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ABSTRACT20

21 Recent analysis of Gemini-North/NIFS H-band (1.45 – 1.8 µm) observations

of Uranus, recorded in 2010, with recently updated line data has revealed the

spectral signature of hydrogen sulphide (H2S) in Uranus’s atmosphere (Irwin et

al. 2018). Here, we extend this analysis to Gemini-North/NIFS observations of

Neptune recorded in 2009 and find a similar detection of H2S spectral absorption

features in the 1.57 – 1.58 µm range, albeit slightly less evident, and retrieve a

mole fraction of ∼ 1−3 ppm at the cloud tops. We find a much clearer detection

(and much higher retrieved column abundance above the clouds) at southern po-

lar latitudes compared with equatorial latitudes, which suggests a higher relative

humidity of H2S here. We find our retrieved H2S abundances are most consistent

with atmospheric models that have reduced methane abundance near Neptune’s

south pole, consistent with HST/STIS determinations (Karkoschka and Tomasko

2011). We also conducted a Principal Component Analysis (PCA) of the Nep-

tune and Uranus data and found that in the 1.57 – 1.60 µm range, some of the

Empirical Orthogonal Functions (EOFs) mapped closely to physically significant

quantities, with one being strongly correlated with the modelled H2S signal and

clearly mapping the spatial dependence of its spectral detectability. Just as for

Uranus, the detection of H2S at the cloud tops constrains the deep bulk sul-

phur/nitrogen abundance to exceed unity (i.e. > 4.4− 5.0 times the solar value)

in Neptune’s bulk atmosphere, provided that ammonia is not sequestered at great

depths, and places a lower limit on its mole fraction below the observed cloud of

(0.4 – 1.3) ×10−5. The detection of gaseous H2S at these pressure levels adds to

the weight of evidence that the principal constituent of the 2.5 – 3.5-bar cloud is

likely to be H2S ice.
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Subject headings: planets and satellites: atmospheres — planets and satellites:22

individual (Neptune): individual (Uranus)23
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1. Introduction24

In a recent paper, we reported the detection of gaseous hydrogen sulphide (H2S)25

in Uranus’s atmosphere from Gemini-North/NIFS observations of Uranus made in 201026

(Irwin et al. 2018). The detection of H2S in Uranus’s atmosphere led us to wonder if the27

signature of this gas might also be detectable above the clouds in Neptune’s atmosphere, in28

observations we obtained using the same instrument, Gemini-North/NIFS, in 2009 (Irwin29

et al. 2011).30

Like Uranus, the main clouds on Neptune are observed to have cloud tops at 2.5 – 3.531

bar (Irwin et al. 2014; Luszcz-Cook et al. 2016) and again, in the absence of any spectrally32

identifiable ice absorption features, authors have most commonly identified these clouds as33

being composed of either ammonia (NH3) or hydrogen sulphide (H2S) ice. This conclusion is34

based on the assumed presence at lower altitudes of an ammonium hydrosulphide (NH4SH)35

cloud, which combines together in equal parts H2S and NH3 and leaves the more abundant36

molecule to condense alone at higher altitudes. Deeper in the atmosphere, de Pater et al.37

(1991) analysed microwave observations of both Uranus and Neptune, recorded with the38

Very Large Array (VLA), and found that there was a missing component of continuum39

absorption that most likely arose from the pressure-broadened wings of H2S lines with40

wavelengths of less than a few mm. They estimated the deep abundance of H2S to be 1041

– 30× solar. They further concluded, building upon their previous studies (de Pater et42

al. 1989; de Pater and Massie 1985) that the bulk S/N ratio must exceed 5× the solar43

ratio for both planets, in order to limit the abundance of NH3 at the observed pressure44

levels to be less than the detection limit of their observations. However, while H2S is45

probably the source of the missing continuum absorption at microwave wavelengths (and46

is probably the main component of the 2.5–3.5-bar cloud) it has never been positively47

identified in Neptune’s atmosphere, although its recent detection above the clouds in48
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Uranus’s atmosphere (Irwin et al. 2018) and the many other similarities between Uranus49

and Neptune suggest that it is probably present.50

Following on from our Uranus analysis (Irwin et al. 2018), in this study we report a51

similar detection of gaseous H2S above the cloud tops of Neptune, especially near its south52

pole. Its detection means that, like Uranus, Neptune may have accreted more sulphur than53

nitrogen during formation (provided that ammonia is not partially dissolved in an ionic54

water ocean at great depths, e.g. Atreya et al. 2006), which supports it having formed55

further from the Sun than Jupiter and Saturn, where it was cold enough for significant56

abundances of H2S to condense as ice. The detection of gaseous H2S above Neptune’s57

clouds also adds credibility to the likelihood that H2S ice forms a significant component of58

the main cloud seen with a top at 2.5 – 3.5 bar.59

2. Spectral Data Sources60

The main gaseous absorber in the H-band (i.e. 1.45 – 1.8 µm) in Uranus’s and61

Neptune’s spectra is methane. The best available source of methane line data at low62

temperature in this range is the “WKLMC@80K+” (Campargue et al. 2013) line database,63

and its efficacy in modelling the near-IR spectra of Uranus was shown by Irwin et al.64

(2018). Hence, we used these line data again in this study. For line shape we used a Voigt65

function, but with a sub-Lorentzian correction far from line centre as recommended for66

H2-broadening conditions by Hartmann et al. (2002). For hydrogen sulphide (H2S) and67

ammonia (NH3) we used line data from HITRAN 2012 (Rothman et al. 2013), including68

their line widths and their temperature exponents, which were reported by Irwin et al.69

(2018) to be all that was available.70

As described by Irwin et al. (2018) these line data were converted to k-distribution71
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look-up tables, or k-tables, covering the Gemini/NIFS H-band spectral range, with 2072

g-ordinates, 15 pressure values, equally spaced in log pressure between 10−4 and 10 bar,73

and 14 temperature values, equally spaced between 50 and 180 K. These tables were74

precomputed with the modelled instrument line shape of the Gemini/NIFS observations, set75

to be Gaussian with a full-width-half-maximum (FWHM) of 0.0003 µm, after an analysis76

of ARC lamp calibration spectra by Irwin et al. (2012).77

3. Gemini/NIFS observations78

Observations of Neptune were made with the NIFS instrument at Gemini-North in79

September 2009, as reported by Irwin et al. (2011) and Irwin et al. (2014), when80

Neptune presented a disc with apparent diameter of 2.35′′. NIFS is an Integral Field Unit81

(IFU) spectrometer, which provides mapping spectrometry and returns images at 204082

wavelengths from a scene covering approximately 3′′ × 3′′, with a pixel scale of 0.103′′ across83

slices and 0.043′′ along (sampled with a pixel size of 0.043′′ in both directions). For this84

study we used observations recorded on 1st September 2009 at approximately 08:00UT,85

which are described in detail by Irwin et al. (2011). To minimise random noise we co-added86

these data over a number of 13× 5 pixel boxes (i.e. 0.556′′ × 0.215′′, equating to a projected87

size at Neptune’s cloud tops of 5900 × 2300 km), centred on the central meridian and88

stepped from north to south, keeping reasonably distant from the limb as shown in Fig. 1.89

This gave us eight regions to analyse in total. In Fig. 1 we compare a typical centre-of-disc90

Neptune spectrum (area ‘3’) with a typical centre-of-disc Uranus spectrum and see that91

