THE PLANETARY SCIENCE JOURNAL, 3:78 (41pp), 2022 April
© 2022. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

https: //doi.org/10.3847 /PSJ /ac5aa4

CrossMark

Subseasonal Variation in Neptune’s Mid-infrared Emission

s Leigh N. Fletcher'
, Patrick G. J. Irwin8
Takuya Fquyoshl

Michael T. Roman'
Naomi Rowe—GurneyS

, Glenn S. Orton”
, Arrate Antuﬁano
Imke de Pater'?

. 4

, Julianne I. Moses™ @,
10

, Yasumasa Kasaba s

, Thomas K. Greathouse3
, James Sinclair’
, and Heldl B. Hammel?

School of Physics and Astronomy University of Leicester University Road Leicester, LE1 7RH, UK; m.t.roman@Ieicester.ac.uk
2 Jet Propulsion Laboratory 7’/ California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA 91109, USA
Southwest Research Institute, San Antonio, TX 78238, USA
4 Space Science Institute, Boulder, CO 80301, USA
Depanment of Physics and Astronomy, Howard University, Washington, DC 20059, USA
6 Astrochemistry Laboratory, NASA /GSFC, Greenbelt, MD 20771, USA
7 Center for Research and Exploration in Space Science and Technology, NASA/GSFC, Greenbelt, MD 20771, USA
Umvermy of Oxford Atmospheric, Oceamc and Planetary Physics, Department of Physics Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK
UPV/EHU Escuela Ingernieria de Bilbao, Fisica Aplicada, Spain
Planetary Plasma and Atmospheric Research Center, Graduate School of Science, Tohoku University, Sendai, Miyagi, 980-8578, Japan
! Subaru Telescope, National Astronomical Observatory of Japan, 650 North A’ohoku PI., Hilo, HI 96720, USA
Department of Astronomy, 501 Campbell Hall, University of California at Berkeley, Berkeley, CA, USA
3 Association of Universities for Research in Astronomy, 1212 New York Avenue NW, Suite 450, Washington, DC 20005, USA
Received 2021 November 24; revised 2022 February 8; accepted 2022 February 23; published 2022 April 11

Abstract

We present an analysis of all currently available ground-based imaging of Neptune in the mid-infrared. Dating
between 2003 and 2020, the images reveal changes in Neptune’s mid-infrared (~8-25 pm) emission over time in
the years surrounding Neptune’s 2005 southern summer solstice. Images sensitive to stratospheric ethane (~12
pm), methane (~8 pm), and CH3D (~9 um) display significant subseasonal temporal variation on regional and
global scales. Comparison with H, S(1) hydrogen quadrupole (~17.035 um) spectra suggests that these changes
are primarily related to stratospheric temperature changes. The stratosphere appears to have cooled between 2003
and 2009 across multiple filtered wavelengths, followed by a dramatic warming of the south pole between 2018
and 2020. Conversely, upper-tropospheric temperatures—inferred from ~17 to 25 m imaging—appear invariant
during this period, except for the south pole, which appeared warmest between 2003 and 2006. We discuss the
observed variability in the context of seasonal forcing, tropospheric meteorology, and the solar cycle. Collectively,
these data provide the strongest evidence to date that processes produce subseasonal variation on both global and

regional scales in Neptune’s stratosphere.

Unified Astronomy Thesaurus concepts: Atmospheric variability (2119); Planetary science (1255); Atmospheric
science (116); Solar system astronomy (1529); Planetary atmospheres (1244); Neptune (1096); Atmospheric
circulation (112); Atmospheric composition (2120); Atmospheric clouds (2180)

1. Introduction

Despite being the most distant giant planet from the Sun, the
ice giant Neptune possesses an extremely dynamic atmosphere,
with meteorological phenomena evolving over a surprising
range of timescales. With the most powerful zonal winds in the
solar system (Limaye & Sromovsky 1991), Neptune’s highest
clouds evolve so rapidly that the planet’s appearance can
change dramatically over the course of days (e.g., Smith et al.
1989; Sromovsky et al. 1993, 2001b). Over time, analyses of
cloud activity suggest intriguing trends in Neptune’s cloud
cover and albedo (Lockwood & Thompson 2002; Kar-
koschka 2011; Lockwood 2019), occurrences of long-lived
cloud features (Hueso et al. 2017), and dark vortices (Polvani
et al.1990; LeBeau & Dowling 1998; Stratman et al. 2001;
Wong et al. 2018; Hsu et al. 2019; Hadland et al. 2020)—each
varying over periods of years. All this relatively rapid
variability occurs against a backdrop of Neptune’s 165 yr
orbital period, which theory predicts should modulate strato-
spheric temperatures and chemistry slowly across seasons
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lasting several decades given Neptune’s 2873 axial tilt (Conrath
et al. 1990; Moses et al. 2018).

While observational evidence of cloud and haze variability
has been well documented over the past decades (e.g., Smith
et al. 1989; Sromovsky et al. 2001b, 2003; Lockwood &
Thompson 2002; Lockwood & Jerzykiewicz 2006; Hammel &
Lockwood 2007a; Irwin et al. 2011, 2016; Karkoschka 2011;
Roman et al. 2013; Hueso et al. 2017; Lockwood 2019; Molter
et al. 2019; Simon et al. 2019), unequivocal evidence of
temporal variation of the lower-stratospheric temperatures and
chemistry has been scarce (Roques et al. 1994; Hammel et al.
2006; Hammel & Lockwood 2007a; Greathouse et al. 2011;
Fletcher et al. 2014; Sinclair et al. 2020). The paucity of these
measurements is largely a consequence of the challenges of
making reliably accurate mid-infrared observations from the
ground, given Neptune’s frigid atmospheric temperatures
(Orton et al. 1987; Conrath et al. 1989; Fletcher et al. 2014).
This challenge is further compounded by Neptune’s small
angular diameter (~2”3). As a result, spatially resolved mid-IR
observations only really became feasible within the past two
decades—with current temporal coverage amounting to
roughly 1/9 of the full seasonal cycle.

Although challenging, spatially resolved mid-infrared obser-
vations can be used to diagnose the thermal and chemical
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structure of the atmosphere and reveal changes and processes
undetectable by other means. The mid-infrared provides a
unique and essential window into the chemistry, dynamics, and
radiative processes that define Neptune’s lower stratosphere
and upper troposphere—a region that spans the interface
between the turbulent weather layer below and the presumably
stably stratified, photochemically rich layer above. Observa-
tions at these wavelengths are dominated by the collision-
induced opacity of H, and emission from various hydrocarbons
—primarily stratospheric methane, ethane, and acetylene (e.g.,
Moses et al. 2020). Challengingly, the intensity of the
hydrocarbon emission is modulated by both temperature and
chemical abundances, neither of which is typically indepen-
dently constrained, often rendering the physical nature of the
observed changes ambiguous.

Comparing five disk-averaged mid-infrared spectra dating
between 1985 and 2004, Hammel et al. (2006) were able to
show an apparent trend of increasing emission at ~12 pm over
time, followed by a slight decrease in 2004. Changes at ~8 ym
—sensitive to methane—were present but weaker. Hammel
et al. (2006) argued that these relatively rapid changes were
likely caused by chemical changes and not by changing
atmospheric temperatures, given previous estimates of rela-
tively long radiative time constants in the stratosphere (Conrath
et al. 1998). Subsequent radiative modeling has since reduced
the expected radiative time constants at stratospheric pressures
from decades to years or less (Li et al. 2018), thus reopening
the possibility of either a chemical or thermal interpretation.
Likewise, Fletcher et al. (2014) compared spectra between
2003 and 2007 and found slight variability in the ~8 yum
methane emission but strong variability in the ethane emission,
which they recognized as ambiguous but consistent with a
2x drop in ethane abundance provided that the stratospheric
temperatures remained constant. In either case, significant
calibration uncertainties and the limited number of observations
left the veracity and nature of these diverging trends somewhat
in doubt.

Models of Neptune’s radiative heating and cooling (Great-
house et al. 2011) and models of seasonally varying
photochemistry by Moses et al. (2018) provide expectations
for how the temperatures and chemical abundances will change
in time. Following Neptune’s southern summer solstice in
2005, models suggest that the south pole would eventually
grow warmer in response to the increased insolation, but with a
lag indicative of the radiative time constant (Greathouse et al.
2011). At the same time, the increased ultraviolet (UV) flux
should result in an increase in the stratospheric photochemical
production. While the methane abundance itself should not
vary appreciably because its overall abundance far outweighs
its chemical loss, the amount of photochemically derived
ethane should increase gradually but significantly (by 30% at
0.5mbar from southern summer solstice to fall equinox),
resulting in increased emission at ~12 um. However, the
amount and timing of the chemical response will depend on the
chemical and transport timescales, which vary with season,
latitude, and atmospheric pressure. At higher pressures,
photochemical variation is generally less significant with
longer lags given longer chemical and radiative timescales.
But all these expectations can be modified by dynamics, which
can hypothetically alter temperatures and chemical distribu-
tions through large-scale circulation patterns or small-scale
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processes such as convective storms and inertia—gravity waves
(Conrath et al. 1989; de Pater et al. 2014; Fletcher et al. 2014).

The first inferences of the three-dimensional temperature
structure and implied circulation in Neptune’s atmosphere were
derived from spatially resolved Infrared Interferometer Spectro-
meter and Radiometer (IRIS) data from Voyager 2 in 1989
(Conrath et al. 1989; Smith et al. 1989). Acquired during
Neptune’s southern late fall (solar longitude14 L, ~236°), the
observations showed anomalously cool midlatitudes in the
upper troposphere that were attributed to local upwelling and
adiabatic cooling, with compensating sinking and warming at
the equator and poles (Conrath et al. 1990). Later ground-based
measurements analyzed by Fletcher et al. (2014) and de Pater
et al. (2014) showed that this pattern more or less continued
near the time of the 2005 southern summer solstice (L, = 270°),
with a possible increase in the polar temperatures by 2003,
remaining warmer until at least 2006. In the stratosphere,
Voyager suggested a distinct equatorial maximum in tempera-
tures or acetylene (Bézard et al. 1991), but later observations
suggested a rather more latitudinally uniform distribution in
ethane in 2003 and 2007 (Greathouse et al. 2011; Fletcher et al.
2014).

Whether these observations indicate a discrepancy in
hydrocarbon distributions, an apparent seasonal change, or a
transient meteorological event is unclear. Nor do these limited
observations tell us which state is more typical of Neptune’s
atmospheric temperatures and chemical distributions.

Now, with a body of ground-based imaging spanning 17 yr,
we take a fresh look at Neptune’s atmospheric temperatures
and chemistry across time. By compiling and analyzing all
currently available mid-IR imaging data, gathered from multi-
ple observatories from 2003 to 2020 (Section 2), we are able to
show that subseasonal variation is unequivocally present on
both regional and global scales (Section 3). By additionally
utilizing Spitzer-IRS and ground-based spectroscopy at wave-
lengths sensitive to stratospheric temperatures (i.e., the ~17
pm H; S(1) quadrupole), we find that temperature changes are
likely primarily responsible for Neptune’s observed variability.
We discuss these changes in context of model predictions and
possible causes (Section 4). Finally, we conclude by summar-
izing our results (Section 5), which altogether suggest that
Neptune’s stratosphere is likely more complicated and
temporally variable than previously realized.

2. Data

To characterize variability in Neptune’s mid-infrared emis-
sion, we analyzed mid-infrared images (7-25 pm) from various
ground-based facilities and supplement these observations with
spectral data for further temporal and spectral context. A
summary of all data sources is listed in Table 1.

2.1. Imaging Data

2.1.1. Aggregate Properties and Classification

Combining unpublished observations with archival data, we
collected all currently available imaging data that spatially
resolved Neptune’s disk in the mid-infrared (see Table 1). In

14 The apparent planet-centered longitude of the Sun, L, is used here to
represent the seasonal phase over the planet’s orbital period. Cyclic, with
values of 0° < Ly < 360°, L, is defined as 0° at the time of the planet’s northern
spring equinox, 90° at the northern summer solstice, 180° at the northern
autumnal equinox, and 270° at the northern winter solstice.
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Table 1
Data Sources

Observatory, Instrument Type Plate Scale (arcsec pixel ')* Year Molecular Emission P.I. /Reference
Keck, LWS imaging 0.0847 2003 CH,4, CH3D, C,Hg, H, 1,2
Gemini-North, Michelle imaging ~0.099 2005 CH,4, C,Hg 3

Very Large Telescope, VISIR imaging 0.075 2006, 2008, 2009 CH,, CH;D, C,Hg, H, 4,5,6,7
Gemini-South, T-ReCS imaging 0.090 2007, 2010 CH,4, CH5D, C,Hg, Hy 8,9
Subaru, COMICS imaging 0.13 2008, 20117, 2012%, 2020" CH,4, CH3D, C,Hg, H, 10

Very Large Telescope, VISIR imaging 0.0453 2018" CH,, C,Hg, H, 11

Very Large Telescope, VISIR spectroscopy 0.127 2006" H, S(1) quadrupole 4
Gemini-North, TEXES spectroscopy ~0.137 2007, 2019* H, S(1) quadrupole 12
Spitzer, IRS spectroscopy 1.8-4.5 2004, 2005, 2006 all of the above 13

Notes. Principal Investigator (program ID)/References: (1) M. Brown (C14LSN); (2) 1. de Pater (U38LS)/de Pater et al. 2014; (3) H. Hammel (GN-2005A-DD-10)/
Hammel et al. 2007; (4) Th. Encrenaz (077.C-0571(A))/Orton et al. 2007; (5) Fletcher et al. 2014; 077.C-0571(A); (6) T. Encrenaz (081C-0496(A); (7) G. Orton (083.
C-0163(A,B)); (8) G. Orton (GS-2007B-Q-47)/Orton et al. 2007; (9) G. Orton (GS-2010B-Q-42)/Orton et al. 2012; (10) Y. Kasaba (007150, 008161, 012143)/
Orton et al. 2012; (11) L. N. Fletcher (0101.C-0044(A)); (12) T. Greathouse (GN-2007B-C-8)/Greathouse et al. 2011; (13) J. Houck/10.5281/zenod0.5254503
Instrument References: Long Wavelength Spectrometer (LWS), Jones & Puetter 1993; Michelle, Glasse et al. 1997; the VLT Imager and Spectrometer for mid
Infrared (VISIR), Lagage et al. 2004; the Thermal-Region Camera Spectrograph (T-ReCS), De Buizer & Fisher 2005; and the Cooled Mid-Infrared Camera and
Spectrometer (COMICS), Kataza et al. 2000. Asterisks indicate previously unpublished observations.

# Neptune’s angular diameter is ~2/3.

Table 2
Filter Properties

Mean Wave- Mean Atmospheric Year of Neptune Observations [Num-

Observatory-instrument Filter Passband (y4m) length (4m) Transmission ber of Images]
Keck-LWS 8.0 7.81-8.93 8.41 82.4% 2003 [3]
Keck-LWS 8.9 8.39-9.26 8.82 92.5% 2003 [2]
Keck-LWS 10.7 9.92-11.5 10.68 94.1% 2003 [2]
Keck-LWS 11.7 11.1-12.2 11.67 96.6% 2003 [2]
Keck-LWS SiC 10.6-12.9 11.66 95.3% 2003 [2]
Keck-LWS 12.5 12.0-13.2 12.58 89.9% 2003 [2]
Keck-LWS 17.65 17.3-18.2 17.75 66.1% 2003 [2]
Keck-LWS 18.75 18.3-19.2 18.72 67.3% 2003 [1]
Keck-LWS 22.0 21.0-22.5 21.73 42.6% 2003 [1]
Gemini(N)- Sil-7.9 7.37-8.07 7.76 45.0% 2005 [2]

MICHELLE
Gemini(N)- Si5-11.6 11.1-12.2 11.66 96.2% 2005 [3]

MICHELLE
Gemini(S)-T-ReCS Sil-7.9 7.37-8.07 7.76 40.1% 2007 [2]
Gemini(S)-T-ReCS Si2-8.8 8.34-9.11 8.72 93.6% 2007 [3]
Gemini(S)-T-ReCS Si4-10.4 9.87-10.9 10.39 93.7% 2007 [3]
Gemini(S)-T-ReCS Si6-12.3 11.7-12.9 12.31 94.1% 2007 [2], 2010 [10]
VLT-VISIR J7.9 7.43-7.98 7.76 39.3% 2008 [1], 2009 [4], 2018 [2]
VLT-VISIR PAHI1 8.39-8.79 8.60 92.0% 2006 [2], 2008 [1], 2009 [5]
VLT-VISIR NEIIL_I 12.1-12.3 12.22 97.7% 2006 [2], 2008 [1], 2009 [6], 2018 [4]
VLT-VISIR Ql 17.3-18.1 17.76 61.6% 2006 [1]
VLT-VISIR Q2 18.3-19.2 18.75 63.8% 2006 [1], 2018 [2]
VLT-VISIR Q3 19.3-19.7 19.54 46.7% 2008 [2]
Subaru-COMICS F04C07.80W0.70 7.48-8.20 7.89 53.0% 2011 [1],2012 [1], 2020 [2]
Subaru-COMICS F05C08.70W0.80 8.38-9.17 8.75 92.6% 2008 [2]
Subaru-COMICS F09C12.50W1.15 11.9-12.9 12.37 92.9% 2008 [4], 2020 [2]
Subaru-COMICS F30C12.81W0.20 12.8-13.0 12.92 89.5% 2011 [1], 2012 [1]
Subaru-COMICS F37C18.75W0.85 18.2-19.2 18.68 66.9% 2008 [1]
Subaru-COMICS F42C24.50W0.80 24.2-249 24.49 52.7% 2008 [2], 2020 [2]

Note. The Sil-7.9 used with Michelle and T-ReCS are identical. Passbands are defined by the minimum and maximum wavelengths for which the filter’s laboratory
transmission (i.e., neglecting atmospheric transparency) is 50% or greater. Mean wavelength calculations include atmospheric transmission and assume average
observing conditions. Likewise, mean atmospheric transmissions assume roughly climatological averages of precipitable water vapor (PWV) and average air mass of
the observations.

Images prior to 2011 were previously analyzed and published,
in part, in Hammel et al. (2007), Orton et al. (2007, 2012), de
Pater et al. (2014), and Sinclair et al. (2020) and further
summarized by Fletcher et al. (2014), who investigated

total, this amounts to more than 95 images acquired between
2003 and 2020 at wavelengths ranging from 7.7 to 25.5 pm.
Data were acquired using infrared instruments on 8—10 m class
telescopes at multiple ground-based facilities, listed in Table 1.
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Figure 1. The effective mean wavelength of filtered observations, plotted vs.
time and solar longitude. The observatory and instrument observations are
indicated by the symbols as defined in the key, with colors shading the
groupings by sensitivity to Hp, C;Hg, CH3D, and CHy, as discussed in the text.
The vertical dotted lines mark the dates of Spitzer-IRS observations. The top
panel displays the corresponding subsolar latitudes and solar longitude (Lj),
with the southern summer solstice (L, = 270°) indicated with the blue
dotted line.

temporal variability between the Voyager 2 encounter (1989)
and Neptune’s southern summer solstice (2005). All subse-
quent imaging data are analyzed here for the first time,
including Subaru-COMICS images from 2011, 2012, and 2020
and Very Large Telescope (VLT)-VISIR images from 2018.
Observational details for all individual images are provided in
the Appendix.

