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Highlights

• Available sources of ammonia absorption in visible/near-IR compared and analysed

• Band data of Bowles et al. (2008) found to combine best accuracy and coverage

• Find absence of reliable absorption data below 0.758 µm under Jovian conditions

• Findings relevant to solar system and future vis/NIR observations of cool planets



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

Analysis of gaseous ammonia (NH3) absorption in the visible1

spectrum of Jupiter2

Patrick G. J. Irwin, Neil Bowles, Ashwin S. Braude, Ryan Garland, and Simon Calcutt3

Department of Physics, University of Oxford, Parks Rd, Oxford OX1 3PU, UK.4

patrick.irwin@physics.ox.ac.uk5

Received ; accepted6

Submitted to Icarus.



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

– 2 –

ABSTRACT7

8 Observations of the visible/near-infrared reflectance spectrum of Jupiter have

been made with the Very Large Telescope (VLT) Multi Unit Spectroscopic Ex-

plorer (MUSE) instrument in the spectral range 0.48 – 0.93 µm in support of

the NASA/Juno mission. These spectra contain spectral signatures of gaseous

ammonia (NH3), whose abundance above the cloud tops can be determined if we

have reliable information on its absorption spectrum. While there are a num-

ber of sources of NH3 absorption data in this spectral range, they cover small

sub-ranges, which do not necessarily overlap and have been determined from a

variety of sources. There is thus considerable uncertainty regarding the con-

sistency of these different sources when modelling the reflectance of the entire

visible/near-IR range. In this paper we analyse the VLT/MUSE observations of

Jupiter to determine which sources of ammonia absorption data are most reli-

able. We find that the band model coefficients of Bowles et al. (2008) provide,

in general, the best combination of reliability and wavelength coverage over the

MUSE range. These band data appear consistent with ExoMOL ammonia line

data of Yurchenko et al. (2011), at wavelengths where they overlap, but these

latter data do not cover the ammonia absorption bands at 0.79 and 0.765 µm,

which are prominent in our MUSE observations. However, we find the band

data of Bowles et al. (2008) are not reliable at wavelengths less than 0.758 µm.

At shorter wavelengths we find the laboratory observations of Lutz and Owen

(1980) provide a good indication of the position and shape of the ammonia ab-

sorptions near 0.552 µm and 0.648 µm, but their absorption strengths appear

inconsistent with the band data of Bowles et al. (2008) at longer wavelengths.

Finally, we find that the line data of the 0.648 µm absorption band of Giver et al.

(1975) are not suitable for modelling these data as they account for only 17% of
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the band absorption and cannot be extended reliably to the cold temperatures

and H2/He-broadening conditions found in Jupiter’s atmosphere. This work is

of significance not only for solar system planetary physics, but also for future

proposed observations of Jupiter-like planets orbiting other stars, such as with

NASA’s planned Wide-Field Infrared Survey Telescope (WFIRST).

Subject headings: Jupiter, atmosphere; Saturn, atmosphere; Extra-solar planets;9

Radiative transfer; Spectroscopy10
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1. Introduction11

In support of the NASA/Juno mission (Matousek 2007) we have recently observed12

Jupiter with the MUSE (Multi Unit Spectroscopic Explorer, Bacon et al. (2010))13

instrument at ESO’s (European Southern Observatory) Very Large Telescope (VLT).14

MUSE records complete visible/near-infrared spectra (0.48 – 0.93 µm) from all points on15

Jupiter’s observable disc. These observations will be used to track the development of cloud16

structures and study the distribution of colour-carrying particles, or ‘chromophores’. These17

data also contain a number of absorption features of ammonia gas at 0.55 µm, 0.65 µm, and18

further bands increasing in strength between 0.74 µm and 1 µm. Given reliable information19

on the strength of these bands, we may use these features to determine the abundance of20

ammonia above the cloud tops. However, available ammonia absorption data come from21

a range of sources whose consistency with respect to each other has not been properly22

tested against observational data. This is of importance not only to studies of Jupiter’s23

atmosphere, but also to future study of Jupiter-like exoplanets, whose reflectivity spectra24

could potentially be determined with coronographic direct-imaging using space telescopes25

such as NASA’s planned Wide-Field Infrared Survey Telescope (WFIRST) (e.g. Spergel26

et al. 2013). In this paper we review the available sources of visible/near-IR gaseous27

ammonia absorption data and assess their validity and consistency between these data sets.28

2. Spectral Data Sources29

There appear to be four main sources of gaseous ammonia absorption data in the30

visible/near-infrared region. The data reported by Giver et al. (1975), Lutz and Owen31

(1980) and Bowles et al. (2008) come from measuring the absorption of ammonia gas32

in laboratory paths at medium or high resolution, and fitting either mean absorption33

coefficients, (Lutz and Owen 1980), band models (Bowles et al. 2008), or line strengths34
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for a selection of the strongest lines (Giver et al. 1975). The band data of Bowles et al.35

(2008) were observed at temperatures between 220 and 292K, but the data of Giver et al.36

(1975) and Lutz and Owen (1980) are limited to room temperature only and thus it is37

difficult to know how best to extrapolate these observations to the colder temperatures in38

Jupiter’s atmosphere. In addition, all three laboratory measurement studies were measured39

under self-broadening conditions only, rather than H2/He-broadening as experienced in40

Jupiter’s atmosphere. Hence, there is also uncertainty in how to correct these observations41

for foreign-broadening conditions. The 5520Å (i.e. 0.552 µm) band is reported only by42

