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Abstract

Sub-millimetre spectra measured with Herschel’s SPIRE Fourier Transform
Spectrometer were used to search for ammonia (NHj) in Titan’s stratosphere.
Observations were taken during 2010 and 2011, just after Titan’s northern
spring equinox, which occurred in mid-2009. In our analysis we used high
spectral resolution data (0.074 cm™! apodised) from the SPIRE shortwave
spectrometer array (SSW), which provided the best possible signal-to-noise

ratio for detecting any NHjs emission features. These data have the most
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sensitivity to NHj spectral emission of any currently available observations,
although despite this we did not detect any significant emission features above
the noise. However, we can place an improved 3-sigma upper limit on NHj
abundance of <0.19 ppb for altitudes 65-110 km (75 km peak sensitivity),
or alternatively a column abundance of <1.23x10'® molecules/cm?. These
observations provide modest constraint for future photochemical models and
are consistent with most current stratospheric predictions. Scaling of pho-
tochemical model profiles, in order to fit elevated abundances observed at
1100 km by Cassini’s INMS instrument, are for the most part also consistent

with our observations.

Keywords: Titan, Atmosphere, Composition, Photochemistry, Herschel,

sub-millimetre

1. Introduction

Titan, Saturn’s largest moon, is unusual because it has a thick nitrogen
and methane atmosphere (1.5 bar surface pressure). Interaction with so-
lar UV photons and magnetospheric electrons in Titan’s upper atmosphere
creates nitrogen and methane radicals, which form the basis of a rich pho-
tochemical cycle - producing a vast array of hydrocarbon and nitrile species
(Wilson and Atreya, 2004; Lavvas et al., 2008; Krasnopolsky, 2009). These
photochemical processes lead to the creation of complex organic molecules.

An essential element in understanding Titan’s complex atmosphere is
accurate measurement of trace species abundances at different atmospheric
levels, which provide stringent constraints on active chemical pathways. Re-

cently the Cassini-Huygens mission has played a critical role in unlocking the
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complexity of Titan’s chemical inventory. Many new compounds have been
discovered in the very upper layers of the atmosphere (>950 km altitude)
using Cassini’s Ion and Neutral Mass Spectrometer (INMS) (Waite et al.,
2005; Vuitton et al., 2009), which samples gas for in situ analysis on each
close flyby.

Deep within Titan’s atmosphere, in the stratosphere and mesosphere
(100-500 km altitude), remote sensing techniques currently provide the most
complete information on atmospheric composition. For example, in the sub-
millimetre, recent Herschel observations have lead to the discovery of HNC
(Moreno et al., 2011), abundance determinations of CO, HCN and their iso-
topologues (Courtin et al., 2011), and water vapour vertical profiles (Moreno
et al., 2012). At shorter wavelengths, in the far- and mid-infrared, which con-
tain many more gas emission features, Cassini’s Composite InfraRed Spec-
trometer (CIRS) has been very successful at measuring the detailed altitude
and latitude distribution of major trace species (Flasar et al., 2005; Couste-
nis et al., 2007, 2010; de Kok et al., 2007a; Nixon et al., 2009; Teanby et al.,
2006b, 2007, 2008a,b, 2009b,a, 2010a; Vinatier et al., 2007, 2010; Cottini
et al., 2012). However, the CIRS spectral resolution and sensitivity has so far
been too low to detect emission features from any of the new species discov-
ered at much higher altitudes by INMS. See for example Nixon et al. (2010)
who used CIRS to determine upper limits for HoCO, CH3OH, CH3CN, C3Hy
(allene isomer), and NH3. The abundance of many important molecules,
including NHjs, are thus currently unconstrained in the middle atmosphere.

To further our understanding of Titan’s atmosphere it is now critical to

link the chemistry of the upper atmosphere (above 1000 km) to that of the
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stratosphere and mesosphere (100-500 km), which contain the majority of
Titan’s trace gas inventory. One of the key molecules for providing this link
is ammonia (NH3), which was measured with a volume mixing ratio (VMR)
of 7x107% by INMS at 1100 km (Vuitton et al., 2007; Vuitton et al., 2009). A
major deficiency of current chemical schemes is that the NH; abundance at
this altitude is underestimated by orders of magnitude: Wilson and Atreya
(2004) predict 4x107® at 1100km (175 times less the observed); and Lavvas
et al. (2008) and Krasnopolsky (2009) both predict around 2x10~" at 1100km
(35 times less). Therefore, the mechanism for NH; production in Titan’s
atmosphere would appear to be much more efficient than current schemes
can explain.

Current photochemical models produce high altitude (1100 km) NHj3 by
electron recombination with NHJ ions. However, recently Yelle et al. (2010)
hypothesised that disagreement between models and the INMS observations
could be caused by a previously neglected NH3 production pathway: NHy +
HyCN — NHj3 4+ HCN, which they propose is the dominant NH3 source at
high altitude.