Collectively, images were acquired in 26 different bandpass
filters'> transmitting at wavelengths within the N band (7-13
pm) and Q band (17-25 pm), as summarized in Table 2 and
Figures 1 and 2. Clustered at wavelengths of enhanced telluric
transparency, these filters sense Neptune’s emission spectrum
in just a few distinct spectral regions, with sensitivity to
different molecular transitions and pressures.

For clarity, we broadly sort the majority of the images into
the following four distinct groups defined by their passband
and, correspondingly, the molecules and pressures they sense:

1. 17-25 pm sensing emission from molecular hydrogen
(H,), primarily at pressures near the tropopause
(~80-200 mbar; 15 images);

2. 11-13 pum, sensing emission primarily from stratospheric
ethane (C,Hg), with maximum contributions from ~0.1
to 2 mbar (42 images);

3. 89 um, sensing emission from stratospheric methane
and its isotopologue, deuterated methane (CH3D),
primarily from ~0.1 to 1 mbar (17 images);

4. 7-8 pm, sensing emission from stratospheric methane
(CHy) primarily from ~0.01 to 1 mbar (15 images).

Additionally, there are six images with filtered central
wavelengths of 10-11 pm that are weakly sensitive to both
stratospheric hydrocarbons (mainly ethane and ethylene

15" Additionally, a broad N-band filter (7.70-12.97 pm, central wavelength of
10.39 pm) was used solely for spectroscopy acquisition by Gemini-South
T-ReCS in 2007. Given its broad spectral range, large calibration uncertainty,
and single usage, we do not include the filter and lone image in our analysis,
but we display and list it for completeness in the Appendix.
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(C,H,)) and H; emission from deeper in the upper troposphere
(at ~1 bar). However, given their broad but weak sensitivity,
low signal-to-noise ratio (S/N), and limited temporal coverage,
these images provide few constraints and do not factor
prominently into our analysis.

The radiances at mid-infrared wavelengths are fundamen-
tally determined by the combination of the kinetic temperature
of the atmosphere and the abundance of the emitting molecules
at the pressures sensed. The abundance of hydrogen is assumed
to be well mixed and known in the atmosphere, and thus
emission from H, at 17-25 um provides an unambiguous
indication of the atmospheric temperatures in the upper
troposphere. However, since the abundances of hydrocarbons
are likely spatially and temporally variable given chemical
sources, sinks, and transport (Moses et al. 2018, 2020),
variation in the observed emission from methane (7-8 um),
deuterated methane (8—9 pm), and ethane (11-13 pm) alone
cannot differentiate between variation in stratospheric temper-
ature or composition. To help resolve this ambiguity, we
include additional spectroscopic data sensitive to the strato-
spheric temperatures, as discussed in Section 2.2.

The atmospheric pressures sensed by each filter are
estimated using radiative transfer modeling (NEMESIS; Irwin
et al. 2008), assuming vertical temperature and chemical
profiles based on Greathouse et al. (2011) and Moses et al.
(2018). As illustrated in Figure 3, these contribution functions
also group by filter passband, with some overlap among the
defined groups. The precise shapes and locations of these
contribution functions are dependent on the assumed atmo-
spheric model and observational emission angle but broadly
show sensitivity to gases at a range of pressures extending from
the upper troposphere to the stratosphere. The hydrogen filters
sense the deepest but also have additional minor contributions
from a wide range of pressures. As noted by Fletcher et al.
(2014), the contribution functions for the H, filters are
somewhat bimodal, with contributions from lower pressures
increasing with increasing emission angle. The ethane,
deuterated methane, and methane filters sense progressively
lower pressures in the stratosphere, with significant contrib-
ution from the strongest methane lines continuing at pressures
less than 107 bars.

The effective spatial resolutions of the images vary owing to
differences in the telescope apertures, focal lengths, detector
plate scales, filtered wavelengths, and atmospheric seeing. The
mean spatial resolution amounts to Neptune’s disk subtending
~28 pixels at 4°4 of latitude per pixel, although the highest-
resolution images—acquired in 2018 with VLT-VISIR at a
plate scale of 070453 pixel '—offer twice this resolution.
Subaru-COMICS images have the poorest resolution at only
0”13 pixel ', subtending closer to 7° of latitude per pixel at the
disk center. The effective seeing disks varied between
approximately 0”3 and 0775, with an average of 0”47 based
on the FWHM of the calibration stars (see Figure 4). This
limited resolution has the effect of blurring the edges of the
disk with the sky, artificially suppressing the emission for the
outer 10%-30% of the disk. This must be kept in mind when
comparing and interpreting observations.

Over the 17 yr covered by ground-based thermal imaging,
the subobserver latitude changed by less than 4°4, from 29°1S
to 24°7S (see Figure 4). This small change in subobserver
angle amounts to a change of 2 pixels or fewer across all
images, which implies that most observed changes cannot be
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integrated radiances of each ground-based image are plotted on the Spitzer spectrum, with the color and symbol indicating the year and instrument. Equivalent filter-
integrated radiances derived from Spitzer-IRS spectra are shown with dark-gray filled symbols for comparison. The light-purple line represents the atmospheric
transmission, scaled between 0 and ~1. Note that there is generally good agreement between Spitzer observations and the ground-based observations across most of
the spectrum above 8 ym. Below 8 pim, the observations are spread over a greater range of values, but the atmospheric transmission is also relatively lower, which can
affect the calibrations. Bottom: corresponding transmission curves for each filter, as labeled, with colors indicating the instrument.

attributed to changes in the observing geometry. Changes in
emission angle can potentially modify the perceived radiances
along the extreme northern and southern edges of the disk, but
this is unlikely to be significant over the span of our data
(although it will become significant as the south pole appears
closer to the limb in the coming years). Likewise, changes in
the subsolar latitude are modest, with a minimum value of
2992S in 2005 images (near southern summer solstice,
L,=270°) and maximum of 24°1 S in 2020 images
(Ls ~303°).

2.1.2. Acquisition, Calibration, and Uncertainties

As standard for mid-infrared observations, images were
acquired using the chopping-and-nodding technique to effec-
tively remove the contribution of the sky and telescope’s
thermal emission from the image. By this process, hundreds of
~100 ms exposures—short enough to preclude detector
saturation—were combined to build up a sufficient S/N for
the target. Total on-target integration times ranged from several
minutes to roughly 30 minutes, depending on the filter and
observatory. In most but not all cases, accompanying
observations of standard stars were acquired for flux
calibration.

Radiances for each pixel were calibrated using radiance
conversion factors derived from observations of standard stars.
These conversion factors are derived by comparing the observed

stellar signal in digital units to the expected flux densities for
standard stars. Stellar flux densities are often provided by the
observatories, but we calculated stellar flux densities from Cohen
stellar spectra (e.g., Cohen et al. 1995) for the filter transmissions
assuming typical atmospheric conditions for the observatories
(Noll et al. 2012). These flux densities were in very close
agreement—within 3% or less—of values currently maintained
by Gemini'® and the European Southern Observatory.'’ The
standard stars used are listed along with each Neptune
observation in the Appendix. To account for differences in
air mass between Neptune and the calibration star, air-mass
extinction corrections were calculated from observations of
stars repeated at different air masses, when available, or
otherwise estimated from values of Krisciunas et al. (1987).
Extinction corrections typically amounted to less than 5%. In
the few cases when stellar observations were absent, calibra-
tions were estimated from observations on proximate nights.
Resulting uncertainties in the image radiances are dominated
by uncertainties in the radiance conversion factors, which
generally vary by star, wavelength, and time. Statistical
analysis of mid-infrared conversion factors at VLT by
Dobrzycka & Vanzi (2008) has shown typical temporal
variability in these conversion factors of up to 10% in filters

16 hitp: //www.gemini.edu/sciops/instruments /mir/Cohen_list.html
17 https: //www.eso.org/sci/facilities /paranal /instruments / visir /tools/
zerop_cohen_Jy.txt
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Figure 3. Average vertical profiles and contribution functions for Neptune’s atmosphere. Left: mean temperature profile from Moses et al. (2018) and Greathouse et al.
(2011), with methane (cyan curve) and ethane (olive curve) profiles from Moses et al. (2018). From the tropopause minimum, the temperatures increase throughout the
lower stratosphere, becoming nearly isothermal by 10> bars. Ethane is poorly constrained in the troposphere (dashed curve) but is thought to increase with height
above its condensation region in the lower stratosphere (solid curve), as methane decreases in abundance. Right: computed from the Jacobian of the temperature,
contribution functions for each filter showing the pressures from which the observed emission originates. Similar wavelengths have similar contribution functions,
which are labeled and colored by group or filter for clarity, with line styles indicating the instrument as VISIR (solid), COMICS (long dashed), Keck (dotted—dashed),
and T-ReCS/Michelle (short dashed). The 10-11 pm and 17-25 pm H, filters sense a wide range of pressures, including most deeply, while the discrete H, S(1) line
senses pressures of several millibars. C;Hg, CH3D, and CHy filters sense progressively lower pressures. Curves are shown for an emission angle of 45° but shift
upward at larger emission angles (i.e., toward the limb) and downward at smaller angles (i.e., nearer nadir), generally varying by less than +20% in pressure; likewise,
in the bimodal curves for the hydrogen-sensing filters, the relative contributions from the lower-pressure maxima (~5 mbar) increase with the emission angle. The
radiative time constant from Li et al. (2018) is also shown for context.
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Figure 4. Disk geometry for Neptune in 2005, at southern summer solstice
(Ly =270°), and 2020 (L, = 302°), showing the maximum difference in
observing geometries across the data set. South is down, and contours represent
15° intervals, with the equator marked by the dashed contour. The vertical bar
(far left) depicts the ~2”35 angular resolution of Neptune’s disk, and the
concentric disks (far right) illustrate the FWHM of calibration stars
(average + standard deviation), indicative of the typical image resolution.

at 8.6 and 11.2 um, where atmospheric transparency is greatest,
and less than 20% for the Q2 filter, where telluric water vapor
decreases transparency. With minutes to hours typically lapsing
between Neptune and stellar observations, errors can become
significant, particularly at wavelengths at which the emission
from the sky is greatest (see Figure 2 and atmospheric
transmissions in Table 2).

by £30% of their mean, with a standard deviation of
about 25%.

Differences in the spatial resolution and filter passbands can
also lead to relative differences in the inferred trends across the
disk, even at similar wavelengths. For example, Neptune was
observed by both VISIR (12.2 ym, Nell_1) and COMICS (12.4
pm, FO9C12.50W1.15) on the same night in 2008 September,
but the VISIR image shows significantly greater limb bright-
ening (see Figure 26 in the Appendix). Given the contempor-
aneity, the difference is observational, likely owing to the
relatively finer plate scale resolution, lower air mass, and
narrower passband (centered on the ethane emission) of the
VISIR observation. As such, even images at very similar
wavelengths should be compared with some caution.
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Table 3
H, S(1) Spectroscopy

Date (yyyy-mm-dd) Observatory-instrument

Spectral Range (m) Spectral Resolution (A/6\)

2004-05-15 Spitzer-IRS
2004-11-15 Spitzer-IRS
2005-11-19 Spitzer-IRS
2006-05-31 Spitzer-IRS
2006-09-04 VLT-VISIR
2007-10-24 Gemini(N)-TEXES
2019-09-19 Gemini(N)-TEXES

5.2-36.8 600"
5.2-36.8 600"
5.2-36.8 600°
5.2-36.8 600*
17.004-17.056 14,000
17.043-17.036 80,000
16.986-17.134 80,000

Notes. Spitzer-IRS data are effectively disk integrated, VLT-VISIR data are latitudinally resolved, and the Gemini-TEXES data are effectively disk resolved.
# For wavelengths <9.89 um, the Spitzer low-resolution modules provided a resolution R ~ 60-127.

Aside from the conversion factors, repeated attempts to
calibrate data with plausible alternative choices for parameters
regarding the atmospheric model, sky subtraction, area of
aperture photometry, and air-mass correction resulted in
changes in radiance of less than 5%. As a whole, the data do
not exhibit any obvious trends in relative radiances versus air
mass or precipitable water vapor. Altogether, we estimate
uncertainties of up to 10% in radiance for ethane images
(11-13 pm), 20% for the CH;D images (8-9 um), 25% for
methane images (7-8 pm), and, conservatively, 30% for
hydrogen images (17-25 pm).

2.2. Spectroscopic Data

To help interpret variations in stratospheric emission, we
additionally analyzed spectroscopic observations of the H, S(1)
quadrupole at ~17.03 pm (Fletcher et al. 2018b), as
summarized in Table 3. In contrast to the stratospheric imaging
data, which are sensitive to both temperature and composition,
measurement of this hydrogen emission line serves as a nearly
unequivocal indicator of the lower-stratospheric temperatures
(see Figure 3), assuming that the para-hydrogen fraction is in
local equilibrium.

Spectra measuring Neptune’s H, S(1) quadrupole emission
as a function of latitude were acquired with VLT-VISIR in
2006 September. With the 1”-wide slit aligned with the central
meridian, observations spanned over 8 hr and air masses ranged
from 1.01 to 2.7, with a cross-dispersion spatial resolution of
0”127 pixel ' and at a spectral resolution of R ~ 14,000.
Spectra were calibrated via comparison to observations of HD
211416. Random errors at these wavelengths are estimated to
be less than 20%, but we find a larger systematic error in the
calibration, as discussed in Section 3.4.

Subsequent observations of the quadrupole emission were
made in 2007 and 2019 from Gemini-North using TEXES, the
Texas Echelon cross-dispersed Echelle Spectrograph (Lacy
et al. 2002), as part of larger spectroscopic studies. The 2007
observations were previously analyzed and published by
Greathouse et al. (2011), while the 2019 quadrupole data are
presented here for the first time. Both TEXES observations
used a scanning technique in which the 0”8 slit was
sequentially positioned over different portions of the disk,
gathering spectra at each 0725 step that can then be combined
to effectively provide a spatially resolved spectral image of the
H, S(1) quadrupole emission at R ~ 80,000. The detector has a
plate scale of ~0”137 pixel ', but the spatial resolution is
effectively diffraction limited (~0”53) in the direction along
the slit. In the perpendicular scanning direction, the spatial
resolution of the composite image is effectively limited by the

slit width, as all of the disk falling within the 0”8 slit
(perpendicular to the spatial dimension) will contribute to the
signal. This means that the observed signal can potentially be
more diluted toward the edges of Neptune’s disk more in the
scanning direction if the slit width is only partly filled. The
scanning direction was parallel to Neptune’s rotational axis in
2007 but perpendicular to it in 2019, and this difference is
considered when interpreting the data. In each case, radiance
calibration was achieved by accompanying observations of the
thermal blackbody emission from a black, metal plate at
ambient temperature within the observatory. Following Great-
house et al. (2011), uncertainties are taken to be 15% or less.

Finally, for further temporal and spectral context, we relate
our ground-based observations to Spitzer-IRS spectra of
Neptune observed between 2004 and 2006 (Rowe-Gurney
et al. 2021a). The Spitzer-IRS observations are essentially disk
integrated but offer more precisely calibrated radiances over the
full spectral range of our filtered images at four different times
—first in 2004 May and then again 6, 12, and 24 months later.
The Long-High (LH) module data provide measurements of the
disk-integrated H, S(1) quadrupole emission at R ~ 600, to
which we compare our ground-based spectra. For comparison
to filtered images, we computed filter-integrated fluxes of the
Spitzer-IRS spectrum for each imaging filter passband with
mean observing conditions. Errors in the spectral radiances
alone are taken to be less than 6% (Rowe-Gurney et al. 2021a).
Tables listing the disk-integrated radiance for each image,
along with the ratio of each relative to filter-integrated Spitzer
radiances, are provided in the Appendix.

3. Analysis and Results

Images were sorted into distinct spectral groups, defined by
wavelengths and based on their sensitivities and typical image
characteristics (see Section 2.1.1). For each group, images were
then evaluated to display mean characteristics and temporal
behavior, including variation in spatially distributed and disk-
integrated radiances. We compared calibrated imaging repeated
with the same instrument and filter over time to reveal absolute
changes in Neptune’s mid-infrared emission at different
wavelengths. In addition, we evaluated and compared relative
changes within each group of images by expressing their
radiances as ratios relative to the equivalent 2005 radiances
inferred from the Spitzer-IRS spectrum. By examining these
relative changes, we were able to evaluate trends in the
aggregate data and mitigate the sparse sampling in time.
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Figure 5. Averaged images for each distinct spectral group—methane, deuterated methane, ethane, and hydrogen, plus the limited 10-11 pm images, as noted in the
text. Insets of averaged stellar calibrators, indicative of the average spatial resolution of each group, are included to the upper left of each disk. Far left: corresponding
averaged disk geometry. The color scale indicates the latitudes, with 0°, 30°S, and 60°S marked with solid lines. The dotted lines mark the boundaries of the cross-
sectional areas taken to define the meridional- and approximately zonal-radiance profiles, as discussed in the text of Section 3.2.

3.1. Image Mean Characteristics

Average images displaying the distinct characteristics of these
groups are shown in Figure 5. For these averages, images were
normalized in size to that of the finest-resolution data (i.e., to a
disk with an equatorial width of 51.8 pixels, as imaged by VLT-
VISIR on 2018 August 13) and normalized in relative radiance to
the equivalent disk-integrated values inferred from the Spitzer
spectrum. By combining and averaging the images as such, we
greatly improve the S/N to reveal the temporally averaged
structure across the disk. While all images show enhanced
emission at the south pole—interpreted as an indicator of
vertically extensive downwelling (de Pater et al. 2014)—each
group exhibits different spatial variation in radiance across the
disk that can be attributed to differences in the pressures and
molecules sensed within the structure of Neptune’s stratosphere
and upper troposphere (e.g., Hammel et al. 2006, 2007; Orton
et al. 2007; de Pater et al. 2014; Fletcher et al. 2014; Sinclair et al.
2020).

The Q-band images (17-25 pm) show the enhanced H,
emission from the equator and pole relative to midlatitudes,
mostly from pressures between 30 and 300 mbar. This
latitudinal pattern is consistent with the equator and pole being
regions of descending and warming and midlatitudes being
regions of upwelling and adiabatic cooling, as first inferred
from Voyager-IRIS data (Conrath et al. 1990; Fletcher et al.
2014). Suggestions of a similar pattern appear in the averaged
10-11 um image, but these images suffer from very low S/N
given the extremely weak radiances at these wavelengths (see
Figure 2) and sense a broad range of pressures, making their
physical 1nterpretat10n less clear.

Broadly sensing emission from ethane at pressures of 107
10~ bars, the average ethane images are dominated by the
strongest limb brightening, attesting to the combination of a
weakly negative temperature lapse rate (i.e., increasing temper-
ature with height) and increasing ethane mixing fraction with
height at these pressures (see Figure 3). The strongest limb
brightening is seen in the VISIR imaging, likely owing to the high
spatial resolution and narrow passband. A subtle latitudinal
gradient is also evident, with generally lower radiances at southern
midlatitudes, but variable in time as discussed in Section 3.2.
Given the excellent sky transparency and strong signal at these
wavelengths, the 11-13 ym ethane images have the greatest S/N.

Despite sensing similar pressures to those of the ethane
images, the average CH3;D images exhibit a lower S/N and
comparatively less limb brightening than the ethane emission.
This is consistent with a lower abundance of CH;D—inferred
to be only 0.0264% as abundant as methane (with uncertainties
exceeding 50%; e.g., Lecluse et al. 1996; Fletcher et al. 2010;

Feuchtgruber et al. 2013)—and expectations that CH;D, like
methane, decreases in abundance with height at these pressures
(Moses et al. 2018), partly countering the effects of the
negative lapse rate.

