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Retrieval Methods !

Overview 
For the retrieval tests we used two types of input data, solar system giants and model 
planets. The solar system albedo spectra are those of Karkoschka (1998). The model 
planet we used was HD 99492c. All of these objects have methane dominated optical 
reflection spectra. We did not have time to implement retrievals for warmer objects with 
water or alkali features and this would be an excellent future extension. For the model 
planet we first computed a forward 1D radiative-convective equilibrium model 
incorporating our sophisticated cloud model (Ackerman & Marley 2001). This model 
computes a self-consistent cloud with vertically varying abundances and particle sizes 
of each condensible species. We then input this model into our forward albedo model 
to produce an albedo spectrum comparable to the solar system data.
!
For each of the selected albedo spectra (Jupiter, Saturn, Uranus, and HD 99492c) we 
then modeled the instrument response to produce simulated data. The details of the 
noise model, which was developed by Roxana Lupu in collaboration with Wes Traub 
and Tom Greene, are presented in Appendix I. Note that we had originally expected to 
receive a noise model from the project. Since this ultimately was not forthcoming we 
proceeded with the development of our own model. This step took time away from 
other retrieval efforts. A key aspect of the noise model is the correlation length over 
which noise in separate spectral intervals in the IFS is correlated. We considered two 
cases, 25 and 100 nm. For each planet we considered 3 signal-to-noise ratios, 5, 10, 
and 20, for a total of six cases.  
!
Note that for our purposes here we modeled the planet as observed at full phase, 
utilizing the observed and computed geometric albedo spectra. In the future we will 
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Figure 5: Model spectra at 
R=70 for HD 99492c at four 
metallicities, ranging from 
solar to 30x solar. With 
increasing metallicity the 
a tmosphe r i c me thane 
bands deepen and weaker 
b a n d s b e c o m e m o r e 
apparent. Thus it is crucial 
to detect multiple methane 
bands of varying strengths 
so that sufficient dynamic 
range i s ava i lab le to 
constrain a var iety of 
a tmosphe r i c me thane 
abundances.
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Figure 1. Simulated direct images of Jupiters and Neptunes around a solar analog at 10 pc, as a function of planet–star separation (1 AU, 2 AU, and 5 AU) and λ
(350 nm, 550 nm, and 750 nm, each with 100 nm bandwidth). The simulation is for a D = 4 m space telescope with a phase-induced amplitude apodization (PIAA)
coronagraph (Guyon et al. 2005). The PIAA coronagraph has an IWA ∼2λ/D. The integration time is 10 hr and effects from photon noise and 1 zodi of both local
and exozodiacal dust are included (system inclination is 60◦). Note the scale with λ in these 256 × 256 pixel images: 350 nm ∼ 2.8 mas pixel−1, 550 nm ∼ 4.4
mas pixel−1, and 750 nm ∼ 6.0 mas pixel−1 (Cahoy et al. 2009).

Section 3, we describe how we generate a series of exoplanet
model atmospheres over a range of planet–star separations
and metallicities using a one-dimensional radiative–convective
model that was previously tailored for use with EGPs (Marley
1997; Fortney et al. 2005, 2006; Marley et al. 2007; Fortney &
Marley 2007; Fortney et al. 2008b, 2008a) and brown dwarfs
(Marley et al. 1996; Burrows et al. 1997; Marley 1997; Marley
et al. 2002; Saumon et al. 2006, 2007). The model was originally
used for solar system planetary bodies such as Titan and Uranus
(Toon et al. 1977, 1989; McKay et al. 1989; Marley & McKay
1999). These global mean one-dimensional exoplanet models
are then used as input to a high-resolution albedo spectra model.
We describe our updates to the albedo model that allow us
to calculate emergent intensities and thus albedo spectra as a
function of phase.

In Section 4, we present results: albedo spectra from 0.35 µm
to 1 µm as a function of planet type, planet–star separation,
metallicity, and phase. Because of the practical constraints in-
herent in spacecraft flybys of solar system giant planets, there
is relatively little data in the literature reporting planet-averaged
phase functions; we do compare Voyager 1 data of Uranus and
Neptune from Pollack et al. (1986) with our model phase func-
tions. We also compare the model albedo spectra with obser-
vations of solar system giant planets from Karkoschka (1994).
Since early exoplanet direct imaging observations will have
limited resolution, in Section 5 we consider lower-resolution,
coarse spectra derived from our high-resolution results. For the
lower resolution cases, we consider R = λ/∆λ = 5 and 15, and
we also consider how changes in albedo spectra might present
themselves in terms of color–color comparisons using standard
filters in the optical. This helps us to evaluate features that might
be detectable using a combination of different wide (or narrow)
filter bands.

Color–color diagrams were suggested as a comparative an-
alytic tool for direct imaging of exoplanets in an example
that considered the color diversity of solar system planets in
Traub (2003). Recently, Fortney et al. (2008b) presented de-
tailed color–color comparisons of hot young Jupiters in the
infrared. Earlier, Sudarsky et al. (2005) modeled reflected-light
albedo spectra and performed color–color analyses in the opti-

cal of a 1 MJ EGP using a similar approach but with a different
model and implementation than that used in this work. While
our 1 MJ results that include clouds tend to be less red at full
phase and less blue at new compared with those in Sudarsky
et al. (2005), we generally agree with their cloud-free result and
extend their approach to include different compositions, Nep-
tune analogs, and comparisons with observed spectra and colors
of solar system planets.

2. BACKGROUND

This section provides some background on exoplanet direct
imaging methods and the scientific value of albedo spectra
constructed from observations made in the optical. We briefly
review common direct imaging terminology and techniques in
Section 2.1 and then formally define geometric albedo and
illustrate how albedo spectra of exoplanets relate to exoplanet
science goals in Section 2.2. We also briefly discuss the
challenges and current limitations that affect direct imaging
efforts. Consideration of both the instrumentation constraints
for direct imaging and exoplanet science goals helps to define
and justify the planet–star separations and atmospheric model
types used in this work.

2.1. Direct Imaging

To give the reader an idea of the challenges inherent in
coronagraphic detection and characterization of gas- or ice-giant
exoplanets, Figure 1 shows simulated direct images of Jupiter
and Neptune analogs observed in three different 100 nm wide
bands around a solar analog at a distance of 10 pc from the
observer (Cahoy et al. 2009). The simulations are performed
for a 4 m diameter space telescope, where the light from the
parent star has been suppressed by a phase-induced amplitude
apodization (PIAA) coronagraph (Guyon et al. 2005), and stellar
leakage is included as one of several background sources.
Importantly, for this figure only, we assume a gray albedo
spectrum with a geometric albedo that is a constant 0.3 with
wavelength and thus the same for each planet in each bandpass.
The simulations are described in greater detail in Cahoy et al.
(2009).
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WFIRST Mission: Coronagraph

• Broadband Imaging 
(430-970 nm) 

• R~70 spectroscopy 
(600-970 nm)

WFIRST-AFTA 
 

Section 2: WFIRST-AFTA Science 65 

istics transition from cold Jupiter-like planets to hot Ju-
piters observable by transit spectroscopy.    

