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ABSTRACT

Over the last several years, spectroscopic observations of transiting exoplanets have
begun to uncover information about their atmospheres, including atmospheric composition and indications of the presence of clouds and hazes. Spectral retrieval is the
leading technique for interpretation of transmission spectra and is employed by several teams using a variety of forward models and parameter estimation algorithms.
However, different model suites have mostly been used in isolation and so it is unknown whether the results from each are comparable. As we approach the launch of
the James Webb Space Telescope we anticipate advances in wavelength coverage, precision, and resolution of transit spectroscopic data, so it is important that the tools
that will be used to interpret these information rich spectra are validated. To this
end, we present an inter-model comparison of three retrieval suites: TauREx , NEMESIS and CHIMERA. We demonstrate that the forward model spectra are in good
agreement (residual deviations on the order of 20−40 ppm), and discuss the results
of cross retrievals between the three tools. Generally, the constraints from the crossretrievals are consistent with each other and with input values to within 1σ. However,
for high precision scenarios with error envelopes of order 30 ppm, subtle differences
in the simulated spectra result in discrepancies between the different retrieval suites,
and inaccuracies in retrieved values of several σ. This can be considered analogous to
substantial systematic/astrophysical noise in a real observation, or errors/omissions
in a forward model such as molecular linelist incompleteness or missing absorbers.
Key words: methods: data analysis — methods: statistical — techniques: spectroscopic — radiative transfer — planets and satellites: atmospheres
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INTRODUCTION

Recently, the field of exoplanet atmospheres has undergone dramatic expansion, with spectroscopic observations
now available for several tens of transiting planets. When a
planet passes in front of its parent star during its orbit, some
of the starlight is filtered through the planet’s atmosphere,
and spectroscopic measurements of the transit depth can reveal details of atmospheric composition and structure. The
majority of objects studied in this way are highly-irradiated
hot Jupiters - planets similar in size to solar system gas giants, but in extremely close orbits around their parent stars
(e.g. Sing et al. 2016). Other intriguing planets include super
Earths such as GJ 1214b (Irwin et al. 2009; Kreidberg et al.
2014) and 55 Cancri e (Fischer et al. 2008; Tsiaras et al.
2016) - planets with no solar system analog, lying between
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the Earth and Neptune in size and occupying the transitional region between terrestrial planets and gas giants.
So far, the Space Telescope Imaging Spectrograph and
Wide Field Camera 3 on the Hubble Space Telescope (HST )
and the InfraRed Array Camera on Spitzer have been the
workhorse instruments for transiting exoplanet science. Recently, data quality has increased to the point of meaningful
comparison between spectra of different planets (e.g. Sing
et al. 2016, Stevenson et al. 2014). The launch of the James
Webb Space Telescope (JWST ) in 2021 will provide spectra
of large signal-to-noise, spectral resolution, and wavelength
coverage and thus increase our capacity for comparative exoplanet atmospheric science (Barstow et al. 2015; Greene
et al. 2016; Morley et al. 2017). For the first time, progress
in our understanding of exoplanet atmospheres is likely to
be be limited by model completeness and robustness rather
than data quality.
Atmospheric retrieval has been the tool of choice for
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the interpretation of transiting exoplanet spectra. Retrieval
algorithms generate (usually a 1-D atmosphere) a forward
model spectra of exoplanet atmospheres, then iteratively
solve the inverse problem to find the best fitting model solution to the observed data. This technique has been used
extensively on both real (e.g. Madhusudhan & Seager 2009;
Madhusudhan et al. 2011; Line et al. 2013a; Kreidberg et al.
2014; Fraine et al. 2014; Madhusudhan et al. 2014; Barstow
et al. 2017; Tsiaras et al. 2017; Fisher & Heng 2018) and
simulated data sets (Benneke & Seager 2012; Greene et al.
2016; Waldmann 2014; Mollière et al. 2019; Blecic et al.
2017; Zhang et al. 2019) and is generally acknowledged
(National Academies of Sciences & Medicine 2018; Madhusudhan 2018) to be an efficient and reliable method for
constraining exoplanet atmospheres from transmission and
eclipse spectra.

Whilst all retrieval codes follow the same basic structure: a forward model that produces a spectrum, the data,
and a Bayesian parameter estimator (e.g., see Figure 4 in
MacDonald & Madhusudhan (2017) ), there is substantial
variation in both the forward model details and the methods used to determine the parameter constraints/posterior
distributions. This leads to the possibility that two different
retrieval tools may provide vastly different solutions to the
same dataset, which is clearly not an ideal situation. For
example, analyses of the hot Jupiter WASP-63b undertaken
by four separate teams are presented by Kilpatrick et al.
(2017), and some substantial discrepancies are apparent between the solutions for H2 O abundance in particular. By
contrast, independent retrievals of the transmission spectrum of WASP-52b presented by Bruno et al. (2019) produce more consistent results. In order to understand the underlying reasons for discrepancies between retrieval results
from the same data set, and to avoid occurrences of similar
problems in the JWST era, a direct comparison of retrieval
algorithms is warranted. We note, an equally important investigation of self-consistent 1D forward models (Baudino
et al. (2017)) found, unsurprisingly, that differences in the
opacity source choices/assumptions resulted in the largest
model discrepancies.

