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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

µm) emission over time in the years surrounding Neptune’s 2005 southern summer solstice. Images

sensitive to stratospheric ethane (∼12 µm), methane (∼8 µm), and CH3D (∼9 µm) display significant

sub-seasonal temporal variation on regional and global scales. Comparison with H2 S(1) hydrogen-

quadrupole (∼17.035-µm) spectra suggests these changes are primarily related to stratospheric tem-

perature 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. Con-

versely, upper-tropospheric temperatures–inferred from ∼17–25-µm 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 sub-seasonal

variation on both global and regional scales in Neptune’s stratosphere.

Keywords: Neptune — Planetary atmospheric variability — infrared astronomy

1. INTRODUCTION

Corresponding author: Michael T. Roman

m.t.roman@leicester.ac.uk

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
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rapidly that the planet’s appearance can change dra-

matically over the course of days (e.g., Smith et al.

1989; Sromovsky et al. 1993, 2001a). Over time, anal-

yses of cloud activity suggest intriguing trends in Nep-

tune’s cloud cover and albedo (Lockwood & Thompson

2002; Lockwood 2019; Karkoschka 2011), occurrences

of long-lived cloud features (Hueso et al. 2017), and

dark vortices (Polvani et al. 1990; LeBeau Jr & 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-year orbital period, which

theory predicts should modulate stratospheric tempera-

tures and chemistry slowly across seasons lasting several

decades given Neptune’s 28.3◦ axial tilt (Conrath et al.

1990; Moses et al. 2018).

While observational evidence of cloud and haze

variability have been well documented over the past

decades (e.g., Lockwood & Thompson 2002; Lockwood

& Jerzykiewicz 2006; Lockwood 2019; Smith et al. 1989;

Sromovsky et al. 2001a, 2003; Hammel & Lockwood

2007; Karkoschka 2011; Irwin et al. 2011; Roman et al.

2013; Irwin et al. 2016; Hueso et al. 2017; Simon et al.

2019; Molter et al. 2019), unequivocal evidence of tem-

poral variation of the lower stratospheric temperatures

and chemistry has been scarce (Roques et al. 1994; Ham-

mel et al. 2006; Hammel & Lockwood 2007; Greathouse

et al. 2011; Fletcher et al. 2014; Sinclair et al. 2020).

The paucity of these measurements is largely a con-

sequence of the challenges of making reliably accurate

mid-infrared observations from the ground, given Nep-

tune’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 an-

gular diameter (∼2.3”). As a result, spatially-resolved

mid-IR observations only really became feasible within

the last two decades—with current temporal coverage

amounting to roughly a 1/9 of the full seasonal cycle.

Although challenging, spatially resolved mid-infrared

observations can be used to diagnose the thermal and

chemical 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 tropo-

sphere — a region that spans the interface between the

turbulent weather-layer below and the presumably sta-

bly stratified, photochemically rich layer above. Ob-

servations at these wavelengths are dominated by the

collision-induced opacity of H2 and emission from var-

ious hydrocarbons—primarily stratospheric methane,

ethane, and acetylene (e.g., Moses et al. 2020). Chal-

lengingly, the intensity of the hydrocarbon emission is

modulated by both temperature and chemical abun-

dances, neither of which is typically independently con-

strained, often rendering the physical nature of the ob-

served 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 emis-

sion at ∼12 µm over time, followed by a slight decrease

in 2004. Changes at ∼8 µm—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 tem-

peratures, given previous estimates of relatively long ra-

diative 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-µm methane emission, but

strong variability in the ethane emission, which they rec-

ognized as ambiguous but consistent with a 2× drop in

ethane abundance provided that the stratospheric tem-

peratures remained constant. In either case, significant

calibration uncertainties and the limited number of ob-

servations left the veracity and nature of these diverging

trends somewhat in doubt.

Models of Neptune’s radiative heating and cooling

(Greathouse et al. 2011) and models of seasonally vary-

ing photochemistry by Moses et al. (2018) provide ex-

pectations for how the temperatures and chemical abun-

dances will change in time. Following Neptune’s south-

ern summer solstice in 2005, models suggest the south

pole would eventually grow warmer in response to the

increased insolation, but with a lag indicative of the ra-

diative 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 photochem-

ically derived ethane should increase gradually but sig-

nificantly (by 30% at 0.5 mbar from southern summer

solstice to autumn equinox), resulting in increased emis-

sion at ∼ 12 µm. However, the amount and timing

of the chemical response will depend on the chemical

and transport time scales, which vary with season, lat-

itude, and atmospheric pressure. At higher pressures,

photochemical variation is generally less significant with

longer lags given longer chemical and radiative time
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scales. But all these expectations can be modified by

dynamics, which can hypothetically alter temperatures

and chemical distributions through large-scale circula-

tion patterns or small-scale processes such as convective

storms and inertia-gravity waves (Conrath et al. 1989;

Fletcher et al. 2014; de Pater et al. 2014).

The first inferences of the three-dimensional temper-

ature structure and implied circulation in Neptune’s at-

mosphere were derived from spatially resolved Infrared

Interferometer Spectrometer and Radiometer (IRIS)

data from Voyager 2 in 1989 (Smith et al. 1989; Conrath

et al. 1989). Acquired during Neptune’s southern late

autumn (solar longitude1 Ls∼236◦), the observations

showed anomalously cool mid-latitudes in the upper tro-

posphere that were attributed to local upwelling and adi-

abatic 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 this pattern

more or less continued near the time of the 2005 south-

ern summer solstice (Ls=270◦), with a possible increase

in the polar temperatures by 2003, remaining warmer

until at least 2006. In the stratosphere, Voyager sug-

gested a distinct equatorial maximum in temperatures

or acetylene (Bézard et al. 1991), but later observations

suggested a rather more latitudinally uniform distribu-

tion 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 years, we take a fresh look at Neptune’s atmospheric

temperatures and chemistry across time. By compil-

ing and analyzing all currently available mid-IR imaging

data, gathered from multiple observatories from 2003

to 2020 (Section 2), we are able to show that sub-

seasonal variation is unequivocally present on both re-

gional and global scales (Section 3). By additionally

utilizing Spitzer IRS and ground-based spectroscopy at

wavelengths sensitive to stratospheric temperatures (i.e.

the ∼17 µm H2 S(1) quadrupole), we find that temper-

ature changes are likely primarily responsible for Nep-

tune’s observed variability. We discuss these changes in

context of model predictions and possible causes (Sec-

tion 4). And finally, we conclude by summarizing our

results (Section 5), which altogether suggest that Nep-

tune’s stratosphere is likely more complicated and tem-

porally variable than previously realized.

2. DATA

To characterize variability in Neptune’s mid-infrared

emission, we analyzed mid-infrared images (7–25 µm)

from various ground-based facilities, and supplement

these observations with spectral data for further tempo-

ral 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 total, this amounts to more

than 95 images acquired between 2003 and 2020 at wave-

lengths ranging from 7.7 to 25.5 µm. Data were ac-

quired using infrared instruments on 8–10 meter class

telescopes at multiple ground-based facilities, listed in

Table 1. Images prior to 2011 were previously analyzed

1 The apparent planet-centered longitude of the Sun, Ls is used
here to represent the seasonal phase over the planet’s orbital
period. Cyclic, with values of 0◦ ≤ Ls<360◦, Ls 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.

and published, in part, in Hammel et al. (2007); Or-

ton et al. (2007a, 2012); de Pater et al. (2014); Sinclair

et al. (2020); and further summarized by Fletcher et al.

(2014), who investigated temporal variability between

the Voyager-2 encounter (1989) and Neptune’s southern

summer solstice (2005). All subsequent imaging data

are analyzed here for the first time, including Subaru-

COMICS images from 2011, 2012, and 2020, and VLT-

VISIR images from 2018. Observational details for all

individual images are provided in the Appendix.

Collectively, images were acquired in 26 different

bandpass filters2 transmitting at wavelengths within the

N-band (7–13 µm) and Q-band (17–25 µm), as summa-

rized in Table 2 and Figures 1 and 2. Clustered at wave-

2 Additionally, a broad N-band filter (7.70–12.97 µm, central wave-
length of 10.39 µm) was used solely for spectroscopy acquisition
by Gemini-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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Table 1. Data Sources

Observatory, Instrument Type Plate Scale
(arcsec/pixel)†

Year Molecular Emission P.I./Reference

Keck, LWS imaging 0.0847 2003 CH4, CH3D, C2H6, H2 1, 2

Gemini-North, Michelle imaging ∼0.099 2005 CH4, C2H6 3

Very Large Telescope, VISIR imaging 0.075 2006, 2008, 2009 CH4, CH3D, C2H6, H2 4, 5, 6, 7

Gemini-South, T-ReCS imaging 0.090 2007, 2010 CH4, CH3D, C2H6, H2 8, 9

Subaru, COMICS imaging 0.13 2008, 2011*, 2012*, 2020* CH4, CH3D, C2H6, H2 10

Very Large Telescope, VISIR imaging 0.0453 2018* CH4, C2H6, H2 11

Very Large Telescope, VISIR spectroscopy 0.127 2006* H2 S(1) quadrupole 4

Gemini-North, TEXES spectroscopy ∼0.137 2007, 2019* H2 S(1) quadrupole 12

Spitzer, IRS spectroscopy 1.8–4.5 2004, 2005, 2006 all of the above 13

Note—Principal Investigator (program ID) / References: [1] M. Brown (C14LSN); [2] I. 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. (2007a), [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. (2007b); [9]
G. Orton (GS-2010B-Q-42) / Orton et al. (2012) [10] Y. Kasaba (o07150, o08161, o12143) 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/zenodo.5254503

Instruments 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)
† Neptune’s angular diameter is ∼2.3 arcseconds
The asterisks (*) indicate previously unpublished observations.

lengths 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 im-

ages into the following four distinct groups defined by

their passband and, correspondingly, the molecules and

pressures they sense:

• 17–25-µm sensing emission from molecular hy-

drogen (H2), primarily at pressures near the

tropopause (∼80–200 mbar). [15 images]

• 11–13-µm, sensing emission primarily from strato-

spheric ethane (C2H6), with maximum contribu-

tions from ∼0.1–2 mbar. [42 images]

• 8–9-µm, sensing emission from stratospheric

methane and its isotopologue, deuterated methane

(CH3D), primarily from ∼0.1–1 mbar. [17 images]

• 7–8-µm, sensing emission from stratospheric

methane (CH4) primarily from ∼0.01–1 mbar. [15

images]

Additionally, there are six images with filtered cen-

tral wavelengths of 10–11 µm that are weakly sensitive

to both stratospheric hydrocarbons (mainly ethane and

ethylene (C2H4)) and H2 emission from deeper in the up-

per troposphere (at ∼1 bar). However, given their broad

but weak sensitivity, low signal-to-noise ratio (SNR),
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Figure 1. The effective mean wavelength of filtered obser-
vations, plotted versus time and solar longitude. The ob-
servatory and instrument observations are indicated by the
symbols as defined in the key, with colors shading the group-
ings by sensitivity to H2, C2H6, CH3D, and CH4, as dis-
cussed in the text. The vertical dotted lines mark the dates
of Spitzer-IRS observations. The top panel displays the cor-
responding sub-solar latitudes and solar longitude (Ls), with
the southern summer solstice (Ls=270◦) indicated with the
blue dotted-line line.

and limited temporal coverage, these images provide few

constraints and do not factor prominently into our anal-

ysis.



Neptune’s mid-IR Variability 5

10 15 20 25

0.2
0.4
0.6
0.8
1.0

10 15 20 25
Wavelength (microns)

0.0
0.2
0.4
0.6
0.8
1.0

N
or

m
al

iz
ed

 F
ilt

er
 T

ra
ns

m
is

si
on

Wavelength (microns)

Keck-LWS
Subaru-COMICS
Gemini(N)-MICHELLE
VLT-VISIR
Gemini(S)-T-RECSQ1 Q2 Q3

NEII_1

J7.9 PA
H

1

8.0

8.9

10.7

11.7

SiC

12.5

17.65 18.75 22.0

F04...
F05...

F09...
F30...

F37...

F42...

Si1
Si4Si2 Si4

Si6

10

10

10

Sp
ec

tra
l R

ad
ia

nc
e 

(W
/c

m
2 /s

r/µ
m

)

−9

−8

−7

    2003
    2005
    2006
    2007
    2008
    2009
    2010
    2011
    2012
    2018
    2020

CO
M

IC
S

LW
S

M
IC

HE
LL

E
T−

RE
CS

VI
SI

R

Spitzer Filter Integrated 

Figure 2. (top) Neptune’s mid-infrared spectrum (black) from the Spitzer Infrared Spectrometer (IRS) in 2005 compared
to ground-based imaging data. Disk-integrated radiances of each ground-based image are plotted upon the Spitzer spectrum,
with the color and symbol indicating the year and instrument. Equivalent filter-integrated radiances derived from Spitzer IRS
spectra are shown in dark-gray solid 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 µm. Below 8 µm, 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.

The radiances at mid-infrared wavelengths are funda-

mentally 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 H2 at

17–25 µm provides an unambiguous indication of the at-

mospheric temperatures in the upper troposphere. How-

ever, since the abundance of hydrocarbons are likely spa-

tially and temporally variable given chemical sources,

sinks, and transport (Moses et al. 2018, 2020), varia-

tion in the observed emission from methane (7–8 µm),

deuterated methane (8–9 µm), and ethane (11–13 µm)

alone cannot differentiate between variation in strato-

spheric temperature or composition. To help resolve this

ambiguity, we include additional spectroscopic data sen-

sitive to the stratospheric temperatures, as discussed in

Section 2.2.