Uranus generally has higher peak reflectivity, but that Neptune shows higher reflectivity at92

wavelengths of strong methane absorption (λ > 1.61µm and λ < 1.51µm), indicating that93

Neptune’s atmosphere has more upper tropospheric and stratospheric haze.94

We set the noise to be the standard deviation of the radiances in the averaging boxes.95
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Ideally, we should have set the noise to be the standard error of the mean and divided these96

noise values by
√

13× 5− 1 = 8.0, but we found that we were unable to fit the observations97

to this precision; we attribute this to either deficiencies in our spectral modelling, perhaps98

due to residual inaccuracies in the line absorption data, or inaccuracies in our data99

reduction. Using the standard deviation as the noise we were able to comfortably achieve100

fits with χ2/n ∼ 1, which suggests that this is a more representative overall error value for101

our analysis. In addition, the wavelength calibration provided by the standard pipeline was102

found to be insufficiently accurate to match the spectral features observed, as was seen for103

comparable Uranus observations (Irwin et al. 2018). Comparison with our initial fitted104

spectrum led us to modify the central wavelength and wavelength step to λ0 = 1.54993 µm105

and λ1 = 0.00016042 µm, respectively, which values we used in our subsequent analysis.106

4. Vertical profiles of temperature and gaseous abundance107

The reference temperature and abundance profile used in this study is the same as that108

used by Irwin et al. (2014). The temperature-pressure profile is the ‘N’ profile determined109

by Voyager-2 radio-occultation measurements (Lindal 1992), with He:H2 = 0.177 (15:85),110

including 0.3% mole fraction of N2. The deep mole fraction of CH4 was set to 4% and111

at higher altitudes, where the temperature is lower, the mole fraction was limited to not112

exceed a relative humidity of 60%. The mole fraction in the stratosphere was allowed to113

increase above the tropopause until it reached 1.5 × 10−3 (Lellouch et al. 2010) and kept114

fixed at higher altitudes. To this profile we added abundance profiles of NH3 and H2S,115

assuming arbitrary ‘deep’ mole fractions of 0.001 for both, and limited their abundance to116

not exceed the saturated vapour pressure in the troposphere as the temperature falls with117

height, and applying a ‘cold trap’ at the tropopause to prevent the abundances increasing118

again in the warmer stratosphere. The abundance of H2 and He at each level was then119
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adjusted to ensure the sum of mole fractions added to 1.0 at all heights, keeping He:H2 =120

0.177 (15:85). These profiles are shown in Fig. 2.121

For comparison we also performed retrievals using the temperature-pressure profile122

determined by Burgdorf et al. (2003) from Infrared Space Observatory (ISO) Short Wave123

Spectrometer (SWS) and Long Wave Spectrometer (LWS) observations and ground-based124

mid-IR spectral observations of Neptune, assuming a deep methane mole fraction of 2%,125

limited to its saturated vapour pressure curve, and ‘deep’ NH3 and H2S mole fractions of126

0.001. H2 and He are assumed to be present with a ratio 85:15, again ensuring the sum of127

mole fractions added to 1.0 at all heights. This profile was compared with the Voyager-2128

radio-occultation profile and other retrievals by Fletcher et al. (2014).129

As a final comparison, Karkoschka and Tomasko (2011) have reported from HST/STIS130

observations that the ‘deep’ methane abundance in Neptune’s atmosphere decreases from131

∼ 4% at equatorial latitudes to ∼ 2% at polar latitudes. To isolate the effects of any deep132

variations in methane abundance we also performed retrievals with a modified version of133

our baseline Voyager-2 ‘N’ profile, where the deep abundance of methane was limited to 2%.134

5. Radiative-transfer analysis135

The vertical cloud structure was retrieved from the Gemini/NIFS observations using136

the NEMESIS (Irwin et al. 2008) radiative transfer and retrieval code. NEMESIS models137

planetary spectra using either a line-by-line (LBL) model, or the correlated-k approximation138

(e.g. Lacis and Oinas 1991). For speed, these retrievals were conducted using the method139

of correlated-k, but we periodically checked our radiative transfer calculations against our140

LBL model to ensure they were sufficiently accurate. As with our Uranus analysis (Irwin et141

al. 2018), to model these reflected sunlight spectra, the matrix-operator multiple-scattering142
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model of Plass et al. (1973) was used, with 5 zenith angles (both upwards and downwards)143

and the number of required azimuth components in the Fourier decomposition determined144

from the maximum of the reflected or incident-solar zenith angles. The collision-induced145

absorption of H2-H2 and H2-He was modelled with the coefficients of Borysow (1992) and146

Zheng and Borysow (1995). Rayleigh scattering was also included for completeness, but147

was found to be negligible at these wavelengths.148

To analyse the measured radiance spectra within our radiative transfer model we149

initially used the high-resolution ‘CAVIAR’ solar spectrum of Menang et al. (2013), which150

we smoothed to the NIFS resolution of ∆λ = 0.0003µm. However, as noted by Irwin et151

al. (2018) we found that this spectrum (and others, such as those of Thuillier et al. 2003;152

Fiorenza and Formisano 2005) contained spurious ‘Fraunhofer lines’ that did not seem to153

correspond to features seen at these wavelengths in the Neptune spectra. Hence, we used154

a smoothed version of the solar spectrum of Thuillier et al. (2003) in our calculations,155

omitting the spurious ‘Fraunhofer lines’, which we found matched our observations much156

more closely.157

The observed spectra were fitted with NEMESIS using a continuous distribution of158

cloud particles whose opacity at 39 levels spaced between ∼ 10 and ∼ 0.01 bar was retrieved.159

A correlation ‘length’ of 1.5 scale heights was assumed in the a priori covariance matrix160

to provide vertical smoothing. For simplicity, a single cloud particle type was assumed161

at all altitudes and the particles were set to have a standard Gamma size distribution162

(Hansen 1971) with mean radius 1.0 µm and variance 0.05, which are typical values163

assumed in previous analyses. Following Irwin et al. (2015), the real part of the refractive164

index of these particles was set to 1.4 at a wavelength of 1.6 µm and NEMESIS used to165

retrieve the imaginary refractive index spectrum. The a priori imaginary refractive index166

spectrum was sampled at every 0.05 µm between 1.4 and 1.8 µm, with a correlation length167
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of 0.1 µm set in the a priori covariance matrix, to ensure that retrieved spectrum varied168

reasonably smoothly with wavelength. At each iteration of the model, the real part of169

the particles’ refractive index spectrum was computed using the Kramers-Kronig relation170

(e.g. Sheik-Bahae 2005). Self-consistent scattering properties were then calculated using171

Mie theory, but the Mie-calculated phase functions were approximated with combined172

Henyey-Greenstein functions at each wavelength to smooth over features peculiar to173

perfectly spherical scatterers such as the ‘rainbow’ and ‘glory’ as justified by Irwin et al.174

(2018).175

Figure 3 shows our fit to our co-added Neptune spectrum in area ‘3’ in the dark176

region just north of disc centre at 10.9◦S, excluding H2S absorption and using three177

different a priori imaginary refractive indices of ni = 0.001, 0.01 and 0.1 (±50%) at all178

wavelengths. Figure 3 also shows our fitted cloud profiles (in units of opacity/bar at 1.6179