WFIRST will provide deep, well-calibrated contrast 
levels not accessible from the ground, and will thus al-
low direct imaging of sub-Jupiter mass exoplanets 
in/near habitable zones of Sun-like stars. Such planets 

will be very challenging for ELTs to observe due to the 
extreme contrast and ELTs detection limits are currently 
poorly understood in this regime. Ultimately, WFIRST-
AFTA will push the low-mass detection limit for direct 
imaging further than possible with any other observato-
ry (Figure 2-44).    

Figure 2-44: Exoplanet detection limit of the HLC coronagraph on WFIRST-AFTA, compared to other high-contrast sys-
tems. The contrast values of RV planets detectable by HLC on WFIRST-AFTA are shown as open blue circles, along 
with the detection floor set by residual speckle noise (solid blue line, from Figure 2-48); note that this does not include 
photon noise. Other high contrast systems (Hubble Space Telescope, James Webb Space Telescope, Gemini Planet 
Imager, and the European Extremely Large Telescope) are shown for 1-hour exposures on fiducial targets, including 
photon noise. There are two important complementary areas here: (1) WFIRST-AFTA vs. GPI and JWST, and (2) 
WFIRST-AFTA vs. E-ELT and TMT. Regarding (1) for GPI and JWST, the limiting sensitivities are much poorer in abso-
lute terms (see the labeled curves), but the wavelength range of operation is the near-infrared, where hot, young plan-
ets are bright, so the type of planet probed is completely different than for WFIRST-AFTA, which will observe the much 
more numerous mature, cool planets. Regarding (2) for the E-ELT and TMT, which have roughly similar sensitivities, the 
complementarity is that the ELTs will be able to observe planets closer to their stars than WFIRST-AFTA (owing to their 
12 to 17 times larger diameters), and collect more photons per planet (allowing a poorer raw contrast but enabling a 
greater post-processing factor), so the ELTs will be best at observing habitable zones of nearby late-type stars, where-
as WFIRST-AFTA will be best at nearby solar-type stars. The shaded blue cloud indicates the range of expected 
WFIRST-AFTA discoveries of new nearby Neptunes and Super-Earths. 

Spergel et al (2015), WFIRST-AFTA 2015 Report 



WFIRST Preparatory Science 
(WPS) Program 

• Goal:  Provide constraints on the giant exoplanet science 
achievable with WFIRST-AFTA under the current (evolving) mission 
design. 

• Key Science Questions: 

1. How does the composition of gas and ice giant planets vary 
with mass, orbit, and stellar mass and metallicity? 

2. How do clouds affect giant planet atmospheres and vary with 
atmospheric temperature and other planetary parameters? 

3. Do planets formed inside and outside the nebular ‘snow line’ 
have different compositions or C/O ratios?



The known RV targets accessible to 
the WFIRST Coronagraph naturally 
span a range of properties and can 

be used to test the fidelity with which 
we expect WFIRST to be able to 

address our key questions.



WPS Program Overview

Planetary Atmospheric 
Models

Albedo Spectra 

Spectral Library 

WFIRST CGI Simulator Retrieval Analysis 

•  1D radiative-convective models that include 
cloud formation  

•  Probe variations in assumed gravity, metallicity 
(-0.3 to 2.0 dex), C/O ratio (0.25 to 2.5 Solar), 
internal heat (age), and cloud sedimentation 
efficiency. 

•  We will deliver a large library of theoretical 
albedo spectra that span the range of 
planetary properties and orbital configurations 
relevant for WFIRST coronagraphy targets 



Planetary Atmospheric 
Models Albedo Spectra Spectral Library 

202 CAHOY, MARLEY, & FORTNEY Vol. 724

0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

Wavelength µm

G
eo

m
et

ric
 A

lb
ed

o

Jupiters

0.8 AU, 1x
0.8 AU, 3x
2.0 AU, 1x
2.0 AU, 3x
5 AU, 1x
5 AU, 3x
10 AU, 1x
10 AU, 3x

0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

Wavelength µm
G

eo
m

et
ric

 A
lb

ed
o

Neptunes

0.8 AU, 10x
0.8 AU, 30x
2.0 AU, 10x
2.0 AU, 30x
5 AU, 10x
5 AU, 30x
10 AU, 10x
10 AU, 30x

Figure 9. Geometric albedo spectra (α = 0◦) for each of the exoplanet model atmospheres used in this work. The models cover a range of planet–star separations
from 0.8 AU to 10 AU, and a range of heavy-element abundances (metallicities) with respect to solar (1×). The Jupiter models have 1× (solid) and 3× (dashed) solar
abundance, and the Neptune models have 10× (solid) and 30× (dashed) solar abundance. See Sections 4.1 and 4.2.
(A color version of this figure is available in the online journal.)

the opacities at short wavelengths. Even at long wavelengths,
unit optical depth is likely to be reached before encountering
the clouds.

In addition to the alkalis (clearly seen at 0.8 AU) and CH4,
opacity due to gaseous H2O plays a role between ∼0.92 and
0.95 µm in our albedo spectra for all of the cases closer in than
5 AU. Detection of water absorption features in the optical has
not been confirmed in Jupiter’s reflection spectrum, although
absorption features near ∼0.94 µm were noted by Karkoschka
(1994) as being present. At the time, H2O was suggested po-
tentially being the cause, however, later observations suggested
that NH3 could be responsible (Karkoschka 1998). We address
the presence of H2O again later in discussion of Figure 11.

Figure 8 shows the relationship between τ , P, λ and
planet–star separation for the 10× Neptune models. Similar
to the 0.8 AU 3× Jupiter case, the 0.8 AU 10× Neptune case
is dominated by Rayleigh scattering at short wavelengths, only
with more pronounced absorption features into the red. The
2 AU case is also dominated by the presence of H2O clouds
that form just below ∼380 mbar, a bit higher than the Jupiter
case, implying that the albedo spectra should be a bit brighter
as well. At 5 AU, an ammonia cloud forms below ∼100 mbar,
and extends down nearly to the H2O cloud, which forms below
∼470 mbar. Also similar to the 10 AU 3× Jupiter case, the 10 AU
10× Neptune shows both cloud decks forming at substantially

higher pressures, below ∼700 mbar for NH3 and below ∼3.6
bars for H2O.