The atmospheric pressures sensed by each filter are es-

timated using radiative-transfer modelling (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 con-

tribution 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 atmospheric model and ob-

servational emission angle, but broadly show sensitiv-

ity 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 contributions functions for

the H2 filters are somewhat bimodal, with contributions
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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 10−5 bar. 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 dash), Keck (dot-dash), and T-ReCS/Michelle
(short dash). The 10–11 µm and 17–25 µm H2 filters sense a wide range of pressures, including most deeply, while the discrete
H2 S(1) line senses pressures of several millibars. C2H6, CH3D, and CH4 filters sense progressively lower pressures. Curves
are shown for an emission angle of 45◦, but shift upward at larger emission angles (i.e., towards 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.

from lower pressures increasing with increasing emission

angle. The ethane, deuterated methane, and methane

filters sense progressively lower pressures in the strato-

sphere, with significant contribution from the strongest

methane lines continuing at pressures less than 10−5 bar.

The effective spatial resolution of the images vary

owing to differences in the telescope apertures, fo-

cal 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 0.0453 arcsecs/pixel—offer twice this resolution.

Subaru-COMICS images have the poorest resolution at

only 0.13 arcsecs/pixel, subtending closer to 7◦ of lati-

tude per pixel at the disk center. The effective seeing

disks varied between approximately 0.3” and 0.75”, with

an average of 0.47” based on the full-width-half-max of

the calibration stars (see Figure 4). This limited res-

olution 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 seventeen years covered by ground-based

thermal imaging, the sub-observer latitude changed by

less than 4.4◦, from 29.1◦ S to 24.7◦ S (see Figure 4).
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Table 2. Filter Properties

Observatory-Instrument Filter Passband
(µm)

Mean
Wavelength

(µm)

Mean
Atmospheric
Transmission

Year of Neptune Observations
[Number 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)-MICHELLE Si1-7.9 7.37–8.07 7.76 45.0% 2005 [2]

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

Gemini(S)-T-ReCS Si1-7.9 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 PAH1 8.39–8.79 8.60 92.0% 2006 [2], 2008 [1], 2009 [5]

VLT-VISIR NEII 1 12.1–12.3 12.22 97.7% 2006 [2], 2008 [1], 2009 [6], 2018 [4]

VLT-VISIR Q1 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 24.2–24.9 24.49 52.7% 2008 [2], 2020 [2]

Note—The Si1-7.9 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 airmass of the observations.

This small change in sub-observer angle amounts to a

change of two pixels or fewer across all images, which

implies that most observed changes cannot be attributed

to changes in the observing geometry. Changes in emis-

sion angle can potentially modify the perceived radi-

ances 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 com-

ing years). Likewise, changes in the sub-solar latitude

are modest, with a minimum value of 29.2◦S in 2005

images (near southern summer solstice, Ls = 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 effectively remove the contribution of the sky and

telescope’s thermal emission from the image. By this

process, hundreds of ∼100 milliseconds exposures–short

enough to preclude detector saturation–were combined

to build up a sufficient SNR for the target. Total on-

target integration times ranged from several minutes to

roughly 30 minutes, depending on the filter and observa-

tory. In most, but not all cases, accompanying observa-

tions of standard stars were acquired for flux calibration.

Radiances for each pixel were calibrated using ra-

diance 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



8 Roman et al.

2005 2020
~ 

2.
35

“ 

0.
47

 ±
 0

.1
3“

Figure 4. Disk geometry for Neptune in 2005, at southern
summer solstice (Ls=270◦), and 2020 (Ls=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-arcsecond angular resolution
of Neptune’s disk, and the concentric disks (far right) illus-
trate the FWHM of calibration stars (average ± standard
deviation), indicative of the typical image resolution.

flux densities are often provided by the observatories,

but we calculated stellar flux densities from Cohen stel-

lar spectra (e.g., Cohen et al. 1995) for the filter trans-

missions assuming typical atmospheric conditions for

the observatories (Noll et al. 2012). These flux densities

were in very close agreement—within 3% or less—of val-

ues currently maintained by Gemini3 and the European

Southern Observatory4. The standard stars used are

listed along with each Neptune observation in the Ap-

pendix. To account for differences in airmass between

Neptune and the calibration star, airmass extinction cor-

rections were calculated from observations of stars re-

peated at different airmasses, when available, or other-

wise estimated from values of Krisciunas et al. (1987).

Extinction corrections typically amounted to less than

5%. In the few cases when stellar observations were ab-

sent, calibrations 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 fac-

tors at VLT by Dobrzycka & Vanzi (2008) has shown

typical temporal variability in these conversion factors

of up to 10% in filters at 8.6 µm and 11.2 µm–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

3 http://www.gemini.edu/sciops/instruments/mir/Cohen list.
html

4 https://www.eso.org/sci/facilities/paranal/instruments/visir/
tools/zerop cohen Jy.txt

between Neptune and stellar observations, errors can be-

come significant, particularly at wavelengths at which

the emission from the sky is greatest (see Figure 2 and

atmospheric transmissions in Table 2).

Similar wavelength dependence in the uncertainties

can be inferred from variability in repeated observations

of Neptune on relatively short timescales. For example,

six VISIR observations acquired at 12.2 µm (NeII 1) on

five nights in August and September 2009 varied by less

than ± 10%, with a standard deviation of only 6%. Dur-

ing the same period, five images at 8.9 µm varied by

less than 14% with a standard deviation of 10%, while

the methane images at 7.8 µm—where the atmospheric

transparency is less than 50%—varied by ± 30% of their

mean, with a standard deviation of about 25%.

Differences in the spatial resolution and filter pass-

bands 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

µm, NeII 1) and COMICS (12.4 µm, F09C12.50W1.15)

on the same night in September 2008, but the VISIR

image shows significantly greater limb brightening (see

Appendix Figure 26). Given the contemporaneity, the

difference is observational, likely owing to the relatively

finer plate scale resolution, lower airmass, and narrower

passband (centered on the ethane emission) of the VISIR

observation. As such, even images at very similar wave-

lengths should be compared with some caution.

Aside from the conversion factors, repeated attempts

to calibrate data with plausible alternative choices for

parameters regarding the atmospheric model, sky sub-

traction, area of aperture photometry, and airmass cor-

rection resulted in changes in radiance of less than 5%.

As a whole, the data do not exhibit any obvious trends

in relative radiances versus airmass or precipitable wa-

ter vapor. Altogether, we estimate uncertainties of up

to 10% in radiance for ethane images (11–13 µm), 20%

for the CH3D images (8–9 µm), 25% for methane images

(7–8 µm), and, conservatively, 30% for hydrogen images

(17–25 µm).

2.2. Spectroscopic Data

To help interpret variations in stratospheric emission,

we additionally analyzed spectroscopic observations of

the H2 S(1) quadrupole at ∼17.03 µm (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 hy-

drogen emission line serves as a nearly unequivocal indi-

cator of the lower stratospheric temperatures (see Fig-

ure 3), assuming the para-hydrogen fraction is in local

equilibrium.

http://www.gemini.edu/sciops/instruments/mir/Cohen_list.html
http://www.gemini.edu/sciops/instruments/mir/Cohen_list.html
https://www.eso.org/sci/facilities/paranal/instruments/visir/tools/zerop_cohen_Jy.txt
https://www.eso.org/sci/facilities/paranal/instruments/visir/tools/zerop_cohen_Jy.txt
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Spectra measuring Neptune’s H2 S(1) quadrupole

emission as a function of latitude were acquired with

VLT-VISIR in September 2006. With the 1”-wide slit

aligned with the central meridian, observations spanned

over 8 hrs and airmasses from 1.01 to 2.7, with a cross-

dispersion spatial resolution of 0.127”/pixel and at a

spectral resolution of R∼14000. Spectra were calibrated

via comparison to observations of HD211416. Random

errors at these wavelengths are estimated to be less than

20%, but we find a larger systematic error in the cali-

bration, as discussed in Section 3.4.

Subsequent observations of the quadrupole emission

were made in 2007 and 2019 from Gemini North us-

ing TEXES, the Texas Echelon cross-dispersed Echelle

Spectrograph (Lacy et al. 2002) as part of larger spectro-

scopic 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 scan-

ning technique in which the 0.8” slit was sequentially

positioned over different portions of the disk, gathering

spectra at each 0.25” step that can then be combined to

effectively provide a spatially resolved spectral-image of

the H2 S(1) quadrupole emission at R∼80000. The de-

tector 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 scan-

ning direction, the spatial resolution of the composite

image is effectively limited by the slit width, as all the

disk falling within the 0.8” slit (perpendicular to the spa-

tial dimension) will contribute to the signal. This means

the observed signal can potentially be more diluted to-

wards the edges of Neptune’s disk more in the scanning

direction if the slit width is only partly filled. The scan-

ning direction was parallel to Neptune’s rotational axis

in 2007, but perpendicular to it in 2019, and this differ-

ence is considered when interpreting the data. In each

case, radiance calibration was achieved by accompany-

ing observations of the thermal blackbody emission from

a black, metal plate at ambient temperature within the

observatory. Following Greathouse et al. (2011), uncer-

tainties 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 observa-

tions are essentially disk-integrated, but offer more pre-

cisely calibrated radiances over the full spectral range of

our filtered images at four different times—first in May

2004 and then again 6, 12, and 24 months later. The

Long-High (LH) module data provides measurements

of the disk-integrated H2 S(1) quadrupole emission at

R∼600, to which we compare our ground-based spec-

tra. For comparison to filtered images, we computed

filter-integrated fluxes of the Spitzer-IRS spectrum for

each imaging filter passband with mean observing con-

ditions. 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.

Table 3. H2 S(1) Spectroscopy

Date
(yyyy-mm-dd)

Observatory-
Instrument

Spectral
Range
(µm)

Spectral
Resolution

(λ/δλ)

2004-05-15 Spitzer-IRS 5.2–36.8 600*

2004-11-15 Spitzer-IRS 5.2–36.8 600*

2005-11-19 Spitzer-IRS 5.2–36.8 600*

2006-05-31 Spitzer-IRS 5.2–36.8 600*

2006-09-04 VLT-VISIR 17.004–17.056 14000

2007-10-24 Gemini(N)-TEXES 17.043–17.036 80000

2019-09-19 Gemini(N)-TEXES 16.986–17.134 80000

Note—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 µm, the Spitzer low-resolution modules

provided a resolution R∼60–127.

3. ANALYSIS AND RESULTS

Images were sorted into distinct spectral groups, de-

fined 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 vari-

ation in spatially distributed and disk-integrated radi-

ances. We compared calibrated imaging repeated with

the same instrument and filter over time to reveal ab-

solute 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 miti-

gate the sparse sampling in time.

3.1. Image Mean Characteristics

Average images displaying the distinct characteristics

of these groups are shown in Figure 5. For these av-

erages, images were normalized in size to that of the
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Latitudes
 -90  −60  −30       30   60   90 0 7–8 µm (CH4)  8–9 µm (CH3D) 11–13 µm (C2H6) 17–25 µm (H2) 10–11 µm 

(H2,C2H6,C2H4)

Figure 5. Averaged images for each distinct spectral group—methane, deuterated methane, ethane, and hydrogen, plus the
limited 10–11 µm 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.

finest resolution data (i.e., to a disk with an equato-

rial width of 51.8 pixels, as imaged by VLT-VISIR on

August 13, 2018) 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 SNR to re-

veal 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. 2007a; Fletcher et al. 2014;

de Pater et al. 2014; Sinclair et al. 2020).

The Q-band images (17-25 µm) show the enhanced

H2 emission from the equator and pole relative to mid-

latitudes, mostly from pressures between 30 and 300

mbar. This latitudinal pattern is consistent with the

equator and pole being regions of descending and warm-

ing while mid-latitudes being regions of upwelling and

adiabatic cooling, as first inferred from Voyager IRIS

data (Conrath et al. 1990; Fletcher et al. 2014). Sugges-

tions of a similar pattern appear in the averaged 10–11-

µm image, but these images suffer from very low SNR

given the extremely weak radiances at these wavelengths

(see Figure 2) and sense a broad range of pressures, mak-

ing their physical interpretation less clear.

Broadly sensing emission from ethane at pressures of

10−4–10−3 bars, the average ethane images are domi-

nated by the strongest limb-brightening, attesting to the

combination of a weakly negative temperature lapse rate

(i.e. increasing temperature 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 res-

olution and narrow passband. A subtle latitudinal gra-

dient is also evident, with generally lower radiances at

southern mid-latitudes, but variable in time as discussed

in Section 3.2. Given the excellent sky transparency and

strong signal at these wavelengths, the 11–13 µm ethane

images have the greatest SNR.

