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Internal Coronagraph Basics



WFIRST CGI
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CGI Performance
• Technology 

Demonstration 

• Broadband Imaging 
(430-970 nm) 

• R~70 spectroscopy 
(600-970 nm) 

• Polarimetric 
Capabilities

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 



High-Level Science Goals: Planets

• Detect planets spanning a range of physical 
properties, probing populations beyond the 
limits of current surveys 

• Use photometry to provide initial discriminators 
for the nature of the planet and explore planetary 
diversity 

• Use spectroscopy to explore mass-metallicity 
relationship and cloud/haze formation 



High-Level Science Goals: Disks

• Directly image and resolve scattered light from 
exo-zodi 

• Measure optical properties of disk/zodi to put 
constraints on grain properties  

• Determine spatial disk structure and link to planet 
formation 

• Understand diversity of disk/zodi systems through 
multi-band photometry



Planet Detection: 
Is There a Planet in My Data?
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Figure Credit:  JPL WFIRST CGI Team



Post Processing
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Figure from L. Pueyo (STScI)



Techniques and Lessons Learned 
From Ground and Space

• See Talk by Mawet: 

http://nexsci.caltech.edu/workshop/2016/
Sagan2016_mawet_v2.pdf 

• See Talk by Pueyo: 

http://nexsci.caltech.edu/workshop/2016/
Sagan2016Pueyo2.pdf

http://nexsci.caltech.edu/workshop/2016/Sagan2016Pueyo2.pdf


Planet Characterization: 
What Kind of Planet is in My Data?



WFIRST CGI Exoplanet Yields

Optimizing WFIRST Coronagraph Science
Scientific/Technical/Management
1 Objectives and Expected Significance
The Kepler mission has revolutionized our understanding of planetary systems, demonstrating that they are both ex-
tremely common and extremely diverse; but it has also created new puzzles, including the formation process that led
to this diversity, and the nature of the vast numbers of 2-4 REarth planets. The next generation of NASA exoplanet
missions will address such questions by focusing on planet characterization as well as planet discovery. The combina-
tion of the Transiting Exoplanet Survey Satellite (TESS) with the James Webb Space Telescope (JWST) will enable
discovery and then characterization of close-in planets, particularly those orbiting M-type stars. Characterizing planets
on wider orbits around higher-mass stars will require other facilities. The unprecedented contrast of the Wide-Field
Infrared Survey Telescope (WFIRST) coronagraph instrument (CGI) will enable the first direct imaging and charac-
terization of mature solar systems around nearby, sun-like stars. Fig. 1 shows where the expected scientific results of
WFIRST will fall in the context of the next decade. In this proposal we describe an in-depth scientific investigation
that will define how WFIRST will discover and characterize nearby planetary systems, using observations of planets
and disks to probe the diversity of their compositions, dynamics, and formation.

A selection of the specific science goals for the CGI includes measuring the atmospheric heavy element abundances
of a diverse set of mature giant planets; constraining their clouds and photochemical hazes; measuring the orbital
inclinations and hence determining masses of the subset of those planets detected by the radial velocity (RV) technique;
and constraining the composition and mass of newly discovered planets via optical photometry and spectroscopy.
Photometry and spectroscopy from WFIRST will help to establish the nature of ⇠ 2–4REarth sized objects, revealing
which are truly ‘super-Earths’ or rather ‘sub-Neptunes’. The CGI will study the properties of exozodiacal dust disks
and image multiple young extrasolar giant planets discovered by direct imaging in the near-infrared. All this will yield
new understanding of the diversity of planetary systems and shine new light on planet formation and evolution.

Figure 1: Known and simulated exoplanets. Those that have been pho-
tometrically or spectroscopically characterized are shown as larger cir-
cles. Simulated TESS planet discoveries are taken from Sullivan et al.
(2015); a subset of these will be characterizable with JWST. Projected
WFIRST-studied planets are based on our simulations.

