk ) − y(νk ))2
·
σ2x (νk ) + σ2y (νk )

(1)

The 1σ (68.3%) and 3σ (99.7%) significance levels are given by
a change Δχ2 = χ2 − χ2min of 1 and 9 respectively (Press et al.
1992).
In the following analysis we use the 0.048 cm−1 spectral resolution to represent the FWHM of the instrumental sinc function.
Rotational broadening due to Doppler shifting of lines resulting from Saturn’s rapid rotation degrades this resolution, but not
significantly. Dividing Saturn’s equatorial circumference into
20 bins, we estimated the fractional contribution of each bin to
the disc average (smallest for bins near the limb, largest for bins
near the equator) and the line-of-sight velocity of each bin (and
hence the magnitude of the Doppler shift). The worst-case scenario at 50 cm−1 was an additional broadening of 0.0016 cm−1
at the planetary limb, which contributes little to the disc average. When averaged over the disc, we estimate the rotational
broadening at the largest wavenumbers to be no larger than
0.0007 cm−1 , smaller than the 0.001 cm−1 sampling of the data
and the 0.048 cm−1 FWHM.
Unless otherwise stated, and with the exception of CH4 ,
line data for the following gases was extracted from the
HITRAN2004 compilation (Rothman et al. 2005). Line intensities for CS and HCP were extracted from the molecular spectroscopy catalogue maintained by the Jet Propulsion Laboratory
(Pickett et al. 1998). All our upper limits use independent uncertainties, meaning that we do not attempt to multiply uncertainties when more than one gas can contribute to a particular
spectral region. Where appropriate, we use two diﬀerent compositional profiles, one where a species is well mixed throughout the atmosphere (Fig. 11), and another where a species is
only present above the 1-mbar level (representing a high-altitude
source, Fig. 12). The 1-mbar cutoﬀ is not meant to be an accurate
representation of the vertical profile of exogenic species, but provides a basis for future detailed chemical studies. Stratospheric
temperature constraints were provided by a mean of Cassini
measurements (Fletcher et al. 2010), whereas tropospheric temperatures were those derived in Sect. 3. The results are summarised in Table 1.
4.1. Methane, CH4

CH4 is the principal carbon-bearing species in Saturn’s atmosphere, and the bulk C/H ratio provides a valuable constraint on
the heavy-element enrichments in the atmospheres of the giant
planets. Over the altitude range of interest (100–480 mbar for
SPIRE), CH4 is expected to be well mixed, so we are able to use
the rotational feature near 41.9 cm−1 to test the validity of our
line-to-continuum approach (Fig. 9). As described in Sect. 3, we
estimate the mole fraction of CH4 using two sources of line intensities: (i) the compilation of Brown et al. (2003) with a multiplicative factor of 1.154 based on the new dipole measurements
of Wishnow et al. (2007); and (ii) the compilation of Boudon
et al. (2010), where the line intensities are weaker by a factor
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Table 1. Summary of Saturn’s trace gas mole fractions derived from Herschel/SPIRE.
Gas
PH3
PH3
PH3

Detection?
Y

Well mixed 3σ
Cutoﬀ at p < 100 mbar
f = 0.32 ± 0.02 at 100 < p < 550 mbar
+0.7
5.5−0.4
ppm at p > 570 mbar
257+66
−53

Stratospheric 3σ
Absent at p < 15 mbar.
-

ppb at p = 660 mbar

Notes
Consistent with Cassini

NH3

Y

–

Possible supersaturation

CH4
CH4

Y
Y

(4.3 ± 0.3) × 10−3
(4.8 ± 0.3) × 10−3

–
–

41.9 cm−1 , Using lines from Wishnow et al. (2007)
41.9 cm−1 , Using lines from Boudon et al. (2010)

H2 O
H2 O

M
M

–
–

36.6 cm−1 , scaling model of Moses et al. (2000b)
38.8 cm−1 , scaling model of Moses et al. (2000b)

CO
HF
HCl
HBr
HI
HCN
HCP
CS
SO2
H2 S
CH3 Cl
CH3 OH
H2 CO

N
N
N
N
N
N
N
N
N
N
N
N
N

7.4 × 10−9
8.3 × 10−12
3.8 × 10−11
1.1 × 10−10
3.0 × 10−10
1.6 × 10−11
3.3 × 10−9
8.9 × 10−11
2.5 × 10−10
3.6 × 10−10
2.5 × 10−10
3.0 × 10−10
6.5 × 10−11

