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Key Points:

• Minnaert limb-darkening analysis improves modelling of Neptune’s reflectivity spec-

trum in visible/near-IR.

• General cloud distribution can be modelled with zonally-symmetric H2S cloud and

stratospheric haze.

• Mole fraction of methane at 2–4 bar (above H2S cloud) found to decrease from 4–6%

at the equator to 2–4% at the south pole.

• Discrete cloud features can be fitted with an additional methane ice cloud at pressures

less than ∼ 0.4 bar.
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Abstract

We present a reanalysis of visible/near-infrared (480 – 930 nm) observations of Neptune,

made in 2018 with the Multi Unit Spectroscopic Explorer (MUSE) instrument at the Very

Large Telescope (VLT) in Narrow Field Adaptive Optics mode, reported by Irwin et al.,

Icarus, 311, 2019. We find that the inferred variation of methane abundance with latitude

in our previous analysis, which was based on central meridian observations only, underes-

timated the retrieval errors when compared with a more complete assessment of Neptune’s

limb darkening. In addition, our previous analysis introduced spurious latitudinal variability

of both the abundance and its uncertainty, which we reassess here. Our reanalysis of these

data incorporates the effects of limb-darkening based upon the Minnaert approximation

model, which provides a much stronger constraint on the cloud structure and methane mole

fraction, makes better use of the available data and is also more computationally efficient.

We find that away from discrete cloud features, the observed reflectivity spectrum from 800 –

900 nm is very well approximated by a background cloud model that is latitudinally varying,

but zonally symmetric, consisting of a H2S cloud layer, based at 3.6 – 4.7 bar with variable

opacity and scale height, and a stratospheric haze. The background cloud model matches

the observed limb darkening seen at all wavelengths and latitudes and we find that the mole

fraction of methane at 2–4 bar, above the H2S cloud, but below the methane condensation

level, varies from 4–6% at the equator to 2–4% at south polar latitudes, consistent with

previous analyses, with a equator/pole ratio of 1.9 ± 0.2 for our assumed cloud/methane

vertical distribution model. The spectra of discrete cloudy regions are fitted, to a very good

approximation, by the addition of a single vertically thin methane ice cloud with opacity

ranging from 0 – 0.75 and pressure less than ∼ 0.4 bar.

1 Introduction

The visible and near-infrared spectrum of Neptune is formed by the reflection of sun-

light from the atmosphere, modulated primarily by the absorption of gaseous methane, but

also to a lesser extent H2S (Irwin et al., 2018). Measured spectra can thus be inverted to

determine the cloud structure as a function of location and altitude, providing we know

the vertical and latitudinal distribution of methane. Although for some years the vertical

profiles of methane determined from Voyager 2 radio-occultation observations were used at

all latitudes, HST/STIS observations of Uranus recorded in 2002 (Karkoschka & Tomasko,

2009) and similar observations of Neptune recorded in 2003 (Karkoschka & Tomasko, 2011)
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both showed that the tropospheric cloud-top (i.e., above the H2S cloud) methane mole frac-

tion varies significantly with latitude on both planets, later confirmed for Uranus by several

follow-up studies (Sromovsky et al., 2011, 2014, 2019). These HST/STIS observations used

the collision-induced absorption (CIA) bands of H2–H2 and H2–He near 825 nm, which allow

variations of CH4 mole fraction to be differentiated from cloud-top pressure variations of

the H2S cloud. Karkoschka and Tomasko (2009, 2011) found that the methane mole frac-

tion above the main observable H2S cloud tops at 2–4 bar varies from ∼ 4% at equatorial

latitudes to ∼ 2% polewards of ∼ 40◦ N,S for both planets.

More recently, an analysis of VLT/MUSE Narrow-Field Mode (NFM) observations (770

– 930 nm) along Neptune’s central meridian (Irwin et al., 2019) found a similar latitudinal

variation of cloud-top methane mole fraction, with values of 4–5% reported at equatorial

latitudes, reducing to 3–4% at polar latitudes, but with considerable pixel-to-pixel variation

that was not understood at the time. In this study we reanalyse these data using a new

limb-darkening approximation model, which makes much better use of all the data from a

given latitude, observed at many different zenith angles, and which we find considerably

improves our methane mole fraction determinations. We also find that having constrained

the smooth latitudinal variation of opacity of the tropospheric cloud and stratospheric haze,

we are able to efficiently retrieve the additional opacity of discrete upper tropospheric (0.1

- 0.5 bar) methane clouds seen in our observations.

2 MUSE Observations

As reported by Irwin et al. (2019), commissioning-mode observations of Neptune were

made on 19th June 2018 with the Multi Unit Spectroscopic Explorer (MUSE) instrument

(Bacon et al., 2010) at ESO’s Very Large Telescope (VLT) in Chile, in Narrow-Field Mode

(NFM). MUSE is an integral-field spectrograph, which records 300 × 300 pixel ‘cubes’,

where each ‘spaxel’ contains a complete visible/near-infrared spectrum (480 – 930 nm) with

a spectral resolving power of 2000 – 4000. MUSE’s Narrow-Field Mode has a field of view

of 7.5” × 7.5”, giving a spaxel size of 0.025”, and uses Adaptive Optics to achieve a spatial

resolution less than 0.1”. These commissioning observations are summarised in Table 1 of

Irwin et al. (2019). The spatial resolution was estimated to have a full-width-half-maximum

of 0.06” at 800 nm. The observed spectra were smoothed to the resolution of the IRTF/SpeX

instrument, which has a triangular instrument function with FWHM = 2 nm, sampled at

1 nm, in order to increase the signal-to-noise ratio without losing the essential shape of the
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observed spectra. This resolution was also more consistent with the spectral resolution of

the methane gaseous absorption data used, which are described in section 3.2.

In our previous analysis of these data (Irwin et al., 2019), spectra recorded from single

pixels along the central meridian of one of the longer integration time observations (120s)

were fitted with our NEMESIS retrieval model (Irwin et al., 2008) to determine latitudi-

nal variations of methane and cloud structure. The cloud-top (i.e., immediately above the

H2S cloud) methane mole fractions were found to be consistent with HST/STIS observa-

tions (Karkoschka & Tomasko, 2011), but were not very well constrained with significant

latitudinal variation that we attributed at the time to the random noise from single-pixel

retrievals. However, they also did not make full use of the limb-darkening behaviour visible

in these IFU observations, although we verified that our cloud parameterization reproduced

the observed limb-darkening well at 5 – 10◦S.

Since making our initial report on the MUSE-NFM Neptune observations, an analysis

of HST/WFC3 observations for Jupiter has been conducted by Pérez-Hoyos et al. (2020),

which makes much better use of the limb-darkening information content of multi-spectral

observations using a Minnaert limb darkening approximation scheme. We have adapted

this technique for use with our Neptune MUSE-NFM observations and find that it greatly

improves the quality of our fits and our estimates of the latitudinal variation of cloud-

top methane mole fraction at 2–4 bar in Neptune’s atmosphere. This reanalysis has also

highlighted an erroneous retrieval artefact in our previous work (Irwin et al., 2019) at some

locations, which can now be explained.