In the stratosphere and mesosphere NHj is expected to be supplied via
transport from high altitudes by vertical mixing processes. Hence, increased
production at higher altitude should imply an increase in NH3 at lower at-
mospheric levels also, which can be searched for using NH3 sub-millimetre
emission lines. There is also a possible local stratospheric source of NH3 from
cosmic ray induced dissociation of molecular nitrogen, which could lead to a
local maximum in NH3 abundance in the stratosphere (see e.g. Lavvas et al.

(2008)). Measurements of CyNy (Teanby et al., 2009a) suggest that cosmic
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rays may indeed play an important role in Titan’s stratospheric chemistry.
However, stratospheric and mesospheric predictions of NHz abundance from
the different published models vary by over two orders of magnitude and are
not well constrained by current observations.

NHj; has so far not been observed spectroscopically at all, and the best
previously available stratospheric upper limit of 1.3x 1072 (Nixon et al., 2010)
is too large to differentiate between possible photochemical models, which
currently predict relative stratospheric abundances of order 10719 or less (e.g.
Lavvas et al., 2008). In this paper we use high sensitivity sub-millimetre
observations by Herschel’s SPIRE Fourier Transform Spectrometer (FTS)
instrument to search for NHs in Titan’s lower stratosphere in an attempt to

provide improved constraints on photochemical pathways.

2. Observations

Observations were taken with the Herschel Space Observatory’s (Pilbratt
et al., 2010) SPIRE instrument (Griffin et al., 2010) as part of the HssO Key
Program (Hartogh et al., 2009), just after Titan’s mid-2009 northern spring
equinox, between 22/6/2010 and 26/07/2011. The SPIRE FTS simultane-
ously observes a full spectrum from 14.6 to 51.8 cm™! (685193 pum) using
two separate detector arrays to ensure maximum observing efficiency. The
shortwave spectrometer array (SSW) covers 31.2-51.8 cm™! and the long-

wave spectrometer array (SLW) covers 14.6-33.3 cm ™!,

Observations were
taken in high spectral resolution sparse pointed mode whereby the object is
detected only in the central detector of each array and the whole spectrum

is taken with a single spectral resolution. The nature of the detector spa-
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tial sampling, combined with Herschel’s 3.5 m primary mirror, resulted in
wavelength-dependent individual detector field-of-views of diameter 11-19”
for the SSW and 18-40” for the SLW (Swinyard et al., 2010). Titan’s disc
typically had a solid-body diameter of 0.7” during these observations, result-
ing in disc-averaged spectra. The SSW spectra have the best signal-to-noise
for our study as they cover the strongest NH3 lines and have the least beam
dilution because of their smaller field-of-view (FOV). It is these observations
we concentrate on here. The SPIRE point observing mode sequences had
total integrations between 22 minutes and 8 hours 51 minutes. The total in-
tegration time was built up from multiple scans of the FT'S mechanism, with
each scan taking approximately 66 seconds. Following transformation to the
spectral domain, the integrated spectrum from each observation sequence
was formed by co-addition of the individual spectra. Observation properties
are listed in Table 1. Five observations were taken in total, but we only
use four of these in this paper - the first observation is not used because of
its short integration time and contamination from Saturn. Figure 1 shows
the observing geometry and Titan’s orientation during the four observation
sequences.

Our analysis started with unapodised Level 2 data from the Herschel Sci-
ence Archive (HSA), which are calibrated against the continuum spectrum of
Uranus (Swinyard et al., 2010). Data had a sample spacing of 0.01 cm™* and
a native resolution comprising a sinc instrument function with a full-width
half-maximum (FWHM) of 0.048 cm™'. These data were apodised using a
Hamming instrument function with a FWHM of 0.07373 cm™ to remove the

effects of ringing around gas emission peaks. This choice provided the best
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compromise between reducing ringing and maintaining the narrow widths of
gas peaks. Apodised spectra (Figure 2) show a very clean signal with min-
imal noise features, although some slight continuum ripples are present due
to residual instrumental effects. Initially we used the nominal error bar from
the HSA, which was calculated using the standard deviation of the multiple
scans taken to build up the total integrated spectrum. These errors were

further refined during the analysis (Section 3.5).

3. Modelling and further data reduction

Our study is focussed on searching for very faint NHj spectral lines.
Therefore, our main concern is defining realistic error bars and achieving
an accurate continuum level so that any small features can be identified.
The observed spectra contain superimposed ripples, which are instrument
artifacts and not associated with Titan’s spectrum. These must be removed
before analysis can proceed. Commonly such artifacts are dealt with by
modelling the line-to-continuum ratio. However, in this paper we chose to
preserve the physical radiance units, which has the advantage of providing
an additional check on the data calibration and model accuracy, in addition
to being more intuitive to analyse.

In the wavelength region covered by the SSW, Titan’s spectrum is af-
fected by tropopause and lower stratospheric temperature, collision-induced
absorption of No-CHy-Hy pair combinations, emission lines from isotopo-
logues of CO, HCN, and to a lesser extent CH4, and minimally by strato-
spheric haze. All these properties are well constrained by the Cassini CIRS
instrument (Flasar et al., 2004, 2005) and the Huygens descent probe HASI
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(Fulchignoni et al., 2005) and GCMS instruments (Niemann et al., 2010),
allowing a reliable synthetic spectrum to be generated for comparison with
the SPIRE observations.

