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ABSTRACT

Observations of the visible/near-infrared reflectance spectrum of Jupiter have
been made with the Very Large Telescope (VLT) Multi Unit Spectroscopie” Ex-
plorer (MUSE) instrument in the spectral range 0.48 — 0.93 pm in support of
the NASA/Juno mission. These spectra contain spectral signaturés,of gaseous
ammonia (NHj), 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'beén 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 sourcdeswof ammonia absorption data are most reli-
able. We find that the band.medel 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 Yurchenke et al (2011), at wavelengths where they overlap, but these
latter data do. notycover the ammonia absorption bands at 0.79 and 0.765 pm,
which arepreminent in our MUSE observations. However, we find the band
data'ef Bowles et al. (2008) are not reliable at wavelengths less than 0.758 pm.
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 pym and 0.648 pm, 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 pum 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 Hy/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 ith

NASA’s planned Wide-Field Infrared Survey Telescope (WFIRST). Q
Subject headings: Jupiter, atmosphere; Saturn, atmosphere; Extr@fets;
Radiative transfer; Spectroscopy ‘ ’
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1. Introduction

In support of the NASA/Juno mission (Matousek 2007) we have recently observed
Jupiter with the MUSE (Multi Unit Spectroscopic Explorer, Bacon et al. (2010))
instrument at ESO’s (European Southern Observatory) Very Large Telescope: (VIIL).
MUSE records complete visible/near-infrared spectra (0.48 — 0.93 pm) from all points on
Jupiter’s observable disc. These observations will be used to track thé development of cloud
structures and study the distribution of colour-carrying particles; or ‘chrémophores’. These
data also contain a number of absorption features of ammonia gas at"0.55 pym, 0.65 pym, and
further bands increasing in strength between 0.74 pm and 1 pniwGiven reliable information
on the strength of these bands, we may use these features t6 determine the abundance of
ammonia above the cloud tops. However, available ammonia absorption data come from
a range of sources whose consistency with gespect to each other has not been properly
tested against observational data. Thisus. of importance not only to studies of Jupiter’s
atmosphere, but also to future studysof Jupiter-like exoplanets, whose reflectivity spectra
could potentially be determined with goronographic direct-imaging using space telescopes
such as NASA’s planned WidesField Infrared Survey Telescope (WFIRST) (e.g. Spergel
et al. 2013). In this-paperiwe review the available sources of visible/near-IR gaseous

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

2. Spectral Data Sources

There appear to be four main sources of gaseous ammonia absorption data in the
visible/near-infrared region. The data reported by Giver et al. (1975), Lutz and Owen
(1980) and Bowles et al. (2008) come from measuring the absorption of ammonia gas
in laboratory paths at medium or high resolution, and fitting either mean absorption

coefficients, (Lutz and Owen 1980), band models (Bowles et al. 2008), or line strengths
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for a selection of the strongest lines (Giver et al. 1975). The band data of Bowles et al.
(2008) were observed at temperatures between 220 and 292K, but the data of Giver et al.
(1975) and Lutz and Owen (1980) are limited to room temperature only and thus it is
difficult to know how best to extrapolate these observations to the colder tempeératures in
Jupiter’s atmosphere. In addition, all three laboratory measurement studies,were measured
under self-broadening conditions only, rather than H,/He-broadening as experienced in
Jupiter’s atmosphere. Hence, there is also uncertainty in how to correet these observations
for foreign-broadening conditions. The 5520A (i.e. 0.552 pm) band is reported only by
Lutz and Owen (1980), while the 6475A (i.e. 0.6475 um)(band i3 reported by both Lutz
and Owen (1980) and Giver et al. (1975). The laboratery data of Bowles et al. (2008)
covers wavelengths longer than 0.74 pym, in the formmofsband model coefficients, which are
temperature dependent. More recently the ExoMQL project has computed an ab initio line
table for NHj from first principles (Yurchenke etjal. 2011). These data cover wavelengths
longer than 0.833 pm, but only include line strengths and lower state energies and do not
have any information on line widths. Hence, further analysis and assumptions have to be
made to assign line widths (under Hs/He-broadening conditions) and their temperature
dependences in order to/apply thése data to radiative transfer calculations under Jovian

conditions.

These different” gaseous ammonia absorption data sources are reviewed individually

and in more'detail/below.