3 Reanalysis

3.1 Minnaert Limb-darkening analysis

The dependence of the observed reflectivity from a location on a planet on the incidence

and emission angles can be well approximated using an empirical law first introduced by

Minnaert (1941). For an observation at a particular wavelength, the observed reflectivity1

I/F can be approximated as:

1 I/F is πR/F , where R is the reflected radiance (W cm−2 sr−1 µm−1) and F is the incident solar

irradiance at the planet (W cm−2 µm−1).
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and we can see that it is possible to fit the Minnaert parameters (I/F )0 and k if we

perform a least-squares fit on a set of measurements of ln(µI/F ) as a function of ln(µµ0).

We analysed the same ‘cube’ of Neptune as was studied by Irwin et al. (2019), namely

Observation ‘3’, recorded by VLT/MUSE at 09:43:21(UT) on 19th June 2018. We anal-

ysed the spectra in this cube in the wavelength range 800 – 900 nm and Fig. 1 shows the

observed appearance of the planet at 830 and 840 nm, which are wavelengths of weak and

strong methane absorption, respectively. The limb-darkening behaviour of the observed

spectra were analysed in latitude bands of width 10◦, spaced every 5◦ to achieve Nyquist

sampling. For each latitude band, the observed reflectivities were used to construct plots of

ln(µI/F ) against ln(µµ0) and straight lines fitted to deduce (I/F )0 and k for each wave-

length. Locations on the disc where there were bright clouds were masked out (Fig. 2) and

examples of the fits at 830 and 840 nm for latitude bands centred on the equator and 60◦S

are shown in Fig. 3. Here it can be seen that the Minnaert empirical law provides a very

accurate approximation of the observed dependence of reflectivity with viewing zenith an-

gles. Although all the measurements are plotted, only those measurements with µµ0 ≥ 0.09

(i.e., µ, µ0 >∼ 0.3) were used to fit (I/F )0 and k to make sure that the fitting procedure

was not overly affected by points measured near the disc edge and thus potentially more

‘diluted’ with space. Also plotted in Fig. 3 are the reflectivities calculated with our radiative

transfer and retrieval model from our best-fit retrieved cloud and methane mole fractions

at these latitudes, reported in section 3.3. It can be seen that there is very good agreement

between the reflectivities calculated with our multiple-scattering matrix operator model and

the Minnaert limb-darkening approximation to the observations for zenith angles less than

∼ 70◦.
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Figure 1. Appearance of Neptune on June 19th 2018 at 09:43:21UT (Observation ‘3’ of Irwin

et al. (2019)) at 830 nm (top row) and 840 nm (bottom row). The left-hand column shows the

observed images and the middle column shows the images reconstructed following a Minnaert limb-

darkening analysis. Here, for each location with latitude φ and cos(zenith) angles µ0 and µ the

reflectivity was calculated as I/F = R(φ)µ
k(φ)
0 µk(φ)−1 where R(φ) and k(φ) are the interpolated

values of Minnaert parameters (I/F )0 and k at that latitude. The right-hand column shows the

difference (reconstructed - observed). The equator and 60◦S latitude circles are indicated by the

red-dashed and blue-dashed lines, respectively. The dark spot seen at continuum wavelengths near

the equator is an artefact of the reduction pipeline of unknown origin. We found it to have negligible

effect on our analysis.
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Figure 2. Appearance of Neptune on June 19th 2008 at 09:43:21UT (Observation ‘3’ of Irwin

et al. (2019)) at 840 nm, showing regions masked to fit the Minnaert curves (top) and the areas

selected for later additional discrete cloud fitting (bottom).

–7–



manuscript submitted to Icarus

Extending this analysis to all wavelengths under consideration, Fig. 4 shows a contour

plot of the fitted values of (I/F )0 and k for all wavelengths and latitude bands. It can be

seen that at wavelengths near 830 nm, the fitted k values are greater than 0.5, indicating

limb darkening, while at longer wavelengths, values of k less than 0.5 are fitted, indicating

limb brightening. It can also just be seen in Fig. 4 that the width of the reflectance peak

of (I/F )0 is noticeably wider at latitudes southwards of 20 – 40◦S, a trend that is also just

discernible in the fitted k values near the reflectance peak.

Having fitted values of (I/F )0 and k for all wavelengths and latitude bands, it is then

possible to reconstruct the apparent image of the planet at any observation geometry. Using

the measured observation values of µ and µ0 we reconstructed the images of Neptune at

830 and 840 nm, where for each location with latitude φ and cos(zenith) angles µ0 and µ

the reflectivity is calculated as I/F = R(φ)µ
k(φ)
0 µk(φ)−1, where R(φ) and k(φ) are the in-

terpolated values of Minnaert parameters (I/F )0 and k at that latitude. We compare these

reconstructed images with the observed images in Fig. 1, which also shows the differences

between the observed and reconstructed images. As can be seen the observed general de-

pendence of reflectivity with latitude and position on disc is well reproduced compared with

the original MUSE observations and the differences are very small, except at: 1) locations

of known artefacts in the reduced data; 2) locations of the small discrete clouds, which were

masked out when fitting the zonally-averaged Minnaert limb-darkening curves; and 3) off-

disc, where the observed images are not corrected for the instrument point-spread function

(PSF). We will return to these discrete clouds in section 3.5.

3.2 Retrieval model

Having applied the Minnaert model to the observations we then used the fitted (I/F )0

and k parameters to reconstruct synthetic spectra of Neptune for all visible latitude bands

and fitted these as synthetic ‘observations’ using our radiative transfer and retrieval model,

NEMESIS (Irwin et al., 2008). There are two main advantages in doing this: 1) the spectra

reconstructed using the fitted Minnaert parameters have smaller random error values as

they have been reconstructed from values fitted to a combination of all the points in a

latitude band; and 2) we can reconstruct the apparent spectrum of Neptune at any set of

angles that is convenient for modelling, which can greatly reduce computation time. In our

previous approach (Irwin et al., 2019), where we did not assume to know the zenith-angle

dependence, we tried to fit simultaneously to the observations at several different zenith
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Figure 3. Minnaert analysis of observed limb-darkening curves at 830 nm (top row) and 840 nm

(bottom row). The left-hand column shows all observations, while the right-hand column is limited

to points with µµ0 > 0.1. The red points are the measurements at the equator, while those coloured

blue are at 60◦S. The red and blue solid lines are the lines fitted with the Minnaert analysis for points

with µµ0 ≥ 0.09. The vertical blue dotted lines indicate the values of µµ0 corresponding to our

