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A B S T R A C T 

Previous analysis of Neptune’s atmosphere using near-infr ared Gemini/NIFS observ ations found the strongest spectral 
signatur e of hydr ogen sulphide (H 2 S) to be at the planet’s south pole. Con versely, analysis of microwa ve observations 
with the Atacama Large Millimet er/submillimet er Array in 2019 suggested a distribution of H 2 S that peaks in the mid- 
latitudes and is strongly depleted towards the pole. We analyse near-infr ared observ ations from VL T -SINFONI in 2018 and 
fit a parametrized cloud model to the data using nested sampling . B y pr escribing a latitudinally varying methane (CH 4 ) 
pr ofile pr eviously derived fr om visible light observ ations, we find gener al agr eement with the micr owave analysis, with 

an enhancement of H 2 S by a factor of ∼4 at the southern mid-latitudes compared to polar latitudes. The stronger spectral 
signature at the pole is explained with a deeper cloud top, resulting in a higher cloud-top H 2 S column abundance in this 
r egion. Our r esults ar e indicativ e of deep upw elling at the mid-latitudes, with downw elling at the pole and possibly near 
the equator. 

Key w ords: radiativ e transfer – scattering – techniques: imaging spectroscopy – planets and satellites: atmospheres. 
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 INTRODUCTION  

ydrogen sulphide (H 2 S) is expected to be the primary con- 
tituent of Neptune’s 5–7 bar cloud deck (P. G. J. Irwin et al.
022 ), and determining how the H 2 S abundance varies with lat-
tude is important for understanding the planetary circulation. 
n Neptune’s cold troposphere, temperatures are low enough for 
ost gases to condense below the 10-bar pr essur e lev el; at low er
r essur es the primary constituents are expected to be H 2 , He,
H 4 , N 2 , and H 2 S. Alongside the H 2 S cloud, a second major cloud
eck is expected from CH 4 condensation around 1–2 bar (P. G. J.
rwin et al. 2022 ). 
Horizontal variations of CH 4 can provide insight into the plan- 
tary circulation (L. N. Fletcher et al. 2020 ). Analysis of visible
nd near-infrar ed r eflectance spectra has r evealed that the CH 4 
ole fraction at pr essur es deeper than its condensation level is
bout twice as high at equatorial latitudes as it is at the poles (E.
arkoschka & M. G. Tomasko 2011 ; P. G. J. Irwin et al. 2023 ). This
as typically been int erpret ed as a sign of upwelling here – deep,
H 4 -rich air rises near the equator and produces the increased 
bundance. This air moves polewards along a circulation cell, 
rying out as the CH 4 condenses, and then descends nearer the
ole, causing a depleted abundance of the gas there. In this way,
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y determining the CH 4 variation with latitude, it is possible to
ain an understanding of the overturning circulation near the 
H 4 condensation level. 
How does this circulation vary with depth? One way to answer

his question is to compare variations of H 2 S with CH 4 . Most of 
he H 2 S in the Ice Giants is expect ed t o react with NH 3 and form
 deep cloud of solid NH 4 SH at ∼40 bar (S. K. A trey a & A.-S.
ong 2005 ), but, if there is more H 2 S than NH 3 , the remaining
nreacted H 2 S is free to condense at lower pr essur es. Because H 2 S
ondenses deeper in the atmosphere than CH 4 , it allows us to
robe the deeper circulation. How ev er, analyses using microwave 
J. Tollefson et al. 2019 ) and near-infrared (P. G. Irwin et al. 2019 )
bservations have shown very different H 2 S distributions. It is 
rucial to determine why these r esults ar e so different so that we
an properly understand Neptune’s H 2 S distribution and thus its 
irculation patterns. 
J. Tollefson et al. ( 2019 ) used spatially resolved millimetre- w ave
bservations with the Atacama Large Millimet er/submillimet er 
rray (ALMA) to determine the latitudinal distributions of CH 4 
nd H 2 S by analysing the variation of Neptune’s brightness tem-
erature. The best fits to their observations gave them subsat- 
rated H 2 S profiles at polar latitudes and supersaturated H 2 S
ear the equator. They also found an increase in the deep CH 4 
bundance from the pole to mid-latitudes. 
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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Table 1. VLT/SINF ONI observ ation details. Integr ation times for the low 

angular resolution observations were 60s, and integration times for each 
mosaic tile were 70s. 

ID Date Time (UT) Airmass Pixel size (arcsec) Mosaic tiles 

1 18 Aug 2018 04:19:09 1.163 0.1 1 
2 19 Aug 2018 09:54:39 1.949 0.1 1 
3 31 Aug 2018 05:31:21 1.055 0.1 1 
4 31 Aug 2018 06:01:51 1.076 0.1 1 
5 19 Sept 2018 03:10:44 1.066 0.025 16 
6 26 Sept 2018 04:49:35 1.122 0.025 16 
7 27 Sept 2018 03:58:01 1.063 0.025 17 
8 27 Sept 2018 05:14:33 1.186 0.025 17 
9 27 Sept 2018 06:31:14 1.522 0.025 17 
10 28 Sept 2018 03:45:52 1.057 0.025 17 
11 30 Sept 2018 01:57:37 1.098 0.025 17 

Figure 1. Top: Cube 5 averaged over 1.50–1.62 µm, our wavelength 
range of int erest. Tw o number ed bo x es ar e shown, and the aver age spectr a 
in these bo x es ar e shown in the lower figure with error estimates (shaded 
region). 
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Conversely, P. G. Irwin et al. ( 2019 ) used observations from
emini/NIFS t o det ect the spectral signature of H 2 S in a small
 avelength r ange around 1.58 µm, finding a much str onger sig -
NRAS 548, 1–17 (2026) 
ature at the pole than near the equator. They found a higher
olumn abundance of the gas above the clouds at polar regions,
nd concluded that there is a higher volume mixing ratio (VMR)
f H 2 S here. This conflicts with the conclusion of J. Tollefson
t al. ( 2019 ), who argued that the H 2 S VMR is lowest at the pole.
he latitudinal distribution of H 2 S found from the microwave
nalysis is somewhat similar to the distribution of CH 4 – this
ould suggest that the tropospheric pattern of upwelling at equa-
orial latitudes and downwelling at polar latitudes extends deep
nto the atmosphere. On the other hand, the findings from the
ear-infrared analysis could indicate upwelling at the pole at the
 2 S condensation level – and thus a significant change in the
irculation with depth. These analyses are difficult to reconcile, as
hey use different w avelength r anges (microw ave thermal emis-
ion versus near-infrared reflection) that are sensitive to different
ltitudes (with ALMA sounding much deeper than NIFS). 
In this w ork, w e aim to resolve the apparent discrepancy
etween these results by analysing centre-to-limb variations of 
igh-r esolution near-infrar ed spectra of N eptune. We show that
he assumed CH 4 abundance strongly affects the retrieved H 2 S
istribution, so we account for this in our modelling. 