µm) and imaginary refractive index spectra. Above the main retrieved cloud, with a top180

at 2.5 – 3.5 bar, we find significantly more cloud opacity in the upper troposphere and181

lower stratosphere than we did for Uranus, consistent with previous studies, showing that182

the higher reflection observed at methane-absorbing wavelengths results from increased183

haze opacity at these altitudes. Similarly, we find no indication of a discrete, optically184

significant CH4 cloud at the methane condensation level of 1.5 bar, which is expected for185

a ‘background’ region such as this, well away from discrete cloud features and the bright186

cloudy zones at 20 – 40◦N,S. Finally, we found a very similar dependance of the retrieved ni187

spectrum as for Uranus giving similar scattering properties for the particles. However, the188

generally higher retrieved ni values give lower single-scattering albedos of 0.6 – 0.75. Just189

as for our previous analysis of Uranus’s spectrum, an important consequence of the low190

single-scattering albedo of the retrieved particles is that solar photons are quickly absorbed191

as they reach the cloud tops and so we do not see significant reflection from particles192

existing at pressures greater than 2.5 – 3.5 bar. Hence, although we can clearly detect the193
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cloud top at these wavelengths, we again cannot tell where the base is and thus cannot194

determine whether we are seeing a vertically thin cloud based at 2.5 – 3.5 bar, or just seeing195

the top of a vertically extended cloud that extends down to several bars.196

We applied our retrieval scheme, either including or excluding H2S absorption, for197

all eight of our test areas and found the spectral signature of H2S to be more detectable198

near Neptune’s south pole, as summarised in Table 1. Figure 4 compares our best fits to199

the observed co-added spectrum in area ‘7’, centred at 58.4◦S using this model, excluding200

absorption by H2S (χ2/n = 1.02) and then including H2S absorption (χ2/n = 0.80). We can201

see that when H2S absorption is not included, there is a small, but significant discrepancy202

between the measured and modelled spectra in the 1.575 – 1.59 µm range, which is reduced203

when H2S absorption is included and NEMESIS allowed to scale the H2S abundance. This204

can be seen more clearly in Fig. 5, where we concentrate on the 1.56 – 1.60 µm region. We205

can see that when H2S absorption is not included, there are several peaks in the residual206

reflectivity spectrum that coincide with H2S absorption features. When H2S absorption is207

included, the fit is improved at almost all of these wavelengths, except for a few features208

near 1.575 µm. Note that we are generally less successful in modelling the spectrum of209

Neptune near 1.57 µm than for Uranus, and we will return to this point later. We examined210

the correlation between the expected H2S ‘signal’ (i.e. the difference in modelled reflectivity211

when H2S absorption is included/excluded) and the difference between the measured and212

fitted spectra when H2S absorption is not included, in the range 1.57 – 1.60 µm. The213

correlation between these two difference spectra is shown in Fig. 6. We found a Pearson214

correlation coefficient of 0.587 between these difference spectra (indicating a reasonably215

strong correlation) and a Spearman’s rank correlation coefficient of 0.645, with a two-sided216

significance value of D = 2.09 × 10−23, equating to a 9σ-level detection. Intriguingly, this217

is a similar level of detection for H2S as we found in our Uranus analysis, although by eye218

the apparent correlation between the difference spectra is less clear for Neptune than it was219
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for Uranus. From Table 1 it can be seen that we have a weaker detection of H2S at more220

equatorial latitudes and Fig. 7 compares the difference spectra in the 1.56 – 1.60 µm region221

for the observations in area ‘3’, centred at 10.9◦S. We can see that the residual between the222

measured spectrum and that fitted, omitting H2S absorption, shows a poorer correlation223

with the modelled difference spectra when H2S absorption is included/excluded. The224

correlation for this observation is also shown in Fig. 6 and we find a Pearson correlation225

coefficient of 0.40 (indicating weaker correlation than in area ‘3’) and a significantly lower226

Spearman’s rank correlation coefficient of 0.3996, with a two-sided significance value of D227

= 1.46× 10−8.228

We also tested the effect on the calculated spectrum of including or excluding 100%229

relative humidity of NH3, but found that this was completely undetectable due to extremely230

low abundances of NH3 at these temperatures. In case the NH3 abundance in Neptune’s231

atmosphere is in reality highly supersaturated, we also tested the effect on the calculated232

spectrum of supersaturating NH3 by a factor of 1,000, also shown in Figs. 4 and 5. However,233

we found that the absorption features of NH3 do not coincide at all well with the difference234

spectrum, with correlation coefficients of only 0.336 (Pearson) and 0.237 (Spearman),235

respectively. We thus conclude, as for Uranus, that NH3 is not the source of the missing236

absorption.237

Our fitted cloud profiles for all eight test cases are shown in Fig. 8. Here we can see238

that the cloud peaks between 2.5 and 3.5 bars for all eight locations. Furthermore, we239

can again see that the retrieved cloud profiles generally have enhanced cloud abundances240

above the main cloud deck in the 1.0 – 0.01 bar region, compared with a similar comparison241

of retrievals for Uranus, shown as supplementary Fig. 11 of Irwin et al. (2018). From242

Table 1 we can see that the retrieved cloud-top and column abundances of H2S increase243

towards the south pole. The corresponding retrieved relative humidity was typically 50% at244
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equatorial latitudes, but increased to values as high as ∼ 300% near the south pole, which245

might suggest that the H2S profile becomes significantly supersaturated here. However,246

this conclusion may arise from inaccuracies in the assumed temperature profile, which sets247

the saturated vapour pressure profile, or from inaccuracies in the assumed methane profile,248

which affects the retrieved cloud-top pressure and hence cloud-top temperature. To test this249

we repeated our retrievals for areas ‘6’, ‘7’ and ‘8’ using the modified ‘N’ Voyager-2 (Lindal250

1992) temperature-pressure profile, where the deep mole fraction of CH4 was reduced from251

from 4% to 2%. We also repeated the retrieval for area ‘7’ using the vertical profile of252

temperature and abundance described earlier from Burgdorf et al. (2003), which also has a253

lower deep methane abundance of 2%. The retrieved cloud profiles are shown in Fig. 9 and254

the retrieved values summarised in Table 1. A comparison of the latitudinal dependence255

of the retrieved cloud-top pressure, H2S column abundance, H2S relative humidity, and256

particle imaginary refractive index at 1.6 µm for all these models is shown in Fig. 10.257

Using the original Voyager-2 ‘N’ profile we see that, ignoring the 20 – 40◦S cloudy zone,258

we retrieve significantly lower cloud-top pressures at polar latitudes than at equatorial259

latitudes, while using the modified Voyager-2 ‘N’ profile, which has 2% CH4, we retrieve260

higher cloud-top pressures near the pole. Reducing the methane mole fraction is expected261

to increase the retrieved cloud-top pressure, since light needs to be reflected from deeper262

in the atmosphere to have the same methane column abundance, but we can see that the263

retrieved H2S column abundances (and cloud-top mole fractions) for these two models are264

not significantly altered. Since the cloud-top pressure is deeper for the modified Voyager-2265

profile with 2% CH4, the cloud top temperature is warmer and thus the saturated vapour266

pressure of H2S is higher. Hence, the retrieved H2S relative humidities for the modified267