Likewise, the 7-8 pm images sensing methane (‘’CH, and
3CH,) show slightly less limb brightening, as these images
sense even higher altitudes where the lapse rate approaches
isothermal. Despite the relatively strong emission from abundant
methane, these images suffer from poor atmospheric transpar-
ency, which reduces the S/N and increases the calibration
uncertainty compared to the ethane images. Careful inspection of
the images nonetheless reveals latitudinal variation with subtle
signs of possible zonal banding as previously noted by Sinclair
et al. (2020), suggesting that dynamical processes shaplng zonal
variations continue to be important up to at least 10> bars.

3.2. Spatial Variation in Time

We evaluate spatial-temporal variation by comparing images
and profiles of the radiances across the disks at different times.
By comparing profiles along the polar and perpendicular axes
of Neptune’s disk (see Figure 5), we separate trends in latitude
from the trends in the emission angle (which are indicative of
vertical gradients), while displaying differences due to seeing
and instrumental diffraction that can significantly alter the
spatial brightness distribution. To improve S/N and better
reveal trends in time, annually averaged images were also
calculated by averaging similar or appropriately normalized
images (as discussed below) acquired over different nights
within a calendar year. Details on the individual images can be
found in Tables 4-6 in the Appendix.

Beginning with the (Q-band images, Figure 6(a) shows a
direct comparison between pairs of annually averaged images
acquired 12 yr apart using the same filters: first by VISIR (Q2,
18.8 um) in 2006 and 2018, and then by COMICS (F42,24.5
pm) in 2008 and 2020. These images sense thermal emission
from well-mixed hydrogen near the tropopause. Though the
image quality differs, we see that the basic structure of thermal
emission from the 100 mbar level remains unchanged over the
intervening 12 yr. The south pole, however, appears sig-
nificantly brighter in both the 2006 and 2008 images compared
to 2018 and 2020.

These same absolute differences between annually averaged
image pairs are readily seen in the profiles of radiance across
the disk shown in Figures 7(a) and (b), which show a
remarkable consistency in the 18.8 pm radiances at all latitudes
with the exception of the south polar edge. Although the 2018
images have lower S/N, profiles slicing perpendicularly
across the center of the images show little difference in the



Table 4

N-band Images: CoHg (11-13 pm)

Date, Time (yyyy-mm-dd,

Effective Wave-

Radiance Ratio to

Seeing Disk

hr:mn) Instrument Filter length (z4m) Disk Radiance (107 Wem 2 st ! um ™) Spitzer Air Mass (arcsec) Calibration Star
2003-07-20, 11:00 LWS SiC 11.66 1.00 = 0.10 0.98 +0.11 1.26 0.59 HD 199345
2003-07-21, 10:24 LWS SiC 11.66 1.23 £0.12 1.21 £0.14 1.30 0.58 HD 139663
2003-09-05, 05:49 LWS 11.7 11.67 1.11 £0.11 0.89 £0.10 1.62 0.37 HD 186791
2003-09-05, 05:59 LWS 12.5 12.57 1.60 £0.16 1.12+£0.13 1.57 0.46 HD 186791
2003-09-05, 07:25 LWS 12.5 12.57 1.57 £ 0.16 1.11 £0.12 1.30 0.57 HD 199345
2003-09-05, 07:32 LWS 11.7 11.67 1.05 £0.11 0.85 £0.09 1.28 0.37 HD 199345
2005-07-04, 11:10 MICHELLE Si5-11.6 11.66 1.02 +0.10 0.84 +0.09 1.34 0.47 HD 199345
2005-07-04, 14:56 MICHELLE Si5-11.6 11.66 1.02 £0.10 0.83 £0.09 1.49 0.47 HD 199345
2005-07-05, 10:43 MICHELLE Si5-11.6 11.66 1.03 £0.10 0.84 +0.09 1.44 0.50 HD 199345
2006-09-02, 01:14 VISIR NEIIL_1 12.22 2.55+0.25 0.99 £0.11 1.15 0.46 HD 200914
2006-09-02, 03:27 VISIR NEIL_1 12.22 2454+0.24 0.95 +0.11 1.01 0.46 HD 200914
2007-07-17, 05:45 T-ReCS Si6-12.3 12.33 1.81 £0.20 1.08 £0.12 1.05 0.62 HD 199345
2007-09-10, 23:47 T-ReCS Si6-12.3 12.33 1.44 +0.16 0.91 +0.10 1.32 0.60 HD 199345
2008-09-13, 08:07 COMICS F09C12.50 12.37 1.59 £0.16 0.94 +0.10 1.22
2008-09-14, 09:40 COMICS F09C12.50 12.37 1.61 £0.16 0.96 +0.11 1.28 0.50 HD 216032
2008-09-15, 07:48 COMICS F09C12.50 12.37 1.66 £ 0.17 0.99 £0.11 1.23 0.44 HD 216032
2008-09-16, 04:04 VISIR NEIL_1 12.22 2234+0.22 0.87 £ 0.10 1.09 0.38 HD 178345
2008-09-16, 06:20 COMICS F09C12.50 12.37 1.67 £0.17 1.00 £ 0.11 1.42
2009-08-06, 04:41 VISIR NEIL_1 12.22 2234+0.22 0.87 +0.10 1.04 0.37 HD 216149
2009-08-11, 08:14 VISIR NEIIL_1 12.22 2.15+0.22 0.84 £ 0.09 1.40 0.37 HD 196321
2009-08-13, 07:06 VISIR NEIIL_1 12.22 2.04 £0.20 0.80 £ 0.09 1.16 0.31 HD 787
2009-09-10, 01:19 VISIR NEIIL_1 12.22 2.03 £0.20 0.79 £ 0.09 1.14 0.41 HD 178345
2009-09-10, 06:33 VISIR NEIL_1 12.22 2.05+0.20 0.80 + 0.09 1.52 0.41 HD 178345
2009-09-14, 01:41 VISIR NEII_1 12.22 1.86 £0.19 0.73 £0.08 1.07 0.50 HD 177716
2010-08-19, 01:00 T-ReCS Si6-12.3 12.33 1.21 £0.13 0.76 + 0.09 1.72 0.45 HD 199345
2010-08-19, 03:45 T-ReCS Si6-12.3 12.33 1.34 £0.15 0.85 £0.09 1.08 0.45 HD 199345
2010-08-19, 06:02 T-ReCS Si6-12.3 12.33 1.32+£0.14 0.83 £0.09 1.10 0.45 HD 199345
2010-08-19, 07:43 T-ReCS Si6-12.3 12.33 1.23 £0.14 0.78 £ 0.09 1.41 0.45 HD 199345
2010-09-25, 00:15 T-ReCS Si6-12.3 12.33 1.26 +0.14 0.80 + 0.09 1.19 1.03 HD 216032
2010-09-25, 03:42 T-ReCS Si6-12.3 12.33 1.39 £0.15 0.88 £0.10 1.12 1.03 HD 216032
2010-09-25, 05:08 T-ReCS Si6-12.3 12.33 1.32 £0.14 0.83 £0.09 1.38 1.03 HD 216032
2010-09-25, 23:53 T-ReCS Si6-12.3 12.33 1.31 £0.14 0.83 +0.09 1.24 0.63 HD 199345
2010-09-26, 01:56 T-ReCS Si6-12.3 12.33 1.29 £0.14 0.82 £0.09 1.05 0.63 HD 199345
2010-09-26, 04:23 T-ReCS Si6-12.3 12.33 1.32 £0.15 0.84 +0.09 1.22 0.63 HD 199345
2011-08-27, 10:57 COMICS F30C12.81 12.92 0.57 £ 0.06 1.08 £0.12 1.21 0.45 HD 206445
2012-10-30, 05:09 COMICS F30C12.81 12.92 0.59 £ 0.06 1.13 £0.13 1.20 0.45 HD 206445
2018-08-03, 06:03 VISIR NEIIL_1 12.22 1.85+£0.19 0.72 £0.08 1.09 0.42 HD 198048
2018-08-04, 05:49 VISIR NEII_1 12.22 1.96 £ 0.20 0.76 £ 0.09 1.10 0.36 HD 198048
2018-08-09, 09:15 VISIR NEIIL_1 12.22 1.89 £0.19 0.73 £0.08 1.34 0.35 HD 787
2018-08-13, 06:42 VISIR NEIIL_1 12.22 1.90 £0.19 0.74 £ 0.08 1.06 0.37 HD 217902
2020-07-29, 12:15 COMICS F09C12.50 12.37 1.54 £0.15 0.92 £0.10 1.14 0.46 HD 216032
2020-07-31, 12:12 COMICS F09C12.50 12.37 1.57 £ 0.16 0.93 +0.10 1.14 0.42 HD 216032

Note. Corresponding images are shown in Figure 26.
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Table 5

Q-band and N-band Images: H, (17-25 um); H,, Co,Hg, CoHy (10-11 pm); CH3D (8-9 pum)

Date, Time (yyyy-mm-dd,

Effective Wave-

Radiance Ratio to

Seeing Disk

hr:mn) Instrument Filter length (pm) Disk Radiance (1077 W cm™ 2 st ! umfl) Spitzer Air Mass (arcsec) Calibration Star
2003-07-20, 11:45 LWS 22.0 21.73 0.23 +0.07 0.72 +£0.22 1.25 0.63 HD 199345
2003-09-05, 06:28 LWS 10.7 10.68 0.07 4+ 0.02 0.64 + 0.20 1.43 0.36 HD 186791
2003-09-05, 06:42 LWS 18.75 18.72 0.12 +0.04 0.87 +0.27 1.37 0.48 HD 186791
2003-09-05, 07:11 LWS 17.65 17.77 0.14 +0.04 0.91 +0.28 1.32 0.52 HD 199345
2003-09-05, 08:14 LWS 10.7 10.68 0.06 + 0.02 0.56 +0.17 1.26 0.54 HD 199345
2003-09-05, 08:28 LWS 17.65 17.77 0.14 4+ 0.04 0.92 +0.28 1.26 0.52 HD 199345
2006-09-02, 02:35 VISIR Ql 17.76 0.21 +0.06 141 +0.43 1.02 0.55 HD 200914
2006-09-02, 02:46 VISIR Q2 18.75 0.16 4+ 0.05 1.11 £0.34 1.04 0.64 HD 186791
2007-07-17, 05:42 T-ReCS Si4-10.4 10.39 0.02 + 0.01 0.85 +0.26 1.14 0.59 HD 199345
2007-09-10, 23:44 T-ReCS Si4-10.4 10.41 0.03 +0.01 1.29 +0.39 1.04 0.63 HD 216032
2007-09-13, 05:06 T-ReCS Si4-10.4 10.41 0.01 +0.01 0.24 +0.07 1.59 0.46 HD 199345
2008-07-17, 08:08 VISIR Q3 19.54 0.15 4+ 0.05 0.90 +0.28 1.08 0.55 HD 198048
2008-07-23, 06:27 VISIR Q3 19.54 0.16 = 0.05 0.97 +0.30 1.02 0.53 HD 178345
2008-09-13, 09:39 COMICS F37C18.75 18.68 0.15+0.05 1.08 £ 0.33 1.27 0.60 HD 217906
2008-09-13, 08:20 COMICS F42C24.50 24.49 0.63 +0.19 0.93 +0.28 1.21 0.73 HD 217906
2008-09-14, 09:57 COMICS F42C24.50 24.49 0.63 +0.19 0.92 +0.28 1.32 0.67 HD 186791
2008-09-15, 08:16 COMICS F42C24.50 24.49 0.67 +0.20 0.99 + 0.30 1.21 0.69 HD 217906
2018-08-09, 09:49 VISIR Q2 18.75 0.13 +0.04 0.94 +0.29 1.52 0.50 HD 787
2018-08-13, 07:10 VISIR Q2 18.75 0.12 +0.04 0.83 +£0.25 1.07 0.51 HD 217902
2020-07-31, 13:17 COMICS F42C24.50 24.49 0.64 +0.19 0.95 +0.29 1.10 0.68 HD 12929
2003-09-05, 06:28 LWS 10.7 10.68 0.07 +0.02 0.64 + 0.20 143 0.36 HD 186791
2003-09-05, 08:14 LWS 10.7 10.68 0.06 + 0.02 0.56 +0.17 1.26 0.54 HD 199345
2007-07-17, 05:42 T-ReCS Si4-10.4 10.39 0.02 +0.01 0.85 +0.26 1.14 0.59 HD 199345
2007-09-10, 23:44 T-ReCS Si4-10.4 10.41 0.03 +0.01 1.29 +0.39 1.04 0.63 HD 216032
2007-09-13, 05:06 T-ReCS Si4-10.4 10.41 0.01 +0.01 0.24 +0.07 1.59 0.46 HD 199345
2007-09-17, 01:32 T-ReCS N 10.04 9.29 4+ 8.36 13.28 £ 11.95 1.08 0.65 HD 216032
2003-07-20, 11:04 LWS 8.0 8.43 0.93 +0.19 1.31 £0.27 1.26 0.54 HD 199345
2003-09-05, 06:09 LWS 8.9 8.82 0.22 +0.04 1.35 £ 0.28 1.52 0.41 HD 186791
2003-09-05, 06:18 LWS 8.0 8.43 1.08 +0.22 1.52 +£0.32 1.47 0.33 HD 186791
2003-09-05, 07:46 LWS 8.0 8.43 1.10 £ 0.22 1.54 +0.32 1.27 0.32 HD 199345
2003-09-05, 08:00 LWS 8.9 8.82 0.20 + 0.04 1.27 +0.27 1.26 0.46 HD 199345
2006-09-02, 00:39 VISIR PAHI1 8.60 0.29 +0.06 1.11 £0.23 1.26 0.37 HD 200914
2006-09-02, 07:20 VISIR PAHI 8.60 0.29 4+ 0.06 1.11 £0.23 1.90 0.37 HD 200914
2007-07-17, 05:38 T-ReCS Si2-8.8 8.72 0.21 +0.05 1.00 £ 0.21 1.07 0.66 HD 199345
2007-09-10, 23:40 T-ReCS Si2-8.8 8.73 0.27 +0.06 1.38 +0.29 1.08 0.68 HD 216032
2007-09-13, 04:14 T-ReCS Si2-8.8 8.73 0.17 £ 0.04 0.86 +0.18 1.35 0.49 HD 216032
2008-09-14, 09:51 COMICS F05C08.70 8.75 0.16 = 0.03 0.86 +0.18 1.31
2008-09-16, 02:22 VISIR PAHI1 8.60 0.20 + 0.04 0.78 £ 0.16 1.02 0.32 HD 178345
2008-09-16, 07:32 COMICS F05C08.70 8.75 0.16 +0.03 0.83 +0.17 1.24 0.69 HD 175775
2009-08-06, 05:24 VISIR PAHI 8.60 0.21 +0.04 0.81 +£0.17 1.02 0.28 HD 216149
2009-08-08, 03:48 VISIR PAHI1 8.60 0.20 + 0.04 0.76 +0.16 1.11 0.85 HD 178345
2009-08-13, 07:39 VISIR PAHI1 8.60 0.19 +0.04 0.74 £ 0.16 1.27 0.33 HD 220954
2009-09-10, 00:38 VISIR PAHI1 8.60 0.16 +0.03 0.62 +0.13 1.26 0.37 HD 12524
2009-09-10, 05:55 VISIR PAHI 8.60 0.18 +0.04 0.67 +£0.14 1.31 0.37 HD 12524

Note. Corresponding images are shown in Figure 27. The N-filter image was used for spectroscopic acquisition; its flux calibration is highly uncertain owing to its short integration.
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Table 6
N-band Images: CH, (7-8 pum)

Date, Time (yyyy-mm-dd,

Effective Wave-

Radiance Ratio to

Seeing Disk

hr:mn) Instrument Filter length (xm) Disk Radiance (1077 W em ™2 s+ um’l) Spitzer Air Mass (arcsec) Calibration Star
2005-07-05, 11:04 MICHELLE Sil-7.9 7.76 1.66 + 0.42 0.65 +0.17 1.36 0.50 HD 199345
2005-07-05, 14:07 MICHELLE Sil-7.9 7.76 1.65 +0.41 0.64 +0.17 1.34 0.54 HD 199345
2007-07-17, 05:34 T-ReCS Sil-7.9 7.76 1.36 +0.37 0.54 +0.14 1.04 0.65 HD 199345
2007-09-10, 23:36 T-ReCS Sil-7.9 7.81 1.24 +0.34 0.51 +0.13 1.18 0.67 HD 216032
2008-09-16, 03:13 VISIR J7.9 7.76 0.99 +0.25 0.38 +0.10 1.03 0.32 HD 178345
2009-08-06, 06:13 VISIR J7.9 7.76 0.70 +0.18 0.27 +0.07 1.03 0.28 HD 216149
2009-08-15, 05:40 VISIR J7.9 7.76 0.95 +0.24 0.37 +0.09 1.04 0.24 HD 196321
2009-09-10, 01:58 VISIR J7.9 7.76 0.76 +0.19 0.29 +0.08 1.07 0.31 HD 178345
2009-09-10, 07:13 VISIR J7.9 7.76 0.52+0.13 0.20 + 0.05 1.87 0.31 HD 178345
2011-08-27, 10:44 COMICS F04C07.80 7.89 0.70 +0.17 0.32 +0.08 1.20 0.52 HD 206445
2012-10-30, 05:22 COMICS F04C07.80 7.89 1.29 +0.32 0.58 +0.15 1.19 0.49 HD 206445
2018-08-04, 06:47 VISIR J7.9 7.76 0.80 + 0.20 0.31 +0.08 1.05 0.29 HD 198048
2018-08-13, 08:06 VISIR J7.9 7.76 0.68 +0.17 0.26 + 0.07 1.16 0.28 HD 217902
2020-07-29, 12:41 COMICS F04C07.80 7.90 1.22 £0.31 0.55 +0.15 1.11 0.57 HD 216032
2020-07-31, 12:35 COMICS F04C07.80 7.90 1.28 +0.32 0.58 +0.15 1.11 0.51 HD 216032

Note. Corresponding images are shown in Figure 27.
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center-to-limb behavior, suggesting that the differences at the
pole cannot be easily attributed to observational differences in
the seeing and image quality. Differences between the
meridional and ~zonal'® cross sections clearly show that the
pole and equator are latitudes of enhanced emission.

While a direct comparison between identical filters provides
the strongest evidence of temporal changes, with only two pairs
of O-band images acquired with the same filters spanning
multiple years (Figure 6(a), left and middle; Figures 7(a), (b)),
the opportunity for direct comparisons of images is limited. In
order to provide greater temporal coverage, we also compared
images at similar but different Q-band wavelengths (17.5-24.5
pm) by attempting to normalize their intrinsically different
radiances. This was done by dividing the images by the filter-
integrated radiances derived from the 2005 Spitzer spectrum (to
effectively remove the wavelength-dependent variation) and
then scaling by a single fiducial radiance—in this case, the
filter-integrated radiance at 18.8 pm. Although the fiducial
scaling is somewhat arbitrary, the relative differences that
emerge are meaningful. Cautiously, we note that not all
changes observed in these sequences are necessarily temporal,
as differences in filter passbands, contribution functions, and
normalization relative to Spitzer can potentially introduce
differences, in addition to inescapable variation owing to image
quality and calibration. Nevertheless, by including additional
images, the resulting normalized image sequence provides a
fuller account of the potential temporal behavior, as seen in
Figure 6(a) (right).