 DA  T  A  

bservations were made in 2018 using the Spectrograph for INte-
ral Field Observations in the Near Infrared (SINFONI; F. Eisen-
auer et al. 2003 ) on the E ur opean Southern Observatory’s Very
arge Telescope (Table 1 ). SINF ONI w as an integral field spec-
r ograph, pr oducing spectral cubes of 64x64 spectra with 2048
 avelengths. Some of the observ ations were made using SIN-
ONI’s smallest pixel scale (0.025 arcsec) in its H + K band
ode, with a resolving power of λ/ �λ ≈ 1500 over a wavelength
ange of 1.45–2.45 µm. When using this pixel scale, the field of 
iew is 0.8 arcsec x 0.8 arcsec, which is significantly smaller than
he angular diameter of N eptune ( ∼ 2 . 3 ar csec ). To captur e the
hole disc, a mosaic of the planet must be constructed using
he smaller e xposur es. Taking observations in the high spatial
esolution mode reduces the spread of scattered light from bright,
iscrete upper tropospheric clouds, giving a clearer view of the
nderlying atmosphere. Seven mosaics were produced. Some of 
he edges of the mosaic tiles (i.e. the edges of the instrument’s
eld of view) are dimmer than the rest of the tile due to vignetting
ffects. We manually masked out these pixels so that they would
ot be considered in our analysis. Some of the mosaics are also
issing regions of the disc - naturally we masked out these re-
ions as well. Four observations using a larger pixel scale (0.1
rcsec ) were also taken in 2018. Neptune fits into the field of view
f these observations so no mosaicking was r equir ed. For all the
bserv ations, the SINF ONI adaptiv e optics syst em was used t o
mprove the image quality. 
A significant portion of the spectrum lies below the noise floor
f the instrument, so is not usable. How ev er, the 1.50–1.62 µm
indow, within which the H 2 S signature lies, is significantly
righter than the rest of the spectrum and is suitable for analysis.
n example cube and spectrum are shown in Fig. 1 , and all the
ubes are shown in Fig. 2 . Error estimates were derived from
he standard deviation of pixel values where the instrument was
iewing empty space. The per-pixel errors were found to typically
e ∼10 per cent of the average reflectivity at a given wavelength. 
In Section 3.2.1 , we incorporate the limb - dark ening beha viour
f N eptune’s atmospher e into our analysis. Because we assume
 zonally symmetric atmosphere, we must mask out the dis-
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Figure 2. The 11 observations analysed in this study. Numbers at the top left of each observation correspond to Table 1 . Many cloud bands and larger 
discrete clouds can be observed, along with several artefacts from the mosaicking process. The observations have been averaged over 1.50–1.62 µm. 
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rete clouds that are present in our observations. To determine 
 suitable threshold for masking out clouds, w e inspect ed the
istogram of reflectivity of all our cubes, averaged across the 
.50–1.62 µm region. We found that a threshold on the averaged 
eflectivity of 0.03 was suitable for masking out the clouds with-
ut the bulk of the disc being affected. We then used a binary
ilation operation on this mask to capture any edges of the clouds
hat the threshold might have missed. 

 RADIATIVE  TRANSFER  ANALYSIS  

e initially used spectral line data from HITRAN 2020 (I. Gordon
t al. 2022 ) for both CH 4 and H 2 S. How ev er, similar t o P. G.
rwin et al. ( 2019 ), we later found that using CH 4 line data from
he ‘WKLMC@80K + ’ data base (A. Campargue et al. 2013 )
ignificantly improved our goodness of fit – this line data was 
lso used by P. G. Irwin et al. ( 2019 ). We conv ert ed this data into
ine-by-line lookup tables at a range of pr essur es and tempera-
ures which follow the Neptunian P- T profile. T ypically, when 
omputing the opacity of a gas in a certain wavelength bin, the
orrelated-k method (A. A. Lacis & V. Oinas 1991 ) is used. The
pectral distribution of opacity within each wavelength bin can be 
 epr esented by a relatively small number (10–20) of quadrature
oints, facilitating the efficient calculation of mean opacities. 
ssuming that the k-distributions of different paths within an 
nhomogeneous atmospher e ar e spectrally corr elated, transmis- 
ions can be multiplied together, which is important for multiple 
cattering calculations. In this work, we instead use a line-by- 
ine method, where the spectrum is computed at a very high
pectral r esolution befor e being conv olv ed with the instrument
unction. This relies on fewer assumptions than the correlated- 
 method and so is more accurate, but is more computationally
ostly. For the CH 4 line data, we used the recommendation of J.-
. Hartmann et al. ( 2002 ) – a sub-Lorentzian lineshape for CH 4 

n a hydrogen atmosphere. For the line shape of H 2 S we used a
imple Voigt function. For both gases we used a large line wing
ut-off of 100cm 

−1 ( ∼25nm at 1.6 µm). We found it was neces-
ary to compute our spectrum at a very fine resolution (0.04nm)
efore convolving with the instrument function in order to closely
atch our measurements. For the instrument function, we used 
 Gaussian with a FWHM of 1 nm – corresponding to a resolving
ower of 1500 at 1.5 µm, as e xpected fr om SINFONI in its H + K
ode. 
For our solar spectrum, we used the spectrum of M. Meftah
t al. ( 2023 ). Again, we found that a high spectral resolution
f 0.04nm was necessary t o mat ch the measured spectrum - re-
rievals using lower resolution solar spectra did not achieve the 
ame goodness of fit. 
The r efer ence temperatur e and mole fraction pr ofiles ar e those
sed by P. G. J. Irwin et al. ( 2022 ) and are based on the ‘N’ profile
etermined from radio occultation measurements by Voyager 2 
G. F. Lindal 1992 ). We assume a constant temperature profile
ith latitude and a H 2 :He ratio of 85:15. Although CH 4 is the
ominant absorber in our wavelength range, we do include the 
ffects of H 2 –H 2 and H 2 –He collision induced absorption. We as-
ume that the ortho:para hydrogen ratio is in thermal equilibrium 

nd we use absorption data from A. Borysow & L. Frommhold
 1989 ). We assume a simple CH 4 model with a constant deep
MNRAS 548, 1–17 (2026) 
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Figur e 3. Base pr ofiles used in r etrievals. Top left: A er osol opacity for 
the three layers against pressure. Top right: VMR for the two radiatively 
active gases in the model. Bottom: Deep CH 4 VMR with latitude from P. 
G. J. Irwin et al. ( 2023 ). 
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MR, a fixed relative humidity above the condensation level of 
0 per cent and a fixed stratospheric VMR of 1.5x 10 −3 (Lellouch
t al. 2010 ). We use a 13 CH 4 /CH 4 fraction of 1 per cent and a
H 3 D/CH 4 fraction of 0.03 per cent , in keeping with the results
rom P. Irwin et al. ( 2014 ). Our reference H 2 S profile has a deep
MR of 10 −3 , and follows the saturation vapour pr essur e curve
s the temperature decreases with increasing height (Fig. 3 ). In
ur retrievals we apply a simple multiplicative scaling factor to
his profile and allow arbitrarily high supersaturations. Because
he spectral signature is so subtle, we are not sensitive enough to
et ermine v ertical variations of H 2 S, and so this simple scaling
actor is sufficient for our study. 
P. G. J. Irwin et al. ( 2023 ) used a limb - darkening appr o ximation
nd a ‘holistic’ parametrized cloud model to determine the vari-
tion of aerosol opacity, aerosol scattering properties, and deep
H 4 abundance across a large latitude range from observations
sing VLT’s MUSE instrument. We fixed the deep CH 4 abun-
ance in our model to this latitudinally varying profile (Fig. 3 ). 