Lutz and Owen (1980), while the 6475Å (i.e. 0.6475 µm) band is reported by both Lutz43

and Owen (1980) and Giver et al. (1975). The laboratory data of Bowles et al. (2008)44

covers wavelengths longer than 0.74 µm, in the form of band model coefficients, which are45

temperature dependent. More recently the ExoMOL project has computed an ab initio line46

table for NH3 from first principles (Yurchenko et al. 2011). These data cover wavelengths47

longer than 0.833 µm, but only include line strengths and lower state energies and do not48

have any information on line widths. Hence, further analysis and assumptions have to be49

made to assign line widths (under H2/He-broadening conditions) and their temperature50

dependences in order to apply these data to radiative transfer calculations under Jovian51

conditions.52

These different gaseous ammonia absorption data sources are reviewed individually53

and in more detail below.54

2.1. ExoMOL NH355

The ExoMOL ab initio ammonia line table of Yurchenko et al. (2011) includes line56

strengths and lower state energies and lists over 1 billion lines in the spectral range 0 –57

12000 cm−1 (i.e. wavelengths longer than 0.833 µm). Most of the lines are ‘hot lines’ that58
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only become important at high temperature (i.e. T > 400 K) and are not important at59

Jovian temperatures.60

The strength of a line at temperature T , S(T ), compared with that observed at the

reference temperature T0 (taken to be 296 K), S(T0), may be calculated from the equation:

S(T )

S(T0)
=
QV (T0)QR(T0)(1 − exp(−ET/kT )) exp(−El/kT )

QV (T )QR(T )(1 − exp(−ET/kT0)) exp(−El/kT0)
(1)

where QV (T ) and QR(T ) are the vibration and rotation partition functions, respectively,61

(1 − exp(−ET/kT )) is a correction for stimulated emission, equal to one minus the ratio of62

Boltzmann populations for the two states (ET is the transition energy), and exp(−El/kT )63

is the Boltzmann population of the lower state, of energy El.64

Figure 1 demonstrates, using Eq. 1, how the line strength correction, S(T )/S(T0), is65

expected to vary with temperature for lines near 6475Å with different lower energies (LSE).66

It can be seen that lines with higher lower state energies quickly diminish in strength67

as the temperature is reduced, while the stimulated emission term is negligible at these68

wavelengths. It can also be seen that the total partition function provided by HITRAN201269

(Rothman et al. 2013) is well approximated by just the expected rotational component for70

a polyatomic molecule of (T0/T )3/2.71

Since the ExoMOL line database lists many lines that are not relevant for calculating72

ammonia opacities in Jupiter’s atmosphere, we initially reduced the number of lines to a73

more manageable level by using the lower state energies and partition function to compute74

the line strengths at 400 K and neglected lines contributing less than 10−4 % to the total75

line strength (summed over 1 cm−1-wide bins). Once we had reduced the number of lines,76

we then needed to add line-broadening information since (unless the lines are to be used for77

calculations at low pressure and high temperature, where only Doppler-broadening of the78

lines is important) we need information on the pressure-broadened line widths to compute79

the Voigt lineshape for each line. Following Amundsen et al. (2014) and Garland and80
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Irwin (2017), the foreign broadening line widths of the NH3 lines in a solar composition81

H2-He atmosphere (assumed by Garland and Irwin (2017) to be 85:15, very similar to the82

Jovian value used in analysing our Cassini/CIRS observations from Irwin et al. (2004) of83

0.865:0.135) were allocated (depending on the rotational energy level J) from the data of84

Pine et al. (1993). The temperature dependence exponents of these widths were taken from85

Nouri et al. (2004) and Sharp and Burrows (2007) for H2-broadening and He-broadening,86

respectively, and used to compute a weighted-average of 0.66 (Garland and Irwin 2017).87

To compare with laboratory measurements under self-broadening conditions, self-broadened88

line widths were also taken from Pine et al. (1993), while the temperature dependence89

exponent was set to the default expected theoretical value of 0.5. The ExoMOL linedata90

with these modifications were then used to compute k-distribution look-up tables for both91

H2-He- and self-broadening conditions, covering the spectral range 0.4 – 1.0 µm. These92

k-tables are used in our correlated-k radiative transfer model, NEMESIS, described later.93

In these k-tables, 10 g-ordinates were used with 15 pressures logarithmically spaced between94

10−4 and 10 bar and 20 temperatures equally spaced between 50 and 400K. It should be95

noted that we had to convert the ExoMOL line data to k-tables (and use a correlated-k,96

rather than a line-by-line model), since our other sources of ammonia absorption are either97

in the form of band data or average absorption coefficients. In addition, our best source98

for methane absorption, which is the dominant gaseous absorption seen in Jupiter’s visible99

– near-IR spectrum (Karkoschka and Tomasko 2010) is also in the form of band data, to100

which we fitted k-coefficients using exponential-sum fitting.101

2.2. Lutz and Owen (1980) absorption data102

Lutz and Owen (1980) report room temperature laboratory measurements of the103

absorption spectrum of NH3 for both the 6475 Å band and the 5520 Å band at a spectral104
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resolution of 2Å. Their estimate of the total band intensity is 0.63 cm−1 (m-amagat)−1105

at 6475 Å (in good agreement with Giver et al. (1975)) and 0.096 cm−1 (m-amagat)−1106

for the much weaker 5520 Å band. These data are presented in the form of apparent107

absorption cross-sections, but as their data do not resolve individual lines, they cannot108

strictly be used as monochromatic absorption data. Hence, Lutz and Owen (1980), give109

‘curve-of-growth’ tables that allow their band-integrated absorptions (or equivalent widths)110

to be scaled appropriately as individual lines within the bands become saturated depending111

on the total path length of ammonia between the cloud top and the observer. The authors112

note that under Jovian conditions the 5520Å band is always in the weak limit and thus the113

equivalent width increases linearly with the path abundance, but they state that the 6475Å114

band can slightly saturate. However, they give no method for calculating how the shape of115

the absorption spectrum changes, and their ‘curve-of-growth’ method relies on calculating116

the total path length between the cloud tops and the observer and making a correction117

for the band-integrated absorption. While such a method is of use for reflecting layer118

model calculations, it is not possible to apply the same technique for multiple-scattering119

calculations, where the transmission of the various scattering layers are multiplied. To120

account for temperature variations, Lutz and Owen (1980) suggest a simple temperature121

scaling of the form W = W0(T/T0)
1/2, where W is the band-integrated strength. Such a122

scaling is suitable for line widths, but it is not clear how suitable this is for line strengths.123

