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ABSTRACT

Context. Periodic monitoring of the atmospheric composition is the cornerstone of planetary atmospheric science. It reveals temporal
and/or spatial variations. Ground-based observations of rotational lines from the (sub-)millimeter wavelength range is a suitable
method to obtain the mean HCN profile in Neptune’s startosphere.

Aims. We aimed at deriving new constraints on the disk-averaged HCN stratospheric profile and abundance. The 14-year gap between
the last published observations and ours of HCN in Neptune can be used to constrain any possible time variation of this main nitrogen-
bearing molecule at the probed altitudes. This temporal variation could additionally reveal, albeit indirectly, the dominant process
responsible for the origin of the nitrogen compounds in the stratosphere of Neptune.

Methods. Spectra of the HCN (J = 3-2) line at 265.886 GHz were obtained with the 1.3 mm receiver of the Submillimeter Telescope
(SMT) at the Arizona Radio Observatory (ARO) using several backends simultaneously. The spectral resolution of the analyzed
datasets was 1 MHz and 250 kHz, providing a signal-to-noise ratio of 20 and 11, respectively. Pre-processing of the spectra involved
baseline removal and de-noising using the empirical mode decomposition technique. The spectra were then inverted using a line-by-
line radiative transfer model to obtain the vertical profile of HCN between 2 mbar to 10 ubar and derive the column density.

Results. The retrieved mean stratospheric HCN mole fraction is (1.3 + 0.6) x 10~ above 0.5 millibar, corresponding to a column
density of 2.2 x 10'* molecules cm™. The data are consistent with a pronounced HCN decrease below the 0.6 mbar level, which

agrees with previous findings.
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1. Introduction

Neptune is the most distant planet in the solar system, even
though it most likely did not form at its current location (Levison
& Stewart 2001; Gomes et al. 2004). To improve formation
and evolution models, accurate knowledge of the composition
of the planet atmosphere is required. Neptune is expected to
show strong heavy element enrichment with respect to the pro-
tosolar value (e.g. Hersant et al. 2004). For instance, the strong
enrichment in carbon and oxygen is reflected in the high abun-
dances of CHy (Baines et al. 1995) and CO (Marten et al. 1993;
Lodders & Fegley 1994). However, despite Neptune’s strong in-
ternal heat source (Pear]l & Conrath 1991) the upper tropospheric
temperatures are low enough to prevent several species, such as
H,0, from reaching observable altitudes. It was therefore a sur-
prise when Marten et al. (1993) and Feuchtgruber et al. (1997)
identified condensible species such as HCN, H,O, and CO; in
Neptune’s stratosphere. The first detection of HCN (along with
CO) in the atmosphere of Neptune was obtained by Marten et al.
(1993) with a mole fraction (1 = 0.3) x 1072 above its conden-
sation level, while Rosenqvist et al. (1992) derived a value of
(3 + 1.5) x 1071°, Since transport of HCN from the deep atmo-
sphere through the tropopause “cold trap” is unlikely, it must
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be either delivered through cometary impacts or be produced lo-
cally in the stratosphere through photochemical pathways, which
in turn require availability of atomic nitrogen. Therefore, the ex-
planation of the observed abundance of HCN and its vertical
profile depends on the external/internal origin of the N atoms
in the stratosphere. So far, the two scenarios investigated involve
a transport of escaping N atoms from the moon Triton and/or
a transport of N, during upwelling events with subsequent pho-
todissociation by the solar EUV photons or galactic cosmic rays.
Lellouch et al. (1994) analyzed IRAM 30 m observations and
inferred a stratospheric constant value of (3.2 + 0.8) x 10710
at 2 mbar and a sharp decrease at the condensation level. Using
detailed photochemical modeling, they concluded that both in-
ternal and external sources of nitrogen are viable. To better con-
strain the HCN vertical profile, Marten et al. (2005) performed
new observations of Neptune in 1998 and simultaneously de-
rived HCN and the temperature profile from a CO line. These
results were consistent with the HCN mole fraction measured
back in 1991, but the vertical profile showed a pronounced un-
dersaturation starting as high as 0.2 mbar.

Other possible exogenic sources of nitrogen for Neptune
must also be considered: 1) interplanetary dust particles
(Landgraf et al. 2002), which result from comet activity and
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asteroid collision; and 2) large-comet impacts (Lellouch et al.
1995). For CO, for instance, the comet source has been demon-
strated in Jupiter (Bézard et al. 2002), and proposed for CO in
Saturn (Cavalié et al. 2010) and Neptune (Lellouch et al. 2005),
while the situation remains unclear at Uranus (Cavalié et al.
2014).