Voyager-2 ‘N’ profile are drastically reduced and are similar to the sub-saturated levels268

retrieved at equatorial latitudes using the unmodified Voyager-2 ‘N’ profile. Similarly, using269

the ISO temperature-pressure profile of Burgdorf et al. (2003) for area ‘7’ we find the270
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cloud top again lies deeper in the atmosphere, as expected, although not as deep as for271

the modified Voyager-2 profile, which we attribute to the fact that the temperature profile272

is slightly different and also because this profile has more CH4 at pressures less than 0.95273

bar. As a result, although the retrieved H2S profile has lower relative humidity, it is still274

supersaturated at ∼ 150%, compared with ∼ 250% before.275

We can see from Fig. 10 that reducing the deep CH4 mole fraction from 4% to 2%276

with the Voyager-2 temperature-pressure profile leads the retrieved cloud-top pressures277

near Neptune’s south pole to become greater than those retrieved at equatorial latitudes.278

If we assume that the main cloud deck is at the same pressure level at all latitudes, then279

we might deduce that the deep methane abundance is in reality reduced from ∼ 4% at280

the equator to something more like 3% at southern polar latitudes. This would then give281

similar retrieved cloud-top pressures to those found at equatorial latitudes and would also282

mean that the retrieved relative humidity near the south pole would be higher than that283

at equatorial latitudes (∼50%), perhaps approaching 100%. Hence, we believe these data284

show that the relative humidity of H2S increases towards the south pole and also indirectly285

support the conclusion of Karkoschka and Tomasko (2011) that the deep abundance of286

methane reduces from 4% near the equator to values closer to 2–3% near the south pole in287

Neptune’s atmosphere.288

One explanation for why we retrieve higher H2S relative humidities near Neptune’s289

south pole is that the atmospheric temperatures in the 2.5 – 3.5 bar range might possibly290

be warmer near the pole than they are near the equator. Since the saturated vapour291

pressure increases rapidly with temperature, air with a certain relative humidity in a292

warmer atmosphere would appear to have much higher relative humidity if analysed with a293

model that assumed cooler temperatures. However, using the assumed phase curve for H2S294

sublimation and the Voyager-2 ‘N’ profile with 4% methane we estimate that we would have295
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to increase the local temperatures by almost 4K in order to reduce the retrieved relative296

humidity from 253% to 100%. Fletcher et al. (2014) present a reanalysis of the Voyager-2297

IRIS observations of Neptune, which are sensitive to the pressure range 1.0 – 1 × 10−5298

bar and show significant variation of the retrieved temperature profile from equator to299

pole, with the pole and equator appearing noticeably warmer (∼ 4 K) than mid-latitudes300

at pressures of ∼ 0.1 bar (Fig. 8 of Fletcher et al. (2014)). However, these latitudinal301

variations are seen to diminish rapidly at deeper pressures, and it is thought unlikely that302

ice giants such as Neptune would have latitudinal temperature variations as large as 4 K303

at pressures greater than 1 bar due to their atmospheric circulation becoming barotropic304

at these pressure levels (since the circulation is dominated by convective overturning and305

solar heating effects are minimal). The other spectral range that allows sounding of the306

deep atmosphere is at radio wavelengths. de Pater et al. (2014) show VLA radio images307

of Neptune at wavelengths from 0.7 to 6 cm that indicate enhanced thermal emission from308

the deep atmosphere near Neptune’s south pole. However, these variations are interpreted309

as being caused by the atmosphere becoming drier at polar latitudes, allowing us to see310

deeper into the atmosphere, rather than due to changes in temperature. Such a conclusion311

is certainly supported by the latitudinal variation of methane discovered by Karkoschka312

and Tomasko (2011), and supported here, but seems at odds with our conclusion that313

H2S appears more abundant above the clouds at polar latitudes. It may be that what we314

detect is a cloud-top effect, rather than an increase in the H2S abundance below the clouds.315

For example, if the clouds are ‘fresher’ near the south pole, and so less contaminated by316

‘sooty’ photochemically-produced hydrocarbons settling down from above, then the vapour317

pressure of H2S above the cloud particles may be higher through a process akin to Raoult’s318

Law for the vapour pressure above liquids. This hypothesis is supported by the fact that319

in Fig. 10 we can see that the retrieved imaginary refractive index of the particles is320

lower at polar latitudes than near the equator, indicating higher single-scattering albedoes,321
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consistent with ‘fresher’ particles.322

Comparing the measured and fitted spectra in the 1.56 – 1.60 µm region (Fig. 5),323

there are a couple of regions where our model has difficulty in fitting the observed spectrum324

(which earlier meant that we had to set the noise to the standard deviation of our samples,325

rather than the standard error of the mean). This is most obvious near 1.59 µm, where the326

model seems to be missing an absorption feature, irrespective of whether H2S is included327

or not, and an absorption feature at 1.577 µm, that is not modelled to be quite deep328

enough. In contrast, for the Uranus spectrum, no such discrepancies were seen (Irwin et329

al. 2018). What causes these discrepancies for Neptune, but not for Uranus is unclear,330

but it makes it more difficult to see the correlation between the difference spectra when331

H2S is included/excluded. The fact that we have used the same solar spectrum for both332

analyses suggests that the discrepancies for Neptune are not due to mis-modelling of solar333

absorption lines. It is possible that the clouds themselves, which have noticeably higher334

retrieved imaginary refractive indices for Neptune than for Uranus (and are thus more335

absorbing) have additional fine structure in their true ni spectrum, not captured by the336

coarse resolution of our a priori assumptions. Alternatively, it may be that our assumption337

of using the same particle size distribution to model the reflection at all altitudes is338

not appropriate for Neptune, which clearly has a higher particle density in the upper339

troposphere/lower stratosphere than Uranus. A further possibility is that there is some340

other error in the photometric correction. To test for this latter possibility we compared341

our Gemini-North/NIFS spectra with observations made with VLT/SINFONI in 2013342

(Irwin et al. 2016). Figure 11 compares the spectra measured by VLT/SINFONI and343

Gemini/NIFS near disc centre (area ‘4’ for Gemini/NIFS). Aside from the lower spectral344

resolution of the VLT/SINFONI data (R=3000, compared with R=5290 for NIFS), there345

is an excellent correspondence between the two sets of observations, taken four years apart346

from each other and calibrated independently, including in the poorly modelled regions347
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near 1.577 and 1.59 µm. Hence, the discrepancies between the modelled and measured348

spectra for Neptune seem to be real. It is clear that Neptune has more reflection from upper349

level hazes than Uranus and one final possibility for explaining the discrepancy is that the350

“WKLMC@80K+” (Campargue et al. 2013) line data may be less accurate at modelling351

methane absorption at the cooler, lower pressures of Neptune’s haze layers. However, until352

the cause of the modelling discrepancies is isolated we must be slightly more cautious in353

our confidence of detection of H2S in Neptune’s atmosphere than we are of its detection in354

Uranus’s atmosphere.355

6. Principal Component Analysis356

The weaker nature of the H2S detection for Neptune compared with Uranus led us to357

explore alternative methods of detecting and mapping the distribution of H2S absorption358

in Neptune’s atmosphere and we turned to the technique of Principal Component Analysis359

(PCA) (e.g. Murtagh and Heck 1987), used with great success in modelling visible/near-IR360

Jovian spectra by Dyudina et al. (2001) and Irwin and Dyudina (2002). The basic idea of361

Principal Component Analysis is that the variance of a set of observed spectra, in this case362

the varying spectra observed over Neptune’s disc, can be analysed into a set of Empirical363