However, from Fig.1 we can see that such a temperature dependence is broadly similar to124

the line strength variation we might expect for lines with lower state energies of ∼ 300125

cm−1, typical of lines at longer wavelengths in the visible/near-infrared region, as we shall126

see later.127
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2.3. Giver (1975) absorption data128

Giver et al. (1975) present high-resolution (R= λ/∆λ = 170, 000) laboratory spectra129

of self-broadened ammonia in the 6475 Å band at room temperature, and also report the130

line strengths of the strongest lines observed. These were compiled into a line data table,131

using a mean H2-broadened linewidth for all lines of 0.101 cm−1, which is an average of the132

H2-broadened linewidths of lines in this band reported by Keffer et al. (1985, 1986), and133

using the self-broadened line widths quoted for each line by Giver et al. (1975) directly.134

However, a key drawback of these data is that they pertain only to room temperature135

observations and do not include an estimate of the lower state energy. Without such an136

estimate it is difficult to use these data to model the infrared spectrum of a cold planet137

such as Jupiter since we cannot compute how the strengths vary with temperature. In138

addition, these data only include the very strongest of lines and thus when used to simulate139

low-resolution spectra completely fail to account for the large number of weak lines that140

are present and which add up to provide most of the absorption. This can be seen in Fig.141

2, which reproduces the observed ‘low-dispersion’ transmission spectrum of a 36-m path142

of self-broadened ammonia at 294K and 1.0 atm, shown in Fig.3 of Giver et al. (1975).143

Unfortunately, the spectral resolving power of this ‘low-dispersion’ spectrum is not quoted144

by Giver et al. (1975). Also shown on Fig. 2 are the transmission spectrum calculated145

with the Lutz and Owen (1980) absorption data, and with the Giver et al. (1975) line146

data, both at high resolution and also smoothed to a resolution of 2 Å to allow direct147

comparison with the calculated spectrum using the Lutz and Owen (1980) absorption148

data. We find that the data of Lutz and Owen (1980) reproduce the overall transmission149

of the observed spectrum very well, albeit at lower resolution. However, we can see in Fig.150

2 that the absorption calculated with the line data of Giver et al. (1975) is significantly151

underestimated. This discrepancy is easily understood since when the published line152

strengths of Giver et al. (1975) are added, the total band intensity is found to be 0.11 cm−1153
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(m-amagat)−1, which is much less than the authors’ own estimate from the low-dispersion154

spectrum of 0.66 cm−1 (m-amagat)−1, accounting for only 17% of the band-integrated155

absorption. Hence, while of interest, the line data of Giver et al. (1975) in the 6475 Å156

band are not useful in modelling moderate-resolution spectroscopic observations of Jovian157

planets as they do not account for all the lines in the band, and do not include lower state158

energies necessary to extrapolate the line strengths to lower temperatures.159

2.4. Bowles et al. (2008) band data160

Bowles et al. (2008) report band models fitted to the measured absorption spectra of161

laboratory paths of ammonia with path lengths of 2.164 and 10.164 m, pressures ranging162

from 0.075 to 1.02 bar and temperatures varying between 216 and 292 K. The measured163

transmission spectra cover the spectral range 0.74 - 1.0475 µm and have a spectral resolution164

and step of 0.0025 µm. These transmission spectra were fitted with a Goody-Lorentz model165

(Goody 1952), which calculates the transmission τ of a path with absorber amount U166

(molecule cm−2), pressure p, temperature T to be167

τ = exp

(
−1/

√√√√
1

(kν(T )U)2
+

1

πkν(T )yνUp
√

T0
T

)
(2)

where the mean absorption strength at temperature T , kν(T ), is calculated as168

kν(T ) = kν(T0)

(
T0
T

)1.5

exp

[
1.439Eνl

(
1

T0
− 1

T

)]
. (3)

The fitted parameters of this model are the absorption strength at reference temperature169

T0, kν(T0), the mean lower state energy, Eνl, and an effective line width parameter, yν ,170

where ν is the wavenumber or wavelength and the reference temperature T0 = 296 K. The171
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main temperature dependance of this model is clearly very similar to that assumed for172

line-by-line (LBL) models, but the fitted parameters are not constrained to be limited to173

physically plausible values. This can be seen in Fig. 3 where we compare the tabulated174

values of kν(T0), Eνl and yν with equivalent values extracted from the ExoMOL NH3175

database (Yurchenko et al. 2011), i.e. the line strengths at T0, the strength-weighted lower176

state energies and strength-weighted self-broadening line-widths of Pine et al. (1993), all177

themselves averaged over bins of width and step 0.0025 µm as used by Bowles et al. (2008).178

As can be seen in Fig.3, the ExoMOL data of Yurchenko et al. (2011) and the179

band data of Bowles et al. (2008) are remarkably consistent at wavelengths where they180

overlap. The data of Bowles et al. (2008) uniquely cover the 0.74 to 0.833 µm region, but181

become increasingly noisy at shorter wavelengths. The shortest wavelength absorptions182

were only visible at the longest path lengths, highest pressures and highest temperatures183

in the laboratory measurements and these features were essentially lost in the noise at184

lower temperatures. This is because at lower temperatures, since the pressure cannot be185

allowed to exceed the saturated vapour pressure of ammonia (to avoid condensation on186

the surfaces of the experiment) this necessarily limits the path absorber amounts, U , that187

can be attained. Hence, the strengths become increasingly ‘noisy’ and the fitted values188

of El and yν increasingly scattered, which makes the extrapolated absorptions at lower189

temperatures less reliable, although in general, the lower state energies El seem to have a190

value of roughly 300 cm−1 in this wavelength region. Figure 4 shows the laboratory spectra191

measured by Bowles et al. (2008) at the longest available path absorber amounts, U , for192

four temperatures in the range 215 – 295 K. Here we can see that, while there appear to193

be consistent observations of the stronger absorption bands at wavelengths longer than194