Despite sensing similar pressures as the ethane im-

ages, the average CH3D images exhibit a lower SNR

and comparatively less limb brightening than the ethane

emission. This is consistent with a lower abundance

of CH3D—inferred to be only 0.0264% as abundant

as methane (with uncertainties exceeding 50%; e.g.,

Lecluse et al. 1996; Feuchtgruber et al. 2013; Fletcher

et al. 2010)—and expectations that CH3D, 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 µm images sensing methane (12CH4

and 13CH4) 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 transparency, which reduces the

SNR and increases the calibration uncertainty compared

to the ethane images. Careful inspection of the im-

ages nonetheless reveals latitudinal variation with sub-

tle signs of possible zonal banding as previously noted

by Sinclair et al. (2020), suggesting that dynamical pro-

cesses shaping zonal variations continue to be important

up to at least 10−5 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
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the emission angle (which are indicative of vertical gra-

dients), while displaying differences due to seeing and

instrumental diffraction that can significantly alter the

spatial brightness distribution. To improve SNR and

better reveal trends in time, annually averaged images

were also calculated by averaging similar or appropri-

ately normalized images (as discussed below) acquired

over different nights within a calendar year. Details on

the individual images can be found in the Appendix Ta-

bles 4, 5, and 6.

Beginning with the Q-band images, Figure 6a shows

a direct comparison between pairs of annually averaged

images acquired 12 years apart using the same filters:

first by VISIR (Q2, 18.8 µm) in 2006 and 2018, and then

by COMICS (F42, 24.5 µm) in 2008 and 2020. These

images sense thermal emission from well-mixed hydro-

gen near the tropopause. Though the image quality dif-

fers, we see that the basic structure of thermal emission

from the 100-mbar level remains unchanged over the in-

tervening 12 years. The south pole, however, appears

significantly brighter in both the 2006 and 2008 images

compared to 2018 and 2020.

These same absolute differences between annually av-

eraged image pairs are readily seen in the profiles of

radiance across the disk shown in Figure 7a and 7b,

which show a remarkable consistency in the 18.8 µm ra-

diances at all latitudes with the exception of the south

polar edge. Although the 2018 images have lower SNR,

profiles slicing perpendicularly across the center of the

images show little difference in the center-to-limb be-

havior, suggesting that the differences at the pole can-

not be easily attributed to observational differences in

the seeing and image quality. Differences between the

meridional and ∼zonal5. cross-sections clearly show 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 Q-band images acquired with the

same filters spanning multiple years (Figure 6a, left and

center; Figure 7a,b), the opportunity for direct com-

parisons of images are limited. In order to provide

greater temporal coverage, we also compared images

at similar but different Q-band wavelengths (17.5–24.5

µm) by attempting to normalize their intrinsically dif-

ferent 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

5 Only approximately zonal, not precisely, given that Neptune’s
south pole was tilted ∼27◦ towards the observer and the image
was not reprojected (see Figure 5)

radiance—in this case, the filter-integrated radiance at

18.8 µm. Although the fiducial scaling is somewhat arbi-

trary, the relative differences that emerge are meaning-

ful. Cautiously, we note that not all changes observed in

these sequences are necessarily temporal, as differences

in filter passbands, contribution functions, and normal-

ization relative to Spitzer can potentially introduce dif-

ferences, in addition to inescapable variation owing to

image quality and calibration. Nevertheless, by includ-

ing additional images, the resulting normalized image

sequence provides a fuller account of the potential tem-

poral behavior, as seen in Figure 6a (right).

The corresponding plots of annually averaged, nor-

malized radiance profiles are shown in Figure 7c; similar

plots showing profiles from all images, before and after

normalization, are provided in the Appendix Figure 28.

The profile-plots show how temporally uniform the ra-

diances are at most latitudes after normalization. The

exception is the south pole, which appears significantly

brighter in 2003 and 2006. While observational differ-

ences 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 Appendix Figure 28), these data indicate that the

upper-tropospheric south polar temperatures were in-

trinsically warmer in 2003 and 2006.

We applied the same approach to the 11–13-µm ethane

images shown in Figure 6b. Neptune was observed most

frequently at these wavelengths—in 11 separate years

between 2003 and 2020—allowing for the fuller assess-

ment of the stratospheric temporal behavior. A di-

rect comparison using the VISIR 12.2-µm (NeII 1) filter

alone shows significant changes in the brightness distri-

bution on scales of just two years (Figure 6b, left, and

Figure 8a). The 2006 images appear globally bright-

est, 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 north-

ern 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 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 8a. This

surprising asymmetric change in radiance cannot be ex-

plained by errors in calibration (≤10%).
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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) H2, b) C2H6, 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 (H2), NeII 1
(C2H6), PAH1 (CH3D), and J7.9 (CH4). Variation in methane images 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 µm), 20% for the CH3D images (8–9 µm), 25% for methane images (7–8 µm), and no more than 30% for hydrogen
images (17–25 µm).
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Figure 7. Profiles of radiances across the disk for 17–25 µm hydrogen-sensing images that form the average images shown
in Figure 6a. a) Profiles from the VISIR Q2 (18.8 µm) 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 9 central lines for each profile, amounting to 0.4”, or roughly just over 17% of the disk diameter in our normalized
resolution images. Observation years are defined by color, and the location 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 µm) images showing greater amplitude in images
from 2008 than in 2020. c) Annually averaged curves for all Q-band images (17–25µm, eight separate filters) normalized by
their passband-integrated Spitzer radiances and scaled by the corresponding Q2 filter (18.8 µm) 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.
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Figure 8. As in Fig. 7, profiles of radiances across the disk, now for 11–13 µm ethane-sensing images that form the average
images shown in Figure 6b. a) Profiles from the VISIR NeII 1 (12.2 µm) 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 µm) 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 (11–13µm, seven separate filters) normalized
by their passband-integrated Spitzer radiances and scaled by the corresponding VISIR NeII 1 filter (12.2 µm) radiance, with
uncertainty represented by the fainter envelopes.
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Even larger changes are seen between COMICS 12.4

µm images taken in 2008 and 2020 (Figure 6b, center,

and Figure 8b). The 2008 image shows an asymmetric

pattern consistent with what was seen in the contem-

poraneous VISIR images, but the 2020 image shows a

dramatic ∼50% increase in the polar radiance accom-

panied by a ∼25% decrease at all other latitudes (see

Figure 8b). While the small changes in the polar emis-

sion angle (from 59◦ in 2008 to 64◦ in 2020) can po-

tentially lead to differences in observed radiances, the

changes observed here far exceed any observational bi-

ases. 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 NeII 1 radiance) and combining

all the data in the 11–13 µm spectral region reveals a

fuller timeline of these stratospheric changes, as shown

in Figures 6b (right) and 8. In the normalized ethane

data, Neptune’s brightness appears to fluctuate, appear-

ing brighter in 2003, 2006, 2011, and 2012 than in other

years. Starting with a somewhat symmetric distribution

of disk radiances in 2003, significant meridional asymme-

try in the disk profiles develop 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-µm (PAH1) images are globally

brighter in 2006 than in 2008 and 2009, with increasing

contrast between equatorial and southern mid-latitudes

in 2008 and 2009 (see Figure 6c and 9). Normalizing the

set to include and compare 2003 images at 8.9 µm from

Keck-LWS, we find 2003 images are the brightest, with

radiances steadily decreasing with time.

Applying the same analysis to methane images (7-8

µm) reveals far greater variability with time. Much of

this variability may potentially be owing to calibration

errors, as the images show a wide range in quality and

large uncertainties. Variation in 2009 alone may sug-

gest even larger errors in calibration than expected, with

disk-integrated radiances ranging from 52 ± 13 to 95 ±
24 nW/cm2/sr/µm (see Appendix Figure 29). Latitudi-

nal and temporal trends are also noisier with a greater

spread in values compared to the C2H6 and CH3D im-

ages, exceeding the estimated 25% calibration uncer-

tainty in both direct and normalized comparisons (Fig-

ures 6d and 10). Unfortunately, with some years limited

to a single observation, it is impossible to know for cer-

tain whether the observed variation can be attributed to

errors exceeding the best estimates of the typical uncer-

tainty 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

CH3D images, as discussed in Section 3.3, so at least

some variation is likely physical. From a peak in 2005,

radiances fall across the disk, with a minimum at south-

ern mid-latitudes in 2009. We also see a relative increase

in the polar radiance between 2018 and 2020, as seen in

the other stratospheric-sensing images.

If we disregard global variations as purely calibration

errors, then we are left with just the aforementioned lat-

itudinal behavior, as shown in Figure 11. In the ethane

images, curves generally fall into two groups—those with

relatively elevated radiances near the equator and those

without. The 2007 data curve is anomalously flat, but

may be dismissed due to the poor observing conditions.

Latitudinal trends in the methane and CH3D images are

somewhat less variable considering the range in image

quality, but they do show a relative reduction in radi-

ance at southern mid-latitudes in 2008 and 2009. This

latitudinal contrast can be quantified as the difference in

brightness temperature (Tb) between the equator, mid-

latitudes, 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 shows no obvious long-term trends (Figure

12). Some, but certainly not all, of the polar variability

is likely observational, owing to differences in image res-

olution and astronomical seeing. The observed contrast

also appears to be wavelength dependent—while the ex-

treme brightening seen at the pole in 2020 is clearly ex-

ceptional in the ethane images, it appears somewhat less

remarkable in the methane images, with values compara-

ble to some previous years (i.e. 2008, 2005, 2018). Like-

wise, 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 produced by a temper-

ature enhancement, this would suggest it is vertically

localized near the peak of the ethane contribution func-

tions. Alternatively, the wavelength dependence sug-

gests that ethane enhancement is contributing to the

rising polar brightness.
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Figure 9. As in Figures 7 and 8, but for 8–9 µm CH3D-sensing images: a) direct comparison of 8.6 µm VISIR images. Error
bars are omitted, but taken to be less than 20%. b) Annually averaged profiles from all the CH3D-sensing images (from five
different filters) normalized by Spitzer values and scaled by the corresponding Spitzer filter-integrated value for the VISIR PAH1
filter (8.6 µm).

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 cal-
culations, we performed aperture photometry on cali-

brated, 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 instru-

ment. Filter-integrated Spitzer values are also shown

(in green shaded regions), representing the radiances

we would have observed from the ground at our fil-

tered wavelengths given the Spitzer spectral radiances

in 2004 (May and November), 2005, and 2006. For ex-

ample, in Figure 14a, we see that the VISIR 12.2 µm

measurements (purple closed circles) appear to decrease

in radiance from 2006 to 2018. Integrating the Spitzer

spectrum over the VISIR 12.2-µm 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 two years 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 normal-

ize the observations by removing the wavelength depen-

dence. The results reveal trends across multiple filters

that are indicative of changes in the image group in gen-

eral.

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 µm)

(Figure 13a), but their global variations when ratioed

to Spitzer suggest no significant change beyond the ex-

pected uncertainties (Figure 13b).



Neptune’s mid-IR Variability 17

−2 −1 0 1 2
arcseconds

0

20

40

60

80

100

120

Sp
ec

tra
l R

ad
ia

nc
e 

(n
W

/c
m

2 /s
r/u

m
)

S NEq
    2011
    2012
    2020

−2 −1 0 1 2
arcseconds

0

20

40

60

80

100

120

Sp
ec

tra
l R

ad
ia

nc
e 

(n
W

/c
m

2 /s
r/u

m
)

W E
    2011
    2012
    2020

−2 −1 0 1 2
arcseconds

−40

−20

0

20

40

 S
pe

ct
ra

l R
ad

ia
nc

e 
(n

W
/c

m
2 /s

r/u
m

)

S NEq
    2011
    2012
    2020

Meridional Cross Section ~Zonal Cross Section Meridional – Zonal a)

b)

c)

Δ
Δ

7.9 µm
COMICS: F04...

−2 −1 0 1 2
arcseconds

0

50

100

150

Sp
ec

tra
l R

ad
ia

nc
e 

(n
W

/c
m

2 /s
r/u

m
)

S NEq
    2008
    2009
    2018

−2 −1 0 1 2
arcseconds

0

50

100

150

Sp
ec

tra
l R

ad
ia

nc
e 

(n
W

/c
m

2 /s
r/u

m
)

W E
    2008
    2009
    2018

−2 −1 0 1 2
arcseconds

−40

−20

0

20

40

 S
pe

ct
ra

l R
ad

ia
nc

e 
(n

W
/c

m
2 /s

r/u
m

)

S NEq
    2008
    2009
    2018

7.8 µm
VISIR: J7.9

−2 −1 0 1 2
arcseconds

0

50

100

150

Sp
ec

tra
l R

ad
ia

nc
e 

(n
W

/c
m

2 /s
r/µ

m
)

S NEq
    2005
    2007
    2008
    2009

    2011
    2012
    2018
    2020

−2 −1 0 1 2
arcseconds

0

50

100

150

Sp
ec

tra
l R

ad
ia

nc
e 

(n
W

/c
m

2 /s
r/µ

m
)

W E

−2 −1 0 1 2
arcseconds

−60

−40

−20

0

20

40

60

 S
pe

ct
ra

l R
ad

ia
nc

e 
(n

W
/c

m
2 /s

r/µ
m

)

S NEq
    2005
    2007
    2008
    2009

    2011
    2012
    2018
    2020

    2005
    2007
    2008
    2009

    2011
    2012
    2018
    2020

Δ

CH4 Normalized

Figure 10. As in Figures 7, 8, and 9 but for 7–8 µm methane images: a) profiles from VISIR 7.8-µm filter and b) COMICS
7.9-µm filter, as calibrated, with considerable spread owing 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 µm). 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.
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Figure 11. Annually averaged meridional variation in radiance, normalized and arbitrarily adjusted in magnitude to reduce
offsets and emphasize meridional trends for C2H6 (left), CH3D (center), and CH4 (right). For comparison, curves are shifted so
that the northern limbs—the least variable region in the relatively reliable ethane images—are nearly invariant in radiance.
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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 Tb minus
the Tb at 45◦ S, for C2H6 (blue circle), CH3D (green square),
and CH4 (purple diamond) images, as indicated by the key.
Contrasts determined from hydrogen quadrupole measure-
ments (red star) are also shown, as discussed in Section 3.4.
Nearly all data appear to follow a similar trend with increas-
ing 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 Tb 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.

