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FIG. 6.ÈGeometric albedo spectra for cloud-free and water-cloud models with g \ 22 m s~2 and K. (a) Spectra of atmospheres with no clouds,Teff \ 300
a turbulent clouds, and quiescent clouds. To demonstrate clearly the inÑuence of the cloud model upon the spectra, is assumed. Particle sizes aref

s
\ 1

smaller for the quiescent cloud, which enhances the geometric albedo at the shortest wavelengths. In the near-infrared, the greater column abundance of the
smaller particles enhances scattering substantially for the radiative cloud. Both cloud models are much brighter than an atmosphere with no clouds. (b)
Comparison of spectra assuming clouds with various supersaturation factors. For the e†ect of the cloud is apparent only beyond about 1 km wheref

s
\ 0.01,

the hundred-fold decrease in cloud particle column density translates into about a ten-fold drop in albedo, which is nevertheless far brighter than for a
cloud-free atmosphere (Fig. 4). (c) Spectra for atmospheres with singleÈparticle-size clouds, all with Optical and near-IR scattering properties aref

s
\ 0.01.

similar for all cases with km.r
c
º 10

smaller. Thus given the same atmospheric composition,
unity optical depth is reached at a larger pressure in the
more massive planetÏs atmosphere. This is why it is possible
to see the e†ects of a cloud that lies at 40 bars in a 36 MJobject, but not in JupiterÏs atmosphere.

The e†ect of on the quiescent cloud is demonstrated inf
sFigure 7b. As with the water cloud, the inÑuence of the

cloud depends sensitively on the total cloud optical depth
and consequently The sensitivity to particle size is pre-f

s
.

sented in Figure 7c. The submicron cloud both absorbs
more efficiently at short wavelengths and scatters more effi-
ciently in the infrared.

As these results demonstrate, in the near-infrared any
scatterer, even one with low can substantially brightenu8 0,
the planet by reÑecting incident light before it can be
absorbed. The dark hydrocarbon hazes in the atmospheres
of all four solar Jovian planets are well-known examples.

The impact scars left by the fragments of comet Shoemaker-
Levy 9, which were dark at visible wavelengths and extraor-
dinarily bright in the near-infrared, are other examples. The
depth and shape of near-infrared absorption bands will thus
provide a powerful constraint on the nature of clouds and
aerosols in the extrasolar atmospheres.

4.2. Bond Albedos
Table 1 lists Bond albedos computed for a variety of

cloud-free extrasolar giant-planet model atmospheres and
primary types. The masses of each object with a speciÐed
e†ective temperature and gravity are estimated using the
approximate Ðtting relation given in Marley et al. (1996).
This expression does not Ðt the lowest mass objects preci-
sely (it predicts M \ 2 for JupiterÏs gravity and andMJ Teff),so the masses should be viewed only as a guide. Bond
albedos for the cloudy models are shown in Table 2. This

Marley et al. 1999

300 K, g=22 m/s2 
water clouds
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Figure 1. Geometric albedo vs. the incident stellar flux for a sample of
hot Jupiters studied with Kepler photometry. Error bars include possible
contamination by thermal emission. The curves labeled “fthermal” are estimations
of the fraction of thermal flux radiated in the Kepler bandpass, for Ag = 0 (solid
curve) and Ag = 0.1, 0.2, 0.3, and 0.4 (dotted curves). The small and large open
circles represent the geometric albedos corrected for contamination by thermal
emission (see the text) assuming no and full redistribution, respectively.
(A color version of this figure is available in the online journal.)

implying that the measured geometric albedo (Seager 2010),

Ag = Fp,⊕
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may be contaminated by thermal emission “leaking” into
the Kepler bandpass, causing Ag to be overestimated. The
quantities Fp,⊕ and F⋆,⊕ are the fluxes from the star and the
exoplanet, respectively, received at Earth, while the radius of
the exoplanet is given by Rp. One may approximately correct
for the contamination by thermal emission by considering the
following equation:
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where Ag,obs is the measured value of the geometric albedo
obtained by applying Equation (3). Since Teq depends on
Ag, the preceding expression is an implicit equation for the
geometric albedo, which may be solved to obtain the “de-
contaminated” Ag, also shown in Figure 1. The small and large
open circles represent the corrected Ag values assuming no
and full redistribution, respectively. Generally, decreasing the
efficiency of heat redistribution decreases the geometric albedo
obtained. A better approach is to allow for fdist to vary with
F0, since the efficiency of heat redistribution worsens as F0
increases (Perna et al. 2012), but we do not attempt this as the
functional form of fdist(F0) is not well known. For this reason,
we do not specify the uncertainties associated with the corrected
Ag values.