The corresponding plots of annually averaged, normalized
radiance profiles are shown in Figure 7(c); similar plots
showing profiles from all images, before and after normal-
ization, are provided in Figure 28 in the Appendix. The profile-
plots show how temporally uniform the radiances are at most
latitudes after normalization. The exception is the south pole,
which appears significantly brighter in 2003 and 2006. While
observational differences may still contribute to some of the
variation given the limited number of images averaged (e.g.,
note the range in south polar radiances observed in 2006 alone
in Figure 28 in the Appendix), these data indicate that the
upper-tropospheric south polar temperatures were intrinsically
warmer in 2003 and 2006.

We applied the same approach to the 11-13 um ethane
images shown in Figure 6(b). Neptune was observed most
frequently at these wavelengths—in 11 separate years between
2003 and 2020—allowing for the fuller assessment of the
stratospheric temporal behavior. A direct comparison using the
VISIR 12.2 um (Nell_1) filter alone shows significant changes
in the brightness distribution on scales of just 2 yr (Figure 6(b),
left, and Figure 8(a)). The 2006 images appear globally
brightest, dominated by limb brightening with no additional
strong latitudinal variation except for enhanced emission at the
south pole and, to a lesser extent, along the northern limb.
However, the radiances appear to decrease in the following
years, and by 2008, the radiance in the southern hemisphere
drops by roughly 20% in radiance, and the resulting asymmetry
across the disk, from the northern to southern limbs, continues
throughout 2009, with further reduction along the southern
limb and pole. By 2018, the equatorial region also drops in
brightness, resulting in a now globally dimmer but once again

18 Only approximately zonal, not precisely, given that Neptune’s south pole
was tilted ~27° toward the observer and the image was not reprojected (see
Figure 5).

12

Roman et al.

more symmetric pattern with relatively enhanced emission at
the northern and southern limbs. This is clearly seen in the
meridional cross sections shown in Figure 8(a). This surprising
asymmetric change in radiance cannot be explained by errors in
calibration (<10%).

Even larger changes are seen between COMICS 124 pm
images taken in 2008 and 2020 (Figure 6(b), middle, and
Figure 8(b)). The 2008 image shows an asymmetric pattern
consistent with what was seen in the contemporaneous VISIR
images, but the 2020 image shows a dramatic ~50% increase in
the polar radiance accompanied by a ~25% decrease at all other
latitudes (see Figure 8(b)). While the small changes in the polar
emission angle (from 59° in 2008 to 64° in 2020) can potentially
lead to differences in observed radiances, the changes observed
here far exceed any observational biases. The comparison of zonal
cross sections also shows that the degree of disk limb brightening
slightly lessened in 2020 (as evidenced by the slightly flatter
curve), which suggests a greater reduction in emission from
relatively lower pressures.

Data from other years are not as reliable owing to fewer
observations and poorer weather conditions in some cases
(particularly the 2007 T-ReCS image), but normalizing
(wavelength-correcting using Spitzer and scaled to the average
Nell_1 radiance) and combining all the data in the 11-13 um
spectral region reveals a fuller timeline of these stratospheric
changes, as shown in Figures 6(b) (right) and 8. In the
normalized ethane data, Neptune’s brightness appears to
fluctuate, appearing brighter in 2003, 2006, 2011, and 2012
than in other years. Starting with a somewhat symmetric
distribution of disk radiances in 2003, significant meridional
asymmetry in the disk profiles develops sometime between 2006
(or 2007 if the T-ReCS image is to be trusted) and mid-2008 and
lasts until at least 2011 and 2012, when images again become
brighter. By 2018, the equatorial radiance drops by a quarter or
more in radiance and remains at roughly this value in 2020, just
as the south pole begins to dramatically brighten.

Images sensing deuterated methane emission are fewer but
show substantial trends in time between 2003 and 2009. VISIR
8.6 um (PAH1) images are globally brighter in 2006 than in
2008 and 2009, with increasing contrast between equatorial and
southern midlatitudes in 2008 and 2009 (see Figures 6(c) and
9). Normalizing the set to include and compare 2003 images at
8.9 pum from Keck-LWS, we find that the 2003 images are the
brightest, with radiances steadily decreasing with time.

Applying the same analysis to methane images (7-8 pm)
reveals far greater variability with time. Much of this variability
may potentially be due to calibration errors, as the images show a
wide range in quality and large uncertainties. Variation in 2009
alone may suggest even larger errors in calibration than expected,
with disk-integrated radiances ranging from 52413 nW cm >
st um " t0 95 4+24nWem Zsr ! pm ! (see Figure 29 in the
Appendix). Latitudinal and temporal trends are also noisier with a
greater spread in values compared to the C,Hg and CH3D images,
exceeding the estimated 25% calibration uncertainty in both direct
and normalized comparisons (Figures 6(d) and 10). Unfortunately,
with some years limited to a single observation, it is impossible to
know for certain whether the observed variation can be attributed
to errors exceeding the best estimates of the typical uncertainty or
true physical changes in Neptune’s atmosphere. Interestingly, the
general trends in time and latitude are roughly similar in behavior
to those seen in ethane and CH;D images, as discussed in
Section 3.3, so at least some variation is likely physical. From a
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Figure 6. Comparison of observed radiances in images from different years. On the left, images with identical filters are compared over time in the different spectral
regions as described in the text for images sensitive to (a) H,, (b) CoHg, (c) CH3D, and (d) CH4. On the right, image sequences including all filters, normalized relative
to Spitzer disk-filter-integrated radiances and scaled by a single fiducial value for each spectral group—specifically the Spitzer filter-integrated values for Q2 (H,),
Nell_1 (C,Hg), PAHI (CH3D), and J7.9 (CHy). Variation in methane images (panel (d)) are largest and indicate significant global changes in radiances or larger
calibration uncertainties than expected. Uncertainties are assumed to be up to 10% for ethane images (11-13 pm), 20% for the CH;D images (8-9 um), 25% for
methane images (7-8 pm), and no more than 30% for hydrogen images (17-25 pm).

o

peak in 2005, radiances fall across the disk, with a minimum at If we disregard global variations as purely calibration errors,
southern midlatitudes in 2009. We also see a relative increase in then we are left with just the aforementioned latitudinal
the polar radiance between 2018 and 2020, as seen in the other behavior, as shown in Figure 11. In the ethane images, curves
stratospheric-sensing images. generally fall into two groups—those with relatively elevated
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Figure 7. Profiles of radiances across the disk for 17-25 pm hydrogen-sensing images that form the average images shown in Figure 6(a). (a) Profiles from the VISIR
Q2 (18.8 pm) images showing the meridional cross section (vertically bisecting the image, north—south), the perpendicular cross sections (~zonal, horizontally
bisecting the image, roughly west—east), and the difference between the profiles (meridional-zonal) to help separate latitudinal variation from center-to-limb behavior.
Plots average nine central lines for each profile, amounting to 074, or just over 17% of the disk diameter in our normalized resolution images. Observation years are
defined by color, and the locations of the disk edges and changing equator are also indicated. For clarity, error bars are omitted but taken to be 30% or less. Plots show
relatively enhanced emission at the pole in 2006. (b) Corresponding curves for COMICS F42C24.50W0.80 (24.5 pm) images showing greater amplitude in images
from 2008 than in 2020. (c) Annually averaged curves for all O-band images (17-25 pum, eight separate filters) normalized by their passband-integrated Spitzer
radiances and scaled by the corresponding Q2 filter (18.8 pm) radiance. Fainter crosshatching envelopes represent the uncertainty. The resulting curves show
remarkable consistency in radiance in time for all latitudes except for the south pole, which appeared relatively brighter in 2003 and 2006.

radiances near the equator and those without. The 2007 data
curve is anomalously flat but may be dismissed owing to the
poor observing conditions. Latitudinal trends in the methane
and CH3;D images are somewhat less variable considering the
range in image quality, but they do show a relative reduction in
radiance at southern midlatitudes in 2008 and 2009. This
latitudinal contrast can be quantified as the difference in
brightness temperature (7,,) between the equator, midlatitudes,
and south pole as a function of time as shown in Figure 12.
The contrast in brightness temperature between the south
pole and other latitudes generally ranges between 2 and 7 K but
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shows no obvious long-term trends (Figure 12). Some, but
certainly not all, of the polar variability is likely observational,
due to differences in image resolution and astronomical seeing.
The observed contrast also appears to be wavelength dependent
—while the extreme brightening seen at the pole in 2020 is
clearly exceptional in the ethane images, it appears somewhat
less remarkable in the methane images, with values comparable
to some previous years (i.e., 2008, 2005, 2018). Likewise, the
(Q-band images sensing temperatures near the tropopause from
2018 and 2020 show only a relatively weak polar vortex, albeit
with poorer image conditions. If the enhanced polar emission is
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Figure 8. As in Figure 7, profiles of radiances across the disk, now for 11-13 pm ethane-sensing images that form the average images shown in Figure 6(b). (a)
Profiles from the VISIR Nell_1 (12.2 pm) images showing the meridional cross section, the perpendicular cross sections, and the difference between the profiles
(meridional—zonal) to help separate latitudinal variation from center-to-limb behavior. For clarity, error bars are omitted but taken to be less than 10%. A roughly
symmetric meridional profile with enhancement at both southern and northern limbs in 2006 gives way to an asymmetric distribution in 2008-2010 as radiances drop
in the southern hemisphere first, before similarly falling at the equatorial latitudes in 2018 to become once again roughly symmetric. (b) Corresponding curves for
COMICS F09C12.50W1.15 (12.4 pm) in 2008 and 2020 showing the most dramatic difference in relative profile among image pairs, with significant brightening at
the south pole accompanied by darkening at all other latitudes. (c) Annually averaged curves for all ethane images (11-13 pm, seven separate filters) normalized by
their passband-integrated Spitzer radiances and scaled by the corresponding VISIR Nell 1 filter (12.2 pm) radiance, with uncertainty represented by the fainter

envelopes.

produced by a temperature enhancement, this would suggest
that it is vertically localized near the peak of the ethane
contribution functions. Alternatively, the wavelength depend-
ence suggests that ethane enhancement is contributing to the
rising polar brightness.

3.3. Disk-integrated Variation in Time

We investigated the potential global-scale variability suggested
by the images in Section 3.2 by evaluating the disk-integrated
radiances versus time. For these calculations, we performed

15

aperture photometry on calibrated, sky-subtracted images by
summing Neptune’s observed signal and dividing by the true solid
angle of Neptune’s disk. Results are plotted as a function of time
for each of the image groups in Figures 13 and 14. The left panels
show the disk-integrated radiances for each observation, with a
different icon for each instrument. Filter-integrated Spitzer values
are also shown (in green shaded regions), representing the
radiances we would have observed from the ground at our filtered
wavelengths given the Spitzer spectral radiances in 2004 (May
and November), 2005, and 2006. For example, in Figure 14(a) we
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Figure 9. As in Figures 7 and 8, but for 89 pzm CH;D-sensing images. (a) Direct comparison of 8.6 #m VISIR images. Error bars are omitted but taken to be less than
20%. (b) Annually averaged profiles from all the CH;D-sensing images (from five different filters) normalized by Spitzer values and scaled by the corresponding

Spitzer filter-integrated value for the VISIR PAHI filter (8.6 pm).

see that the VISIR 12.2 pm measurements (purple filled circles)
appear to decrease in radiance from 2006 to 2018. Integrating the
Spitzer spectrum over the VISIR 12.2 um filter passband shows
that values in 2004 and 2005 (purple open circles) were similar,
within uncertainties, to the ground-based image from 2006,
extending the trend back 2 yr further in time.

For further comparison and temporal context, we also plot
the radiances relative to the equivalent Spitzer filter-integrated
values, as a ratio, to display relative changes seen across all
filters within the group (Figures 13 and 14, right panels). By
expressing these radiances as a ratio to Spitzer, we once again
effectively normalize the observations by removing the
wavelength dependence. The results reveal trends across
multiple filters that are indicative of changes in the image
group in general.

As indicated with the disk profiles (Figure 7), the hydrogen-
sensing filters span a wide range of intrinsic radiances given their
range of wavelengths (17-25 pm; Figure 13(a)), but their global
variations when rationed to Spitzer suggest no significant change
beyond the expected uncertainties (Figure 13(b)).

Images sensing stratospheric pressures, however, show more
variability with coherent trends (Figure 14). The VISIR ethane
imaging shows a decline of approximately 30% between 2003
and 2018, while other instruments were used too sparsely to
establish trends (Figure 14(a)). When normalized (Figure 14(b)),
we see a rough decline of approximately 30% between 2003 and
2010, followed by a secondary peak in 2012 and a 25% rise in
brightness from 2018 to 2020. CH3D images using the same filter
are very limited (Figure 14(c)), but altogether the normalized data
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display an almost linear decline of ~50% in relative radiance from
2003 to 2010 (Figure 14(d)). Finally, CH, images show a similar
decline for the years measured within the same period
(Figures 14(e) and (f)). The methane decline is even greater
(~70%) if the filter-integrated values from Spitzer-IRS are
accurate. Radiances remain low in subsequent methane imaging,
but like the ethane images, we see signs of a secondary peak in
2012 and a rise by more than 80%, between 2018 and 2020.

Although the uncertainties on all these measurements are
considerable, the similar temporal behavior seen across different
nights, observatories, instrument filters, and spectral groups lends
credibility to these variations. The shared behavior also indicates
that a single mechanism may be primarily responsible for altering
the emission. As the dotted lines in Figures 14(a), (c), and (e)
show, the expected variation from seasonal photochemistry alone
produces an almost negligible effect on disk-integrated radiances
over this timescale. Far larger variation coordinated across
different hydrocarbons would be needed. Alternatively, variation
in the stratospheric temperatures is the simplest explanation, as
investigated in the next section.

The plots in Figure 14 also reveal a possible systematic error
in radiances at wavelengths less than 10 pm. The near-linear
trend in the radiance ratio plots for CH3;D images (Figure 14(d))
would be better fit if all the ground-based observations were
systematically reduced by 10%, or the Spitzer values were
systematically raised by 10%. Likewise, the trend in methane
images (Figure 14(f)) would fall into better agreement with the
Spitzer values if the Spitzer radiances were systematically
decreased by 50%. Additionally, our radiative transfer modeling
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Figure 10. As in Figures 7-9, but for 7-8 pm methane images. Profiles are from (a) the VISIR 7.8 um filter and (b) the COMICS 7.9 pm filter, as calibrated, with
considerable spread due to larger calibration uncertainties (estimated at 25%). (c) Annually averaged profiles from all methane-sensing images (four filters),
normalized by Spitzer values and scaled by the corresponding Spitzer filter-integrated value for the VISIR J7.9 filter (7.8 pm). In this case, the normalization fails to
bring radiances into close agreement (e.g., compared to the ethane images). This may indicate greater intrinsic variability in the methane emission, but it may also be

partly attributed to calibration uncertainties exceeding the 25% estimate.

of the radiances, based purely on previously published
temperature and chemical profiles, also shows a discrepancy
with respect to our Spitzer integrated values. Assuming the
average temperature profile (Figure 3) based on Greathouse et al.
(2011) and Moses et al. (2005) (the latter originally based on
Orton et al. 1992; Yelle et al. 1993; Roques et al. 1994),
combined with the seasonally varying photochemical hydro-
carbon model of Moses et al. (2018), we computed synthetic
radiances using NEMESIS (Irwin et al. 2008) to model the
radiative transfer. Disk-integrated values were calculated by
creating synthetic spatially resolved images, from which
modeled disk-integrated radiances were extracted using aperture
photometry, just as we had done with true data. The modeled
disk-integrated radiances are plotted alongside observations in
the left panels of Figure 14 and are nearly invariant in time.
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Although these modeled radiances are derived from ground-
based measurements of the temperatures and hydrocarbon
distributions—the latter partly constrained by numerous mea-
surements of hydrocarbon mole fractions from various ground-
and space-based observations made between 1981 and 2009 (as
described in Moses et al. 2018)—they are independent of the
observed radiances extracted from our calibrated imaging data.
Yet, as Figure 14(e) shows, these modeled radiances appear
consistent with most of the ground-based methane data (dotted
lines vs. icons), but they appear systematically lower than
Spitzer values.

Systematic errors in the calibrations across different filters,
observatories, and times are difficult to explain, as it would
indicate that nearly all ground-based imaging is underestimat-
ing the 7-8 um emission by roughly 50% while overestimating
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Figure 12. Latitudinal brightness temperature contrasts as a function of time
for all stratosphere-sensing images. Top panel: the contrast is calculated as the
equatorial 7;, minus the T, at 45°S, for CoHg (blue circle), CH3D (green
square), and CHy (purple diamond) images, as indicated by the key. Contrasts
determined from hydrogen quadrupole measurements (red star) are also shown,
as discussed in Section 3.4. Nearly all data appear to follow a similar trend with
increasing contrast between 2005 and 2011, as radiances dropped at southern
latitudes first. The contrast weakens in 2018-2020 as the equatorial radiances
diminished while radiances at southern mid- to high latitudes increased.
Bottom panel: corresponding 7, differences between the south pole and the
center of the disk, at roughly 30°S latitude, show a slight decrease trend in time
between 2003 and 2012. Uncertainties in brightness temperature differences are
roughly 0.5 K.

that at 89 yum. Combined with the modeling results, this
apparent offset suggests that our filter-integrated Spitzer
radiances at 7-8 um are systematically too bright. If the
Spitzer calibrations at these wavelengths are accurate, one
possible explanation for this error may be the lower spectral
resolution (R < 127) of the Spitzer-IRS spectra at wavelengths
of 7-10 pm, which may conceivably lead to larger errors when
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interpolated and integrated over the filter passbands. As a test,
we interpolated the entire Spitzer N-band spectra to a resolution
R~ 127 (from R~ 600) and recomputed filter-integrated
radiances for the ~12 pm ethane filters; we found values only
changed by no more than 5%. However, the radiances and
atmospheric transmission vary more strongly with wavelength
below 9 pum, which may accentuate these errors. Furthermore,
ground-based observations are subject to absorption by telluric
CH,, which can selectively suppress the observed emission
from CH, in Neptune’s atmosphere at the wavelengths of the
most intense emission lines. While the correlation between
emission and telluric absorption is imperfect because the
stratospheric emission lines in Neptune’s spectrum are
generally Doppler shifted and narrower than the pressure-
broadened lines of telluric methane, the combined effect can
nonetheless significantly alter the expected radiances observed
from the ground. When calculating the equivalent Spitzer filter-
integrated radiances, we attempt to account for this telluric
absorption by convolving the Spitzer spectrum with telluric
transmission; however, the lower spectral resolution of the
Spitzer 7-10 pm spectrum means that this correlation between
emission and absorption may not be adequately captured,
potentially explaining the discrepancy between ground-based
and filter-integrated Spitzer observations.