To test the robustness of model differences within atmospheric retrievals, we here present a comparison of three different retrieval codes which have all been previously used to
analyse transmission spectra of exoplanets. NEMESIS is an
optimal estimation retrieval algorithm originally developed
for solar system planets (Irwin et al. 2008), which has recently been upgraded to also incorporate a nested sampling
algorithm (Krissansen-Totton et al. 2018). TauREx (Waldmann et al. 2015a,b) and CHIMERA (Line et al. 2013a)
were both developed for application to exoplanet spectra
and also use a nested sampling algorithm. We would also like
to emphasise that numerous “model upgrades” can happen
over the course of multiple publications/years. It is therefore
expected that such tools are always likely in a continuous
evolution, attempting to integrate newer parameterizations,
opacities, or sampling methods. Ergo, we provide details of
the current versions of these three specific tools used in this
work, in Section 2 below.

2

MODEL DESCRIPTIONS

All three models are set up to include the same parameters
for this study. These are the constant-with-altitude abundances for H2 O, NH3 , CO2 , CH4 , and CO, the planet radius at 10 bar, an isothermal“scale height” temperature,
and a hard grey “cloud top” pressure. The remaining gas
is assumed to be H2 /He (at approximately solar proportions, 0.85:0.15), with the exception of a high mean molecular weight example, for which N2 is also included. We note
also that all three routines utilise the correlated-K treatment
of opacities (Lacis & Oinas 1991), assuming a Voigt profile
shape with a line wing cutoff at 25 cm−1 . The calculation
of transmission through the terminator of the planet follows
closely the method described by Tinetti et al. (2012) for
all routines; all codes use the PyMultiNest sampler (Buchner et al. 2014; Feroz et al. 2009) to explore the parameter
space.

2.1

NEMESIS

The NEMESIS (Non-linear optimal Estimator for MultivariatE spectral analySIS; Irwin et al. 2008) retrieval algorithm
was originally developed to analyse data from the CASSINI
spacecraft orbiting Saturn (e.g. Fletcher et al. 2009). It was
later extended to work for any Solar System planet (e.g.
Barstow et al. 2012), and later modified for exoplanets (Lee
et al. 2012). NEMESIS incorporates a fast correlated-k radiative transfer model and options for nested sampling or optimal estimation retrieval algorithms. The correlated-k approximation is a way of pre-tabulating gas absorption coefficients within a wavelength interval, relying on the assumption that the strongest lines at one level in the atmosphere
are correlated with the strongest lines at other levels. For
this work, we use 20 Gaussian quadrature points to sample
the distribution within each spectral interval. Further details
may be found in Irwin et al. (2008), Goody & Yung (1989)
and Lacis & Oinas (1991). NEMESIS also includes collisioninduced absorption and Rayleigh scattering due to H2 and
He. Collision-induced absorption is obtained from the HITRAN12 database (Richard et al. 2012). H2 -broadening is
included according to the same prescription used by Amundsen et al. (2014).
Whilst NEMESIS was originally developed to work with
a fast and efficient optimal estimation algorithm, a disadvantage was that optimal estimation does not allow full exploration of non-Gaussian posterior distributions. NEMESIS has therefore been recently upgraded to also include the
PyMultiNest algorithm(Krissansen-Totton et al. 2018).

2.2

TauRex

TauREx1 (Tau Retrieval for Exoplanets) is a fully Bayesian
radiative transfer and retrieval framework. TauREx can be
used with the line-by-line cross sections from the Exomol
project (Tennyson et al. 2016) and HITEMP (Rothman &
Gordon 2014) and HITRAN (Gordon et al. 2016). Temperature and pressure dependent line-broadening was included, taking into account J-dependence where available
1
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(Pine 1992). The line-by-line cross sections can be converted
to the correlated-k tables and in this paper, we used the
correlated k-tables for H2 O, NH3 , CH4 , CO and CO2 at a
fixed resolving power of 100, assuming 20 Gauss-quadrature
points per wavenumber bin. While we only investigate the
primary transit situations here, TauREx can be used in
both transmission spectroscopy model (Waldmann et al.
2015a) and emission from secondary transits (Waldmann
et al. 2015b). We also included absorptions from Rayleigh
scattering and CIA for the couples H2 -H2 and H2 -He (Borysow et al. 2001; Borysow 2002; Rothman et al. 2013). The
public version of TauREx is able to retrieve chemical composition of exoplanets by assuming constant abundances with
altitude or equilibrium chemistry (Venot et al. 2012). To
perform the retrieval, TauREx uses the nested sampling retrieval algorithm Multinest (Feroz et al. 2009) in its python
implementation PyMultinest.