5-point quadrature ordinates (with the vertical blue dashed line indicating the smallest value of µµ0

used in our retrieval analysis). The blue diamonds and red squares are simulated reflectivities from

our best-fit cloud structure and methane mole fractions at these latitudes, reported in section 3.3,

showing excellent consistency between the Minnaert approximation and the reflectivities simulated

with our matrix operator multiple-scattering model for µµ0 > 0.1.
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Figure 4. Minnaert analysis of observed limb-darkening curves from 800 to 900 nm and at all

latitudes visible on Neptune’s disc. The left-hand column shows the fitted values of (I/F )0 and k

at the equator (red) and 60◦S (blue), while the right-hand column shows a contour plot of these

fitted parameters at all latitudes. The horizontal lines in the left hand column indicates the value of

the white colour in the contour plots in the right hand column, and for the k contour plot indicates

the transition from limb darkening (k > 0.5) to limb-brightening (k < 0.5). The horizontal lines in

the right hand column indicate the equator (red) and 60◦S (blue), respectively.
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angles near the equator. For modelling near-infrared reflectivity observations, NEMESIS

employs a plane-parallel matrix operator multiple-scattering model (Plass et al., 1973). In

this model, integration over zenith angle is done with a Gauss-Lobatto quadrature scheme,

while the azimuth integration is done with Fourier decomposition. For most calculations,

not too near to the disc edge, we have found that five zenith angles are usually sufficient

and the reflectivity at a particular zenith angle is linearly interpolated between calculations

done at the two closest zenith angles. Although this provides a general purpose functionality,

this approach has some drawbacks: 1) it requires two sets of calculations at two different

solar zenith angles for each location; 2) the linear interpolation can lead to interpolation

errors at larger zenith angles; and 3) for points near the disc edge, the number of Fourier

components needed to fully resolve the azimuth dependence increases, which can greatly

increase computation time. By reconstructing spectra using the fitted Minnaert (I/F )0 and

k parameters we can simulate spectra measured as if they exactly coincided with the angles

in our quadrature scheme, thus avoiding interpolation error. In addition, if we assume the

Minnaert approximation to be true, which has a linear dependence in logarithmic space, we

only need to fit spectra calculated at two different angles, not several, and can test how well

the linear approximation applies in post-processing. Hence, in the retrievals presented here

we reconstructed two spectra for each latitude band with viewing zenith angle θV , solar

zenith angle θS and azimuth angle φ values of (0◦, 0◦, 180◦) and (61.45◦, 61.45◦, 180◦),

respectively. Here, φ = 180◦ indicates back-scattering, while θ = 61.45◦ is the second zenith

angle in our five-point Gauss-Lobatto scheme, summarised in Table 1, and θ = 0◦ is the fifth.

This second zenith angle is sufficiently high to probe limb-darkening or limb-brightening,

but is not too high that we need an excessive number of Fourier components in the azimuth

angle decomposition to properly model it, which would make the computation excessively

slow. For each latitude band the two synthetic observations at 0◦ and 61.45◦ zenith angle

were then fitted simultaneously to determine the vertical cloud structure and tropospheric

methane mole fraction.

Errors in the fitted (I/F )0 and k parameters were propagated into the errors on these

reconstructed spectra at 0◦ and 61.45◦ zenith angle as normal, and were seen to increase

towards the poles where the curves were less well sampled. However, even then, because the

synthetic spectra are derived from linear fits to a large number of data points the random

error is very small and we found that we were unable to fit the synthetic observations to

within these error. We attribute this to ‘forward-modelling’ systematic errors due to defi-
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Table 1. Five-point Gauss-Lobatto Quadrature Scheme used in this study

Index µ θ (◦) Weight

1 0.1652790 80.4866 0.3275398

2 0.4779249 61.4500 0.2920427

3 0.7387739 42.3729 0.2248893

4 0.9195339 23.1420 0.1333060

5 1.0000000 0.00000 0.0222222

ciencies in the methane absorption coefficients of Karkoschka and Tomasko (2011) and also

in our chosen cloud and methane parameterization schemes, described below. In order to

achieve final χ2/n fits of ∼ 1 at all latitudes in our retrievals (necessary to derive repre-

sentative error values on the retrieved parameters) we found it necessary to multiply these

errors by a factor of ∼ 15. Although this may appear to be an alarmingly high factor, we

will see later in Fig. 11 that this leads to error bars on the synthetic I/F reflectivity spectra

of only 0.5 – 1.0 %, which is perfectly reasonable given the likely accuracy of the absorption

coefficients used and also the simplicity of our retrieval scheme. We also decided that this

approach was more appropriate than our usual procedure of simply adding a forward mod-

elling error (which here would have been 0.5 – 1.0% at all wavelengths and locations) since

this would miss the fact that the Minnaert-fitting errors are dependent on both wavelength

and latitude.

As with our previous analysis (Irwin et al., 2019), we modelled the atmosphere of

Neptune using 39 layers spaced equally in log pressure between ∼ 10 and 0.001 bar. We

ran NEMESIS in correlated-k mode and for methane absorption used a methane k-table

generated from the band model of Karkoschka and Tomasko (2010). The collision-induced

absorption of H2-H2 and H2-He near 825 nm was modelled with the coefficients of Borysow

et al. (1989); Borysow and Frommhold (1989); Borysow et al. (2000), assuming a thermally-

equilibriated ortho:para hydrogen ratio. Rayleigh scattering was included as described in

Irwin et al. (2019) and the effects of polarization and Raman scattering were again justifiably

neglected at these wavelengths. We used the solar spectrum of Chance and Kurucz (2010),

smoothed with a triangular line shape of FWHM = 2 nm and took Neptune’s distance
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from the Sun on the date of observation to be 29.94 AU. The reference temperature and

mole fraction profile is the same as that used by Irwin et al. (2019) and is based on the ‘N’

profile determined by Voyager-2 radio-occultation measurements (Lindal, 1992), with He:H2

= 0.177 (15:85), including 0.3% mole fraction of N2.

For the methane profile, we adopted a simple model with a variable deep mole fraction,

limited to 100% relative humidity above the condensation level and further limited to a

maximum stratospheric mole fraction of 1.5 × 10−3 (Lellouch et al., 2010) as shown in

Fig. 5. Several authors (Karkoschka & Tomasko, 2011; Sromovsky et al., 2019, e.g.,) have

pointed out that such a simple “step” model is not physically well based for either Neptune

or Uranus when extended to great depths and in particular Tollefson et al. (2019) notes that

such strong deep methane latitudinal gradients would induce humidity winds (additional to

the thermal wind equation), which are not seen. Instead, Sromovsky et al. (2019) favours a

“descended profile” model, where downwards motion suppresses the methane mole fraction

in the 2–4 bar region, but which then recovers to a uniform deep mole fraction at depth.