In the present work, we aim to retrieve new constraints on the
HCN vertical profile from high signal-to-noise ratio (S/N) obser-
vations. A second goal is to determine whether there has been
any temporal variability of HCN since it was last observed in
1998 (Marten et al. 2005). Most sources of atomic nitrogen in the
stratosphere can be subject to variability associated with 1) dy-
namical perturbation from the deep interior (Orton et al. 2007);
or 2) the geologic/volcanic activity on Triton (Brown et al. 1990;
Grundy et al. 2010); and 3) the vertical and horizontal mixing
after a comet impact (e.g., Cavalié et al. 2013, in Jupiter). Such
events might be reflected in the vertical profile of HCN or in its
mean stratospheric abundance.

The paper is structured as follows: Sect. 2 focuses on the ob-
servations. Section 3 gives a description of the forward model
and presents the data analysis. Section 4 details the inversion
approach and provides a full error analysis. Results are summa-
rized and discussed in Sect. 5.

2. Observations

The HCN (J = 3-2) rotational transition at 265.886 GHz was
observed in Neptune using the 10 m Submillimeter Telescope
(SMT; Baars & Martin 1996; Baars et al. 1999) located at
the Mount Graham International Observatory. The observa-
tions were performed with the 1.3 mm sideband separating
superconductor-insulator-superconductor (SIS) receiver. This
receiver enabled us to observe horizontal vertical polarizations
simultaneously and to improve the S/N by averaging both po-
larizations. We used the Forbes filterbanks (FIM and FQM)
with resolutions of 1 MHz and 250 kHz, the chirp transform
spectrometer (CTSB) with a resolution of 40 kHz (Hartogh &
Hartman 1990), and the acousto-optical spectrometers (AOSA,
AOSB and AOSC) with resolutions of 934, 913, and 250 kHz,
respectively.

The observations were carried out on 12—13 and 28-29 April
2012 with generally good observing conditions (7 = 0.2). The
angular diameter of Neptune was 2.3 arcsec, and the subob-
server latitude was ~28°S. First, the standard position-switching
observing mode was used, and a reference sky position sepa-
rated from Neptune by 0.5" was observed for the same amount
of time and subtracted from the onsource observations for the
first 10 scans on 12 April. The dual beam-switching observ-
ing mode was used thereafter. We used 8-min scans in both ob-
serving modes. The average system temperature of the receiver
was 320 K with ~15% fluctuations during the observing period;
the total observing time was 22.5 h.

The HCN (J = 3-2) raw spectra obtained with the Forbes
filterbank at 1 MHz resolution are shown in Fig. 1. Individual
exposures were co-added according to statistical weights pro-
portional to the inverse square of the system temperature.

A weak baseline ripple was present in the measured data and
was removed as part of the post-processing routine. For this pur-
pose we used the empirical mode decomposition (EMD) proce-
dure (Huang et al. 1998; Battista et al. 2007) that decomposes
the original signal into all oscillatory modes captured in the sig-
nal, the so-called intrinsic mode functions (IMF). These include
the highest frequency, (noise), as well as the lowest, (baseline),
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Fig.1. Antenna temperature spectra of the HCN (J =
265.886 GHz on Neptune at a resolution of 1 MHz.

3-2) at

components. The IMFs have two convenient properties: 1) the
IMFs are additive; and 2) no information is lost in the process
of extracting them. Hence, we can simply subtract the baseline
ripple from the data as well as the highest frequency IMF that
is generally associated with the random noise component (more
discussion in de Val-Borro et al. 2012). The root-mean-square
(rms) of the de-noised 1 MHz spectra is about 30% lower, which
yields a final S/N of about 20.