The aim of the remainder of this section is to use realistic baseline syn-
thetic reference spectra to identify and remove ripples, leaving a cleaned
spectrum suitable for identification of any small NHj3 features. This proce-

dure comprises the following steps:

3.1. Conwversion of radiance units

Spectra from the SPIRE Level 2 calibration pipeline have units of Janskys
- the natural unit for unresolved point sources (Wilson et al., 2009) - where
1 Jy=10"%W/m?/Hz. However, to correctly model Titan’s disc-averaged
spectra and account for varying emission angle, it is necessary to consider the
spatial distribution of radiance, so units of spectral radiance W /cm? /sr/cm ™1
are a more convenient working unit. To convert between the two units we
must define the solid angle over which the emission takes place. For a solid
body this would be simply defined from the cross sectional area of the object.
However, emission from the limb of Titan’s extended atmosphere is significant
well above its solid surface. This emission can be assumed to drop to zero at a
radius of 3000 km for sub-millimetre wavelengths (Appendix A). Therefore,
to obtain a disc-averaged spectral radiance, we assumed uniform emission
over a circular area centred on Titan, with a radius of r=3000km. The exact
choice of r is not critical so long as it is large enough to include all of Titan’s
emission.

Consider a planet emitting over a circular area of radius r, a distance R
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from the observer. The solid angle €2 subtended by the planet is given by

7”2

Dividing Janskys by €2 gives us units of spectral radiance 1072W /m? /sr/Hz
To convert these units to the more standard W/cm? /sr/cm™ we must mul-

tiply by 10726 x ¢ x 1074, where ¢ = 2.99792458 x 10'° cm/s is the speed

of light - 10726 converts into Watts, 10=* converts m~2 into cm™2, and ¢
converts frequency to wavelength.
The overall conversion is thus:
Uy = 10_30;—}§W/0m2/sr/cm_1 (2)

3.2. Forward modelling of the SSW spectra

Synthetic reference spectra were created using the Nemesis retrieval tool
(Irwin et al., 2008), which assumes a spherically symmetric atmosphere and
uses the correlated-k approximation (Lacis and Oinas, 1991) for computa-
tional efficiency. Previously, we have used this code extensively to model
Titan’s spectrum (e.g. Teanby et al., 2010c, and references therein).

Gas spectroscopic data were based on the HITRAN database (Rothman
et al., 2005) with the following modifications: CH, line intensities were re-
vised after Wishnow et al. (2007); and HCN linewidths were modified for
N, broadening as explained in Teanby et al. (2010b). Tables of absorption
coefficients - or k-tables - were created from the spectroscopic data and in-
corporated the Hamming instrument function directly in order to improve
computational efficiency and to provide the best match to observations. The

partition functions were calculated using a third order polynomial fit to the
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total partition function data in Fischer et al. (2003) (supplied with the HI-
TRAN database) over the range 70-300 K. Collision-induced absorption from
pairwise combinations of Ny, CHy, and Hy were calculated according to Bo-
rysow and Frommhold (1986a,b,c, 1987); Borysow (1991); Borysow and Tang
(1993). The wavenumber dependence of the main haze relative absorption
cross section was determined from the volume absorption coefficients in An-
derson and Samuelson (2011). The values we used are given in Table 2.

A reference atmosphere was then defined with composition, aerosol, and
temperature profiles based on previous work. The assumed haze vertical pro-
file was a simplified version based on results from CIRS (de Kok et al., 2007b,
2010) and Huygens/DISR (Tomasko et al., 2008) (Figure 6). This profile was
scaled such that the specific particle density was 3.9x 1072 particles/gram at
150 km. This scaling gave a specific absorption of 3.9x1072 particles/gram
X 1.26x107% cm?/particle = 4.9x107° cm?/gram for an altitude of 150 km
at 160 cm™!, in agreement with Anderson and Samuelson (2011) (their Fig.
10 at latitude 15°S). The calculated nadir optical depth using this profile at
the centre of the SSW bandpass (42 cm™!) was 2.4x1072 (see also Table 2).
For comparison, Titan’s atmosphere is effectively opaque at these wavenum-
bers due to No-Ny and Ny-CHy collision-induced absorption, with an optical
depth of unity occurring around 50 km altitude. Therefore, aerosols have
very slight influence on this spectral region, but were included for complete-
ness. The atmospheric temperature profile was based on Flasar et al. (2005)
(Figure 6) and gas vertical profiles were based on: Niemann et al. (2010)
(CHy); de Kok et al. (2007a) (CO); and Teanby et al. (2010b) (HCN). These

values can be considered representative of equatorial conditions at the time
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of our observations.