This profile is compared with our “step” model in Fig. 5. Although this profile is smoother

and may be more physically plausible than the “step” model, we do not have the vertical

resolution in the MUSE data to be able to discriminate between the two and we also cannot

see clearly through the H2S cloud to deeper pressures. This can be seen in Fig. 5, where we

have also plotted the two-way vertical transmission to space through the cloud only, which

shows the fitted cloud to be nearly opaque. In addition, we have also plotted in Fig. 5 the

functional derivatives with respect to methane abundance, i.e., the rate of change of the

calculated radiance spectrum with respect to the methane abundance at each level if we

were to assume a continuous profile. Here we can see that we are only significantly sensitive

to the methane abundance in the 1–4 bar region. In fact, we see that with the MUSE data

we are only really sensitive to the column abundance of methane above the H2S cloud and

this column abundance will depend on the vertical distribution of both the methane mole

fraction and the cloud; since we do not have precise constraints on either we thus have a

degeneracy. Hence, in this study we decided used the simpler “step” model for methane,

which has the added advantage of returning a mean value for the methane mole fraction

in the 2–4 bar region, which is easy to understand, interpret and compare with previous

studies. It is worth noting that Tollefson et al. (2019), who were able to probe to slightly

deeper pressures than we were, also adopted a simple “step” model of methane.
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Figure 5. Left hand panel: Methane profiles considered in this analysis. Our simple “step” model

is shown for two different values of the ‘deep’ methane mole fraction (3% and 5%, respectively) and

compared with the “descended” methane profile of Sromovsky et al. (2019) for a deep mole fraction

of 5%, a deep pressure of Pd = 5 bar and scaling coefficient, vx = 3.0 (see Eq. 3 of Sromovsky

et al. (2019) for details). The shaded region is the cloud opacity/bar of our nominal equatorial

cloud distribution model, which has a base pressure of 4.66 bar. Note that both models have been

limited to 100% relative humidity at all pressures and the stratospheric mole fraction is limited to

not exceed 1.5 × 10−3. Also plotted for reference is the two-way transmission from space to each

level through the main cloud only, showing the cloud to be mostly opaque. The haze distribution

has been omitted from this figure for clarity. Right-hand panel: sensitivity of calculated radiances

on the abundance of methane at each pressure level, showing that our main sensitivity is from 1–4

bar.
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For clouds/hazes we again adopted the parameterized model used by Irwin et al. (2016)

to model VLT/SINFONI and Gemini/NIFS H-band observations of Neptune, which was

found to provide good limb-darkening/limb-brightening behaviour. In this model particles

in the troposphere are modelled with a cloud near the H2S condensation level (and which is

thus presumed to be rich in H2S ice (Irwin et al., 2019)), with a variable base pressure (∼ 3.6

– 4.7 bar) and a scale height retrieved as as a fraction of the pressure scale height (called

the fractional scale height). Scattering from haze particles is modelled with a second layer

with base pressure fixed at 0.03 bar and fixed fractional scale height of 0.1. Although the

base pressure of the stratospheric haze may in reality vary with latitude, we found that the

precise pressure level did not significantly affect the calculated spectra at these wavelengths

(since the transmission to space is close to unity at the tropopause level from 800 to 900

nm) and so fixed it to a typically representative value stated. The scattering properties of

the cloud were calculated using Mie scattering and a retrievable imaginary refractive index

spectrum. For cases where we allow the imaginary refractive index to vary with wavelength

(as in our previous report) we use a Kramers-Kronig analysis to construct the real part of

the refractive index spectrum, assuming nreal = 1.4 at 800 nm. Here, however, for simplicity

we forced the imaginary refractive indices to be the same at all wavelengths across the 800 –

900 nm range considered, and hence the real refractive index was fixed to 1.4 over the whole

range also. The Mie-calculated phase functions were again approximated with combined

Henyey-Greenstein functions for computational simplicity and also to smooth over features

peculiar to spherical particles, such as the back-scattering ‘glory’.

3.3 Retrieval analysis

To ‘tune’ our retrieval model we first concentrated on the latitude bands at the equator

and 60◦S. We were aware from our previous study that there was likely to be a high degree

of degeneracy in our best-fit solutions with respect to assumed particle sizes and other

parameters in the 800 – 900 nm range. Hence, we first analysed these two latitude bands

for a grid of preset values of: 1) mean cloud particle radius; 2) variance of cloud radius

distribution; 3) cloud imaginary refractive index; 4) mean haze particle radius; 5) variance

of haze radius distribution; 6) haze imaginary refractive index; and 7) cloud base pressure,

described in Table 2. From Table 2 we can see that the number of grid values is 4×2×3×4×

2 × 3 × 3 = 1728 setups for each latitude band. For each setup we retrieved simultaneously

four variables from the synthetic spectra reconstructed at 0◦ and 61.45◦ emission angle:

–15–



manuscript submitted to Icarus

Table 2. Preset grid of cloud parameterization values used in test retrievals of cloud opacity,

cloud fractional scale height, stratospheric haze opacity and cloud-top methane mole fraction at

the equator and 60◦S

Parameter Number of values Values

Mean cloud radius 4 0.05, 0.1, 0.5, 1.0 µm

Cloud radius variance 2 0.05, 0.3

Cloud nimag 3 0.001, 0.01, 0.1

Mean haze radius 4 0.05, 0.1, 0.5, 1.0 µm

Haze radius variance 2 0.05, 0.3

Haze nimag 3 0.001, 0.01, 0.1

pbase 3 3.65, 4.15, 4.66 bar

1) cloud opacity; 2) cloud fractional scale height; 3) haze opacity; and 4) the cloud-top

methane mole fraction. As explained earlier, we assumed that the set imaginary refractive

indices applied at all wavelengths simultaneously. After fitting we plotted the χ2 of the fits

as a function of the grid parameters, together with the retrieved cloud-top methane mole

fraction, which we show in Fig. 6 for the equator and Fig. 7 for the 60◦S. Here we can

see that the goodness of fit depends little on the assumed deep pressure of the cloud, nor

on the variance of the size distribution of the cloud and haze particles. However, we can

see that there is a strong preference for solutions with a haze particle mean radius of 0.05

– 0.1 µm and high imaginary refractive index of 0.1. For the cloud, it can be seen that

the preference is for a low imaginary refractive index of 0.001. Retrievals where the cloud

imaginary refractive index was set to 0.1 had χ2 in excess of 1000 and so are not visible in

Figs. 6 and 7, but the constraint on the cloud mean radius is not strong with values of 0.05

– 0.1 µm slightly favoured over 1.0 µm. A cloud mean radius of 0.5 µm is least favoured.

