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ABSTRACT

Dedicated line observations of CH, rotational lines performed with Herschel/PACS and HIFI in 2009-2011 provide new inferences
of the mean methane profile in the upper tropospheres and stratospheres of Uranus and Neptune. At Uranus, CH, is found to be near
saturation, with a ~9 x 10~* tropopause/lower stratosphere mole fraction. This is nominally six times larger than inferred from Spitzer
in 2007, although reconciliation may be possible if the CH, abundance decreases sharply from ~100 to 2 mbar. This unexpected
situation might reflect heterogeneous conditions in Uranus’ stratosphere, with local CH4 depletions and heating associated with
downwelling motions. Higher CH, abundances compared to values inferred under solstitial conditions by Voyager in 1989 suggest that
atmospheric mixing is effectively subdued at high latitudes and/or is time-variable. At Neptune, the mid-stratosphere CH, abundance
is (1.15 + 0.10) x 1073, in agreement with earlier determinations and indicative of either leakage through a warmer polar region or
upwelling at low or middle latitudes. On both planets, spatially resolved observations of temperature and methane in the stratosphere

are needed to further identify the physical processes at work.
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1. Introduction

Methane is the third most abundant species in the observable
atmosphere of the giant planets and the starting point of hy-
drocarbon photochemistry. In Uranus and Neptune, the methane
deep abundance is large (several percent), but condensation in
the upper troposphere reduces the amount of stratospheric CHy
available to photolysis to much lower values, and a further lim-
itation in Uranus is associated with the low (~0.05 mbar) ho-
mopause. In a simplistic view, CH4 would be vertically and
horizontally uniform up to its condensation level near 1.5 bar,
then follow a saturation profile up to the tropopause, thereby
determining its stratospheric abundance. Previous observations
at a variety of wavelengths have revealed a more complex pic-
ture. Despite nearly identical globally averaged tropopause tem-
peratures, stratospheric CHy is strongly enhanced in Neptune
vs. Uranus (Baines & Hammel 1994). Furthermore, both plan-
ets exhibit nonuniformly mixed, subsaturated, and latitudinally
variable CHy profiles below the 1.5 bar level (Karkoschka &
Tomasko 2011; Sromovsky et al. 2014). These findings indicate
that non-1D and presumably seasonally variable processes are
at work, such as upwelling and downwelling convective cells

* Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with
important participation from NASA.

Article published by EDP Sciences

transporting CHy-rich or depleted air, or “leakage” of CH,4 gas
into the stratosphere from locally warm regions.

The operation of Herschel (Pilbratt et al. 2010) in 2009-2013
offered an opportunity to measure the CH; abundance in a
new range (far-IR/submm) that has several advantanges, such
as (i) the weak dependence of the emitted radiation with
temperature; (ii) the absence of scattering effects that affect
short-wavelength observations; and (iii) the possibility to spec-
trally resolve individual lines, using heterodyne spectroscopy.
Although Uranus and Neptune were not spatially resolved by
Herschel, these measurements provide a characterization of
the mean CHy vertical profile in these bodies and the associ-
ated physics and establish a benchmark for seasonal variability
studies.

2. CH,4 observations

Scientific observations of Uranus and Neptune by Herschel
consisted of a combination of full-range spectroscopy with
the Photoconductor Array Camera and Spectrometer (PACS,
Poglitsch et al. 2010) and the Spectral and Photometric
Imaging Receiver (SPIRE, Griffin et al. 2010), mostly ac-
quired within the Herschel solar system observations (HssO,
KPGTpharto@1_1) guaranteed time key program (Hartogh et al.
2009), and targeted line observations with PACS and the
Herschel Heterodyne Instrument for the Far-Infrared (HIFI,
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Table 1. Summary of observations.