.1 Simplified Band-Depth Modelling 

o better understand our data and any potential degeneracies,
e first performed some preliminary simple modelling. The H 2 S
pectral signature is strongest in the 1.58–1.60 µm region (Fig. 4 ),
her e absorption fr om CH 4 is r elativ ely w eak. In this region, w e
an attempt to appr o ximate the r eflectivity of the atmospher e
ith a band-depth appr o ximation, similar to P. G. J. Irwin et al.
NRAS 548, 1–17 (2026) 
 2025 ). We write the reflectivity, (I/F ) , as 

(I/F ) = (R 0 + R 1 λ) e −x CH 4 k CH 4 (λ) −x H 2 S k H 2 S (λ) , (1) 

where R 0 + R 1 λ is a linear function of wavelength to fit the
ontinuum, x CH 4 and x H 2 S are the cloud-top column abundances
f CH 4 and H 2 S, and k CH 4 (λ) and k H 2 S (λ) are their absorption
oefficients. 
We assume that there is a reflecting cloud top at some pressure

evel in the atmospher e. Ther e is an inherent degeneracy between
he CH 4 distribution and the retrieved H 2 S abundance, as we
ust use the CH 4 abundance to determine the cloud-top pres-
ure, which we then use to infer the H 2 S scaling factor (Fig. 5 ).
ow ev er, because w e are assuming a known latitudinal distribu-
ion of CH 4 , and a known dependence of H 2 S abundance with
r essur e (Fig . 3 ), we ar e able t o use our fitt ed column abundances
 o det ermine the H 2 S scaling fact or ev erywhere on the disc. 
We write our CH 4 and H 2 S abundances per bar as a function of 
r essur e ( f CH 4 (p) and f H 2 S (p) , respectively). Then, our cloud-top
olumn abundance of CH 4 is the integral of η f CH 4 (p) from the
op of the atmosphere to our cloud-top pr essur e, wher e η is an
irmass factor (2 for nadir-viewing): 

 CH 4 = η

∫ p top 
0 

f CH 4 (p) d p = ηF CH 4 (p top ) , (2) 

where d F d p = f . We can solve for the cloud-top pr essur e in terms
f F −1 , the inverse of F : 

p top = F −1 CH 4 

(
x CH 4 
η

)
. (3) 

Our H 2 S cloud-top column abundance has an identical form
s for CH 4 , but with the additional multiplication of our scaling
actor, S, which is applied to the H 2 S profile: 

 H 2 S = Sη
∫ p top 
0 

f H 2 S (p) d p. (4) 

We now int egrat e and rearrange for S: 

 = 

x H 2 S 
ηF H 2 S (p top ) 

. (5) 

Substituting in our e xpr ession for p top , we can find an e xpr es-
ion for S in terms of our airmass factor and the two cloud-top
olumn abundances: 

 = 

x H 2 S 
ηF H 2 S 

(
F −1 CH 4 

(
x CH 4 

η

)) . (6) 

We found that the high spatial resolution cubes were too noisy
o do this on a pix el-by-pix el scale. Hence, w e av eraged them
nto 4x4 pixel bins (side length 0.1 arcsec ). We performed our
and-depth analysis on these averaged cubes and the lower spa-
ial resolution cubes t o retriev e the cloud-t op pr essur e and H 2 S
caling factor. An example of the analysis on one of the lower
esolution cubes is shown in Fig. 6 . The results, averaged into
atitude bins, are shown in Fig. 7 . Our retrieved H 2 S scaling factor
s highly sensitive to the cloud-top pr essur e and hence to the CH 4 
bundance. In agreement with P. G. Irwin et al. ( 2019 ), we find
 higher cloud-top column abundance of H 2 S at the pole (and
hus a stronger spectral signature); how ev er, w e find peaks of the
eep abundance of H 2 S at 20 ◦S and north of the equator (Fig. 7 ).
he reason for this difference is that the cloud-top pressure is
ignificantly lower near the equator than near the pole. 
To confirm that we are really seeing H 2 S, we can attempt to

solate the spectral signature. If we take the ratio of two reflectiv-
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Figure 4. Top: Two- w ay tr ansmission from space for a v ertical path t o differ ent pr essur es in our model atmospher e (shown in Fig . 3 ), assuming no 
aer osols. In r eality, ther e is a cloud top expected at 2–4 bar which causes strong scatt ering, so w e are unlikely to be sounding as deeply as 10 bar. Bottom: 
Absorption spectra of CH 4 and H 2 S at 1 bar and 70 K. Although the H 2 S absorption is much stronger than CH 4 at many wavelengths, its abundance is 
much lower and so it is still challenging to detect. 

Figure 5. Demonstration of the degeneracy between CH 4 and H 2 S. If 
we prescribe a lower deep CH 4 abundance, we must set our cloud top to 
be deeper in the atmosphere in order t o hav e the correct CH 4 cloud-top 
column abundance. The deeper cloud top means that we must reduce our 
H 2 S scaling factor to have the correct H 2 S cloud-top column abundance. 
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ties from two locations on the planet (with subscripts 0 and 1),
e obtain 

(I/F ) 0 
(I/F ) 1 

= 

R 0 , 0 + R 1 , 0 λ

R 0 , 1 + R 1 , 1 λ
e �x CH 4 k CH 4 (λ)+�x H 2 S k H 2 S (λ) , (7) 

here �x CH 4 = x CH 4 , 1 − x CH 4 , 0 and the same for �x H 2 S . We can
hen take the natural logarithm of this equation: 

log 
(
(I/F ) 0 
(I/F ) 1 

)
= log 

(
R 0 , 0 + R 1 , 0 λ
R 0 , 1 + R 1 , 1 λ

)
+ �x CH 4 k CH 4 (λ) + �x H 2 S k H 2 S (λ) . (8) 

Our band-depth analysis has shown that the cloud-top column 
bundance of CH 4 is fairly uniform across the disc, but the cloud-
op column abundance of H 2 S is enhanced at the pole. We a ver -
ge the reflectivity spectra from the south polar region (60 ◦S to
0 ◦S) and the equatorial region (5 ◦S to 5 ◦N). Plotting the loga-
ithm of the ratio of averaged reflectivities over the 1.58–1.60 µm
 ange, the H 2 S spectr al signatur e is clearly visible (Fig . 8 ). This is
here the H 2 S absorption features are strongest compared to CH 4 
Fig. 4 ), and since we are only looking in this small wavelength
ange we can assume for simplicity that the first term on the
ight hand side of equation ( 8 ) is a constant (i.e. the two regions
ave similar continuum spectral slopes). We fit �x CH 4 , �x H 2 S ,
nd this constant to the logarithm of the ratio. We find that the
ffect of differences in the cloud-top CH 4 column abundance are 
egligible here, and the undulations show agreement with the 
 2 S spectrum. This is strong evidence that we are indeed able to
etect H 2 S above Neptune’s clouds. 
MNRAS 548, 1–17 (2026) 
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Figure 6. Top left: Mean reflectivity over all wavelengths from 1.58–
1.60 µm in Observation 1. Top right: Retrieved cloud-top column abun- 
dance of CH 4 . Middle left: Retrieved cloud-top column abundance of H 2 S, 
showing an increase at the south pole. Middle right: Prescribed variation 
of CH 4 with latitude from P. G. J. Irwin et al. ( 2023 ). Bott om left: Deriv ed 
cloud-top pr essur e, showing a deeper cloud at the south pole. Bottom 

right: Deriv ed H 2 S scaling fact or, showing a strong depletion at the pole 
and enhancement at the mid-latitudes. 

Figure 7. Retrieved H 2 S scaling factor and cloud-top pr essur e with lati- 
tude, av eraged ov er all 4 low angular resolution observations. The values 
have been rebinned into bins of width 2 ◦ and spacing 1 ◦. North of the 
equator, the r esults ar e v ery noisy due t o the lack of pixels and significant 
pr esence of discr et e clouds. Shading indicat es the standard deviation of 
the parameters in each latitude bin. 