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 14a).

When normalized (Figure 14b), 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 14c), but altogether, the nor-

malized data display an almost linear decline of ∼50%

in relative radiance from 2003 to 2010 (Figure 14d). Fi-

nally, CH4 images show a similar decline for the years

measured within the same period (Figure 14, panels e

and f). The methane decline is even greater (∼70%)

if the filter-integrated values from Spitzer-IRS are ac-

curate. 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 mecha-

nism may be primarily responsible for altering the emis-

sion. As the dotted lines in Figures 14a, 14c, and 14e

show, the expected variation from seasonal photochem-

istry alone produces an almost negligible effect on disk-

integrated radiances over this timescale. Far larger vari-

ation 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 system-

atic error in radiances at wavelengths less than 10 µm.

The near linear trend in the radiance ratio plots for

CH3D images (Figure 14d) 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

14f) would fall into better agreement with the Spitzer

values if the Spitzer radiances were systematically de-

creased by 50%. Additionally, our radiative-transfer

modeling of the radiances, based purely on previously

published temperature and chemical profiles, also shows

a discrepancy with respect to our Spitzer integrated val-

ues. 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 hydrocarbon model of

Moses et al. (2018), we computed synthetic radiances

using NEMESIS (Irwin et al. 2008) to model the radia-

tive 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. Although, these modeled

radiances are derived from ground-based measurements

of the temperatures and hydrocarbon distributions—the

latter partly constrained by numerous measurements of

hydrocarbon mole fractions from various ground- and
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Figure 13. Disk-integrated radiances versus time for all hydrogen-sensing images (17–25 µm) along with the 10–11 µm 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 versus time, which span a wide range of values given differences
in filter wavelengths. Note that COMICS 24.5 µm and the T-ReCS 10.4 µm are shown at 1/10 and 10 × their actual values,
respectively, for clarity. b) The relative radiance as a ratio to Spitzer observations in 2005 (indicated by the + 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.

space-based observations made between 1981 and 2009

(as described in Moses et al. 2018)—they are indepen-

dent of the observed radiances extracted from our cal-

ibrated imaging data. Yet, as Figure 14e shows, these

modelled radiances appear consistent with most of the

ground-based methane data (dotted lines versus icons),

but they appear systematically lower than Spitzer val-

ues.

Systematic errors in the calibrations across different

filters, observatories, and times are difficult to explain,

as it would indicate nearly all ground based imaging is

underestimating the 7–8-µm emission by roughly 50%

while overestimating those at 8–9-µm. Combined with

the modeling results, this apparent offset suggests that

our filter-integrated Spitzer radiances at for 7–8-µm are

systematically too bright. If the Spitzer calibrations at

these wavelengths are accurate, one possible explana-

tion for this error may be the lower spectral resolution

(R<127) of the Spitzer-IRS spectra at wavelengths of

7–10 µm, which may conceivably lead to larger errors

when interpolated and integrated over the filter pass-

bands. 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-

µm ethane filters; we found values only changed by no

more than 5%. However, the radiances and atmospheric

transmission vary more strongly with wavelength be-

low 9 µm, which may accentuate these errors. Further-

more, ground-based observations are subject to absorp-

tion by telluric CH4, which can selectively suppress the

observed emission from CH4 in Neptune’s atmosphere

at the wavelengths of the most intense emission lines.

While the correlation between emission and telluric ab-

sorption is imperfect because the stratospheric emis-

sion 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 spec-

trum with telluric transmission; however, the lower spec-

tral resolution of Spitzer 7–10-µm spectrum means this

correlation between emission and absorption may not be

adequately captured, potentially explaining the discrep-

ancy between ground-based and filter-integrated Spitzer

observations.

Interestingly, at 8–9-µm, nearly all observations—

both Spitzer and ground-based—appear too bright com-

pared to the model predictions (dotted lines versus

icons, Figure 14c). These differences suggest that our

assumed ratio of CH3D to CH4 of 2.64×10−4 (from

Herschel-PACS analysis, Feuchtgruber et al. 2013), is

likely too low. Increasing the D/H in CH4 to 4×10−4—

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

CH4 emission (which, we note, we model using tempera-

ture profiles constrained by ground-based observations)
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Figure 14. As in Figure 13, disk-integrated radiances versus time for images sensing stratospheric C2H6 (panels a and b),
CH3D (panels c and d), and CH4 (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 ratioed to Spitzer as described in the text. Deuterated methane
(8–9 µm) images (panel d) show nearly linear relative drop between 2003 and 2009. Methane (7–8 µm) images (panel f) show
a similar trend prior to 2010, but with a possible systematic offset compared to our filter-integrated values for Spitzer.
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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 men-

tioned, it is conceivable that, at ∼7–9 µm, our filter-

integrated radiances for Spitzer are either systematically

too great, or our ground-based radiances are too small,

owing to an unaccounted error. In 2022, James Webb

Space Telescope MIRI spectra will provide an opportu-

nity 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 in-

vestigation, 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 H2 S(1) quadrupole emission at ∼17.035 µm pro-

vides an unambiguous indicator of stratospheric tem-

peratures at millibar pressures. However, given the dif-

ferences 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 resolu-

tion, while the VISIR and TEXES data sample subsets

of the disk as seen through their 1” and 0.8” slits, re-

spectively. 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 consid-

erably lower than that of VISIR (R∼14000) and TEXES

(R∼80000), which directly affects the measured inten-

sity 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. Compar-

isons between the resulting disk-integrated, resolution-

normalized radiances as shown in Figure 15.

We find that the VISIR quadrupole spectra appear

systematically offset from the other observations in con-

tinuum 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 discrep-

ancy in the continuum likely indicates a systematic off-

set in the VISIR spectral calibration. The source of the

error is unknown, and since the calibration process in-

volves both division and subtraction, either a multiplica-

tive 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 multi-

plicative (solid line) and additive(dashed line) correc-

tions 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 un-

certainties. Assuming an additive correction brings the

VISIR quadrupole emission in very close agreement with

the Spitzer values, while assuming a multiplicative cor-

rection reduces the line radiance, bringing it closer to

that observed for TEXES in 2007. Given the uncertain-

ties, it is safest to assume that the true VISIR value

is somewhere between the two values, as would be ex-

pected 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 lati-

tudinal 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 in-

crease in meridional asymmetry between 2006 and 2019.

Indeed, a qualitative comparison of the quadrupole

emission images constructed from the spectra show a

remarkable similarity to nearly contemporaneous imag-

ing at 12–13 µm (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 im-

age resolution, seeing, and acquisition method. The

scanning approach applied by TEXES would have pro-

duced more blurring had the shifting slit position had

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 simi-

lar to the VISIR ethane (12.2 µm) image profiles from

2008 and 2020 when the VISIR ethane image profiles are

smoothed by a boxcar average equivalent to the TEXES

slit width (0.8”) to mimic the effect of blurring. The

relative difference in radiance between the 2006 ethane

profiles and the other years is also similar to the rela-

tive differences among the quadrupole profiles, assuming

the multiplicative correction to the 2006 VISIR spectra.

The overall similarities suggest that the spatial and tem-
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Figure 15. Comparison of the H2 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 × 10−9 W/cm2/sr/µm (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∼14000 and R∼80000, respectively, to match
Spitzer-IRS, and all were shifted to an averaged central wavelength of 17.03 µm. 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 ratioed 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.
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poral variations seen in both ethane images and hydro-

gen quadrupole spectra are associated with changes in

the Neptune’s stratospheric temperatures.

2006

VISIR, H2 S(1) 

2007

TEXES, H2 S(1) 

2019

TEXES, H2 S(1) 

2006

VISIR, C2H6 

2008 2020

COMICS, C2H6 COMICS, C2H6 

Figure 17. Relative spatial variation in the H2 S(1)
quadrupole emission (top row) compared to ethane emis-
sion (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 allow for the full disk to be reconstructed, roughly
revealing the spatial distribution of emission across the disk.
The spatial brightness in quadrupole emission appears re-
markably similar to that seen in roughly contemporaneous
imaging of ethane emission at ∼12 µm, suggesting that the
appearance and variation of ethane images is largely owing
to the temperature structure.

3.5. Inferred Temperature Changes

To relate the observed changes in radiances to changes

in atmospheric temperatures, we used a combination of

radiative transfer inverse and forward modelling to de-

rive consistent atmospheric temperature models.

3.5.1. Retrieval Preparation and Process

Correcting for blurring : Given limited spatial resolu-

tion and Neptune’s ∼2.3” angular diameter, a simple di-

rect inversion of the images will provide unreliable tem-

peratures 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 (estimated

from the stellar seeing disk) in Fourier space can cor-

rect for this degradation; however, direct deconvolutions

amplify the noise, which we find can become dominant

in most images, requiring yet more smoothing to over-

come. 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.

µ ≥ 0.5). Selected ethane (11–13 µm), hydrogen (17–

25µm), and methane (7–9 µm) images were used, with

multiple images combined to give averages for each fil-

ter 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 tem-

perature structure versus pressure and latitude. A ver-

tical temperature profile based on Moses et al. (2005)

and Greathouse et al. (2011), 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. µ < 0.5) to complete the disk.

Assuming zonal uniformity, we then forward-modelled

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 trans-

fer 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 equato-

rial 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 its corresponding data’s calibration

star image (which we assume approximates the effec-

tive 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 cor-

rection factors, determined from the simulated images,

therefore represent the transformation of Neptune’s disk

owing to atmospheric blurring. We applied this factor

inversely to the real data, with the goal of approximat-

ing 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 im-

age was then artificially blurred (via the same stellar

convolution) for direct comparison with the actual ob-

servations. Fractional differences between observed and

artificially blurred disks were applied to the correction

factors, and the process was repeated, iteratively ad-

justing 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 struc-
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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-µm VISIR image from August 8, 2009, labeled as data
in the inset. Initial temperature retrievals from the image are
used to create an idealized model atmosphere from which ra-
diances are plotted (dashed, faint blue line). The idealized
model image is then convolved with the stellar image to sim-
ulate 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 sub-
sequent 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.

ture 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 ideal-

ized 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 nine pixels

in longitude, amounting to ∼0.4”, or 20◦ of longitude

at the equator), but now extended to emission angles

of ∼81◦ (µ = 0.15). These radiances were inverted us-

ing 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 Nep-

tune’s atmosphere, the analysis of Section 3.4 suggests it

is reasonable to attribute the observed changes primar-

ily to variation in temperatures. The seasonal photo-

chemical models of Moses et al. (2018) do predict slight

changes in ethane mixing ratios over the observed period

(<19% at 0.5 mbar between Ls∼265◦ and Ls∼304◦), but

we use the 2009 chemical model (Ls∼278◦, roughly cor-

responding to the average date of our data) for all re-

trievals 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 chem-

ical model over this period, with maximum differences

at the south pole. A more thorough study of simulta-

neous 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

1×10−8 bars of pressure, over 180 vertical layers. How-

ever, the limited sampling and poor vertical resolution

of the filter contribution functions means only pressures

near the tropopause (10−1 bars) and lower stratosphere

(10−3–10−5) bars were strongly constrained; temper-

atures at other pressures tended towards the a pri-

ori profile and the implied lapse rates are only ap-

proximate. Clouds and aerosols were neglected, given

their presumed negligible opacity at these infrared wave-

lengths. 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 opac-

ities were taken from Fletcher et al. (2018b) for H2–

H2 and Orton et al. (2007a); Borysow et al. (1988,

1989) for H2–He and H2–CH4. 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 µm) and hydrogen (17–25 µm)

images, with multiple images averaged over each epoch

to improve SNR. In 2005, since no hydrogen images were

available, images from 2006 were substituted. Likewise,

stratospheric images from 2008 and 2009 were combined,

owing to their limited number and similar radiances, and

paired with the hydrogen images from 2008 (no hydro-

gen images were acquired in 2009). Given the question-

able photometric calibrations of the methane images,
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we perform two sets of retrievals—those with and with-

out representative methane or CH3D (7–9 µm) images

included—to isolate their effect to the inferred temper-

ature structure.

We assume local thermodynamic equilibrium (LTE) in

our retrievals, neglecting the effect of non-LTE on the

emission. Non-LTE emission becomes increasing signif-

icant as the pressure and wavelength decrease. Appleby

(1990) estimated that at 7.7 µm, neglecting non-LTE

can result of errors up to 2 K at 0.1 mbar, increasing to

20 K at 0.1 µbar. While the 12-µm ethane images have a

peak contribution around 0.5 mbar, the ∼8-µm methane

images do have peak contributions near 0.1 mbar, with

lesser contribution from as little as 1 µbar, particularly

at low emission angles near the limb. This leads to an

additional error of roughly 2 K in temperatures retrieved

from ∼8-µm data, growing slightly at extreme high and

low latitudes.

Finally, the retrieved meridional temperature struc-

tures were used in a forward model, assuming zonal uni-

formity, to once again produce synthetic images to val-

idate by comparison with the data. The resulting ide-

alized images were convolved with corresponding stellar

PSFs and degraded with synthetic noise to allow a di-

rect comparison with the observations. Random noise

was modeled as a normal distribution of randomly gen-

erated values with a mean of zero and a standard devi-

ation equivalent to that measured in the corresponding

images (off of the disk).

