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Abstract

We present a comparison of VLT-VISIR images and Keck-NIRC2 images of
Neptune, which highlight the coupling between its troposphere and stratosphere.
VLT-VISIR images were obtained on September 16th 2008 (UT) at 7.90
um and 12.27 pum, which are primarily sensitive to 1-mbar CH, and CyHg

emission, respectively. NIRC2 images in the H band were obtained on
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October 5th, 6th and 9th 2008 (UT) and sense clouds and haze in the upper
troposphere and lower stratosphere (from approximately 600 to 20 mbar).
At 7.90 um, we observe enhancements of CHy emission in latitude bands
centered at approximately 25°S and 48°S (planetocentric). Within these
zonal bands, tentative detections (< 20) of discrete hotspots of CH4 emission
are also evident at 24°S, 181°W and 42°S, 170°W. The longitudinal-mean
enhancements in the CH, emission are also latitudinally-coincident with
bands of bright (presumably CH, ice) clouds in the upper troposphere and
lower stratosphere evidenced in the H-band images. This suggests the Neptunian
troposphere and stratosphere are coupled in these specific regions. This could
be in the form of 1) ‘overshoot’ of strong, upwelling plumes and advection of
CHy ice into the lower stratosphere, which subsequently sublimates into CHy
gas and/or 2) generation of waves by plumes impinging from the tropopause
below, which impart their energy and heat the lower stratosphere. We
favor the former process since there is no evidence of similar smaller-scale
morphology in the CoHg emission, which probes a similar atmospheric level.
However, we cannot exclude temperature variations as the source of the
morphology observed in CH, emission. Future, near-infrared imaging of
Neptune performed near-simultaneously with future mid-infrared spectral
observations of Neptune by the James Webb Space Telescope would allow
the coupling of Neptune’s troposphere and stratosphere to be confirmed and
studied in greater detail.
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1. Introduction

Neptune’s troposphere is highly dynamic. Previous ultraviolet to near-infrared
measurements of Neptune have demonstrated a wealth of variable phenomena

in its upper troposphere. These include a series of dark oval features, the

largest of which is denoted ‘the Great Dark Spot’ (Hammel et al., 1995; Smith

et al., 1989; Sromovsky et al., 2001; Wong et al., 2018), latitudinal banding

related to the distributions of haze and methane humidity (Karkoschka and

Tomasko, 2011; Karkoschka, 2011) and cloud phenemona (Roddier et al.,

1998, 2000; Max et al., 2003; Gibbard et al., 2002, 2003; Irwin et al., 2011)

with variability on daily to annual timescales (Sromovsky et al., 1995, 2001;

Lockwood and Jerzykiewicz, 2006; Hammel and Lockwood, 2007; Luszcz-Cook
et al., 2010).

The extent to which Neptune’s stratosphere is dynamic and/or coupled to
the troposphere is less certain. Neptune’s stratosphere is sensed through
the mid-infrared emission features of CH, and its photochemical products:
CoH,y, CoHy and CoHg (e.g. Gillett and Rieke 1977; Orton et al. 1987, 1992;
Schulz et al. 1999; Fletcher et al. 2010; Greathouse et al. 2011; Fletcher
et al. 2014). At such wavelengths, the effects of seeing and particularly
diffraction, combined with Neptune’s cooler temperatures and small angular
size from Earth, make resolving spatial features a challenge. In general,
the lack of spectral sensitivity and spatial resolution in earlier studies only
allowed the stratosphere of Neptune to be studied in a disk-integrated or
zonal-mean sense (e.g. Conrath et al. 1989, 1991; Bezard et al. 1991; Bézard
et al. 1999; Schulz et al. 1999; Fouchet et al. 2003; Meadows et al. 2008;
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Lellouch et al. 2015). Nevertheless, such studies revealed a surprising result:
the stratospheric partial pressure of CHy on Neptune (Lellouch et al., 2010,
2015) is larger than its saturation vapor pressure at the tropopause (Baines
and Hammel, 1994; Sanchez-Lavega et al., 2004). This implies gaseous CH,
is being delivered into the lower stratosphere, above altitudes where it would
be expected to condense into CHy ice, as discussed in Stoker et al. (1987)

and Lunine and Hunten (1989).

Only once mid-infrared spectroscopy or imaging was performed on diffraction-limited

8-m- or larger-class telescopes could the spatial structure of Neptune’s stratosphere

be studied. Keck-LWS (Long Wave Spectrometer, Jones and Puetter 1993)
spatially-resolved spectroscopic observations in 2003 first revealed the presence
of enhanced CH, and CyHg emission in its south polar region (de Pater
et al., 2014). This was later confirmed by Gemini-MICHELLE (Mid-Infrared
Echelle Spectrograph, Glasse et al. 1997) measurements in 2005 (Hammel
et al., 2007). VLT-VISIR (Very Large Telescope Spectrometer and Imager
for the Mid-Infrared, Lagage et al. 2004) images of Neptune measured in 2006
similarly revealed the presence of a warm, south polar stratosphere and also
demonstrated the troposphere was bright in mid-infrared emission (Orton
et al., 2007; Encrenaz et al., 2007). The bright south-polar stratospheric
emission was absent from Voyager measurements recorded in 1989 (Fletcher
et al., 2014), as well as Gemini-North-TEXES (Texas Echelon Cross Echelle
Spectrograph, Lacy et al. 2002) spectra measured in 2007 (Greathouse et al.,
2011). This could suggest the southern polar hotspot is a transient phenomenon
and /or it is offset from the pole and happened to be on the opposing hemisphere