Object Obs. ID Program Instrument/Mode Start time Tobs Range Resolving
[UTC] [min] power
Uranus 1342199899  KPGTpharto®1_1 PACSLineSpec 2010-07-06 10:26 111 118.4-121.0 um 1050
Uranus 1342199890 KPGTpharto®1_1 PACSLineSpec 2010-07-06 12:19 111 158.1-160.3 um 1300
Uranus 1342237588  OT1_rmoreno_2 PACSLineSpec 2012-01-17 10:29 614 158.3-160.3 um 1300
Neptune 1342186539  OT1_rmoreno_2  PACSRangeSpec  2009-10-30 08:53 151 120-171 ym 1300
Neptune 1342186571 KPGTpharto®1_1 PACSLineSpec 2009-10-31 14:35 82 118.4-120.9 um 1050
Neptune 1342233296  OT1l_rmoreno_2 HIFIPoint 2011-11-29 06:32 421 1881.6-1883.4 GHz 10°

de Graauw et al. 2010) for some species of interest (e.g., H,O,
CO, CHy,), acquired both within HssO and open time (OT) pro-
grams — see, for instance, Cavalié et al. (2014). Dedicated obser-
vations of CHy4 targeted the J = 6-5 and J = 8—7 multiplets at
159.3 and 119.6 um, respectively. Early PACS observations of
Neptune within HssO provided easy detections of the CHy4 lines
(Lellouch et al. 2010), warranting a more detailed, spectrally re-
solved investigation with HIFI. At Uranus, in contrast, initial
PACS observations of J = 6-5 and J = 8-7 led to only marginal
detections, requiring much deeper integrations. These follow-up
observations of CHy with HIFI at Neptune and PACS at Uranus
were obtained within the OT1_rmoreno_2 program, targeting in
both cases the J = 6-5 multiplet. Observational details of all the
targeted observations are given in Table 1.

PACS observations were carried out in chopped-nodded line
spectroscopy modes. They were processed by standard PACS
pipeline modules up to Level 1. Additional steps in the data re-
duction included the removal of signal outliers on the individ-
ual spectra pixels and the rebinning of data on an oversampled
wavelength grid (see details, e.g., in Lellouch et al. 2010). Given
the apparent sizes of about 3.5” (Uranus) and 2.3” (Neptune),
only the 9.4” x 9.4” central PACS spaxel was considered, and
the spectra were divided by their local continuum, removing
absolute flux calibration uncertainties.

HIFI observations of Neptune were conducted in position-
switch mode. They covered the 1881.6-1883.4 GHz range,
which includes several components of the CHy J = 6-5 multi-
plet. As for PACS, the HIFI beam (11.2"" at 1882 GHz) entirely
encompassed Neptune. The spectral resolution was 1.1 MHz
(Wide Band Spectrometer), but since lines are smeared by the
planet rotation (equatorial velocity =2.66 kms™'), data were
smoothed to Av = 12 MHz (i.e., 1.9 kms~! at 1882 GHz) to en-
hance the signal-to-noise ratio (S/N). Data reduction was carried
out using the Herschel data reduction software HIPE, version 8.1
(Ott 2010). Additional baseline removal (simple sine function)
was applied. Data were also expressed in line-to-continuum
ratios to eliminate the effect of pointing and beam efficiency
uncertainties.

3. Modeling and results

Observations were analyzed by means of standard radiative
transfer codes (Lellouch et al. 2010; Moreno et al. 2012; Orton
et al. 2014a), in which the outgoing radiance was integrated over
all emission angles, including H,-He-CHj, collision-induced ab-
sorption (CIA; see, e.g., details in Orton et al. 2014a), and
the CHy line opacity based on spectroscopic parameters from
Boudon et al. (2010). The CO line opacity was included for
Neptune.
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3.1. Uranus

Orton et al. (2014a,b) used a high-quality Spitzer IRS spec-
trum to obtain the most recent and detailed characterization
of Uranus’ mean thermal structure and composition. The ther-
mal structure, which we adopt here, was determined by the
requirement to match the 9-20 ym CIA continuum, as well
as the Hy S(1)-S(4) quadrupole lines. We note that the asso-
ciated continuum model is also consistent, to within +3% at
most, with Herschel SPIRE spectroscopy over 200-670 yum (it-
self calibrated on Mars Swinyard et al. 2014). The 7.4-9.5 um
range was then used to determine the CH, vertical profile, de-
scribed by physics-based diffusion models in which free param-
eters are the tropopause CH4 mole fraction (fcy,) and the strato-
spheric eddy diffusion coefficient (K,;), which was assumed to
be constant with altitude. The best fit was obtained for fcy, =
(1.6*3%) x 107 (corresponding to 23% relative humidity (RH))

and K. = 24307100 cm?s™". In the troposphere, the CH, pro-
file smoothly joins to a deep mole fraction that is assumed to
be 3.2%, following Karkoschka & Tomasko (2009), at some ad-
justable pressure that is found to be equal to 1.78 = 0.20 bar for
the best fit.