Orthogonal Functions (EOFs), Ei(λ), that form a basis from which any spectrum in the364

set, y(λ), can be reconstructed as a linear combination as y(λ) = ΣiαiEi(λ), where the365

coefficients, αi, describe the relative proportions of the different EOFs in the combined366

spectrum. The derived EOFs have with them an associated eigenvalue, ei, and the EOFs367

are usually ranked in order of decreasing ei. With this ordering it is found that most of the368

variance can be accounted for by the first EOF (i.e. the one with the largest eigenvalue),369

with decreasingly significant contributions from higher EOFs. The derived EOFs do not370

necessarily correspond to anything physically significant, but under certain circumstances,371
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they can sometimes correspond to physically meaningful parameters.372

In this case, since we were interested in searching for the spectral signature of H2S,373

whose strongest absorption lines are near 1.58 µm, we performed a principal component374

analysis of the observed Neptune spectra at all points on the observed disc, covering the375

wavelength range 1.573 – 1.595 µm. The results are shown in Fig. 12. In this plot, the rows376

show the characteristics of each EOF, with the spectra showing the individual EOFs and the377

images showing their relative contribution to the observed spectra (i.e. the coefficients αi)378

across the disc. The areas chosen for our detailed retrieval analysis, previously described,379

are also for reference. As can be seen the eigenvalues of the fitted EOFs fall rapidly and380

we can also see that the spatial distribution of the fitted weighting coefficients, αi, become381

more and more noisy with increasing EOF number. In fact, we found that the first three382

EOFs encapsulate effectively all the significant information. We can see that EOF 1 is383

almost entirely flat, and that its spatial map corresponds almost exactly with the I/F384

appearance of Neptune over these wavelengths. Hence, this EOF appears to encapsulate385

the overall observed mean reflectivity variation. EOF 2 contains more spectral information386

and we can see that its spatial distribution has low values over the main cloud belts, but387

high values elsewhere. We wondered whether it might be trying to encapsulate cloud height388

information (or equivalently methane column abundance above the clouds) and so in Fig.389

12 we compare the spectrum of EOF 2 with the change in the modelled reference Neptune390

spectrum (in this case in area ‘3’) when we increase the methane abundance. We can see391

that the correlation between these two spectra is quite strong, and thus that the spatial392

distribution of EOF 2 can, to a first approximation, be taken as a proxy for the column393

abundance of methane above Neptune’s clouds. EOF 3 also contains significant spectral394

variation, but its spatial distribution is very different from that of EOF 2, with significant395

contribution near Neptune’s south pole, but low values everywhere else. The spectral shape396

of EOF 3 looks remarkably like the expected spectral signature of H2S and in Fig. 12 we397
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compare it to the change in the modelled reference Neptune spectrum when we increase the398

H2S abundance. As can be seen, the correspondence is remarkably good. Hence, applying399

the PCA technique in this spectral range seems to provide a quick and effective way of400

mapping the detectable column abundance above the clouds of both methane and hydrogen401

sulphide.402

As a result of this successful application of our Neptune observations, we also applied403

this technique to the observations of Uranus made with the same instrument on 2nd404

November 2010 and reported by Irwin et al. (2018). The fitted EOF spectra and405

contribution maps are shown in Fig. 13. As can be seen the first three EOFs are almost406

identical to those derived for Neptune and seem to correspond once more with overall407

reflectivity, methane column abundance above the clouds and hydrogen sulphide abundance408

above the clouds. For the EOF 2 map, corresponding we believe with methane column409

abundance above the clouds, we see high values at low latitudes and low values over the410

poles, which is consistent with HST/STIS observations (Karkoschka and Tomasko 2009)411

that the methane abundance varies with latitude in the same way. As discussed earlier,412

HST/STIS reports a similar latitudinal variation of methane abundance for Neptune413

(Karkoschka and Tomasko 2011), but the map of EOF 2 for Neptune (Fig. 12) appears414

different from that for Uranus with no indication of lower methane values near Neptune’s415

south pole. Hence, EOF 2 should only be taken as a rough indicator for the methane416

column abundance above the clouds for Neptune and it may be that the deeper latitudinal417

methane abundance variation is masked: a) by the necessity of EOF 2 to describe the high418

clouds at 20 – 40◦S; b) by mixing with the H2S signal; or c) by some other discrepancy,419

related perhaps with our difficulty in modelling accurately these spectra. To test for the420

former possibility we re-ran the analysis on all areas south of 45◦S and between 20◦S421

and 20◦N (i.e. excluding the cloudy region between 20◦S and 40◦S), but found the same422

spatial dependence, i.e. no lowering of the methane ‘signal’ near the pole and so no direct423
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indication of lower CH4 there. Hence, we can discount possibilty a) in our list. As for the424

detectability of H2S, for Uranus, the spatial variation is broadly similar to that of CH4, but425

the highest values are seen to coincide with the dark belts just equatorward of the sub-polar426

bright zones, and lower values seen near the equator. Figure 13 also shows the locations of427

the regions analysed in detail by Irwin et al. (2018) and comparing the spatial distribution428

seen here with the retrieval results listed in Table 1 of Irwin et al. (2018) we see perfect429

correlation between the spatial distribution of the EOF 3 contribution and the retrieved430

column abundance of H2S above the clouds, adding confidence to our conclusion that EOF 3431

really does map the strength of the H2S absorption signal in Uranus’s atmosphere. Because432

of this excellent correspondence between the map of EOF 3 and retrieved H2S abundance433

for Uranus, where the H2S signal is much stronger, we can be more confident that the434

same map for Neptune can also be interpreted as predominantly hydrogen sulphide column435

abundance above the clouds. Hence, Fig. 12 shows higher detectability of the hydrogen436

sulphide signal over the south pole than at equatorial latitudes, just as we found in our437

formal retrievals. Finally, we note that part of the apparent difference between the EOF 3438

maps for Uranus and Neptune may arise from the season. We can see that for Neptune the439

H2S signal is strong at all latitudes near the south pole, while for Uranus, the signature440

seems to diminish towards the poles. However, this might just be because for Uranus we441

observe the polar regions at higher zenith angles and are thus unable to see as deeply. It442

could be that if Uranus were tipped with the south pole showing more towards the Earth we443

might find similarly high H2S signals at all southern polar latitudes. Similarly, the expected444

variation of deep CH4 in Neptune’s atmosphere may not be immediately obvious in EOF 2445

as we observe the polar latitudes at a lower emission angles than the equatorial latitudes.446
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7. Discussion447

As with our Uranus analysis (Irwin et al. 2018) if we could be sure that the main448

observed cloud deck was vertically thin and composed of H2S ice, then we could constrain449

the abundance of H2S below it by equating the cloud base to the condensation level.450

However, as we have seen for Uranus the particles are found to be rather dark and thus451

we cannot tell whether we are seeing a vertically thin cloud based at 2.5 – 3.5 bar or just452

the top of a vertically extended cloud that extends to several bars. Hence, once again,453

all we can do is derive a lower limit for the H2S abundance below the clouds and above454

the expected NH4SH cloud. In Table 1 we retrieve cloud top pressures ranging from 2.6 –455

3.1 bar at equatorial latitudes. Assuming the main cloud is made of H2S ice, is vertically456

thin and is based at 3.5 – 4.0 bar, and that the Voyager-2 ‘N’ temperature profile (Lindal457