Figur e 8. Top: N atural log of the equatorial/polar r eflectivity ratio. It 
can be seen that the fitted H 2 S absorption spectrum (red) can explain the 
undulations. Bottom: The same, with a fitted CH 4 absorption spectrum 

instead. This is a much poorer fit. Absorption spectra are at 2 bar and 
90 K, and have been smoothed to the spectral resolution of SINFONI. 
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.2 R etriev als 

his simple band-depth analysis technique already gives us an
mproved idea of the true H 2 S variation. We seek t o v erify the
esults with a more robust approach, by using a realistic aerosol
tructure, fitting to a larger region of the spectrum (1.5–1.62 µm),
nd employing a retrieval scheme that uses multiple scattering to
etermine the reflected radiance of the atmosphere. 

.2.1 Minnaert limb - darkening fitting 

o average our observations into latitude bands, we use the Min-
aert limb - darkening appr o ximation (M. Minnaert 1941 ), which
as been successfully applied in several previous studies of the
ce Giants (e.g. P. G. J. Irwin et al. ( 2022 , 2023 ), A. James et al.
 2023 )). This appr o ximation allows us to write the reflectivity
f the atmosphere, I/F , in terms of the reflectivity at the nadir
( I/F ) 0 , a limb - darkening coefficient k, and the cosines of the
iewing and solar zenith angles ( μ and μ0 respectively): 

(I/F ) = (I/F ) 0 μk 
0 μ

k−1 ≈ (I/F ) 0 μ2 k−1 
0 . (9) 

or observations of Neptune from Earth, μ ≈ μ0 as we ar e r el-
tiv ely v ery close t o the Sun. A t each w av elength, w e can fit
(I/F ) 0 and k to the observed radiance across the disc, or across a
elected latitude band. We can then use these fit ted par amet ers t o
 epr oduce spectra at any zenith angle. This allows us to average
ver all spectra in a r egion, r educing noise, and means we are
lso able to fit our model to the limb - dark ening beha viour of the
tmosphere, which helps to differentiate between gas and aerosol
pacity. 
As discussed in Section 2 , we masked out bright discrete clouds

 o av oid unwant ed effects on our limb - darkening analysis. The
bservations were split into latitude bands with width 10 ◦ and



Neptune’s hydr og en sulphide distribution 7 

Figure 9. Demonstration of the steps in our Minnaert fitting pipeline 
applied to Observation 5. The raw mosaic (top left) has clouds, back- 
ground, and hot pixels masked out to produce the top right image. Then, a 
latitude band is selected (middle left, 20 ◦S to 10 ◦S) and at each wavelength 
the Minnaert parameters are fitt ed (bott om left, 1.58 µm shown). This 
produces spectra of nadir reflectivity (middle right) and limb - darkening 
coefficient (bottom right). 
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pacing 5 ◦ to achieve Nyquist sampling. The Minnaert approxi- 
ation was then applied to each latitude band in each observa-
ion mosaic (Fig. 9 ). The fitted parameters, shown in Figs 10 and
1 , w ere used t o generat e spectra at viewing angles of 0.0 ◦ and
1.45 ◦. These fitted spectra were then averaged over all the ob-
ervations to obtain aver age spectr a at each latitude band. These
ngles were chosen as they correspond to two of the angles in our
ultiple scattering quadrature scheme; the radiance is explicitly 
alculated at these angles and so we avoid err ors fr om interpola-
ion. This approach has been used in previous studies, e.g. P. G. J.
rwin et al. ( 2022 ). 
Each pixel spectrum in our observations has an uncertainty of 
round 10 per cent of the peak radiance. How ev er, the Minnaert
ppr o ximation allows us to average over several thousand pixels
or each latitude band. Because of this, the errors on our recon-
tructed spectra are very small. Even for the 80 ◦S to 90 ◦S latitude
and, w e hav e ∼2500 pix els acr oss our sev en cubes. Despit e the
estricted range of zenith angles in this latitude band (55 ◦to 74 ◦),
imple least-squares fitting still gives small uncertainties (roughly 
 per cent ) on our Minnaert parameters her e. Wher e w e hav e
ore coverage of a latitude band, this error will be even smaller
e.g. ∼ 0 . 07 per cent between 20 ◦S and 30 ◦S). Unfortunat ely, w e
ere unable to fit our radiative transfer models to this level of 
ccuracy. Similar to P. G. J. Irwin et al. ( 2023 ) and A. James
t al. ( 2023 ), we found that we were able to fit the disc-averaged
innaert-reconstruct ed spectra t o χ2 

ν ≈ 1 if w e assumed the er-
or at all wavelengths to be equivalent to 2 per cent of the peak
adiance. This error encompasses systematic errors in the data, 
eficiencies in our forward modelling and limb - darkening ap - 
r o ximation, inhomogeneities in the atmospheric structure, and 
ncertainties on the CH 4 and H 2 S absorption coefficients. Here, 
2 refers to the χ2 statistic divided by the total degr ees of fr eedom,
ν
hich is the number of wavelengths minus the number of free
arameters. 

.2.2 Aerosol model 

o model the near-infrar ed/visible r eflected sunlight spectra of 
ranus and Neptune, P. G. J. Irwin et al. ( 2022 ) proposed a
holistic’ aerosol model, consisting of three/four aerosol layers for 
ranus and Neptune respectively – this model was found to fit 
he spectra of these planets to a high degree of accuracy over a
arge w avelength r ange. The deepest aerosol layer, at ∼5–7 bar,
s theorized to be composed of photochemical haze along with 
 2 S ice. In the original holistic model, this layer was modelled
s v ertically ext ended, with its opacity increasing with depth, but
he model has since been updated (P. G. J. Irwin et al. 2023 ) with
 vertically thin cloud instead. The second layer is at around 2
ar, and is composed of CH 4 ice along with photochemical haze.
he third layer comprises photochemical haze and extends up- 
ards to the stratosphere where this haze is likely to be produced.
he fourth layer is used for modelling bright, upper tropospheric 
louds (assumed to be composed of CH 4 ice) in Neptune’s atmo-
phere when necessary. 
We use a parametrized aerosol model, similar to that of P.
. J. Irwin et al. ( 2022 ), with three aerosol lay ers. Initially, w e
r escribed discr et e, highly scatt ering lay ers at 5 bar and 2 bar and
n extended haze layer from 1.6 bar to the stratosphere. The data
how a very flat limb - darkening curve (Fig. 11 ) with k close to 0.5
no limb darkening or brightening) at most wavelengths, which 
his aerosol model struggled to replicate. In order to achieve a
2 
ν value of appr o ximat ely 1, w e found it was necessary t o let the
maginary refractive indices (absorption coefficients) of the 2 bar 
erosol layer and the extended haze layer vary with wavelength. 
ow ev er, for the deepest layer, n imag was fixed to 10 −4 (highly
cattering) at all wavelengths. We also found that fits were sig-
ificantly improved by replacing the deepest layer at 5 bar with
n extended layer with its base at 10 bar (the deepest pr essur e
evel in our model). The fractional scale height of the layer was
llow ed t o vary. Although we are not actually able to sound very
eeply into this layer, this change allowed us to more easily vary
he height of the deep cloud t op. Not e that this is more similar to
he original holistic model for the Ice Giants (P. G. J. Irwin et al.
022 ) - the model was later updated in P. G. J. Irwin et al. ( 2023 )
o use a discrete layer here to aid in retrieval stability. 
Of course, just because a model provides a single better fit to

he data (and thus achieves a lower χ2 
ν ), this does not necessar-

ly mean it is a better model. Ideally, we would use a Bayesian
ptimization method such as nested sampling to compute the 
ayesian evidence for all of our model experiments, and compare 
odels based on this. How ev er, w e found that computing the
ayesian evidence for all of our model choices would be pro-
ibitively slow. Throughout our initial exploratory analysis, we 
sed the χ2 

ν value of the best-fitting spectrum (determined with 
ptimal estimation) as a simple diagnostic to see which changes 
ould make a significant difference. 
We assumed standard gamma size distributions for our aerosol 
articles, with size parameters given in Table 2 . 
These were based on the analysis from P. G. J. Irwin et al.