at the time of these measurements. However, it is more likely that the bright,
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south polar hotspot was not resolved by the TEXES observations due to
their adopted method of scan mapping Neptune. The geometry chosen for
the scan mapping resulted in only a 0.5” spatial resolution along Neptune’s
central meridian, which is a significant fraction of Neptune’s disk and much
larger than the FWHM of the south polar hot spot. The southern polar
hotspots were first suggested to result from a planetary wave propagating
from the troposphere to the stratosphere (e.g. Orton et al. 2012). The
warmer, tropospheric temperatures were interpreted to allow gaseous CHy,
normally cold-trapped below the ~200-mbar level, to ‘leak’ up into the
lower stratosphere, thereby further enhancing its mid-infrared emission. In
contrast, Fletcher et al. (2014) and de Pater et al. (2014) suggested the
southern polar hotspots were due to adiabatic heating from subsiding air in

a polar vortex.

Fletcher et al. (2014) characterized longitudinal-mean properties of Neptune’s
atmosphere near southern summer solstice from mid-infrared images acquired
at several different telescopes and, de Pater et al. (2014) deduced the global
circulation on Neptune from a comparison of Neptune images at mid-infrared,
near-infrared and radio wavelengths. Mid-southern latitudes were observed
to be dimmer at mid-infrared wavelengths, and near-infrared images highlighted
the prevalence of both spatially-extended and -intermittent clouds between
the 600- and 20-mbar levels. This was interpreted as rising air at mid-southern
latitudes as part of a larger-scale circulation, with the associated adiabatic
cooling resulting in dimmer mid-infrared emission and clouds resulting from
the condensation of CH4. The authors suggest that the stratospheric clouds

may be the tops of anticyclones and that these clouds are connected from
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the troposphere through the tropopause into the stratosphere.

In this work, we present images of Neptune measured by VLT-VISIR in
September 2008 at 7.9 and 12.27 wm (Section 2.1), which respectively capture
stratospheric CHy and CyHg emission. These are a subset of images published
by Orton et al. (2012). In particular, the 7.90-um image was measured during
relatively stable atmospheric conditions and thus the best seeing-limited
spatial resolution. The high spatial resolution, which we attempt to augment
with image deconvolution, has allowed spatial structure in the stratospheric
CH,4 emission to be resolved near the sub-observer point at mid-southern
latitudes. We compare these mid-infrared images with those measured in
the H-band (1.633 um) several weeks later (Section 2.2) in order to compare
the spatial structure in the stratospheric emission with the morphology of

clouds.

2. Observations

2.1. VLT-VISIR

Mid-infrared images of Neptune were measured using the VISIR (VLT Spectrometer

and Imager for the Mid-Infrared, Lagage et al. 2004) instrument on the
8.2-m Melipal telescope at the European Southern Observatory’s Very Large
Telescope. Images were recorded on September 16th 2008 (UTC). We focus
this study on the images measured in the 7.90- and 12.27-pum filters, which

respectively capture Neptune’s stratospheric CH, and Cy;Hg emission predominantly

from the 10- to 0.1-mbar pressure range (Figure B.1).

VISIR’s 256 x 256 pixel array and pixel scale of 0.075” resulted in a total
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field-of-view of approximately 19 x 19” covering Neptune’s 2.34” diameter
disk and background sky. Chopping and nodding were performed in order to
remove sky background emission. For radiometric calibration and measurement
of the point-spread function (PSF) for image deconvolution, similar images
were also measured of HD 216032 (tau Aqr), which is an MOIII star with
absolutely-calibrated mid-infrared radiances (Cohen et al., 1999). Further
details of the VISIR images measured of Neptune and HD 216032 are provided
in Table A.1 of the Appendix.

2.1.1. Image reduction & calibration

The initial reduction, including the A-B subtraction and flatfielding, was
performed using instrument-specific software provided by ESO for the VLT.
Despiking and bad-pixel removal were performed using techniques described
in greater detail in Fletcher et al. (2009). Individual images of Neptune
were then aligned and coadded in order to increase the signal-to-noise ratio.
A Fourier filter was applied to remove high frequency noise. The resulting

images are shown in Figure 1 a, b.