2.3

CHIMERA

The CHIMERA transmission retrieval2 tool used in this
work is a variant of that described in Line et al. (2013b);
Line & Parmentier (2016); Kreidberg et al. (2015); Kreidberg et al. (2018); Schlawin et al. (2018); Gharib-Nezhad &
Line (2019); Mai & Line (2019) and Batalha & Line (2017).
Line-by-line absorption cross-sections come from the pretabulated grid described in Freedman et al. (2014, 2008).
As with NEMESIS and TauREx , we convert these lineby-line cross-sections to correlated-K coefficients at a fixed,
resolution of 100, with 20 gauss quadrature points (using
numpy’s gaussquad routine) per wavenumber bin. As we are
not considering multiple scattering in transmission, we need
not exploit the resort-rebin procedure here; rather we can
simply mix gases by multipyling their transmittances at each
g-ordinated bin (per atmospheric layer).

3

FORWARD MODEL COMPARISON

The first step of the retrieval comparison was to check that
the forward models in each case showed reasonable agreement. We compared output transmission spectra for simple
model atmospheres including only a single spectrally active
gas, with isothermal temperature profiles. The input bulk
properties for the planet were identical in each case, and we
tested a range of volume mixing ratios for each spectrally
active gas.
This proved more challenging than expected, and initially we found large discrepancies between the models.
Transmission spectra are particularly sensitive to small variations in the calculation of the altitude grid, as the measured
quantity is the effective radius of the planet Rp +z at the altitude z and pressure p where the atmosphere becomes optically thick. If the model atmosphere is divided into N levels,
starting from zero at the bottom, the altitude at grid level n
is computed from pressures pn and pn−1 , altitude zn−1 and
the scale height Hn−1 , assuming hydrostatic equilibrium:
zn = zn−1 + Hn−1 ln(pn−1 /pn )

Gas
H2 O
CO2
CO
CH4
NH3
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Barber et al. (2006)4 , Partridge & Schwenke (1997)5
Tashkun & Perevalov (2011); Huang et al. (2014)
Rothman et al. (2010); Li et al. (2015)
Yurchenko & Tennyson (2014)
Yurchenko et al. (2011)

The scale height H at level n is given by
Hn = kT (zn )/µg(zn )

(2)

where k is the Boltzmann constant, µ is the mean molecular
weight of the atmosphere and T (zn ) and g(zn ) are respectively the temperature and local gravitational acceleration
at altitude z.
Initially, not all of the models calculated the local gravitational acceleration in the same way, which was found
to be the cause of the discrepancy. In the first iteration,
CHIMERA kept gravity fixed with altitude, which resulted
in deviations of order 10% in the altitude at the top of the atmosphere. Once this was corrected, smaller differences were
found to be caused by factors such as the quoted precision
of the gravitational constant G and in the atomic mass unit,
which was affecting the calculation of the scale height. Factors affecting the gravitational acceleration g are particularly pernicious because they increase exponentially going
up the altitude grid: differences in g(zn−1 ) result in differences in Hn−1 ; differences in Hn−1 result in differences in
zn , which in turn result in differences in g(zn ) and so on,
leading to a substantial discrepancy in the apparent size of
the planet at pressures to which transmission spectroscopy
is sensitive. Once these issues were resolved we were able to
obtain excellent agreement.
We then moved on to comparing more realistic planet
models, including simple clouds and combinations of spectrally active gases (Section 3.2). All of the forward model
spectra generated, including input parameters, are made
available online3 . We also include example plotting scripts
to facilitate the use of these models in future benchmarking
exercises. These scripts, and the retrieval plots presented in
this paper, rely on the corner.py package (Foreman-Mackey
2016).
Most opacity information in each case was taken from
the database maintained by ExoMol (Tennyson et al. 2016).
A summary of sources of line data for each molecule is provided in Table 1.

3.1

Simple Forward Models

Our initial simple forward model test aims to compare the
implementation of a model atmosphere with identical properties across the three code suites. This means that we
use correlated k tables computed in code-appropriate format from absorption line databases with high completeness;
identical gas abundances; and identical temperature profiles.

(1)
4
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Source

Table 1. List of sources for line data used in forward models.