 2023 ). We experimented with adjusting the size distributions but
ound no improvements in the goodness of fit – it is likely that the
maginary refractive index spectrum can adjust to accommodate 
 large range of prescribed size distributions over our relatively 
MNRAS 548, 1–17 (2026) 
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Figure 10. Top left: Minnaert-estimated nadir reflectivity as a function of latitude and w avelength. Bot tom left: The same, with the mean over all 
latitudes subtracted. This shows that the southern latitudes are more reflective at most wavelengths. Top right: Reflectivity with latitude at a CH 4 - 
absorbing wavelength (1.52 µm) and a wavelength of weak absorption (1.58 µm), showing markedly different trends. Bottom right: Nadir reflectivity 
av eraged ov er all latitudes. 

Figure 11. The same as Fig. 10 , for the limb - darkening coefficient, k. Top left: k as a function of latitude and w avelength. Bot tom left: k with the mean 
over all latitudes subtracted. The differences are small, but the mid-latitudes are more limb-brightened than the equator or pole. Top right: k with latitude 
at 1.52 µm and 1.58 µm, again showing somewhat different trends. Bottom right: k averaged over all latitudes. 
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mall wavelength range. We also tried allowing the n imag spec-
rum to vary for the deepest layer but found no improvement from
his, so we kept it fixed to 10 −4 for all wavelengths (corresponding
 o highly scatt ering particles). The n imag spectra for the 2 bar layer
NRAS 548, 1–17 (2026) 
nd the extended haze layer were allowed to vary at four points
1.475, 1.525, 1.575, and 1.625 µm) with a correlation length
f 0.1 µm to help smooth them. In our final set up, we had 15
 arying par ameters: 2 for the base cloud (opacity and fr actional
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Table 2. A er osol size distribution parameters. The size distributions 
themselves are standard gamma distributions (J. E. Hansen 1971 ). 

A er osol layer Mean radius ( µm) Radius variance 

A1 (deep, extended) 0.1 0.05 
A2 (discrete, ∼2 bar) 0.7 0.3 
A3 (stratospheric haze) 0.05 0.05 

s  

n
4

p
d
a  

m
b  

g

3

T  

a  

s
t  

c

B  

i
p
c
a
w  

s
s  

M
t
o  

t  

t  

a  

p  

e
o  

G
e
t  

s
(
w  

d  

s  

a  

e  

F
a
t
l
s

cale height); 6 for the cloud at 2 bar (opacity, pr essur e, and 4
 imag points); 6 for the extended haze (opacity, base pressure, and 
 n imag points); and 1 scaling factor for our H 2 S profile. 
We experimented with many different changes to the aerosol 
arametrizations, including making the extended aerosol layer 
iscrete, making the second aerosol layer extended, and adding 
 fourth aerosol layer similar to P. G. J. Irwin et al. ( 2022 ) to
odel upper tropospheric CH 4 clouds that potentially had not 
een masked out. How ev er, these changes did not improv e our
oodness of fit so we did not use them. 

.2.3 Nested sampling retrievals 

o fully understand the information that the data giv e us, w e ide-
lly would perform a retrieval at each latitude band using nested
ampling . N ested sampling is a Bayesian Monte Carlo technique 
hat it erativ ely samples the prior subject t o increasing likelihood
onstraints, returning posterior samples and an estimate of the 
igure 12. Envelopes of the best 1 per cent of models from our nested sampli
s a diagnostic of the fit quality. The spectra at the zenith angle of 0.0 ◦ show a 
he zenith angle of 61.45 ◦ improve as well, but less so, due to the fact that the p
ight is more likely to be reflected or absorbed before reaching a pressure level 
ubtle. As discussed in Section 3.2.1 , the error on each spectrum is fixed to 2 pe
ayesian evidence (J. Skilling 2006 ). Our forward model was us-
ng a multiple-scattering scheme to compute the radiance at two 
airs of solar and zenith angles and ∼3000 wavelengths before 
onvolving with the instrument function. While this should give 
 good level of accuracy, it was computationally expensive, and 
e found that allowing all 15 parameters to vary in a nested
ampling retrieval for each latitude band would be prohibitively 
low. In order to reduce the dimensionality, we first performed a
innaert limb - darkening analysis over the whole disc for each of 
he observations to obtain disc-averaged spectra at viewing angles 
f 0.0 ◦and 61.45 ◦. We aver aged these spectr a across all observ a-
ions to obtain a single pair of spectra for the entire planet. We
hen performed a nested sampling retrieval on these spectra using
rchNEMESIS (J. Alday et al. 2025 ). This retrieval was com-
utationally int ensiv e; it r equir ed r oughly 2.5 million likelihood
valuations to converge, which took ∼10 thousand CPU hours 
n our computing system. The prior distributions were set to be
aussians with standard deviations of 1 in log-parameter space, 
quivalent to what they would be in ordinary optimal estima- 
ion retrievals. How ev er, w e set the prior distribution of our H 2 S
caling factor to be a wide log-uniform distribution between 10 −5 
undetectable) and 10 2 (unreasonably large). We did this so that 
 e w ould be able t o det ermine how much our data set actually in-
icates the presence of H 2 S without any prior bias. We ran nested
ampling retrievals both with and without H 2 S – the fitted spectra
re shown in Fig. 12 . Nested sampling gives us the Bayesian
vidence for our models once they have converged. We can com-
MNRAS 548, 1–17 (2026) 

ng disc analysis. The χ2 
ν values shown are averaged across these models 

clear improvement when H 2 S is included in the retriev al. The spectr a at 
ath length through the upper atmosphere is longer. This means that the 
with an appreciable amount of H 2 S, and thus the H 2 S signature is more 
r cent of the peak radiance. 
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Figure 13. Corner plot showing the posterior distribution for our retrieval over the whole planetary disc. A1 refers to the deep aerosol layer, A2 to the 
∼2 bar layer, and A3 to the stratospheric haze. 
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are our models by comparing their Bayesian evidences - the
ay es fact or is K = exp ( log (Z H 2 S ) − log (Z No H 2 S )) , where log (Z) is
he log-evidence calculated in nested sampling. The model with
 2 S included is decisiv ely fav oured by the Bayesian evidence

 log (K) ∼ 120 ). The best-fitting spectrum from this model also
ields smaller residuals than the best-fitting spectrum from the
odel without H 2 S, with χ2 