0.775 µm, the data for the bands at shorter wavelengths are obscured by noise. Hence,195

these transmission data do not contain enough information to meaningfully constrain the196

kν(T0), Eνl and yν parameters and so the band data must be used with caution at these197
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wavelengths, especially at lower temperatures, as we shall see later.198

Although measured under self-broadening conditions, Bowles et al. (2008) made these199

data more useful for Jovian planet modelling by giving a ‘self-to-foreign-broadening’ ratio,200

SFB = 5, which converts the yν parameter, estimated here for self-broadening conditions,201

to values appropriate for foreign-broadening conditions of yν/SFB. This assumption of the202

ratio between self- and hydrogen/helium-broadening of ammonia lines is in generally good203

agreement with the laboratory measurements of individual lines reported by Keffer et al.204

(1986), Pine et al. (1993), and Giver et al. (1975).205

These band data were used to compute k-tables with the same parameters as used to206

generate k-tables from the ExoMOL data, using the method of ‘exponential sum fitting’, as207

described by Irwin et al. (1999). These tables were calculated for both self-broadening and208

H2/He-broadening conditions, using for the latter the estimated self-to-foreign-broadening209

ratio, SFB = 5.210

3. MUSE observations211

The Multi Unit Spectroscopic Explorer (MUSE) instrument at ESO’s Very Large212

Telescope in Chile is an Integral-field Spectrograph, which records 300 × 300 pixel images213

from a field of view of 60′′× 60′′ (in wide field mode), but where each 0.2′′ × 0.2′′ pixel214

contains a complete visible/near-infrared spectrum (0.48 – 0.93 µm) with a spectral215

resolving power of 2000 – 4000 (i.e. a spectral resolution of 2.3Å). The observations of216

Jupiter recorded by MUSE have reasonably good spatial resolution due to the generally217

excellent “seeing” at the location of VLT, of typically < 0.8′′. This can be seen in Fig. 5,218

which shows a typical observation recorded on March 8th 2016, displayed as ‘true-colour’219

and false-colour images, showing the Great Red Spot (GRS) at lower left. The MUSE220
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observations are made up of a set of nine exposures, seven of Jupiter and two of sky, of just221

0.1s exposure time each, but with 2 minutes required to read out each frame.222

In contrast to the MUSE spectral resolution of 2.3Å, the best available source of223

methane absorption in this spectral range are the band model coefficients of Karkoschka224

and Tomasko (2010), to which we have fitted k-distributions, using exponential-sum225

fitting. These data have a spectral resolution of 25 cm−1 between 19300 and 25000 cm−1226

(0.518 - 0.4 µm), and 10 cm−1 at wavenumbers less than 19300 cm−1 (0.518 µm). These227

resolutions equate to roughly 5 Å (i.e. 0.0005 µm) across the visible range and so the228

MUSE data cannot be analysed using these coefficients at their native resolution. Hence,229

the data were first smoothed to make them more compatible with the available sources230

of methane and ammonia data. Given the spectral resolution of the available absorption231

data sources (especially for ammonia) we smoothed the MUSE spectra to the resolution of232

the IRTF/SpeX instrument, which has a triangular instrument function with FWHM = 2233

nm (i.e 0.002 µm), sampled at 0.001 µm. We constructed our k-tables to have this same234

resolution.235

The MUSE data were reduced with the VLT/MUSE standard pipeline (Ballester et236

al. 2006) and photometrically calibrated with an observatory-selected white dwarf star.237

To check this calibration, Fig. 6 compares the integrated disc-averaged MUSE reflectance238

spectrum observed on 28th May 2017 with the albedo spectrum of Karkoschka (1994),239

showing the generally good agreement, to within 10% at worst. Since the data observed240

by Karkoschka (1994) were measured in 1993, it is not surprising that there are some241

differences compared with the current state of a planet with such highly active and changing242

clouds as Jupiter. For this reflectance calculation, the observed radiances were divided243

by a reference solar spectrum, using Jupiter’s distance from the sun of 5.45AU on this244

date. For this, the solar spectrum of Chance and Kurucz (2010) was used, which was245
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first smoothed with a triangular line shape of FWHM = 0.002 µm to make it compatible246

with our smoothed spectra. We found this solar spectrum to be more reliable at shorter247

wavelengths than that of Thuillier et al. (2003), sometimes used in this wavelength region.248

4. Analysis of MUSE observations249

Figure 7 shows two typical spectra extracted from the MUSE data from 28th May250

2017, one averaged over a 11 × 11-pixel box in the Equatorial Zone (mean latitude 0.65◦S,251

range ∼ 3.65◦S – 2.35◦N ) near the sub-Earth point and another averaged over a 9× 9-pixel252

box in the North Equatorial belt (mean latitude 12.4◦N, range ∼ 9.9◦N – 14.9◦N), near the253

central meridian. These spectra were modelled with our NEMESIS (Irwin et al. 2008)254

radiative transfer and retrieval tool. This model uses the method of correlated-k (e.g.255

Lacis and Oinas (1991)) in its radiative transfer scheme, and combines the k-distribution256

tables of different gases using the overlapping line approximation (Lacis and Oinas 1991).257

To model the multiple-scattering conditions of reflected sunlight in Jupiter’s atmosphere,258