3
2

3

5

https://tinyurl.com/y4w7yfzo
Used by TauREx and NEMESIS
Used by CHIMERA

4

Barstow, Changeat, Garland, Line, Rocchetto, Waldmann

Any deviation between the models is therefore a result of
differences in the radiative transfer implementation.
The first case tested is a 1.0 MJ , 1.0 RJ planet orbiting
a 1.0 R star. We test isothermal profiles of 500 K, 1000 K,
1500 K and 2000 K. For each of the gases H2 O, CO2 , CO,
CH4 and NH3 we model cases with atmospheres composed
of 1 ppmv, 10 ppmv, 100 ppmv, 0.1 %, 1 %, 10 % and 100 %
of the gas with the remainder a solar composition mixture of
H2 and He. We do not include scattering or collision-induced
absorption in the initial test. Examples of these simple forward models at 1500 K and 100 ppmv are shown in Figure 1. Comparisons for other temperatures and abundances
are available online.
In general, we find excellent agreement between the forward models, with the only exception being small differences
in the wings of the CO and CO2 features, for which TauREx and NEMESIS have slightly reduced opacity compared
to CHIMERA. In practice, for atmospheres with multiple
trace gas components this difference would be unlikely to be
noticeable, as we demonstrate in Section 3.2. This exercise
established that the three radiative transfer calculations produce comparable results where single spectrally active gases
are considered.
3.2

More realistic forward models

Next, we tested more realistic forward models combining
spectrally active gases, collision-induced absorption and simple clouds. These models are summarized in Table 2. Models
0 to 3 have H2 -He dominated atmospheres, with a ratio of
H2 :He of 0.85:0.15. Models 0 and 1 are based on bulk properties for HD 189733b, whereas models 2–4 represent a warm
super-Earth , similar to GJ 1214b. Clouds are assumed to
be optically thick and grey, and are represented by setting
the limb transmittances to zero at the specified cloud top
pressure (the equivalent of setting the bottom of the atmosphere at this level). We do not explore the effect of including partially transparent or non-grey clouds in this work.
Collision-induced absorption due to H2 and He is present in
models 0–3.
We also find agreement with these more complex models
(Figure 2). The interplay between collision-induced continuum absorption, clouds and molecular absorption is generally reproducible between different atmospheric models, at
the level of a few 10s of ppm for the most part.
Exceptions to this occur for the centre of the ν3 band of
methane at 3.3 µm for the cloud-free super Earth case. The
core of the CH4 feature is both narrow and high amplitude,
and as such this type of feature is most likely to be affected
by small differences in forward model calculation. However,
as this difference occurs for only a single spectral point, the
impact in a low-resolution retrieval scenario would be small
as the feature would be smoothed. The current state-of-theart achievable with HST will be unaffected, but the effects
may need to be considered with JWST quality spectra. This
will be tested in Section 4.1.
Differences between the models are most likely to be
attributable to small deviations in the gas opacity data
used, either in the linelist itself or the tabulation thereof.
To demonstrate the sensitivity of the spectra to differences in both the source of opacity data, and the treatment of line broadening, we present four Planet 0 spec-

tra generated by CHIMERA in Figure 3. As well as the
BT2 linelist(Barber et al. 2006) with H2-He broadening,
we include the same linelist with the assumption of selfbroadening, which is ∼ 7× larger than the H2-He broadening coefficient (Gharib-Nezhad & Line 2019); the new
POKAZATEL linelist (Polyansky et al. 2018), which was
produced after the bulk of the work for this paper was performed and is considered to be the new state-of-the-art; and
a theoretical linelist produced using the potential energy
surfaces derived by Partridge & Schwenke (1997), generated
as described in Freedman et al. (2014). The POKAZATEL,
BT2, & BT2 Self-Broadened were generated following the
exact methods described in Gharib-Nezhad & Line (2019).
The cross-sections computed using the BT2 with H2-He
broadening, BT2 with self-broadening, and POKOZATEL
(also with H2-He broadening) assume a 100cm−1 Voight
line-wing cutoff whereas those computed from Partridge
& Schwenke (1997) assume a 25cm−1 cutoff. Comparing
POKOZATEL to BT2 H2-He broadened cross-sections illustrates the influence of line-list choice, all else (broadening species, Voight-wing cutoff, sampling resolution) being
equal. Comparing the BT2 self-broadened spectrum to BT2
H2-He broadened spectrum illustrates the influence in broadening species, all else being equal (see also Gharib-Nezhad &
Line (2019) for a more detailed comparison). Finally, comparison of the latter 3 scenarios to the Partridge & Schwenke
(1997) scenario illustrates simultaneously the differences between line-list choice and Voigt wing cutoff. By far the most
significant difference is caused by using H2 O self broadening
rather than H2 -He broadening, indicating that for linelists
with sufficiently high completeness the exact list used is a
secondary consideration relative to correct treatment of line
broadening.
This section demonstrates the challenge of producing
identical outputs from different model frameworks, even
when attempts have been made to align the inputs and processes used. Whilst we achieve a high level of agreement,
differences still remain at the level of several 10s of ppm.
We explore the effect of this on retrieval scenarios in the
next section.