2.1. ExoMOL NH;

The ExoMOL ab initio ammonia line table of Yurchenko et al. (2011) includes line
strengths and lower state energies and lists over 1 billion lines in the spectral range 0 —

12000 cm™! (i.e. wavelengths longer than 0.833 pum). Most of the lines are ‘hot lines’ that
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only become important at high temperature (i.e. 7' > 400 K) and are not important at

Jovian temperatures.

The strength of a line at temperature 7', S(T"), compared with that observed at the

reference temperature Ty (taken to be 296 K), S(7}), may be calculated from_the eguation:

S(T) _ Qu(To)Qr(To)(1 — exp(=Er/kT)) exp(—Ei/KT)
S(Ty) ~— Quv(T)Qr(T)(1 — exp(—Er/kTy)) exp(—Ei/kLp)

where Qv (T') and Qr(T') are the vibration and rotation partition funetions; respectively,

(1)

(1 —exp(—FEr/kT)) is a correction for stimulated emission, equal to one minus the ratio of
Boltzmann populations for the two states (Er is the transition energy), and exp(—E;/kT)

is the Boltzmann population of the lower state, of energy, F.

Figure 1 demonstrates, using Eq. 1, how the line strength correction, S(T')/S(Tp), is
expected to vary with temperature for lines nean 6475A with different lower energies (LSE).
It can be seen that lines with higher lower ‘state energies quickly diminish in strength
as the temperature is reduced, while the stimulated emission term is negligible at these
wavelengths. It can also be seen“that the total partition function provided by HITRAN2012
(Rothman et al. 2013) is wéll,approximated by just the expected rotational component for

a polyatomic molecule of (To/T)%/2.

Since the ExeMOTLiline database lists many lines that are not relevant for calculating
ammonia opacities inJupiter’s atmosphere, we initially reduced the number of lines to a
more manageabledevel by using the lower state energies and partition function to compute
the line strengths at 400 K and neglected lines contributing less than 10~ % to the total

Lwide bins). Once we had reduced the number of lines,

line strength (summed over 1 cm™
we then needed to add line-broadening information since (unless the lines are to be used for
calculations at low pressure and high temperature, where only Doppler-broadening of the

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

the Voigt lineshape for each line. Following Amundsen et al. (2014) and Garland and
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Irwin (2017), the foreign broadening line widths of the NHj lines in a solar composition
Hy-He atmosphere (assumed by Garland and Irwin (2017) to be 85:15, very similar to the
Jovian value used in analysing our Cassini/CIRS observations from Irwin et al. (2004) of
0.865:0.135) were allocated (depending on the rotational energy level J) from the data of
Pine et al. (1993). The temperature dependence exponents of these widths4yere taken from
Nouri et al. (2004) and Sharp and Burrows (2007) for Ho-broadening and*He-broadening,
respectively, and used to compute a weighted-average of 0.66 (Garland‘and Irwin 2017).
To compare with laboratory measurements under self-broadening conditions, self-broadened
line widths were also taken from Pine et al. (1993), while the temperature dependence
exponent was set to the default expected theoretical yalue of 0.5. The ExoMOL linedata
with these modifications were then used to computeksdistribution look-up tables for both
Hs-He- and self-broadening conditions, covering*the spectral range 0.4 — 1.0 gm. These
k-tables are used in our correlated-k radiative, transfer model, NEMESIS, described later.
In these k-tables, 10 g-ordinates were used, with 15 pressures logarithmically spaced between
10~* and 10 bar and 20 temperatures equally spaced between 50 and 400K. It should be
noted that we had to convert the ExeMOL line data to k-tables (and use a correlated-k,
rather than a line-by-line‘model)y’since our other sources of ammonia absorption are either
in the form of band.«lata or average absorption coefficients. In addition, our best source
for methane absorption, which is the dominant gaseous absorption seen in Jupiter’s visible
— near-IR spectrum (Karkoschka and Tomasko 2010) is also in the form of band data, to

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

2.2. Lutz and Owen (1980) absorption data

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

absorption spectrum of NH; for both the 6475 A band and the 5520 A band at a spectral