To optimize the ability of the mission to
address these goals we will perform end-to-
end modeling of CGI observations. These
simulations will start with model spectra
of planets and images of disks, simulate
WFIRST data using these models, account
for geometries of specific star / planet / disk
systems, and incorporate detailed instrument
performance models. Our team’s in-depth
knowledge of the instrument performance
(coronagraphs, wavefront control, camera,
spectrograph) will ensure that we develop
a high fidelity model of the entire observa-
tion and the data analysis pipeline (Fig. 2).
These models will enable us to optimize the
observing strategy and inform target selec-
tion with a full mission simulator and assess
what science can be extracted from WFIRST
CGI data via information retrievals. These
retrievals will quantify how well WFIRST
data will be able to measure different planet
and disk parameters (e.g., fidelity of atmo-
spheric CH4 abundance) given various de-
sign and mission alternatives.

The experience our team has gained from
building and observing with high contrast, ground-based, exoplanet imaging instruments (GPI, SCExAO), from our
involvement with the current prototype WFIRST CGI coronagraphs, and from development of wavefront control
algorithms will inform this extensive modeling and simulation work. The CGI design and operational modes are
likely to evolve over the next several years in response to technological, scientific, and experimental developments.

1

Figure Credit: D. Savransky/Eric Neilsen
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Cloudy Planets are 
Good for WFIRST!
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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)



Super-Earths in Reflected Light

uniformly dark. With clouds, especially volatile clouds which
scatter very efficiently, light will scatter from the cloud layers.
If layers above the cloud have gases with strong absorption
bands, wavelengths within those bands will appear dark. The
depth of the cloud, the composition of gas above it, and the
strength of the band itself all affect the size of these molecular
features. By measuring the depths of several features, we can
therefore extract these pieces of information. Solar system
scientists have been applying these techniques for decades, and
we can draw on this knowledge base as we observe exoplanets
in reflected light.

5.5.4. High-resolution Spectra from Large Ground-based Telescopes

Another fruitful path forward to measure the compositions of
hazy planets may be to observe them at very high spectral
resolution (R�105). Within the cores of spectral lines, the
opacity is significantly higher than the average opacity across a
molecular band. This means that, even with an obscuring haze,
features may still be visible from absorption at the cores of
these lines from the tenuous atmosphere above the haze
(Kempton et al. 2014). In the next decades, these observations
may be possible using the thirty meter class telescopes
currently planned, such as the Thirty Meter Telescope
(TMT), Giant Magellan Telescope (GMT), and European
Extremely Large Telescope (E-ELT).

6. CONCLUSIONS

We have presented models of low mass, low density planets
to explore the effect of clouds and hazes which are known to be
present in super Earth atmospheres such as GJ 1214b. The
grids of models are GJ 1214b analogs in their gravity, radius,
and host star, and span a wide range of incident flux, metallicity

and cloud properties. Key insights of this study include the
following.

1. For cloudy atmospheres to have featureless transmission
spectra, they must have both very high metallicities
(∼1000× solar) and very inefficient cloud sedimentation
compared to other clouds ( fsed∼0.01). These character-
istics seem possible but not the most probable scenario.

2. Photochemical hazes likely form at high altitudes in
planets like GJ 1214b. Assuming 50× solar composition,
a variety of different haze particle sizes (<1 μm) and haze
forming efficiencies ( fhaze�10%) can create featureless
transmission spectra over a wide range in wavelength.

3. Methane-derived photochemical hazes will not form in
planets with Teff 10002 K. Determining the prevalence
of small planets with featureless transmission spectra over
a range of incident flux will test this prediction.

4. Thermal emission spectra of these planets will be possible
to attain with dedicated JWST time, and cloudy and hazy
models may have distinct thermal emission. Cloudy
thermal emission spectra have muted features and
blackbody-like spectra. Photochemical hazes, depending
on their optical properties, may cause mid-infrared
emission features due to haze-caused temperature
inversions.

5. Analysis of reflected light can distinguish between cloudy
and hazy planets. Salt and sulfide clouds cause brighter
albedos and potentially have features from optical
properties of the clouds themselves such as ZnS at
0.53 μm. Albedos of soot-rich planets will be very
dark (Ag∼2%).

6. Spectra of cold planets (∼200 K) with ice clouds,
potentially accessible to space-based coronagraphic
telescopes like WFIRST-AFTA, will have high albedos
and information-dense molecular features, and may be a
key population to study to measure super Earth
compositions.