4

RETRIEVAL COMPARISON

We take the five model planets introduced in Section 3.2
and bin the spectra down to a resolution of R=100 over
the wavelength range of 0.5–10 µm. This wavelength range
covers the majority of the JWST range and also the spectral range of the recently-selected ARIEL spacecraft, which
will perform a dedicated atmospheric census for transiting
exoplanets (Tinetti 2018). These spectra are cross-retrieved
between the three algorithms to assess whether spectra generated with one model can be accurately retrieved using the
others. We test error bars at 30, 60 and 100 ppm. We do
not randomise the spectral points due to noise, or perform
self-retrievals, as in this case we are testing the retrieval algorithms against each other rather than the performance
of the individual retrievals on data, and outliers within a
noise draw might hinder our ability to make a meaningful
comparison (e.g., Feng et al. (2018)).
Retrieved quantities in each case include the abundances of the gases known to be included in the model; the
MNRAS 000, 1–25 (2019)
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[h]
Figure 1. Forward model outputs from TauREx , NEMESIS and CHIMERA for atmospheres composed of a single spectrally active
gas are compared, at temperatures of 1500 K and an abundance of 100 ppmv. Deviations from the average are shown in the right hand
column.

MNRAS 000, 1–25 (2019)
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Figure 2. Forward model outputs from TauREx , NEMESIS and CHIMERA for more realistic planet models 0 - 4. These represent
cloud-free and cloudy hot Jupiter atmospheres. Residuals from the average of the three spectra are shown in the right hand column.
MNRAS 000, 1–25 (2019)
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Model
0
1
2
3
4

Mass, radius, star radius
1.162 MJ , 1.138 RJ , 0.781 R
1.162 MJ , 1.138 RJ , 0.781 R
0.02 MJ , 0.238 RJ , 0.216 R
0.02 MJ , 0.238 RJ , 0.216 R
0.02 MJ , 0.238 RJ , 0.216 R

7

Temperature (K)

Gases

Clouds

MMW (amu)

1500
1500
400
400
400

300 ppmv H2 O, 350 ppmv CO
300 ppmv H2 O, 350 ppmv CO
800 ppmv H2 O, 400 ppmv CH4 , 100 ppmv NH3
800 ppmv H2 O, 400 ppmv CH4 , 100 ppmv NH3
0.43 H2 O, 0.25 CO2 , 0.14 CH4 , 0.13 N∗2

None
10 mbar
None
10 mbar
None

2.3
2.3
2.3
2.3
24.7

Table 2. Details of the five ‘realistic’ model planets. ∗ Note that we do not include collision induced absorption for N2 .

We then use each of the retrieval codes in turn to model
synthetic observations generated by the other two, for each
example planet. The results are compared with the known
input values and with each other. All retrieval results with
full posterior distributions are available via the online repository, including the MultiNest output and example plotting
routines; we present a subset here to illustrate our main
findings.
4.1

Figure 3. Forward models generated using CHIMERA, containing different H2 O linelists and broadening assumptions, are presented here. A difference plot against the H2-He broadened BT2
linelist is also shown. The assumption of self-broadening vs H2-He
broadening has the most significant difference, whereas the other
differences are <20 ppm.