A limb-fitting procedure was used to assign latitudes, longitudes and emission
angles to the images of Neptune, which were then projected cylindrically.
In each latitude band, a quadratic polynomial fit was performed of the
radiance vs. W = co8(femm) distribution (where €qpp, is the emission angle)
in order to correct for the foreshortening and centre-to-limb brightening in
the longitudinal direction. We chose not to perform the correction in the
latitudinal correction in case physical, meridional variations in emission were

removed. Using published fluxes of HD 216032 between 8.0 and 24.5 pum
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in discrete filters (Cohen et al., 1999), the flux values in the 7.90- and
12.27-um VISIR filters were estimated by linear interpolation. Circular
photometry was performed on the images of HD 216032 to calculate the total
counts measured from the star, with respect to the background. Radiometric
calibration scale factors were derived in order to convert the images of Neptune
into units of spectral radiance (also taking into account differences in the total
exposure time and airmass). Figures 1 ¢ and d show the cylindrically-projected
and absolutely-calibrated images in brightness temperature units. We find
that the ranges in brightness temperature of the calibrated images are consistent
with previous studies of Neptune at similar wavelengths and epochs (Orton
et al., 2007; Encrenaz et al., 2007; Fletcher et al., 2014; de Pater et al.,
2014). The noise-equivalent spectral radiance (NESR) of the images were
calculated by finding the standard deviation of sky pixels in the calibrated
images of Neptune. We derived NESR values of 21.77 and 41.31 pW cm ™2

1

st (em™H)!

at 7.90 and 12.27 pm, respectively. These correspond to
noise-equivalent brightness temperatures of 0.48 K at 115 K at 7.90 pum

and 0.20 K at 90 K at 12.27 pm.

2.1.2. Deconvolution

We attempted to perform a deconvolution of the images in order to augment
and sharpen spatial details. At each wavelength, the image of HD 216032
was adopted as the point-spread function (PSF) and a Richardson-Lucy
Maximum Correlation Method (RLMCM) deconvolution (Richardson, 1972;
Lucy, 1974) was performed in an attempt to remove the effects of atmospheric

seeing and diffraction. The deconvolved image was then projected cylindrically
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and a centre-to-limb correction (as detailed in Section 2.1.1) was applied.
Figure 2 shows the 7.90-um image of Neptune after 30 iterations of the
RLMCM deconvolution. The deconvolution appears to have been successful
with spatial structure near the sub-observer point becoming more prominent.
In order to account for the amplification of random noise by the deconvolution,
we re-calculated the NESR by finding the standard deviation of all sky pixels.
We derived a value of 37.7 pW ecm™2 st (em™)~!, which is a factor of 1.7
higher than the value derived from Figure 1 before deconvolution. This

corresponds to a noise-equivalent brightness temperature of 0.82 K at 115

K.

In contrast, the deconvolution of the 12.27-pum image was problematic and did
not produce a physically-sensible image. We note that the images of Neptune
and HD216032 at 7.90 um were measured less than two hours apart, at similar
airmasses and seeing conditions (Table A.1). In contrast, the images of HD
216032 and Neptune at 12.27 um were measured more than 3 hours apart,
at different airmasses and during different seeing conditions. This is likely
why the deconvolution at 12.27 um was less successful compared to 7.90
um. We also attempted to perform the deconvolution at 12.27 um using a
theoretical airy disk as the PSF, although this was similarly unsuccessful.
We have therefore omitted the deconvolved 12.27-um image from the results
and henceforth refer to the 12.27-um image shown in Figure 1d (before

deconvolution).
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2.1.3. Longitudinal-mean emission

In order to determine overall meridional variations, we calculated the mean
emission over all sampled longitudes in the 7.90 um and 12.27 pum images
(using the images corrected for centre-to-limb variation). For 7.90 pm,
this calculation was also performed for the image after deconvolution was
performed. We will henceforth describe this as a ‘longitudinal mean’ for
simplicity though we remind the reader that results derived only capture a
subset of longitudes and not a true longitudinal or zonal mean (of 0 - 360° in
longitude). The error on the longitudinal mean was calculated in two ways.
Firstly, the standard deviation on the mean was calculated in order to capture

the longitudinal variability of emission in each latitude band. Secondly, the

-0.5

aforementioned NESR values were scaled by a factor of n ;7

where npigers
is the number of pixels on the disk of Neptune in each latitude band. The
mean emission (R) was then converted into brightness temperature (Tp)
and the errors calculated by Tg (R + o) - Tg. The standard deviation on
the mean (capturing longitudinal variability) was found to be the larger of

the two errors and is henceforth quoted as the 1-o error, unless otherwise

stated.

2.2. Keck-NIRC?2 imaging

H-band images of Neptune were measured on October 5-9th 2008 UT using
NIRC2 (Near Infrared Camera 2, Wizinowich et al. 2000) coupled to the
adaptive optics system at the Keck II telescope. NIRC2 has a 1024 x 1024
Aladdin InSb detector, which was used in its high-angular-resolution ‘narrow’

mode resulting in a pixel scale of 9.94 + 0.03 milliarcseconds (mas) (de Pater

10
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et al., 2006, 2014). We selected three images, based on their quality and
their central-meridian longitudes, which collectively provided nearly 360° in

longitudinal coverage. Further details of each image are provided in Table

A.2 of the Appendix.