NEMESIS uses the matrix-operator method of Plass et al. (1973). This model uses259

Gauss-Lobatto quadrature to integrate the upwelling and downwelling radiance fields over260

zenith angle, using a 5-zenith-angle quadrature scheme in this case. The azimuth part of261

the integration is achieved with Fourier decomposition, and the number of components,262

n, for this was set by the minimum of the reflected (θ◦ref ) or incident-solar (θ◦inc) zenith263

angles as n = mod(min(θinc, θref )/3). The absorption of ammonia gas at wavelengths264

longer than 0.74 µm was modelled here with the band data of Bowles et al. (2008),265

converted to k-tables as previously described, while ammonia absorption at 0.55 and 0.65266

µm was directly modelled using the apparent cross-sections of Lutz and Owen (1980),267

with no temperature dependance assumed. Methane absorption was modelled with a268

k-table generated from the band data of Karkoschka and Tomasko (2010), while small269
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absorption features from H2 lines were modelled with a k-table generated from line data270

from the HITRAN2012 line database (Rothman et al. 2013). The collision-induced271

absorption of H2-H2 at these wavelengths was modelled after Zheng and Borysow (1995),272

while at shorter wavelengths, the Rayleigh-scattering opacity was modelled via standard273

theory (e.g. Goody and Yung (1989)), accounting for the contributions of H2, He, CH4274

and NH3. To model these observations, a ‘standard’ Jupiter atmosphere was constructed275

with deep mole fractions of H2, He, CH4 and NH3 set to 0.8622, 0.1339, 1.81 × 10−3 and276

2 × 10−4, respectively, with the abundance of NH3 limited to the saturated vapour mole277

fraction at lower temperatures. This atmospheric profile is the same as was used to model278

Cassini/CIRS observations of Jupiter (Irwin et al. 2004). To understand how these gas279

opacities and Rayleigh-scattering opacities affect the reflectivity spectrum of Jupiter’s280

atmosphere, Fig. 8 shows the transmission to and from successively deeper pressure levels281

in our assumed Jupiter atmosphere for cloud-free conditions. The increasing importance of282

Rayleigh scattering can be seen at shorter wavelengths, but at most wavelengths the Jovian283

air is relatively clear, with the main absorption features arising from methane, especially284

near 0.72 µm, where we see we are really only sensitive to reflection from particles at285

pressures less than 300 mb, and near 0.89 µm, where we can only detect the reflection from286

particles lying at pressures less than 100 – 200 mb.287

For our scattering calculations, the atmosphere was split up into 39 levels equally spaced288

in log(pressure) between 10 and 10−4 bar. Clouds/hazes in the atmosphere were modelled289

with a continuous distribution of aerosols whose a priori abundance (opacity/mass) was290

set to 0.01 (g cm−2)−1, where our opacities refer to that observed at a wavelength of291

0.6 µm. The scattering properties of these aerosols were calculated using the method of292

Irwin et al. (2015), which uses Mie theory, assuming a fixed size distribution of particles293

(standard gamma after Hansen (1971)) with mean radius 1.0 µm and variance 0.05, a fixed294

real refractive index at 0.6 µm of 1.4 (similar to ammonia ice) and a variable imaginary295
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refractive index spectrum of the particles, computing the real part of the complex refractive296

index using the Kramers-Kronig method (e.g. Sheik-Bahae 2005). The spectra were297

modelled by fitting the vertical profile of aerosol abundance, fitting the imaginary refractive298

index spectrum of the particles and multiplying the a priori ammonia abundance by a299

simple scaling factor. The results of this retrieval model applied to the reference EZ and300

NEB spectra can be seen in Fig. 7. In these retrievals we found that we were unable to301

fit the MUSE spectra to within the random errors estimated from the reduction pipeline,302

which we attribute to deficiencies and uncertainties in our gaseous absorption coefficients303

and other assumptions made in our forward modelling. Hence an additional ‘forward304

modelling’ error of 5× 10−5 W cm−2 sr−1 µm−1 was added to the spectra at all wavelengths,305

which allowed us to fit the spectra to a precision χ2/n ∼ 1, and gives more realistic error306

limits on our retrieved parameters. This treatment of forward modelling uncertainties is307

routine in the optimal estimation approach adopted by NEMESIS in conditions such as308

this, where the data are measured to a better precision than can be modelled with existing309

sources of absorption/scattering coefficients. In Fig. 7 we can see that the spectra for both310

locations are well modelled with a cloud with peak abundance near the 1-bar level. Our311

retrieved imaginary refractive indices show significant blue absorption in both spectra, with312

generally increased absorption across all wavelengths in the NEB relative to the EZ. In both313

locations we found that an ammonia abundance less than that initially assumed gives the314

best fit, with ammonia more depleted in the NEB than the EZ, which is consistent with315

other measurements of the distribution of ammonia in Jupiter’s atmosphere. It should be316

noted that for both regions we thus find ammonia to be sub-saturated above the clouds.317

Although we used a simple scaled ammonia profile for these fits, we tested our vertical318

sensitivity to ammonia, by perturbing the abundance of ammonia in this profile at different319

levels and calculating the change in radiance. As we are seeing absorption from ammonia in320

and above the clouds our vertical sensitivity to this gas is defined by pressure levels where321
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the cloud opacity is not too high to limit the sunlight, but where the ammonia abundance322