After defining the spectroscopic parameters and reference atmosphere
we calculated a Titan reference spectrum. To allow for differing emission
angles and limb emission across Titan’s disc, we created a disc-averaged
spectrum based on 21 field-of-view points (Teanby and Irwin, 2007) using
the procedure outlined in Appendix A. This is directly comparable to the
unit-converted spectra from Section 3.1. Figure 3a shows observation S1
compared to the reference atmosphere synthetic. The agreement is very
close and gives us confidence in both the Level 2 data calibration and forward
model. The model was also cross-checked against an independent radiative
transfer code (Courtin et al., 2011). Note the reference synthetic spectrum is
based entirely on prior knowledge from Cassini and at this point is not fitted

to the observations in any way.

3.8. Removal of continuum ripples

The close agreement between observed and reference synthetic spectra
allows us to correct for continuum ripples by making minor adjustments
to the observed radiances based on the residual between the two spectra.
However, the gas peaks contain real differences due to unmodelled spatial
variations in temperature and composition over Titan’s globe. Therefore,
before estimating the continuum ripples the gas peaks must be masked out.
To create a spectral mask we created a second reference spectrum with HCN,
CO, and CH4 rotational emission lines removed, and differenced this with the
original reference spectrum. Any wavenumbers where the two spectra differed
by more than 0.1 nW/cm?/sr/ecm™! were considered to be influenced by

HCN/CO/CH, emission and were masked out. Figure 3b shows the reference

11
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spectra with gas peaks masked out - this allows the continuum ripples to
be seen very clearly. Figure 3¢ shows the residuals between observation and
masked reference spectra, which has an amplitude of a few nW /cm? /sr/cm ™!,

To use the residuals to remove the ripples we must first apply some
smoothing and interpolation to: i) allow correction of the continuum where
gas lines exist; and ii) to avoid removing any narrow gas features from un-
modelled trace species such as NH3. To this end we fit a cubic b-spline curve
with a knot spacing of 1.25 cm™! (total spline width of 5 cm™!) using the
method of Teanby (2007) and remove this smoothed continuum residual from
the observed spectra. Narrow gas lines will be unaffected by this procedure
but if any real unmodelled broad features exist in the measurements they
will be removed. This is unlikely, and in any case is not important for our
purposes as any gas lines are much narrower than the knot spacing. The
final ripple corrected spectrum is shown in Figure 3d. As the ripple position
and amplitude changed for each observation, this process was performed in-

dividually for each of the four observed spectra.

3.4. Correction of wavelength scale

While modelling the spectra it was noticed that slight sub-sample scale
wavenumber shifts existed in the observations. While small, these were very
noticeable around the sharp gas peaks of HCN and CO. To correct for this,
the reference synthetic spectrum was cross correlated with each observation
to determine the shift magnitude and direction. The wavenumber grid was
then shifted and the resulting spectrum linearly interpolated back onto the
original wavenumber grid. Oversampling of the spectra was sufficiently fine

that this did not introduce any interpolation artifacts (for example reduced
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peak heights). Shifts were all less than 0.005 cm™! (Table 1) which is small

compared to the 0.01 cm™! sample spacing.

3.5. Creation of a final averaged spectrum

To maximise the signal-to-noise an average spectrum was created from
the four individual de-rippled and wavelength corrected spectra S1-S4. This
gave us an opportunity to improve the noise estimate on the spectrum using
the standard deviation 6(v;) between the four measured spectra s;(v;) at
wavenumbers v;. Due to the small number of spectra, d(v;) will suffer from
small number statistics and could be anomalously small, giving an unreal-
istically low value of the error for some wavenumbers. Therefore, to obtain
a more accurate noise estimate, which can be used as a minimum measure-
ment error at each wavenumber, we assume that the standard deviation is
uniform across the whole spectral range. The standard deviation from all
wavenumbers then provides a large number of independent estimates of the
actual standard deviation, which can be combined to determine the sample
mean standard deviation 7.

As standard deviation is restricted to positive numbers, the estimates
d(v;) of @ should be distributed log-normally (Forbes et al., 2011). In such a
distribution the logarithm of the quantity is distributed normally and 7 can
be estimated as follows.

Consider M = 4 measured spectra s;(v;) where ¢ = 1... M at N wavenum-
bers v; = 1...N. The mean 5(v;) and standard deviation §(v;) at each
wavenumber v; are given by the usual equations for unweighted sample mean

and standard deviation:

13
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3(v;) = W (3)

\/ M (silvy) = 5())°

5() = L 4

If §(v;) is distributed log-normally, the cumulative distribution function

(CDF) is given by:

1 Texp (—(Int — pu)?/20?)
U\/%/O t

where ¢ is a dummy variable, and p and o are the mean and standard devi-

P(o < alp,o) =

dt (5)

ation of the logged distribution Iné (Forbes et al., 2011). The corresponding

mean [ of the un-logged distribution is given by:

i = exp (u + %2) (6)