105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

-8 —

resolution of 2A. Their estimate of the total band intensity is 0.63 cm™' (m-amagat)~

at 6475 A (in good agreement with Giver et al. (1975)) and 0.096 cm~' (m-amagat)~!
for the much weaker 5520 A band. These data are presented in the form of apparent
absorption cross-sections, but as their data do not resolve individual lines, they cannot
strictly be used as monochromatic absorption data. Hence, Lutz and Owen, (1980), give
‘curve-of-growth’ tables that allow their band-integrated absorptions (or equivalent widths)
to be scaled appropriately as individual lines within the bands become'gaturated depending
on the total path length of ammonia between the cloud top and ‘the observer. The authors
note that under Jovian conditions the 5520A band is always il the weak limit and thus the
equivalent width increases linearly with the path abundance, but they state that the 6475A
band can slightly saturate. However, they give no‘method for calculating how the shape of
the absorption spectrum changes, and their ‘curvesof-growth’ method relies on calculating
the total path length between the cloud topsyand- the observer and making a correction
for the band-integrated absorption. While such a method is of use for reflecting layer
model calculations, it is not possible to apply the same technique for multiple-scattering
calculations, where the transinission of the various scattering layers are multiplied. To
account for temperaturevariations, Lutz and Owen (1980) suggest a simple temperature
scaling of the form W = W,(T/T,)"/?, where W is the band-integrated strength. Such a
scaling is suitahle for-line widths, but it is not clear how suitable this is for line strengths.
However, from Fig,I'we can see that such a temperature dependence is broadly similar to
the line/strength variation we might expect for lines with lower state energies of ~ 300
cmL, typieal of lines at longer wavelengths in the visible/near-infrared region, as we shall

see later.
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2.3. Giver (1975) absorption data

Giver et al. (1975) present high-resolution (R= A/AX = 170, 000) laboratory spectra
of self-broadened ammonia in the 6475 A band at room temperature, and also report the
line strengths of the strongest lines observed. These were compiled into a linesdatastable,

! which isfan average of the

using a mean Hy-broadened linewidth for all lines of 0.101 cm™
Hy-broadened linewidths of lines in this band reported by Keffer et.al. (1985, 1986), and
using the self-broadened line widths quoted for each line by Giveér et al.” (1975) directly.
However, a key drawback of these data is that they pertain only t6 room temperature
observations and do not include an estimate of the lower stateenergy. Without such an
estimate it is difficult to use these data to model the ifrared spectrum of a cold planet
such as Jupiter since we cannot compute how _the strengths vary with temperature. In
addition, these data only include the very strongest of lines and thus when used to simulate
low-resolution spectra completely fail toraccount for the large number of weak lines that
are present and which add up to prewide most of the absorption. This can be seen in Fig.
2, which reproduces the observed ‘low-dispersion’ transmission spectrum of a 36-m path
of self-broadened ammonia*at'294K and 1.0 atm, shown in Fig.3 of Giver et al. (1975).
Unfortunately, the speetral resolving power of this ‘low-dispersion’ spectrum is not quoted
by Giver et al. (1975)i, Also shown on Fig. 2 are the transmission spectrum calculated
with the Lutz“and Owen (1980) absorption data, and with the Giver et al. (1975) line
data, bothat,high resolution and also smoothed to a resolution of 2 A to allow direct
comparigson with the calculated spectrum using the Lutz and Owen (1980) absorption
datay, Werfind that the data of Lutz and Owen (1980) reproduce the overall transmission
of the observed spectrum very well, albeit at lower resolution. However, we can see in Fig.
2 that the absorption calculated with the line data of Giver et al. (1975) is significantly
underestimated. This discrepancy is easily understood since when the published line

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

I (m-amagat) ™!, accounting for only 17% of the band-integrated

spectrum of 0.66 cm™
absorption. Hence, while of interest, the line data of Giver et al. (1975) in the 6475 A
band are not useful in modelling moderate-resolution spectroscopic observations ef Jovian

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

energies necessary to extrapolate the line strengths to lower temperatures.

2.4. Bowles et al. (2008) band data

Bowles et al. (2008) report band models fitted to the meéasured absorption spectra of
laboratory paths of ammonia with path lengths ofi2:64rand 10.164 m, pressures ranging
from 0.075 to 1.02 bar and temperatures varyingsbetween 216 and 292 K. The measured
transmission spectra cover the spectral range 0.74)- 1.0475 pym and have a spectral resolution
and step of 0.0025 pym. These transmission spectra were fitted with a Goody-Lorentz model
(Goody 1952), which calculatesdthe transmission 7 of a path with absorber amount U

(molecule cm™2), pressure p,demperature T to be

1
N (_1/ (b (T)UP wkymyyvp\/%)

where, the mean absorption strength at temperature T, k,(T'), is calculated as

ko (T) = ko (Ty) (%) " exp [1.439Eyl (%0 - %)} . (3)