1992) we have assumed is correct, the saturated mole fraction of H2S at the 3.5- and 4-bar458

levels (where the temperature is 114.0 K and 118.8 K) is estimated to be 0.6 × 10−5 and459

1.3× 10−5, respectively at equatorial latitudes. Alternatively, using the profile of Burgdorf460

et al. (2003), the saturated vapour mole fraction at the 3.5- and 4-bar levels (where the461

temperature is 112.4 K and 117.5 K) is 0.4 × 10−5 and 1.0 × 10−5, respectively. Hence,462

we can conclude that the mole fraction of H2S at pressures > 3.5–4 bar, immediately463

below the clouds, must be > (0.4 − 1.3) × 10−5. We can compare this to the expected464

abundances of H2S and NH3 from microwave VLA studies (de Pater and Massie 1985; de465

Pater et al. 1989, 1991, 2014), summarised by Irwin et al. (2018), who find that 10×solar466

H2S and 2×solar NH3 would give a residual mole fraction of H2S above a deeper NH4SH467

cloud of at least 3× 10−5, while for 30×solar H2S and 6×solar NH3, the expected residual468

H2S mole fraction increases to 9 × 10−5. Our estimate seems significantly less than this,469

which suggests that the main cloud deck likely has a base at pressures greater than 4 bar.470

However, the fact that we detect H2S at all at Neptune’s cloud tops confirms that the471

deep abundance of H2S must exceed that of NH3 and hence that S/N > 4.4 − 5.0× solar,472
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depending on assumed solar composition (Irwin et al. 2018). We note, however, that this473

interpretation assumes that NH3 and H2S retain their deep bulk abundances at the level474

of the putative NH4SH cloud. A number of studies (e.g. Atreya et al. 2006) note that it475

may be that ammonia is preferentially trapped in a supercritical water ocean (which is only476

predicted to exist in the ice giants, but not the gas giants) at great depth, which will lower477

its abundance at the NH4SH level and thus leave only H2S to condense at the main cloud478

deck we see at 2.5 – 3.5 bar.479

8. Conclusion480

In this study we have shown that we detect the presence of gaseous H2S at the cloud481

tops of Neptune, and retrieve a cloud-top pressure 2.5 – 3.5 bar, similar to the main482

cloud-top pressure retrieved for Uranus from similar Gemini/NIFS spectra (Irwin et al.483

2018). However, for Neptune we find this cloud to be darker and retrieve significantly more484

cloud opacity in the upper troposphere/lower stratosphere. This very different vertical485

distribution and single-scattering albedo explains the gross observed differences between486

Uranus’s and Neptune’s spectra seen in Fig. 1 and may also explain why the contribution of487

H2S is more difficult to discern in Neptune’s spectra since it is mixed more with reflection488

from aerosols near the tropopause at ∼ 0.1 bar, where the particles are more absorbing489

and may have unaccounted-for absorption features, and where we are perhaps less well able490

to model the absorption of methane at the colder temperatures found at these pressures491

(temperatures of 50 – 60K, compared with ∼ 100K at the 2.5–3.5-bar cloud top). However,492

the inclusion of H2S absorption improves the fit to the Neptune spectra by a significant493

amount and hence we deduce that H2S is present at and above the cloud tops of Neptune494

as we have also concluded for Uranus.495

We find that the retrieved column abundance of H2S above the clouds increases as496
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we move from equatorial to southern polar latitudes. This increase could be interpreted497

by Neptune’s atmosphere becoming significantly supersaturated with H2S at the cloud-top498

pressure of 2.5 to 3.5 bar at polar latitudes, but this degree of supersaturation seems499

unlikely at pressure levels abundantly supplied with cloud condensation nuclei. Latitudinal500

variations in temperature could also perhaps explain the relative humidity variations, but501

unrealistically large temperature variations are needed and such changes would not affect502

the retrieved H2S column abundances which are significantly higher near Neptune’s south503

pole. The most likely scenario is that there is higher degree of H2S saturation above the504

clouds at southern polar latitudes, but that the need for super-saturated relative humidities505

is negated by a lower abundance of methane near the pole, as determined from HST/STIS506

observations by Karkoschka and Tomasko (2011), which increases the retrieved cloud-top507

pressure, and thus temperature.508

We find that a Principal Component Analysis isolates a component that matches509

strongly with the H2S signal, and which increases from the equator to the pole as we510

retrieve. However, while for Uranus the H2S signal and retrieved H2S abundances peak511

at 45◦N,S and then decrease towards the poles, we find high H2S column abundances in512

Neptune’s atmospheres at all latitudes polewards of the cloudy zone at 20 – 40 ◦S. It may513

be that H2S is just as abundant near Uranus’s poles, but the current season on Uranus514

means that we cannot view these regions with low enough zenith angle to determine this.515

As the cloud particles are retrieved to be rather dark, leading to typical single-scattering516

albedos of $ = 0.6 − 0.75 and phase function asymmetries of g ∼ 0.7, similar to Uranus,517

we are unable to see reflection from below the cloud tops at 2.5 – 3.5 bar on both planets518

and thus cannot tell whether we might be seeing a vertically thin cloud based at 3.5 – 4519

bar, or just the top of a vertically extended cloud that extends to several bars. However,520

the clear detection of gaseous H2S above Neptune’s clouds leads us to conclude that H2S ice521
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likely forms a significant component of the main clouds at 2.5 – 3.5 bar. Large imaginary522

refractive indices, such as we retrieve, are absent in the measured complex refractive index523

spectra of H2O, CH4 and NH3 ices, which suggests that if Neptune’s main clouds are indeed524

formed primarily of H2S ice, the particles may not be pure condensates, but may be heavily525

coated or mixed with photochemical products drizzling down from the stratosphere above,526

lowering their single-scattering albedos, identical to our conclusion for Uranus (Irwin et al.527

2018).528
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(Argentina). We thank Larry Sromovsky for providing the code used to generate our538

Rayleigh-scattering opacities. Glenn Orton was supported by NASA funding to the Jet539

Propulsion Laboratory, California Institute of Technology. Leigh Fletcher was supported by540

a Royal Society Research Fellowship and European Research Council Consolidator Grant541

(under the European Union’s Horizon 2020 research and innovation programme, grant542

agreement No 723890) at the University of Leicester.543

Facilities: Gemini (NIFS), VLT (SINFONI).544



– 25 –

REFERENCES545

Atreya, S.K., Baines, K.H., Egeler, P.A., 2006. An Ocean Of Water-ammonia On Neptune546

And Uranus: Clues From Tropospheric Cloud Structure. American Astronomical547

Society, DPS meeting No.38, id.05.08; Bulletin of the American Astronomical548

Society, 38, p.489.549

Borysow, A., 1992. New model of collision-induced infrared absorption spectra of H2 – He550

pairs in the 2 – 2.5 µm range at temperatures from 20 to 300 K – An update. Icarus551

96, 169 – 175.552

Burgdorf, M., Orton, G.S., Davis, G.R., Sidher, S.D., Feuchtgruber, H., Griffin,553

M.H., Swinyard, B.M., 2003. Neptune’s far-infrared spectrum from the ISO554

Long-Wavelength and Short-Wavelength Spectrometers. Icarus 164, 244 – 253.555

Campargue, A., Leshchishina, O., Wang, L., Mondelain, D., Kassi, S., 2013. The WKLMC556

empirical line lists (5852 – 7919 cm−1) for methane between 80 K and 296 K: “Final”557

lists for atmospheric and planetary applications. J. Molec. Spectrosc. 291, 16 – 22.558

de Pater, I.,Romani, P.N., Atreya. S.K., 1989. Uranus’ deep atmosphere revealed. Icarus 82,559

