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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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Figure 2. Low-resolution albedo spectra of the outer planets in our solar system. Original high-resolution data from Karkoschka (1994). Left: R = λ/∆λ = 5; right:
R = 15.
(A color version of this figure is available in the online journal.)

in general for exoplanets and how the phase at which they are
observed affects the colors.

As we discuss in more detail in Sections 2.2 and 4, coarse
spectra can be used in combination with atmospheric models
to constrain the temperature, composition, the presence or
the absence of clouds in an exoplanet’s atmosphere, and the
exoplanet’s radius (Marley et al. 1999, 2007; Marley & McKay
1999; Fortney et al. 2008b, 2008a). Color–color comparisons
of exoplanets can be made (Traub 2003; Sudarsky et al.
2005; Fortney et al. 2008b), and understanding how system
geometry and exoplanet composition relate to variability in
the observations is important for interpreting these color–color
comparisons.

2.2. Albedos

The definition and relationships between geometric albedo
Ag, phase α, the phase integral q, spherical albedo As, and
Bond albedo AB, and additional parameters of interest such
as planetary effective temperature are important to understand
in the context of interpreting direct imaging observations.
Although this material is not new, we review it since the
distinctions between the various types of albedos are important
to emphasize. Note that while Marley et al. (1999) presented
geometric albedo spectra and tables of Bond albedos for
exoplanets in systems with varying stellar types, our focus
here is more closely on the combined effects of separation,
composition, and planet phase on model gas and ice giant
spectra. We do tabulate Bond albedos for our exoplanet models,
but only for a solar analog parent star.

Measurements of the planet’s brightness at a given wave-
length and full phase yield the planet’s monochromatic geomet-
ric albedo:

Ag(λ) = Fp(λ,α = 0◦)
F⊙,L(λ)

. (2)

Geometric albedo Ag(λ) is the ratio of the reflected flux
Fp(λ,α = 0◦) of an object at full phase (α = 0◦) to the flux
from a perfect Lambert disk, F⊙,L of the same radius Rp under
the same incident flux F⊙ at the same distance d from the star.

A planet’s phase angle α is the angle between the incident ray
from the star to the planet and the reflected ray from the planet
to the observer. The scattering angle Θ is related to the phase
angle via α = π − Θ.

In this work, we use the term geometric albedo to refer to
albedo spectra at full phase. We use the term albedo spectra to
refer to spectra observed at different orbital phases.

In order to reduce confusion in later discussions of planet
phase functions and particle scattering functions, we use the
notation Ag(λ) for geometric albedo here instead of using the
other common notation for geometric albedo, p. As noted in
Sobolev (1975), for a perfectly reflecting Lambert sphere, the
geometric albedo is 2/3, and for a semi-infinite purely Rayleigh
scattering atmosphere, it is 3/4 (Dlugach & Yanovitskij 1974).

Flux measurements at different planet phase angles can be
used to define the phase function Φ(λ,α):

Fp(λ,α)
F⊙(λ)

= Ag(λ)
(

Rp

d

)2

Φ(λ,α). (3)

As noted for Equation (2), Ag(λ) is defined at α = 0◦, Fp(λ,α)
is the monochromatic planet flux, F⊙(λ) is the monochromatic
stellar flux, Rp is the planet’s radius, d is the planet–star
separation, and Φ(λ,α) is the planet’s phase function at angle
α. The phase function is normalized to be 1.0 at full phase.
The scattering phase function of the particles in the exoplanet’s
atmosphere, p(Θ), contributes to the disk-integrated phase
function. The observed phase function allows calculation of
the phase integral, q:

q(λ) = 2
∫ π

0
Φ(λ,α) sin αdα. (4)

The spherical albedo,

As(λ) = q(λ)Ag(λ) (5)

is the fraction of incident light reflected toward all angles.
The planet’s Bond albedo, an incident flux-weighted

and wavelength-integrated function of As(λ) and Φ(λ,α),
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• How do clouds affect giant planet atmospheres and vary with 
atmospheric temperature and other planetary parameters?

Key Questions

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

• Do planets formed inside and outside the nebular ‘snow line’ 
have different composition or C/O ratios?
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Figure 11. Left: comparison of albedo spectra from our “untuned” 5 AU Jupiter-mass exoplanet model (3× solar abundance of heavy elements) with data of Jupiter
obtained by Karkoschka (1994). See Section 4.2. Right: identification of the features near 0.94 µm in our model; they are water features.
(A color version of this figure is available in the online journal.)