4.2. Geometric Albedo Spectra (α = 0◦)

In Figure 9, we show albedo spectra for all of the model
cases summarized in Table 1. The spectra for our Jupiter-like
exoplanet models can be compared with those presented in
Marley et al. (1999) and Sudarsky et al. (2000, 2005). For the
purpose of comparison, the model Jupiters used here map to the
Class III (clear), Class II (water cloud), and Class I (ammonia
cloud) nomenclature used in Sudarsky et al. (2000). Our clear
and ammonia cloud models are similar to those in Sudarsky
et al. (2000), and our water cloud models at 2 AU are a bit
brighter. As shown in Figure 10, distinct Na, K, CH4, and H2O
features are apparent, particularly CH4 near 0.62, 0.74, and
0.89 µm (see Table 3). As discussed in Section 4.1, the cloud-
free 0.8 AU spectra are dominated by Rayleigh scattering at
short wavelengths for both 1× and 3× Jupiters and 10× and
30× Neptunes.

At any given planet–star separation, the higher metallicity
compositions generally have smaller albedos due to the in-
creased opacity of their atmospheres. The presence of relatively
high and thick H2O clouds in the atmosphere of the 2 AU Jupiters
results in a higher albedo across the visible. The bright effect of
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Figure 12. Albedo spectra of the 0.8 AU 3× Jupiter as a function of planet phase α. Left: albedo spectra vs. α. Right: ratio of albedo spectra in increments of α = 10◦

to that of the albedo spectrum at α = 0◦. Note the variation in the ratio as a function of wavelength; see Section 4.3.
(A color version of this figure is available in the online journal.)

Sudarsky et al. (2005) for comparison since the Pioneer data
used in the generation of that curve were not disk-integrated.

Figure 16 shows phase functions for each model exoplanet
and for the B, V, R, and I filters. The phase function is shaped
by geometry and the composite of all of the scattering phase
functions making contributions to scattering in the exoplanet’s
atmosphere. For reference, the area beneath a Lambert phase
function, or its phase integral q, as in Equation (4), is 3/2, and
the area beneath a Rayleigh phase function is 4/3 (qLambert >
qRayleigh). Different line styles represent different metallicities:
1× is solid, 3× is dashed, 10× is dot-dashed, and 30× is
dotted. A Lambert phase function is shown in each sub-plot
for reference. For the 0.8 AU cloud-free case, it is difficult
to distinguish between the metallicities, although the higher
metallicity phase functions are generally larger than the lower
metallicities. The phase functions start off quite similar to
the Lambert phase function at short wavelengths, and become
shallower and rise above than the Lambert phase function as the
colors move redward.

For the 2 AU water cloud case, the phase functions are all
just below the Lambert phase function; the difference becomes
more pronounced as colors move redward; for the R and I filters,
the beginnings of a forward-scattering “toe” are seen at large

phase angles. Effects of backscattering would appear at small
phase angles as well. For the 5 AU ammonia and water cloud
case, the ammonia clouds are higher in the atmosphere than the
water clouds, and there is a noticeable difference between the
Jupiters and Neptunes, likely because the ammonia clouds are
a bit higher for the Jupiters than they are for the Neptunes (also
true at 10 AU, see Figures 7 and 8). At shorter wavelengths
at 5 AU, the Jupiters fall below the Lambert curve and the
Neptunes land closer to it, although the Neptune curves also
fall below the Lambert curve as colors get redder. The forward-
scattering “toe” becomes more pronounced. At 10 AU, both the
ammonia and water clouds condense at much higher pressures
(lower altitudes), particularly for the Neptunes. The Neptune
phase functions are below both the Jupiter phase functions and
the Lambert phase function. We note that our phase functions
are not nearly as steep near full phase as are those in Sudarsky
et al. (2005). We will further examine the dependence of phase
function morphology on the assumptions made in the treatment
of the direct and diffuse scattering functions in a future paper. We
discuss in the following section the use of color–color diagrams
to help distinguish between the different types of exoplanet
models, as it would be difficult to observe and confirm the small
differences between the phase functions shown in Equation (16).
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Figure 3. Temperature and pressure models used as input to the albedo spectra model. Left: models for Jupiter with compositions of 1× and 3× solar and at separations
of 0.8 AU, 2 AU, 5 AU, and 10 AU. Right: models for Neptune with compositions of 10× and 30× solar and at separations of 0.8 AU, 2 AU, 5 AU, and 10 AU. See
additional model descriptions in Section 3 and Table 1.
(A color version of this figure is available in the online journal.)

given an assumed cloud sedimentation efficiency, fsed which
we discuss further below. Since the cloud model is converged
along with the atmospheric thermal structure, the clouds are
fully self-consistent with the atmospheric thermal structure of
each model planet. Note that we neglect NH4SH, which may
produce an intermediate cloud between the water and ammonia
clouds in Jupiter’s atmosphere (West et al. 2004). Even at Jupiter
the relative roles that NH3 and NH4SH clouds play in influencing
the albedo spectra remain uncertain (Irwin et al. 2005) and thus
we treat only the former cloud.

For each model planet, our one-dimensional modeling thus
produces a vertical temperature and pressure, T(P), profile, a
cloud structure model, and the variation in composition of
all major species. We use these profiles and cloud informa-
tion (wavelength-dependent asymmetry factor g and single-
scattering albedo ω̃ at each temperature and pressure level) as
input to the albedo spectral model described in Section 3.2.

3.1.1. Model Temperature and Pressure Profiles

Table 1 summarizes the exoplanet model gas giants (Jupiters)
and ice giants (Neptunes) used in this work. The internal heat
flows assumed for the Jupiters and Neptunes correspond to
effective temperatures (Tint) of 100 K and 50 K, respectively,
for an isolated object, and an age of ∼4.5 Gyr. Gravity
for Jupiters is 25 ms−2 and for Neptunes is 10 ms−2. We
compute radiative–convective equilibrium T(P) profiles and
low-resolution spectra for exoplanet models at planet–star
separations of 0.8 AU, 2 AU, 5 AU, and 10 AU at 1× and
3× solar metallicity for the Jupiters and 10× and 30× solar

Table 1
Description of the Model Gas and Ice Giants Used as Inputs to the

Albedo Spectra Simulation

Separation Jupiters Neptunes Clouds fsed
g = 25 m s−2 g = 10 m s−2

Tint (K) Teff (K) Tint (K) Teff (K)
1× 3× 10× 30×

0.8 AU 100 274 282 50 285 292 None . . .

2 AU 100 123 126 50 134 148 H2O 6
5 AU 100 115 119 50 110 112 H2O, NH3 10
10 AU 100 107 109 50 81 82 H2O, NH3 10

Notes. The separations and cloud types are noted. Tint is a parameterization of
the flux from the interior of the planet, due to its cooling with time (temperature
in the absence of any incident flux). fsed is the ratio of the microphysical
sedimentation flux to the eddy sedimentation flux.

metallicity for the Neptunes. As noted in Section 2.1, the
maximum and minimum planet–star separations were chosen to
span the range of exoplanets detectable with early coronagraphic
direct imaging methods.