Since we are only interested in the morphology of the cloud coverage, we
did not photometrically calibrate the images, but merely normalized them
to the brightest on-planet pixel in each image. We reduced images using
standard infrared data reduction techniques of sky subtraction, flat-fielding
and median-value masking to remove hot and cold pixels. A 3-o gaussian
filter was performed to remove corrupted pixels and a Fourier filter was
applied to remove high-frequency noise. The resulting noise on the normalized
image was then estimated by finding the standard deviation of all background,
sky pixels. A limb-fitting procedure was subsequently used to assign geometry
to the images (as described previously in Section 2.1.1) and the images were
projected cylindrically. Figure 3 shows the original and cylindrically-projected
NIRC2 images of Neptune. The images are not absolutely calibrated and thus
simply show the normalized reflectivity of Neptune resulting from clouds

and haze in its upper troposphere and lower stratosphere. Using a similar

calculation as detailed further in Section 2.1.3, the longitudinal-mean (normalized)

H-band reflectivity was also calculated as a function of latitude.

3. Results & Discussion

Neptune’s south pole is bright in both CH4 and CyHg emission as in previous
work (e.g. Encrenaz et al. 2007; Hammel et al. 2007; Orton et al. 2007;
Fletcher et al. 2014; de Pater et al. 2014). From the equator to 85°S,

11
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the longitudinal-mean brightness-temperature exhibits a net increase from
114.9 + 0.1 K to 118.4 4+ 0.3 K in 7.90-um CH, emission and from 89.9 +
0.2 K to 92.6 + 0.38 K in 12.27-um CyHg emission (using values from the
centre-to-limb corrected images before deconvolution). Orton et al. (2007,

2012) attributed the southern-polar hotspot to a disturbance propagating

upwards from the troposphere to the stratosphere, manifesting as a low-wavenumber

wave feature, which would enhance the brightness temperature in the CHy
and CyHg emission features. Warm tropospheric temperatures at the south
pole would also significantly weaken the cold trap and allow methane gas
to diffuse more freely through the tropopause to the lower stratosphere,
which would further augment the enhanced CH, emission. However, Fletcher
et al. (2014) attributed the southern-polar hotspot to adiabatic heating by
subsiding air as part of larger-scale meridional circulation and/or a polar
cyclonic vortex, similar to the summer polar vortices observed on Saturn
(Fletcher et al., 2008; Sinclair et al., 2013; Fletcher et al., 2015; Fletcher
et al., 2018). de Pater et al. (2014) also found Neptune’s south pole to
be bright at radio wavelengths, which demonstrates the air as deep as the
~40-bar level is low in humidity, which is also consistent with subsiding air

dessicated from higher altitudes in contrast to an upward propagation.

From the equator to mid-northern latitudes, the larger-scale emission at
both 7.90 and 12.27 um increases. Dimmer and brighter spots of CHy
emission (ATp ~ 0.4 K) are apparent at mid-northern latitudes though
are not significant with respect to uncertainty (~0.8 K). From 10-70°S, the
larger-scale emission at 7.90 wm and 12.27 um (Figure 1, 2) appears colder

compared to north of the equator and the south pole. This is in agreement

12
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with infrared measurements made by Voyager (Conrath et al., 1989) as well as
in mid-infrared images obtained between 2003 and 2007 (de Pater et al., 2014;
Fletcher et al., 2014). This has been attributed to a global circulation system
with upwelling air and the associated adiabatic cooling at mid latitudes and
dry, descending air over the poles and equator (Bezard et al., 1991; Conrath
et al., 1991; de Pater et al., 2014).

The images of Neptune at 7.90 and 12.27 um are shown again in Figure 4
but focusing on low-to-high southern latitudes and with a color scale that
enhances smaller-scale morphology. The 12.27-um image of CoHg emission is
relatively featureless in smaller-scale morphology whereas the 7.90-um image
shows bands of enhanced CH4 emission extended in longitude at latitudes
of approximately 48°S and 25°S. This is further demonstrated in Figure
5, which shows the longitudinal-mean emission at 7.90 and 12.27 pum as
a function of latitude. From 25°S to 37°S, the longitudinal-mean 7.90-um
emission decreases from 111.85 £ 0.07 K to 113.38 £ 0.06 K in brightness
temperature (quoting brightness temperatures and noise values derived from
the 7.90-um image before deconvolution). Similarly, from 37°S to 46°S, the
longitudinal-mean 7.90-pm emission increases from 111.85 + 0.07 K to 112.93
+ 0.06 K.

Discrete hotspots of enhanced emission near-coincident within the brighter
latitudes are also apparent in Figures 2 and 4. The most prominent hotspots
appear at 24°S, 182°W and 45°S, 170°W and also appear evident even before
image deconvolution was performed (Figure 1c). Adopting the brightness
temperature and sensitivity values from Figure 2 after image deconvolution,

the hotspots are respectively ATg = 1.9 + 1.1 K and 2.0 £ 1.1 K higher in
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brightness temperature compared to surrounding regions in the same latitude
band. These enhancements are not significant with respect to the 2-o level
and thus are considered tentative detections. We thus focus our discussion on
longitudinal-mean variations in mid-infrared emission rather than individual

features.