The fitted parameters of this model are the absorption strength at reference temperature
To, k. (Tp), the mean lower state energy, E,;, and an effective line width parameter, y,,

where v is the wavenumber or wavelength and the reference temperature 7Ty = 296 K. The
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main temperature dependance of this model is clearly very similar to that assumed for
line-by-line (LBL) models, but the fitted parameters are not constrained to be limited to
physically plausible values. This can be seen in Fig. 3 where we compare the tabulated
values of k,(Ty), E,; and y, with equivalent values extracted from the ExoM@L, NHj
database (Yurchenko et al. 2011), i.e. the line strengths at Tj, the strengthsweighted lower
state energies and strength-weighted self-broadening line-widths of Pine et'al. 7(1993), all

themselves averaged over bins of width and step 0.0025 um as used by Bowleés et al. (2008).

As can be seen in Fig.3, the ExoMOL data of Yurchenko ethale” (2011) and the
band data of Bowles et al. (2008) are remarkably consistent atwavelengths where they
overlap. The data of Bowles et al. (2008) uniquely cover'the’0.74 to 0.833 um region, but
become increasingly noisy at shorter wavelengths. “The shortest wavelength absorptions
were only visible at the longest path lengths, highest pressures and highest temperatures
in the laboratory measurements and these features were essentially lost in the noise at
lower temperatures. This is because at lower temperatures, since the pressure cannot be
allowed to exceed the saturated vapour pressure of ammonia (to avoid condensation on
the surfaces of the experiment)this necessarily limits the path absorber amounts, U, that
can be attained. Hence] the strengths become increasingly ‘noisy’ and the fitted values
of £} and y, increasingly scattered, which makes the extrapolated absorptions at lower
temperatures less'zeliable, although in general, the lower state energies E; seem to have a
value of roughly 300 cm™! in this wavelength region. Figure 4 shows the laboratory spectra
measured by Bowles et al. (2008) at the longest available path absorber amounts, U, for
four'\temperatures in the range 215 — 295 K. Here we can see that, while there appear to
be consistent observations of the stronger absorption bands at wavelengths longer than
0.775 pum, the data for the bands at shorter wavelengths are obscured by noise. Hence,
these transmission data do not contain enough information to meaningfully constrain the

k,(Ty), E, and y, parameters and so the band data must be used with caution at these
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wavelengths, especially at lower temperatures, as we shall see later.

Although measured under self-broadening conditions, Bowles et al. (2008) made these
data more useful for Jovian planet modelling by giving a ‘self-to-foreign-broadening’ ratio,
SFB = 5, which converts the y, parameter, estimated here for self-broadening‘conditions,
to values appropriate for foreign-broadening conditions of y, /SFB. This assumption of the
ratio between self- and hydrogen/helium-broadening of ammonia linesi§ in generally good
agreement with the laboratory measurements of individual lines sfeported by Keffer et al.

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

These band data were used to compute k-tables with the same parameters as used to
generate k-tables from the ExoMOL data, using the method of ‘exponential sum fitting’, as
described by Irwin et al. (1999). These tables were calculated for both self-broadening and
H,/He-broadening conditions, using for the'latter the estimated self-to-foreign-broadening

ratio, SFB = 5.

3. . MUSE observations

The Multi Unit Spectroseopic Explorer (MUSE) instrument at ESO’s Very Large
Telescope in Chile is anyntegral-field Spectrograph, which records 300 x 300 pixel images
from a field of viewnof 60”x 60” (in wide field mode), but where each 0.2” x 0.2” pixel
contains & complete visible/near-infrared spectrum (0.48 — 0.93 pm) with a spectral
resolvingypower of 2000 — 4000 (i.e. a spectral resolution of 2.3A). The observations of
Jupiter recorded by MUSE have reasonably good spatial resolution due to the generally
excellent “seeing” at the location of VLT, of typically < 0.8”. This can be seen in Fig. 5,
which shows a typical observation recorded on March 8th 2016, displayed as ‘true-colour’

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

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

In contrast to the MUSE spectral resolution of 2.3A, the best available source of
methane absorption in this spectral range are the band model coefficients of Karkeschka
and Tomasko (2010), to which we have fitted k-distributions, using exponential-sum
fitting. These data have a spectral resolution of 25 cm™! between 19300 andy25000 cm™*
(0.518 - 0.4 um), and 10 cm™! at wavenumbers less than 19300 ¢! (0,518 um). These
resolutions equate to roughly 5 A (i.e. 0.0005 pm) across thévisible’range and so the
MUSE data cannot be analysed using these coefficients at their native resolution. Hence,
the data were first smoothed to make them more compatible’ with the available sources
of methane and ammonia data. Given the spectral‘tesolution of the available absorption
data sources (especially for ammonia) we smoothed the MUSE spectra to the resolution of
the IRTF/SpeX instrument, which has a triangular instrument function with FWHM = 2
nm (i.e 0.002 pm), sampled at 0.001 pm. “We constructed our k-tables to have this same

resolution.