Based on the results in Figure 1, there are two possible
interpretations:

1. Taken at face value (without performing a correction for
contamination by thermal emission), the Ag versus F0 data
exhibit a weak correlation (Spearman rank coefficient of
0.6), although the Ag = 0.352 ± 0.023 measurement as-
sociated with Kepler-7b stands out. When we correct for

Table 1
Geometric Albedos of Hot Jupiters from Kepler

Photometry, Refined Using Q0–Q14 Data

Object Name Ag Teq,0
(K)

TrES-2b 0.015 ± 0.003 1444 ± 13
HAT-P-7b 0.225 ± 0.004 2139 ± 27
Kepler-5b 0.134 ± 0.021 1752 ± 17
Kepler-6b 0.091 ± 0.021 1451 ± 16
Kepler-7b 0.352 ± 0.023 1586 ± 13
Kepler-8b 0.051 ± 0.029 1638 ± 40
Kepler-12b 0.078 ± 0.019 1477 ± 26
Kepler-14b 0.012 ± 0.023 1573 ± 26
Kepler-15b 0.078 ± 0.044 1225 ± 31
Kepler-17b 0.106 ± 0.011 1655 ± 40
Kepler-41b 0.135 ± 0.014 1745 ± 43

contamination by thermal emission assuming full redistri-
bution (fdist = 1/2), the Ag values do not change much
(and the Spearman rank coefficient remains, to the first
significant figure, unchanged).

2. When the correction is performed assuming no redistri-
bution (fdist = 2/3), the trend flattens as expected (with
a Spearman rank coefficient of −0.1). Three of the data
points are consistent with being zero. The key point is that
the correlation between Ag and F0 can only weaken, and not
strengthen, when heat redistribution is taken into account.

Our conclusion is that there exists no clear correlation
between Ag and F0. Values of Ag ≈ 0.1 may be consistent
with Rayleigh scattering caused by hydrogen molecules alone
(Sudarsky et al. 2000), without the need for the presence of
clouds or condensates. The high geometric albedo associated
with Kepler-7b (Ag ≈ 0.35) may require an explanation that
includes the effects of clouds or condensates (Demory et al.
2011, 2013).

1.2. Theoretical Motivation

Unlike other previously examined relationships between vari-
ous properties of hot Jupiters (e.g., radius and heat redistribution
versus Teq; e.g., Cowan & Agol 2011b; Demory & Seager 2011;
Laughlin et al. 2011; Perna et al. 2012), there is no clear trend
of Ag with the incident stellar flux. One of the goals of the
present study is to suggest that the absence of a clear trend is
caused by a combination of opacity effects, possibly due to the
presence of condensates or clouds, and atmospheric circulation,
the latter of which is often ignored in spectral analyses of hot
Jupiters. The study of clouds or hazes is emerging as a major
theme in the observations of hot Jupiters (e.g., Lecavelier des
Etangs et al. 2008; Pont et al. 2008; Sing et al. 2011; Gibson
et al. 2012) and directly imaged exoplanets (e.g., Barman et al.
2011; Madhusudhan et al. 2011; Marley et al. 2012; Lee et al.
2013) and has long been an obstacle plaguing advances in the
understanding of brown dwarfs (e.g., Saumon & Marley 2008;
Artigau et al. 2009; Burrows et al. 2011; Helling et al. 2011;
Buenzli et al. 2012).

On the theoretical front, several trends are now understood.

1. The strength and depth of atmospheric circulation are
intimately tied to the intensity of stellar irradiation (Perna
et al. 2012). An “eddy diffusion coefficient” (Kzz) is often
used to mimic this behavior, but ultimately the relationship
between atmospheric circulation and stellar flux can—and
should—be calculated from first principles using global,
three-dimensional (3D) simulations.

2

Exoplanet reflection spectra out of fashion for last 
~5 years because hot Jupiters are dark. 

Heng & Demory 2013
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Figure 1. Geometric albedo vs. the incident stellar flux for a sample of
hot Jupiters studied with Kepler photometry. Error bars include possible
contamination by thermal emission. The curves labeled “fthermal” are estimations
of the fraction of thermal flux radiated in the Kepler bandpass, for Ag = 0 (solid
curve) and Ag = 0.1, 0.2, 0.3, and 0.4 (dotted curves). The small and large open
circles represent the geometric albedos corrected for contamination by thermal
emission (see the text) assuming no and full redistribution, respectively.
(A color version of this figure is available in the online journal.)

implying that the measured geometric albedo (Seager 2010),
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may be contaminated by thermal emission “leaking” into
the Kepler bandpass, causing Ag to be overestimated. The
quantities Fp,⊕ and F⋆,⊕ are the fluxes from the star and the
exoplanet, respectively, received at Earth, while the radius of
the exoplanet is given by Rp. One may approximately correct
for the contamination by thermal emission by considering the
following equation:

Ag =
[
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where Ag,obs is the measured value of the geometric albedo
obtained by applying Equation (3). Since Teq depends on
Ag, the preceding expression is an implicit equation for the
geometric albedo, which may be solved to obtain the “de-
contaminated” Ag, also shown in Figure 1. The small and large
open circles represent the corrected Ag values assuming no
and full redistribution, respectively. Generally, decreasing the
efficiency of heat redistribution decreases the geometric albedo
obtained. A better approach is to allow for fdist to vary with
F0, since the efficiency of heat redistribution worsens as F0
increases (Perna et al. 2012), but we do not attempt this as the
functional form of fdist(F0) is not well known. For this reason,
we do not specify the uncertainties associated with the corrected
Ag values.