Interestingly, at 8-9 um, nearly all observations—both
Spitzer and ground-based—appear too bright compared to the
model predictions (dotted lines vs. icons, Figure 14(c)). These
differences suggest that our assumed ratio of CH;D to CH4 of
2.64 x 107* (from Herschel-PACS analysis; Feuchtgruber
et al. 2013) is likely too low. Increasing the D/H in CH, to
4 % 10~*—the upper limit suggested by Fletcher et al. (2010)
from 2007 AKARI satellite measurements and Irwin et al.
(2014) from 2010 VLT/CRIRES spectra—brings the models
into better agreement with the ground-based observations in
2009, but they still fall short of the Spitzer equivalent values.
Considering that the modeled CH, emission (which, we note,
we model using temperature profiles constrained by ground-
based observations) is also too dim compared to Spitzer, these
data suggest a need to increase the D/H ratio and methane
abundance or temperatures in stratosphere to match the Spitzer
values between 2004 and 2006. Alternatively, as mentioned, it
is conceivable that, at ~7-9 um, either our filter-integrated
radiances for Spitzer are systematically too great or our ground-
based radiances are too small, due to an unaccounted-for error.
In 2022, James Webb Space Telescope MIRI spectra will
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Figure 13. Disk-integrated radiances vs. time for all hydrogen-sensing images (17-25 pm) along with the 10-11 pm images. Symbols correspond to different
instruments and filters as indicated by the key, with error bars of 30%. Spitzer filter-integrated equivalent values are also shown as smaller, open symbols in the green
shaded regions of 2004, 2005, and 2006, with error bars of 7%. (a) The absolute radiances for each observation vs. time, which span a wide range of values given
differences in filter wavelengths. Note that COMICS 24.5 um and the T-ReCS 10.4 m are shown at 1/10 and 10x their actual values, respectively, for clarity. (b)
The relative radiance as a ratio to Spitzer observations in 2005 (indicated by the plus sign). As a ratio, the wavelength-dependent differences are essentially removed,
and the relative differences of the group over time become evident. The images show no significant disk-integrated trends in time beyond the uncertainties.

provide an opportunity for potentially comparing coordinated
ground- and space-based observations in order to assess
ground-based calibrations and further investigate the source
of any possible discrepancy in future work. For the present
investigation, the Spitzer radiances primarily serve as a fiducial
point for comparison, and the apparent offsets do not alter the
inferred trends and conclusions.

3.4. Hydrogen Quadrupole Emission

The H, S(1) quadrupole emission at ~17.035 um provides
an unambiguous indicator of stratospheric temperatures at
millibar pressures. However, given the differences in spectral
and image resolutions among data (see Table 3), some
manipulation is first necessary in order to make a valid
comparison. The Spitzer spectra are disk averaged by virtue of
their low spatial resolution, while the VISIR and TEXES data
sample subsets of the disk as seen through their 1” and 0”8
slits, respectively. The lateral scanning by TEXES allows us to
construct and average an effective image of brightness across
the disk, but the VISIR data are limited to the average of the slit
area projected along the meridian. The Spitzer spectral
resolution of R ~ 600 is also considerably lower than that of
VISIR (R ~ 14,000) and TEXES (R ~ 80,000), which directly
affects the measured intensity of the line. As the spectral
resolution decreases, the discrete emission becomes more
strongly convolved with the continuum emission, effectively
weakening the line radiance. To account for this, we convolved
the VISIR and TEXES spectra with a Gaussian to reduce all
spectra to an equivalent resolution of R ~ 600. Comparisons
between the resulting disk-integrated, resolution-normalized
radiances are shown in Figure 15.

We find that the VISIR quadrupole spectra appear system-
atically offset from the other observations in continuum
radiance, which originates from deeper in the atmosphere,
near the tropopause. The Q-band imaging that senses the
continuum emission from these deeper pressures shows no
significant variation over the years observed, and we therefore
conclude that the discrepancy in the continuum likely indicates
a systematic offset in the VISIR spectral calibration. The source
of the error is unknown, and since the calibration process
involves both division and subtraction, either a multiplicative
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or additive factor may be appropriate for correcting the offset.
The choice of correction is significant since it directly affects
the ratio of the line emission relative to the continuum. Given
that both sources of error are equally plausible, we compare
results assuming multiplicative (solid line) and additive (dashed
line) corrections separately in Figure 15.

As Figure 15 shows, Spitzer values from 2004 to 2006 are in
strong agreement with each other, varying in disk-integrated
radiances by less 5%—within expected uncertainties. Assum-
ing an additive correction brings the VISIR quadrupole
emission in very close agreement with the Spitzer values,
while assuming a multiplicative correction reduces the line
radiance, bringing it closer to that observed for TEXES in
2007. Given the uncertainties, it is safest to assume that the true
VISIR value is somewhere between the two values, as would
be expected for a smooth trend in time. The TEXES 2007
quadrupole emission appears significantly less than the Spitzer
values, and the 2019 TEXES value is smaller still, amounting
to a roughly 40% decline between 2006 and 2019.

Meridional profiles of the peak quadrupole emission
extracted from VISIR and TEXES spectra reveal latitudinal
trends, as shown in Figure 16. These trends are similar to those
seen in the ethane images around the same time, with a drop in
mid-disk radiance and an increase in meridional asymmetry
between 2006 and 2019. Indeed, a qualitative comparison of
the quadrupole emission images constructed from the spectra
shows a remarkable similarity to nearly contemporaneous
imaging at 12-13 pm (see Figure 17). However, the TEXES
profiles appear significantly smoother with softer limbs
compared to the VISIR data. This difference is likely
observational and attributable to the difference in image
resolution, seeing, and acquisition method. The scanning
approach applied by TEXES would have produced more
blurring had the shifting slit position included significant
background sky, particularly in 2007, when the scanning
direction was perpendicular to the polar axis. As Figure 16
shows, the TEXES 2007 and 2019 quadrupole profiles also
appear remarkably similar to the VISIR ethane (12.2 pm)
image profiles from 2008 and 2020 when the VISIR ethane
image profiles are smoothed by a boxcar average equivalent to
the TEXES slit width (07 8) to mimic the effect of blurring. The
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Figure 14. As in Figure 13, disk-integrated radiances vs. time for images sensing stratospheric C,Hg (panels (a) and (b)), CH3D (panels (c) and (d)), and CH, (panels
(e) and (f)). Dotted lines in the panels on the left show the disk-integrated radiances predicted from our atmospheric temperature /chemical model for each filter, as
indicated by the corresponding open symbols to the right of the panels. Panels on the right show radiances rationed to Spitzer as described in the text. Deuterated
methane (8-9 pm) images (panel (d)) show nearly linear relative drop between 2003 and 2009. Methane (7-8 pm) images (panel (f)) show a similar trend prior to
2010, but with a possible systematic offset compared to our filter-integrated values for Spitzer.

relative difference in radiance between the 2006 ethane profiles
and the other years is also similar to the relative differences
among the quadrupole profiles, assuming the multiplicative
correction to the 2006 VISIR spectra. The overall similarities
suggest that the spatial and temporal variations seen in both
ethane images and hydrogen quadrupole spectra are associated
with changes in the Neptune’s stratospheric temperatures.

3.5. Inferred Temperature Changes

To relate the observed changes in radiances to changes in
atmospheric temperatures, we used a combination of radiative
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transfer inverse and forward modeling to derive consistent
atmospheric temperature models.

3.5.1. Retrieval Preparation and Process

Correcting for blurring.—Given limited spatial resolution
and Neptune’s ~2”3 angular diameter, a simple direct
inversion of the images will provide unreliable temperatures
nearer the edges of the disk, where blurring with space
surrounding the disk artificially reduces the observed radiances.
In theory, a deconvolution of the images with the image point-
spread function (PSF; estimated from the stellar seeing disk) in
Fourier space can correct for this degradation; however, direct



THE PLANETARY SCIENCE JOURNAL, 3:78 (41pp), 2022 April

H, S(1) Quadrupole, 17.03 um

Roman et al.

5)(1 0_8 T T T T T G 12 T T T

’g Spitzer 2004a o - Spitzer & (R~600) §
=1 Spitzer 2004b 8 - VISIR @ (R~600 reduced from R~14000) -
= Spitzer 2005 ~ o TEXES <4 (R~600 reduced from R~ 80000)-
<9 -8} Spitzer 2006 =
&~ 4x107°F ] 1.0t R R R PR R EPPES —
?, TEXES 2007 5 - ® T
E TEXES 2019 N r 1
N—" O I~ =

_8 -—
ol 3x10 i 0.8+ ) —
c o) L 4
O i) L J
8 c L ;
X 2x10-8 @ 0.6 ~
© L J
iy C
© 8 L J
g ® aat ]
& 1x10-8 x 0.4 : : : :

16.98 17.00 17.02 17.04 17.06 17.08 2005 2010 2015 2020

Wavelength (um) Year

Figure 15. Comparison of the H, S(1) emission line from different instruments and times, as listed in Table 3. Left panel: the 2006 VISIR data (gold lines) are shown
for three different assumptions regarding calibration: first, as flux calibrated with no correction (dotted gold line), and then corrected so that the continuum radiances
match Spitzer, equally accomplished by subtracting 6.3 x 107> W cm 2 st~ ' um ™" (dashed gold line) or dividing by a factor of 1.385 (solid gold line). VISIR and
TEXES spectra were reduced to a resolution of R ~ 600 from intrinsic resolutions of R ~ 14,000 and R ~ 80,000, respectively, to match Spitzer-IRS, and all were
shifted to an averaged central wavelength of 17.03 pm. Error bars express an uncertainty of 15% for TEXES and VISIR data. Spitzer measurements have an
uncertainty of 6%, with error bars omitted for clarity. Right panel: corresponding disk radiances rationed to the Spitzer 2005 value, including the two plausible values
of VISIR (filled and open circles corresponding to the solid and dashed curves, respectively), show a clear decrease over time.

’e; S Eq € S Eq N € S Eq N
< } S 250F {1 5 250} " ]
2 600 2007 2 2008 = 2008*
§ [ 20197 & o00f 20201 S 200} .
= = =
c £ £
g 400} i g 150t 1 g 150} 1
c c c
o ot S
® g 100 1 S 100} ]
T 200} 1 £ T
T I s
5 H, S(1) 3 50 ~12.2 ym 3 50 ~12.2 um
Q adruople ethane ethane
(?)‘ O 1 qU .U p 1 C% 0 1 1 1 (% 0 1 1 1

-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2

arcseconds arcseconds arcseconds
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acquisition may still lead to systematic differences. Middle panel: meridional profiles from roughly contemporaneous ethane imaging (12.2 um VISIR, 2006 and
2008; 12.5 pm COMICS, 2008 and 2020), averaged and color-coded by year as indicated. Right panel: the same ethane imaging data, but now with the observations
in 2008 and 2020 smoothed by a boxcar average with a width of 0”08 to mimic the effect of blurring likely seen in the TEXES data. The similarity between the

quadrupole (left) and blurred ethane images (right) suggests that the observed radiance variations are primarily due to variation in temperatures.

deconvolutions amplify the noise, which we find can become
dominant in most images, requiring yet more smoothing to
overcome. We instead adopted an alternative approach to
effectively deconvolve the images by modeling idealized data
and the effects of blurring, following Roman et al. (2020).
We began by extracting radiances from the central meridian of
the disk in the unaltered images, but limited to points on the disk
with modest emission angles (i.e., > 0.5). Selected ethane
(11-13 pm), hydrogen (17-25 pym), and methane (7-9 pm)
images were used, with multiple images combined to give
averages for each filter group representative of each observing
epoch. These extracted radiances were then inverted using an
optimal estimation retrieval algorithm, NEMESIS (Irwin et al.
2008), to create a rough model of the atmospheric temperature
structure versus pressure and latitude. A vertical temperature
profile based on Moses et al. (2005) and Greathouse et al. (2011),
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with chemical abundances of Moses et al. (2018), was used as the
prior (as shown in Figure 3). Inferred temperatures at modest
emission angles were extrapolated to latitudes viewed at higher
emission angles (i.e., ;< 0.5) to complete the disk. Assuming
zonal uniformity, we then forward-modeled radiances for all
locations on the disk from this initial model of temperatures (as a
function of pressure and latitude), using NEMESIS to solve the
radiative transfer at the relevant observing geometries for each
pixel. Forward models were calculated at the resolution of the
spatially normalized data (i.e., for a disk with an equatorial width
of 51.8 pixels), with care taken to adequately represent the
contributions from the limb. The resulting modeled radiances
yielded an initial simulated image of the idealized disk as a first
approximation.

We then used this simulated image to estimate the effects of
blurring in the data. The simulated image was convolved with
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Figure 17. Relative spatial variation in the H, S(1) quadrupole emission (top
row) compared to ethane emission (bottom row). The 2006 VISIR spectra show
radiances within the slit projected over the central meridian, while the
sequential scanning acquisition of the 2007 and 2019 TEXES spectra allows
for the full disk to be reconstructed, roughly revealing the spatial distribution of
emission across the disk. The spatial brightness in quadrupole emission appears
remarkably similar to that seen in roughly contemporaneous imaging of ethane
emission at ~12 pm, suggesting that the appearance and variation of ethane
images are largely due to the temperature structure.

its corresponding data’s calibration star image (which we
assume approximates the effective PSF of the data) to mimic
the blurring suffered by the real disk of Neptune in the
observations. We then directly compared the idealized and
blurred disks to define a flux-conserving multiplicative
correction (for each pixel) that converts between the two.
These correction factors, determined from the simulated
images, therefore represent the transformation of Neptune’s
disk due to atmospheric blurring. We applied this factor
inversely to the real data, with the goal of approximating how
the true disk would appear prior to blurring. Then, in order to
evaluate whether this corrected disk was truly consistent with
the data, the corrected image was artificially blurred (via the
same stellar convolution) for direct comparison with the actual
observations. Fractional differences between observed and
artificially blurred disks were applied to the correction factors,
and the process was repeated, iteratively adjusting the factors as
needed until the data and model agreed to within 10% or less
(see Figure 18). The process is imperfect, as it can introduce
subtle spurious structure in the idealized model, but this fine
structure can be removed by carefully smoothing the solutions
prior to retrieval while preserving the larger latitudinal trend.
Retrievals from corrected images.—The resulting idealized
images—now effectively our best approximation of the data
prior to being blurred by the atmosphere—were then used as the
inputs into the retrieval algorithm. We extracted strips of
radiances along the central meridians spanning all visible
latitudes (averaged over 9 pixels in longitude, amounting to
~0”4, or 20° of longitude at the equator), but now extended to
emission angles of ~81° (u=0.15). These radiances were
inverted using the NEMESIS code (Irwin et al. 2008), again with
the same a priori temperature and chemical profiles and vertical
correlation length scale of 1.5 pressure scale heights. For clearer
interpretation of results, we allowed only temperature to vary in
our retrievals, as the dearth of contemporaneous quadrupole
measurements makes it impossible to constrain both temperature
and chemical abundances independently across all the years.
While both temperature and composition likely vary in
Neptune’s atmosphere, the analysis of Section 3.4 suggests that
it is reasonable to attribute the observed changes primarily to
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Figure 18. Example illustrating our technique to mitigate the effects of blurring
in the images. The orange curve plots the radiance across the central meridian
of the real image—a 12.2 ym VISIR image from 2009 August 8, labeled as
data in the inset. Initial temperature retrievals from the image are used to create
an idealized model atmosphere from which radiances are plotted (dashed, faint
blue line). The idealized model image is then convolved with the stellar image
to simulate the effects of atmospheric blurring, yielding the solid blue line.
Differences between the blurred model and data are used to iteratively correct
the idealized model, and subsequent iterations are shown in darker blue. The
resulting final idealized and blurred synthetic images are shown in the insets.
Differences between the data and synthetic image are shown as percentage
errors.

variation in temperatures. The seasonal photochemical models of
Moses et al. (2018) do predict slight changes in ethane mixing
ratios over the observed period (<19% at 0.5 mbar between
L, ~265° and L, ~ 304°), but we use the 2009 chemical model
(Ly ~278°, roughly corresponding to the average date of our
data) for all retrievals and forward models for consistency. We
tested the sensitivity of our results to this choice, and we found
that retrieved 0.1 mbar temperatures differed by less than 2 K
when neglecting time variability in the chemical model over this
period, with maximum differences at the south pole. A more
thorough study of simultaneous temperature and compositional
gradients across the disk using contemporaneous quadrupole and
ethane emission (e.g., following Greathouse et al. 2011) is left to
future work.

Temperature profiles were modeled from ~10 to 1 x 10~® bars
of pressure, over 180 vertical layers. However, the limited
sampling and poor vertical resolution of the filter contribution
functions mean that only pressures near the tropopause (10~
bars) and lower-stratosphere (107°-107>) bars were strongly
constrained; temperatures at other pressures tended toward the
a priori profile, and the implied lapse rates are only approximate.
Clouds and aerosols were neglected, given their presumed
negligible opacity at these infrared wavelengths. Absorption
coefficient (k) distributions from line-by-line calculations were
used to model the gaseous opacity, calculated from the GEISA
2003 database (Jacquinet-Husson et al. 2005). Collision-induced
opacities were taken from Fletcher et al. (2018b) for H,—H, and
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Orton et al. (2007) and Borysow et al. (1988, 1989) for H,—He
and H,—CH,. Images were sorted into six epochs for retrieval—
those dating from 2003, 2005, 2006, 2008,/2009, 2018, and 2020.
All retrievals included selected ethane (11-13 pm) and hydrogen
(17-25 pm) images, with multiple images averaged over each
epoch to improve S/N. In 2005, since no hydrogen images were
available, images from 2006 were substituted. Likewise, strato-
spheric images from 2008 and 2009 were combined, owing to
their limited number and similar radiances, and paired with the
hydrogen images from 2008 (no hydrogen images were acquired
in 2009). Given the questionable photometric calibrations of the
methane images, we perform two sets of retrievals—those with
and without representative methane or CH3zD (7-9 pm) images
included—to isolate their effect on the inferred temperature
structure.

We assume local thermodynamic equilibrium (LTE) in our
retrievals, neglecting the effect of non-LTE on the emission. Non-
LTE emission becomes increasingly significant as the pressure
and wavelength decrease. Appleby (1990) estimated that at 7.7
pm, neglecting non-LTE can result in errors of up to 2 K at
0.1 mbar, increasing to 20 K at 0.1 pbar. While the 12 ym ethane
images have a peak contribution around 0.5 mbar, the ~8 ym
methane images do have peak contributions near 0.1 mbar, with
lesser contribution from as little as 1 pbar, particularly at low
emission angles near the limb. This leads to an additional error of
roughly 2 K in temperatures retrieved from ~8 pum data, growing
slightly at extremely high and low latitudes.

Finally, the retrieved meridional temperature structures were
used in a forward model, assuming zonal uniformity, to once
again produce synthetic images to validate by comparison with
the data. The resulting idealized images were convolved with
corresponding stellar PSFs and degraded with synthetic noise to
allow a direct comparison with the observations. Random noise
was modeled as a normal distribution of randomly generated
values with a mean of zero and a standard deviation equivalent to
that measured in the corresponding images (off of the disk).

As is typically the case with such retrievals, our derived
solutions are nonunique, especially considering that potential
compositional changes will alter the retrieved temperatures. For
example, if methane was relatively depleted in the stratosphere
at high latitudes—as it is thought to be in the troposphere
(Karkoschka & Tomasko 2011; Irwin et al. 2019)—we would
be underestimating the polar temperature in retrievals from the
same radiance. Nonetheless, given the limits of our data,
we attempted to represent the simplest solutions to the
temperature field consistent with the observations. We assessed
the accuracy of the solutions by evaluating the reduced x? of
the retrievals and percentage differences between the modeled
and true images. For the reduced Y%, we assume

v 2
2 (data; — model;)~ 1
Xz/ - Z 2 _’

i=0 g v

1)

where we sum over the number of observed radiances v, and o
is taken to be the calibration uncertainty.

3.5.2. Retrieval Results

Comparisons between data and synthetic observations
constructed from retrievals are shown in Figure 19. In the
figure, we refer to the models constructed from retrievals using
only hydrogen and ethane images as model-A and those that
additionally include methane images—or, if methane images
are absent, CH3D images—as model-B. The corresponding
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temperature structures inferred from the retrievals are shown in
Figures 20 and 21, along with reduced x> values of each
retrieval versus latitude.