Parameters p and o of the log-normal distribution can be trivially cal-
culated from the N values of Ind(v;), and the equivalent mean standard
deviation 71 calculated. If 7 is representative of the continuum standard de-
viation, then there should be good correspondence between observed and
theoretical cumulative distribution function (CDF). Figure 4a shows the dis-
tribution of standard deviation estimates 6(v;) for the entire spectral range,
along with the theoretical distribution calculated using Equation (5) and
(6). This exhibits a mismatch between measured and theoretical log-normal
CDFs, which is caused by a tail of high standard deviations. Inspection of

the data showed that standard deviations of wavenumbers centred on the

14
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gas peaks were higher than those in the continuum regions. This is to be
expected, as the slight differences in viewing geometry between observations
cause more of the cold north polar region to come into view during later
observations, which gives rise to systematic differences between the spectral
peaks. Seasonal variations in Titan’s atmosphere (Teanby et al., 2010c) could
also have an effect. However, if the gas peaks are masked out, the agreement
with the theoretical distribution is very good (Figure 4b) - with 7 providing
a reliable estimate of the actual continuum standard deviation. Therefore,
as an overall conservative error estimate, we set a minimum standard devia-
tion of 7=0.26 nW /cm?/sr/cm™" on the final combined average spectrum, in
keeping with the estimate derived from continuum points, but if the calcu-
lated standard deviation for a particular wavenumber was larger than this,
we used the larger value - i.e. the final error bar 7(v;) = max(f, 6(v;))

The final averaged spectrum 3(1;) and error bar &(v;) are shown in Fig-
ure 5 and is composed of the unweighted average of four SPIRE spectra that
have each individually had ripples removed and been corrected for any slight
wavenumber shifts. This final cleaned spectrum was used to determine a
baseline model most appropriate for the disc-averaged spectra. The fit was
obtained by adjusting HCN and CO abundance such that the misfit between
data and synthetic was minimised. Optimal values of HCN and CO were
140420 ppb and 4747 ppm respectively. CO abundance is consistent with
previous disc-averaged CO results of 404+5 ppm (Courtin et al., 2011) and
space based determinations from CIRS of 4748 ppm (de Kok et al., 2007a)
and 55+6 ppm (Teanby et al., 2010b). HCN is spatially highly variable, but

results are consistent with disc-resolved CIRS measurements that indicate
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abundances of 100-300 ppb at tropical latitudes (Teanby et al., 2010b). The
agreement of our disc-averaged results with previous spatially resolved de-
terminations from CIRS shows that our assumption of spherically symmetry

has not adversely affected the composition results.

4. Calculation of upper limits

The averaged spectrum from the previous section forms the basis of our
upper limit calculations. The misfit y? between measured and modelled
spectra for a given NH3 abundance « is given by:

X2(a) _ Zz:l(g(y_lg(;)f(yw Oé)) (7>

g

where 3(v;) is the measured spectrum with variance 7%(v;), and f(v;, )
is the modelled spectrum. First, we take the best fitting model from the
previous section and calculate the initial misfit x*(0). Second, we introduce
a gradually increasing volume mixing ratio (VMR) of ammonia « to calculate
the function x?(«). If NH3 emission features exist in the spectrum, the fit
should be improved and x?(a) will have a significant minimum at the best
fitting abundance. If insufficient NHj is present to produce a detectable
feature then no significant minimum will exist and y?(a) will increase. As
we are adjusting a single variable (the NH3 abundance), a 3-sigma upper limit
would usually be defined as the point where x? has increased by 32 = 9 (Press
et al., 1992). However, because the spectrum is oversampled by a factor of
four, there is only one independent data point for every four. Therefore,
the 3-sigma upper limit is defined when x?(a) increases by 3% x v/4 = 18 to

*(a) = x?(0) + 18. Similarly, a 3-sigma detection would require a reduction

16



s in x%(a) of 18 to x*(a) = x*(0) — 18. Except for this modification for
13 oversampling, this method is the same as Teanby et al. (2006a, 2009a).

344 The size of NHj spectral feature is somewhat dependent on the NHj
us vertical profile as well as its abundance. As this is currently unknown we

us  explore two end member cases:

347 e Uniform profile: Where the volume mixing ratio is constant above
348 the condensation level. Below the condensation level it is defined by the
349 saturation vapour pressure, which at temperature T in Kelvin is given
350 in atmospheres by Ps,,(T) = exp(A + B/T + CT) with A=22.70358,
351 B=-4190.773 K, C=-0.2156661 K~! (based on Lide (1995) data cover-
352 ing T=160-300 K). Re-evaporation of any condensate below the tropopause
353 cold trap was suppressed to avoid unphysically high abundances in the
354 troposphere.

355 e Photochemical profile: Where we used the photochemical profile
356 of Lavvas et al. (2008). This profile was simply scaled to vary the
357 abundance, but the VMR in the lower stratosphere was limited by the
358 saturation vapour pressure equation above.

30 These profiles are shown in Figure 6.

0 5. Results

361 Figure 7 shows x? as a function of NH3 abundance for uniform and pho-
% tochemical profile cases. Neither case has a minimum y? below x?(0) — 18,
53 implying that we do not detect NHj at the 3-sigma level with these data.
% Instead our data gives 3-sigma upper limits (corresponding to x%(0) + 18)
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with a VMR of <0.19 ppb for the uniform profile and a scale factor of <53
for the scaled photochemical profile of Lavvas et al. (2008). The contribu-
tion functions at these kind of abundances peak at 75 km (FWHM between
65-110 km), so sound the lower stratosphere. Synthetic spectra, created as-
suming these upper limits, are shown in Figure 8 for the spectral regions
surrounding the two strongest NHj features. In addition to having no formal
statistically significant abundance, a visual inspection of the spectra shows

no observable NHs emission features above the noise.