(which drops rapidly with height) is still significant, i.e. immediately above the cloud323

tops. Our retrieved cloud profile has maximum opacity at 1 bar, and we found that our324

sensitivity to ammonia also peaks at this level. The inferred cloud absorption spectrum of325

the cloud particles is similar to that of a material generated in the laboratory by reacting326

photodissociated ammonia with acetylene (C2H2), reported by Carlson et al. (2016) and327

used by Sromovsky et al. (2017) to model Cassini/VIMS observations of Jupiter, recorded328

in 2000, covering the spectral range 0.3 to 1.05 µm.329

We are clearly able to fit the VLT/MUSE observations of the EZ and NEB very well330

with this model, but there are some significant differences. These can be seen more clearly331

in Fig. 9 for the EZ and Fig. 10 for the NEB, where we have also shown the spectra332

modelled without the ammonia data of Bowles et al. (2008) and Lutz and Owen (1980),333

and then with the absorption of ammonia at wavelengths > 0.7µm, modelled instead with334

ExoMOL (Yurchenko et al. 2011). Key ‘visible’ ammonia absorption features are marked335

in Figs. 9 and 10 as: A – 0.552 µm, B – 0.648 µm, C – 0.75 µm, D – 0.76 µm, E – 0.79 µm,336

F – 0.825 µm and G – 0.93 µm.337

First of all, we find that for the wavelengths covered by both band data and line data338

(i.e. at λ > 0.833 µm) the difference between the spectra calculated with the band data339

of Bowles et al. (2008) and the ExoMOL line data of Yurchenko et al. (2011) are very340

small, although the ExoMOL line data perhaps slightly better model absorption feature341

G (0.93 µm). Moving to wavelengths shorter than 0.833 µm, we can see that the band342

data of Bowles et al. (2008) fit feature E (0.79 µm) well, and to a lesser extent feature F343

(0.825 µm). Since most of the reflection comes from clouds near 1 bar, the mass-weighted344

mean temperature of the path above the clouds to space is ∼ 138 K, which is well beyond345

the range of temperatures measured by Bowles et al. (2008), and it is a testament to346
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the careful measurements and reliability of the Goody-Lorentz band model that the data347

can predict the spectra so well for features E – G. However, as we might expect from our348

analysis of the laboratory measurements earlier, we find that the band data of Bowles et al.349

(2008) provides a less good fit to feature D at 0.76 µm (predicting too little absorption),350

and predicts a feature to be present at 0.75 µm, which is absent from the observed Jovian351

spectra. Hence, we conclude that the band data of Bowles et al. (2008) are not reliable352

at wavelengths λ < 0.758 µm. At shorter wavelengths, we find that while the features A353

(0.552 µm) and B (0.648 µm) are predicted to be visible in the modelled spectra using the354

coefficients of Lutz and Owen (1980), they do not have quite enough absorption at 0.648355

µm, and have clearly insufficient absorption at 0.552 µm. When using these coefficients, we356

did not use the temperature dependence suggested by Lutz and Owen (1980), which would357

have reduced the absorption strength still further for a mean path temperature of ∼ 138358

K, but at the same time we used the data as a continuum absorption, which is not strictly359

applicable for a feature that is actually composed of thousands of thin lines. It might be360

possible to take these data and use the ‘curve-of-growth’ tables of Lutz and Owen (1980)361

to compute transmission spectra for a range of path lengths and fit k-distributions to these362

synthetic transmittances using exponential-sum fitting. However, the ‘curve-of-growth’363

tables give no indication of how the shape of the absorption features might change with path364

length and we would still have no reliable information on their temperature dependance.365

We could conceivably introduce some temperature dependence by assuming that these366

bands can be modelled with a Goody-Lorentz model (as Bowles et al. (2008)), and set the367

lower state energy Elν and broadening yν parameters to values consistent with that found at368

longer wavelengths, but we concluded that this would involve just too many assumptions.369

Also, we have found that these data, even as measured at room temperature, do not appear370

to give sufficient absorption to be consistent with the longer-wavelength absorption data of371

Bowles et al. (2008) and Yurchenko et al. (2011). Hence, while these data may provide a372
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useful tool for analysing spectra that just cover the 0.5 – 0.7 µm spectral range, we conclude373

that they are too inconsistent with absorption data at longer wavelengths (i.e. Bowles et374

al. (2008), Yurchenko et al. (2011)) to allow them to be used reliably in fits to this entire375

spectral range.376

Aside from the ammonia features, just described, there are other differences between377

the estimated and modelled reflectance spectra, which could arise from a number of causes.378

Firstly, to calculate the reflectivity we need to divide the measured radiance spectrum by379

that of sunlight reflected from a Lambertian surface at the same distance from the Sun380

at normal incidence to it, i.e. I/F = R/(πF ), where R is the observed spectral radiance381

(W cm−2 sr−1 µm−1) and F the solar spectral irradiance at Jupiter (W cm−2 µm−1). As382

stated earlier we used the solar spectrum of Chance and Kurucz (2010) for this, smoothed383

to the same resolution as the data. This spectrum, divided through by a Planck function384

of temperature 5778 K and normalised to 0.4 is also shown in Figs. 9 and 10 and there are385

several Fraunhofer absorption lines seen, the most prominent of which are highlighted. Any386

error in the assignment of wavelengths or instrument line shape would be most apparent387

in the reduced I/F spectra at the location of these lines, and we can see that, by and388

large, the I/F spectra are mostly smooth at the Fraunhofer line positions. Exceptions to389

this can be seen near ammonia absorption ‘B’ at 0.656 µm, where our reduction seems to390

overcompensate for the solar absorption line and to a lesser extent at the lines shortward of391

this. Elsewhere, the spectrum seems well modelled with our assumed methane absorption392

tables, based on the band data of Karkoschka and Tomasko (2010). Exceptions to this393

are at wavelengths between 0.656 and 0.7 µm, where although we fit the same peaks and394

troughs, the shape of the absorption features is not optimal. These discrepancies arise, we395

believe, from deficiencies in the methane band data at these wavelengths.396
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5. Conclusion397