ν values of 0.87 and 1.38, respectively.
The corner plot for our retrieval using H 2 S is shown in Fig. 13 .
his shows the marginal distribution of each pair of parame-
NRAS 548, 1–17 (2026) 
ers in the retrieved posterior distribution. From these nested
ampling results, we found significant degeneracy between the
pacity and fractional scale height of the deep aerosol layer and
he opacity and n imag spectrum of the ∼2 bar aerosol layer –
his makes sense, as the tw o lay ers ov erlap. This is the ‘cross-
alk’ discussed in P. G. J. Irwin et al. ( 2023 ) that can sometimes
ause instability in optimal estimation retrievals. Also, the corre-
ation between the opacity and fractional scale height of the deep
erosol layer was strong ( r ≈ −0 . 95 ) so w e pot entially could have
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Figure 14. Comparison of log (Z) values with latitude for our retrievals 
with and without H 2 S included. Clearly the presence of H 2 S is strongly 
fav oured, especially t owards the pole where the spectral signature is 
strongest. Our uncertainty on log (Z) is roughly 0.5 at all latitudes. 
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ombined them into a single paramet er t o reduce our parameter
ount by 1. How ev er, w e expect ed that there might be latitude
ands with better sensitivity to this layer, where the degener- 
cy could be broken, so we kept these parameters separate. This
urned out to be correct – close to the pole, these parameters
ecame much less degenerate. Another interesting degeneracy in 
ur results is between the values of the n mag spectra of the strato-
pheric haze. These are all highly correlated with each other. 
t appears that we are able to strongly constrain the shape of 
his n imag spectrum, but not its magnitude; i.e., we can tightly
onstr ain the r atio of any two n imag v alues but not the values
hemselves. 
For our nested sampling retrievals on each latitude band, we 
xed the two n imag spectra to the retrieved n imag spectra from the
isc-av eraged analysis, but w e still allow ed them t o vary with a
ingle multiplicative scaling factor on each of them – a ‘dark- 
ning’ parameter. In the disc-aver aged retriev al, we found that
he posterior distribution for the base pr essur e of the e xtended
erosol layer was poorly constrained, but with a median value of 
0.2 bar . W e fixed this paramet er t o this value. These changes
rought our number of parameters down from 15 to 8. We found
hat this reduction was enough for our retrievals on latitude 
ands to run in a reasonable amount of time while still allowing
he model to r epr oduce the data adequately. These retrievals typ-
cally took 100-200 thousand likelihood evaluations to converge 
roughly 600 CPU hours on average). 
In a similar way to our band-depth analysis, we tried running
ur latitude band retrievals only on the region of the spectrum
ontaining the H 2 S signature (1.58–1.60 µm) for the sake of com-
utation speed. How ev er, r etrievals on this small r egion of the
pectrum alone are insufficient to constrain the cloud structure 
t lower pr essur es, and thus r esult in less constraint on the H 2 S
bundance. The median H 2 S scaling factor with latitude showed 
n increase at the southern mid-latitudes, but our uncertainties 
ere high enough that we were unable to confidently conclude 
nything . In fact, r etrieved r esults on this small r egion of the
pectrum are consistent with both a decrease in H 2 S abundance 
rom the pole to the equator or from the equator to the pole
within a 95 per cent confidence interval). Unlike our simple 
and-depth model, which assumed a single reflecting aerosol 
ayer, our mor e r ealistic aer osol model has many mor e degr ees of 
reedom, and this narrow wavelength range does not provide suf- 
cient constraint to break the degeneracies between the multiple 
erosol parameters and the H 2 S scaling factor. To remedy this, we
idened our wavelength range to 1.50–1.62 µm. This worsened 
ur averag e g oodness of fit, but gav e us sensitivity t o a great er
ange of pr essur es (Fig . 4 ), so w e w ere able t o more tightly con-
train all our parameters, including the H 2 S abundance scaling 
actor. 
We achieved a χ2 

ν value of less than 1.5 across the entire latitude
ange, with smaller residuals closer to the centre of our field
f view ( ∼ 30 ◦ S). This is likely because latitude bands closer
o this central point have more pixels and a larger zenith angle
ov erage, so w e are able t o det ermine the Minnaert parameters
ore accurately. 

.2.4 Further testing 

e also performed retrievals on each latitude band without H 2 S
n our model. We find very large Bayes factors ( log (K) > 50 for all
atitudes) between the models with and without H 2 S, which gives
trong evidence for the presence of H 2 S above the deep cloud
Fig. 14 ). 
We also t est ed whether the presence of NH 3 w ould affect our

 etrievals. The pr esence of both H 2 S and NH 3 above the NH 4 SH
loud at ∼40 bar would be surprising – any detectable NH 3 sig-
ature would cast doubt on our modelling. Similar to P. G. Irwin
t al. ( 2019 ), we find no evidence of NH 3 . To make a detectable
ifference to the spectra, we need an e xtr emely high supersatu-
ation factor ( ∼1000), and even with this the presence of NH 3 
ncreases the magnitude of the residuals rather than decreasing 
hem. 
In our retrievals, we have (fairly arbitrarily) set the relative 
umidity of CH 4 above the condensation level to be 50 per cent.
ecause we know that the retrieved H 2 S scaling factor is very
egenerate with the amount of CH 4 , we might expect that not
ccounting for any CH 4 humidity variations could result in a 
isinterpretation of the data. However, in the wavelength regions 
her e the H 2 S signatur e is det ectable, w e are sounding quit e deep
n the atmosphere ( ∼3–5 bar). This means that the majority of the
H 4 absorption we see at these wavelengths is from below the
ondensation level where the abundance is highest. The result of 
his is that our retrieved H 2 S abundance is strongly degenerate
ith the deep CH 4 abundance but is fairly independent of CH 4 
ariations higher up. This is confirmed by the r esults of r etrievals
ith the CH 4 relative humidity set at 10 per cent and 100 per cent,
hich have a difference of less than 1 per cent in the retrieved H 2 S
caling factor. 

 RESULTS  AND  DISCUSSION  

n example corner plot (for the 30 ◦S–20 ◦S latitude band) is
hown in Fig. 15 . The results of our retrievals on each latitude
and are shown in Fig. 16 . The H 2 S scaling factor shows a clear
ncr ease away fr om the south pole. Ther e is a small local maxi-
um at around 50 ◦S (coinciding with a region where the zonal
ind speed is zero (S. S. Limaye & L. A. Sromovsky 1991 )), with
he main maximum at 20 ◦S. The H 2 S abundance then decreases
t 10 ◦S before increasing again up to the equator. Moving north-
ar ds fr om the equat or, the scaling fact or decr eases ag ain. The
esults north of 10 ◦N are quite dissimilar to the rest (e.g. the ∼2
ar aerosol darkening parameter is much higher). This is a region
ith quite poor zenith angle coverage and sev eral discret e clouds,
hich may not have been perfectly masked out. 
Similarly to our earlier band-depth analysis, we find that the 
eep H 2 S ice cloud top is much deeper at the pole than at the
MNRAS 548, 1–17 (2026) 
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Figure 15. Example corner plot for one of our nested sampling retrievals with our reduced set of parameters, at 25 ◦S. Again, A1 refers to the deep aerosol 
layer, A2 to the ∼2 bar layer, and A3 to the stratospheric haze. There is clear degeneracy between some of the parameters. For instance, the opacity and 
fractional scale height of the deep aerosol layer are anticorrelated. This makes sense – an increase of opacity will push the cloud top higher, so this must 
be accompanied by a decrease in scale height in order to have the correct cloud-top pr essur e and thus keep the spectrum looking roughly the same. 
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quator. A deeper cloud top means an increased column abun-
ance of H 2 S above the cloud – this gives us a stronger H 2 S
ignature at polar regions, as shown in P. G. Irwin et al. ( 2019 ),
espit e a low er H 2 S VMR there. The detectability of the polar H 2 S
ignature is also increased by the fact that there is a lower CH 4 
bundance and thus less CH 4 opacity. Fig. 17 shows our horizon-
al/vertical H 2 S profile and the variation of cloud top height. We
ote that the results from this more physically accurate analysis
eem less e xtr eme than what was derived using the band-depth
ethod. Our cloud-top pr essur es range from ∼3–4 bar instead of 
2–4, and our maximum H 2 S scaling factor south of the equator
s ∼ 4 inst ead of ∼ 8 . How ev er, the general shape of the H 2 S
caling factor profile with latitude is similar to the band-depth
esult, showing that this simplified analysis is still of value. 
The deeper cloud top and decreased deep H 2 S abundance at