Using a radiative-transfer forward model, we computed 7.90-um brightness
temperatures for a range of vertical profiles of temperature and CHy (see
Appendix B for further details). As shown in Figure B.2, an observed, ~2
K variation in the 7.90-um brightness temperature would require either a
~5-K variation in atmospheric temperature centered at the 0.8-mbar level
or an enrichment in the 0.8-mbar CH, abundance by a factor of 2. Changes
in the CH; abundance have no effect on the 12.27-pum emission however,
a ~b-K atmospheric temperature variation centered at the 0.8-mbar level
would produce at least a 1.5-K change in brightness temperature at 12.27 pum.
This is significant with respect to the estimated noise-equivalent brightness
temperature (0.2 K) and thus should be detectable in the observed image at
12.27 um. However, we do not find evidence of similar enhancements (either
discrete or overall in latitude) in the image at 12.27 pm of CyHg emission
(Figure 1), which sounds a similar level of the atmosphere (Figure B.1). As
discussed in greater detail below, this is suggestive that CHy gas variations
are the source of the observed morphology though we cannot completely rule

out a temperature origin.

In the H-band, mid-southern latitudes are host to both spatially extended
and intermittent cloud features (e.g. de Pater et al. 2014; Irwin et al.

2016). Similar though significantly foreshortened cloud features are also

14
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present at mid-to-high northern latitudes. de Pater et al. (2014) performed
a spectral analysis of Keck-NIRC2 images obtained in October 2003 between
1.25 and 2.27 pm and were able to constrain the clouds into two layers:
a deeper (300 to 600 mbar) layer of spatially-extended clouds as well as
spatially-intermittent clouds at lower pressures of 20 - 30 mbar, both likely
made of CHy ice, which would be expected to evaporate at pressures lower
than 20 mbar (Sanchez-Lavega et al., 2004). The latter, lower stratospheric

clouds were interpreted as resulting from strong, localized upwelling events.

We explored the possibility of a link between the tentative mid-infrared
hotspots and the discrete cloud features at near-infrared wavelengths. Using
the zonal-wind speeds derived by Tollefson et al. (2018) from H-band images
of Neptune, we extrapolated the longitudinal position of the 7.90-um hotspots
to the time of measurement of the near-infrared images (20, 23 and 24 days
later). We found no obvious longitudinal correlation between the mid-infrared
and near-infrared, however, in hindsight, this was unsurprising. Firstly,
we note the standard deviation in zonal-wind speeds derived by Tollefson
et al. (2018) increases from ~50 m/s at 25°S to ~ 100 m/s at 45°S. In
either case, this corresponds to an uncertainty in longitude of much greater
than 360° after a period of 19-23 days (which is the time elapsed between
the mid-infrared and near-infrared images). Secondly, a parcel of air will
experience a different zonal-wind speed as it rises to lower pressures and
thus, a single zonal-wind speed would introduce errors into a calculation of
its longitudinal propagation. Thirdly, cloud features on Neptune have been
observed to form, evolve and dissipate rapidly, even on timescales as short

as minutes (e.g. Limaye and Sromovsky 1991; Sromovsky et al. 1993, 2001;
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Martin et al. 2012) and thus the individual clouds present at the time of the
NIRC2 measurements may not have been present at the time of the VISIR

measurements.

Nevertheless, the latitudinal coincidence of brighter mid-infrared emission
at 7.90um and near-infrared cloud features is suggestive of a link. Figure
5 compares the longitudinal-mean brightness temperature at 7.90 um with
the longitudinal-mean H-band reflectivity. As shown, both the mid-infrared
7.90-um CHy4 emission and H-band reflectivity peak at similar latitudes of
25-30°S and 50°S. We suggest two reasons for the source of this link.

Firstly, strong, tropospheric upwelling in the troposphere could ‘overshoot’
the tropopause and reach the lower stratosphere. CH, ice advected in the
upwelling region could sublimate at pressures lower than approximately 20
mbar (Sdnchez-Lavega et al., 2004). Assuming the plume continues rising
in altitude to pressures lower than 10 mbar, where CHy ice is expected to
sublimate (Sanchez-Lavega et al., 2004), this would enhance the CH, gaseous
abundance and thus 7.90-um CH, emission, which is sensitive to the 10-
to 0.1-mbar level (Figure B.1). While CyHg is a photochemical product
of CHy, CyHg cannot be efficiently photochemically produced in the lower
stratosphere and thus this process would only enrich the lower stratospheric
CH4. While tropospheric, gaseous CH, is depleted by a factor of ~2 at
mid-to-high southern latitudes compared to elsewhere on the planet (e.g.
Karkoschka and Tomasko 2011; Luszcz-Cook et al. 2016; Irwin et al. 2019),
the resulting partial pressure of tropospheric CHy is still higher than its
stratospheric counterpart. Thus, in addition to the CH, in solid phase that