The spectrally resolved Herschel/PACS spectrum provides
independent constraints on the CHy profile. First, the lack of
emission in the core of the 159.3 ym multiplet implies a sharp
decrease of CHy at pressures lower than ~1 mbar, associated
with the low homopause. Second, the depth and width of the
absorption feature determine the CH4 mole fraction to be about
1 x 107* near the 200 mbar level — inconsistent with the Spitzer-
preferred profile (Fig. 1). Orton et al. (2014b) proposed addi-
tional solution fits invoking lower K, and higher fcpgs values.
Continuing with this sort of models, the PACS line can be fit
with K, = 1020 cm?s™! and fcy, = 9.2 x 1075. However, this
solution implies 115% CH,4 global humidity at the tropopause
and overpredicts the 7.7 um emission in the IRS data (Fig. 3).
We constructed an empirical CH, profile by smoothly decreasing
the RH from the saturation level to a pressure of 800 mbar, with
a constant RH between 800 mbar and 100 mbar, and a constant
log-log slope with pressure above the 100-mbar level. A good fit
of both the PACS and IRS spectra (Figs. 2 and 3) was obtained
for a 75% RH over 100-800 mbar, indicating a 4.7 X 1073 mole
fraction at the 89 mbar temperature minimum (7 = 52.4 K),
smoothly joining to 1.6 x 107> at 2.5 mbar (Fig. 1). Weighting
functions (WF) calculated for this best fit profile, in the CHy line
core (159.3 um) and wing (159.0 yum) and convolved to PACS
resolution, are shown in Fig. 1, after subtraction of the contin-
uum WEF. They illustrate that the CHy4 line mostly probes the 0.1—
0.6 bar range. The fit of the PACS spectrum is thus not particu-
larly sensitive to the CHy slope in the stratosphere, but the latter
permits maintaining a good fit of the Spitzer 7.4-9.5 um range
(Fig. 3). As discussed below, this empirical profile is unlikely
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Fig. 1. Temperature (solid black line) and CH, profiles in Uranus.
Red and green profiles are based on diffusion models. The blue curve
is the empirical profile that simultaneously matches Herschel/PACS
and Spitzer/IRS (see text). The thin dotted (dashed-dotted) line shows
weighting functions in the core — 159.3 ym (wing — 159.0 um) of
the CHy line at PACS resolution, calculated for this solution profile.
The Spitzer/IRS spectrum (Fig. 3) also constrains the CH, profile in the
region of ~0.1 mbar.
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Fig.2. CH; J = 6-5 multiplet at Uranus, observed with PACS. The
spectral resolution is 64 = 0.12 um (4/64 ~1300). Observations are
compared to models with the three CH, distributions shown in Fig. 1.

to represent the actual methane profile at all locations in the
stratosphere of Uranus, and instead probably reflects the inter-
play of spatial heterogeneities in stratospheric temperatures and
methane abundances.

3.2. Neptune

Previous analyses of the Neptune PACS spectrum (Lellouch
et al. 2010; Feuchtgruber et al. 2013) have made use of thermal
profiles from earlier work, tuned to match the appearance of the
R(0) and R(1) HD lines detected in that spectrum (Feuchtgruber
et al. 2013 also included the HD R(2) line measured by ISO).
These profiles were however not consistent with each other
(with, e.g., a ~4 K difference at the tropopause). Here, we used
a temperature profile (Fig. 4) constrained by a broader combina-
tion of data, including the SPIRE 200-670 yum spectrum, the ISO
continuum (Burgdorf et al. 2003), ground-based measurements
over 17-23 um (Orton et al. 1992), and the PACS HD lines,
adopting the profile reported by Fletcher et al. (2010) in the
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Fig. 3. Spitzer spectrum of Uranus in the 1050-1350 cm™ (7.4-9.5 um)
range from Orton et al. (2014b), compared to models with the CH, dis-
tributions of Fig. 1 (same color codes are used).