Despite the challenges presented by clouds and hazes in
super Earth atmospheres, there are many paths forward for
understanding super Earths in the next decades. At the present,
we predict that observing warmer targets (>1000 K) with HST
will allow us to measure spectral features, because these objects
should have a much less significant photochemical haze.
Regardless of whether this prediction is correct, these
measurements will allow us to determine which clouds and
hazes are important. In the next decade, JWST will measure
thermal emission spectra of these small planets for the first
time, and potentially place constraints on the optical properties
of an optically thick haze. In future decades, observing
reflected light from cold planets will be a leap in information
content in our spectra and will allow us to better understand
this population of super Earths.

We thank the anonymous referee for their exceptionally
helpful report which improved the manuscript. We also
acknowledge the work to reformat our opacity database for
the new radiative transfer code by high school students Anjini
Karthik and Matthew Huang during Summer 2013. C.V.M.
acknowledges HST Theory Grant HST-AR-13918.002-A. J.J.F.
acknowledges Hubble grants HST-GO-13501.06-A and HST-
GO-13665.004-A and NSF grant AST-1312545. M.S.M.

Figure 22. Relative amplitude of measurement compared to mean for
transmission spectra (top) and reflected light spectra (bottom) for a planet
with 1% GJ 1214b’s incident flux, 50× solar composition, and fsed= 1 and 0.1
for the thinner and thicker clouds, respectively. The percent change in transit
depth in transmission is very small, regardless of the molecules present (the
cloud-free and thinner clouds lines plot are covered by the thicker clouds line).
The percent change in reflected light will be up to several hundred percent, with
the planet disappearing at wavelengths of very strong absorption features and
becoming very bright at wavelengths with efficient scattering. As a caveat, note
that the precision achievable during a transmission spectrum observation is
much higher than the precision achievable in a reflected light measurement.

20

The Astrophysical Journal, 815:110 (22pp), 2015 December 20 Morley et al.

Morley et al. (2015)
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WFIRST CGI Spectra

� '
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.
!!

� '!

� '
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

Lupu et al. (2016)



Atmospheric Retrieval Studies

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:  

CH
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 + trace CO
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Mixing

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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6

!̄Ray = 1. The total layer single scattering albedo then
becomes (!̄Ray⌧Ray + !̄cld⌧cld)/⌧total, for every layer in
the atmosphere. Further details of the radiative-transfer
modeling are described in Marley et al. (1999); Cahoy
et al. (2010).
For retrieval purposes, we have preserved the radiative

transfer and scattering prescription of the original albedo
code, but made large simplifications to the input param-
eters. The simplified model used in the present study
has constant molecular abundances throughout the at-
mosphere, with H2 and He in primordial solar ratio. The
pressure-temperature profile T (P ) of the atmosphere is
kept fixed since we do not expect that our spectral range
of interest (0.4 � 1 µm) will contain any information
for constraining it (see also Barstow et al. (2014)). The
wavelength dependence of the cloud parameters is also
ignored (gray assumption for ⌧cld, ḡcld, and !̄cld). The
depth dependence is limited to parametrizing the cloud
height and cloud top pressure, as described below.
In actuality of course the temperature-pressure profile

will vary with surface gravity and this will primarily af-
fect the atmospheric scale height. Here our variation of
atmospheric gravity, g, stands in for variations in both
T (P ) and g. As we add complexity to the model we will
explore the sensitivity of retrievals to a varying T (P ).

3.1. Cloud Models

For the purposes of atmospheric retrieval we consider
two di↵erent cloud treatments as illustrated in Figure 4.
The simpler of the two models a single cloud layer while
the more complex allows for two distinct clouds/hazes.
We describe each model in turn below.