1998), we were able to confirm, by running models both with
and without H2O as shown in Figure 11, that the model features
around 0.94 µm are indeed attributable to H2O. These features
would be interesting targets for direct imaging observations of
exoplanets since the appearance of water is a sensitive probe of
temperature and composition.

4.3. Albedo Spectra versus Phase

In Figure 12, we show the albedo spectra of the 0.8 AU 3×
Jupiter model as α progresses from 0◦ (full) to 180◦ (new).
As expected, the albedo decreases with increasing α. More
importantly, Figure 12 also shows the ratio of the albedo spectra
at each α increment to the geometric albedo spectrum at α = 0◦.
The wavelength-dependent changes are apparent as a function
of α. There are both broad effects on the spectrum, such as the
drop in brightness from shorter to longer wavelengths becoming
shallower as the planet phase increases, and narrower effects
on the spectrum due to the changing line depths as different
volumes of atmosphere are probed at different phases.

Figure 13 shows albedo spectra of the Jupiter and Neptune
models at 5 AU for a few different phase angles to illustrate
the point noted in Section 4.2, that for planet–star separations
beyond 2 AU, where it is cooler, there is not as large a difference
in the albedo spectra for the 10× and 30× Neptune models as
there is between the 1× and 3× Jupiter models, even at different
phase angles. This implies that it will be more challenging to
use albedo spectra to differentiate between Neptune analogs
with large abundances of heavy elements. In future work, we
plan to further increase the metallicity of Jupiter analogs to
determine to what extent this occurs for the Jupiters as well as
Neptunes. We also plan to investigate decreasing the metallicity
of the Neptune analogs to examine the range of metallicities
that we can differentiate between at cooler, larger planet–star
separations. For the Jupiter case, it appears that the difference
in metallicity is easier to detect when probing deeper into the
atmosphere at smaller phase angles than at larger phase angles.

4.4. Phase Functions

From the albedo spectra as a function of phase, we can
also generate phase functions, Φ(λ,α) as in Equation (3).
Although we can calculate a phase function for each wavelength
individually, we instead present the phase functions for our
model exoplanets using the Johnson–Morgan/Cousins UBVRI
filter passbands (Fukugita et al. 1995) as shown at the top
of Figure 14. Also shown for reference in Figure 14 with
the filter responses5 is the albedo spectrum of the 0.8 AU 1×
Jupiter model. Note that our models extend shortward only to
0.35 µm. Since they do not extend to the shortest wavelengths
of the U filter, we do not use U in this work. Figure 14 also
shows the solar spectrum used for the parent star,6 and the
reference spectrum7 used to compute color magnitudes. Direct
imaging observations will obviously be made with different filter
responses, possibly tuned specifically to achieve the particular
scientific objectives of the observation. However, the approach
presented here would be applicable to any arbitrary filter set as
well (see the Appendix).

In Figure 15, we first compare the phase function for our
10 AU 10× Neptune model with data points of both Uranus and
Neptune from Voyager 1 presented in Pollack et al. (1986). The
data points and our phase function are shown with a Lambert
phase function for reference. While the error bars are relatively
large, and there are two Uranus data points that are closer to
the Lambert curve than our model, there is general agreement at
higher phases. Since these particular Voyager 1 data were taken
with a clear filter,8 the model phase function shown is an average
of phase functions over all wavelengths. We did not include the
phase function for Jupiter used in Dyudina et al. (2005) and

5 Filter responses obtained from the Virtual Observatory,
http://voservices.net/filter/filterfindadv.aspx, 2009 September.
6 Solar spectrum obtained from STScI, ftp://ftp.stsci.edu/cdbs/calspec, 2009
September.
7 Reference spectrum obtained from STScI, ftp://ftp.stsci.edu/cdbs/calspec,
2009 September.
8 The Voyager vidicon detector was sensitive from 0.28 to 0.64 µm.