The goodness of the fits and the temperature structures implied
by the images vary significantly by epoch. The agreement
between data and model is strongest in the hydrogen-sensing
filters, where disk-averaged differences are just a few percent or
less in nearly all cases. Models of the stratospheric-sensing images
have greater errors, with values depending on whether methane
images are included in the retrieval. When methane and CH;D
images are ignored (i.e., model-A), the ethane images are
reproduced to within an average error of up to 10%, with the
largest errors seen at the northern and southern limbs. The x>
values are generally very small, suggesting that our assumed
uncertainties are too large, but x? values increase significantly at
latitudes south of —70° and north of 20° (see Figure 20). These
errors reflect the challenges of modeling the radiances at high
emission angles, even for a single stratospheric filter, and likely
indicate residual errors in our attempts to effectively deconvolve
the images, as well as possibly errors due to our plane-parallel
approximation of the radiative transport. The inferred tempera-
tures at these poorer-fit locations should be considered somewhat
less accurate, but they nonetheless yield a reasonable match
between the data and modeled images.

The contour plots of Figure 20 show retrieved temperatures for
model-A. Accompanying contribution functions (to the right of
each panel) indicate the pressures at which temperatures are
actually constrained, and Figure 22 shows the retrieved
temperatures versus latitude near the contribution peaks. In the
upper troposphere, observations are consistent with the same basic
temperature structure inferred from Voyager-IRIS. The tropopause
temperatures in our data reach as low as 49-52 K at midlatitudes
and rise roughly 4-8 K warmer at the equator and south polar
regions (Figure 22(c)). In comparison, the Voyager-IRIS
100 mbar temperatures ranged from ~51 K at 45°S to ~57 K
at the equator (Conrath et al. 1998; Fletcher et al. 2014). In our
measurements, systematic uncertainties in radiances translate to a
roughly 3 K systematic uncertainty in temperatures at the
~100 mbar tropopause, with random noise and retrieval error
adding uncertainties of ~2 K. The precise temperatures retrieved
are also dependent on the wavelength of the O-band filter used,
since different filters sense slightly different pressures, as indicated
by the contribution functions to the right of each panel in
Figure 20. Differences of less than 2 K between epochs are likely
not significant.

In the stratosphere, the temperature structures are more
variable. When the methane/CH3D emission is ignored, we see
a pattern with cooler temperatures at equatorial and southern
low latitudes compared to warmer temperatures at the south
pole and, in most cases, northern midlatitudes. Accompanying
plots in Figure 22(a) show the range in retrieved temperatures
versus latitudes at just the 0.5mbar peak of the ethane
contribution function. Latitudinal temperature contrasts
between the warmer south pole and cooler equator increased
from roughly 8 to 28 K between 2003 and 2020; polar
temperatures rose from 152 to 163 K between 2018 and 2020
alone. Uncertainties are roughly £2 K, increasing to 4 K near
the poles and edges of the disk, where fits are poorer. Models in
2008/2009, 2018, and 2020 best match the data, while 2003
and 2005 are poorest but still good at central latitudes.

The retrieved stratospheric temperatures of Figure 20 were
constrained by 11-13 um radiances; they did not consider the
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Figure 19. Comparison between observed and modeled radiances for methane CH;D, ethane, and hydrogen images, grouped by epoch. For each trio of images, real
data are shown on the left, while synthetic images derived from retrievals are to the right. Model-A represents models derived from temperature retrievals in which the
methane observations were omitted, while model-B included methane observations. Radiance values are indicated by the color bars. Images and models for the
following filters are shown: 2003—8.0, 12.5, 18.75 pm; 2005—Si1-7.9, Si5-11.6; 2006—PAH]1, NEIIL_1, Q2; 2008/2009—1J7.9, NEIIL_1, Q3; 2018—J7.9, NEIL 1,

Q2; 2020—F04C07.80W0.70, FO9C12.50W1.15, F42C24.50W0.80.

radiances from methane or CH3;D images, and their modeled
emission poorly reproduced the observed radiances at 7-9 pm.
At these shorter wavelengths, the forward-modeled emission is
either too dim (2003, 2005, 2006, 2020) or too bright (2008/
2009, 2018), with average errors up to 30%. This discrepancy
suggests that the simple temperature and chemical structures
inferred from the ethane images and the a priori alone are not
complex enough in all years.

When the 7-9 pm radiances were additionally included in
the retrievals (model-B), the retrievals responded by increasing
the 0.01 mbar temperatures in 2003, 2005, 2006, and 2020,
particularly at central latitudes, while slightly cooling the same
heights in 2008 /2009 and 2018 (see Figures 21 and 22(b)). The
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modeled methane/CH3;D images are improved, with errors
reduced to 15% or less, but the ethane fits are in most cases
worsened from errors of 10% to 15%, as the retrievals
apparently struggle to fit both channels simultaneously. In
2003, in particular, the ethane model appears too bright, while
the methane model is still too dim. The corresponding reduced
x* values greatly increase compared to those without methane
or CH;D, with values approaching or exceeding 10 in 2003 and
2006. In contrast, both filter groups can be s1mu1tane0usly fit to
within a few percent in 2018, W1th reduced X values generally
remaining <1. The reduced x* values still increase toward the
edges of the disk but now also show an increase near the
equator in most cases, corresponding to warmer equatorial
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Figure 20. Contours of retrieved temperatures (K) from limited ethane and hydrogen-sensing images for each epoch (averaged in time) corresponding to the model-A
in Figure 19. Contours are drawn at 2 K intervals and color-coded for clarity. The normalized contribution functions of the filters used for the retrievals are shown on
the right of each panel; representative contributions are shown for moderate emission angles (45°). Temperatures near the peaks of the contribution functions are well
constrained, while temperatures at other pressures are not and tend toward the assumed initial profile. The reduced x* of retrievals for each latitude are also shown,

indicating the goodness of the fits for each case.

temperatures. The brightness of the south polar feature also
tends to be slightly too dim in our modeled ethane images,
while simultaneously too bright in our modeled methane
images. This inability to fit both simultaneously may indicate
that additional compositional variation may be present,
potentially owing to the interplay between photochemistry
and dynamical transport. For example, polar downwelling
could potentially increase in the mid- and lower-stratospheric
mixing ratio of ethane while simultaneously reducing that of
methane, given the different vertical gradients in the mixing
ratios of each (i.e., ethane increases with height, methane does
not; Moses et al. 2005, 2018). Alternatively, it may also simply
reveal errors in the calibration or the consequence of neglecting
non-LTE emission, which makes it impossible to simulta-
neously reproduce radiances in multiple filters with similar
contribution functions.

The larger calibration uncertainties and lower S/N asso-
ciated with the 7-9 pm imaging mean that retrieved
temperatures are only certain to within +3 K, but errors may
increase to £8 K near the pole and edges of the disk.
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Previously published values of latitudinal temperature and/
or chemical abundance gradients in the stratosphere are limited
and appear to differ from our results. Voyager mid-IR
measurements of C,H, emission in 1989 (L, ~ 236°) showed
a maximum range of 20 K (or a factor of two in C,H,
abundance) at the 0.03—2 mbar level, with minimum at 55°S
and maximum between 0° and 20°S (Bézard et al. 1991). We
find similarly large contrasts at 0.5 mbar in the 2018 and 2020
data (L, ~ 299° and L, ~ 303°; Figure 22), but with a minimum
at 20°S and a maximum at the pole. A minimum at midlatitudes
is found in 2003 (L, ~ 266°) and 2008/2009 (L, ~ 278°), but
with only modest temperature contrast (3.5-5 K) between
midlatitudes and the equator. Given that 15 yr or more separate
these observations, it is possible that these considerable
differences may be explained by genuine temporal variability
and/or differences between the ethane and acetylene emission.

In contrast, two subsequent studies of Neptune spectra
contemporary to the imaging data show comparatively little
variation with latitude. Fletcher et al. (2014) analyzed Keck-
LWS spectra from 2003—companion spectroscopy to the
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Figure 21. Contours of retrieved temperatures (K), as in Figure 20, but now with the methane and/or CH;D images included in the retrievals. The methane/CH3;D
images result in more complicated structures at pressures between 10~* and 107 bars and warmer stratospheric temperatures in most years, but with significantly

poorer fits.

imaging analyzed here—and determined that temperatures only
varied by 3 K (155-158 =2 K) between 20°N and 80°S at
0.5 mbar. Likewise, Greathouse et al. (2011) analyzed multiple
2007 Gemini-TEXES spectra, including methane and ethane
emission in addition to the quadrupole emission analyzed here,
to determine temperatures at 2.1, 0.12, and 0.007 mbar. To
within measurement uncertainties, their retrieved values were
consistent with latitudinally uniform temperatures, with varia-
tion of no more than 2 K between ~70°S and 12°N
(153.5-155.5 £ 2K at 0.12 mbar, 122-124 + 2 K at 2.1 mbar).
The variation increased to 5 K if the assumed stratospheric
methane volume mixing ratio (VMR) was doubled to
1.5 x 1073, Note that our assumed CH, profile from Moses
et al. (2018) has a mixing ratio of 1.15 x 1072 at 5 mbar, as
derived from the Herschel observations of Lellouch et al.
(2015), decreasing to 0.9 x 1072 at 0.5mbar as a result of
vertical diffusion and chemical loss near the lower-pressure
homopause. In both studies, the marginally greater tempera-
tures appeared nearer the equator, with a slight minimum at
southern midlatitudes (i.e., 55°S in the TEXES analysis). These
published values of 2003 and 2007 temperatures do appear
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relatively uniform in latitude compared to most of our inferred
stratospheric temperature gradients at 0.5 mbar, shown in
Figure 22(a), but note that our 2003 and 2008/2009 curves
have the weakest gradients. The 2003 curve only varies by 3.5
K between the equator and 60°S (144.5-148 + 2.5 K), while
the 2008,/2009 curves vary similarly between 20°N and 70°S
(141-144.5 + 2.5 K). Both curves also show a minimum at
40°-50°S and an increase toward the equator over this latitude
range. Over this limited range, our results are largely consistent
in trends with the previous analyses of separate but nearly
contemporaneous data. It is only at latitudes observed nearer
the edges of the disk that we detect significantly larger
gradients in these same years. This discrepancy is perhaps
reasonable to expect, given that the spectra were acquired at
lower spatial resolution and with no attempted correction for
beam dilution near the edges. As suggested by the comparison
between quadrupole spectra and ethane images (Figure 16),
beam dilution can suppress the radiances and consequent
temperature gradients across the disk.

We also note that our retrieved 2003 temperatures (neglect-
ing methane emission) are also about 10+3 K colder at



THE PLANETARY SCIENCE JOURNAL, 3:78 (41pp), 2022 April

a
) Stratospheric Temperatures from C,Hg and H, emission (Model A)
2 - 2003 E
g 1605 e 2005 E
o 3 + 2008/2009
2 E ° 2018 ]
© E 2020 E
8 F ]
5 E
ok R E
5] E B ]
Ke) F 3
€ 140F E
le} E 3
o 3 E
130 . , : ) L
-80 -60 -40 -20 0 20
Latitude
b) Stratospheric Temperatures from CyHg, H, and CH4 emission (Model B)
? T
< o ° E
= ES e E
e 160 E + 2008/2009 1
2 : - 2018 E
[ E « 2020 3
N ]
£ 150 =
5 E ]
[ E ]
I 3 E
o F 3
E 140 F =
0 E ]
o 3 E
130 £, . . . . ]
-80 -60 -40 -20 0 20
Latitude
C) Tropopause Temperatures from C,Hg and H, emission
62 / ' ' ' " 2003 ]
* 2005 .

60

+ 2008/2009]
58 8

56

54

52

100 mbar Temperature (K)

50
48

-20 0
Latitude

-80 —-60 -40
Figure 22. Retrieved temperatures vs. latitude. The top two panels show
temperatures at the 0.5 mbar peak of the ethane contribution, from retrievals
including ethane (~12 pm) and hydrogen (~18-25 pm) radiances (model-A;
panel (a)), as well as those including less reliable methane/CH3;D (~8 pum)
radiances (model-B; panel (b)). Each epoch is indicated by color, and
uncertainties from calibration are represented by the corresponding hatched
envelopes. The 0.5 mbar temperatures are subject to an additional systematic
uncertainty of roughly 10 K owing to uncertainty in the lapse rate. The bright
2006 methane images result in higher temperatures but poorer fits. Both models
suggest that latitudinal temperature contrasts between the warm south pole and
cooler equator increased. Corresponding temperatures at 100 mbar (panel (c))
show no significant changes at low latitudes but a possible drop in temperature
at the poles, insensitive to whether methane radiances are considered or not.

0.5 mbar than Fletcher et al. (2014) retrieved from the
contemporaneous spectra. Yet the 0.1 mbar disk-integrated
temperatures between 2003 and 2008 (as plotted in the inset of
Figure 23) are remarkably consistent with contemporaneous
0.1 mbar temperatures reported by Fletcher et al. (2014)—well
within the ~=£3 K uncertainties for retrievals from ethane
images. The apparent discrepancy at 0.5 mbar may therefore be
explained by differences in the vertical resolution of the two
data sets. The relatively broad contribution functions of the
imaging data create uncertainty in the retrieved temperatures at
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Figure 23. Disk-averaged vertical temperature profiles retrieved from the
observations, corresponding to Figures 19-21, assuming that all changes in
radiance are attributed to temperature changes. Profiles are color-coded by the
years as indicated, with multiple observations within each year averaged. Solid
lines are temperature profiles retrieved from a combination of 11-13 pm
(ethane) and 17-25 pm (hydrogen) images (i.e., model-A), while dashed lines
additionally include 7-9 pm (methane or CH3D, i.e., model-B). Typical
normalized vertical contribution functions for each image group are suggested
on the left. Pressures with weak contributions are not well constrained by the
data and simply tend toward the initial a priori profile, depicted by the black
dashed line (from Figure 3). Hatching, enveloped by short-dashed and dotted
lines, represents the range of possible solutions for the 2003 retrievals, with and
without methane radiances, given the assumed calibration uncertainties.
Assumed uncertainties for other years are similar or less, but omitted for
clarity. The temperature profile of Fletcher et al. (2014), retrieved from 2007
AKARI-IRC spectra, is represented by the blue plus signs. Inset: temporal
variation can easily be seen in the corresponding 0.1 mbar temperatures,
plotted vs. year. Solid lines connect model-A results, while dashed lines apply
to model-B results (i.e., additionally including methane/CH;D), with ~+3 K
(solid) and ~=9 (dashed) error bars, respectively; systematic uncertainties may
be up to 10 K, as discussed in the text.

precise pressures, particularly when the vertical temperature
gradient is large.

To better assess our vertical temperature gradients, we
computed disk-averaged temperature profiles for each epoch, as
shown in Figure 23. Compared to the profile of Fletcher et al.
(2014), derived from 2007 AKARI-IRC spectra (Fletcher et al.
2010), our temperature profiles are slightly colder and increase
more slowly with height at 10-1 mbar, but more rapidly with
height at <0.5 mbar, before becoming nearly isothermal at
relatively lower pressures. As a result, our retrieved tempera-
tures are comparatively cooler at 0.5 mbar (consistent with the
discrepancy noted above) but warmer at 10> bars, such that
the integrated thermal emission is comparable. This difference
in lower-stratospheric lapse rates appears to follow directly
from equivalent differences in the chosen a priori profiles,
indicating that the precise lapse rate at these pressures is not
strongly constrained by these imaging data. Hence, considering
the discrepancy, we may ascribe an uncertainty of roughly 10 K
when defining temperatures at precise pressures in this region
of strong vertical gradient. This weakness is unsurprising,
given the relatively broad contribution functions of the imaging
filters. The greater vertical resolution provided by spectro-
scopic data is better suited for vertical structure analysis, and so
the profiles and precise pressures reported here should not be
interpreted as contradictory to the previous work. Rather, we
emphasize that the primary strength of the images is their
ability to clearly reveal variation in radiance with latitude and
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time, and this variation will significantly affect the disk-
averaged temperature retrievals.

We find that our retrieved temperature profiles show
variation across the years at pressures less than 1 mbar. If the
methane radiances are discounted, the profiles mostly fall
between the profiles of Moses et al. (2005) (based on spectral
observations from the early 1990s) and Greathouse et al. (2011)
(based on 2007 TEXES data), from which studies our prior is
derived. Our profiles differ by a maximum of only about 6 &4
K at 1 mbar and 8 =4 K at 0.1 mbar, from a maximum in 2003
to a minimum in 2018. If the methane radiances are included,
the range increases to 20 &= 14 K at 0.1 mbar, owing mostly to
much warmer temperatures in 2003-2006 and cooler tempera-
tures in 2008/2009. These results are roughly consistent with
differences of less than 10 K at 1 mbar and 6 K at 0.1 mbar
among the multiple retrievals from ground-based spectroscopy
(2003-2007) presented in Fletcher et al. (2014). However, our
2003 result based on methane radiances appears as a
questionable outlier—157¢° K warmer at 0.04 mbar than was
retrieved from the contemporaneous Keck-LWS spectra. This
discrepancy possibly indicates a calibration error in the
methane radiances, which may be exaggerating measured
temperatures in a year that already appears exceptionally warm
based on ethane images alone.

4. Discussion
4.1. Temporal Variation in Mid-infrared Emission

Although glimpses of mid-infrared temporal variability on
Neptune have been suggested by previous studies (Hammel
et al. 2006; Greathouse et al. 2011; Fletcher et al. 2014), the
sporadic sampling and considerable observational uncertainties
prevented a more conclusive evaluation of the extent and nature
of these changes. By applying consistent calibration and
analysis approaches to the entire mid-infrared imaging data set,
starting with the raw data and accounting for systematic
differences, we have revealed a clearer and fuller picture of
Neptune’s variability over much of the past two decades. The
consistency of the observed trends—seen across multiple filters
and observatories—provides compelling evidence of both
global and latitudinal changes on Neptune.

The data reveal that Neptune’s global stratospheric radiances
fell between 2003 and 2010. The reduction in radiances appears
unequivocal; the precise temperature changes, however, are
sensitive to the assumed a priori temperature profile, chemical
model, and whether observations in the 7-9 pm range are
considered reliable. With our adopted chemical model (following
Moses et al. 2018), reliable ethane calibrations suggest a global
drop of at least 6-8 =4 K, but possibly twice that amount if the
anomalously large 2003 methane radiances are trusted
(Figure 23). In contrast, the deeper, Q-band hydrogen images
show little change in inferred global temperatures.

If we assume that the radiances in 11-13 pm images are
indicative of stratospheric temperature gradients (and not
compositional gradients), we see in Figure 22(a) that the
relative uniform, warm temperatures at ~0.5 mbar in 2003
became cooler at the equator by 2005 (by ~6 £ 3.5 K). The
equatorial radiances and temperatures rebounded by at least 3
K in 2006, but then temperatures also began to fall at southern
mid- and high latitudes in the following years. Temperatures
were nearly latitudinally uniform in 2007 (as suggested by
TEXES and, albeit poor-quality, T-ReCS data), but by 2008 the
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southern midlatitudes were ~3 K colder than the equator. This
trend persisted into 2010 at least, and likely into 2012, when
lone COMICS observations showed possibly the largest
normalized equatorial radiances in both ethane and methane
imaging. There is a gap in observational records at all
wavelengths in the following 6 yr, until VISIR N-band images
in 2018 revealed a colder, relatively uniform stratosphere at
low latitudes. These low-latitude temperatures remained steady
into 2020, while the south polar regions warmed dramatically,
increasing by 11 K in just 2 yr.