3. Data analysis
Forward model

We used a line-by-line code (Jarchow & Hartogh 1995), that
has previously been used for the analysis of the Herschel/HIFI
observations (Hartogh et al. 2010a,b) as well as ground-based
observations (Rengel et al. 2008a,b). A spherical geometry was
assumed and limb emissions were included. The smearing ef-
fect caused by the 16-hour planet rotation was taken into ac-
count. The HCN collisional half-width coefficients with H, and
He come from the data in Table III of Rohart et al. (1987). The
collision-induced absorption by H,—H,, H,—He, and H,—CHy,
which dominates the continuum opacity was calculated with
the model of Borysow et al. (1985, 1988), and Borysow &
Frommhold (1986). The individual opacity sources were as-
sumed to have a constant profile with H, and He volume mix-
ing ratios (quoted with uncertainty) of 83.13;;% and 14.9f%z%%
(Burgdorf et al. 2003), respectively. The CHy is not entirely
trapped below the tropopause. Sporadic upwelling events al-
low CHy4 to penetrate into the stratosphere at the south pole.
The estimates from disk-averaged measurements range be-
tween ~0.13-0.8% (Lunine 1993; Orton et al. 2007). The most
recent results of the Herschel/PACS data analysis are consistent
with a stratospheric volume mixing ratio of CHy4 at 0.15+0.02%
(Lellouch et al. 2010). A constant CH4 volume mixing ratio
of 2% was taken for p > 1.5 bar (Lindal 1992; Baines et al.
1995).

The disk-averaged kinetic temperature profile in the strato-
sphere of Neptune is not known precisely and the reported vari-
ations probably reflect meteorological processes that skew the
disk-averaged estimates. Several published profiles are shown
in Fig. 2. In this work the profile based on Feuchtgruber et al.
(2013) was used, which is very similar to that derived by
Marten et al. (2005) (up to 0.6 mbar) from inversion of the
CO spectra. The data on HCN line strength were taken from
the JPL Molecular Spectroscopy catalogue (Pickett et al. 1998).
The line shape was modeled with the Voigt function.
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Fig. 2. Disk-averaged kinetic temperature profiles obtained from sev-
eral different observations during the past 20 years. The largest dif-
ferences are on the order of 5 K around tropopause, but increase to
more than 15 K at 1 mbar. The temperature profile retrieved by Marten
et al. (2005) is shown in red. In our analysis, we use the profile from
Feuchtgruber et al. (2013) plotted with a thick black line with squares.

Retrieval approach

The HCN (J = 3-2) line is optically thin, with optical depth at
line center 0.12 for a nadir geometry, but becomes moderately
optically thick (<10) for limb rays. The vertical extent across
which we can obtain information on the HCN is governed by
the so-called Jacobians (Rodgers 2000), defined as a derivative
of intensity with respect to the mole fraction. These are shown
in Fig. 3 at several frequency offsets from the line center as a
function of pressure level and height above the 1-bar level. It
should be noted that these are disk-averaged, hence truly re-
flecting the vertical extent of sensitivity of the observations to
the HCN mole fraction. The line center shows sensitivity ex-
tending up to 350 km, but the vertical resolution in general is
rather poor, as demonstrated by the strongly overlapping peaks.
The HCN profile was set to zero below its condensation level
(110 km, 3 mbar), which is the lowest level of sensitivity to
HCN. The radiances coming from below this level are domi-
nated by the continuum, and for this reason the Jacobians are
not displayed for the entire pressure range in Fig. 3.

Our retrieval approach relies on a full parameter search that
minimizes the y? of differences between measured and calcu-
lated radiances for a total of 40 000 profiles. The HCN vertical
distribution is assumed to take a form g(z) = 0.5A4;x(1 +tanh[(z—
A3)/(2A3)]), where A; controls the constant mole fraction above
the condensation level, A, is the height where it starts decreas-
ing, and Aj is the parameter describing the slope of decay be-
low the level described by A,. This parametrization captures the
physics of the HCN profile well and requires only three parame-
ters to be retrieved.

4. Results

4.1. Retrieval results

The best fit was obtained for the following HCN profile parame-
ters: A; = 1.32x 107, Ay = 174 km (0.5 mbar), and A3 = 5 km.
The best-fit profile (black line) and associated 1o~ noise uncer-
tainty (dark-gray shading) and lo total uncertainty (light-gray
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Fig. 3. Disk-averaged Jacobians for various frequency offsets with re-
gard to the HCN line center assuming a 1 X 10~ constant HCN mole
fraction above the condensation level (3 mbar). The curves are normal-
ized to the highest value. The rotational smearing leads to much nar-
rower peaks that reach maximum at ~175 km for the line center fre-
quency. Pure pencil-beam Jacobians for the nadir geometry at the line
center peak at around 250 km (not shown).
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Fig. 4. HCN mole fraction profile obtained with the best fit to the data
(thick black line). Other possible profiles fitting the data based on the x?
within 1o noise are shown as the shaded (dark gray) envelope, and the
total 1o~ uncertainty plotted in light gray. For comparison, we show the
profiles of Lellouch et al. (1994) (thick orange) and Marten et al. (2005)
(thick green) along with their estimated uncertainties (shaded regions of
the respective colors).