he pole could be explained by downw elling here, consist ent with
NRAS 548, 1–17 (2026) 
bservations of the warm polar v ort ex in the mid-infrared (L. N.
letcher et al. 2014 ; M. T. Roman et al. 2022 ). Similar to CH 4 ,
 2 S-rich gas that upwells near the equator would move pole-
ards and dry out, before descending at the pole – resulting in a
ower abundance. The fact that the gas is depleted of H 2 S means
hat the cloud will have a lower opacity above the condensation
evel, so the cloud top will be deeper (assuming the condensation
evel is not significantly higher due to warmer temperatures). The
erosols will also be transported downwards at a fast er rat e than
hose at equatorial latitudes due to the descending air. 
We also performed retrievals with the CH 4 abundance pre-
cribed to the latitudinal variation that was the best fit to the mi-
row ave observ ations in J. Tollefson et al. ( 2019 ). This latitudinal
rofile includes much less CH 4 than the results of P. G. J. Irwin
t al. ( 2023 ), with a VMR of only 0.0055 at the pole (compared
o ∼0.03 in the previous analysis). However, our model is still
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Figure 16. R etrieved v ariation of our 8 par ameters with latitude, along with the χ2 
ν values of the post erior samples, t o demonstrat e the magnitude of 

the residuals as a diagnostic of the fit quality. There is a clear increase in H 2 S abundance from the south pole towards the mid-latitudes and a local peak 
at the equator. 1-sigma (i.e. 68 per cent) and 2-sigma (95 per cent) confidence intervals are also plotted. 

Figure 17. Diagram showing the H 2 S VMR at varying pr essur es and latitudes. The white contour shows where the total aerosol opacity int egrat ed 
downwar ds fr om the top of the atmospher e is equal to 1 (i.e. a measur e of the cloud t op). At ev ery pr essur e level, ther e is mor e H 2 S near the equator 
than near the pole as there is a higher deep abundance. How ev er, the cloud top is deeper at the pole, so light from the Sun incident on the pole passes 
thr ough mor e H 2 S befor e being r eflect ed back int o space, giving a str onger spectral signatur e her e. 
The warm polar v ort ex is shown, as are the locations of the prograde and r etr ograde zonal jets, along with the locations of pot ential upw elling and 
downwelling. 
MNRAS 548, 1–17 (2026) 
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Figure 18. Retrieved variation of our H 2 S profile scaling factor (second panel), cloud-top pr essur e (thir d panel), and Bayesian evidence (fourth panel) 
with latitude when using different latitudinal CH 4 profiles (first panel). 
NRAS 548, 1–17 (2026) 
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Figure 19. Reflectivity variation with latitude at 831nm from 

VLT/MUSE compared to our data at 1.58 µm where we are sounding 
deep in the atmospher e. Ther e is clearly the same general trend, and the 
local peaks appear to mostly line up. 
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ble to achieve good fits. We find a somewhat similar variation
f H 2 S between the south pole and 20 ◦S as with the CH 4 profile
rom P. G. J. Irwin et al. ( 2023 ) (Fig. 18 ). How ev er, w e find a much
tronger depletion north of this. Also, the magnitude of the H 2 S
caling factor is much lower. This is because the CH 4 abundance 
s lower and, as discussed pr eviously, ther e is a strong degeneracy
etween the two parameters in this wavelength range. 
Additionally, we ran retrievals with the deep CH 4 VMR fixed to
.04 at all latitudes. With this CH 4 profile, we find a significantly
ifferent H 2 S variation with latitude, which decreases from the 
ole towards the equator. This is a reflection of the column abun-
ance of H 2 S above the cloud, and is more similar to the original
ariation suggested by P. G. Irwin et al. ( 2019 ). 
Fig. 18 shows the H 2 S variation for our differ ent pr escribed
H 4 latitudinal profiles. Clearly, it is not possible for us to de-
ermine the true abundance of H 2 S without being certain of the
rue abundance of CH 4 . The rough shape of the CH 4 latitudinal
rofile is generally agreed upon, with an increase from the pole to
he equator, so we can be confident in saying that the H 2 S profile
ollows a similar pattern, e x cept with a pr obable decr ease south
f the equator. 
The original H 2 S variation found by J. Tollefson et al. ( 2019 )

s shown in red in Fig. 18 , in the second panel. Clearly there
s a difference between the magnitude of these previous results 
nd our retrieved results when using their CH 4 abundances (or- 
nge). This is not unexpect ed, as w e are sounding much higher
n the atmosphere than this previous microwave analysis. There 
re also modelling differences; w e hav e assumed a constant tem-
eratur e pr ofile with latitude, wher eas temperatur es ar e fit to
he microwave observations. Despite their differences, the two 
rofiles do show a very similar shape, with peaks at 25 ◦S and
0 ◦N. This r einfor ces the argument for upwelling near 20 ◦S and
hows agreement between analyses of Neptune’s H 2 S distribution 
n the microwave and near infrared. J. Tollefson et al. ( 2019 ) also
xperimented with some different vertical profiles of H 2 S, but we 
re not sensitive enough to do this. 
In addition to being degenerate with the CH 4 abundance, the 
agnitude of our retrieved H 2 S abundance profile is also likely 
o be dependent on the assumed aerosol parametrization. There 
ill be many alt ernativ e aerosol parametrizations that could fit
ur data (e.g. a continuous profile of a single species of aerosol
s in P. G. Irwin et al. 2019 ), and these could affect the retrieved
 2 S scaling factor by altering the weighting functions. How- 
ver, the general retrieved shape of the H 2 S profile is primar-
ly driven by the relative variations in strength of the spectral
ignatures of CH 4 and H 2 S, which suggests that our qualitative
 esult of incr eased H 2 S towar ds the mid-latitudes is likely to be
elativ ely insensitiv e t o the choice of aerosol parametrization,
ven though the magnitude of the retrieved scaling factor may be
ffected. 
We can also compare the Bayesian evidence between the dif- 

erent latitudinal CH 4 profiles we tried (Fig. 18 ). There are some
ignificant differences, especially towards the pole, where the 
H 4 VMR from J. Tollefson et al. ( 2019 ) is very low. At the pole,
he Bayes factor between the models using the P. G. J. Irwin et al.
 2023 ) and J. Tollefson et al. ( 2019 ) profiles reaches log (K) ∼ 20 ,
hich is significantly in favour of the P. G. J. Irwin et al. ( 2023 )
alue. One possibility is that our data can actually give a con-
traint on the CH 4 distribution. How ev er, our base n imag spectra
 ere deriv ed by setting the deep CH 4 VMR t o 4 per cent , which is
ignificantly greater than the polar J. Tollefson et al. ( 2019 ) value
f 0 . 55 per cent . It is likely that there may be some degeneracy
etween the shape of the n imag spectra and the CH 4 abundance,
nd so prescribing both of these enforces a limit on how well our
odel can r epr esent the data. To completely understand this, a
or e thor ough analysis w ould inv olv e allowing the n imag spectra
nd the deep CH 4 VMR to freely vary during our latitudinal re-
rievals, but this is beyond both our computational limits and the
cope of this work. 
P. G. J. Irwin et al. ( 2023 ) found an interesting variation of 