The MUSE data were reduced with the VLT /MUSE standard pipeline (Ballester et
al. 2006) and photometrically calibrated with an observatory-selected white dwarf star.
To check this calibration, Fig. 6 compares the integrated disc-averaged MUSE reflectance
spectrum observed on/28th May 2017 with the albedo spectrum of Karkoschka (1994),
showing the generally good agreement, to within 10% at worst. Since the data observed
by Karkeschka (1994) were measured in 1993, it is not surprising that there are some
differences compared with the current state of a planet with such highly active and changing
clouds as Jupiter. For this reflectance calculation, the observed radiances were divided
by a reference solar spectrum, using Jupiter’s distance from the sun of 5.45AU on this

date. For this, the solar spectrum of Chance and Kurucz (2010) was used, which was
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first smoothed with a triangular line shape of FWHM = 0.002 pym to make it compatible
with our smoothed spectra. We found this solar spectrum to be more reliable at shorter

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

4. Analysis of MUSE observations

Figure 7 shows two typical spectra extracted from the MUSEndata from 28th May
2017, one averaged over a 11 x 11-pixel box in the Equatorial,Zone (mean latitude 0.65°S,
range ~ 3.65°S — 2.35°N ) near the sub-Earth point and another ayeraged over a 9 x 9-pixel
box in the North Equatorial belt (mean latitude 12.4°Njwange ~ 9.9°N — 14.9°N), near the
central meridian. These spectra were modelled withrournNEMESIS (Irwin et al. 2008)
radiative transfer and retrieval tool. This modelwuses the method of correlated-k (e.g.
Lacis and Oinas (1991)) in its radiative transferjscheme, and combines the k-distribution
tables of different gases using the overlapping line approximation (Lacis and Oinas 1991).
To model the multiple-scattering/conditions of reflected sunlight in Jupiter’s atmosphere,
NEMESIS uses the matrix-operator method of Plass et al. (1973). This model uses
Gauss-Lobatto quadrature,to integrate the upwelling and downwelling radiance fields over
zenith angle, using al5-zenith-angle quadrature scheme in this case. The azimuth part of
the integration is achieved with Fourier decomposition, and the number of components,
n, for this was set by the minimum of the reflected (6;,;) or incident-solar (65,.) zenith
angles as n = mod(min(0inc, Orer)/3). The absorption of ammonia gas at wavelengths
longer than=0.74 um was modelled here with the band data of Bowles et al. (2008),
converted to k-tables as previously described, while ammonia absorption at 0.55 and 0.65
pm was directly modelled using the apparent cross-sections of Lutz and Owen (1980),
with no temperature dependance assumed. Methane absorption was modelled with a

k-table generated from the band data of Karkoschka and Tomasko (2010), while small
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absorption features from Hs lines were modelled with a k-table generated from line data
from the HITRAN2012 line database (Rothman et al. 2013). The collision-induced
absorption of Ho-Hy at these wavelengths was modelled after Zheng and Borysow (1995),
while at shorter wavelengths, the Rayleigh-scattering opacity was modelled via“standard
theory (e.g. Goody and Yung (1989)), accounting for the contributions of Hy; He,” CH,4
and NHj3. To model these observations, a ‘standard’ Jupiter atmosphere was constructed
with deep mole fractions of Hy, He, CH, and NHj set to 0.8622, 021339, 1.81 x 1073 and
2 x 107*, respectively, with the abundance of NHj limited to,the saturated vapour mole
fraction at lower temperatures. This atmospheric profile i the same as was used to model
Cassini/CIRS observations of Jupiter (Irwin et al. 2004). To understand how these gas
opacities and Rayleigh-scattering opacities affect thesreflectivity spectrum of Jupiter’s
atmosphere, Fig. 8 shows the transmission to andyfrom successively deeper pressure levels
in our assumed Jupiter atmosphere for cloud=freejconditions. The increasing importance of
Rayleigh scattering can be seen at shorter, wavelengths, but at most wavelengths the Jovian
air is relatively clear, with the main absorption features arising from methane, especially
near 0.72 pum, where we seeswe)are réally only sensitive to reflection from particles at
pressures less than 300 mih, and mear 0.89 pum, where we can only detect the reflection from

particles lying at pressures less than 100 — 200 mb.