+4.2
2.1−1.6
× 10−9 at 0.5 mbar
+6.6
4.0−3.6 × 10−9 at 0.5 mbar

3.6 × 10−5
2.1 × 10−9
1.3 × 10−7
1.2 × 10−8
2.6 × 10−8
2.2 × 10−8
1.0 × 10−5
2.5 × 10−7
1.7 × 10−7
2.3 × 10−7
1.2 × 10−7
1.1 × 10−7
5.6 × 10−8

23 cm−1 , Worse than previous upper limits
41.1 cm−1 , Consistent with Cassini
20.9 cm−1 , Consistent with Cassini
33.4 cm−1 , Consistent with Cassini
25.7 cm−1 , Improvement over Teanby et al. (2006)
Improvement over Weisstein & Serabyn (1996)
Improvement over Weisstein & Serabyn (1996)
First upper limit, 21.2 cm−1
First upper limit
Improvement over Weisstein & Serabyn (1996)
First upper limit
First upper limit
First upper limit, 21 cm−1

Notes. 3σ upper limits are provided for both the well-mixed and stratosphere-only cases (i.e., restricting the species to the 1-mbar level and above).
f is the fractional scale height for PH3 . The detections are listed as “Y” for positive detections, “M” for marginal detections, and “N” for gases
where only upper limits are derived.

of 0.883. H2 broadening and the temperature dependence were
kept the same for both compilations. We find 1σ estimates of
the mole fractions of (4.3 ± 0.3) × 10−3 and (4.8 ± 0.3) × 10−3
for the two sources of line data, respectively (3σ error range of
±0.9 × 10−3 ). Although the 1σ uncertainties due to the SPIRE
measurements do overlap, our dominant source of uncertainty
on the CH4 mole fraction is due to the rotational line intensities. The line-to-continuum ratio in Fig. 9 features considerable
small-scale oscillatory structure which is not reproduced by the
model but which is included in our error budget. Nevertheless,
this example demonstrates that we should be cautious about misinterpreting features in the data.
These two SPIRE measurements are broadly consistent
(to within one standard deviation) with the results from
Cassini/CIRS – (4.7 ± 0.2) × 10−3 (Fletcher et al. 2009b)
and (4.5 ± 0.9) × 10−3 (Flasar et al. 2005), which both used
the compilation of Brown et al. (2003) with the scaling factor from Wishnow et al. (2007). Converting the two estimates
into a C/H ratio for Saturn’s bulk composition, we obtain carbon enrichments (relative to the solar chemical composition of
Grevesse et al. 2007) of 9.9 ± 0.7 and 11.1 ± 0.7 for the Wishnow
et al. (2007) and Boudon et al. (2010) line intensities, respectively, consistent with the hypothesis that Saturn contains more
carbon than Jupiter due to the increasing core-to-envelope ratio
as we move away from the Sun (e.g., Owen & Encrenaz 2006).
4.2. Water, H2 O