Cahoy et al. (2010)

• One-dimensional Radiative-Convective 
Equilibrium atmospheric model

• Incorporate possibility of 
clouds using Ackerman & 
Marley (2001) formalism

• Calculate scattered radiation (Mie, Raman, 
Rayleigh) given atmospheric/cloud properties
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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,

Cahoy et al. (2010)

-like

0.8 AU

2 AU



How do clouds affect giant planet atmospheres and vary 
with atmospheric temperature and other planetary 
parameters?
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How does the composition of giant planets vary with 	

mass, orbit, and stellar mass and metallicity?

Cahoy et al. (2010)
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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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Planetary Metallicity Variations
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Table 1. Prime RV Targets

Planet Msin(i) a ⇥ V SpL Fe/H Age Teq Tint

(MJ ) AU (00) (mag) (Gyr) (K) (K)

HD 62509 b 2.900 1.69 0.16 1.15 K0IIIb 0.19 0.72 500 277
Ups And d 10.190 2.55 0.19 4.10 F8V 0.09 3.80 217 332
Ups And e 1.060 5.25 0.39 4.10 F8V 0.09 3.80 151 113
47 Uma c 0.540 3.60 0.26 5.04 G0V 0.00 7.40 152 73
47 Uma d 1.640 11.60 0.82 5.04 G0V 0.00 7.40 85 115
HD 87883 b 12.100 3.60 0.20 7.55 K0V 0.09 9.80 104 277
Mu Ara e 1.810 5.24 0.34 5.15 G3IV-V 0.28 6.41 130 126
HD 190360 b 1.500 3.92 0.25 5.71 G6IV 0.24 12.11 134 97
HD 39091 b 10.300 3.28 0.18 5.67 G1V 0.09 3.83 156 334
HD 142 c 5.300 6.80 0.26 5.70 G1V 0.04 5.93 127 211
HD 217107 c 2.490 5.27 0.26 6.18 G8IV 0.37 7.32 116 137
HD 154345 b 1.000 4.30 0.23 6.74 G8V -0.10 4.92 110 105
14 Her b 4.640 2.77 0.16 6.67 K0V 0.43 5.10 140 205
HD 134987 c 0.820 5.80 0.22 6.46 G5V 0.25 9.70 119 77
HD 99492 c 0.360 5.40 0.30 7.53 K2V 0.36 4.00 85 72
Gam Cep b 1.850 2.05 0.14 3.22 K1III-IV 0.18 6.60 331 126
HD 192310 c 0.080 1.18 0.13 5.72 K3V -0.04 7.81 190 42
GJ 832 b 0.640 3.40 0.69 8.67 M1.5 -0.31 5.00 52 87
Eps Eri b 1.550 3.39 1.00 3.73 K2V -0.13 0.66 116 220
55 Cnc d 3.835 5.76 0.47 5.95 K0IV-V 0.31 10.20 93 145
HD 219077 b 10.390 6.22 0.21 6.12 G8V -0.13 8.90 95 266
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‘snow line’ have different composition or C/O ratios?

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

Figure 2. Predicted gas-phase C/O ratio as a function of radius for five
representative disks, ordered by spectral type, compared with the “typical”
disk model in Figure 1. The derived temperature profile parameters, T0 and q,
are listed. The C/O ratios are calculated assuming that the stellar C/O ratio is
solar, i.e., 0.54, and a static disk.

planetesimals during the late stages of planet formation. The
final composition of a planetary envelope then depends not only
on the radius at which the atmosphere is accreted but also on the
relative importance of gas and planetesimal accretion during
atmosphere build-up. We parameterize these contributions to
the relative abundance of an element X as

aX =
matm

X/H

mstellar
X/H

= fx,solid

fs/g

Msolid

Mgas
+ (1 − fx,solid), (2)

so that aX is the deviation of X = C or O from stellar. Here, matm
X/H

and mstellar
X/H are the mass ratios of the element X with respect to

H in the planetary envelope and star, respectively, fx,solid is the
fraction of X bound up in solids, fs/g is the mass ratio of solids
versus gas in the disk, Msolid is the atmospheric mass accreted
from solids, and Mgas is the atmospheric mass accreted from gas.
In the presented model fs/g is set to 0.01, the observed grain to
gas ratio in the ISM. The equation assumes that the amount of
H bound up in solids is negligible and that the solids and gas are
accreted from the same disk region, i.e., it ignores both planet
and planetesimal movement.