As is typically the case with such retrievals, our de-

rived solutions are non-unique, especially considering

that potential compositional changes will alter the re-

trieved temperatures. For example, if methane was rel-

atively 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 under-

estimating 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 χ2 of the retrievals and percentage differences

between the modeled and true images. For the reduced

χ2, we assume

χ2
ν =

ν∑
i=0

(datai −modeli)2

σ2
i

1

ν
(1)

where we sum over the number of observed radiances ν,

and σ is taken to be the calibration uncertainty.

3.5.2. Retrieval Results

Comparisons between data and synthetic observa-

tions constructed from retrievals are shown in Figure

19. In the figure, we refer to the models constructed

from retrievals using only hydrogen and ethane im-

ages as model-A, and those that additionally include

methane images—or, if methane images are absent,

CH3D images—as model-B. The corresponding temper-

ature structures inferred from the retrievals are shown

in Figures 20 and 21, along with reduced χ2s of each

retrieval versus latitude.

The goodness of the fits and the temperature struc-

tures implied by the images vary significantly by epoch.

The agreement between data and model is strongest in

the hydrogen-sensing filters, where disk-averaged differ-

ences 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 im-

ages are included in the retrieval. When methane and

CH3D images are ignored (i.e. model-A), the ethane im-

ages are reproduced to within an average error of up to

10%, with the largest errors seen at the northern and

southern limbs. The χ2s are generally very small, sug-

gesting our assumed uncertainties are too large, but χ2s

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 resid-

ual errors in our attempts to effectively deconvolve the

images, as well as possibly errors owing to our plane-

parallel approximation of the radiative transfer. The in-

ferred temperatures at these poorer-fit locations should

be considered somewhat less accurate, but nonetheless

yield a reasonable match between the data and modeled

images.

The contour plots of Figures 20 show retrieved

temperatures for Model-A. Accompanying contribution

functions (to the right of each panel) indicate the pres-

sures at which temperatures are actually constrained,

and Figure 22 shows the retrieved temperatures versus

latitude near the contribution peaks. In the upper tro-

posphere, observations are consistent with the same ba-

sic temperature structure inferred from Voyager-IRIS.

The tropopause temperatures in our data reach as low

as 49–52 K at mid-latitudes and rise roughly 4–8 K

warmer at the equator and south polar regions (Fig-

ure 22c). 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 radi-

ances translate to a roughly 3 K systematic uncertainty

in temperatures at the ∼100-mbar tropopause, with ran-

dom noise and retrieval error adding uncertainties of ∼2
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Figure 19. Comparison between observed and modeled radiances for methane CH3D, ethane, and hydrogen images, grouped
by epoch. For each trio of images, real data is 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
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K. The precise temperatures retrieved are also depen-

dent on the wavelength of the Q-band filter used, since

different filters sense slightly different pressures, as indi-

cated by the contribution functions to the right of each

panel in Figures 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 mid-latitudes. Accompanying plots in

Figure 22a show the range in retrieved temperatures ver-

sus latitudes at just the 0.5-mbar peak of the ethane con-

tribution function. Latitudinal temperature contrasts

between the warmer south pole and cooler equator in-

creased from roughly 8 K to 28 K between 2003 and

2020; polar temperatures rose from 152 K to 163 K be-

tween 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 µm radiances; they did not

consider the radiances from methane or CH3D images,

and their modeled emission poorly reproduce the ob-

served radiances at 7–9 µm. At these shorter wave-

lengths, 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 discrep-

ancy suggests that the simple temperature and chemi-

cal structures inferred from the ethane images and the

a priori alone are not complex enough in all years.

When the 7–9 µm radiances were additionally in-

cluded in the retrievals (Models-B), the retrievals re-

sponded by increasing the 0.01 mbar temperatures in

2003, 2005, 2006, 2020, particularly at central latitudes,

while slightly cooling the same heights in 2008/2009

and 2018 (see Figures 21 and 22b). The modeled

methane/CH3D images are improved, with errors re-

duced to 15% or less, but the ethane fits are in most

cases worsened from errors of 10% to 15%, as the re-

trievals apparently struggle to fit both channels simul-

taneously. In 2003, in particular, the ethane model ap-

pears too bright while the methane model is still too

dim. The corresponding reduced χ2s greatly increase

compared to those without methane or CH3D, with val-

ues approaching or exceeding 10 in 2003 and 2006. In

contrast, both filter groups can be simultaneously fit

to within a few percent in 2018, with reduced χ2s gen-

erally remaining ≤ 1. The reduced χ2s still increase

towards the edges of the disk, but now also show an

increase near the equator in most cases, corresponding

to warmer equatorial 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 additional com-

positional variation may be present, potentially owing

to the interplay between photochemistry and dynamical

transport. For example, polar downwelling could poten-

tially increase in the mid and lower stratospheric mix-

ing 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). Alterna-

tively, it may also simply reveal errors in the calibra-

tion or the consequence of neglecting non-LTE emission,

which makes it impossible to simultaneously reproduce

radiances in multiple filters with similar contribution

functions.

The larger calibration uncertainties and lower SNR as-

sociated with the 7–9 µm imaging means retrieved tem-

peratures are only certain to within ± 3 K, but errors

may increase to ± 8 K near the pole and edges of the

disk.

Previously published values of latitudinal tempera-

ture and/or chemical abundance gradients in the strato-

sphere are limited and appear to differ from our results.

Voyager mid-IR measurements of C2H2 emission in 1989

(Ls∼236◦) showed a maximum range of 20 K (or a fac-

tor of two in C2H2 abundance) at the 0.03–2 mbar level,

with minimum at 55◦S and maximum between 0-20◦S

(Bézard et al. 1991). We find similarly large contrasts

at 0.5 mbar in the 2018 and 2020 data (Ls∼299◦ and

Ls∼303◦, Figure 22), but with a minimum at 20◦S and

a maximum at the pole. A minimum at mid-latitudes

is found in 2003 (Ls∼266◦) and 2008/2009 (Ls∼278◦),

but with only modest temperature contrast (3.5–5 K)

between mid-latitudes and the equator. Given that 15

or more years 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) an-

alyzed Keck-LWS spectra from 2003—companion spec-

troscopy to the imaging analyzed here—and determined

temperatures only varied by 3 K (155–158 ±2 K) be-

tween 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 addi-
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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 models 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 contributions functions are
well constrained, while temperatures at other pressures are not and tend towards the assumed initial profile. The reduced χ2 of
retrievals for each latitude are also shown, indicating the goodness of the fits for each case.
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tion to the quadrupole emission analyzed here, to deter-

mine temperatures at 2.1 mbar, 0.12 mbar, and 0.007

mbar. To within measurement uncertainties, their re-

trieved values were consistent with latitudinally uniform

temperatures, with variation of no more than 2 K be-

tween ∼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 1.5×10−3. Note

that our assumed CH4 profile from Moses et al. (2018)

has a mixing ratio of 1.15 × 10−3 at 5 mbar, as de-

rived from the Herschel observations of Lellouch et al.

(2015), decreasing to 0.9× 10−3 at 0.5 mbar as a result

of vertical diffusion and chemical loss near the lower-

pressure homopause. In both studies, the marginally

greater temperatures appeared nearer the equator, with

a slight minimum at southern mid-latitudes (i.e., 55◦S

in the TEXES analysis).

These published values of 2003 and 2007 temperatures

do appear relatively uniform in latitude compared to

most of our inferred stratospheric temperature gradi-

ents at 0.5 mbar, shown in Figure 22a, but note that our

2003 and 2008/2009 curves have the weakest gradients.

The 2003 curve only varies by 3.5 K between the equa-

tor 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 towards the equator over this latitude

range. Over this limited range, our results are largely

consistent in trends with the previous analyses of sep-

arate 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 resolu-

tion and with no attempted correction for beam dilu-

tion near the edges. As suggested by the comparison

between quadrupole spectra and ethane images (Figure

16), beam dilution can suppress the radiances and con-

sequent temperature gradients across the disk.

We also note that our retrieved 2003 temperatures

(neglecting methane emission) are also about 10 ± 3 K

colder at 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 consis-

tent with contemporaneous 0.1-mbar temperatures re-

ported 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 ex-

plained by differences in the vertical resolution of the

two datasets. The relatively broad contribution func-

tions of the imaging data creates uncertainty in the

retrieved temperatures at precise pressures, particular

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 temperatures

are comparatively cooler at 0.5 mbar (consistent with

the discrepancy noted above), but warmer at 10−5 bars,

such that the integrated thermal emission is compara-

ble. 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 discrep-

ancy, 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 un-

surprising, given the relatively broad contribution func-

tions of the imaging filters. The greater vertical resolu-

tion provided by spectroscopic data is better suited for

vertical structure analysis, and so the profiles and pre-

cise pressures reported here should not be interpreted

as contradictory to the previous work. Rather, we em-

phasize that the primary strength of the images is their

ability to clearly reveal variation in radiance with lati-

tude and 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 pro-

files 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 in-

cluded, the range increases to 20 ± 14 K at 0.1 mbar,

owing mostly to much warmer temperatures in 2003-

2006 and cooler temperatures in 2008/2009. These re-

sults 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 ques-

tionable outlier—15+10
−8 K warmer at 0.04 mbar than was
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Figure 21. Contours of retrieved temperatures (K), as in Figure 20, but now with the methane and/or CH3D images included
in the retrievals. The methane/CH3D images result in more complicated structures at pressures between 10−4–10−6 bars and
warmer stratospheric temperatures in most years, but with significantly poorer fits.
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Figure 22. Retrieved temperatures versus latitude. The top
two panels show temperatures at the 0.5-mbar peak of the
ethane contribution, from retrievals including ethane (∼12
µm) and hydrogen (∼18-25 µm) radiances (models A, panel
a), as well as those including less reliable methane/CH3D
(∼8 µm) radiances (models 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 system-
atic 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 latitu-
dinal 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.
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Figure 23. Disk-averaged vertical temperature profiles re-
trieved from the observations, corresponding Figures 19-21,
assuming all changes in radiance are attributed to tempera-
ture changes. Profiles are color-coded by the years as indi-
cated, with multiple observations within each year averaged.
Solid lines are temperature profiles retrieved from a combina-
tion of 11-13 µm (ethane) and 17-25 µm (hydrogen) images
(i.e., model-A), while dashed lines additionally include 7-9
µm (methane or CH3D, i.e., model-B). Typical normalized
vertical contribution functions for each image group are sug-
gested on the left. Pressures with weak contributions are
not well constrained by the data and simply tend towards
the initial a prior profile, depicted by the black dashed line
(from Figure 3). Hatching, enveloped by short-dashed and
dotted-lines, represent the range of possible solutions for the
2003 retrievals, with and without methane radiances, given
the assumed calibration uncertainties. Assumed uncertain-
ties 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 ver-
sus year. Solid lines connect model-A results, while dashed
lines apply to model-B results (i.e., additionally including
methane/CH3D), with ∼ ±3 K (solid) and ∼ ±9 (dashed)
error bars, respectively; systematic uncertainties may be up
to 10 K, as discussed in the text.

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 variabil-

ity on Neptune have been suggested by previous studies
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(Hammel et al. 2006; Greathouse et al. 2011; Fletcher

et al. 2014), the sporadic sampling and considerable ob-

servational 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 dataset, 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 con-

sistency of the observed trends—seen across multiple fil-

ters and observatories—provide 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 ob-

servations in the 7-9 µm 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 the radiances in 11–13 µm images are

indicative of stratospheric temperature gradients (and

not compositional gradients), we see in Figure 22a 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 tempera-

tures also began to fall at southern mid and high lati-

tudes 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

southern mid-latitudes were ∼3 K colder than the equa-

tor. This trend persisted into 2010 at least, and likely

into 2012, when lone COMICS observations showed pos-

sibly the largest normalized equatorial radiances in both

ethane and methane imaging. There is a gap in obser-

vational records at all wavelengths in the following six

years, 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 dramati-

cally, increasing by 11 K in just two years.

Interestingly, the two methane images from 2020 (Fig-

ures 6d; Figures 10c), 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 temperature contrast since 2006, the hydrogen im-

ages from 2018 and 2020 show upper tropospheric radi-

ances at the pole actually decreased since 2006. The tro-

pospheric hydrogen data may be misleading given their

low SNR, but if accurate, these data suggest that the

polar temperatures increased over a relatively limited

vertical range in the lower stratosphere while simulta-

neously decreasing in the upper troposphere. Such ver-

tical discontinuity in temperature would be difficult to

explain with simple adiabatic warming alone within the

single down-welling 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 par-

ticularly strong ∼12-µm emission may indicate that the

south pole has not only grown warmer but also richer in

ethane, as theory would predict given increased seasonal

insolation (Moses et al. 2005, 2018). This would be sim-

ilar to what has been observed on Saturn during the for-

mation of its north polar stratospheric vortex (Fletcher

et al. 2018a). As noted previously, ethane mixing ra-

tios in the lower stratosphere could also be preferentially

increased (relative to methane) by stronger polar down-

welling 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 ob-

servations. These include:

• 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 Broad-

band Array Spectrograph System (BASS; Hack-

well et al. 1990).