Figure 3 shows the resulting T(P) profiles for the models.
Solid lines are used for the lower metallicity 1× and 10×
cases, and dashed lines are used for the higher metallicity 3×
and 30× cases. Condensation curves, courtesy K. Lodders, are
shown on each plot for both H2O (warmer) and NH3 (cooler).
The condensation curves correspond to 1× (solid line) and
3× (dashed line) solar metallicity for the Jupiter models and

Cahoy et al (2010)
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Albedo Spectra WFIRST CGI Simulator Retrieval Analysis 
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Figure 11. The fits to the data obtained for Jupiter by running the MCMC ensemble 
sampler. The model spectra are calculated for 1000 samples of the 324000 final 
sample chain. The blue line represents the median spectrum, the dark red the region 
contains the 16 to 84% percentile range of the spectra, while the light red contains the 
4.5 to 95.5 % percentile range. The green lines mark the wavelength longward of which 
we fit the models to the data.
!!

� '!
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Figure 12. Overlaid marginal probability distributions for the albedo model parameters 
for the reflected spectrum of Jupiter, each color corresponding to one (SNR, correlation 
length) combination. The red lines indicate the position of the real values for Jupiter. 
The lower panel shows the change in the probability distribution for log(fCH4) after 
narrowing the allowed range for g to include the actual value for Jupiter (24.79 m/s2), 
plus minus a factor of 2 (the red distribution). The peak of the probability distribution 
now matched the actual measured value for fCH4 in Jupiter: 1.8x10-3. In the lower 
panel, the pressure differences (dP1 and dP2) are also converted in actual pressures at 
the bottom (P1) and top (P2) of the upper cloud. This can be used to get a graphical 
representation of the cloud structure, as shown in Figure 13. !

�13

effects become more important below 0.5 μm, and are unlikely to affect the region of 
interest for this study (0.6-1 μm).
!

� !
Figure'6.!Graphical!representation!of!our!23cloud!model.!!

This model framework thus includes a total of nine forward model parameters: 
fCH4, g

dP1, dP2, τ, ϖ1, ğ for the upper cloud

P , ϖ2 for the bottom cloud
!

To simulate a spherical planet, we cover the illuminated surface of a sphere with many 
plane–parallel facets, where each facet has different incident and observed angles, as 
shown in Figure 7. In our simplified approach we only consider the 0-degree phase 
angle (face-on), in which case the observer and the source are collinear (μ0=μ1). 
Following the approach of Horak (1950) and Horak & Little (1965), we use two-
dimensional planetary coordinates and Chebyshev–Gauss integration to integrate over 
the emergent intensities and calculate the albedo spectra.  The radiative transfer is 
performed line-by-line for each of the points sampling the planetary disk. Our most 
accurate albedo code uses 1000 angle combinations and different incident and 
observer angles, but we have reduced this number to 100 for the current study. In this 
case, the albedo code takes about 4s to run, which is reasonable to use in combination 
with a Monte Carlo Markov Chain.
!

� '
Figure 7. Each dot represents one plane–parallel albedo spectra model. A two-
dimensional Chebyshev–Gauss integration over all dots is performed to calculate the 
albedo spectra. For simplicity, the current study was restricted to 0 degree phase 
angle.
!
We use the affine invariant ensemble MCMC sampler, EMCEE (Goodman & Weare 
2010, Foreman-Mackey et al. 2013) to compute the optimal set of parameters and their 
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CONSTRAINING METHANE ABUNDANCE AND CLOUD PROPERTIES FROM THE REFLECTED 
LIGHT SPECTRA OF DIRECTLY IMAGED EXOPLANETS 

Roxana Lupu (BAERI/NASA Ames; Roxana.E.Lupu@nasa.gov); Mark Marley (NASA Ames);  Nikole Lewis (STSci) 
We have assembled an atmospheric retrieval package for the reflected light spectra of gas- and ice- giants in order to inform the design and estimate the scientific return of future space-based coronagraph instruments. Such instruments will have a working bandpass of 
~0.4-1 microns and a resolving power R~70, and will enable the characterization of tens of exoplanets in the Solar neighborhood. The targets will be chosen form known RV giants, with estimated effective temperatures of ~100-600 K and masses between 0.3 and 20 
M_Jupiter. In this regime, both methane and clouds will have the largest effects on the observed spectra. Our retrieval code is the first to include cloud properties in the core set of parameters, along with methane abundance and surface gravity. We consider three possible 
cloud structure scenarios, with 0, 1 or 2 cloud layers, respectively. The best-fit parameters for a given model are determined using a Monte Carlo Markov Chain ensemble sampler, and the most favored cloud structure is chosen by calculating the Bayes factors between 
different models. We present the performance of our retrieval technique applied to a set of representative model spectra, covering a SNR range form 5 to 20 and including possible noise correlations over a 25 or 100 nanometer scale. Further, we have  applied the technique 
to more realistic cases, namely simulated observations of Jupiter, Saturn, Uranus, and the gas-giant HD99492c. In each case, we determine the confidence levels associated with the methane and cloud detections, as a function of SNR and noise properties. 

We define the signal-to-noise as corresponding to the 
integrated count in a 10%-wide bandpass centered at 550 
nm. 
Planet + zodi = Poisson distribution  
speckle + background noise = Gaussian distribution 
The noise correlations are Gaussian, with a length scale of 
25 or 100 nm. 

SIMULATED DATA 

RETRIEVAL 

(Sato&&&Hansen&1979)&

Parameters for the 2-cloud model: 
&

X(CH4)&,&g"
dP1,&dP2,&τ&,&ϖ&,&ğ&&&&for&the&upper&cloud&
P&,&ϖ&&&&&for&the&boBom&cloud&

We have implemented both the affine-invariant Monte Carlo Markov 
Chain ensemble sampler (emcee) and the MultiNest tool to sample the 
posterior distributions for parameter estimation and model selection. 
The planetary albedo is calculated assuming a simple cloud model and 
taking the  methane abundance and the surface gravity as free 
parameters.  
The significance of cloud and methane detection is determined by 
comparing models containing  0, 1, or 2 clouds, or lacking methane 
opacity. 
Pressure-temperature profile = fixed  
Phase angle = 0 (face on) REMARKS: 

 
•   The limitations of the model are more 
important than the uncertainties in the 
data. 
•   Independent constraints on surface 
gravity and cloud properties will improve 
the measurement of methane abundance. 
•   Water and alkali opacities will be 
important for other types of planets. 
•   A scaling factor is needed to take into 
account radius uncertainties.   
•    The gravity can be independently 
determined via the mass-radius 
relationship for imaged RV planets, and this 
constraint will tighten the constraints on 
the other parameters. 