shading) are shown in Fig. 4. The comparison of the best-fit
model with the measurement (along with 10~ noise) are presented
in Fig. 5. The retrieved HCN mole fraction shows a pronounced
undersaturation in the stratosphere starting at about 0.5 mbar,
well above the condensation level, and the stratospheric nom-
inal value is consistent with that of obtained by Marten et al.
(2005). The corresponding column density is (2.2 + 0.1) X
10" molecules cm~2. It should be kept in mind that no con-
densation level was specified a priori, as done by other in-
vestigators, and we show only profiles derived with our three-
parameter description of the HCN profile. The information on
the HCN profile below the 1-mbar level comes from the line
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Fig. 5. Top panel: measured radiance as the line-to-continuum ratio with
1o noise error bars (blue) and the radiances calculated for the accept-
able solutions for the three-parameter HCN profile. The bottom panel
show the residual (measured — synthetic) radiances, and the dashed hor-
izontal lines are the 1o limits of measurement noise.

Table 1. Best-fit values and associated 1o uncertainties.

A;x 1071 A, (km) Ajz (km)
Best-fit parameters: 13 174 5
Random noise: 0.9 4 3
Calibration: 3 5 4
Coll. broadening: 4 10 2
Temperature/pressure: 2 5 2
Quadratic average: 6 13 6

wings (|f — fo| > 15 MHz), where the S/N approaches 1, and
hence this information is poorly constrained by the measure-
ment. Below this region, the profile could slowly join the con-
densation level without significantly changing the fit.

4.2. Error analysis

The total uncertainty in the retrieved parameters has both ran-
dom and systematic components, where the latter are domi-
nant for these observations. The random uncertainty component
stems primarily from the thermal noise. The systematic un-
certainty sources are 1) the spectral line parameters, includ-
ing the collisional half-width; 2) the thermal and pressure pro-
files; and 3) data calibration. The uncertainty in the retrieved
HCN profile is estimated by varying a given parameter within its
range of uncertainty and again retrieving the three parameters.
The HCN (J = 3-2) line strength has an estimated un-
certainty of 5% (difference between HITRAN, GEISA, and
JPL line catalogs), which results in a negligible difference in
the line amplitude modeling. However, the pressure broaden-
ing half-width parameters for H, and He are accurate only to
within ~40% (Rohart et al. 1987) and this strongly impacts
the line profile. The variability of temperature profiles in the
stratosphere (Fig. 2) has a negligible effect on the retrieved
HCN profile. The tropopause value of temperature/pressure can
influence the line/continuum ratio through hydrostatic effects.
We took the most different temperature profile (that of Fletcher
et al. (2010)), and repeated our retrieval to infer the related un-
certainty. Finally, a conservative data calibration error of 10%
was assumed, which includes the continuum calibration. Our
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baseline ripple removal procedure has no significant effect on
the final calibration uncertainty.

5. Summary and discussion

New observations of HCN emission from the stratosphere
of Neptune were obtained with the SMT in April 2012,
nearly 14 years after the last reported observations of Marten
et al. (2005). These measurements were used to retrieve the
HCN vertical profile, specifically, the stratospheric mole fraction
and the altitude below which the profile starts to decrease. The
mean stratospheric HCN mole fraction is consistent with that
obtained by Marten et al. (2005), confirming that the values de-
rived by Rosengqvist et al. (1992) and Lellouch et al. (1994) were
about a factor of 3 too low. The main result is the confirmation
that the HCN profile sharply decreases below the 0.5 mbar level,
that is, well above the condensation level.

The next step to take is to reproduce the main vertical pro-
file features retrieved from observations with a photochemical
model (Dobrijevic et al. 2010; Hébrard et al. 2012) to test vari-
ous possible sources for N. In addition, mapping the HCN emis-
sion across Neptune may reveal an inhomogeneous distribution
of HCN, which might result from a recent comet impact (e.g.
Cavalié et al. 2013, for H,O in Jupiter’s stratosphere) or from a
local source, for instance, Triton (e.g., Hartogh et al. 2011, for
Saturn).

The HCN observations do not reveal any significant temporal
variability since the 1998 observations of Marten et al. (2005).
However, given the long orbital period of Neptune (165 years),
a periodic monitoring remains highly desirable in the future, be-
cause it might unveil long-term seasonal variations or long-term
aftermaths of a comet impact.
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