For our scattering ealculations, the atmosphere was split up into 39 levels equally spaced
in log(pressure) between 10 and 10~* bar. Clouds/hazes in the atmosphere were modelled
with a ¢ontinuous distribution of aerosols whose a priori abundance (opacity/mass) was
set $070:01 (g cm™2)~!, where our opacities refer to that observed at a wavelength of
0.6 pm. The scattering properties of these aerosols were calculated using the method of
Irwin et al. (2015), which uses Mie theory, assuming a fixed size distribution of particles
(standard gamma after Hansen (1971)) with mean radius 1.0 pgm and variance 0.05, a fixed

real refractive index at 0.6 pum of 1.4 (similar to ammonia ice) and a variable imaginary
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refractive index spectrum of the particles, computing the real part of the complex refractive
index using the Kramers-Kronig method (e.g. Sheik-Bahae 2005). The spectra were
modelled by fitting the vertical profile of aerosol abundance, fitting the imaginary refractive
index spectrum of the particles and multiplying the a priori ammonia abundanee by a
simple scaling factor. The results of this retrieval model applied to the reférence EZ and
NEB spectra can be seen in Fig. 7. In these retrievals we found that_we were unable to
fit the MUSE spectra to within the random errors estimated fromsthewteduction pipeline,
which we attribute to deficiencies and uncertainties in our gaseous absorption coefficients
and other assumptions made in our forward modelling. Hence an additional ‘forward
modelling’ error of 5 x 107> W em ™2 st~ um™~! was added to the spectra at all wavelengths,
which allowed us to fit the spectra to a precision 42fm==s.1, and gives more realistic error
limits on our retrieved parameters. This treatment of forward modelling uncertainties is
routine in the optimal estimation approach adopted by NEMESIS in conditions such as
this, where the data are measured to a better precision than can be modelled with existing
sources of absorption/scattering coefficients. In Fig. 7 we can see that the spectra for both
locations are well modelled withha cloud with peak abundance near the 1-bar level. Our
retrieved imaginary refrac¢tive indices show significant blue absorption in both spectra, with
generally increased absorption across all wavelengths in the NEB relative to the EZ. In both
locations we found that an ammonia abundance less than that initially assumed gives the
best fit, with ammonia more depleted in the NEB than the EZ, which is consistent with
other meéasurements of the distribution of ammonia in Jupiter’s atmosphere. It should be
noted that*for both regions we thus find ammonia to be sub-saturated above the clouds.
Although we used a simple scaled ammonia profile for these fits, we tested our vertical
sensitivity to ammonia, by perturbing the abundance of ammonia in this profile at different
levels and calculating the change in radiance. As we are seeing absorption from ammonia in

and above the clouds our vertical sensitivity to this gas is defined by pressure levels where
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the cloud opacity is not too high to limit the sunlight, but where the ammonia abundance
(which drops rapidly with height) is still significant, i.e. immediately above the cloud
tops. Our retrieved cloud profile has maximum opacity at 1 bar, and we found that our
sensitivity to ammonia also peaks at this level. The inferred cloud absorption spectrum of
the cloud particles is similar to that of a material generated in the laboratery by reacting
photodissociated ammonia with acetylene (CyHs), reported by Carlson et al. (2016) and
used by Sromovsky et al. (2017) to model Cassini/VIMS observationsiof Jupiter, recorded

in 2000, covering the spectral range 0.3 to 1.05 pm.

We are clearly able to fit the VLT /MUSE observations.of the EZ and NEB very well
with this model, but there are some significant differéncess, These can be seen more clearly
in Fig. 9 for the EZ and Fig. 10 for the NEB, where we have also shown the spectra
modelled without the ammonia data of Bowles et/aly” (2008) and Lutz and Owen (1980),
and then with the absorption of ammonia at wavelengths > 0.7um, modelled instead with
ExoMOL (Yurchenko et al. 2011). Key ‘visible’ ammonia absorption features are marked
in Figs. 9 and 10 as: A — 0.552 fim, B + 0.648 pym, C — 0.75 pm, D — 0.76 pm, E — 0.79 pm,
F - 0.825 ym and G — 0.93.1m.