The bulk of Saturn’s H2 O is restricted to levels below those
accessible to remote sensing due to the condensation of a hypothesised water cloud beneath the 10-bar level (e.g., Atreya &
Wong 2005). Sub-saturated tropospheric H2 O was detected by
de Graauw et al. (1997) in the 5-μm region. However, an external influx of oxygen compounds from micrometeoroid ablation, cometary impacts or a connection to Saturn’s rings and
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satellites (particularly Enceladus, Hartogh et al. 2011) has long
been postulated as a potential source. Water was previously detected in Saturn’s stratosphere in the sub-millimetre by ISO
(Feuchtgruber et al. 1997; Moses et al. 2000b) and SWAS
(Bergin et al. 2000), but recent observations by Herschel/HIFI
(Hartogh et al. 2011) have revealed that an extended cold water vapour torus exists around Saturn’s equatorial plane due to
plume activity on Enceladus. During Saturn’s equinox, the inclination of this torus generates a absorption core in the centre of Saturn’s H2 O emission lines originating in the fundamental energy levels (including those at 18.6, 32.9 and 37.1 cm−1
in the SPIRE range, or 557, 987 and 1113 GHz, respectively,
Hartogh et al. 2011), which would render them undetectable
at the SPIRE spectral resolution. However, lines resulting from
transitions between higher energy levels should be unaﬀected
by the Enceladus torus, which was shown to be the case at
36.6 cm−1 (1097 GHz) in the Herschel/HIFI observations. The
HIFI results showed a ≈13% line to continuum ratio (Fig. 2 of
Hartogh et al. 2011), which is consistent with the SPIRE data
(line to continuum level of 1%) when convolved with the appropriate instrument lineshape.
We focussed on the three strongest transitions in the SPIRE
range at 36.6 cm−1 (1097 GHz), 38.8 cm−1 (1163 GHz) and
47.1 cm−1 (1411 GHz), but the latter was in a region of poor
signal-to-noise so was omitted from further study. Emission
from water is indicated at 36.6 and 38.8 cm−1 with a 1σ significance level (Fig. 10). We tested two diﬀerent vertical H2 O distributions: (i) a scaling of the theoretical profile of Moses et al.
(2000b) (results are shown in Fig. 10); and (ii) a simpler model
which has H2 O well mixed above the 0.5-mbar level. Both of
these profiles were used to model the SWAS and ISO results
(Bergin et al. 2000; Moses et al. 2000b), and we quote mole
fractions for the 0.5-mbar level in both cases. For model (i), the
36.6-cm−1 line provides a strict 3σ upper limit of 20 ppb, with
a 1σ detection of the line with a mole fraction of 2.1+4.2
−1.6 ppb at
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the 0.5-mbar level. The slightly weaker 38.8-cm−1 line provides
a 3σ upper limit of 36.2 ppb, and a 1σ detection of 4.0+6.6
−3.6 ppb.
For reference, the theoretical model of Moses et al. (2000b) had
2.4 ppb at 0.5 mbar, consistent with these SPIRE results. These
1σ detections represent column abundances above 10 mbar of
15
15
2
1.2+2.3
cm2 and 2.2+3.6
−1.0 × 10
−2.0 × 10 cm for the two lines, respectively. These column abundances encompass the (1.4±0.4)×
1015 cm2 range suggested by the ISO/SWS results, and are therefore consistent with the rate of external oxygen influx proposed
by Moses et al. (2000b).
For the second vertical distribution (well mixed for altitudes
above 0.5 mbar), we derive mole fractions of 2.2+2.9
−1.6 ppb and
+6.7
−1
3.4−2.9 ppb from the 36.6 and 38.8 cm lines, respectively. This
is slightly smaller than both the 11 ppb above 0.5-mbar derived
from SWAS spectra (Bergin et al. 2000) and the 7 ± 2 ppb from
ISO data (Moses et al. 2000b), but given the broad uncertainties on these SPIRE determinations, we conclude that the results
are consistent. The two diﬀerent vertical distributions produced
comparable fits to the data and are therefore indistinguishable.
4.3. Carbon monoxide, CO

Externally supplied oxygen molecules are photochemically converted to CO in Saturn’s stratosphere, and the long lifetime of
the molecule compared to the Saturnian year means that the
CO abundance should be relatively stable over long time periods. Although the SPIRE range encompasses multiple CO transitions, the strongest occurs near 23 cm−1 , which provides extremely limited constraints on the stratospheric mole fraction
(a 3σ upper limit of 36 ppm above 1 mbar). This stratospheric
upper limit is orders of magnitude larger than the stratospheric
estimates discussed by Cavalié et al. (2009) (25 ppb above the
15-mbar level), Noll & Larson (1990) and Moses et al. (2000b),
so will not be discussed further. Finally, if CO is well mixed (i.e.,
both an external oxygen supply and transport of CO as a disequilibrium species from the deeper atmosphere), then we find a 3σ
upper limit of 7.4 ppb, larger than the 1.0–1.5 ppb range cited
by (Moses et al. 2000b) and the 1 ppb estimate of Cavalié et al.
(2009). We conclude that SPIRE cannot provide useful upper
limits on Saturn’s CO.
4.4. Hydrogen halides