In this paper we have reviewed and assessed the reliability and consistency of different398

sources of ammonia absorption data when modelling the visible/near-infrared reflectance399

spectra of Jupiter from our VLT/MUSE observations. We have found that ammonia k-tables400

generated from the band models of Bowles et al. (2008) provide the best combination of401

reliability and wavelength coverage for the MUSE spectral range, although these data are402

found to be unreliable at wavelengths less than 0.758 µm. The data of Bowles et al. (2008)403

seem consistent with the ExoMOL ammonia line data of Yurchenko et al. (2011), where404

they overlap, but these latter data do not cover the ammonia absorption bands at 0.79 and405

0.765 µm, which are prominent in our MUSE observations. At shorter wavelengths we find406

that the laboratory observations of Lutz and Owen (1980) provide a good indication of407

the position and shape of the ammonia absorptions near 0.552 µm and 0.648 µm, but their408

absorption strengths seem inconsistent with the available data at longer wavelengths and409

we have no reliable way to extrapolate the strength and shape of these bands to the cold,410

H2-He broadening conditions in Jupiter’s atmosphere. We also find that the line data of411

the 0.648-µm band of Giver et al. (1975) are not suitable for modelling these data as they412

account for only 17% of the band absorption and lack information on lower state energies,413

necessary to compute their absorption strengths at cold temperatures.414

We conclude that in order to interpret such observations of Jupiter and Saturn more415

reliably in future there is a clear need to better define the absorption of ammonia gas at416

visible wavelengths. However, this need extends beyond our solar system. Space telescopes417

such as NASA’s planned Wide Field Infrared Survey Telescope (WFIRST) (e.g. Spergel418

et al. 2013) have been proposed to detect and perform coronagraphic direct-imaging419

spectral observations of Jupiter-like planets about other stars. To interpret the spectra of420

such exoplanets requires that we have reliable absorption spectra of the absorbing gases,421
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of which ammonia is likely to be a key contributor. Hence, new estimates of the visible422

absorption spectrum of ammonia are crucial to extend our understanding of both solar423

system planetary physics and exoplanetary physics.424
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the 6475Å band at room and low temperatures. J. Quant. Spec. Radiat. Transf., 35,493

487 – 493.494

Lacis, A.A., Oinas, V., 1991. A description of the correlated-k distribution method for495

modelling nongray gaseous absorption, thermal emission, and multiple scattering in496

vertically inhomogeneous atmospheres. J. Geophys. Res., 96, 9027 – 9063.497

Lutz, B.L., Owen, T., 1980. The visible bands of Ammonia: Band strengths, curves of498

growth, and the spatial distribution of Ammonia on Jupiter. ApJ, 235, 285 – 293.499

Matousek, S., 2007. The Juno New Frontiers Mission. Acta Astronautica, 61, 932 – 939.500

Nouri, S., Orphal J., Aroui H., Hartmann J.-M., 2004. Temperature dependence of pressure501

broadening of NH3 perturbed by H2 and N2. J. Mol. Spec., 227, 60 – 66.502

Pine, A., Markov V., Buffa G., Tarrini, O., 1993. N2, O2, H2, Ar and He broadening in the503

ν1 band of NH3, J. Quant. Spec. Radiat. Transf., 50, 337 – 348.504



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

– 25 –

Plass, G.N., Kattawar, G.W., Catchings, F.E., 1973. Matrix operator method of radiative505

transfer. 1: Rayleigh scattering. Appl. Opt., 12, 314 – 329.506

Rothman, L.S., Gordon, I.E., Babikov, Y., Barbe, A., Benner, D.C., Bernath, P.F., et507

al, 2013. The HITRAN2012 molecular spectroscopic database, J. Quant. Spec. Ra-508

diat. Transf., 130, 4 – 50.509

Sharp, C. M., Burrows A., 2007. Atomic and molecular opacities for brown dwarf and giant510

planet atmospheres, ApJS, 168, 140 – 166.511

Sheik-Bahae, M., 2005. Nonlinear Optics Basics. Kramers-Kronig Relations in Nonlinear512

Optics. In Robert D. Guenther. Encyclopedia of Modern Optics. Amsterdam:513

Academic Press.514

Spergel, D., et al., 2013. Wide-Field InfraRed Survey Telescope-Astrophysics Focused515

Telescope Assets (WFIRST-AFTA) Science Definition Team (SDT) Final Report,516

arXiv 1305.5422.517

Sromovsky, L.A., Baines, K.H., Fry, P.M., Carlson, R.W., 2017. A possibly universal red518

chromophore for modeling color variations on Jupiter, Icarus, 291, 232 – 244.519
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Fig. 1.— Temperature factors affecting line strength for ammonia lines near 6475Å. Top left

panel shows the strength correction arising from the temperature dependance of the total

partition function (computed using the HITRAN2012 temperature coefficients of Rothman

et al. (2013)), which includes both the vibrational and rotational components. Overplotted

(as a dotted line) is the expected rotational component alone, (T0/T )3/2, showing that this

dominates at these temperatures. Top right panel shows the strength correction arising

from the exp(−El/kT ) term in Eq.1, for lower state energies, El, of 100, 300, 500 and 1000

cm−1, indicated by the different line styles defined in the panel. Bottom left panel shows the

correction arising from the temperature dependence of the stimulated emission term, which

is clearly negligible at these temperatures and wavelengths. Bottom right panel shows the

combined effects of all these factors on the line strength, with again the factors for different

lower state energies indicated by the different line styles defined in the top right panel. Also

shown, for comparison, is the dependance of the band-integrated absorption assumed by Lutz

and Owen (1980) for their laboratory observations at 5520 and 6475Å, i.e. S = S0(T/T0)
1/2,

marked with the ‘plus’ symbols.
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Fig. 2.— Transmission spectrum of the self-broadened path of ammonia shown in Fig.3 of