stratosphere at p < 1 mbar. Our P(T) profile is identical to
that of Lellouch et al. (2010) at p > 300 mbar, and 1-2 K
colder over 3—100 mbar. On the other hand, it is significantly
warmer (by 3—4 K at all levels) than the profile obtained by
Feuchtgruber et al. (2013). The near-tropopause (100 mbar) tem-
perature is 53.5 K, slightly lower than determined by Fletcher
et al. (2014) from various imaging and spectroscopic datasets
over 2003-2007. We note that our adopted profile also permits a
fit to the CO lines in SPIRE and ground-based observations with
broad bandwidth (Moreno et al., in prep.).

The HIFI observations (Fig. 4) spectrally separate and re-
solve the J = 6-5 multiplet into four individual emission
features, which altogether constrain the CH4 vertical profile
over 0.5-30 mbar. PACS observations of the same line extend
the probed region down to the tropopause, and the lack of ab-
sorption in this line (Lellouch et al. 2010) precludes CH4 from
being uniform in the lower stratosphere. The best-fit CHy profile
(Fig. 4) has a (1.15 + 0.10) x 1073 mixing ratio at 20 mbar and
above, decreasing toward the tropopause according to local satu-
ration. The upper stratospheric mixing ratio appears intermediate
between previous determinations from Akari — (0.9 +0.2) x 1073
(Fletcher et al. 2010) and the early PACS-derived abundance —
(1.5 + 0.2) x 1073 (Lellouch et al. 2010). Consistency with
Spitzer/IRS data is deferred to future work, after those data are
published on their own.

4. Discussion

Uranus. Based on HST/STIS observations of Uranus,
Karkoschka & Tomasko (2009) found unexpected latitudi-
nal variations of tropospheric CHy4, which they interpreted
as being due to variations of the “deep” (1-3 bar) CH4 mole
fraction (from 0.014 to 0.032), with a common profile above
the one-bar level, having ~48% RH near 1 bar and about
five times less at the tropopause. In an updated interpretation
(Karkoschka & Tomasko 2011), methane profiles were de-
scribed with a variable latitude slope over 1-3 bar (see their
Fig. 10). The best-fit profile from Spitzer/IRS (Orton et al.
2014b) was similar to the Karkoschka & Tomasko (2011)
profile at 33°S. In contrast, PACS observations imply that the
atmosphere of Uranus is significantly more rich in methane at
altitudes above the one-bar level. More specifically, the PACS
spectrum can be fit with fog, = 9.2 x 1075 at the tropopause,
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Fig. 4. PACS (top) and HIFI (bottom left) observations of Neptune compared to models with varying mid-stratospheric CH, mixing ratios. Bottom
right panel: atmospheric model. Solid lines: temperature (black) and CH, (blue) profiles. Dashed lines: contribution functions for the CH, J = 6-5
1882.0 GHz line (at HIFI resolution) and for the J = 6-5 (159.3 um) and J = 8-7 (119.6 um) multiplets (at PACS resolution).