eflectivity with latitude near 831 nm (where the CH 4 absorption 
s very weak) with bright zones separated by ∼25 ◦. These bright
ones were attributed to a brightening of the aerosol particles in
he deep aerosol layer at wavelengths greater than 650 nm. 
We find a somewhat similar variation in reflectivity with lati- 

ude in our observations at wav elengths of w eak CH 4 absorption
Fig. 19 ). How ev er, w e ar e not allowing the imaginary r efractive
ndex of the deep aerosol particles to vary, so how is our model ac-
ounting for this v ariation? Sever al of our par ameters (aerosol-2
pacity, aerosol-3 darkening, and perhaps the H 2 S scaling factor) 
ave local increases or decreases near the peaks of reflectivity; 
t seems as though our model is fitting to this variation in quite
 complex way. Most of the parameters are degenerate with the
rescribed CH 4 abundance, and we are only fitting over a small
 avelength r ange, so there may not be enough constraint to de-
ermine a single cause of the near-infrared reflectivity variation. 
To fully understand this, future observations which can con- 
train both the CH 4 and H 2 S abundances simultaneously are 
eeded. Our modelling has shown that at higher spectral reso- 
utions it is possible to independently extract CH 4 and H 2 S vari-
tions, so these observations would r equir e an instrument that
an achieve high signal-to-noise at a higher spectral resolution 
han SINFONI – for example, the James Webb Space Telescope’s 
IRSpec instrument with the G140H/F100LP grating/filter com- 
ination. 
Although we used nested sampling for the majority of our 
nalysis, we did perform identical comparative optimal estima- 
ion runs. We found that the two methods yielded mostly similar
esults in both the retrieved parameter values and the posterior 
ncertainties. We have many more wavelengths than varying 
ar ameters, and our par ameters are not particularly degenerate, 
hich makes it easier for gradient-based methods like optimal 
stimation to converge to the optimum. However, for parameters 
hat are poorly constrained or have non-Gaussian posterior distri- 
utions we find that the two methods do give different results. For
MNRAS 548, 1–17 (2026) 
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M

Figure 20. Comparison of nested sampling and optimal estimation results for the 70 ◦S–60 ◦S latitude band. Note that the parameters are in log-space. 
Gaussian posteriors are assumed for the optimal estimation results. Prior distributions are shown by the dashed grey line in the 1D plots, and have been 
scaled for clarity. The 1D plots are on a different scale to the 2D plots so that the width of the prior can be seen. For the purposes of this comparison, we 
used a log-Gaussian for the nested sampling H 2 S scaling factor prior distribution rather than a uniform distribution, to ensure the methods had identical 
starting conditions (as our optimal estimation code always assumes Gaussian priors). Clearly optimal estimation has converged to one of the two possible 
modes found by nested sampling. This leads to an underestimation of the uncertainty, although we note that the uncertainty on the H 2 S scaling factor 
is similar between the two methods, as it is similar across the two modes and has quite a Gaussian posterior distribution. 
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xample, near the pole, w e hav e less constraint on the darkening
arameter for the extended haze layer. In fact, we find that this
arameter is bimodal in some latitude bands. For the band cen-
red at 65 ◦S (Fig. 20 ) the darkening parameter can either be ∼10,
orresponding to n imag values of ∼0.1, or ∼0.2, which corresponds
o n imag values of ∼0.002. Most of the other parameters are not
trongly affected by this bimodality (in particular, it is reassuring
o see that the H 2 S scaling factor has a very similar distribution
or both modes) e x cept for the fractional scale height of the deep
erosol layer. The spectra for this latitude band are consistent
ither with dark haze particles and a more vertically extended
eep aerosol layer, or with scattering haze particles and a less ver-
ically extended deep aerosol layer. Of course, optimal estimation
annot show this bimodality and conv erges t o one of the modes.
NRAS 548, 1–17 (2026) 
y adjusting the initial parameter values, it is possible for optimal
stimation to converge to the other mode. Fig. 20 also shows
hat optimal estimation underestimates the posterior error on the
r essur e of the discrete aerosol layer, as its posterior distribution
rom nested sampling has a long tail. Clearly, in some cases, op-
imal estimation can give poor estimates of parameter error. This
s informative for future work – optimal estimation can provide
 apid par amet er det ermination and is w ell-suit ed t o explorat ory
nalyses when the posterior is well-behaved, but nested sampling
hould be pr eferr ed for both robust uncertainty estimation (par-
icularly when the posteriors are asymmetric or multimodal) and
or comparing different model parametrizations via the Bayesian
vidence. 
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 CONCLUSIONS  

e have used near-infrared observations from VLT/SINFONI in 
018 to search for H 2 S in Neptune’s atmosphere. We use a limb-
arkening appr o ximation t o av er age our observ ations into lati-
ude bands, and we use nested sampling to fit a parametrized 
erosol model (along with our H 2 S VMR scaling fact or) t o spectra
econstruct ed at tw o zenith angles for each latitude band. We also
rescribe a CH 4 variation with latitude from previous work (P. 
. J. Irwin et al. 2023 ). The presence of H 2 S significantly improves
ur fits at all latitudes (Fig. 14 ) and we are able to show its spectral
ignatur e (Fig . 8 ). We ar e also able to show that its abundance
aries with latitude. 
We can only constrain the H 2 S variation with latitude if we
an constrain the CH 4 variation. The general shape of the CH 4 
ariation is accepted, so we are able to constrain the general 
hape of the H 2 S variation; how ev er, w e are unable to confidently
onstrain the details of the shape or the magnitude of the H 2 S
bundance. Assuming a CH 4 abundance that incr eases fr om the
ole to the equator, the shape of the latitudinal variation of H 2 S
ith latitude is similar to that found in J. Tollefson et al. ( 2019 ),
ncreasing in abundance from the south pole to ∼20 ◦S. North of 
his the abundance of H 2 S decreases and then has a second peak
etween the equator and 20 ◦N. Earlier analysis of H -band Gem-
ni/NIFS observations (P. G. Irwin et al. 2019 ), which did not pre-
cribe a latitudinally variable CH 4 abundance, found a stronger 
ignature of H 2 S near the south pole which was int erpret ed as
eing caused by higher H 2 S abundance there. This new analysis
f the same wavelength region with VLT/SINF ONI observ ations 
nds the same variation in the strength of the H 2 S signature.
ow ev er, a latitudinally variable CH 4 abundance is included in
his new analysis, and we find that the incr eased H 2 S signatur e
ear the pole is more consistent with a lower H 2 S abundance and
 deeper cloud-top pr essur e of the H 2 S/haze cloud. Our retrieved
 2 S latitudinal abundance is more consistent with the variation 
oncluded from microw ave observ ations (J. Tollefson et al. 2019 ),
hich thus accounts for the previous discrepancy between near- 
nfrar ed and micr owav e det erminations of the H 2 S latitudinal
bundance. The latitudinal variation of the pr essur e of the top
f the deep H 2 S ice cloud, combined with the H 2 S variation, is
onsist ent with downw elling at the pole and upw elling at ∼20 ◦S
suggesting, in agreement with J. Tollefson et al. ( 2019 ), that this
ir culation pattern e xtends fr om the CH 4 condensation level to
 ∼5 bar. 
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