In addition, we checked to see if the limb-darkening curves modelled with our radiative

transfer model at all zenith angles were consistent with the Minnaert law and found very

good correspondence for zenith angles less than ∼ 70◦ (noted in Fig. 3) for schemes using

both five and nine zenith angles, adding confidence to our approach.
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Figure 6. Variation of the goodness-of-fit of our retrievals (χ2) in the equatorial band (variable

cloud fractional scale height, stratospheric haze opacity and cloud-top methane mole fraction) as

a function of the fixed grid values of the other cloud and haze properties defined in Table. 2. The

first three panels of the top row show the χ2 values of all the fits for different fixed values of the

mean cloud particle radius, cloud particle imaginary refractive index, and variance of the cloud

particle radius distribution, while the first three panels of the bottom row show the χ2 values for

the corresponding haze particle properties. The top right panel shows the χ2 values for different set

values of the cloud base pressure, while the bottom right panel shows the fitted values of the cloud-

top methane mole fraction, with the cloud base pressure of each case colour-coded as indicated in

the panel above to show that there is no simple correlation between retrieved methane mole fraction

and set cloud base pressure. As we are fitting simultaneously to 2 × 101 = 202 points in total (i.e.,

two spectra at 0◦ and 61.45◦ zenith angle, respectively), χ2 = ∼ 200 indicates a good fit.
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Figure 7. As Fig. 6, but for the 60◦S latitude band.

Although there are a wide range of best-fit χ2 values it is apparent that the best fits

are achieved for a methane cloud-top mole fraction of ∼ 4–6% at the equator and ∼ 2–4

% at 60◦S. However, although we clearly retrieve lower methane mole fractions near the

south pole than at the equator it can be seen that there are a wide range of possible cloud

solutions that give equally good fits to the data, but rather different methane abundances.

Hence, although it would appear that the polar methane cloud-top mole fraction is ∼ 0.5

times that at the equator we can be less certain of the absolute cloud-top methane mole

fraction at the equator and pole.

Having surveyed the range of cloud properties that best match the observed limb dark-

ening at the equator and 60◦S, we then took one of the best-fit setup cases and applied this

to all latitudes. We chose to fix pbase = 4.66 bar, rcloud = 0.1 µm with 0.05 variance and

imaginary refractive index nimag = 0.001. For the haze we chose to fix rhaze = 0.1 µm with

0.3 variance and imaginary refractive index nimag = 0.1. We then fitted to the synthetic

spectra generated from our fitted Minnaert limb-darkening coefficients for all the latitude

bands sampled by the Neptune MUSE observations and fitted once more for 1) cloud opac-

ity; 2) cloud fractional scale height; 3) haze opacity; and 4) the cloud-top methane mole
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fraction. The resulting fitted methane cloud-top mole fractions as a function of latitude are

shown in Fig. 8, where we also show the methane mole fraction variation derived in our

previous analysis (Irwin et al., 2019) and that derived by Karkoschka and Tomasko (2011).

In Fig. 8 we can see that our derived latitudinal methane distribution for our default model

(indicated as Model 1) varies much more smoothly with latitude than our previous analy-

sis (Irwin et al., 2019) and has more smoothly-varying error bars. In addition, it can be

seen that our new retrieved methane variation more closely resembles that determined by

Karkoschka and Tomasko (2011). The greatest discrepancy occurs at 20 – 40◦S and we

found here that our fits had the highest χ2/n values. To introduce additional flexibility

into our model, we ran our retrievals a second time, but additionally allowed the model to

vary the imaginary refractive indices of the cloud and haze particles (Model 2), where the

imaginary refractive indices were still assumed to be wavelength invariant. It can be seen

that Model 2 retrieves lower methane mole fractions at 20 – 40◦S and even more closely

resembles the results of Karkoschka and Tomasko (2011).

Fig. 9 shows the latitudinal variation of the wavelength-invariant values of nimag re-

trieved by Model 2 for the cloud and haze, and also shows the retrieved 2-D (i.e., latitude

– altitude) cloud structure. We can see that nimag for the cloud is poorly constrained, but

that of the haze is well estimated and it would appear that to best match the observations

at 20 – 40◦S the haze particles are required to have slightly lower nimag values than those

found at other latitudes. This is easily understood looking at Fig. 1 where we can see

that this latitude has numerous bright, high, discrete clouds. Although we masked the ob-

servations to focus the retrievals on the background smooth latitudinal variation, to mask

completely the brighter clouds at these latitudes would have left us with no data to analyse

at all (Fig.2). Hence, we would expect Model 2, which allows the cloud/haze particle reflec-

tivity to vary, to better incorporate the additional reflectivity from these upper tropospheric

methane clouds and so fit the observations more accurately and also retrieve a more reliable

latitudinal variation in cloud-top methane mole fraction. Please note that the cloud opacity

plot in Fig. 9 shows opacity below the 4.66-bar cloud base pressure for two reasons: 1) we

assume the opacity to diminish with a scale height of 1 km below the condensation level

rather than cutting off sharply; and 2) we show here the opacity in the 39 model atmospheric

layers, which are split equally between ∼ 10 and 0.001 bar and so do not coincide exactly

with the base pressures of the cloud and haze.
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Figure 8. Fitted methane mole fractions as a function of latitude. The results from our previous

work (Irwin et al., 2019) are shown for reference and compared with our new model: 1) where

the imaginary refractive indices of the haze and cloud are fixed to 0.1 and 0.001, respectively;

and 2) where the imaginary refractive indices of the haze and cloud are allowed to vary (keeping

constant with wavelength). Also shown are the methane mole fractions estimated by Karkoschka

and Tomasko (2011), scaled to match our estimates, and recalculations with Model 2 where the

base cloud pressure has been reduced to 4.15 and 3.65 bar, respectively. The difference is not large

for pbase = 4.15 bar, but for pbase = 3.65 bar it can be seen that the methane retrieval becomes

unstable, for the reasons described in the text.
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Figure 9. Fitted latitudinal variation of cloud opacity/bar (at 800 nm) and imaginary refractive

indices of the cloud and haze particles. The top panel shows a contour plot of the fitted cloud

opacity/bar profiles (darker regions indicate greater cloud density), while the bottom panel shows

the latitudinal variation of the retrieved imaginary refractive indices of the cloud particles (red)

and haze particles (blue), together with error range (grey). For the imaginary refractive indices

it can be seen that this is poorly constrained for the cloud (large error bars) and we just need

the particles to be highly scattering. However, the imaginary refractive index of the haze is well

constrained, and shows these particles are more scattering at 20–40◦S. The red line in the top plot

indicates the cloud top pressure (i.e., level where overlying cloud opacity at 800 nm is unity). The

cloud contour map indicates the main cloud top to lie at similar pressure levels at all latitudes and

has a cloud-top pressure of ∼ 3–4 bar. We can also see a very slight increase in stratospheric haze

opacity at 20 – 40◦S, associated with the cloudy zone and then clearing slightly towards the north

and south.
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Figure 10. Fitted tropospheric cloud opacity (Cloud Opac.), tropospheric cloud fractional scale

height (Cloud FSH), stratospheric cloud opacity (Haze Opac.) and cloud-top methane mole fraction

(Methane VMR) projected on to the Neptune’s disc as seen by VLT/MUSE. Also plotted are the

opacity (Meth. Cloud Opac.) and mean pressure level (Meth. Cloud Press.) of additional methane

clouds used to fit the discrete cloud regions. The methane mole fraction plot clearly shows lower

values of methane polewards of 30 − 40◦S and an apparent possible local minimum at 60◦S.