• 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 com-

puting equivalent filter-integrated disk radiances from

the following N-band spectra: 2003 Keck-LWS; 2005

Gemini-Michelle; 2007 AKARI/IRC; and 2007 Gemini-

S-TReCS, 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, PAH1, NEII 1 filters to represent of
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the methane, CH3D, and ethane radiances. Although

Fletcher 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 the larger trend seen

in the imaging data (as plotted in the top panel of Fig-

ure 24, with the above, archival filter-integrated values

in gray).

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 H2 S(1) quadrupole

spectra (Feuchtgruber et al. 1999). When similarly com-

pared (Figure 24; top plot, also in gray), these few mea-

surements 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 measure-

ments 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 time scales of these

changes. The temporal variation of multiple observed

phenomena are summarized in Figure 24 and discussed

in the following sections.

4.2.1. Seasonal Effects

Seasonal variation owing to changes in the sub-solar

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 radia-

tive time constant relative to the orbital period. Ra-

diative time constants near the tropopause are rela-

tively long (approaching a century, Figure 3), and so

the observed lack of variation in Q-band images is con-

sistent with expectations. However, given shorter radia-

tive time constants in the stratosphere (Li et al. 2018),

the stratospheric temperatures should vary across sea-

sons, reaching a maximum in the summer hemisphere

shortly after the peak insolation at summer solstice

(Conrath et al. 1990; Greathouse et al. 2008). The imag-

ing data bracket Neptune’s 2005 southern summer sol-

stice (Ls∼266–303), but rather than warming, we ob-

serve a decline in the disk-integrated stratospheric ra-

diances and implied temperatures. Only between 2018

and 2020 do the polar regions appear to increase in ra-

diance.

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 pho-

tons, its photolysis leads to the production of ethane

and other hydrocarbons. Changes in photochemistry

are expected to be greatest at lower pressures—where

CH4 photolysis rates are largest and chemical time con-

stants are shortest—and higher latitudes—where inso-

lation varies most greatly with seasons. As with the

temperatures, the variation is muted and delayed with

increasing pressure—in this case owing to longer ad-

vective 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 at by a factor of nearly ∼2.5 near the poles

at 0.1 mbar. Across the southern hemisphere, the 0.1-

mbar ethane volume mixing ratio (VMR) and column

abundance is expected to peak around Ls∼300 (roughly

2019) and fall gradually to a minimum following winter

solstice. In contrast, the seasonal variation of methane

should appear insignificant in comparison to its over-

all abundance at the pressures probed by the 7–8 µm

observations. Therefore, variation in seasonal photo-

chemistry should cause ethane radiances (11–12 µm) to

increase near solstice, while the methane radiances (7–

9 µm) remain constant. Yet, this appears inconsistent

with our observations, which decline in radiance across

all stratospheric-sensing wavelengths between 2003 and

2010.

The explanation for the apparent inconsistency be-

tween seasonal models and observations may be re-

solved by the feedback between photochemical and

radiative processes. While methane absorbs sun-

light and warms the atmosphere, photochemically pro-

duced hydrocarbons—primarily ethane and acetylene—

are powerful infrared emitters that serve to cool the

stratosphere. The balance between this radiative heat-

ing 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 in-

frared 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
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symbols represent published measurements as described in the text. 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 upwards). (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 Lyman-α
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 sub-solar latitude (dashed line),
reaching a minimum at the 2005 southern summer solstice, and the cosmic ray rate measured from the Sodankyla Geophysical
Observatory.



36 Roman et al.

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 ef-

fect of cooling the atmosphere would need to dominate

over the direct effect of increasing the ethane to explain

the decreasing trend at 11-13 µm radiances. Indeed,

our modeling in Figure 14 shows that expected seasonal

variation in ethane would produce only a very slight in-

crease in the disk radiances (.1×10−8 W/cm2/sr/µm)

over the observed period. The likely important effect

of photochemistry on the seasonal temperatures and ra-

diances suggested by our results should be further in-

vestigated with coupled radiative-chemical modeling in

future work.

Nonetheless, given Neptune’s 165-year 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 considering that the south pole has been

constantly illuminated since 1963. Nor can the slowly

changing sub-solar latitude explain the sudden change

in meridional gradients between 2006 and 2008. Ad-

ditional processes appear to be operating in Neptune’s

atmosphere on sub-seasonal timescales, and on both re-

gional 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 sub-seasonal timescales; therefore, it is

worth considering if this weather can be related to the

stratospheric variability.

In an analysis of Hubble Space Telescope (HST) vis-

ible and NIR imaging, Karkoschka (2011) found that

trends in discrete cloud activity changed on a timescale

of ∼5 years. 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. Karkoschka (2011) also re-

ported variation in the albedo of hazes 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 vi-

sual albedos (472 nm and 551 nm), which had steadily

brightened since the 1950s before levelling 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 con-

nection 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 variabil-

ity would therefore suggest a link over many pressure

scale heights, linking the upper troposphere and strato-

sphere. Implied variation near the tropopause is impor-

tant because it marks the broad, cold boundary across

which tropospheric methane must be transported to the

stratosphere to produce ethane and other photochemi-

cal 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. 2007b; de Pater

et al. 2014), but moist convection has been suggested to

play a role (Stoker 1986; Lunine & Hunten 1989; Sin-

clair et al. 2020). If abundant clouds and hazes are in-

dicative of convection or higher methane humidity, then

perhaps some meteorological upwelling mechanism tem-

porarily enriched the tropopause and lower stratosphere

in hydrocarbons prior to 2003. As a consequence, the

radiative heating rates at these levels could have tem-

porarily 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

intermittent 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 variable gravity wave heat-

ing could explain anomalous, variable structures in the

upper stratospheric temperature profiles inferred from

stellar occultations between 1983 and 1990. Periodic,

sub-seasonal 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; Fried-

son 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



Neptune’s mid-IR Variability 37

lower latitudes, but many decades of consistent obser-

vations 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 ex-

ception, 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 trop-

ics, first observed by the Hubble Space Telescope (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 be-

low, 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 vor-

tices are unknown, but retrievals suggest they are cen-

tered well below the stratosphere, nearer a pressure of 7

bars or more (Irwin et al. 2022).

 

Subaru-COMICS, 12.3 µm
July 29 / 31, 2020

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

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

Figure 25. Comparison between a mid-infrared and a visi-
ble images acquired only weeks apart in 2020. (Left) Subaru-
COMICS 12.3-µm image averaged from observations on July
29 and 31, 2020, with prominent south polar emission and
dim low- to mid-latitude and equatorial regions. (Right)
Hubble Space Telescope composite visible image (combin-
ing F467, F547, and F763 filtered images) from August 19
and 20, 2020, 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, STScI,
M.H. Wong (University of California, Berkeley), and L.A.
Sromovsky and P.M. Fry (University of Wisconsin-Madison).

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 promi-

nent dark vortices were imaged by HST at visible wave-

lengths multiple times, including in August 2020, just

three weeks after our mid-infrared Subaru-COMICS ob-

servations (Figure 25). Our imaging data show no obvi-

ous localized anomaly in the upper troposphere or lower

stratosphere in 2020, but the low SNR 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 re-

cent years, with exception to 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 (e.g., see Wong et al. 2018), and so it is

unclear whether the relatively large stratospheric tem-

perature gradient between the cool equator and warmer,

northern mid-latitudes is in any way related to the dy-

namical environment 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 current lack of clouds (e.g., the

vertical extent of the vortex), the limited condensation,

combined with our temperature findings, may suggest

that the overlying atmosphere has grown not only colder

but 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 pro-

cesses 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-year solar cycle. While the

total solar irradiance differs by little more than a 0.1%

over a typical solar cycle (Kopp 2019)6, variation in re-

gions of the ultraviolet—as represented by a time series

of 121.57-nm Lyman-α irradiance measured at Earth in

Figure 24—exceeds 40%. High energy photons (of wave-

lengths less than ∼ 145 nm) are the main drivers behind

the methane photochemistry (Moses et al. 2020), and so

modulation in the ultraviolet flux can potentially pro-

duce observable variation in photochemistry if chemical

6 SORCE Level 3 Total Solar Irradiance Daily Means, version 018,
Accessed 2021 March 11 at doi:10.5067/D959YZ53XQ4C
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timescales are sufficiently short (Moses & Greathouse

2005).

A strong solar maximum occurred in ∼2001 (cycle 23),

followed by a drop in the Lyman-α over the subsequent

10 years. 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 mini-

mum in 2019. Plotted with the time series of Lyman-α,

Neptune’s mid-IR radiances followed a roughly similar

trend.

However, as with the seasonal cycle, most of the pho-

tochemical response to changing far-ultraviolet flux of

the solar cycle is expected to occur at relatively lower

stratospheric pressures than the mid-IR images sense—

nearer to 1 µbar, where H-Lyman-alpha and other short-

wavelength radiation is absorbed and the radiative,

chemical, and transport time-scales 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 sensi-

tive to somewhat lower pressures (0.005–0.5 mbar), the

methane mole fraction is not expected to show appre-

ciable 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 up-

per stratospheric temperatures at even lower pressures

had been reported previously by Roques et al. (1994).

Analyzing ground-based stellar occultations dating be-

tween 1983 and 1990, Roques et al. (1994) retrieved tem-

peratures 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 Lyman-α flux of solar cycles 21

and 22, but lagging by roughly one year.

To explain these possibly correlated temperature

changes, Roques et al. (1994) proposed a mechanism

in which the enhanced ultraviolet flux leads to the for-

mation 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 ultraviolet-

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 lev-

els. Subsequent analysis of Voyager high-phase angle

data by Moses et al. (1995) indicated the presence of ex-

cess extinction consistent with sub-micron haze particles

at pressures less than 15 mbar, including particles near

0.5 mbar. Although ethane, acetylene, and other rele-

vant hydrocarbons do not condense at sub-millibar pres-

sures, refractory hydrocarbons (such as PAHs) that are

theoretically produced from higher-altitude ion chem-

istry 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 µbar to 0.001–

0.01 µbars. However, it remains to be seen whether pho-

tochemically produced aerosols at these pressures actu-

ally 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 op-

tical depth of only ∼3×10−3 in Voyager’s clear filter

(280–640 nm) at pressures less than 15 mbar using Voy-

ager imaging. Given these low optical depths, they con-

cluded 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 tropo-

spheric aerosols would also be consistent with observed

correlations in visual (472 nm and 551 nm) magnitudes.

Detrended to remove the longer term variability as-

sociated with seasonal changes (see Figure 24), Nep-

tune’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

three years behind the Sun (Lockwood & Thompson

2002; Lockwood & Jerzykiewicz 2006; Aplin & Harri-

son 2016; Lockwood 2019). Baines & Smith (1990) pro-

posed that these apparent changes were the result of

solid-state chemical “tanning” of stratospheric aerosols

by enhanced far-ultraviolet flux. The albedo change

would naturally result in greater heating of the aerosol

layers, and this heating would increase with height, pre-

sumably 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 cy-

cle 23, when Neptune’s visible albedo appeared brighter

near the 2001 solar maximum—opposite to the previ-

ously inferred trend. The cause of this apparent break—
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if the solar correlation had indeed ever existed—has not

yet been explained.

We note that the fluctuations in Neptune’s magni-

tude determined by Aplin & Harrison (2016) (repro-

duced in Figure 24, top panel) appear very similar to

the trend in mid-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, that 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 afore-

mentioned 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 (Lock-

wood & Thompson 2002).

In a study of HST images, Karkoschka (2011) de-

scribed the temporal variation in the discrete cloud

abundance (represented by an albedo enhancing filling

factor) as varying on roughly five-year timescales; how-

ever, as shown in Figure 24 (middle panel), the discrete

cloud filling factor appears remarkably well correlated

with the solar cycle Lyman-α, albeit these published

cloud observations are currently limited to a single so-

lar 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 mini-

mum (between Solar Cycle 24 and 25 in December 2019).

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 Lyman-α flux was generally

anti-correlated with Neptune’s visual brightness, vari-

ations 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 max-

imum fluxes near solar minimum (see Figure 24, bot-

tom 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 anti-correlated with the cosmic

ray rate7 for the years in which spatially resolved imag-

ing is available. Regular measurements of cloud cover-

age for the prior maximum are unavailable, but Lock-

wood & Thompson (2002) notes prominent “outbursts”

in near-infrared observations in 1977 and 1986–1989—

corresponding to times of solar minima and greater cos-

mic 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 follow-

ing solar minimum of 2019 (with the notable exception

of 2017’s cloudy outburst (Molter et al. 2019)).

Altogether, this suggests that the stratospheric tem-

peratures 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 lim-

ited to draw conclusions yet, and any solar effect on

clouds and hazes have seemingly changed in the late

1990s for reasons unknown. It is possible that the ex-

pected ultraviolet “tanning” effect on the albedo acts

independently of the discrete cloud coverage, but unless

we are seeing a purely meteorological coincidence, the

potential physical mechanisms possibly linking solar cy-

cle variation, stratospheric temperatures, and cloud ac-

tivity 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 sea-

sonally dependent or altered by sufficiently disruptive

weather events. More observations over the next solar

cycle will be key to assessing the consistency and physi-

cal mechanism behind this intriguing but uncertain po-

tential relationship.