Teanby et al. (2006) reported the best 3σ upper limits for the hydrogen halides to date using far-infrared Cassini/CIRS spectra.
The halides are expected to react with NH3 in the troposphere
and condense as ammonium salts (e.g., Fegley & Lodders 1994),
and so are not expected in the upper troposphere unless strong
vertical mixing supplies halides as a disequlibrium species at a
rate faster than they can react with NH3 . Teanby et al. (2006)
estimated upper limits of 8.0 × 10−12 , 6.7 × 10−11 , 1.3 × 10−10
and 1.4 × 10−9 , respectively, for HF, HCl, HBr and HI. The corresponding SPIRE 3σ upper limits are 8.3 × 10−12 , 3.8 × 10−11 ,
1.1 × 10−10 and 3.0 × 10−10 using transitions at 41.1, 20.9, 33.4
and 25.7 cm−1 for HF, HCl, HBr and HI, respectively. The results for HF, HCl and HBr confirm those of Teanby et al. (2006),
and support their conclusion that the tentative detection of HCl
at 1.1 ppb by Weisstein & Serabyn (1996) is unsupported by the
data. We have improved the upper limit on HI by a factor of four
because of the excellent low-noise characteristics in this region
of the SPIRE spectrum.
An external supply of halide species might be suspected if Enceladus’ plumes contain any proportion of salts

(e.g., Postberg et al. 2011), and if those salts could be transported
from the rings into Saturn’s upper atmosphere via some mechanism. The SPIRE data provide stratospheric 3σ upper limits of
2.1 ×10−9, 1.3 ×10−7, 1.2 ×10−8 and 2.5 ×10−8 for HF, HCl, HBr
and HI, respectively, but no detectable emission lines of any of
these four species.
4.5. Methyl chloride, CH3 Cl

Showman (2001) described methyl chloride as the best candidate, other than the hydrogen halides, for the transport of chlorine from the deep atmosphere into the troposphere as a disequilibrium species, but suggested that even assuming perfect
quenching at equilibrium abundances at the ≈2000-K level, one
would not expect mole fractions to exceed 0.01 ppb. The SPIRE
data provide access to several transitions between 19–23 cm−1 ,
which provide a 3σ limit of 0.25 ppb in the upper troposphere,
an order of magnitude larger than that suggested by the optimistic assumptions of Showman (2001). Finally, photochemical pathways involving CH3 in the stratosphere could recapture
exogenically-sourced chlorine, but the SPIRE spectrum limits
the mole fraction to 115 ppb above the 1-mbar level.
4.6. Hydrogen cyanide, HCN

On Jupiter, shock-induced chemistry in the aftermath of
cometary impacts created substantial perturbations to the composition of the upper atmosphere, generating unusual molecules
that persisted for years after the collision (e.g., Moreno et al.
2003). In particular, HCN, CO and CS were important repositories for carbon, oxygen, nitrogen and sulphur in the aftermath of comet Shoemaker-Levy 9 (Lellouch 1996; Harrington
et al. 2004). These molecules could also be supplied from external sources such as the rings, satellites or interplanetary dust
particles. Alternatively, HCN could be produced in the lower
atmosphere, provided a mechanism exists to couple the chemistry of methane and other hydrocarbons to tropospheric ammonia (Moses et al. 2010). This could be due to vertical mixing
of HCN thermochemically generated in the deep interior (Lewis
& Fegley 1984), or shock chemistry under the extreme environmental conditions of lightning (e.g., Bar-Nun & Podolak 1985),
suﬃcient to dissociate NH3 , PH3 and CH4 for the generation
of HCN and HCP (see below). The only previously reported
estimate of HCN on Saturn comes from Weisstein & Serabyn
(1996), who provided 3σ upper limits of 0.1 ppb for well mixed
HCN (15 ppb if HCN condensation was accounted for), and a
tentative detection of HCN at the 0.4-ppb level from a line at
29.55 cm−1 .
SPIRE has access to several lines of HCN, and we choose to
focus on the relatively smooth region of the spectrum between
20–24 cm−1 . These provide 3σ upper limits of 22 ppb if HCN
is restricted to altitudes above the 1-mbar level. However, if we
assume HCN is well mixed, we find that the mole fraction cannot exceed 1.6 × 10−11 , an order of magnitude smaller than the
previous upper limits from Weisstein & Serabyn (1996), and ruling out their 0.4-ppb detection. Unfortunately these upper limits
must be improved by another order of magnitude to distinguish
between thermochemical and photochemical sources for HCN in
Saturn’s atmosphere. This new upper limit may rule out the lightning production postulated by Bar-Nun & Podolak (1985) on
Jupiter, but many uncertainties remain as to the production depth
and subsequent transport of shock-induced chemical products.
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4.7. Methinophosphide, HCP