3.1.1. 1-Cloud Model

The one-cloud model is parameterized as a semi-
infinite layer with a cloud top at pressure P in the atmo-
sphere and characterized by the single scattering albedo
!̄, scattering asymmetry factor ḡ, and the gray optical
depth ⌧ of the layer where the top cloud is found. For
simplicity of notation, we have dropped the subscript
‘cld’ from the quantities !̄cld, ḡcld, ⌧cld, as defined in the
previous section. This structure is shown in panel A of
Figure 4.
The pressure of the cloud top is allowed to vary

freely. Our typical input pressure-temperature profile
has N = 60 vertical atmospheric layers. We find the
model layer in which the cloud top pressure is located,
jc (1  jc  N), and scale the cloud optical depth in
this layer by the position of the cloud top pressure rela-
tive to the pressure at the bottom of the layer. The next
deeper layer (j = jc + 1) will have cloud optical depth
⌧j = ⌧jc ⇥ (Pj+1/Pj), where the layer number j increases
with depth in the atmosphere from 0 to N and Pj de-
notes the pressure at the top of layer j. The cloud optical

!, g, "

P

top of the atmosphere

dark surface, Psurf

—   —
P

top of the atmosphere

!, g, "—   —

dP1

dP2

dark surface, Psurf

!2—

A B

Ptop

Pbottom

Figure 4. Visual representation of our 1-cloud (panel A)
and 2-cloud (panel B) models. The definitions of model
parameters and their use in the albedo code are given in
Sections 3.1.1 and 3.1.2, respectively.

depths in the following layers all the way to the bottom
are calculated iteratively as ⌧j+1 = ⌧j ⇥ (Pj+2/Pj+1).
Thus in this model ⌧ is essentially a measure of how
opaque the cloud top is, and the optical depth per unit
mass is constant over the entire vertical extent of the
cloud. Large values of ⌧ imply a rapid transition from
cloudless atmosphere to cloud, whereas small values im-
ply a more gradual increase of cloud opacity.
The cloud single scattering albedo !̄ and scattering

asymmetry factor ḡ are kept constant as a function of
wavelength and depth in the atmosphere, below the layer
containing the top of the cloud, e.g. !̄j = ... = !̄N = !̄

for j � jc. This model will be referred in what follows as
the “1-cloud model”, and is characterized by 6 param-
eters: fCH4, g, P , !̄, ḡ, and ⌧ , where g is the planet’s
surface gravity, to be distinguished from ḡ, and fCH4 is
the methane abundance.

3.1.2. 2-Cloud Model

Increasing complexity, we created a model appropriate
for a cloud deck overlain by a haze layer with a very sim-
ple 2 layer structure shown in panel B of Figure 4. Such a
model is roughly capable of reproducing the structure ob-
served in Solar System planets, and is a slight modifica-
tion of the model used in the classic analysis of Jupiter’s
atmosphere by Sato & Hansen (1979).
The parameters describing the lower cloud are its top

pressure P and single scattering albedo (!̄2). Following
the same approach as in Section 3.1.1, the pressure of the

• Methane Abundance 
• Surface Gravity 
• Cloud/Haze Properties

Lupu et al. (2016)
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Figure 18. Color–color comparisons. Upper left: solar system outer planets colors, calculated from Karkoschka (1994). Red: 1× and magenta: 3× Jupiters. Blue: 10×
and cyan: 30× Neptunes. Upper right: 0.8 AU vs. α, fading from α = 0◦ to α = 180◦ in 10◦ increments. Middle left: 2 AU, middle right: 5 AU, lower left: 10 AU, and
lower right: all.
(A color version of this figure is available in the online journal.)

unknown. We conclude that a single color–color diagram is
likely inadequate to sort planets with certainty and the more
photometric bandpasses that are available, the better. Of course,
the best characterization of an exoplanet will be with spectral
information, preferably with R > 15 (Figure 17).

6. CONCLUSIONS AND FUTURE WORK

6.1. Conclusions

In this work, we have investigated the roles of planet–star
separation, heavy element abundance, and planet phase on the

Cahoy et al (2010)
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lower right: all.
(A color version of this figure is available in the online journal.)

unknown. We conclude that a single color–color diagram is
likely inadequate to sort planets with certainty and the more
photometric bandpasses that are available, the better. Of course,
the best characterization of an exoplanet will be with spectral
information, preferably with R > 15 (Figure 17).

6. CONCLUSIONS AND FUTURE WORK

6.1. Conclusions

In this work, we have investigated the roles of planet–star
separation, heavy element abundance, and planet phase on the
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Zodipic 550 nm (10% BW)  simulations of a 30x solar system zodi disk around the 47 Uma G star at 14 pc.  Red circle shows IWA =  140 mas 
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