The top cloud is absent in the 1-
cloud model. The remaining 
cloud is characterized by the 
top P&,&τ&,&ϖ&,&and&ğ&&&

VALIDATION  AND TESTING 

REAL-WORLD SCENARIO:  JUPITER 

Planet without clouds:  Planet with 1 cloud layer:  

Planet with 2 cloud layers:  
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Both g and methane abundance are well constrained. The methane detection is >4σ. 
The cloud detection is not significant, and its optical depth is low.  

The methane detection is >4σ, and its abundance is well constrained. 
The cloud detection is >10σ.
(g , P) and (ϖ&,&ğ&&) are degenerate. 

The methane detection is >4σ and the cloud detection is >10σ.         The methane abundance is well constrained, but slightly degenerate with P and g.               We obtain upper limits on τ and tight constraints on  ϖ&and cloud locations.   
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The methane detection is >6σ and the 
cloud detection is >3σ. There is no 
compelling evidence for a second cloud.       
The methane abundance is consistent 
with known measurements.                
MultiNest  retrieves better the cloud 
positions.  

Constrained: cloud positions,  
single scattering albedo of the lower cloud. 
Degenerate: methane abundance, surface gravity,  
bottom pressure. 
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Question #1

How does the composition of gas and ice giant 
planets vary with mass, orbit, and stellar mass 
and metallicity?



high temperatures, permit us to access a wide array of
molecules, allowing for more precise constraints on the
envelope metallicity. Kreidberg et al. (2014b) provided
additional leverage on this relationship via a relatively good
constraint on the water abundance in a 2MJ hot Jupiter. Under
the assumption of solar C/O, the retrieved water abundance
was used as a proxy for metallicity. This proxy-metallicity was
found to be consistent with the observed solar system trend.

Furthermore, constraints on Neptune-mass objects (GJ 436b by
Stevenson et al. 2010 and HAT-P-11b by Fraine et al. 2014)
are also suggestive of this trend.
Recently, Benneke (2015) demonstrated that the water

abundance alone cannot constrain the atmospheric metallicity
because of the degeneracy of metallicity with the carbon-to-
oxygen ratio. The broad wavelength coverage and high S/N of
JWST data enable us to constrain not only the water abundance,
but carbon species as well. This, in essence, breaks the C/O–
metallicity degeneracy. We directly compute the metallicity
([Fe/H]) from the retrieved molecular mixing ratios, and the
metallicity histograms are shown in Figures 6–9 (see Section 5).
Figure 14 compares a typical metallicity constraint for the hot
Jupiter of solar composition and the warm Neptune of HMMW.
Observing just five planets spaced logarithmically between a
few Jupiter masses and a Neptune mass with such constraints
(0.4 dex) would allow us to determine the mass–metallicity
slope (in log space) with a 1σ uncertainty of 0.13.

6.3. Disequilibrium Chemistry

Disequilibrium processes are likely to play a role in sculpting
the molecular abundances in exoplanet atmospheres (Liang
et al. 2003; Zahnle et al. 2009; Line et al. 2010, 2011; Moses
et al. 2011; Venot et al. 2012; Hu et al. 2013; Agúndez et al.
2014). These processes come in a variety of flavors including,
but not limited to, vertical and horizontal mixing (Prinn &
Barshay 1977; Cooper & Showman 2006), photochemistry
(Yung & Demore 1999), ion chemistry (Lavvas et al. 2008),
and biology (e.g., Holland 1994). The predicted dominant

Figure 13. Application of precision measurements of H2O and scale height
temperature from transmission spectra to distinguishing between high and low
C/O scenarios (after Kreidberg et al. 2015). The broad red and blue curves are
equilibrium chemistry models that show how the H2O abundance changes as a
function of temperature for high (red) and low (blue) C-to-O ratios for solar
metallicity. The spread in the equilibrium chemistry models is due to different
assumptions regarding the probed pressure levels (0.1–10 mbar). We show
representative error bars derived from our temperature and H2O retrieval results
for the solar metallicity scenarios observed in transmission (Table 5). The red
error bars represent the NIRISS only, blue are for NIRISS+NIRCam, and black
are for NIRISS+NIRCam+MIRI. The top set of error symbols show the
constraints in the clear atmospheres and the bottom ones show cloudy ones.
These positions are located for clarity and are not indicative of actual retrieved
temperatures or compositions! The light gray points and error bars are
constraints from HST WFC3 transmission measurements of WASP-12b
(Kreidberg et al. 2015) (hotter) and WASP-43b KBD14b (cooler).

Figure 14. Atmospheric mass–metallicity relationship (after Kreidberg et al.
2014b). Solar system planets and a measured exoplanet are shown as the black
points with error bars. Representative metallicity constraints from transmission
spectra for the clear hot Jupiter of solar composition and the clear warm
Neptune of high mean molecular weight are shown near the top (not at their
actual mass/metallicity values). Three 68% confidence constraints are shown
for each: black for NIRISS+NIRCam+MIRI, blue for NIRISS+NIRCam, and
red for NIRISS only.

Figure 15. Diagnosing disequilbirum chemistry with JWST (adapted from Line
& Yung 2013). The green line is the equilibrium constant as a function of
temperature. Given the equilibrium molecular abundances of H2O, CH4, CO,
and H2 at a given temperature and pressure, the quantity α (see Equation (8))
will fall on this line. If there are strong disequilibrium processes, α will deviate
from the green line. α computed from the retrieved abundances for H2O, CH4,
CO, and H2 for a variety of planets observed with HST and Spitzer is shown in
light gray (Line & Yung 2013; Line et al. 2014b). We show representative error
bars for α derived from the retrieved mixing ratios of emission spectra for the
solar-composition emission scenarios of a hot Jupiter, warm Neptune, and
warm Sub-Neptune for NIRISS only (red), NIRISS+NIRCam (blue), and
NIRISS+NIRCam+MIRI (black). Their positions in the plot are arbitrary.
Model uncertainty due to the uncertainty in the pressure levels probed (e.g., the
width of the thermal emission contribution function across wavelength) is
shown as the black error bar. The maximum expected deviation due to vertical
mixing is shown as the green error bar. Finally, the prior uncertainty is shown
as the red curve.
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Orbital Phase Matters!!!
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high temperatures, permit us to access a wide array of
molecules, allowing for more precise constraints on the
envelope metallicity. Kreidberg et al. (2014b) provided
additional leverage on this relationship via a relatively good
constraint on the water abundance in a 2MJ hot Jupiter. Under
the assumption of solar C/O, the retrieved water abundance
was used as a proxy for metallicity. This proxy-metallicity was
found to be consistent with the observed solar system trend.