Interestingly, the two methane images from 2020 (Figures 6(d)
and 10(c)), while brighter at the south pole, do not show as large
an increase in polar temperatures and latitudinal contrast as the
ethane images, despite sensing similar pressures (see contribution
functions in Figure 3). Moreover, while the hydrogen quadrupole
spectra show an increase in stratospheric equator-to-pole temper-
ature contrast since 2006, the hydrogen images from 2018 and
2020 show that upper-tropospheric radiances at the pole actually
decreased since 2006. The tropospheric hydrogen data may be
misleading given their low S/N, but if accurate, these data suggest
that the polar temperatures increased over a relatively limited
vertical range in the lower stratosphere while simultaneously
decreasing in the upper troposphere. Such vertical discontinuity in
temperature would be difficult to explain with simple adiabatic
warming alone within the single downwelling branch of an
extended circulation cell (e.g., de Pater et al. 2014) and would
suggest the role of additional radiative or chemical processes. The
particularly strong ~12 pym emission may indicate that the south
pole has grown not only warmer but also richer in ethane, as
theory would predict given increased seasonal insolation (Moses
et al. 2005, 2018). This would be similar to what has been
observed on Saturn during the formation of its north polar
stratospheric vortex (Fletcher et al. 2018a). As noted previously,
ethane mixing ratios in the lower stratosphere could also be
preferentially increased (relative to methane) by stronger polar
downwelling simply because the environmental ethane mixing
ratio increases with height, while the methane ratio does not (e.g.,
Moses et al. 2005, 2018).

The decline in stratospheric radiances between 2003 and
2009 appears beyond doubt and is consistent, in part, with
trends hinted at with previous spectral observations. These
include the following:

1. A roughly 40% decline in disk-integrated radiances
between 2003 and 2004, reported by Hammel et al.
(2006) using N-band spectra from NASA’s Infrared
Telescope Facility (IRTF) and Broadband Array
Spectrograph System (BASS; Hackwell et al. 1990).

2. A drop in radiances between the 2003 Keck-LWS and
2007 AKARI-IRC spectra, interpreted by Fletcher et al.
(2014) as a marginal ~4 K decrease in the 0.1 mbar
temperatures, or, alternatively, a ~30% decrease in the
ethane mole fractions.

To add to our assessment of temporal variability, we make
use of previous spectral observations by computing equivalent
filter-integrated disk radiances from the following N-band
spectra: 2003 Keck-LWS, 2005 Gemini-Michelle, 2007
AKARI-IRC, and 2007 Gemini-S T-ReCS, all previously
analyzed by Fletcher et al. (2014), along with 2002, 2003, and
2004 IRTF-BASS spectra (Hammel et al. 2006). We chose the
passbands of VISIR’s J7.9, PAHI, NEII_1 filters to represent
the methane, CH;D, and ethane radiances. Although Fletcher
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Figure 24. Temporal behavior for our thermal measurements compared to other observables. Top panel: disk-integrated radiance ratios vs. time for all stratospheric
observations, scaled to reduce offset and separated by group as indicated by the symbol key, compared to the composite solar Ly« irradiance (light purple) at Earth
from Machol et al. (2019). Gray filled symbols represent published measurements as described in the text. The y- and b-filter magnitude fluctuations (detrended to
remove greater seasonal variability) from Aplin & Harrison (2016) (following Lockwood & Jerzykiewicz 2006) are also plotted, scaled from 0.02 to —0.02 in
magnitude (i.e., brightness increasing upward). Middle panel: photometric magnitudes of Neptune in the b (472 nm) and y (551 nm) filters from Lockwood (2019)
show an increase in scattered light. Also shown are the cloud filling factors of Karkoschka (2011), which represent the abundance of discrete cloud features, along with
the solar Ly« irradiance again for comparison. Bottom panel: the asymmetry in our images plotted as the fractional radiance at the equator compared to 45°S latitude,
with symbols as indicated in the top panel. Also shown are the subsolar latitude (dashed line), reaching a minimum at the 2005 southern summer solstice, and the
cosmic-ray rate measured from the Sodankyla Geophysical Observatory.

et al. (2014) reported no consistent trend with time for inferred
0.1 mbar temperatures between 2003 and 2007, we find that the
filter-integrated radiances are overall roughly consistent with

values in gray).
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the larger trend seen in the imaging data (as plotted in the top
panel of Figure 24, with the above, archival filter-integrated
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A longer trend can be inferred by also including older
measurements: the 1985 and 1991 IRTF spectra (Orton et al.
1987, 1992), as previously noted by Hammel et al. (2006),
along with the 1997 ISO-PHT-S N-band spectra (Schulz et al.
1999) and ISO-SWS H, S(1) quadrupole spectra (Feuchtgruber
et al. 1999). When similarly compared (Figure 24, top panel,
also in gray), these few measurements suggest an increase in
radiances between 1985 and 2003, followed by the decline ever
since. However, the sporadic sampling makes it impossible to
establish any meaningful trend in mid-infrared radiances with
confidence prior to 2003. Likewise, the few measurements
between 2010 and 2017 leave the temporal trend unfortunately
poorly resolved over the past decade.

4.2. Correlations and Possible Causes of Variation

The cause of the variations revealed here are unknown, but
we can begin to speculate and evaluate mechanisms based on
the characteristics and timescales of these changes. The
temporal variation of multiple observed phenomena is
summarized in Figure 24 and discussed in the following
sections.

4.2.1. Seasonal Effects

Seasonal variation due to changes in the subsolar latitude are
expected to produce variability in Neptune’s temperatures (e.g.,
Conrath et al. 1990; Greathouse et al. 2008) and stratospheric
photochemistry (Moses et al. 2018), both of which can
potentially alter observed mid-IR radiances.

In radiative modeling, seasonal temperature variation is
typically characterized by the length of the radiative time
constant relative to the orbital period. Radiative time constants
near the tropopause are relatively long (approaching a century;
Figure 3), and so the observed lack of variation in Q-band
images is consistent with expectations. However, given shorter
radiative time constants in the stratosphere (Li et al. 2018), the
stratospheric temperatures should vary across seasons, reaching
a maximum in the summer hemisphere shortly after the peak
insolation at summer solstice (Conrath et al. 1990; Greathouse
et al. 2008). The imaging data bracket Neptune’s 2005 southern
summer solstice (L; ~ 266-303), but rather than warming, we
observe a decline in the disk-integrated stratospheric radiances
and implied temperatures. Only between 2018 and 2020 do the
polar regions appear to increase in radiance.

Likewise, the photochemical modeling of Moses et al.
(2018) predicts a peak in the southern hemisphere ethane
abundance following the maximum solar flux at solstice. As
methane is photolyzed by high-energy photons, its photolysis
leads to the production of ethane and other hydrocarbons.
Changes in photochemistry are expected to be greatest at lower
pressures, where CH, photolysis rates are largest and chemical
time constants are shortest, and higher latitudes, where
insolation varies most greatly with seasons. As with the
temperatures, the variation is muted and delayed with
increasing pressure—in this case due to longer advective
timescales as the ethane slowly descends. The Moses et al.
(2018) model predicts that ethane should vary significantly at
pressures less than 1 mbar, varying annually by a factor of
nearly ~2.5 near the poles at 0.1 mbar. Across the southern
hemisphere, the 0.1 mbar ethane VMR and column abundance
are expected to peak around L ~ 300 (roughly 2019) and fall
gradually to a minimum following winter solstice. In contrast,
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the seasonal variation of methane should appear insignificant in
comparison to its overall abundance at the pressures probed by
the 7-8 pm observations. Therefore, variation in seasonal
photochemistry should cause ethane radiances (11-12 pm) to
increase near solstice, while the methane radiances (7-9 pm)
remain constant. Yet this appears inconsistent with our
observations, which decline in radiance across all strato-
spheric-sensing wavelengths between 2003 and 2010.

The explanation for the apparent inconsistency between
seasonal models and observations may be resolved by the
feedback between photochemical and radiative processes.
While methane absorbs sunlight and warms the atmosphere,
photochemically produced hydrocarbons—primarily ethane
and acetylene—are powerful infrared emitters that serve to
cool the stratosphere. The balance between this radiative
heating and cooling changes as the amount of photochemical
hydrocarbons changes. Applying a coupled radiative-chemical
model to Saturn’s atmosphere, Hue et al. (2016) showed that
this interplay can produce a peak in summer temperatures prior
to maximum insolation at summer solstice, as the late spring
production of infrared emitters overwhelmingly cools the
stratosphere, counteracting the growing solar heating. Although
the effect was limited to pressures less than 0.1 mbar in the
Saturn study, an equivalent process in Neptune’s atmosphere
may help explain the observed decline in stratospheric
radiances beginning in 2003—prior to the solstice. Since the
observed radiances are sensitive to both the temperature and
abundance, the indirect effect of cooling the atmosphere would
need to dominate over the direct effect of increasing the ethane
to explain the decreasing trend at 11-13 pm radiances. Indeed,
our modeling in Figure 14 shows that expected seasonal
variation in ethane would produce only a very slight increase in
the disk radiances (<1 x 107® Wem 2sr ' um™') over the
observed period. The likely important effect of photochemistry
on the seasonal temperatures and radiances suggested by our
results should be further investigated with coupled radiative-
chemical modeling in future work.

Nonetheless, given Neptune’s 165 yr orbital period, any
seasonal changes are expected to occur gradually over decades.
The rapid changes observed between 2018 and 2020 appear
surprisingly swift for seasonal response, particularly consider-
ing that the south pole has been constantly illuminated since
1963. Nor can the slowly changing subsolar latitude explain the
sudden change in meridional gradients between 2006 and 2008.
Additional processes appear to be operating in Neptune’s
atmosphere on subseasonal timescales, and on both regional
and global scales.

4.2.2. Weather and Variation in Visible and Near-IR Observations

Cloud and haze activity.—As evidenced by sporadic clouds
and occasional vortices, Neptune clearly exhibits variable
weather in the upper troposphere and lower stratosphere on
subseasonal timescales; therefore, it is worth considering
whether this weather can be related to the stratospheric
variability.

In an analysis of Hubble Space Telescope (HST) visible and
NIR imaging, Karkoschka (2011) found that trends in discrete
cloud activity changed on a timescale of ~5 yr. These discrete
clouds were inferred to form near the tropopause. It was
speculated that discrete cloud variation may be related to
variation in large-scale dynamics at these pressures. Kar-
koschka (2011) also reported variation in the albedo of hazes
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and dark bands on similar timescales, but these were interpreted
as changes in the aerosol abundances located much deeper in
the atmosphere (>1 bar).

The observed maximum mid-infrared radiances in 2003
roughly coincided with the peak in the discrete cloud coverage
in 2002 as determined by Karkoschka (2011). These peaks also
roughly corresponded with the apparent seasonal peak in
Neptune’s disk-integrated visual albedos (472 and 551 nm),
which had steadily brightened since the 1950s before leveling
off in the early 2000s (Lockwood & Thompson 2002;
Sromovsky et al. 2003; Lockwood & Jerzykiewicz 2006;
Lockwood 2019). The subsequent decline in the stratospheric
emission across multiple filters from 2003 to 2009 then
coincided with a period of declining discrete cloud and
plateauing visual magnitudes.

These coinciding trends suggest an intriguing connection
between the mid-IR, discrete cloud cover, and the visual
albedo, but the physical mechanism linking these variables is
not obvious. Most easily observed at near-IR wavelengths, the
high discrete clouds appear to contribute relatively little to
overall visual (~500 nm) albedo, which is thought to be most
sensitive to deeper aerosols (Karkoschka 2011). Correlated
variability would therefore suggest a link over many pressure
scale heights, linking the upper troposphere and stratosphere.
Implied variation near the tropopause is important because it
marks the broad, cold boundary across which tropospheric
methane must be transported to the stratosphere to produce
ethane and other photochemical derivatives. Precisely how
methane is transported from the troposphere to the stratosphere
is unresolved given the tropopause saturation cold trap (Smith
et al. 1989; Baines & Smith 1990; Orton et al. 2007; de Pater
et al. 2014), but moist convection has been suggested to play a
role (Stoker 1986; Lunine & Hunten 1989; Sinclair et al. 2020).
If abundant clouds and hazes are indicative of convection or
higher methane humidity, then perhaps some meteorological
upwelling mechanism temporarily enriched the tropopause and
lower stratosphere in hydrocarbons prior to 2003. As a
consequence, the radiative heating rates at these levels could
have temporarily increased, until the upwelling ceased, leaving
the methane, clouds, and temperatures to decline over the
following years. However, this is purely speculative, as no
variation in the stratospheric methane abundances has been
identified.

Alternatively, inertia—gravity waves originating from inter-
mittent convective plumes, vortices, or other long-lived, cloud-
generating disturbances may cause variable heating as waves
break in the stratosphere. Indeed, Roques et al. (1994) showed
that variable gravity wave heating could explain anomalous,
variable structures in the upper-stratospheric temperature
profiles inferred from stellar occultations between 1983 and
1990. Periodic, subseasonal variation in this heating may be
possible if it is associated with planetary oscillations, such as
those seen on Jupiter and Saturn, which perturb stratospheric
temperatures at low latitudes (Leovy et al. 1991; Friedson 1999;
Orton et al. 2008; Fletcher et al. 2017; Guerlet et al. 2018). If
analogous oscillations are operating on Neptune, they may help
explain the mid-IR variation at lower latitudes, but many
decades of consistent observations would be needed to
establish a periodicity with statistical significance. The implied
possible correlation between clouds and temperature so far is
still based on a limited number of observations and not without
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exception, as an unusually cloudy outburst at the equator in
2017 (Molter et al. 2019) has shown.

Other recent visible changes in clouds and hazes at greater
pressures include a dark vortex in the north tropics, first
observed by HST beginning in 2018 (Simon et al. 2019). Dark
vortices are examples of occasional disturbances that can
potentially generate waves and affect weather over a large
vertical range. They appear to be localized regions of reduced
scattering or upwelling of low-albedo aerosols from below,
often triggering orographic-like companion clouds at higher
altitudes (e.g., Smith et al. 1989; Sromovsky et al. 1993; de
Pater et al. 2014; Hueso et al. 2017). The precise height and
vertical extent of Neptune’s dark vortices are unknown, but
retrievals suggest that they are centered well below the
stratosphere, nearer a pressure of 7 bars or more (Irwin et al.
2022).

Dynamical modeling of the dark vortex predicts that these
features are associated with a decrease in the methane mixing
ratio within the vortex, along with a slight drop in temperature
above (Stratman et al. 2001; Hadland et al. 2020), although
Voyager detected very little if any temperature anomaly over
the Great Dark Spot (Conrath et al. 1989) in 1989. The recent
prominent dark vortices were imaged by HST at visible
wavelengths multiple times, including in 2020 August, just 3
weeks after our mid-infrared Subaru-COMICS observations
(Figure 25). Our imaging data show no obvious localized
anomaly in the upper troposphere or lower stratosphere in
2020, but the low S/N and blurring of long integration times
render such detection unlikely. However, we do note that the
equatorial stratosphere appears anomalously cold over most of
the disk in recent years, with the exception of the south pole.
Aside from the Voyager-IRIS spectra in 1989, no spatially
resolved mid-IR data have been available during any past
vortex appearances (see, e.g., Wong et al. 2018), and so it is
unclear whether the relatively large stratospheric temperature
gradient between the cool equator and warmer, northern
midlatitudes is in any way related to the dynamical environ-
ment in which these vortices form. We also note that the
discrete cloud features—so vividly associated with the dark
vortex in Voyager images—appear largely absent from this
present spot in 2020 (Figure 25) and 2021, despite earlier
companion clouds seen in 2018 and 2019. Although a number
of dynamical factors may explain the apparent lack of clouds
(e.g., the vertical extent of the vortex), the limited condensa-
tion, combined with our temperature findings, may suggest that
the overlying atmosphere has grown not only colder but also
drier in recent years.

Establishing whether any of the meteorological changes
discussed above are related to the trends in the stratosphere will
require additional observations at mid-IR, near-IR, and visible
wavelengths. Potential processes coupling the troposphere and
stratosphere should continue to be investigated in future work.

4.2.3. Solar Effects

Aside from seasonal modulation, the solar flux varies as part
of the roughly 11 yr solar cycle. While the total solar irradiance
differs by little more than 0.1% over a typical solar cycle
(Kopp 2019),"? variation in regions of the UV—as represented
by a time series of 121.57 nm Ly« irradiance measured at Earth

19 SORCE Level 3 Total Solar Trradiance Daily Means, version 018, accessed
2021 March 11 at doi:10.5067/D959YZ53XQA4C.
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Subaru-COMICS, 12.3 ym
July 29/ 31, 2020

HST, 467 / 547 | 763 nm composite
August 19/ 20, 2020

NASA, ESA, STScl, M.H. Wong, L.A. Sromovsky, P.M. Fry

Figure 25. Comparison between mid-infrared and visible images acquired only
weeks apart in 2020. Left: Subaru-COMICS 12.3 m image averaged from
observations on 2020 July 29 and 31, with prominent south polar emission and
dim low- to mid-latitude and equatorial regions. Right: HST composite visible
image (combining F467, F547, and F763 filtered images) from 2020 August 19
to 20, with albedo gradients demarcating the south polar region (~60°S) and
two dark vortices at northern low latitudes (~15° N) (HST image credit:
NASA, ESA, STScl, M. H. Wong (University of California, Berkeley), and L.
A. Sromovsky and P. M. Fry (University of Wisconsin—-Madison)).

in Figure 24—exceeds 40%. High-energy photons (of
wavelengths less than ~145 nm) are the main drivers behind
the methane photochemistry (Moses et al. 2020), and so
modulation in the UV flux can potentially produce observable
variation in photochemistry if chemical timescales are
sufficiently short (Moses & Greathouse 2005).

A strong solar maximum occurred in ~2001 (cycle 23),
followed by a drop in the Ly« over the subsequent 10 yr. The
deep minimum in 2009 (cycle 24) gave way to a weak solar
maximum in ~2014. Currently, solar cycle 25 is rebounding
from another deep minimum in 2019. Plotted with the time
series of Lya, Neptune’s mid-IR radiances followed a roughly
similar trend.

However, as with the seasonal cycle, most of the
photochemical response to changing far-UV flux of the solar
cycle is expected to occur at relatively lower stratospheric
pressures than the mid-IR images sense—nearer to 1 pbar,
where H-Lya and other short-wavelength radiation is absorbed
and the radiative, chemical, and transport timescales are
shortest. At the 0.05—1 mbar pressures sensed by the ethane
filters, the photochemical variation will be dampened (Moses
et al. 2018). And although methane filters are sensitive to
somewhat lower pressures (0.005-0.5 mbar), the methane mole
fraction is not expected to show appreciable change given that
its photochemical loss is easily replenished from the abundant
source below. Combined with the quadrupole observations, the
observed mutual variation in the radiances would therefore
again suggest a change in the temperatures, rather than
chemistry, with a mechanism possibly linked to solar cycle.

A possible correlation between the solar cycles and upper-
stratospheric temperatures at even lower pressures had been
reported previously by Roques et al. (1994). Analyzing ground-
based stellar occultations dating between 1983 and 1990,
Roques et al. (1994) retrieved temperatures at pressures of
0.01-0.03 mbar. They found temporal variations of nearly
60 £ 20 K (~150-210 K) that appeared roughly correlated in
time with the sunspot numbers and Ly« flux of solar cycles 21
and 22, but lagging by roughly 1 yr.

To explain these possibly correlated temperature changes,
Roques et al. (1994) proposed a mechanism in which the
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enhanced UV flux leads to the formation of aerosols, which in
turn absorb solar radiation and heat the atmosphere.