In addition to providing a better constrained retrieval of cloud-top methane mole frac-

tion, showing its mole fraction to decrease from equator to south pole, our new retrieval

scheme appears to detect noticeably lower mole fractions of methane near 60◦S. This is more

easily seen in Fig. 10, which shows the spatial variation of tropospheric cloud opacity, tro-

pospheric cloud fractional scale height, stratospheric cloud opacity and cloud-top methane

mole fraction projected onto the disc of Neptune as seen by VLT/MUSE. It is difficult to

be certain if this is a real feature as we have much less geometrical coverage of the limb-

darkening curves as we approach the south pole. If it is a real feature then it is possible

it might perhaps be related to the South Polar Feature (SPF), e.g., Tollefson et al. (2019).

We will return to this question in the next section.

Finally, in Fig.11 we show the fitted spectra from Model 2 at 0◦ and 61.45◦ zenith angle,

compared with the synthetic ‘observed’ spectra at the equator and 60◦S. The error bars of

the synthetic observations are shown as the lighter colour-shaded regions and it is apparent
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Figure 11. Spectra fitted by NEMESIS to synthetic observations at 0◦ (red) and 61.45◦ (blue)

zenith angle generated from the Minnaert limb-darkening analysis at 60◦S and the equator. The

Minnaert-modelled synthetic observed spectra and error limits (as described in the text) are shown

as the light shaded regions, while the spectra fitted by our retrieval model are shown as the solid,

darker lines.

here why the errors in the synthetic observations had to be inflated to enable the retrieval

model to fit to an accuracy of χ2/n ∼ 1: even when inflated the reflectivity errors are still

small (∼ 0.5 %) compared with the likely accuracy of the gaseous absorption coefficients

used and the simplicity of our cloud parameterization scheme.

3.4 Comparison with previous retrievals

The difference between our new methane retrievals and our previous estimates (Irwin

et al., 2019) are for some locations greater than 3-σ, although it should be remembered that

these are random errors only, and do not account for systematic errors arising from differ-

ences in the assumed methane/cloud models. These differences mostly occur in the cloud

belt near 20 – 40◦, where we have unaccounted upper tropospheric methane ice clouds, but

we wondered whether there might be other effects that might explain the sharper latitudinal

changes in methane abundance and estimated errors of (Irwin et al., 2019). Our previous

retrievals assumed a base cloud pressure of pbase = 4.23 bar, rather than pbase = 4.66 bar as

we assumed here. Hence, we re-ran our retrievals using the two other base pressures listed

in Table 2 of 4.15 and 3.65 bar, respectively.
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The results for Model 2 (where we also fit for nimag of both cloud and haze) for all three

cloud base pressures are shown in Fig. 8. As can be seen, the results for pbase = 4.15 bar

are very similar to those for pbase = 4.66 bar, but those for pbase = 3.65 are very different

and appear, in terms of scatter and inflated error bars, more like our previous results (Irwin

et al., 2019). We believe this to be caused by an artefact of our retrieval model, where we

have assumed a single cloud with fixed base pressure and variable scale height combined

with our simple “step” methane model. For Model 2 with pbase = 4.66 bar it can be seen in

Fig. 9 that the retrieved level of unit cloud optical depth is in the range 3–4 bar, depending

on latitude, comfortably greater than the methane condensation pressure. However, when

the cloud base pressure is lowered to pbase = 3.65 bar the cloud opacity has to be greater at

lower pressure levels in order to give enough overall reflectivity. This pushes the level of unit

optical depth to lower pressures and, depending on the deep methane abundance, can at

some latitudes become similar to the methane condensation pressure. In such circumstances

the sensitivity of the calculated reflectivity to the deep methane mole fraction is reduced

and the retrieved mole fraction may need to be greatly increased (and have greater error

bars) to give enough methane absorption, exactly as we see. The retrieved pressure levels

of unit optical depth from Irwin et al. (2019) are shown in Fig. 9 of that paper to be in

the range 1.8–3 bar, which is indeed rather close to the methane condensation pressure level

and so would unfortunately have suffered from this same systematic artefact. However,

Irwin et al. (2019) assumed pbase = 4.23 bar, a value that gave consistent results in our

new retrievals, which indicates that there must be an additional difference between the

two analyses that caused Irwin et al. (2019) to retrieve unit optical depth values near the

methane condensation level. We have identified this difference to be that rather than using

a priori values of nimag = 0.001 and 0.1 for the cloud and haze respectively, as used in

this study, Irwin et al. (2019) assumed the imaginary refractive index spectra to be fixed at

all latitudes to those retrieved from their limb-darkening analysis at 5 – 10◦S. Figure 6 of

Irwin et al. (2019) shows that the haze particles were found at the equator to be rather dark

(nimag in the range 0.076 to 0.159, depending on wavelength). These darker, wavelength-

dependent haze particles, combined with the extended wavelength region of 770 – 930 nm

(compared with 800 – 900 nm considered here) led to larger retrieved haze opacities and

consequently required larger cloud opacities to match the peak reflectivity at continuum

wavelengths. This then led to the retrieved unit cloud optical depth levels approaching the

methane condensation pressure.
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To demonstrate this effect we repeated the analysis of the central median observations

of Irwin et al. (2019), using exactly the same setup as used in this previous study, but

substituting the a priori cloud scattering properties to be those used by our new Model

1 (fixed nimag) and Model 2 (variable nimag). Our re-fitted methane mole fractions are

shown in Fig. 12. Here, we can see that when reprocessed in this way the set of spectra

along Neptune’s meridian return a latitudinal variation in deep methane mole fraction that

is much more consistent with our new analysis and also with the HST/STIS determinations

(Karkoschka & Tomasko, 2011). The apparently small retrieved errors of the reanalysis

towards the south pole should be viewed with caution. Such latitudes are only seen over a

very small range of zenith angles and so we cannot say anything about the limb-darkening

here. Hence, we are much more dependent at these latitudes on the assumed cloud and

methane profile, and so our methane estimates are prone to larger systematic error. In

addition, for the central meridional analysis we used the MUSE pipeline radiance errors

(scaled to give χ2/n ∼ 1 for fits to spectra near the equator), which are smaller near

the pole giving smaller apparent methane mole fraction errors. In contrast our new limb-

darkening analysis has fewer points to define the limb-darkening and so assigns larger error

bars to the reconstructed spectra near the pole. Hence, at these latitudes the retrieved deep

mole fraction is retrieved with larger error.