isothermal temperature; the cloud top pressure; and the radius of the planet at 10 bar. The radius retrieval is required
when analysing primary transit spectra because the pressure level to which the radius derived from the white light
transit corresponds is not known. This is especially true in
the case of a cloudy atmosphere, where the white light transit radius may actually correspond to the cloud top rather
than the level at which a cloud-free atmosphere would become opaque. We choose to retrieve the radius at 10 bar
because we consider that at this pressure all atmospheres
are opaque in transit geometry at visible and infrared wavelengths, though in general the reference pressure is arbitrary
and rather inconsequential since the radius is a free parameter.
MNRAS 000, 1–25 (2019)
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We perform cross-retrievals for each code on synthetic observations produced by both of the other two codes, assuming
either 30, 60 or 100 ppm error envelopes. To demonstrate
the quality of the fit we achieve, in Figures 4–6 we show
the retrieved spectra against the synthetic observations for
each code and planet, assuming a 30 ppm error envelope.
For TauREx we show only the cloud-free cases, because
TauREx recovers multiple, separate probability maxima for
these cases, meaning that a single best-fit spectrum would
not be representative. It is clear from these figures that, unsurprisingly given the extensive benchmarking of the forward models, all retrievals produce best fit spectra that
match the synthetic observation well.
We discuss cross-retrievals for each planet below. Planet
0, the cloud-free hot Jupiter case, represents the ’low hanging fruit’ of transiting exoplanet targets. Hot Jupiters have
large scale heights, and those with clear atmospheres are
expected to have the clearest molecular absorption features
within their transit spectra.
First, we present the results of all six cross-retrievals assuming a 100 ppm error envelope (NEMESIS on TauREx ,
NEMESIS on CHIMERA , TauREx on NEMESIS , TauREx
on CHIMERA , CHIMERA on NEMESIS and CHIMERA
on TauREx). The retrieved posteriors are shown for the
NEMESIS, TauREx and CHIMERA retrievals in Figures 7
to 9 respectively. The colour scheme from above is maintained here, with NEMESIS shown in black, TauREx in red
and CHIMERA in blue.
In Figures 7 – 9 it is clear that in all cases H2 O, Temperature and cloud top pressure (in this case, high cloud top
pressure with a lower limit correctly indicates an absence
of cloud) are correctly retrieved to within 1σ. The NEMESIS on TauREx retrieval slightly underestimates the CO
abundance, and both TauREx retrievals and the CHIMERA
on NEMESIS retrieval slightly underestimate the radius. In
general, H2 O and temperature are most reliably retrieved,
and the retrieved values are almost the same regardless of
the retrieval model and input models used.
We expect H2 O to be more reliably constrained than
CO as there are multiple strong H2 O features in the spec-

8
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Figure 4. We show the best fit retrieved spectra from CHIMERA (blue solid curve) on synthetic observations generated using NEMESIS
(black ticks, left column) and TauREX (red ticks, right column) for each of our ‘realistic’ model planets, assuming a 30 ppm error envelope.
As expected given the results of our forward model comparison, the quality of the fit is very good, typically falling within the simulated
error envelope.
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Figure 5. As Figure 4 for NEMESIS (black solid curve) on CHIMERA (blue error envelope, left column) and TauREx (red error
envelope, right column).
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Figure 6. As Figure 4 for TauREx (red solid curve) on NEMESIS (black error envelope, left column) and CHIMERA (blue error
envelope, right column). We include only the cloud-free fits here, because TauREx recovers multiple probability maxima for the cloudy
scenarios with a 30 ppm error envelope.

trum, whereas CO only has a single feature at 4.5 µm strong
enough to be detected above the H2 O (see Figure 1). The
slight underestimations of the radius are likely to be due to
the inclusion of the grey cloud deck in the retrieval model
when no cloud is present in the input spectrum; a very deep,
grey cloud is indistinguishable from a slight offset in the radius.
Comparing retrievals for Planet 0 and Planet 1 is instructive. The two cases are identical except for the fact that
Planet 1 contains an opaque, grey cloud deck at 10 mbar.
The same set of 6 retrievals with an error bar of 100 ppm is
presented in Figures 10– 12. The posteriors for the cloudy
case are much broader, because adding cloud has the effect of flattening the molecular features, thus increasing the
degeneracy of solutions. However, in all cases the retrieved
quantities are correct to within 1 σ; despite the additional
degeneracy and decreased precision, the solution accuracy is
actually improved for the cloudy case, because we are cor-

rectly fitting a cloudy model to a cloudy spectrum. This
provides an argument for testing a cloud-free retrieval scenario in the case that initial retrieval results demonstrate a
lack of evidence for clouds; indeed, following Occam’s Razor,
this applies to any parameter when there is little evidence
that it is required to fit the spectrum.
All retrievals for 60 ppm and 30 ppm error bars for Planets 0 and 1 are available in our online repository.
We now consider the super Earth retrievals (planets 2–
4). Super Earths are likely to be more challenging targets;
smaller planets have smaller transit depths and are more
likely to have small scale heights, as they may have highmean-molecular-weight atmospheres. Figure 13 is an example of a cloud-free super Earth retrieval with NEMESIS. As
with the cloud-free hot Jupiter case, retrievals are consistent
with each other and with the correct solution for a 100 ppm
error bar, and the precision improves (although the accuracy
decreases) as the error bar reduces.
MNRAS 000, 1–25 (2019)
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Figure 7. Cross-retrievals for NEMESIS on TauREx (red) and CHIMERA (blue) for Planet 0, a cloud-free hot Jupiter. The black
lines denote the true input values.