The effect of solids evaporating in the atmosphere, whether
from accreting icy bodies or from core dredging, on the C/O ra-
tio is illustrated in Figure 3 for an atmosphere accreted between
the CO2 and CO snowlines (fC,solid = 0.35 and fO,solid = 0.67
from Table 1). Superstellar C/O ratios are achieved when
Ms/Mg < fs/g, independent of the absolute value of fs/g.
In Figure 3, superstellar C/O ratios are produced when less
than 1% of the total atmosphere mass comes from evapora-
tion of solid material since fs/g = 0.01. Our parameterization
also results in a prediction of the C/H ratio as a function of
gas/solid atmosphere accretion. The C/H ratio is substellar
when the atmosphere is dominated by gas accretion (>99%)
since the amount of H bound up in grains and grain mantles is
negligible compared to the gas H2 content, while large amounts
of C and O are in the grain mantles at these disk radii.

3. MODEL EXTENSIONS: DISK AND PLANET GROWTH
DYNAMICS

So far we have assumed a static disk in which the gas and
solid compositions are set purely by the evaporation lines of

Figure 3. Predicted atmospheric deviations of C/H (aC, red) and C/O (aC/aO,
black) from the stellar values, as a function of the fraction of the planet
atmosphere mass that comes from planetesimal accretion (as opposed to gas
accretion) for a planet forming between the CO2 and CO snowlines. The
dashed lines assumed CO/H2 gas enrichment by a factor of two because of
an evaporation front close to the CO snowline, while the solid lines assumed the
equilibrium CO/H2 gas ratio in a stationary disk. The stationary disk abundance
ratios coincide with stellar abundances at 0.01 because this is the assumed
grain/gas mass ratio fs/g in the disk.
(A color version of this figure is available in the online journal.)

different grain mantle molecules and where the entire planetary
envelope forms at the same location. These assumptions ignore
several dynamic processes active during planet formation. First,
growing planets likely move within their natal disks during the
formation process. While runaway gas accretion is simulated
to be fast enough to effectively take place at a single radius,
planetesimals may accrete over longer times. The solids that
build up the atmosphere through either planetesimal accretion
or core dredging may therefore originate at different locations
compared to where the gas envelope is accreted.

Second, small solids drift inward while planets are form-
ing. After crossing a snowline, planetesimals evaporate over
a finite length scale, which depends on a combination of
the surface evaporation rate and the drift rate, enhancing the
gas-phase abundance in the evaporating species close to the
snowline (Brauer et al. 2008). The C/H ratio incorporated into
the atmosphere of a planet forming just interior of the snowline
may therefore be higher compared to that in a stationary disk,
even superstellar. Figure 3 includes predictions for the C/H and
C/O ratios for a planet that is forming in a region where the
CO/H2 ratio is enhanced by a factor of 2 due to this kind of
evaporation front.

Third, the disk temperature profile is not static, but rather
depends on both the evolving luminosity of the accreting
star and the disk opacity (Lecar et al. 2006; Makalkin &
Dorofeeva 2009). Therefore, even if a planet remains stationary
it may accrete its envelope from gas and solids with evolving
compositions. As discussed in Section 2 this should be a minor
effect during gas accretion, but it may affect the planetesimal
accretion process, which occurs over longer timescales. Finally,
ice and gas also evolves chemically (e.g., Dodson-Robinson
et al. 2009; Visser et al. 2011) during the disk lifetime. This is
likely to only have a minor effect on the composition of forming
planetary envelopes, however, since the abundances of the most
important molecules H2O and CO are predicted to stay the same
on 106 year timescales (Aikawa et al. 1999; Visser et al. 2011).

Ideally, all these dynamic effects should be included when
simulating the build-up of a planetary envelope quantitatively.
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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,

Cahoy et al. (2010)
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Conclusions and Future Work

• Direct imaging missions such as WFIRST-AFTA will provide 
important probes into the formation history of giant planets 
around other stellar hosts.

• Understanding the formation of clouds and hazes in these 
planetary atmospheres will be key to the interpretation of their 
visible wavelength spectra.

• Even at ‘sub-optimal’ resolutions key spectral features allow for 
constraints on the composition and thermal structure of giant 
planets amenable to direct imaging.

• Future work with C/O ratio variations can provide key insights 
into the formation (and possibly migration) history of extrasolar 
giant planets. 
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