eventually sublimates, we believe there is a sufficient reservoir of CH4 below
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the tropopause such that an upwelling plume would enrich the abundance
of CH, at stratospheric altitudes. An upwelling plume of CHy ice, and
eventually CH, gas, would be advected and diffused in longitude and latitude.
According to Figure 7 of Moses et al. (2018), the diffusion timescale at 1
mbar is approximately 20 Earth years. However, using temperature maps
retrieved from Keck-LWS measurements and the thermal wind equation,
Fletcher et al. (2014) derived zonal-wind speeds of ~190 m/s and ~100 m/s
at 25°S and 45°S, respectively. Thus, over a 24-hour period, a parcel of air
would travel approximately 265° and 180° in longitude at 25°S and 45°S,
respectively. Thus, plumes of upwelling CH, gas would likely be zonally
advected over significantly shorter timescales than meridional advection or
diffusion. In addition, zonal wind shear in the meridional direction would
smear out a discrete plume to a larger range in longitude, which would create
the observed latitudinal bands of enhanced CH,4 emission at 7.90 um. If the
tentative hotspots of CH4 emission within these enhanced latitudinal bands
are interpreted at face value, their presence implies they are the result of

very recent (< several days) injections.

Secondly, the strong, tropospheric upwelling could impart energy and mechanically

force the lower stratosphere. For example, the northern mid-latitude storm
on Saturn of late 2010, which produced significant temperature enhancements
of up to 80 K in the stratospheric ‘beacon’, was believed to have been
triggered initially by a tropospheric disturbance, which subsequently imparted
energy into the stratosphere through the generation of waves (Fletcher et al.,
2011, 2012; Séanchez-Lavega et al., 2012). A similar mechanism could produce

temperature enhancements in the lower stratosphere of Neptune, thereby
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enhancing both the 7.90-um CH, emission and 12.27-pm CyHg emission.
The observed 2 K variation in 7.90-um brightness temperature could result
from variations in stratospheric temperature at 0.8 mbar of approximately
5 K - see Appendix B. By the thermal wind equation, latitudinal bands of
enhanced temperature would signify the presence of zonal wind shears at the
1-mbar level compared to adjacent latitude bands. However, if the banding
of 7.90-um emission is indeed due to enhanced stratospheric temperatures,
a similar morphology would also be expected of the CoHg emission at 12.27
um. This is because both the 7.90-um CH4 and 12.27-um CyHg emission
sound the l-mbar level (Figure B.1) according to the model atmosphere
assumed in our radiative transfer model (see Appendix B). Indeed, forward
models demonstrate that the 5-K atmospheric temperature variation, which
is needed to produce the observed 2-K brightness temperature increase at 7.90
um, would also produce a 1.5 - 2 K brightness temperature variation at 12.27
um. This variation would be measurable with respect to the estimated 0.2
K noise-equivalent brightness temperature at 12.27 um (Section 2.1.1). Yet,
similar enhancements of CoHg emission at 24°S and 48°S are not observed.
Although the diffraction-limited spatial resolution decreases with wavelength,
Figure 6a demonstrates that the morphology observed at 7.90 pum should still
be resolved with the 12.27-um PSF. Thus, the fact that the 12.27-pm image is
absent of any banding is suggestive the morphology observed of the 7.90-um
CH,4 emission is due to CHy gas variations. However, we do not completely

exclude temperature variations as a possibility.

Future mid-infrared and near-infrared measurements would provide the means

to confirm these banding features and (tentative) hotspots and distinguish
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between the hypothesized processes that produce them. Near-simultaneous
measurements at near-infrared and mid-infrared wavelengths would provide
a more conclusive connection between upwelling plumes evidenced in the
H-band and their forcing of the lower stratosphere sensed at mid-infrared
wavelengths. VLT-VISIR imaging of Neptune at 7.90 and 12.27 um with

measurements of a nearby star to characterize the PSF as close as possible in

time, would optimize the deconvolution and enable any smaller-scale morphology
in the CoHg and CH,4 emission to be observed and compared. MIRI (Mid-Infrared
Instrument, Rieke et al. 2015) onboard JWST (the James Webb Space Telescope)

will allow spectroscopy of Neptune in the 5- to 30-um range to be performed
at a very high sensitivity (Norwood et al., 2016). The coarser pixel scale
(0.196-0.273") and diffraction-limited spatial resolution (~0.3") of JWST-MIRI
(James Webb Space Telescope’s Mid-Infrared Instrument, Rieke et al. 2015)
would not be able to resolve discrete hotspots in stratospheric emission
but would be able to resolve the longitudinal-mean enhancements of CH,
emission (Figure 6b). In addition, MIRI would capture both the CH, and
CyHg emission in a single measurement, which would more conclusively
allow temperature or abundance variations to be deduced as the source of
any observed morphology. Both VLT and JWST would allow longer-term
evolution of the CH4 emission and its morphology to be characterized. This
would demonstrate whether the latitudinal banding and possible hotspots of
CH,4 emission presented in this work are short-lived /episodic or longer-lived