corresponding to 115% RH for the global average temperature
profile. This is inconsistent with inferences at the Voyager 2
radio-occultation locations (Lindal et al. 1987; Sromovsky
et al. 2011), which do not indicate tropopause CH; mole
fractions anywhere near saturation. We note, however, that a
factor-of-1.15 supersaturation is equivalent to a temperature
difference of only ~0.4 K, so that mild spatial temperature
heterogeneities and/or convective overshooting from upwelling
regions could explain the elevated CH4 mole fractions. Such
a profile still overpredicts the Spitzer/IRS-measured 7.7 um
CH,4 emission (Fig. 3). Reconciliation (and alleviation of the
supersaturation) can be achieved by invoking a CHy profile that
declines by a factor of five from 100 to 2 mbar, but at least in
a 1D description, such a non-uniform profile is not expected in
a region dominated by eddy transport and where no effective
chemical loss is at work. A possibility is that the apparent CHy
vertical profile reflects spatial heterogeneities in stratospheric
temperatures and methane abundance, bearing in mind that the
short-wavelength Spitzer data are more heavily weighted toward
warmer regions of the planet (while the Herschel data probe
more globally averaged conditions). In the simple picture where
the CHy stratospheric abundance is determined by the cold trap
temperature, it may seem counter-intuitive to associate these
warmer regions with lower CH4 amounts. However, warm re-
gions may be caused by local adiabatic heating due to localized
downwelling motions. By effectively acting against the mixing
from below, these vertical winds would locally decrease the CHy4
stratospheric amounts, possibly leading to non-uniform profiles
similar to the one we infer. These downward winds would
also tend to smooth out the positive vertical gradients of the
hydrocarbon profiles. These possibilities cannot be verified for
the time being because we lack spatially resolved measurements
of the thermal emission field from Uranus. Future observations,
in particular from JWST/MIRI thermal spectro-imaging data,
are expected to shed light on these scenarios.
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The recent observations from Spitzer and Herschel sample
near-equinoctial conditions (subsolar latitude 8 ~ 0° in 2007
and 8 ~ +15° in 2011), in contrast with the epochs of Voyager
(B ~ —80° in 1986) and ISO (B ~ —40° in 1997). Our CHj strato-
spheric abundance exceeds the values or upper limits inferred
from Voyager, especially at high latitudes (Yelle et al. 1989),
while being reasonably consistent with the upper limit from ISO
(Encrenaz et al. 1998). This supports the view (Yelle et al. 1989;
Moses 2008; Orton et al. 2014b, and references therein) that ver-
tical transport depends on latitude, with global circulation ef-
fectively decreasing the strength of atmospheric mixing in the
stratosphere at high latitudes. This picture could be consistent
with the decrease of the upper tropospheric methane from equa-
tor to pole (Karkoschka & Tomasko 2009; Sromovsky et al.
2014), possibly caused by upward transport of CHy-rich air at
low latitudes and downward motion of CHy-dessicated air over
the poles, provided that these cells extend into the stratosphere.
Time variability of the convective activity, being more developed
near Equinox, is also possible and is supported by the surge of
cloud activity near equinox — except at high southern latitudes
(Sromovsky et al. 2012).

Neptune. At Neptune, the mid-stratosphere methane mixing
ratio is about eight times greater than allowed by the mean 56 K
cold trap, but otherwise follows saturation at the local tempera-
ture over 20—100 mbar. The enhanced (~0.0012) CH4 mixing ra-
tio, consistent with saturation at ~59 K, may be due to (i) “leak-
age” through a warm tropopause at high southern latitudes,
where temperatures of 62-66 K have been observed in 2003
(Orton et al. 2007); (i) upwelling and/or convective overshoot-
ing, at either equatorial (Karkoschka & Tomasko 2011) or mid-
dle latitudes (de Pater et al. 2014). Based on multiwavelength ob-
servations and extending over scenarios by Bézard et al. (1991)
and Conrath et al. (1991), de Pater et al. (2014) and Fletcher et al.
(2014) proposed a hemispherically symmetric circulation pat-
tern covering a very broad (>10-bar to <1 mbar) vertical range,
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with rising (and cooling) air at mid-latitudes and subsidence
over the poles and equator. If true, this scenario, might argue
against the “polar leakage” hypothesis. We note, however, that it
does not seem consistent with the equator-to-pole decrease in the
CH, tropospheric abundance (Karkoschka & Tomasko 2011).
Furthermore, the consistency of the CHy stratospheric profile
with local saturation may instead favor the leakage idea, as one
might expect dynamical scenarios to lead to a vertically more
uniform (or uncorrelated with temperature) abundance profile.
An important missing piece to the puzzle — also needed to inter-
pret the surprisingly latitudinally uniform stratospheric emission
from Neptune (Greathouse et al. 2011; Fletcher et al. 2014) —is
the latitudinal distribution of stratospheric CH4 and its putative
correlation with the temperature field.
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