If shock chemistry were to occur on Saturn, either as the result
of cometary impacts or lightning strikes, the substantial presence
of PH3 in the upper troposphere could lead to the production of
HCP, via the same chemical pathways that link HCN to NH3 .
Weisstein & Serabyn (1996) deduced an upper limit for wellmixed HCP of 5 ppb, whereas the SPIRE data (with access to
several transitions between 20–25 cm−1 ) provides a 3σ upper
limit of 3.3 ppb (well mixed), or 10.3 ppm (using the transition at 22.6 cm−1 ) if HCP is restricted above the 1-mbar altitude level. However, in the absence of detectable absorption or
emission features, we have no evidence of coupled chemistry between CH4 and PH3 . The SPIRE results support the conclusion
of Weisstein & Serabyn (1996) that the photochemical model
of Kaye & Strobel (1984) overestimates the abundance of HCP,
which is unsurprising given that the key photolysis regions of
CH4 (upper stratosphere) and PH3 (upper troposphere) are wellseparated from one another in altitude.
4.8. Carbon monosulphide, CS

CS was also detected in Jupiter’s atmosphere in the aftermath of
the SL9 collisions (Lellouch et al. 1995; Moreno et al. 2003),
either delivered by the comet or produced by shock chemistry,
and can be measured in the sub-millimetre range. Moreno et al.
(2003) measured jovian CS in the 4 years after the impact, and
then used a diﬀusion model to predict the depletion of CS in
the stratosphere over the ensuing 200 years, with mixing ratios
varying between 10−7 and 10−11 . No upper limits have been previously determined for Saturn, and SPIRE provides 3σ mole
fraction upper limits of 8.9 × 10−11 in the well-mixed case, and
2.5 × 10−7 if CS were restricted to altitudes above 1 mbar (using
the 21.2 cm−1 transition). As this is larger than the maximum
CS mixing ratio detected in the aftermath of SL9 (May 1995;
Moreno et al. 2003), we must await higher spectral resolution
observations before meaningful results can be presented.
4.9. Sulphur dioxide, SO2

In the Jupiter system, Io has an SO2 atmosphere and is a source
of S and O ions in the plasma torus. Similarly, Saturn’s E-ring
torus may contain S ions from the Enceladus plumes (H2 S was
detected in the plumes by Cassini/INMS, the Ion and Neutral
Mass Spectrometer, Waite et al. 2009), and these torii could supply material to the upper atmospheres. However, such a downward flux is considered unlikely (e.g., Showman 2001), and the
ultimate fate of stratospheric sulphur is uncertain (e.g., no evidence for SO or SO2 was found in the aftermath of the comet
Shoemaker-Levy 9 collisions, despite the expectations of chemical modelling, Harrington et al. 2004). SPIRE places a 3σ upper
limit of 1.7 × 10−7 on SO2 in the stratosphere of Saturn, and
a well-mixed upper limit of 0.25 ppb. These limits on oxidised
sulphur should be compared to similar estimates for Jupiter to
investigate the coupling between the central planet and its icy
moons.
4.10. Hydrogen sulphide, H2 S