6. Discussion and Conclusions

The SPIRE data considered here give 3-sigma upper limits on Titan’s
stratospheric NH3 of 0.19 ppb assuming a uniform profile, or 53 times the
Lavvas et al. (2008) photochemical profile. These constraints are an order
of magnitude better than the previous best upper limit of 1.3 ppb from
Cassini CIRS (Nixon et al., 2010). This improvement is mainly a result of
the factor of 10 improvement in spectral resolution obtained with SPIRE,
while maintaining comparable noise levels to CIRS. Our values correspond
to total column abundances of <1.23x10' molecules/cm? (uniform) and
<0.94x10% molecules/cm? (photochemical), which is a relatively profile-
independent measure. Therefore, the only current detection of NH3 in Titan’s
atmosphere remains the in-situ measurement of 7x 1075 at 1100km by Cassini
INMS (Vuitton et al., 2007; Vuitton et al., 2009). If the Lavvas et al. (2008)
profile is scaled by a factor of 33.5 to match the INMS value (as done by
Lellouch et al. (2010)), the resulting profile falls just below our upper limit
so is still consistent with the SPIRE data.
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Figure 9a compares our results to available predicted NHj profiles from
the literature (Wilson and Atreya, 2004; Krasnopolsky, 2009; Lavvas et al.,
2008). While our new results provide a much improved constraint in the
lower stratosphere, the only profile that can actually be ruled out based on
our data is the supplemental case in Krasnopolsky (2009) which used the
modified Horst values (Horst et al., 2008) for the eddy mixing profile. All
other profiles fall below our upper limit at 75 km altitude.

If volume mixing ratio profiles are scaled in order to fit the INMS obser-
vation at 1100 km (Figure 9b), then both Krasnopolsky (2009) profiles can
be ruled out. However, the application of such a simple scaling is a gross
oversimplification of the effect of increased NH3; abundance at 1100 km and
does not provide a rigourous test of the models. Therefore, the abundance of
NHj; in Titan’s stratosphere remains an open question. Prospects for future
detection of NHj3 in the sub-millimetre range remain promising, but will re-
quire an improvement in sensitivity of an order of magnitude or more before
photochemical predictions can be tested further. Therefore, while our upper
limit is the most stringent to date, we must await future missions to improve
the accuracy and draw more insightful conclusions about Titan’s ammonia

cycle.
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Obs. Product ID Start Time Integration Time Sub-Herschel Point Shift
(UT) (s) Longitude (°W) Latitude (°N) (ecm™1)

SO0f 1342198925 2010-06-22 12:11:54 1322 273.58 2.05 -

S1 1342201495 2010-07-16 03:44:14 31878 89.43 2.73 +0.0013

S2 1342224755 2011-07-25 23:38:55 10786 235.65 8.09 +0.0042

S3 1342224756  2011-07-26 02:38:55 10786 260.99 8.13 +0.0041

S4 1342224757  2011-07-26 05:38:55 10786 263.80 8.13 +0.0045

Table 1: Details of the SSW observations used in this paper. Sub-Herschel point is

given for observation mid-point. Shift is wavenumber correction applied to observation to

give the best match to the reference spectrum. All spectra cover a wavelength range of

31.2-51.8 cm~! with an unapodised / apodised spectral resolution of 0.048 / 0.07373 cm™!.

tObservation on 22/6/2010 was not used due to contamination from Saturn and low signal-

to-noise.

Wavenumber Cross section 7

(ecm™1) (cm? /particle)

30 1.30x1071° 1.6x107°
35 6.18x107% 7.5%x1074
40 1.59%x107% 1.9%x1073
45 2.65x107% 3.2x1073
50 4.61x107% 5.6x1073
55 6.13x107% 7.5%x1073
[160 1.26x107% 1.5x107]

Table 2: Relative absorption cross sections assumed for Titan’s main haze as a function
p

of wavenumber. 7 is the integrated nadir column optical depth using the specific particle

density profile in Figure 6. The low optical depths show that haze has a very minor effect

on Titan’s spectrum at these wavelengths. While not covered by the SPIRE FTS, values

at 160 cm™! are also given to allow comparison with Anderson and Samuelson (2011).
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Figure 1: Viewing geometry of Titan for the four observations analysed in this paper.
Date and time are for observation mid-point. SHP is the longitude and latitude of the
sub-Herschel point. Solid bold line indicates the 270°W meridian and bold dashed line

indicates the 90°W meridian (0°W is the sub-Saturn direction).
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Figure 2: Level 2 processed SSW spectra after convolution with a Hamming apodisation
function with a FWHM of 0.07373 cm~! for the four SPIRE observations. Spectra are
offset vertically for clarity as indicated. The positions of emission features from CO,
HCN, and CHy are indicated with vertical ticks. The predicted position of NHg lines are
indicated by vertical ticks with blobs on. Note all visible emission peaks are accounted for