First of all, we findithat for the wavelengths covered by both band data and line data
(i.e. at A > 0.833 pum) the difference between the spectra calculated with the band data
of Bowles et al." (2008) and the ExoMOL line data of Yurchenko et al. (2011) are very
small, although the ExoMOL line data perhaps slightly better model absorption feature
G (0.93"pm)./ Moving to wavelengths shorter than 0.833 pm, we can see that the band
data'‘of Bowles et al. (2008) fit feature E (0.79 pm) well, and to a lesser extent feature F
(0.825 pm). Since most of the reflection comes from clouds near 1 bar, the mass-weighted
mean temperature of the path above the clouds to space is ~ 138 K, which is well beyond

the range of temperatures measured by Bowles et al. (2008), and it is a testament to
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the careful measurements and reliability of the Goody-Lorentz band model that the data
can predict the spectra so well for features E — G. However, as we might expect from our
analysis of the laboratory measurements earlier, we find that the band data of Bowles et al.
(2008) provides a less good fit to feature D at 0.76 um (predicting too little abSerption),
and predicts a feature to be present at 0.75 um, which is absent from the ebserved Jovian
spectra. Hence, we conclude that the band data of Bowles et al. (2008) are not reliable
at wavelengths A < 0.758 pum. At shorter wavelengths, we find that while the features A
(0.552 pm) and B (0.648 pm) are predicted to be visible in the modelled spectra using the
coefficients of Lutz and Owen (1980), they do not have quite enough absorption at 0.648
pm, and have clearly insufficient absorption at 0.552 wmy When using these coefficients, we
did not use the temperature dependence suggestedby=lnitz and Owen (1980), which would
have reduced the absorption strength still furtheryfor a mean path temperature of ~ 138
K, but at the same time we used the data asia continuum absorption, which is not strictly
applicable for a feature that is actually cemposed of thousands of thin lines. It might be
possible to take these data and use the ‘curve-of-growth’ tables of Lutz and Owen (1980)
to compute transmission spectrayfor @ range of path lengths and fit k-distributions to these
synthetic transmittancesusing exponential-sum fitting. However, the ‘curve-of-growth’
tables give no indication of how the shape of the absorption features might change with path
length and we would-still have no reliable information on their temperature dependance.
We could conceivably introduce some temperature dependence by assuming that these
bands can be modelled with a Goody-Lorentz model (as Bowles et al. (2008)), and set the
lower statevenergy Ej, and broadening y, parameters to values consistent with that found at
longer, wavelengths, but we concluded that this would involve just too many assumptions.
Also, we have found that these data, even as measured at room temperature, do not appear
to give sufficient absorption to be consistent with the longer-wavelength absorption data of

Bowles et al. (2008) and Yurchenko et al. (2011). Hence, while these data may provide a
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useful tool for analysing spectra that just cover the 0.5 — 0.7 pm spectral range, we conclude
that they are too inconsistent with absorption data at longer wavelengths (i.e. Bowles et
al. (2008), Yurchenko et al. (2011)) to allow them to be used reliably in fits to this entire

spectral range.

Aside from the ammonia features, just described, there are other differences between
the estimated and modelled reflectance spectra, which could arise from a number of causes.
Firstly, to calculate the reflectivity we need to divide the measuréd radiance spectrum by
that of sunlight reflected from a Lambertian surface at the same distance from the Sun
at normal incidence to it, i.e. I/F = R/(nwF'), where R is the observed spectral radiance
(W em™2 st=! um™') and F the solar spectral irradidnce ‘at.Jupiter (W cm™2 pm™'). As
stated earlier we used the solar spectrum of Chancevand Kurucz (2010) for this, smoothed
to the same resolution as the data. This spectrum, divided through by a Planck function
of temperature 5778 K and normalised to 0.4 is,also shown in Figs. 9 and 10 and there are
several Fraunhofer absorption lines seen, the most prominent of which are highlighted. Any
error in the assignment of wavelengths or instrument line shape would be most apparent
in the reduced I/F spectraat,the location of these lines, and we can see that, by and
large, the I/F spectra ate mostly smooth at the Fraunhofer line positions. Exceptions to
this can be seen near ‘ammonia absorption ‘B’ at 0.656 pm, where our reduction seems to
overcompensate for'the'solar absorption line and to a lesser extent at the lines shortward of
this. Elsewhere, the spectrum seems well modelled with our assumed methane absorption
tables, based on the band data of Karkoschka and Tomasko (2010). Exceptions to this
are at'wavelengths between 0.656 and 0.7 um, where although we fit the same peaks and
troughs, the shape of the absorption features is not optimal. These discrepancies arise, we