H2 S is not expected to be present in the upper tropospheres of
Jupiter and Saturn due to the a reaction with ammonia to form
solid NH4 SH aerosols, a predicted (but not yet observed) cloud
deck in the deeper atmosphere (around the 4- to 6-bar level
for Saturn, Atreya & Wong 2005). Furthermore, H2 S would be
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further depleted by photolysis if it were able to penetrate into
the upper troposphere as a disequilibrium species. Thus, it is unsurprising that sub-millimetre searches (including SPIRE) have
failed to detect this sulphur-bearing compound. SPIRE provides
access to rotational transitions that should be visible in the 21–
25 cm−1 spectral region (between two PH3 lines); as well as
unobstructed lines at 39.9 cm−1 (between the NH3 doublet features) and 42.7 cm−1 . Assuming that H2 S is well mixed throughout the troposphere, these three regions provide a 3σ upper
limit of 0.36 ppb, improving over the previous 16 ppb upper
limit of Weisstein & Serabyn (1996) by an order of magnitude.
Furthermore, a stratosphere-only model for H2 S places 3σ upper limit of 230 ppb using the transition near 39.9 cm−1 . This
absence of detectable H2 S is consistent with depletion via some
mechanism (solid NH4 SH formation, for example) in the deeper
troposphere.
4.11. Methanol, CH3 OH, and formaldehyde, H2 CO

Methanol (CH3 OH) was considered as one of the most abundant stable oxygen compounds in Saturn’s stratosphere in the
photochemical model of Moses et al. (2000b), but no previous
upper limits on this molecule have been provided. 23% of the
methanol came from meteoritic ablation in the model, the remaining 77% was produced photochemically in Saturn’s upper
atmosphere by the reactions of OH with CH3 . Methanol would
then condense at the cold temperatures of the tropopause. The
SPIRE data place a 3σ upper limit of 113 ppb on methanol in the
stratosphere (0.3 ppb if well mixed) using features near 21 cm−1 ,
larger than the ≈30 ppb maximum stratospheric mole fraction
from the models of Moses et al. (2000b). At present, these upper
limits are consistent with the photochemical modelling, but are
insuﬃcient to distinguish between the diﬀerent oxygen supply
mechanisms (e.g., entirely as H2 O, entirely as CO2 , or a mixture
of both).
Formaldehyde (H2 CO) was also a product of the photochemistry in Moses et al. (2000b), due to (i) the reaction of
exogenically-supplied CO with atomic H in Saturn’s atmosphere; and (ii) the reaction of H2 O with CH3 , with a peak mixing ratio of 2 × 10−10 . Using a series of transitions between 21–
23 cm−1 that should be visible in the SPIRE data, we place a 3σ
limit of 56 ppb in Saturn’s stratosphere (6.5 × 10−11 if H2 CO
were well mixed), two orders of magnitude larger than that predicted by the model. At the present time, neither the methanol
nor the formaldehyde upper limits are suﬃcient to constrain the
photochemistry of oxygen molecules in Saturn’s upper atmosphere.

5. Discussion and conclusions
The Herschel/SPIRE instrument combines a broad submillimetre range (15–51 cm−1 , 194–671 μm, or 447–1550 GHz)
with a 0.048 cm−1 resolving power (an order of magnitude improvement over Cassini observations at the same wavelength)
to produce an extensive new survey of Saturn’s sub-millimetre
spectrum. While the spectral resolution may not compete with
some ground-based facilities, the consistently stable calibration
and the absence of telluric contamination (most of the SPIRE
range is unobservable from the ground) allows us to re-evaluate
upper limits on a host of diﬀerent species in the gas giant’s upper
troposphere and stratosphere. Table 1 summarises these new 3σ
upper limits, and allows us to draw the following conclusions:
1. Temperatures: Saturn’s upper tropospheric temperatures between 220–780 mbar were retrieved from the disc-averaged
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2.

3.

4.

5.

6.

7.