Furthermore, constraints on Neptune-mass objects (GJ 436b by
Stevenson et al. 2010 and HAT-P-11b by Fraine et al. 2014)
are also suggestive of this trend.
Recently, Benneke (2015) demonstrated that the water

abundance alone cannot constrain the atmospheric metallicity
because of the degeneracy of metallicity with the carbon-to-
oxygen ratio. The broad wavelength coverage and high S/N of
JWST data enable us to constrain not only the water abundance,
but carbon species as well. This, in essence, breaks the C/O–
metallicity degeneracy. We directly compute the metallicity
([Fe/H]) from the retrieved molecular mixing ratios, and the
metallicity histograms are shown in Figures 6–9 (see Section 5).
Figure 14 compares a typical metallicity constraint for the hot
Jupiter of solar composition and the warm Neptune of HMMW.
Observing just five planets spaced logarithmically between a
few Jupiter masses and a Neptune mass with such constraints
(0.4 dex) would allow us to determine the mass–metallicity
slope (in log space) with a 1σ uncertainty of 0.13.

6.3. Disequilibrium Chemistry

Disequilibrium processes are likely to play a role in sculpting
the molecular abundances in exoplanet atmospheres (Liang
et al. 2003; Zahnle et al. 2009; Line et al. 2010, 2011; Moses
et al. 2011; Venot et al. 2012; Hu et al. 2013; Agúndez et al.
2014). These processes come in a variety of flavors including,
but not limited to, vertical and horizontal mixing (Prinn &
Barshay 1977; Cooper & Showman 2006), photochemistry
(Yung & Demore 1999), ion chemistry (Lavvas et al. 2008),
and biology (e.g., Holland 1994). The predicted dominant

Figure 13. Application of precision measurements of H2O and scale height
temperature from transmission spectra to distinguishing between high and low
C/O scenarios (after Kreidberg et al. 2015). The broad red and blue curves are
equilibrium chemistry models that show how the H2O abundance changes as a
function of temperature for high (red) and low (blue) C-to-O ratios for solar
metallicity. The spread in the equilibrium chemistry models is due to different
assumptions regarding the probed pressure levels (0.1–10 mbar). We show
representative error bars derived from our temperature and H2O retrieval results
for the solar metallicity scenarios observed in transmission (Table 5). The red
error bars represent the NIRISS only, blue are for NIRISS+NIRCam, and black
are for NIRISS+NIRCam+MIRI. The top set of error symbols show the
constraints in the clear atmospheres and the bottom ones show cloudy ones.
These positions are located for clarity and are not indicative of actual retrieved
temperatures or compositions! The light gray points and error bars are
constraints from HST WFC3 transmission measurements of WASP-12b
(Kreidberg et al. 2015) (hotter) and WASP-43b KBD14b (cooler).

Figure 14. Atmospheric mass–metallicity relationship (after Kreidberg et al.
2014b). Solar system planets and a measured exoplanet are shown as the black
points with error bars. Representative metallicity constraints from transmission
spectra for the clear hot Jupiter of solar composition and the clear warm
Neptune of high mean molecular weight are shown near the top (not at their
actual mass/metallicity values). Three 68% confidence constraints are shown
for each: black for NIRISS+NIRCam+MIRI, blue for NIRISS+NIRCam, and
red for NIRISS only.

Figure 15. Diagnosing disequilbirum chemistry with JWST (adapted from Line
& Yung 2013). The green line is the equilibrium constant as a function of
temperature. Given the equilibrium molecular abundances of H2O, CH4, CO,
and H2 at a given temperature and pressure, the quantity α (see Equation (8))
will fall on this line. If there are strong disequilibrium processes, α will deviate
from the green line. α computed from the retrieved abundances for H2O, CH4,
CO, and H2 for a variety of planets observed with HST and Spitzer is shown in
light gray (Line & Yung 2013; Line et al. 2014b). We show representative error
bars for α derived from the retrieved mixing ratios of emission spectra for the
solar-composition emission scenarios of a hot Jupiter, warm Neptune, and
warm Sub-Neptune for NIRISS only (red), NIRISS+NIRCam (blue), and
NIRISS+NIRCam+MIRI (black). Their positions in the plot are arbitrary.
Model uncertainty due to the uncertainty in the pressure levels probed (e.g., the
width of the thermal emission contribution function across wavelength) is
shown as the black error bar. The maximum expected deviation due to vertical
mixing is shown as the green error bar. Finally, the prior uncertainty is shown
as the red curve.
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Question #2

How do clouds affect giant planet atmospheres 
and vary with atmospheric temperature and other 
planetary parameters?



100 200 300 400 500
Temperature (K)

1

0

-1

-2

-3

-4
lo

g(
p)

0.0
0.5
1.0

H2ONH3

Ups And e

200 400 600 800 1000
Temperature (K)

1

0

-1

-2

-3

-4

lo
g(

p)

0.0
0.5
1.0

H2ONH3

Ups And d

Lupu et al, Lewis et al, in prepSNR = 20105



Question #3
Do planets formed inside and outside the nebular ‘snow 
line’ have different compositions or C/O ratios?

The Astrophysical Journal Letters, 743:L16 (5pp), 2011 December 10 Öberg, Murray-Clay, & Bergin

Table 1
Evaporation Temperatures and Abundances of O and C in Different Forms

with Respect to Hydrogen

Species Tevap
a nO nC

(K) (10−4×nH) (10−4×nH)

CO 18–22 (20) 0.9–2b (1.5) 0.9–2b (1.5)
CO2 42–52 (47) 0.6b 0.3b

H2O 120–150 (135) 0.9b

Carbon grains >150 (500) 0.6–1.2c (0.6)
Silicate ∼1500 (1500) 1.4c

Notes. Adopted model values are in parentheses.
a The range of temperatures for ices corresponds to gas densities 108–1012 cm−3

suitable for disk midplanes.
b From ice and gas observations toward the CBRR 2422.8-3423 disk (Pontop-
pidan 2006).
c The range corresponds to estimates of organic content (Draine 2003). The
lower value is adopted to obtain a solar C/O ratio. Silicate abundance is 1.2 from
Whittet (2010) and 1.4 takes into account the additional refractory component.

bodies, and on the importance of core dredging, i.e., how isolated
the atmosphere is from the core. In the simplest case, the core
and atmosphere are completely isolated from each other, and the
atmosphere is built up purely from gas. We therefore begin with
only considering gas accretion, and then show how the expected
atmosphere composition is modified by adding planetesimal ac-
cretion.