in nature.
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4. Conclusions

We presented 7.90- and 12.27-um images of Neptune measured by VLT-VISIR
on September 16th 2008, which respectively sense CH, and CyHg emission
from its stratosphere. At 7.90 wm, a brightening of the longitudinal-mean
CH, emission is observed in latitude bands centered at 24°S and 48°S. Within
these brighter latitude bands are tentative detections of discrete hotspots
of CH, emission. The 12.27-um CyHg emission is absent of any similar
morphology. The mid-infrared images were compared with H-band (1.633
um) images of Neptune, which sense clouds and haze in its upper troposphere
and lower stratosphere. The bands of brighter CH; mid-infrared emission at
approximately 25°S and 48°S are coincident with bands of bright (presumably
CH, ice) clouds evidenced in the H-band images. We suggest the Neptunian
troposphere and stratosphere are coupled in discrete regions. This could be in
the form of: 1) ‘overshoot’ of strong, upwelling plumes and advection of CHy
ice into the lower stratosphere, which subsequently sublimates into CHy gas;
2) generation of waves by plumes impinging on the tropopause, which impart
their energy into the lower stratosphere and accelerate zonal winds. We favor
the first process since the latter would be expected to produce smaller-scale
morphology in the CoHg emission, which is not observed. However, we cannot
exclude temperature variations as the source of the morphology observed in
CH, emission. Future and near-simultaneous measurements at near-infrared
and mid-infrared wavelengths, including the James Webb Space Telescope,
would allow these two explanations to be conclusively distinguished and for

the evolution of the stratospheric features to be studied.
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Figure 1: Panels a) and b) show coadded VLT-VISIR images of Neptune

measured on September 16th 2008 at 7.90 and 12.27 pum, respectively, before

deconvolution was performed. These images respectively capture Neptune’s CHy

and CoHg emission. The corresponding images of HD 216032 are superimposed

in the same panels to demonstrate the size of the point spread function. Panels

¢) and d) show cylindrical projections of the Neptune images in panels a)

and b) following geometric fitting, radiometric calibration and a centre-to-limb

correction, as described in the text.

77 Appendix A. Observation details

758 Appendix A.1. VLT-VISIR

0 Appendiz A.2. Keck-NIRC?2
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b) 7.90 um deconvolved cylindrical projection

a) 7.90 um deconvolved image
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Figure 2: a) The deconvolved image of Neptune at 7.90 wm and b) the

corresponding cylindrical projection.
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Figure 3: H-band (1.633 pm) Keck-NIRC2 images of Neptune measured
between October 5 - 9th 2008 UT. The images are not radiometrically-calibrated
but are proportional to the amount of reflected sunlight from clouds. The
left-hand column shows the original images and the right-hand column shows

cylindrical projections
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a) 12.27 micron C,Hg emission (without deconv.)
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Figure 4: The images of Neptune at a) 12.27 um and b) 7.90 um before
deconvolution and c¢) 7.90 um after deconvolution. These images are also
shown in Figures lc, d and Figure 2b, but are shown again here focusing on
mid-southern latitudes and with a compressed colour-scale to better highlight the
smaller-scale morphology. White contours are in intervals of the noise-equivalent

brightness temperatures estimated for each image, as detailed in the text.
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Figure 5: The longitudinal-mean brightness temperature at 7.90-um (top
panel, green) and 12.27 um (bottom panel, red) from VLT-VISIR measurements
on September 16th 2008, according to the bottom axes. For 7.90 pum, the
longitudinal mean is shown for the image both before and after RCLCM
deconvolution is applied, as described in the text. For comparison, the solid, blue
line in both panels shows the normalized, longitudinal-mean H-band reflectivity
from Keck-NIRC2 measurements on October 9th 2008, according to the top
axes. The NIRC2 image was smoothed using a gaussian function such that the
spatial resolutions of both sets of images were comparable. On all profiles, error

bars represent the 1-0 NESR/random noise scaled by n_ 00

piz where ny;; is the

number of pixels in each latitude circl3fs a measure of the data quality.



a) 7.90-um VISIR image, 12.27 um PSF
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Figure 6: The deconvolved image measured by VLT-VISIR at 7.90 pm a)
blurred by the PSF at 12.27 um, b) resampled and convolved appropriate
for the pixel scale and diffraction-limited spatial resolution of JWST’s MIRI

medium-resolution spectroscopy integral-field unit.
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Object Filter Date Time Eaxposure Airmass Seeing
Time
(UTC) (s) (arcsec)
2008-Sep-16 03:01:52 345 1.021 0.75
2008-Sep-16 03:03:56 345 1.022 0.73
2008-Sep-16 03:05:53 345 1.023 0.73
2008-Sep-16 03:07:40 345 1.023 0.67
2008-Sep-16 03:09:26 345 1.024 0.70
2008-Sep-16 03:11:23 345 1.025 0.77
2008-Sep-16 03:13:11 345 1.027 0.67
2008-Sep-16 03:14:60 345 1.028 0.65
J7.90 2008-Sep-16 03:16:53 345 1.029 0.66
2008-Sep-16 03:19:01 345 1.030 0.64
2008-Sep-16 03:20:54 345 1.032 0.70
2008-Sep-16 03:22:48 345 1.033 0.73
2008-Sep-16 03:24:34 345 1.035 0.81
Neptune 2008-Sep-16 03:26:27 345 1.036 0.71
2008-Sep-16 03:28:25 345 1.038 0.67
2008-Sep-16 03:30:12 345 1.040 0.81
2008-Sep-16 03:32:06 345 1.042 0.73
2008-Sep-16 03:45:39 362 1.057 0.97
2008-Sep-16 04:09:57 362 1.093 0.78
2008-Sep-16 04:19:60 362 1.113 0.78
Nell 1 2008-Sep-16 04:22:20 362 1.118 0.74
2008-Sep-16 04:24:22 362 1.122 -
2008-Sep-16 04:26:09 362 1.126 -
2008-Sep-16 04:27:58 362 1.130 -
2008-Sep-16 04:29:52 362 1.134 -
2008-Sep-16 04:43:27 225 1.045 0.85
HDo16052 70 2008-Sep-16  04:44:46 225 1.046 0.78
Nell1 2008-Sep-16 00:54:31 236 1.362 0.93
2008-Sep-16 00:54:54 236 1.355 1.10