spectrum and show some morphological diﬀerences compared to the global average from Cassini (Fletcher et al.
2010). The tropopause region appears quasi isothermal between 60 and 300 mbar, characteristic of Saturn’s cool equatorial zone.
Phosphine: four rotational lines of PH3 dominate the SPIRE
spectrum and were used to demonstrate that PH3 begins to
be depleted by photolysis above the 570-mbar level, and is
well mixed at 5.5+0.7
−0.4 ppm at higher pressures. PH3 must be
present up to the 80- to 100-mbar level, but the absence
of emission cores rules out its presence above the 10- to
20-mbar level.
Ammonia: the SPIRE data are best reproduced with an NH3
mole fraction of 257+66
−53 ppb at 660 mbar, and a vertical profile following a vapour pressure distribution in the upper troposphere. The data are insensitive to the deep well-mixed
NH3 below the condensation region. Although our best-fit
T (p) profile suggests supersaturated conditions, we find that
small 2–3 K changes in temperature (tolerated within the
±5% uncertainty on the absolute calibration) can produce
subsaturated conditions, so no meaningful estimates of the
relative humidity can be extracted from the SPIRE data.
Methane: CH4 at 41.9 cm−1 was used to test our line-byline technique for estimating the abundances of trace gases
in Saturn’s atmosphere. Using two diﬀerent sources for the
rotational line intensities, SPIRE produced 1σ estimates of
the mole fraction of (4.3 ± 0.3) × 10−3 using the compilation of Brown et al. (2003) with the dipole measurements of Wishnow et al. (2007); and a mole fraction of
(4.8 ± 0.3) × 10−3 with the compilation of Boudon et al.
(2010). These results are broadly consistent with the results
from Cassini far-infrared observations (Flasar et al. 2005;
Fletcher et al. 2009b) and with the enrichment of carbon in
Saturn compared to Jupiter.
Hydrogen sulphide: SPIRE provides an order-of-magnitude
improvement on previous upper limits on tropospheric H2 S,
supporting the conclusion that H2 S is severely depleted by
reaction with NH3 to produce solid NH4 SH in the deeper
atmosphere.
Halogen species: upper limits on the hydrogen halides HF,
HCl, HBr and HI are all consistent with those of (Teanby
et al. 2006), and the upper limit on HI is improved by a factor of four. These results confirm the suggestion that halides
are eﬀectively removed in the deeper troposphere by condensation as ammonium salts. Stratospheric upper limits may be
used to place constraints on the influx of halides from external reservoirs (e.g., salty water in the Enceladus torus).
Furthermore, we provide the first upper limit on methyl chloride, another potential transporter of chlorine upward from
the deep atmosphere.
External oxygen species: The SPIRE data are consistent with
the presence of stratospheric H2 O emission lines at 36.6 and
38.8 cm−1 at the 1σ significance level. A H2 O mole fraction
of 2.1+4.2
−1.6 ppb at 0.5 mbar was derived from the strongest line
by scaling the photochemical profile of Moses et al. (2000b),
15
cm2 .
equivalent to a column abundance of 1.2+2.3
−1.0 × 10
This estimate is consistent with ISO and SWAS measurements from a decade earlier (Bergin et al. 2000; Moses
et al. 2000b), showing the relative stability of Saturn’s stratospheric oxygen flux. SPIRE was unable to provide improved
upper limits on CO compared to ground-based observations
(e.g., Cavalié et al. 2009), but we were able to provide the
first upper limits on other potential oxygen compounds in the
stratosphere, including SO2 , methanol and formaldehyde.

Upper limits on the latter two species are consistent with
the expectations of photochemical modelling (Moses et al.
2000b), but they must be improved before they can properly
constrain these models.
8. Shock-chemical products: shock-induced chemistry during high-energy processes (asteroidal or cometary impacts;
lightning strikes) can couple the chemistry of methane with
other trace gases in Saturn’s atmosphere, producing products
like HCN, HCP and CS. SPIRE has improved the upper limit
on HCN by an order of magnitude, ruling out the tentative
detection of this molecule by Weisstein & Serabyn (1996).
Our upper limit on HCP supports the conclusion that existing
photochemical models (Kaye & Strobel 1984) overestimate
the abundance of this molecule. Finally, we provide the first
upper limit on the abundance of CS, but this is not currently
useful for constraining the rate of impact events in Saturn’s
upper atmosphere.
The SPIRE data allow us to close the gap between observational
upper limits and theoretical predictions (photochemistry, thermochemistry and vertical transport), but it is clear that further
progress requires a reduction of the uncertainties on the submillimetre spectrum. This will need both enhanced stability (i.e.,
reducing instrument-related oscillations on the continuum) and a
higher spectral resolution, possibly using heterodyne techniques.
But we must also understand the continuum oﬀsets apparent in
our Saturn modelling, and the potential for contributions from
aerosols or poorly-characterised line wings that may corrupt our
interpretation. Nevertheless, the quality of the SPIRE spectrum
in Fig. 1 places it among the best sub-millimetre spectra of PH3 ,
NH3 and CH4 observed on a giant planet to date.
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