Returning to the question of the apparent minimum of methane at 60◦S in our new

analysis, with larger retrieval errors towards the south pole the solution might be expected

to partially relax back to the a priori value of (4 ± 4)%2. However, when we repeated the

retrievals using a lower methane mole fraction of (2 ± 2)% (i.e., same fractional error), the

same latitudinal behaviour was determined as can be seen in Fig. 12 (Model 2A), so this

cannot be the cause. Instead, we believe this apparent methane feature may arise from the

limited range of zenith angles sampled to fit the Minnaert parameters at these latitudes, since

they will appear only at higher zenith angles and our analysis further omits observations with

µ > 0.3 (µ is the cosine of the zenith angle), to avoid locations too near the disc edge. Figure

4 shows (bottom right panel) that at these latitudes the Minnaert limb-darkening parameter,

k, appears to tend to ∼ 0.5 at ∼ 80◦S at all methane-absorbing wavelengths, but there is no

clear difference in the appearance of Neptune at this latitude at any wavelength. Hence, we

2 Note that this parameter is treated logarithmically within NEMESIS, and hence it is the fractional error,

i.e., 1.0, that is used in the covariance matrix.
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Figure 12. As Fig. 8, but comparing the results from our previous work (Irwin et al., 2019)

with the results of a reprocessing of the central meridian spectra considered by Irwin et al. (2019),

where the cloud/haze scattering properties have been replaced by those used in our new analysis

and either fixed at all latitudes (Reproc. Model 1), or allowed to vary with latitude (Reproc. Model

2). In addition, we show the results of our limb-darkening analysis with Model 2 (previously shown

in Fig. 8 and which has an a priori methane mole fraction of 4%) and a revised version of Model

2, where the a priori methane mole fraction has been reduced to 2% (Model 2A).

believe this effect to be a geometrical artefact of our limb-darkening analysis, in the same

way that the central meridional analysis shows a continuing decrease towards the pole as

we view the locations at higher and higher zenith angle. Only observations recorded with

even higher spatial resolution would be able to better constrain the latitudinal variability

of methane at such high latitudes. In the meantime, our new determinations of methane

mole fraction at polar latitudes have larger retrieval errors properly indicating this greater

uncertainty.

Finally, we return to the question of assumed methane and cloud profile parameteriza-

tions and the absolute accuracy of our methane retrievals. As noted earlier, with spectral

observations such as these in this wavelength region what we are actually sensitive to is

the column abundance of methane above the cloud top. Sadly, the vertical resolution of

such nadir/near-nadir observations cannot physically be less than ∼ one scale height, which

means that it is very difficult to discriminate between the “step” methane model used here

and more sophisticated models such as the “descended profile” model favoured by, e.g.,
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Karkoschka and Tomasko (2011) and Sromovsky et al. (2019). This is especially the case

when considering that we do not have a good ab initio model for the vertical cloud structure

either. It is apparent that for models with higher cloud opacity at lower pressures, the mole

fraction of methane will need to be higher to give the same column abundance and so it

can be seen that there exists a wide range of possible cloud and methane vertical distribu-

tion models that could fit our observations equally well and give the same methane column

abundance for a given latitude. For the nominal Model 2 retrievals presented here, with

cloud base at 4.66 bar we see a clear reduction in the column abundance of methane towards

the pole, which we interpret here in terms of a deep mole fraction varying from (5.1±0.3)%

at the equator to (2.6 ± 0.2)% at 60◦S, i.e., a reduction factor of 1.9 ± 0.2. However, in

terms of the latitudinal dependence of the mole fraction of methane this depends on the

methane profile, cloud profile and the reference pressure level and so the cloud-top methane

mole fraction could conceivably vary by as much as ∼ ±1%. Hence, here we estimate the

equatorial deep mole fraction of methane to be in the range 4–6%, with the abundance at

polar latitudes reduced from those at equatorial latitudes by a factor of 1.9 ± 0.2.

3.5 Extension to discrete cloud retrievals

Having greatly improved our fit to the background atmospheric state, we wondered if

it might be possible to retrieve, in addition, the cloud profiles for the discrete cloud regions

masked out in our analysis so far. Discrete clouds such as these are known to exist at

pressures from 0.5 – 0.1 bar (Irwin et al., 2011, e.g.) and as such are almost certainly

clouds of methane ice. It can be seen from Fig. 1 that in our observations these clouds

are mostly restricted to latitudes 30 – 40◦S and are of highly variable reflectivity and only

cover a small range of central meridian longitudes. Hence, our Minnaert limb-darkening

analysis, which assumes that the clouds at a particular latitude are zonally-symmetric and

do not vary with central meridian longitude, was not appropriate for analysing these discrete

clouds. Instead, assuming that the cloud properties of the background tropospheric and

stratospheric clouds would not be different from their zonally-retrieved Minnaert values,

we looked to see what opacity and pressure level additional discrete methane ice clouds

might need to have to best match the observed spectra in the previously masked pixels. We

assumed that the methane ice particles at such low pressures were likely small and assumed a

size distribution with mean radius 0.1 µm and variance 0.3. Methane ice is highly scattering

at short wavelengths (Martonchik & Orton, 1994; Grundy et al., 2002) and so the complex

–27–



manuscript submitted to Icarus

refractive index was set to 1.3 + 0.00001i, with scattering properties calculated via Mie

theory and phase functions again approximated by combined Henyey-Greenstein functions.

For vertical location, we assumed that the cloud had a Gaussian dependence of specific

density (particles/gram) with altitude and had a variable peak pressure and opacity. The

a priori pressure level of the opacity peak was set to 0.3 bar. We reanalysed the areas

that had previously been masked and extended the area slightly to capture some of the

thinner discrete clouds seen (Fig. 2). Then, for each pixel in this extended area, we set

the tropospheric cloud, stratospheric haze and cloud-top methane mole fraction to that

determined from the zonally-averaged Minnaert analysis for that latitude and retrieved the

opacity and peak pressure of an additional methane ice cloud.

Our retrieved methane ice cloud properties can be seen in Fig. 10, where we retrieve

opacities of up to 0.75. Although there are clearly some regions of thick methane ice cloud,

the median value of this additional opacity is found to be only 0.0063 and so it only makes a

significant difference to the observed radiances in the small discrete regions seen. Figure 10

also shows an apparent variation in mean pressure of these discrete clouds, remaining near

the a priori pressure of ∼ 0.3 bar for the thinnest clouds, but reducing to as low as 0.15 bar

for the thickest clouds. However, we find this pressure variation to be insignificant compared

with the retrieval errors. Reviewing the two-way transmission-to-space within the 800 – 900

nm wavelength region examined here, we find that we are only weakly sensitive to the actual

pressure level of detached methane clouds in the 0.5 – 0.1 bar region. Our chosen wavelength

band includes the strong methane absorption band at 887 nm, but even here the two-way

transmission to space only reduces to 0.5 at the 0.35 bar level for nominal cloud/haze

conditions. To really probe the altitudes of such clouds we need to use observations in the

much stronger methane bands at 1.7 µm in the H-band, as has been done by numerous

previous authors (Irwin et al., 2011, 2016; Luszcz-Cook et al., 2016, e.g.,), but which is

not observable by MUSE. We examined the raw MUSE observations near 727 nm and 887

nm, but could not see any clear difference in the brightness of the discrete clouds with

wavelength for either weak or bright detached clouds. Hence, all we can really say with

the MUSE observations is that the discrete clouds (for all opacities) must lie somewhere at

pressures less than ∼ 0.4 bar.