288 – 313.560

de Pater, I.,Romani, P.N., Atreya. S.K., 1991. Possible microwave absorption by H2S gas in561

Uranus’ and Neptune’s atmospheres. Icarus 91, 220 – 233.562

de Pater, I., Fletcher, L.N., Luszcz-Cook, S., DeBoer, D., Butler, B., Hammel, H.B., Sitko,563

M.L., Orton. G., Marcus, P.S., 2014. Neptune’s global circulation deduced from564

multi-wavelength observations. Icarus 237, 211 – 238.565

de Pater, I., Massie, S., 1985. Models of the millimeter-centimeter spectra of the giant566

planets. Icarus 62, 143 – 171.567



– 26 –

Dyudina, U.A., Ingersoll, A.P., Danielson, G.E., Baines, K.H., Carlson, R.W., and the568

Galileo NIMS and SSI teams, 2001. Interpretation of NIMS and SSI images on the569

jovian cloud structure. Icarus 150, 219 – 233.570

Fiorenza, C., Formisano, V., 2005. A solar spectrum for PFS data analysis. Planet. Space571

Sci. 53, 1009 – 1016.572

Fletcher, L.N., de Pater, I., Orton, G.S., Hammel, H.B., Sitko, M.L., Irwin, P.G.J.,573

2014. Neptune at summer solstice: Zonal mean temperatures from ground-based574

observations, 2003?2007. Icarus 231, 146 – 167.575

Hansen, J.E., 1971. Multiple scattering of polarized light in planetary atmospheres. Part II.576

Sunlight reflected by terrestrial water clouds. J. Atmos. Sci., 28, 1400 – 1426.577

Hartmann, J.-M., Boulet, C., Brodbeck, C., van Thanh, N., Fouchet, T., Drossart,578

P., 2002. A far wing lineshape for H2 broadened CH4 infrared transitions.579

J. Quant. Spec. Radiat. Transf. 72, 117 – 122.580

Irwin, P.G.J,, Dyudina, U., 2002. The retrieval of cloud structure maps in the equatorial581

region of Jupiter using a Principal Component Analysis of Galileo/NIMS. Icarus582

156, 52 –63.583

Irwin, P.G.J., Teanby, N.A., de Kok, R., Fletcher, L.N., Howett, C.J.A., Tsang, C.C.C.,584

Wilson, C.F., Calcutt, S.B., Nixon, C.A., Parrish, P.D., 2008. The NEMESIS plane-585

tary atmosphere radiative transfer and retrieval tool. J. Quant. Spec. Radiat. Transf.586

109, 1136 – 1150.587

Irwin, P.G.J., Teanby, N.A., Davis, G.R., Fletcher, L.N., Orton, G.S., Tice, D., Hurley, J.,588

Calcutt, S.B., 2011. Multispectral imaging observations of Neptune’s cloud structure589

with Gemini-North. Icarus 216, 141 – 158.590



– 27 –
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Table 1: Retrieval results at all areas considered on Neptune’s disc.

Area Latitude p1 fH2S χ2/n χ2/ny ∆χ2 xH2S AH2S RH Model

1 16.0◦N 3.11 57± 12 0.48 0.46 41.0 1.47 12.4 16.5 N

2 1.59◦N 2.92 46± 9 0.50 0.47 39.1 0.78 6.2 11.7 N

3 10.9◦S 2.98 46± 12 0.22 0.21 20.0 0.87 7.0 12.9 N

4 22.5◦S 2.70 55± 19 0.10 0.10 11.1 0.49 3.6 22.5 N

5 34.0◦S 2.23 84± 24 0.18 0.17 29.3 0.16 0.9 29.4 N

6 45.8◦S 2.56 129± 28 0.23 0.21 58.1 0.77 5.1 16.7 N

6 45.8◦S 3.09 22± 5 0.22 0.20 51.8 0.53 4.6 16.7 P

7 58.4◦S 2.62 253± 29 0.84 0.80 213.2 1.80 11.9 8.4 N

7 58.4◦S 3.21 39± 5 0.80 0.76 194.4 1.22 11.3 8.4 P

7 58.4◦S 2.77 151± 17 0.91 0.87 219.5 2.36 18.2 8.4 B

8 72.5◦S 2.76 339± 46 0.55 0.52 140.0 3.62 25.6 7.4 N

8 72.5◦S 3.44 55± 8 0.52 0.49 129.2 2.73 27.6 7.4 P

Notes: p1 is the pressure(bar) where the integrated cloud opacity (at 1.6 µm) to space is unity;

fH2S is the retrieved H2S relative humidity (%); χ2/n is the reduced chi-squared statistic of the fit

when H2S is included, where n = ny − nx = 889; χ2/ny is the chi-squared statistic of the fit when

H2S is included, where ny = 937; ∆χ2 is how much the χ2 of the fit reduces when H2S absorption

is included – values greater than 9 can be considered significant; xH2S is the retrieved mole fraction

of H2S (ppm) at p1; AH2S is the retrieved column amount of H2S (1019 molecule cm−2) above p1;

RH is a haze ‘index’ – the ratio of the average radiance from 1.63 – 1.64 µm divided by the average

radiance from 1.57 –1.58 µm, expressed as %; ‘Model’ is atmospheric model: N = Voyager-2 ‘N’

profile of Lindal (1992) with 4% deep CH4, B = ISO profile of Burgdorf et al. (2003) with 2%

deep CH4, ‘P’ = Voyager-2 ‘N’ profile of Lindal (1992) with 2% deep CH4.
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Uranus Neptune

Fig. 1.— Observed spectrum of Neptune (red) near disc centre (area ‘3’), with error estimates

shown in grey, together with a centre-of-disc Uranus spectrum analysed by Irwin et al. (2018)

(blue). The appearance of the planets (on the same spatial scale) near 1.58 µm is also

shown for reference. The Gemini/NIFS observation of Uranus was made on 2nd November

2010 at approximately 06:00UT and the pixel areas analysed by Irwin et al. (2018) are

indicated. The Gemini/NIFS observation of Neptune was made on 1st September 2009 at

approximately 08:00UT and the eight pixel areas analysed in this paper along the central

meridian are shown. We can see that overall, Uranus has higher peak reflectivity, but that

Neptune shows higher reflectivity at wavelengths of strong methane absorption (λ > 1.61µm

and λ < 1.51µm).
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Fig. 2.— Assumed pressure variation of temperature (left-hand panel) assumed in this study.

The reference temperature-pressure profile is based on the Voyager-2 radio-occultation ‘N’

profile (Lindal 1992) (solid line), while the alternative profile is the ISO temperature-pressure

profile of Burgdorf et al. (2003) (dotted line). The right-hand panel shows the assumed

profiles of condensible species. The vertical variation of the CH4 abundance is as described in

the text, while the abundances of NH3 and H2S have simply been limited by their saturation

vapour pressures in both cases. We also tested a case (not shown) where the reference

Voyager-2 ‘N’ temperature-pressure profile was used, but with the deep abundance of CH4

limited to 2%.