by previously detected species.
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Figure 3: Tllustration of baseline ripple removal procedure for observation S1. (a) Observed
spectrum (solid line), after conversion to spectral radiance, compared with the synthetic
reference spectrum (dashed blue line) generated based on Cassini constraints. Overall
agreement is excellent considering no fitting has been attempted at this stage. (b) Ob-
served continuum level (solid line) compared to reference spectrum (dashed blue line) after
masking out gas emission peaks. (c) Residual between observation and reference spectrum
(points) and best fitting spline curve (solid line). Small but significant continuum ripples
due to instrument artifacts are evident. (d) Comparison of reference spectrum (dashed
blue line) with ripple corrected observation (solid line). Such ripple corrected spectra form
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Figure 4: Cumulative distribution function of standard deviations §(v;) between the four
SSW observations (solid line) compared to theoretical log-normal distribution with param-
eters p=mean(ln§) and o=std.dev.(Ind). & is the equivalent mean value of the standard
deviation corresponding to the plotted log-normal predicted CDF. (a) Distribution for all
wavenumbers, indicating a tail of high standard deviations in the observed spectra. (b)
Distribution of continuum-only wavenumbers, which matches the theoretical distribution

very well - suggesting 7 is a representative standard deviation for our observations.
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Figure 5: (a) Final average of four wavenumber and ripple corrected spectra. The fit
and observation are indistinguishable on this plot. (b) Difference between average ob-
served spectrum and fitted spectrum. Error bars 7(v;) are shown with grey envelope and
comprise the calculated standard deviation between the four observations 6(v;), with a
minimum value & set by the distribution fitted to the continuum standard deviation values
in Figure 4. Note that increases in standard deviation are coincident with gas emission
peaks and are caused by slight changes in geometry throughout the observation period

combined with the non-spherically symmetric nature of Titan’s atmosphere.
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Figure 6: NHj profiles assumed during our analysis. Thin solid line is the Lavvas et al.
(2008) photochemical NHj profile; thin dashed line is the uniform NHj profile, which
condenses around 60 km altitude; the thick black line is the aerosol profile; and the thick

grey solid line shows the temperature profile assumed throughout from Flasar et al. (2005).
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Figure 7: Variation of model-observation misfit x?(c) as a function of NH3 abundance «.
(a) x%(«) for a vertical volume mixing ratio profile that is constant above the condensation
level. (b) x?(a) obtained by scaling the photochemical profile of Lavvas et al. (2008).
Lower dashed lines indicate 3-sigma detection criteria - that are not attained in either case.
Upper dashed line gives the 3-sigma upper limit threshold. Upper limits are 0.19 ppb for

the constant profile and a scale factor of 53 for the scaled Lavvas et al. (2008) profile.
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Figure 8: Close-up of spectral windows containing the two strongest NHs features in the

SSW range. Data and error bars are indicated with grey envelope and lines show synthetic

spectra with: no NHj (solid); NHs at the 3-sigma level (dashed); and five times the 3-sigma

level to illustrate the NHs peak positions (dotted). (a,b) Show the constant VMR profile

case and (c,d) show the scaled Lavvas et al. (2008) photochemical profile case. No spectral

emission from NHj is visible in the data above the noise in either case. The three emission

lines between 40.10 and 40.45 cm™! correspond to HC'®N, C'80, and '3CO respectively.

39




1200 (a) T

Wilson & Atreya 2004 i .,I |
******* Krasnopolsky 2009 / /
1000 4 - — — Krasnopolsky 2009, Horst ;) 1T
Lavvas et al 2008 ; / /
oy 4
. 800 #l constant profile (UL, this work) a i =
E === Lavvas et al 2008 (UL, this work) y Z7 PR
= ] Nixon et al 2010 (UL) 7.
S 600 . oLl -
= B |NMS (Vuitton et al 2007) e
= o
A 400 7
A
‘Q_L\
NN
200 AR B
\\\\
= --—f—d'— z -
0 - i
1200 - (b) B

] = Wilson & Atreya 2004 (scaled to INMS)
******* Krasnopolsky 2009 (scaled to INMS)

1000 -{ - — — Krasnopolsky 2009, Horst (scaled to INMS)
Lavvas et al 2008 (scaled to INMS)

800 - 4" Constant profile (UL, this work)
=== Lavvas et al 2008 (UL. this work)
| Nixon et al 2010 (UL)

600
B |NMS (Vuitton et al 2007)

Altitude (km)