Once a core is massive enough to begin runaway accretion of
a gas envelope, this accretion most likely happens faster than the
planet can migrate due to interactions with the disk. D’Angelo &
Lubow (2008) estimate that a planet migrates inward by <20%
of its semi-major axis during runaway growth. We therefore
assume that the planetary envelope is accreted between the
same set of snowlines where accretion started. As a first step,
we further assume that grains contributing to the atmosphere
come from the same location as the gas (which need not be the
case) and that gas and grain compositions are constant between
each set of snowlines. Finally, we assume that the snowlines
are static, which is justified by the long timescales at which
disk midplane temperatures change in disks older than 106 years
(when gas giants are proposed to form) compared to the 105 year
timescales of runaway gas accretion (Lissauer et al. 2009;
Dodson-Robinson et al. 2009). Specifically, the temperature
structure is set by viscous dissipation in the inner disk and
irradiation by the central star in the outer disk (D’Alessio
et al. 1998), and both accretion and stellar luminosity decay on
106 year timescales at the time of planetary envelope accretion
(e.g., Hartmann et al. 1998; Siess et al. 2000). We return to these
considerations in Section 3.

We estimate the total abundances (grain + gas) of the major
O- and C-containing species in typical disks from a combination
of ice observations of a protoplanetary disk (Pontoppidan 2006)
and grain compositions in the dense interstellar medium (ISM;
Table 1). The main O carriers are H2O, CO2 and CO ices, CO
gas and silicates, and an additional refractory oxygen component
(Whittet 2010). The main C carriers are CO, CO2, and a range
of organics and carbon grains (Draine 2003). The evaporation
temperature of the latter carbon sources are unknown, and a
high evaporation temperature is adopted to prevent this unknown
carbon component from influencing the model outcome; if any
of this carbon is present in more volatile forms, it will enhance
the gas-phase C/O ratio further. The sublimation temperature
for silicate grains is set to 1500 K. For all other molecules,

Figure 1. C/O ratio in the gas and in grains, assuming the temperature structure
of a “typical” protoplanetary disk around a solar-type star (T0 is 200 K and
q = 0.62). The H2O, CO2, and CO snowline are marked for reference.

we calculate the density-dependent sublimation temperatures
following the prescription of Hollenbach et al. (2009) using
binding energies of H2O, CO2, and CO of 5800 K, 2000 K,
and 850 K (Collings et al. 2004; Fraser et al. 2001; Aikawa
et al. 1996). A complication is the observed ease with which
H2O can trap other molecules in its ice matrix. It is however
difficult to trap more than 5%–10% of the total CO abundance
in H2O ice (Fayolle et al. 2011) and we therefore ignore
this process.

The radii of different snowlines are set by the disk temperature
profile. Consistent with the temperature profile derived from
the compositions of solar system bodies (Lewis 1974) and
with observations of protoplanetary disks (Andrews & Williams
2005, 2007) we adopt a power-law profile,

T = T0 ×
( r

1 AU

)−q

, (1)

where T0 is the temperature at 1 AU and q is the power-law
index. In a large sample of protoplanetary disks, the average T0
is 200 K and q = 0.62 (Andrews & Williams 2007). Figure 1
displays the C/O in the gas and in grains in the disk midplane
as a function of distance from the young star for this average
disk profile. Between the H2O and CO snowlines, the gas-phase
C/O ratio increases as O-rich ices condense, with the maximum
C/O ∼ 1 reached between the CO2 and CO sublimation lines
at 10–40 AU. In the case of completely isolated core and
atmosphere accretion, the atmospheric C/O ratios will reflect
the gas-phase abundances, resulting in C enrichments beyond
the H2O snowline.

The size and position of the disk region where the C/O ratio
in the gas reaches unity depend on the disk temperature profile.
A more luminous star will heat the disk further, pushing the
various snowlines outward, while the steepness of the disk
temperature profile determines the spacing of the different
snowlines. Figure 2 compares protoplanetary disk thermal
profiles from Andrews & Williams (2005), which sample stars
with a range of spectral types, with the “typical” disk profile
from Figure 1. In all cases, the gas-phase C/O ratio is enhanced
in regions associated with gas-giant formation, i.e., a few to a
few tens of AU. Formation of C-rich atmospheres from oxygen-
depleted gas accretion can therefore operate in most planet-
forming disks

The high metallicity of giant planets in our own so-
lar system as well as planet formation models suggest that
the atmosphere can be significantly polluted by evaporating

2

Oberg et al., 2011
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Figure 10. Geometric albedo spectra of Jupiter analogs at 0.8 AU (red) and 2 AU (green) and 1× (solid) and 3× (dashed) solar heavy element abundances; prominent
spectral features are noted: CH4, K, Na, and H2O. See Table 3.
(A color version of this figure is available in the online journal.)

Table 3
Approximate Wavelengths of Optical Absorption Features Noted in

Our Gas-giant Exoplanet Models

Approximate λ (µm) Species Reference

0.40 K 3, 7
0.46 CH4 1
0.48 CH4 1
0.54 CH4 1
0.59 Na “doublet” 3, 4, 5, 7
0.62 CH4 1
0.65 H2O weak 3, 6
0.73 CH4 1
0.73 H2O weak 3, 6
0.77 K “doublet” weak 3, 4, 5, 7
0.78 CH4 1
0.79 CH4 1
0.83 H2O weak 2, 3, 6
0.84 CH4 1
0.86 CH4 1
0.89 CH4 1
0.91 CH4 1
0.94 H2O 1, 2, 3, 4, 6
0.99 CH4 1

Notes. The references in this table refer to work by other
researchers who have noted these features. The use of “weak”
refers only to the appearance of the spectral features in this
work; for example, resolution here is not sufficient to resolve
expected doublet absorption features.
References. (1) Karkoschka 1994; (2) Marley et al. 1999;
(3) Sudarsky et al. 2000; (4) Burrows et al. 2004; (5) Fortney
et al. 2008a; (6) R. Freedman 2009, private communication;
(7) NIST atomic spectra database, http://www.nist.gov/
physlab/data/asd.cfm

relatively high H2O clouds is also apparent through mid-band in
the 2 AU Neptunes, however, the absorption features are consid-

erably more pronounced at longer wavelengths for the Neptunes
than for the Jupiters. At full phase, backscattering from clouds
also plays a role. At separations of 5 AU and 10 AU, the albedos
show progressively larger contributions by Rayleigh scatter-
ing at short wavelengths, consistent with the lower clouds in
Figures 7 and 8. At 5 AU and 10 AU, the difference between
albedos for 1× and 3× solar abundances of heavy elements for
Jupiters is larger at all wavelengths than the difference between
albedos for 10× and 30× solar for Neptunes. In the cooler at-
mospheres at larger planet–star separations the albedo spectra
seem to change little with increasing heavy element abundances
above about a 10-fold enhancement.