– 33 –

Fig. 3.— Fit to coadded Gemini/NIFS observation of Neptune, made on 1st September 2009

at approximately 08:00UT in area ‘3’ at 10.9◦ S, using three different assumptions for the

a priori imaginary refractive index, indicated by the coloured, dashed lines. The upper left

panel compares the fitted spectra for the cases (coloured lines) with the observed spectrum

and error limits (grey). The fitted χ2/n values are indicated. The lower left panel shows the

a priori imaginary refractive indices assumed (dotted coloured lines), plus error limits (grey)

and the fitted values (coloured lines) and error (dark grey). The right hand panel shows the

fitted cloud opacity profiles for the three cases (opacity/bar at 1.6 µm) as coloured lines with

retrieved error range as dark grey and the a priori value and range as light grey.
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Fig. 4.— Fit to co-added Gemini/NIFS observation of Neptune in area ‘7’ at 58.4◦S using

different assumptions. In the top plot, the observed reflectivity spectrum and estimated

error is shown in grey; the fit without accounting for H2S absorption is shown in red, while

the fit including H2S absorption is shown in black. The bottom plot shows the differences

between the modelled and observed spectra using the same colours, with the error range

shown in grey, but omits the difference plot when H2S absorption is included for clarity (to

allow the reader to see better the correspondence of the residual when H2S is not included

with the modelled difference in the spectrum when H2S absorption is included/excluded).

The bottom plot also shows the difference in the calculated spectra when the absorption of

100% relative humidity (RH) of H2S is included or not (blue) and when the absorption of

1000× 100% RH of NH3 is included or not (cyan).
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Fig. 5.— As Fig. 4, showing the fit to the co-added Gemini/NIFS observation of Neptune in

area ‘7’ at 58.4◦S, but expanding the 1.56 – 1.6 µm region. Here, the features corresponding

to absorption lines of H2S where the fit has been significantly improved by including H2S

absorption are indicated by the blue asterisk symbols. Features corresponding to the few

absorption lines of H2S where the fit has been made worse are indicated by the red asterisk

symbols.
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Fig. 6.— Correlation plots of observed residual spectra when H2S is excluded versus cal-

culated difference spectra when H2S absorption is included/excluded for our observations

in Area ‘7’ at 58.4◦S, showing reasonably good correlation, and Area ‘3’ at 10.9◦S, showing

weaker correlation.
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Fig. 7.— As Fig. 5, showing the fit in the 1.56 – 1.6 µm region to the co-added Gemini/NIFS

observation of Neptune in area ‘3’ at 10.9◦S. Again, features corresponding to absorption

lines of H2S where the fit has been significantly improved by including H2S absorption are

indicated by the blue asterisk symbols. Features corresponding to the few absorption lines

of H2S where the fit has been made worse are indicated by the red asterisk symbols.
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Fig. 8.— Retrieved cloud opacity profiles in all eight test cases listed in Table 1 (opacity/bar

at 1.6 µm). The horizontal lines on each plot mark the pressure level where the integrated

opacity to space is unity. To aid comparison, the cloud opacity profile (and cloud top

pressure) retrieved for the reference pixel area ‘1’ is shown in red for all subsequent plots. In

these plots the uncertainty of the profiles are indicated in grey, where we have set the error

at the ith level to be ei = 1/
√

(1/S(i, i) − 1/Sa(i, i)), where S is the retrieved covariance

matrix and Sa is the a priori covariance matrix. A darker grey has been used to indicate

the profile error for the reference pixel area ‘1’.
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Fig. 9.— As Fig. 8, but comparing the retrieved cloud opacity profiles for cases 6 – 8 listed

in Table 1 using different atmospheric models. The first column shows the retrievals for these

areas shown in Fig. 8 using the reference Voyager 2 ‘N’ temperature-pressure profile, with

4% deep CH4. The middle column shows our retrievals using the Voyager 2 ‘N’ temperature-

pressure profile, with 2% deep CH4 (‘P’), while the final column (for Point ‘7’ only) shows our

retrieval using the ISO temperature-pressure profile with 2% deep CH4 (‘B’). As before, the

horizontal lines on each plot mark the pressure level where the integrated opacity to space

is unity. To aid comparison, the cloud opacity profile (and cloud top pressure) retrieved for

the reference pixel area ‘1’ using the reference temperature-pressure profile is shown in all

plots in red.
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Fig. 10.— Variation of retrieved parameters with latitude for the different atmospheric

temperature-pressure profiles tested: ‘N’ – Voyager-2 (Lindal 1992) with 4% deep methane;

‘P’ – Voyager-2 (Lindal 1992) with 2% deep methane; and ‘B’ – ISO/SWS (Burgdorf et

al. 2003) with 2% deep methane. The top panel shows the variation in retrieved cloud-top

pressure p1 (i.e. where the overlaying cloud opacity at 1.6 µm is unity), the upper middle

panel shows the retrieved H2S column abundances, while the lower middle panel shows the

retrieved H2S relative humidity (%). The bottom panel shows the variation in the retrieved

imaginary refractive index of the particles at 1.6 µm. The key to the line styles and symbols

is shown in the upper middle panel.
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Fig. 11.— Comparison of Gemini/NIFS spectrum in area ‘4’ at 22.5◦S with a spectrum

co-added near the disc centre and similar latitude from VLT/SINFONI observations made

in 2013. (Irwin et al. 2016). As can be seen, the spectral features of both are well matched,

although the lower spectral resolution of the SINFONI observations (R = 3000), compared

with NIFS (R=5290) is apparent.
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Fig. 12.— Principal Component Analysis of Neptune observations in the spectral range

1.573 – 1.595 µm. The right hand column shows each Empirical Orthogonal Function (EOF)

derived by analysing the spectra at all locations on Neptune’s disc, while the left hand column

shows the relative contribution of each EOF to the observed spectrum, again at all locations

on Neptune’s disc. The areas chosen for our detailed retrieval analysis are also shown in

the left-hand column for reference, but we must emphasise that the PCA analysis has been

performed by analysing the spectra at all locations on the disc, not just the spectra in the

numbered boxes. It can be seen that the eigenvalues of the EOFs fall rapidly with each EOF

(indicating their becoming decreasingly significant), and we can see from the images in the

left hand column that all meaningful spatial variation in the image is encapsulated in the first

three EOFs. The shape of EOF 1 is almost entirely flat and this eigenfunction encapsulates

the overall reflectivity as can be seen in the associated image. The spectral shape of EOF

2 is compared with the computed change in spectrum when the abundance of methane is

increased (blue) and it can be seen that the associated image, to a first approximation, maps

the CH4 abundance above the clouds, with brighter regions having more CH4 absorption.

Similarly the spectral shape of EOF 3 is compared with the computed change in spectrum

when the abundance of H2S is increased (red) and it can be seen that the associated image

maps the H2S signal detectability, with brighter regions near the south pole having a higher

retrieved column abundance of H2S.
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Fig. 13.— As Fig. 12, but showing a Principal Component Analysis of Uranus observations

(Irwin et al. 2018) in the spectral range 1.573 – 1.595 µm. Again, we see that the eigenvalues

of the Empirical Orthogonal Functions (EOFs) fall rapidly with EOF number, and that all

meaningful spatial variation in the image is encapsulated in the first three EOFs. EOF 1

again encapsulates the overall reflectivity as can be seen in the associated image, EOF 2

maps the CH4 abundance above the clouds, and EOF 3 maps the H2S signal detectability.

The blue and red lines show the change in the calculated Uranus spectrum when CH4 or

H2S is increased.