4.3. Implied Wind Changes

Regardless of their cause, the large temperature

changes in Neptune’s stratosphere should be diagnos-

tic of the atmospheric dynamics. For an atmosphere in

geostrophic balance, the meridional temperature gradi-

ent 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 ob-

served 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 aver-

aged equator-to-south-pole contrast of ∆T ≈ 9 K at 0.5

mbar, increasing in temperature to the south. By 2018,

7 Oulu corrected cosmic ray counts at Earth, corrected for baro-
metric pressure and efficiency, from the Sodankyla Geophysical
Observatory at http://cosmicrays.oulu.fi.

http://cosmicrays.oulu.fi.
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the low latitude temperatures decreased further, and the

magnitude of this contrast increased to ∆T ≈ 17 K,

with a maximum gradient at mid-latitudes. Within two

years, the warming south pole increased the contrast yet

further to ∆T ≈ 30 K at 0.5 mbar. This tripling of the

meridional gradient (∆T/∆y), rising in temperature to-

wards the south pole, would imply a similar increase

in the magnitude of the vertical wind shear at mid-

latitudes, all else being equal. According to the thermal

wind relationship, ∂u/∂ln(p) = R
f (∂T/∂y)p, where u is

the geostrophic wind in the zonal direction, p is pres-

sure, R is the specific gas constant, f is the Coriolis pa-

rameters, and (∂T/∂y)p is the meridional temperature

gradient at pressure p. Given that temperatures reach

a maximum at the south pole (i.e., ∂T/∂y < 0), and

f is negative in the southern hemisphere, this implies a

shear of increasing westward velocity with height (i.e.,

∂u/∂ln(p) > 0→ ∂u/∂z < 0). Based on cloud tracking

in the upper troposphere and lower stratosphere (e.g.,

Limaye & Sromovsky 1991; Sromovsky et al. 2001b,a;

Tollefson et al. 2018), the zonal winds are expected to

blow eastward at high latitudes, westward at low lati-

tudes, and change in sign at mid-latitudes. The strato-

spheric temperature gradients near 45-70◦S are broadly

consistent with that observed in the troposphere, sug-

gesting a weakening of the prograde jet with altitude

(i.e., westward du/dz). At the equator ±20◦, tropo-

spheric gradients suggest a weakening of the retrograde

jet with height (i.e., eastward ∂u/∂z), 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 track-

ing clouds at the different heights sensed. They deter-

mined that equatorial winds increased with height (i.e.,

became increasingly westward). However, their obser-

vations only showed shear at the equator, as opposed

to the maximum in mid-latitudinal shear implied by

our observed temperatures. Furthermore, the near-IR

measurements were only deemed sensitive to shear be-

tween the 1–2-bar and 10–100-mbar levels—far deeper

than the shear implied by our mid-IR stratospheric mea-

surements. And as Tollefson et al. (2018) note, com-

positional gradients—particularly the latitudinal varia-

tion of the methane abundance—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 signifi-

cant 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’ atmosphere.

Uranus displays well documented seasonal variability

in reflected light (Lockwood 2019), with pronounced os-

cillation in the albedo near its poles (Rages et al. 2004;

Hammel & Lockwood 2007; Irwin et al. 2012; Roman

et al. 2018; Toledo et al. 2018). Like Neptune, Uranus’

magnitude also varies in response to the solar cycle, but

to a lesser extent (Aplin & Harrison 2017). Stellar occul-

tation data show Uranus’ upper stratospheric tempera-

tures 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 ob-

servations of Uranus exist, and most of those are im-

ages in the Q-band, sensing upper-tropospheric temper-

atures. Similar to what we find for Neptune, compar-

isons between these ground-based images and Voyager

have shown little if any changes in the upper tropo-

spheric temperatures (Orton et al. 2015; Roman et al.

2020). But unlike Neptune, a comparison of images

sensing Uranus’ stratosphere (at 0.1 mbar via 13-µm

acetylene emission) in 2009 and 2018 has shown no sig-

nificant change in radiance (Orton et al. 2018; Roman

et al. 2020). This might indicate that Uranus’ lower

stratosphere is less variable than Neptune’s owing to

the inferred weaker vertical mixing, limited hydrocar-

bon abundances, and longer radiative time constants

compared to Neptune (Conrath et al. 1990; Moses et al.

2018; Li et al. 2018; Moses et al. 2020), and it is con-

sistent with typically less discrete cloud activity (e.g.,

Hammel et al. 2005; Sromovsky & Fry 2005; Sromovsky

et al. 2009; Hammel & Lockwood 2007; 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 lon-

gitudes, possibly indicating the effect of significant me-

teorological activity. Furthermore, given Uranus’ rel-

atively lower 12-µm radiance, no ethane-sensing im-

ages currently exist for Uranus; likewise, no acetylene-

sensing images exist for Neptune, so a direct compar-

ison of their variability is not currently possible. Fi-

nally, we note that the limited observations of Uranus’

stratospheric emission—2007 Spitzer observations (Or-

ton et al. 2014a,b; Rowe-Gurney et al. 2021b); the
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2009 and 2018 VISIR ground-based observations (Ro-

man 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 approach-

ing solar minimum. So until more observations are made

coinciding with other phases of the solar cycle, the ques-

tion of variability in Uranus’ lower stratosphere remains

open.

5. CONCLUSIONS

The collective mid-infrared imaging data reveal sig-

nificant temporal variability in Neptune’s stratosphere

between 2003 and 2020. These observations provide the

strongest evidence to date that processes produce sub-

seasonal variation on both global and regional scales.

We highlight the following conclusions:

• Q-band images (17.5–25 µm), sensitive to temper-

atures at pressures of roughly 50–300 mbar, con-

tinue to show a pattern of cooler mid-latitudes and

warmer equator, consistent with Voyager-era mea-

surements. 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.

• Images sensitive to stratospheric ethane (12–13

µm), methane (7–8 µm), and CH3D (8–9 µm)

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 uncer-

tain radiance increase in 2011 and 2012, dropping

to a minimum in 2018 and possibly rising again in

2020.

• Stratospheric temperatures inferred from 17–µm

H2 S(1) hydrogen quadrupole spectra show a sim-

ilar decline in radiances over time, and appear re-

markably similar to contemporaneous ethane (12–

13 µm) images. This suggests that observed vari-

ation in stratospheric emission is primarily due to

temperature variation.

• The south pole dramatically brightened in strato-

spheric 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 H2 S(1) quadrupole spectra be-

tween 2007 and 2019.

• If radiance changes are attributed to tempera-

tures, the meridional temperature contrasts be-

tween 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 ±
2 K to 163 ± 2 K between 2018 and 2020 alone.

This increase in gradient implies a corresponding

increasing westward vertical shear with height at

southern mid-latitudes.

• The temporal changes in relative radiances from

stratospheric data appear to parallel changes in

Neptune’s visible albedo anomalies and discrete

cloud coverage. The physical mechanism linking

the stratospheric temperatures and tropospheric

clouds and hazes over many scale heights is un-

known, but we speculate that it may be related

to seasonal forcing, meteorological phenomenon,

or solar cycle variations in Lyman-α flux. Finally,

although observations are limited in time, we also

note an intriguing potential correlation between

Neptune’s discrete 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 exam-

ined in this work ultimately comprise less than half a

Neptunian season. The greater seasonal context and

fundamental cause of the observed variation remains un-

knowable without additional and repeated observations

extending well into the future. We were fortunate to

capture the surprising recent changes given the sporadic

history of observations, but we now have the opportu-

nity 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, 5, and 6. As far as we are aware, this comprises 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 (meridional–zonal) to help separate latitudinal variation from center-

to-limb behavior. Plots average 9 central lines for each profile, amounting to 0.4”, or roughly just over 17% of the disk

diameter in our normalized resolution images (see Figure 5). Observation years are defined by color, and the location

of the disk edges and changing equator are also indicated.
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Table 4. N-band Images: C2H6 (11–13 µm)

Date, Time
(yyyy-mm-dd, hr:mn)

Instrument Filter
Effective

Wavelength
(µm)

Disk Radiance
(10−7W/cm2/sr/µm)

Radiance
Ratio to
Spitzer

Airmass
Seeing
Disk

(arcsec)

Calibration
Star

2003-07-20 , 11:00 LWS SiC 11.66 1.00 ± 0.10 0.98 ± 0.11 1.26 0.59 HD199345

2003-07-21 , 10:24 LWS SiC 11.66 1.23 ± 0.12 1.21 ± 0.14 1.30 0.58 HD139663

2003-09-05 , 05:49 LWS 11.7 11.67 1.11 ± 0.11 0.89 ± 0.10 1.62 0.37 HD186791

2003-09-05 , 05:59 LWS 12.5 12.57 1.60 ± 0.16 1.12 ± 0.13 1.57 0.46 HD186791

2003-09-05 , 07:25 LWS 12.5 12.57 1.57 ± 0.16 1.11 ± 0.12 1.30 0.57 HD199345

2003-09-05 , 07:32 LWS 11.7 11.67 1.05 ± 0.11 0.85 ± 0.09 1.28 0.37 HD199345

2005-07-04 , 11:10 MICHELLE Si5-11.6 11.66 1.02 ± 0.10 0.84 ± 0.09 1.34 0.47 HD199345

2005-07-04 , 14:56 MICHELLE Si5-11.6 11.66 1.02 ± 0.10 0.83 ± 0.09 1.49 0.47 HD199345

2005-07-05 , 10:43 MICHELLE Si5-11.6 11.66 1.03 ± 0.10 0.84 ± 0.09 1.44 0.50 HD199345

2006-09-02 , 01:14 VISIR NEII 1 12.22 2.55 ± 0.25 0.99 ± 0.11 1.15 0.46 HD200914

2006-09-02 , 03:27 VISIR NEII 1 12.22 2.45 ± 0.24 0.95 ± 0.11 1.01 0.46 HD200914

2007-07-17 , 05:45 T-RECS Si6-12.3 12.33 1.81 ± 0.20 1.08 ± 0.12 1.05 0.62 HD199345

2007-09-10 , 23:47 T-RECS Si6-12.3 12.33 1.44 ± 0.16 0.91 ± 0.10 1.32 0.60 HD199345

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 HD216032

2008-09-15 , 07:48 COMICS F09C12.50 12.37 1.66 ± 0.17 0.99 ± 0.11 1.23 0.44 HD216032

2008-09-16 , 04:04 VISIR NEII 1 12.22 2.23 ± 0.22 0.87 ± 0.10 1.09 0.38 HD178345

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 NEII 1 12.22 2.23 ± 0.22 0.87 ± 0.10 1.04 0.37 HD216149

2009-08-11 , 08:14 VISIR NEII 1 12.22 2.15 ± 0.22 0.84 ± 0.09 1.40 0.37 HD196321

2009-08-13 , 07:06 VISIR NEII 1 12.22 2.04 ± 0.20 0.80 ± 0.09 1.16 0.31 HD787

2009-09-10 , 01:19 VISIR NEII 1 12.22 2.03 ± 0.20 0.79 ± 0.09 1.14 0.41 HD178345

2009-09-10 , 06:33 VISIR NEII 1 12.22 2.05 ± 0.20 0.80 ± 0.09 1.52 0.41 HD178345

2009-09-14 , 01:41 VISIR NEII 1 12.22 1.86 ± 0.19 0.73 ± 0.08 1.07 0.50 HD177716

2010-08-19 , 01:00 T-RECS Si6-12.3 12.33 1.21 ± 0.13 0.76 ± 0.09 1.72 0.45 HD199345

2010-08-19 , 03:45 T-RECS Si6-12.3 12.33 1.34 ± 0.15 0.85 ± 0.09 1.08 0.45 HD199345

2010-08-19 , 06:02 T-RECS Si6-12.3 12.33 1.32 ± 0.14 0.83 ± 0.09 1.10 0.45 HD199345

2010-08-19 , 07:43 T-RECS Si6-12.3 12.33 1.23 ± 0.14 0.78 ± 0.09 1.41 0.45 HD199345

2010-09-25 , 00:15 T-RECS Si6-12.3 12.33 1.26 ± 0.14 0.80 ± 0.09 1.19 1.03 HD216032

2010-09-25 , 03:42 T-RECS Si6-12.3 12.33 1.39 ± 0.15 0.88 ± 0.10 1.12 1.03 HD216032

2010-09-25 , 05:08 T-RECS Si6-12.3 12.33 1.32 ± 0.14 0.83 ± 0.09 1.38 1.03 HD216032

2010-09-25 , 23:53 T-RECS Si6-12.3 12.33 1.31 ± 0.14 0.83 ± 0.09 1.24 0.63 HD199345

2010-09-26 , 01:56 T-RECS Si6-12.3 12.33 1.29 ± 0.14 0.82 ± 0.09 1.05 0.63 HD199345

2010-09-26 , 04:23 T-RECS Si6-12.3 12.33 1.32 ± 0.15 0.84 ± 0.09 1.22 0.63 HD199345

2011-08-27 , 10:57 COMICS F30C12.81 12.92 0.57 ± 0.06 1.08 ± 0.12 1.21 0.45 HD206445

2012-10-30 , 05:09 COMICS F30C12.81 12.92 0.59 ± 0.06 1.13 ± 0.13 1.20 0.45 HD206445

2018-08-03 , 06:03 VISIR NEII 1 12.22 1.85 ± 0.19 0.72 ± 0.08 1.09 0.42 HD198048

2018-08-04 , 05:49 VISIR NEII 1 12.22 1.96 ± 0.20 0.76 ± 0.09 1.10 0.36 HD198048

2018-08-09 , 09:15 VISIR NEII 1 12.22 1.89 ± 0.19 0.73 ± 0.08 1.34 0.35 HD787

2018-08-13 , 06:42 VISIR NEII 1 12.22 1.90 ± 0.19 0.74 ± 0.08 1.06 0.37 HD217902

2020-07-29 , 12:15 COMICS F09C12.50 12.37 1.54 ± 0.15 0.92 ± 0.10 1.14 0.46 HD216032

2020-07-31 , 12:12 COMICS F09C12.50 12.37 1.57 ± 0.16 0.93 ± 0.10 1.14 0.42 HD216032

Note—Corresponding images are shown in Figure 26.
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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
µm, 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

.