Giver et al. (1975). In this calculation the temperature is 294 K, the path length is 36 m

and the pressure is 1 atm. The originally measured ‘low-dispersion’ spectrum of Giver et

al. (1975) (digitised by the authors) is shown, coloured in cyan, while the red line shows a

high resolution spectrum calculated using the line data of Giver et al. (1975) described in

this paper (using the self-broadened widths quoted by Giver et al. (1975)). The black line

shows the spectrum calculated with the absorption coefficients of Lutz and Owen (1980)

that have a resolution of 2Å (or 0.0002 µm), which shows much better agreement with

the measured transmission spectrum, albeit at lower resolution. The green line shows the

spectrum calculated from the Giver et al. (1975) line data smoothed to a resolution of 2Å

to allow direct comparison with the absorption coefficients of Lutz and Owen (1980). It can

be seen that the line data do not cover the complete range and do not account for enough

of the weaker lines to be able to fully account for the observed band absorption.
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Fig. 3.— Comparison of NH3 band parameters (kν(T0), El and yν) of Bowles et al. (2008)

with the equivalent parameters extracted from the ExoMOL line data (Yurchenko et al.

2011), averaged into the bins used by Bowles et al. (2008), which have a step and FWHM

of 0.0025 µm between 0.74 and 1.0475 µm. The absorption coefficients, kν(T0), (top panel)

are in units of (molecule cm−2)×1024. These are directly extracted from the data of Bowles

et al. (2008) and shown as the cross symbols. For the ExoMOL data, these absorption

coefficients are the average line strength (at T0) across the bins, shown as the solid line. The

middle panel shows the lower state energies El, quoted by Bowles et al. (2008), together

with the bin-averaged and strength-weighted lower state energies for ExoMOL. Finally, the

bottom panel compares the yν parameter of Bowles et al. (2008), with the bin-averaged,

strength-weighted self-broadened line widths of Pine et al. (1993).
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Fig. 4.— Longest path absorber amount, U , (i.e. molecule cm−2) laboratory-measured self-

broadened transmission spectra of Bowles et al. (2008) for temperatures in the range 200

– 225 K, 225 – 250 K, 250 – 270 K, and 280 – 300 K. The actual temperatures are listed in

the figure, while the corresponding pressures are 223, 707, 1022 and 1027 mb respectively.

All transmission spectra were measured for the longest path length of 10.164 m. We can

see that the laboratory data seem to be consistent for wavelengths longer than ∼ 0.76µm,

but vary inconsistently with temperature at lower wavelengths and seem to be dominated

by noise.
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Fig. 5.— Left: ‘True Colour’ composite MUSE image constructed from data recorded on

March 8th 2016 (02:49:38UT). The GRS is clearly visible at lower left. Right: False-colour

image, where red is reflection at 630 nm (weak methane absorption), green is reflection at

510 nm (sensitive to blue-absorbing ‘chromophores’), and blue is reflection at 890nm (strong

methane absorption, sensitive only to high level hazes).
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Fig. 6.— Disc-averaged MUSE spectrum (and variance) shown in grey, observed on 28th

May 2017 at 01:31:25UT. The red line shows the disc-averaged albedo spectrum of Jupiter

measured in 1993 (Karkoschka 1994) for comparison, showing good correspondence even

after an elapsed time of 24 years.
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Fig. 7.— Fit to representative Equatorial Zone (EZ) and North Equatorial Belt (NEB)

spectra observed on 28th May 2017 at 01:31:25UT with VLT/MUSE. Top left panel shows

our fit to spectra averaged over the central portion of the Equatorial Zone (EZ) and North

Equatorial Belt (NEB), as described in the text, with estimated error range (including for-

ward model errors) shown in grey. The fits to these spectra using our NEMESIS retrieval

model are shown in green (EZ) and red (NEB). Top right panel shows the fitted cloud den-

sity profiles (in units of opacity/(g cm−2) at 0.6 µm) retrieved at these locations for the

EZ(green) and NEB(red), with fitted error ranges in dark grey and a priori error range in

light grey. Bottom right panel shows the a priori assumed ammonia profile (grey), together

with the fitted scaled profiles in the EZ(green) and NEB(red). Finally, the bottom left panel

shows the fitted imaginary refractive index spectra of the cloud particles in the EZ(green)

and NEB(red), with fitted errors again shown in dark grey and a priori assumed values in

light grey.
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Fig. 8.— Two-way transmission calculated to different levels in Jupiter’s atmosphere for a

vertical path in cloud-free conditions.
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Fig. 9.— Observed MUSE spectrum averaged over the central portion of the Equatorial Zone

(EZ) with estimated error (including forward model errors) shown in grey, observed on 28th

May 2017 at 01:31:25UT. In the top panel, the green line is the fit of our NEMESIS retrieval

model using the ammonia absorption data of Bowles et al. (2008) and Lutz and Owen

(1980). In the middle panel, the observed spectrum is compared with the calculated spectrum

when the ammonia absorption data of Bowles et al. (2008) and Lutz and Owen (1980) are

neglected, shown in red. In the bottom panel, the observed spectrum is compared with the

calculated spectrum when the absorption of ammonia at wavelengths > 0.7µm is modelled

instead with ExoMOL (Yurchenko et al. 2011), shown in blue. The labelled features ‘A’

to ‘G’ mark the main observable ammonia absorption features, which are discussed further

in the text. Also shown in purple is the assumed solar spectrum of Chance and Kurucz

(2010), divided by a Planck function of temperature 5778 K and scaled to give a value of

∼ 0.4, showing the various Fraunhofer lines in the spectrum. The most significant of these

are highlighted by the darker grey bars. As we divide the measured radiance spectrum by

this solar spectrum, any error in line width or position can potentially lead to errors at the

Fraunhofer wavelengths.
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Fig. 10.— As Fig.9, but comparing our calculations for different ammonia absorption sources

with the observed MUSE spectrum averaged over the North Equatorial Belt (NEB).