Chemical and microphysical models have predicted the
presence of hydrocarbon hazes (e.g., Romani &
Atreya 1988, 1989; Moses et al. 1992; Romani et al. 1993;
Toledo et al. 2020), and the presence of UV-absorbing hazes
appears common in stratospheres and tropospheres of all the
giant planets (e.g., West et al. 1986; Karkoschka &
Tomasko 2009; Karkoschka 2011; Roman et al. 2013; Zhang
et al. 2013). On Neptune, stratospheric aerosol layers were
initially inferred by Smith et al. (1989) at heights of ~150 km
above the tropopause using Voyager high phase angle limb
scans, placing them at the necessary sub-millibar pressure
levels. Subsequent analysis of Voyager high phase angle data
by Moses et al. (1995) indicated the presence of excess
extinction consistent with submicron haze particles at pressures
less than 15 mbar, including particles near 0.5 mbar. Although
ethane, acetylene, and other relevant hydrocarbons do not
condense at sub-millibar pressures, refractory hydrocarbons
(such as PAHs) that are theoretically produced from higher-
altitude ion chemistry can potentially condense at these levels
(Dobrijevic et al. 2016). Stellar occultation data analyzed by
Roques et al. (1994) also suggest the possibility of an aerosol
layer even higher, extending from 50-100 pbar to 0.001-0.01
pbar. However, it remains to be seen whether photochemically
produced aerosols at these pressures actually vary in time, and
if so, whether solar heating of such aerosols can even provide
heating rates large enough to account for the observed thermal
variation. Moses et al. (1995) inferred a cumulative haze
extinction optical depth of only ~3 x 10> in Voyager’s clear
filter (280-640 nm) at pressures less than 15 mbar using
Voyager imaging. Given these low optical depths, they
concluded that, if typical, these hazes may not contribute
significantly to the stratospheric heating rates.

Deeper in the atmosphere (=>~100 mbar), solar-cycle-
induced variation in the abundance of absorbing tropospheric
aerosols would also be partly consistent with possible
correlations with visual (472 and 551 nm) magnitudes (e.g.,
Hammel & Lockwood 2007b; Lockwood 2019). Detrended to
remove the longer-term variability associated with seasonal
changes (see Figure 24), Neptune’s magnitude appeared
dimmer near solar maxima and brighter near solar minima
from the 1970s to the mid-1990s (cycles 20-22), with changes
lagging about 3 yr behind the Sun (Lockwood & Thomp-
son2002; Lockwood & Jerzykiewicz 2006; Aplin & Harri-
son 2016; Lockwood 2019). Baines & Smith (1990) proposed
that these apparent changes were the result of solid-state
chemical “tanning” of stratospheric aerosols by enhanced far-
UV flux. The albedo change would naturally result in greater
heating of the aerosol layers, and this heating would increase
with height, presumably following a similar or longer lag
relative to the aerosol production rates.

Interestingly, despite decades of seemingly rough agreement,
the purported correlation between Neptune’s albedo and the
solar cycle seemed to break in solar cycle 23, when Neptune’s
visible albedo appeared brighter near the 2001 solar maximum
—opposite to the previously inferred trend. The cause of this
apparent break—if the solar correlation had indeed ever existed
—has not yet been explained.

We note that the fluctuations in Neptune’s magnitude
determined by Aplin & Harrison (2016) (reproduced in
Figure 24, top panel) appear very similar to the trend in mid-
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infrared brightness seen in the imaging. The early 2000s were
the warmest in our limited record of the stratospheric
temperatures, despite the planet’s higher albedo at the time.
Additionally, as we noted above, the early 2000s were also
brighter at near-IR wavelengths owing to increased coverage of
discrete high clouds, seen most clearly in methane band images
(Karkoschka 2011; Roman et al. 2013). While the aforemen-
tioned albedo studies (Lockwood & Jerzykiewicz 2006; Aplin
& Harrison 2017; Lockwood 2019) mostly considered the
modulation of clouds and hazes in terms of disk-integrated
visual magnitudes, the correlation of discrete cloud coverage
was only previously hinted at from a few contemporary near-IR
observations (Lockwood & Thompson 2002).

In a study of HST images, Karkoschka (2011) described the
temporal variation in the discrete cloud abundance (represented
by an albedo enhancing filling factor) as varying on roughly 5
yr timescales; however, as shown in Figure 24 (middle panel),
the discrete cloud filling factor appears remarkably well
correlated with the solar cycle Lyq, although these published
cloud observations are currently limited to a single solar cycle.
As noted, HST observations in recent years also show a dearth
of discrete cloud cover, roughly at a time when the solar cycle
reached its most recent minimum (between Solar Cycles 24 and
25 in 2019 December). The possible correlation between the
two is interesting because it appears contrary to theoretical
expectations.

While statistical analysis by Aplin & Harrison (2016)
claimed to show that the Ly« flux was generally anticorrelated
with Neptune’s visual brightness, variations in the count of
galactic cosmic rays were also claimed to have a statistically
significant contribution to the magnitude. Galactic cosmic rays
fluxes are largely inversely correlated with the solar cycle,
reaching maximum fluxes near solar minimum (see Figure 24,
bottom panel). Moses et al. (1989) previously proposed that
Neptune’s brightness variation could be explained by ion-
induced cloud nucleation during solar minima by increasing the
cloud coverage—similar to what is seen on Earth (Svensmark
& Friis-Christensen 1997). However, the data appear to suggest
the opposite in this case. Discrete cloud coverage peaked
during the 2001 solar maximum and appears anticorrelated with
the cosmic-ray rate’” for the years in which spatially resolved
imaging is available. Regular measurements of cloud coverage
for the prior maximum are unavailable, but Lockwood &
Thompson (2002) note prominent “outbursts” in near-infrared
observations in 1977 and 1986-1989——corresponding to times
of solar minima and greater cosmic-ray counts. The most
recent solar maximum was weak, but the discrete cloud
coverage at the time still appeared greater than what was seen
during the following solar minimum of 2019 (with the notable
exception of the cloudy outburst in 2017; Molter et al. 2019).

Altogether, this suggests that the stratospheric temperatures
and albedo at visible and near-IR wavelengths may potentially
be correlated, and the solar cycle may provide the physical link.
But observations are too limited to draw conclusions yet, and
any solar effects on clouds and hazes have seemingly changed
since the late 1990s for reasons unknown. It is possible that the
expected UV “tanning” effect on the albedo acts independently
of the discrete cloud coverage, but unless we are seeing a
purely meteorological coincidence, the potential physical

20 Oulu corrected cosmic-ray counts at Earth, corrected for barometric pressure
and efficiency, from the Sodankyla Geophysical Observatory at http://
cosmicrays.oulu.fi.
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mechanisms possibly linking solar cycle variation, strato-
spheric temperatures, and cloud activity should be further
examined. Given that possible changes occurred in the
transition from southern spring to summer (2005 solstice;
Figure 24, bottom panel), we might find that the aerosol
response is somehow seasonally dependent or altered by
sufficiently disruptive weather events. More observations over
the next solar cycle will be key to assessing the consistency and
physical mechanism behind this intriguing but uncertain
potential relationship.

4.3. Implied Wind Changes

Regardless of their cause, the large temperature changes in
Neptune’s stratosphere should be diagnostic of the atmospheric
dynamics. For an atmosphere in geostrophic balance, the
meridional temperature gradient is related to the vertical shear
of the zonal winds through the thermal wind relationship (e.g.,
Forsythe 1945; Holton 1973; Conrath & Pirraglia 1983). The
observed changes in the meridional temperature gradients over
time should therefore be associated with changes in the vertical
wind shear and consequent strength of zonal jets.

The lower-stratospheric temperatures reveal an averaged
equator-to-south-pole contrast of AT=~9 K at 0.5 mbar,
increasing in temperature to the south. By 2018, the low-
latitude temperatures decreased further, and the magnitude of
this contrast increased to AT ~ 17 K, with a maximum gradient
at midlatitudes. Within 2 yr, the warming south pole increased
the contrast yet further to AT =30 K at 0.5 mbar. This tripling
of the meridional gradient (AT/Ay), rising in temperature
toward the south pole, would imply a similar increase in the
magnitude of the vertical wind shear at midlatitudes, all else
being equal. According to the thermal wind relationship,

Ou/01n ( p) = ?(8T/ ay) , where u is the geostrophic wind in

the zonal direction, p is pressure, R is the specific gas constant,
f is the Coriolis parameters, and (0T/dy), is the meridional
temperature gradient at pressure p. Given that temperatures
reach a maximum at the south pole (i.e., 9T/Jy < 0) and f is
negative in the southern hemisphere, this implies a shear of
increasing ~ westward  velocity ~ with  height  (i.e.,
Ou/dIn(p) > 0 — Ju/dz < 0). Based on cloud tracking in
the upper troposphere and lower stratosphere (e.g., Limaye &
Sromovsky 1991; Sromovsky et al. 2001a, 2001b; Tollefson
et al. 2018), the zonal winds are expected to blow eastward at
high latitudes, blow westward at low latitudes, and change in
sign at midlatitudes. The stratospheric temperature gradients
near 45°-70°S are broadly consistent with those observed in
the troposphere, suggesting a weakening of the prograde jet
with altitude (i.e., westward du/dz). At the equator £20°,
tropospheric gradients suggest a weakening of the retrograde
jet with height (i.e., eastward Ou/0z), but stratospheric
gradients are considerably weaker and highly variable.
Tollefson et al. (2018) examined the vertical shear in H- and
K’-band Keck images from 2013 and 2014 by tracking clouds
at the different heights sensed. They determined that equatorial
winds increased with height (i.e., became increasingly west-
ward). However, their observations only showed shear at the
equator, as opposed to the maximum in midlatitudinal shear
implied by our observed temperatures. Furthermore, the near-
IR measurements were only deemed sensitive to shear between
the 1-2 bar and 10-100 mbar levels—far deeper than the shear
implied by our mid-IR stratospheric measurements. And as
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Tollefson et al. (2018) note, compositional gradients—
particularly the latitudinal variation of the methane abun-
dance—will affect conclusions drawn from the thermal wind
relationship. Finally, it is worth stressing that the limited
vertical resolution of the broadly sensing imaging data still
leaves significant uncertainty in the temperature field, which
could alter conclusions regarding the vertical shear. A more
rigorous analysis will require greater constraints on the
temperature and chemistry, independently, over a wide range
of pressures, but this is beyond the scope of this work.

4.4. Comparison with Uranus

Finally, given the observed variability in Neptune’s mid-
infrared emission, it is worth briefly considering the case for
similar variation in Uranus’s atmosphere.

Uranus displays well-documented seasonal variability in
reflected light (Lockwood 2019), with pronounced oscillation
in the albedo near its poles (Rages et al. 2004; Hammel &
Lockwood 2007a; Irwin et al. 2012; Roman et al. 2018; Toledo
et al. 2018). Like Neptune, Uranus’s magnitude also varies in
response to the solar cycle, but to a lesser extent (Aplin &
Harrison 2017). Stellar occultation data show that Uranus’s
upper-stratospheric temperatures also vary with time (Sicardy
et al. 1985; Baron et al. 1989; Roques et al. 1994; Young et al.
2001), but with the limited published data (mostly from the
1970s and 1980s), it is difficult to disentangle coinciding solar
and seasonal response.

Compared to Neptune, relatively few mid-infrared observa-
tions of Uranus exist, and most of those are images in the QO
band, sensing upper-tropospheric temperatures. Similar to what
we find for Neptune, comparisons between these ground-based
images and Voyager have shown little if any changes in the
upper-tropospheric temperatures (Orton et al. 2015; Roman
et al. 2020). But unlike Neptune, a comparison of images
sensing Uranus’s stratosphere (at 0.1 mbar via 13 pm acetylene
emission) in 2009 and 2018 has shown no significant change in
radiance (Roman et al. 2020). This might indicate that Uranus’s
lower stratosphere is less variable than Neptune’s owing to the
inferred weaker vertical mixing, limited hydrocarbon abun-
dances, and longer radiative time constants compared to
Neptune (Conrath et al. 1990; Li et al. 2018; Moses et al.
2018, 2020), and it is consistent with typically less discrete
cloud activity (e.g., Hammel et al. 2005; Sromovsky &
Fry 2005; Hammel & Lockwood 2007a; Sromovsky et al.
2009; de Pater et al. 2011, 2015; Roman et al. 2018). However,
Rowe-Gurney et al. (2021b) reported slight variation (<15%)
in 2007 N-band Spitzer-IRS spectra covering four different
longitudes, possibly indicating the effect of significant
meteorological activity. Furthermore, given Uranus’s relatively
lower 12 pm radiance, no ethane-sensing images currently exist
for Uranus; likewise, no acetylene-sensing images exist for
Neptune, so a direct comparison of their variability is not
currently possible. Finally, we note that the limited observa-
tions of Uranus’s stratospheric emission—2007 Spitzer obser-
vations (Orton et al. 2014a, 2014b; Rowe-Gurney et al. 2021b),
the 2009 and 2018 VISIR ground-based observations (Roman
et al. 2020), and even earlier mid-IR spectra from 1987 (Orton
et al. 1987)—all happen to coincide with a similar phase of the
solar cycle, a phase just approaching solar minimum. So until
more observations are made coinciding with other phases of the
solar cycle, the question of variability in Uranus’s lower
stratosphere remains open.
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5. Conclusions

The collective mid-infrared imaging data reveal significant
temporal variability in Neptune’s stratosphere between 2003
and 2020. These observations provide the strongest evidence to
date that processes produce subseasonal variation on both
global and regional scales. We highlight the following
conclusions:

1. O-band images (17.5-25 pm), sensitive to temperatures
at pressures of roughly 50-300 mbar, continue to show a
pattern of cooler midlatitudes and warmer equator,
consistent with Voyager-era measurements. Only at the
pole do we see significant variation at these wavelengths,
with temperatures 6 =3 K warmer in 2003 and 2006
compared to 2018 and 2020.

2. Images sensitive to stratospheric ethane (12—-13 pm),
methane (7-8 pm), and CH3D (8-9 pm) show significant
variation in time. Disk-integrated radiances generally
decreased from a maximum in 2003 to a near minimum in
2010. Limited data over the next decade show a possible
but uncertain radiance increase in 2011 and 2012,
dropping to a minimum in 2018 and possibly rising
again in 2020.

3. Stratospheric temperatures inferred from 17 ym H, S(1)
hydrogen quadrupole spectra show a similar decline in
radiances over time and appear remarkably similar to
contemporaneous ethane (12-13 pm) images. This
suggests that observed variation in stratospheric emission
is primarily due to temperature variation.

4. The south pole dramatically brightened in stratospheric
images between 2018 and 2020, while the mid- and low
latitudes remained dimmer than in previous years. Similar
changes were also observed in the hydrogen H, S(1)
quadrupole spectra between 2007 and 2019.

5. If radiance changes are attributed to temperatures, the
meridional temperature contrasts between the warmer
south pole and cooler equator increased from roughly
8 +£2 K in 2003 to 28 + 2 K in 2020; polar temperatures
rose from 152 4+2 K to 163 +2 K between 2018 and
2020 alone. This increase in gradient implies a corresp-
onding increasing westward vertical shear with height at
southern midlatitudes.

6. The temporal changes in relative radiances from strato-
spheric data appear to parallel changes in Neptune’s
visible albedo anomalies and discrete cloud coverage.
The physical mechanism linking the stratospheric tem-
peratures and tropospheric clouds and hazes over many
scale heights is unknown, but we speculate that it may be
related to seasonal forcing, meteorological phenomenon,
or solar cycle variations in Ly« flux. Finally, although
observations are limited in time, we also note an
intriguing potential correlation between Neptune’s dis-
crete cloud cover (Karkoschka 2011) and the recent solar
cycles.

Neptune’s stratospheric temperatures have changed, and
what we can expect to see in the years ahead is unknown.
Although revealing, the observations examined in this work
ultimately compose less than half a Neptunian season. The
greater seasonal context and fundamental cause of the observed
variation remain unknowable without additional and repeated
observations extending well into the future. We were fortunate
to capture the surprising recent changes given the sporadic
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history of observations, but we now have the opportunity to
observe how the changing stratosphere evolves in time. In
particular, with the new solar cycle beginning to ramp up,
regular observations over the next decade will be crucial for
understanding the nature and trends shaping the stratospheric
variability of Neptune.
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Appendix

All the ground-based mid-infrared images of Neptune used
in this study are presented in Figures 26 and 27, with
corresponding details provided in Tables 4-6. As far as we
are aware, this composes all available mid-infrared, spatially
resolved imaging of Neptune to date.

Disk profiles for all images are provided in Figures 28 and
29, sorted by spectral group, for both native and normalized
radiances. In these figures, profiles of observed radiances
across the disk show the meridional cross section (vertically
bisecting the image, north—south), the perpendicular cross
sections (~zonal, horizontally bisecting the image, roughly
west—east), and the difference between the profiles (meridio-
nal-zonal) to help separate latitudinal variation from center-to-
limb behavior. Plots average nine central lines for each profile,
amounting to 0”4, or just over 17% of the disk diameter in our
normalized resolution images (see Figure 5). Observation years
are defined by color, and the locations of the disk edges and
changing equator are also indicated.
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Figure 26. N-band images of Neptune sensitive to stratospheric ethane emission with effective filtered wavelengths of 11.6-12.5 um, dating from 2003 to 2020. The
date (yyyy-mm-dd), imaging instrument, and effective filter wavelength for each image are stated. Insets of the accompanying calibration stars, when available, are
shown to indicate the respective spatial resolutions of the seeing disks near the time of the observations. Image details are provided in Table 4.
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Figure 27. As in Figure 26, but for the remaining spectral groups, including images sensitive to upper-tropospheric and lower-stratospheric temperatures via emission
from hydrogen at effective wavelengths of 17.7-24.4 yum, images sensitive to hydrogen and hydrocarbon emission from a broad range of pressures at effective filtered
wavelengths of 10-11 pm, images sensitive to stratospheric monodeuterated methane (CH;D) emission at wavelengths of 8-9 pm, and images sensitive to
stratospheric methane emission at wavelengths of 7-8 pm. The date (yyyy-mm-dd), imaging instrument, and effective filter wavelength for each image are stated.
Insets of the accompanying calibration stars, when available, are shown to indicate the respective spatial resolutions of the seeing disks near the time of the
observations. Image details are provided in Tables 5 and 6.
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Figure 28. Profiles of radiances across the disk showing the meridional, roughly zonal, and difference cross sections (meridional—zonal) for individual images, color-
coded by year. (a) Profiles for all Q-band hydrogen imaging (17-25 pm), as calibrated, and (b) the same images, now normalized by their passband-integrated Spitzer
radiances and scaled by the corresponding VISIR Q2 filter (18.8 y4m) radiance. For clarity, error bars are omitted but taken to be 30% or less. (c) Similarly, profiles for
all ethane images (11-13 pm) at their observed radiances, and (d) Spitzer normalized and scaled by for the VISIR Nell_1 filter (12.2 pm), with assumed uncertainty of
10% or less.
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Figure 29. As in Figure 28, but for CH;D and CH, images. (a) Profiles for all CH3D imaging (8-9 um), as calibrated, and (b) the same images, now normalized by
their passband-integrated Spitzer radiances and scaled by the corresponding VISIR PAHI filter (8.9 pm) radiance. For clarity, error bars are omitted but taken to be
20% or less. (c) Similarly, profiles for all methane images (7-8 pum) at their observed radiances, and (d) Spitzer normalized and scaled by for the VISIR J7.9 filter

(7.8 pm).
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