Here, we present cross retrievals for Planet 3, the cloudy
super Earth case. We compare the results for 100 ppm (Figure 14) and 30 ppm (Figure 15) error bars. There are several
points of interest to note.
At 100 ppm, the retrievals on TauREx and CHIMERA
overlap almost exactly for all variables. The exception is
for the H2 O abundance, which is slightly over-retrieved
against the input value for the CHIMERA spectrum but
not the TauREx spectrum. CH4 is slightly over-retrieved
for both cases. However, the agreement for the two synthetic
spectra is extremely good.
Differences emerge for the case with 30 ppm error bars.
In this instance, the retrievals no longer perfectly overlap
(although they are still consistent with each other within
the 1 σ limits.) The temperature and gas abundances are no
longer correctly retrieved to within 1 σ, although the values
are still very close to the true ones.
There are several possible origins for these differences.
As discussed in Section 3.2, for the super Earth models
the centres of the CH4 bands have different amplitudes
for NEMESIS vs TauREx and CHIMERA . Since the inMNRAS 000, 1–25 (2019)

formation about temperature comes from the amplitudes of
all molecular features, this discrepancy could affect temperature retrievals as well as the CH4 abundance. There is also
a very small baseline offset present between the models in
the optical region where there is no molecular absorption,
which can be attributed to differences in the way that an
opaque grey cloud deck is modelled. Both of these could be
responsible for the differences between the retrieved and true
values, and the different results for the two forward models.
We note here that, because NEMESIS uses the Importance Nested Sampling option within MultiNest(Feroz et al.
2013), it is unable to separate multiple minima in multimodal distributions. We can see this effect by comparing the
30 ppm NEMESIS retrieval with the TauREx retrieval for
planet 3, which clearly finds two minima for each retrieval;
in the case of the retrieval on NEMESIS , the minima have
roughly equal probability.
Finally, we examine planet 4 - the high-mean-molecularweight super Earth. Planets of this size pose a challenge
for retrievals, as the bulk composition of the atmosphere
and therefore the mean molecular weight is not known a
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Figure 8. As Figure 7 for TauREx on NEMESIS (black) and CHIMERA (blue). The red lines denote the true input values.

priori. This can in theory be calculated based on the retrieved abundances of spectrally active gases, but is challenging in cases where there is still a substantial fraction
of a non-spectrally active gas present. Whilst in practice
N2 does have some infrared spectral features, in this case
we include N2 without any spectroscopic information. The
recovery of the correct N2 abundance is therefore entirely
dependent on retrieving all spectrally active gases correctly,
and thence calculating the mean molecular weight. In this
case, we have made the assumption that the atmosphere is
high mean molecular weight and therefore the non-spectrally
active part of the atmosphere is N2 rather than a H2 -He mix;
for lower density planets, where this may be ambiguous, the
problem will be more difficult to solve.
A direct comparison of retrieval results for this planet
along the lines of those presented for planets 0–3 is not possible, due to differences in the retrieval process where spectrally active gases form a substantial fraction of the atmosphere. In these cases, NEMESIS and CHIMERA both work
by forcing the volume mixing ratios of all atmospheric gases
to sum to 1. Figures 17– 19 show retrievals for CHIMERA

on TauREx and NEMESIS spectra. This effectively breaks
the complex degeneracy between gas abundance, temperature and mean molecular weight, for high signal-to-noise
cases, but can only be relied on in cases where the modeller
is confident that all significant gas species are included in
the model, including non-spectrally active species. As explained above, there are likely to be scenarios where this
is not the case, and other approaches may be needed. For
spectra with lower signal-to-noise, it may only be possible
to achieve upper or lower limits for some gases (Figure 19).
Instead of forcing the volume mixing ratios to sum to
1, TauREx can be set up to retrieve ratios of gases rather
than absolute abundances. Retrieving the ratio of CO2 /H2 O
instead of the absolute abundances, and directly retrieving
the N2 abundance ratio via its effect on the mean molecular
weight, resolves the problem of forcing the gases to add to
unity (Figure 20). This approach recovers the correct abundance ratio for CO2 /H2 O as well as the correct absolute
abundances for CH4 and N2 ; however, the retrieved temperature is higher than the input by > 1σ for the 100 ppm case
(Figure 21) and > 2σ for the other cases, with similar erMNRAS 000, 1–25 (2019)
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Figure 9. As Figure 7 for CHIMERA on NEMESIS (black) and TauREx (red). The blue lines denote the true input values.

rors in the opposite direction for the radius, illustrating that
being agnostic about whether or not the model contains all
relevant gases introduces further degeneracy to the problem.