With the addition of discrete methane clouds our forward-modelled reconstructed im-

ages of Neptune at 830 and 840 nm are compared with the MUSE observations in Fig. 13.

Comparing with Fig. 1 it can be seen that we achieve a very good fit at all locations on
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Figure 13. As Fig. 1, but here the reconstructed images are generated from NEMESIS forward-

modelling calculations from the fitted cloud and methane profiles, including fitting of discrete cloud

regions using an additional thin methane ice cloud layer. As can be seen the residuals are reduced

greatly and are small at all locations on the planet’s disc.

Neptune’s disc. Although we have only shown the fit at two wavelengths here, the fit was

found to be very good for all wavelengths in the 800 – 900 nm range and Fig. 14 shows

the root-mean-square (RMS) reflectivity differences of our fits at all wavelengths, showing

that we match the observed spectra to an RMS of typically 0.05%, increasing to only 0.15%

in the brightest methane ice clouds. At these locations it may be that model is struggling

with the fact that the stratospheric haze opacity was set and fixed to that derived from

zonally-averaged fits where the discrete clouds had not been entirely masked.

4 Conclusions

In this work, we have reanalysed VLT/MUSE-NFM observations of Neptune, made in

June 2018 (Irwin et al., 2019), with a Minnaert limb-darkening analysis recently developed

for Jupiter studies (Pérez-Hoyos et al., 2020). We find that the new scheme allows us to use

the observations much more effectively than simply analysing along the central meridian, as

we had previously done, as it also accounts for the observed limb-darkening/limb-brightening

at different wavelengths and latitudes. Once having fitted the general latitudinal variation

of cloud and haze with this analysis we are then able to fit for the properties of discrete
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Figure 14. Root-mean-square reflectivity (I/F) differences of our final fit to the observations of

Neptune over the entire visible disc from 800 – 900 nm.

methane clouds seen in our observations, allowing us to fit all locations on the visible disc

to a reflectivity (I/F) precision of 0.5 – 1.0% (RMS < 0.15%). Our main conclusions are:

• We find that we are able to fit the background reflectivity spectrum of Neptune

from 800 – 900 nm with a simple two-cloud zonally symmetric model comprising a

deep cloud based at 4.66 bar, with variable fractional scale height and a layer of

stratospheric haze based near 0.03 bar.

• The cloud-top mole fraction of methane at 2–4 bar (i.e., above the H2S cloud, based

at 4.66 bar) is found to decrease by a factor of 1.9 ± 0.2 from equator to pole, from

4–6% at the equator to 2–4% at the south pole.

• While this latitudinal decrease in methane mole fraction is well defined, the absolute

mole fractions at different latitudes depends on the precise choice of cloud parame-

terization (and indeed methane parameterization), for which a wide range of setups

give similar goodness of fit.

• The previous retrievals along the central meridian of these data reported by Irwin et

al. (2019) appear to have suffered from an unfortunate retrieval artefact at some loca-

tions due to a less sophisticated incorporation of limb-darkening. Our new methane

retrievals are more robust, vary more smoothly with latitude, and give a clearer and

conservative estimate of the likely error limits.

• The opacity of both the tropospheric cloud and stratospheric haze is found to be

maximum at 20 – 40◦S and 20 – 40◦N, which are also the latitudes of the discrete
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methane clouds seen. While this may be a real feature, it may also be that the

limb-darkening curves analysed by our Minnaert scheme were contaminated by thin

discrete clouds at these latitudes.

• Adding localised methane clouds to our zonal model allows us to additionally retrieve

the properties of the discrete cloud locations; we find these clouds must lie at pressures

less than 0.4 bar and have opacities of up to 0.75.

• The latitudinal variation of cloud-top methane mole fraction with latitude observed

here in 2018 seems little changed from that seen by HST/STIS in 2003 (Karkoschka

& Tomasko, 2011), indicating that this apparent latitudinal distribution of cloud-top

methane has not varied significantly in the intervening fifteen years.

Having now developed a scheme that matches the observed spectra of Neptune from 800

– 900 nm, the next step will be to reproduce the appearance of Neptune at other wavelengths

to see if our fitted cloud/methane model is more generally applicable. There will be two

main challenges to this:

1. Firstly, extending to shorter wavelengths the contribution of Rayleigh scattering be-

comes more important, which limits our ability to see to deeper cloud layers. However,

more importantly for the MUSE-NFM observations is the fact that the full-width-

half-maximum (FWHM) of the point-spread-function (PSF) becomes significantly

worse. It can be seen in Fig. 1 that even at 800–900 nm, there is a considerable

residual off-disc signal due to the PSF. We could have tried to model this in our fit-

ting procedure, but concluded that it was simpler to limit ourselves to locations not

too near the disc edge in the Minnaert analysis. However, this would become more

difficult to justify at shorter wavelengths. Instead, in future work we hope to take our

existing model, calculate the appearance at shorter wavelengths, and convolve with

a PSF model, which still needs to be developed. By thus simulating the shortwave

observations we will be able to see if we can discount more of the possible cloud/haze

paramaterisation setups, which will help refine our methane retrievals.

2. Extending to longer wavelengths, the contribution of Rayleigh scattering becomes less

and the increasing strength of the methane absorption bands means that it is possible

to probe the vertical extent and location of clouds more precisely. We would need

to extend to J, H and K-band observations to see which of our cloud/haze setups

can be discounted, using the fact that the opacity of small cloud particles will fall
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more quickly with wavelength than large particles. However, this will mean trying

to analyse observations taken at different apparitions and with different instruments,

which will mean that the cloud distribution will not be the same and that systematic

errors in the photometric calibration and PSF characterisation will arise. In addition,

the complex refractive indices of the particles will be different from those we have

derived at these wavelengths.

Although these difficulties are not insurmountable, they will require careful evaluation

and effort to overcome, which is why we leave them as future work. However, it is clear from

this study that splitting the atmosphere of Neptune into a background zonal part (that can

be fitted with a the Minneart limb-darkening scheme) and an additional spatially-varying

part due to discrete methane clouds greatly simplifies the retrieval process and allows us

to efficiently reconstruct the entire 3-D structure of Neptune’s clouds and methane cloud-

top mole fraction. Our model is then simultaneously consistent with the observations at

all wavelengths under consideration and all locations on Neptune’s disc. The approach

could also be applied to observations of Neptune at other wavelengths and also Uranus and

Saturn, which to a first approximation appear zonally symmetric with additional discrete

cloud features at visible/near-infrared wavelengths. It could also be further applied to

Jupiter observations, building upon the work of Pérez-Hoyos et al. (2020), at wavelengths

and latitudes that appear relatively homogeneous.
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