400

200

HAAAL LR I LA L LAL) I BELELLLL, B | A AL B B
10715 1074 1078 10712 107! 107 10° 10°® 107 10°® 10°°
VMR

Figure 9: Comparison of our derived NH3 upper limits with predicted photochemical
profiles from the literature. The previous best upper limit (UL) from Nixon et al. (2010)
is also shown for comparison. (a) Direct photochemical model output. All photochemical
profiles are consistent with our upper limit, except Krasnopolsky’s case using the Horst
et al. (2008) eddy mixing profile (given in his appendix A). (b) Photochemical model
output but rescaled to match the INMS measurement at 1100 km. In this case only the
Lavvas et al. (2008) and Wilson and Atreya (2004) profiles are consistent with the data,
although the assumption of linear scaling across 1000 km of atmosphere is unlikely to be
representative of the full chemical complexity. Note that the secondary peaks at ~100 km
in the NH3 photochemical model profiles abre4 Que to increased production related to cosmic

rays.
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Appendix A. Radiative transfer modelling of a disc-averaged spec-

trum

Figure A.10 shows the spectral radiance emitted by Titan as a function
of offset x from the sub-observer point, calculated using the reference atmo-
sphere from Section 3.2. There is significant emission beyond Titan’s solid
body radius of 2575 km due to its extended atmosphere. This manifests itself
as limb-brightening for both line and continuum emission.

Figure A.11 shows a synthetic Titan image based on the modelled radi-
ances in Figure A.10. The SSW field of view diameter D is much larger than
Titan’s diameter, resulting in a disc-averaged spectrum. Figures A.10 and
A.11 show that all emission from Titan can be considered to originate from
offsets of x < r, where r=3000 km. In section 3.1 we converted Janskys into

a disc-averaged spectral radiance 5 assuming a circular emitting area with

radius r. This is defined by:

. fo " s :.172 ¢) do dx (A1)
mr

where s(x, ¢) is the spectral radiance at offset = and azimuth ¢ on Titan’s
disc. Assuming a spherically symmetric planet gives rise to a radially sym-
metric radiance distribution across the disc, which results in the simplified

form:

o 2mas(z) dx

T2

(A.2)

In the forward model s can be calculated as a weighted sum of P discrete

field-of-view averaging points (Teanby and Irwin, 2007) with offsets z; and
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calculated spectral radiances s;. The problem is then to calculate the weights
w; to assign to each of these points, which we solve as follows.
The continuous form of Equation (A.2) for s can be approximated in the

case of discrete radiance points by:

S =

P
D i1 Si”(xjﬂ — }) (A.3)
r
where 3; is area weighted mean spectral radiance for the annulus bounded
by z; and z;41 (Figure A.11b):
P ns(x) du
S = fxl (=) (A.4)

w2}y — 7)

By assuming linear variation of s(x) with offset x, the integral form can

be replaced using the trapezium rule with:

o 2m(mi — ) (S + TigSiva) /2
S; = 3 3 (A5)
7T(£i+1 — )

_ (2i8; + Ti115i41) (A.6)

(i + Tiy1)

The total disc-averaged spectral radiance is then given by substitution

into Equation (A.3)

P
i—1(TiSi + Tit15; i+1 — T
5 ~ 22_1 (LU T -;12 _;,_1)(2[' +1 ) (A?)

This expression can be expanded to give the FOV weights w; for each

discrete spectral radiance s;:

2

w = w:o as 1 =0 (A.8)
Lili+1 — Li—1Ti

w; = 2 (Ag)
2 _

wp = xpf+le° (A.10)
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Figure A.10: Line and continuum spectral radiance profiles as a function of offset from
Titan’s centre. Significant emission takes place beyond the solid body radius at 2575 km.
Vertical ticks indicate the location of FOV averaging points used to calculate the disc-
averaged spectral radiance. Smaller spacing is required near the limb to capture the limb

brightening effects.

694 We found that 21 field of view averaging points were sufficient to accu-
s Trately model the disc-averaged spectrum to within the measurement error.

06 'These points and their weights are given in Table A.3.
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(b)

Figure A.11: (a) Synthetic image of Titan created using the CO line emission at 42.26 cm ™1
in Figure A.10. Limb brightening is evident and emission drops to zero for z > r. Dashed
line show r=3000 km. The SSW field of view is very large and subtends 11-19” compared
to Titan’s 0.7” diameter, so is not shown. (b) Illustration of terminology used to define the
disc-averaged spectral radiance. Titan is split into 21 unequal annuli with radii between

0 and »=3000 km.
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i Tangent Alt. FEmission Angle w;

(km)  (km) ()

1 0 - 0.0 0.0

2 1000 - 22.85 0.15556
3 1400 - 32.94 0.12444
4 1800 - 44.35 0.16000
5 2200 - 58.69 0.14667
6 2400 - 68.75 0.08000
7 2500 - 76.14 0.04167
8 2550 - 82.01 0.02125
9 2575 0 90 0.01431
10 2600 25 90 0.01444
11 2625 50 90 0.01458
122650 75 90 0.01472
132675 100 90 0.01486
14 2700 125 90 0.01500
15 2725 150 90 0.01514
16 2750 175 90 0.01528
17 2775 200 90 0.01542
18 2800 225 90 0.02333
19 2850 275 90 0.03167
20 2900 325 90 0.04833
21 3000 425 90 0.03333

Table A.3: Field of view averaging points used to produce the synthetic reference spectra.

The weights w; add up to unity.
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