5

DISCUSSION

The synthetic retrievals presented in Section 4.1 provide a
useful analogy for the likely challenges that will be faced
when interpreting spectra obtained by JWST. Whilst they
clearly demonstrate that it is possible to recover information about chemistry, temperature and clouds from lowresolution exoplanet transmission spectra, they also illustrate the limits of retrieval capability.
Current state-of-the-art retrievals utilise Normal likelihood functions. This makes the implicit assumption that
observed noise is photon noise dominated and instrument
systematics are negligible For current space-based measurements, such an assumption may not be correct but the
currently available signal-to-noise ratios (SNRs) make noise
characterisation often infeasible. For high SNR JWST observations, this is unlikely to be the case; systematic sources
MNRAS 000, 1–25 (2019)

of error will become important and measurable, and must
be formally accounted for in retrieval likelihoods. As well as
instrument systematics, other unknowns will also become
important and will be necessary to mitigate; the spectral
effects of starspots and faculae (e.g. Rackham et al. 2018)
could introduce systematic errors into the planetary transmission spectrum.
Potentially the most significant source of systematic error is model unknowns. We have demonstrated that there are
small discrepancies between the forward models used here
that are significant enough to result in differences between
solutions where the error envelope is small. In this case, models and synthetic observations have the same inputs and level
of complexity; when performing retrievals on real data, we
should remain aware that retrieval models are simplified representations of complex atmospheric phenomena. Inevitably,
an important source of error is the fact that our models are
incomplete. For example, we often assume molecular abundances are both vertically and spatially homogeneous; we
simplify cloud by parameterising scattering properties using a power law, or even treating it as a grey absorber as
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Figure 10. Cross-retrievals for NEMESIS on TauREx (red) and CHIMERA (blue) for Planet 1, a cloudy hot Jupiter. The black lines
denote the true input values.

we have done here; and we make a choice about which gas
species to include in our model atmospheres, meaning we
may omit important sources of opacity.
Whilst it is important to bear these facts in mind, they
do not negate the usefulness of retrieval methods using simple parameterised models. Especially in an area such as exoplanet science, where we are currently pushing the boundaries of our knowledge, more detailed physical models also
suffer from incompleteness. Retrieval methods, since they
are relatively agnostic to prior assumptions, are therefore a
necessary tool for discoveries of the unexpected.

6

CONCLUSIONS

We have here presented the first systematic comparison of
exoplanet retrieval suites. This covers only a limited subset of models and planet conditions, but serves to illustrate
the challenges of ensuring consistency between different approaches. We hope the results presented will encourage the
exoplanet retrievals community as a whole to continue with

such comparative efforts. To this end, we have made our entire suite of forward models and retrieval results available to
serve as a benchmark.
We note that the apparently small differences in our
forward models sometimes translate into differences in retrieved results outside of the 1-σ range, especially in cases
where the photon noise level is low (30 ppm). This can be
viewed as an analogy for systematic instrumental and astrophysical noise in real observations, which will become critical with future telescopes such as JWST for which the noise
floor is ∼30 ppm. It illustrates the importance of awareness
of these potential sources of bias, and also the necessity to
characterise them to counter the effects.
Our study also emphasises the importance of accurate
molecular and atomic linelists. The linelists used in these
calculations were the most complete available at the time
the work was performed, but these databases are constantly
being improved and updated. Complete linelists are critical
for accurate determination of gas abundances.
MNRAS 000, 1–25 (2019)
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Figure 11. As Figure 10 for TauREx on NEMESIS (black) and CHIMERA (blue). The red lines denote the true input values.
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Venot O., Hébrard E., Agúndez M., Dobrijevic M., Selsis F., Hersant F., Iro N., Bounaceur R., 2012, A&A, 546, A43
Waldmann I. P., 2014, ApJ, 780, 23
Waldmann I. P., Tinetti G., Rocchetto M., Barton E. J.,
Yurchenko S. N., Tennyson J., 2015a, ApJ, 802, 107
Waldmann I. P., Rocchetto M., Tinetti G., Barton E. J.,
Yurchenko S. N., Tennyson J., 2015b, ApJ, 813, 13
Yurchenko S. N., Tennyson J., 2014, MNRAS, 440, 1649
Yurchenko S. N., Barber R. J., Tennyson J., 2011, MNRAS, 413,
1828

20

Barstow, Changeat, Garland, Line, Rocchetto, Waldmann

Figure 16. As Figure 15, but for TauREx retrievals on NEMESIS and CHIMERA spectra. Retrievals on NEMESIS are shown in black
and on CHIMERA in blue. Note that multiple minima are present for both retrievals.
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Figure 17. Retrieval using CHIMERA on spectra from TauREx (red) and NEMESIS (black) for Planet 4, the high-mean-molecularweight super Earth.
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Figure 18. As Figure 17 but for 60 ppm.
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Figure 19. As Figure 17 but for 100 ppm.
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Figure 20. As Figure 17 but using TauREx to retrieve NEMESIS (black) and CHIMERA spectra (blue). Note that for TauREx the
ratio of CO2 over H2 O is retrieved rather than the absolute abundances, and the N2 abundance is retrieved explicitly.
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Figure 21. As Figure 20 but for 100 ppm.
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