Table A.1: Details of the VLT-VISIR images of Neptune and HD216032. Seeing
values were derived by the DIMM (Differential Image Motion Monitor) station
at 0.5 um however relative variations are valid at 7.90 and 12.27 um. Time,
airmasses and seeing represent the values at the start of each exposure. Seeing

values were not available for the last f(zlulr Neptune Nell_1 images.



Exposure

Airmass

Central

Object KOAID Date Time
meridian
(yyyy-mmm-dd) (UTC) time (s) longitude
N2.20081005.18263 2008-Oct-05 05:04:23 60.0 1.38 335.2
Neptune N2.20081006.22213 2008-Oct-06 06:10:14 60.0 1.24 172.3
60.0 1.57 50.09

N2.20081009.33505 2008-Oct-09 09:18:25

Table A.2: Details of the Keck-NIRC2 images of Neptune and HD 216032,

including the Keck Observatory Archive Identifier (KOAID). Time and airmasses

represent the values at the start of each exposure.
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Appendix B. Radiative-transfer simulations

Appendiz B.1. Forward model

The temperature-pressure profile and vertical profiles of gaseous species including
hydrogen, helium, CHy, CoHg (the latter two being the relevant, trace gases
to the wavelengths studied in this work) were adopted from Fletcher et al.
(2014) and references therein. Spectroscopic line information of CH,, CoHa,
CoHg and the collision-induced continua from Hs-Hs, Ho-He and Ho-CHy and
CH4-CH, were taken from the sources detailed in Section 2 of Fletcher et al.

(2014).

Forward models were conducted using the NEMESIS software suite (Irwin
et al., 2008). Forward-model radiances of Neptune were computed by performing
a line-by-line calculation and convolving the resulting spectra with VISIR’s
7.90-um and 12.27-um filter bandpasses. The vertical functional derivatives
with respect to temperature were calculated for both filters and are shown
in Figure B.1. The J7.90 and Nell .1 bandpasses, respectively, measure
CH4 and CyHg emission predominantly from the 1-mbar level of Neptune’s
stratosphere. However, we note to the reader that the shape and altitudes
of peak sensitivity of the contribution functions are dependent on the model

atmosphere assumed.

Appendiz B.2. Temperature/abundance variations

Measurements of Neptune’s stratospheric emission in two discrete filter bandpasses
do not provide sufficient information to invert or retrieve atmospheric information.

However, we performed a series of forward-model simulations in order to
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Figure B.1: The vertical functional derivatives with respect to temperature for
Neptune at 7.90 pm (red) and 12.27 pm (blue). These functions describe the
contribution of each atmospheric level to the total observed radiance at the top

of the atmosphere.

explore what changes in the vertical profiles of temperature or CH; would
be required to reproduce the AT, ~2 K variations in 7.90-um CH, emission

observed in Figure 4.

A family of vertical temperature profiles were computed by smoothly varying
the profile derived by Fletcher et al. (2014) around the 1-mbar level, where
the contribution function exhibits a maximum. For each temperature profile,
a spectrum was forward modelled at a nadir viewing angle (to simulate the
sub-observer point) and the 7.90-um and 12.27-um brightness temperatures
were computed. These temperature profiles and the corresponding brightness

temperatures are shown in Figure B.2.
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Fixing the temperature profile to the black profile in Figure B.2a, a similar
set of simulations and brightness temperature were computed by varying
the vertical profile of CH, as shown in Figure B.2b. A ~2-K variation in
the 7.90-um brightness temperature would require either a 5-K atmospheric
temperature variation centered at the 1-mbar level or an enrichment of CHy4
at the 1-mbar level by a factor of approximately two. A 5-K atmospheric
temperature variation would also produce a 1.5 - 2 K variation in brightness
temperature at 12.27 um. Variations in the CH, abundance have no effect
on the 12.27 um brightness temperature since the 12.27 pum filter is absent
of CHy lines.
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Fixed CH,, variable temperature
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Figure B.2: Variations in the vertical profile of temperature (top panel) and
CH, (bottom) and the corresponding forward-modelled brightness temperatures
at 7.90 and 12.27 um. The black profiles indicate the temperature and CHy
profile adopted by Fletcher et al. (2014).
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