We compare the albedo spectra for our standard 5 AU 3×
enhancement Jupiter model at α = 0◦ with observed data from
the real Jupiter in our solar system at near full-phase from
Karkoschka (1994) in Figure 11. This figure illustrates how
our interpretation of Jupiter might proceed if we were to detect
it as an exoplanet. The general agreement in morphology of the
spectral features is simply a consequence of the spectrum being
primarily (but not exclusively) shaped by methane. As noted
in Section 3.2, we do not include the effect of photochemical
products such as hazes that would explain the difference between
our model and the observed data at short wavelengths (Marley
et al. 1999; Sudarsky et al. 2000). Although our 5 AU 3×
Jupiter model was not adjusted to fit the data, varying the cloud
thickness or fsed parameter would brighten or darken the spectra.

The difference between our 5 AU 3× Jupiter model and the
data from Karkoschka (1994) around 0.94 µm is of interest. As
noted above Karkoschka (1994, 1998) noticed features near this
wavelength region in Jupiter’s albedo spectrum. Karkoschka
(1994) mentioned that they could potentially be water features,
but in the later paper concluded they were more likely to be
ammonia. While the features we see in this region of our models
are likely not the same as those observed by Karkoschka (1994,

2 AU

0.8 AU

Cahoy et al (2010)



Path Forward

CONSTRAINING METHANE ABUNDANCE AND CLOUD PROPERTIES FROM THE REFLECTED 
LIGHT SPECTRA OF DIRECTLY IMAGED EXOPLANETS 

Roxana Lupu (BAERI/NASA Ames; Roxana.E.Lupu@nasa.gov); Mark Marley (NASA Ames);  Nikole Lewis (STSci) 
We have assembled an atmospheric retrieval package for the reflected light spectra of gas- and ice- giants in order to inform the design and estimate the scientific return of future space-based coronagraph instruments. Such instruments will have a working bandpass of 
~0.4-1 microns and a resolving power R~70, and will enable the characterization of tens of exoplanets in the Solar neighborhood. The targets will be chosen form known RV giants, with estimated effective temperatures of ~100-600 K and masses between 0.3 and 20 
M_Jupiter. In this regime, both methane and clouds will have the largest effects on the observed spectra. Our retrieval code is the first to include cloud properties in the core set of parameters, along with methane abundance and surface gravity. We consider three possible 
cloud structure scenarios, with 0, 1 or 2 cloud layers, respectively. The best-fit parameters for a given model are determined using a Monte Carlo Markov Chain ensemble sampler, and the most favored cloud structure is chosen by calculating the Bayes factors between 
different models. We present the performance of our retrieval technique applied to a set of representative model spectra, covering a SNR range form 5 to 20 and including possible noise correlations over a 25 or 100 nanometer scale. Further, we have  applied the technique 
to more realistic cases, namely simulated observations of Jupiter, Saturn, Uranus, and the gas-giant HD99492c. In each case, we determine the confidence levels associated with the methane and cloud detections, as a function of SNR and noise properties. 

We define the signal-to-noise as corresponding to the 
integrated count in a 10%-wide bandpass centered at 550 
nm. 
Planet + zodi = Poisson distribution  
speckle + background noise = Gaussian distribution 
The noise correlations are Gaussian, with a length scale of 
25 or 100 nm. 

SIMULATED DATA 

RETRIEVAL 

(Sato&&&Hansen&1979)&

Parameters for the 2-cloud model: 
&

X(CH4)&,&g"
dP1,&dP2,&τ&,&ϖ&,&ğ&&&&for&the&upper&cloud&
P&,&ϖ&&&&&for&the&boBom&cloud&

We have implemented both the affine-invariant Monte Carlo Markov 
Chain ensemble sampler (emcee) and the MultiNest tool to sample the 
posterior distributions for parameter estimation and model selection. 
The planetary albedo is calculated assuming a simple cloud model and 
taking the  methane abundance and the surface gravity as free 
parameters.  
The significance of cloud and methane detection is determined by 
comparing models containing  0, 1, or 2 clouds, or lacking methane 
opacity. 
Pressure-temperature profile = fixed  
Phase angle = 0 (face on) REMARKS: 

 
•   The limitations of the model are more 
important than the uncertainties in the 
data. 
•   Independent constraints on surface 
gravity and cloud properties will improve 
the measurement of methane abundance. 
•   Water and alkali opacities will be 
important for other types of planets. 
•   A scaling factor is needed to take into 
account radius uncertainties.   
•    The gravity can be independently 
determined via the mass-radius 
relationship for imaged RV planets, and this 
constraint will tighten the constraints on 
the other parameters. 

The top cloud is absent in the 1-
cloud model. The remaining 
cloud is characterized by the 
top P&,&τ&,&ϖ&,&and&ğ&&&

VALIDATION  AND TESTING 

REAL-WORLD SCENARIO:  JUPITER 

Planet without clouds:  Planet with 1 cloud layer:  

Planet with 2 cloud layers:  
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Jupiter
125 K mature giant planet

Both g and methane abundance are well constrained. The methane detection is >4σ. 
The cloud detection is not significant, and its optical depth is low.  

The methane detection is >4σ, and its abundance is well constrained. 
The cloud detection is >10σ.
(g , P) and (ϖ&,&ğ&&) are degenerate. 

The methane detection is >4σ and the cloud detection is >10σ.         The methane abundance is well constrained, but slightly degenerate with P and g.               We obtain upper limits on τ and tight constraints on  ϖ&and cloud locations.   
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The methane detection is >6σ and the 
cloud detection is >3σ. There is no 
compelling evidence for a second cloud.       
The methane abundance is consistent 
with known measurements.                
MultiNest  retrieves better the cloud 
positions.  

Constrained: cloud positions,  
single scattering albedo of the lower cloud. 
Degenerate: methane abundance, surface gravity,  
bottom pressure. 
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Degeneracies exist between retrieved 
parameters, such as methane 
abundance, gravity, and cloud top/
bottom pressure.  Investigating ways 
of combining outside information 
(priors) to limits these degeneracies 
!
• g/fCH4 -> Constrain Msini   
• cloud height/fCH4 -> photometric 

Information 
• orbital phase/planet size/albedo -> 

photometric information, M-R 
relationship 

!Lupu et al, in prep



Near Term Goals

• Complete C/O retrieval exercise for RV target in 
ideal temperature range 

• Polarization estimates for known RV targets 

• Begin ingesting Super-Earth to Neptune mass 
theoretical spectra into retrieval exercises 

• Public release of spectral library 