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

In this paper we have reviewed and assessed the reliability and consistency of different
sources of ammonia absorption data when modelling the visible/near-infrared reflectance
spectra of Jupiter from our VLT /MUSE observations. We have found that ammenia kstables
generated from the band models of Bowles et al. (2008) provide the best, combination of
reliability and wavelength coverage for the MUSE spectral range, although these data are
found to be unreliable at wavelengths less than 0.758 ym. The data of Bowles et al. (2008)
seem consistent with the ExoMOL ammonia line data of Yurchenko“et al. (2011), where
they overlap, but these latter data do not cover the ammonia, absorption bands at 0.79 and
0.765 pum, which are prominent in our MUSE observations.*At shorter wavelengths we find
that the laboratory observations of Lutz and Owen “(1980) provide a good indication of
the position and shape of the ammonia absérptiens near 0.552 ym and 0.648 pm, but their
absorption strengths seem inconsistent<with ‘the available data at longer wavelengths and
we have no reliable way to extrapolate the strength and shape of these bands to the cold,
Hs-He broadening conditions in. Jupiter’s atmosphere. We also find that the line data of
the 0.648-pm band of Giver-etial. /(1975) are not suitable for modelling these data as they
account for only 17% ef the band absorption and lack information on lower state energies,

necessary to comptite their absorption strengths at cold temperatures.

We conglude that in order to interpret such observations of Jupiter and Saturn more
reliably An future“there is a clear need to better define the absorption of ammonia gas at
visible wawelengths. However, this need extends beyond our solar system. Space telescopes
such d@s NASA’s planned Wide Field Infrared Survey Telescope (WFIRST) (e.g. Spergel
et al. 2013) have been proposed to detect and perform coronagraphic direct-imaging
spectral observations of Jupiter-like planets about other stars. To interpret the spectra of

such exoplanets requires that we have reliable absorption spectra of the absorbing gases,
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of which ammonia is likely to be a key contributor. Hence, new estimates of the visible
absorption spectrum of ammonia are crucial to extend our understanding of both solar

system planetary physics and exoplanetary physics.
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Fig. 1. Temperature factors affecting line(strength for ammonia lines near 6475A. Top left
panel shows the strength correction arising.from the temperature dependance of the total
partition function (computed usingthe 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, (T,/7')*?, showing that this
dominates at these temperatures. Top right panel shows the strength correction arising
from the exp(—E¢/kT) term in Eq.1, for lower state energies, F;, of 100, 300, 500 and 1000
cm ™!, indicatéd by the different line styles defined in the panel. Bottom left panel shows the
correction arisingArom the temperature dependence of the stimulated emission term, which
is clearlyinegligible at these temperatures and wavelengths. Bottom right panel shows the
combiried 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 6475A, i.e. S = So(T/Tp)"/?,

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. Therorigihally 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 hage a resolution of 2A (or 0.0002 pm), which shows much better agreement with
the measured transmission spectrum, albeit at lower resolution. The green line shows the
specttum calculated from the Giver et al. (1975) line data smoothed to a resolution of 2A
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 NH; band parameters (k,(75), E; and y,) 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 pm betweeny0:74 and 1.0475 pum. The absorption coefficients, k,(7}), (top panel)
are in units of (melécule cm=2)x10%!. 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 7j) across the bins, shown as the solid line. The
middlespanel shows the lower state energies Ej, 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 y, 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 abserber amount, U, (i.e. molecule cm™?) 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 ~ 0.76um,
but varytinconsistently with temperature at lower wavelengths and seem to be dominated

by noise.
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Fig. 5.— Left: ‘True Colour” compesite 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 réflection’at 630 nm (weak methane absorption), green is reflection at
510 nm (sensitive’tojbluesabsorbing ‘chromophores’), and blue is reflection at 890nm (strong

methane absérption;sensitive only to high level hazes).
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Fig. 6.— Dis @: MUSE spectrum (and variance) shown in grey, observed on 28th
May 2017 at‘01:31} UT. The red line shows the disc-averaged albedo spectrum of Jupiter

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

afte lapsed 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 avéraged over the central portion of the Equatorial Zone (EZ) and North
Equatorial BeltANEB); 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'wprofiles (in units of opacity/(g cm™2) at 0.6 um) 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@;mission calculated to different levels in Jupiter’s atmosphere for a
vertical pati@u -free conditions.
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Fig. 9.— Observed MUSE spectruim 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 amunonia 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 > 0.7pm 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).