46 Roman et al.

2003−07−20

LWS  21.7 µm

2003−09−05

LWS  18.7 µm

2003−09−05

LWS  17.7 µm

2003−09−05

LWS  17.7 µm

2006−09−02

VISIR  17.7 µm

2008−07−17

VISIR  19.5 µm

2006−09−02

VISIR  18.7 µm

2008−07−23

VISIR  19.5 µm

2008−09−13

COMICS  18.6 µm

2008−09−13

COMICS  24.4 µm

2008−09−14

COMICS  24.4 µm

2008−09−15

COMICS  24.4 µm

2018−08−09

VISIR  18.7 µm

2018−08−13

VISIR  18.7 µm

2020−07−31

COMICS  24.4 µm

2003−09−05

LWS  10.6 µm

2003−09−05

LWS  10.6 µm

2007−07−17

T−RECS  10.3 µm

2007−09−10

T−RECS  10.3 µm

2007−09−13

T−RECS  10.3 µm

2007−09−13

T−RECS  10.4 µm

2003−07−20

LWS  8.41 µm

2003−09−05

LWS  8.81 µm

2003−09−05

LWS  8.41 µm

2003−09−05

LWS  8.41 µm

2003−09−05

LWS  8.81 µm

2006−09−02

VISIR  8.59 µm

2007−07−17

T−RECS  8.71 µm

2007−09−10

T−RECS  8.71 µm

2007−09−13

T −RECS  8.71 µm

2008−09−16

VISIR  8.59 µm

2008−09−16

COMICS  8.74 µm

2009−08−06

VISIR  8.59 µm

2009−08−08

VISIR  8.59 µm

2009−08−13

VISIR  8.59 µm

2005−07−05

MICHELLE  7.77 µm

2005−07−05

MICHELLE  7.77 µm

2007−07−17

T−RECS  7.76 µm

2007−09−10

T−RECS  7.76 µm

2008−09−16

VISIR  7.76 µm

2009−09−10

VISIR  8.59 µm

2009−09−10

VISIR  8.59 µm

2009−08−06

VISIR  7.76 µm

2009−08−15

VISIR  7.76 µm

2009−09−10

VISIR  7.76 µm

2009−09−10

VISIR  7.76 µm

2011−08−27

COMICS  7.89 µm

2012−10−30

COMICS  7.89 µm

2018−08−04

VISIR  7.76 µm

2020−07−31

COMICS  7.89 µm

2018−08−13

VISIR  7.76 µm

2020−07−29

COMICS  7.89 µm

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 µm; images sensitive to hydrogen
and hydrocarbon emission from a broad range of pressures at effective filtered wavelengths of 10–11 µm; images sensitive
to stratospheric monodeuterated methane (CH3D) emission at wavelengths of 8–9 µm; and images sensitive to stratospheric
methane emission at wavelengths of 7–8 µm. 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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Table 5. Q-band and N-band Images: H2 (17–25 µm); H2, C2H6, C2H4 (10–11 µm); CH3D (8–9 µm)

Date, Time
(yyyy-mm-dd, hr:mn)

Instrument Filter
Effective

Wavelength
(µm)

Disk Radiance
(10−7W/cm2/sr/µm)

Radiance
Ratio to
Spitzer

Airmass
Seeing
Disk

(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 HD199345

2003-09-05 , 06:28 LWS 10.7 10.68 0.07 ± 0.02 0.64 ± 0.20 1.43 0.36 HD186791

2003-09-05 , 06:42 LWS 18.75 18.72 0.12 ± 0.04 0.87 ± 0.27 1.37 0.48 HD186791

2003-09-05 , 07:11 LWS 17.65 17.77 0.14 ± 0.04 0.91 ± 0.28 1.32 0.52 HD199345

2003-09-05 , 08:14 LWS 10.7 10.68 0.06 ± 0.02 0.56 ± 0.17 1.26 0.54 HD199345

2003-09-05 , 08:28 LWS 17.65 17.77 0.14 ± 0.04 0.92 ± 0.28 1.26 0.52 HD199345

2006-09-02 , 02:35 VISIR Q1 17.76 0.21 ± 0.06 1.41 ± 0.43 1.02 0.55 HD200914

2006-09-02 , 02:46 VISIR Q2 18.75 0.16 ± 0.05 1.11 ± 0.34 1.04 0.64 HD186791

2007-07-17 , 05:42 T-RECS Si4-10.4 10.39 0.02 ± 0.01 0.85 ± 0.26 1.14 0.59 HD199345

2007-09-10 , 23:44 T-RECS Si4-10.4 10.41 0.03 ± 0.01 1.29 ± 0.39 1.04 0.63 HD216032

2007-09-13 , 05:06 T-RECS Si4-10.4 10.41 0.01 ± 0.01 0.24 ± 0.07 1.59 0.46 HD199345

2008-07-17 , 08:08 VISIR Q3 19.54 0.15 ± 0.05 0.90 ± 0.28 1.08 0.55 HD198048

2008-07-23 , 06:27 VISIR Q3 19.54 0.16 ± 0.05 0.97 ± 0.30 1.02 0.53 HD178345

2008-09-13 , 09:39 COMICS F37C18.75 18.68 0.15 ± 0.05 1.08 ± 0.33 1.27 0.60 HD217906

2008-09-13 , 08:20 COMICS F42C24.50 24.49 0.63 ± 0.19 0.93 ± 0.28 1.21 0.73 HD217906

2008-09-14 , 09:57 COMICS F42C24.50 24.49 0.63 ± 0.19 0.92 ± 0.28 1.32 0.67 HD186791

2008-09-15 , 08:16 COMICS F42C24.50 24.49 0.67 ± 0.20 0.99 ± 0.30 1.21 0.69 HD217906

2018-08-09 , 09:49 VISIR Q2 18.75 0.13 ± 0.04 0.94 ± 0.29 1.52 0.50 HD787

2018-08-13 , 07:10 VISIR Q2 18.75 0.12 ± 0.04 0.83 ± 0.25 1.07 0.51 HD217902

2020-07-31 , 13:17 COMICS F42C24.50 24.49 0.64 ± 0.19 0.95 ± 0.29 1.10 0.68 HD12929

2003-09-05 , 06:28 LWS 10.7 10.68 0.07 ± 0.02 0.64 ± 0.20 1.43 0.36 HD186791

2003-09-05 , 08:14 LWS 10.7 10.68 0.06 ± 0.02 0.56 ± 0.17 1.26 0.54 HD199345

2007-07-17 , 05:42 T-RECS Si4-10.4 10.39 0.02 ± 0.01 0.85 ± 0.26 1.14 0.59 HD199345

2007-09-10 , 23:44 T-RECS Si4-10.4 10.41 0.03 ± 0.01 1.29 ± 0.39 1.04 0.63 HD216032

2007-09-13 , 05:06 T-RECS Si4-10.4 10.41 0.01 ± 0.01 0.24 ± 0.07 1.59 0.46 HD199345

2007-09-17 , 01:32 T-RECS N 10.04 9.29 ± 8.36 13.28 ± 11.95 1.08 0.65 HD216032

2003-07-20 , 11:04 LWS 8.0 8.43 0.93 ± 0.19 1.31 ± 0.27 1.26 0.54 HD199345

2003-09-05 , 06:09 LWS 8.9 8.82 0.22 ± 0.04 1.35 ± 0.28 1.52 0.41 HD186791

2003-09-05 , 06:18 LWS 8.0 8.43 1.08 ± 0.22 1.52 ± 0.32 1.47 0.33 HD186791

2003-09-05 , 07:46 LWS 8.0 8.43 1.10 ± 0.22 1.54 ± 0.32 1.27 0.32 HD199345

2003-09-05 , 08:00 LWS 8.9 8.82 0.20 ± 0.04 1.27 ± 0.27 1.26 0.46 HD199345

2006-09-02 , 00:39 VISIR PAH1 8.60 0.29 ± 0.06 1.11 ± 0.23 1.26 0.37 HD200914

2006-09-02 , 07:20 VISIR PAH1 8.60 0.29 ± 0.06 1.11 ± 0.23 1.90 0.37 HD200914

2007-07-17 , 05:38 T-RECS Si2-8.8 8.72 0.21 ± 0.05 1.00 ± 0.21 1.07 0.66 HD199345

2007-09-10 , 23:40 T-RECS Si2-8.8 8.73 0.27 ± 0.06 1.38 ± 0.29 1.08 0.68 HD216032

2007-09-13 , 04:14 T-RECS Si2-8.8 8.73 0.17 ± 0.04 0.86 ± 0.18 1.35 0.49 HD216032

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 PAH1 8.60 0.20 ± 0.04 0.78 ± 0.16 1.02 0.32 HD178345

2008-09-16 , 07:32 COMICS F05C08.70 8.75 0.16 ± 0.03 0.83 ± 0.17 1.24 0.69 HD175775

2009-08-06 , 05:24 VISIR PAH1 8.60 0.21 ± 0.04 0.81 ± 0.17 1.02 0.28 HD216149

2009-08-08 , 03:48 VISIR PAH1 8.60 0.20 ± 0.04 0.76 ± 0.16 1.11 0.85 HD178345

2009-08-13 , 07:39 VISIR PAH1 8.60 0.19 ± 0.04 0.74 ± 0.16 1.27 0.33 HD220954

2009-09-10 , 00:38 VISIR PAH1 8.60 0.16 ± 0.03 0.62 ± 0.13 1.26 0.37 HD12524

2009-09-10 , 05:55 VISIR PAH1 8.60 0.18 ± 0.04 0.67 ± 0.14 1.31 0.37 HD12524

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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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 µm), 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 µm) radiance. For clarity, error bars are omitted but taken to be 30% or less. c) Similarly, profiles for all ethane
images (11–13 µm) at their observed radiances, and d) Spitzer-normalized and scaled by for the VISIR NeII 1 filter (12.2 µm),
with assumed uncertainty of 10% or less.
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Table 6. N-band Images: CH4 (7–8 µm)

Date, Time
(yyyy-mm-dd, hr:mn)

Instrument Filter
Effective

Wavelength
(µm)

Disk Radiance
(10−7W/cm2/sr/µm)

Radiance
Ratio to
Spitzer

Airmass
Seeing
Disk

(arcsec)

Calibration
Star

2005-07-05 , 11:04 MICHELLE Si1-7.9 7.76 1.66 ± 0.42 0.65 ± 0.17 1.36 0.50 HD199345

2005-07-05 , 14:07 MICHELLE Si1-7.9 7.76 1.65 ± 0.41 0.64 ± 0.17 1.34 0.54 HD199345

2007-07-17 , 05:34 T-RECS Si1-7.9 7.76 1.36 ± 0.37 0.54 ± 0.14 1.04 0.65 HD199345

2007-09-10 , 23:36 T-RECS Si1-7.9 7.81 1.24 ± 0.34 0.51 ± 0.13 1.18 0.67 HD216032

2008-09-16 , 03:13 VISIR J7.9 7.76 0.99 ± 0.25 0.38 ± 0.10 1.03 0.32 HD178345

2009-08-06 , 06:13 VISIR J7.9 7.76 0.70 ± 0.18 0.27 ± 0.07 1.03 0.28 HD216149

2009-08-15 , 05:40 VISIR J7.9 7.76 0.95 ± 0.24 0.37 ± 0.09 1.04 0.24 HD196321

2009-09-10 , 01:58 VISIR J7.9 7.76 0.76 ± 0.19 0.29 ± 0.08 1.07 0.31 HD178345

2009-09-10 , 07:13 VISIR J7.9 7.76 0.52 ± 0.13 0.20 ± 0.05 1.87 0.31 HD178345

2011-08-27 , 10:44 COMICS F04C07.80 7.89 0.70 ± 0.17 0.32 ± 0.08 1.20 0.52 HD206445

2012-10-30 , 05:22 COMICS F04C07.80 7.89 1.29 ± 0.32 0.58 ± 0.15 1.19 0.49 HD206445

2018-08-04 , 06:47 VISIR J7.9 7.76 0.80 ± 0.20 0.31 ± 0.08 1.05 0.29 HD198048

2018-08-13 , 08:06 VISIR J7.9 7.76 0.68 ± 0.17 0.26 ± 0.07 1.16 0.28 HD217902

2020-07-29 , 12:41 COMICS F04C07.80 7.90 1.22 ± 0.31 0.55 ± 0.15 1.11 0.57 HD216032

2020-07-31 , 12:35 COMICS F04C07.80 7.90 1.28 ± 0.32 0.58 ± 0.15 1.11 0.51 HD216032

Note—Corresponding images are shown in Figure 27.
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Figure 29. As in Figure 28, but for CH3D and CH4 images. a) Profiles for all CH3D imaging (8–9 µm), as calibrated, and b)
the same images, now normalized by their passband-integrated Spitzer radiances and scaled by the corresponding VISIR PAH1
filter (8.9 µm) radiance. For clarity, error bars are omitted but taken to be 20% or less. c) Similarly, profiles for all methane
images (7–8 µm) at their observed radiances, and d) Spitzer-normalized and scaled by for the VISIR J7.9 filter (7.8 µm).
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