Based on the results in Figure 1, there are two possible
interpretations:

1. Taken at face value (without performing a correction for
contamination by thermal emission), the Ag versus F0 data
exhibit a weak correlation (Spearman rank coefficient of
0.6), although the Ag = 0.352 ± 0.023 measurement as-
sociated with Kepler-7b stands out. When we correct for

Table 1
Geometric Albedos of Hot Jupiters from Kepler

Photometry, Refined Using Q0–Q14 Data

Object Name Ag Teq,0
(K)

TrES-2b 0.015 ± 0.003 1444 ± 13
HAT-P-7b 0.225 ± 0.004 2139 ± 27
Kepler-5b 0.134 ± 0.021 1752 ± 17
Kepler-6b 0.091 ± 0.021 1451 ± 16
Kepler-7b 0.352 ± 0.023 1586 ± 13
Kepler-8b 0.051 ± 0.029 1638 ± 40
Kepler-12b 0.078 ± 0.019 1477 ± 26
Kepler-14b 0.012 ± 0.023 1573 ± 26
Kepler-15b 0.078 ± 0.044 1225 ± 31
Kepler-17b 0.106 ± 0.011 1655 ± 40
Kepler-41b 0.135 ± 0.014 1745 ± 43

contamination by thermal emission assuming full redistri-
bution (fdist = 1/2), the Ag values do not change much
(and the Spearman rank coefficient remains, to the first
significant figure, unchanged).

2. When the correction is performed assuming no redistri-
bution (fdist = 2/3), the trend flattens as expected (with
a Spearman rank coefficient of −0.1). Three of the data
points are consistent with being zero. The key point is that
the correlation between Ag and F0 can only weaken, and not
strengthen, when heat redistribution is taken into account.

Our conclusion is that there exists no clear correlation
between Ag and F0. Values of Ag ≈ 0.1 may be consistent
with Rayleigh scattering caused by hydrogen molecules alone
(Sudarsky et al. 2000), without the need for the presence of
clouds or condensates. The high geometric albedo associated
with Kepler-7b (Ag ≈ 0.35) may require an explanation that
includes the effects of clouds or condensates (Demory et al.
2011, 2013).

1.2. Theoretical Motivation

Unlike other previously examined relationships between vari-
ous properties of hot Jupiters (e.g., radius and heat redistribution
versus Teq; e.g., Cowan & Agol 2011b; Demory & Seager 2011;
Laughlin et al. 2011; Perna et al. 2012), there is no clear trend
of Ag with the incident stellar flux. One of the goals of the
present study is to suggest that the absence of a clear trend is
caused by a combination of opacity effects, possibly due to the
presence of condensates or clouds, and atmospheric circulation,
the latter of which is often ignored in spectral analyses of hot
Jupiters. The study of clouds or hazes is emerging as a major
theme in the observations of hot Jupiters (e.g., Lecavelier des
Etangs et al. 2008; Pont et al. 2008; Sing et al. 2011; Gibson
et al. 2012) and directly imaged exoplanets (e.g., Barman et al.
2011; Madhusudhan et al. 2011; Marley et al. 2012; Lee et al.
2013) and has long been an obstacle plaguing advances in the
understanding of brown dwarfs (e.g., Saumon & Marley 2008;
Artigau et al. 2009; Burrows et al. 2011; Helling et al. 2011;
Buenzli et al. 2012).

On the theoretical front, several trends are now understood.

1. The strength and depth of atmospheric circulation are
intimately tied to the intensity of stellar irradiation (Perna
et al. 2012). An “eddy diffusion coefficient” (Kzz) is often
used to mimic this behavior, but ultimately the relationship
between atmospheric circulation and stellar flux can—and
should—be calculated from first principles using global,
three-dimensional (3D) simulations.
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Figure 1. Geometric albedo vs. the incident stellar flux for a sample of
hot Jupiters studied with Kepler photometry. Error bars include possible
contamination by thermal emission. The curves labeled “fthermal” are estimations
of the fraction of thermal flux radiated in the Kepler bandpass, for Ag = 0 (solid
curve) and Ag = 0.1, 0.2, 0.3, and 0.4 (dotted curves). The small and large open
circles represent the geometric albedos corrected for contamination by thermal
emission (see the text) assuming no and full redistribution, respectively.
(A color version of this figure is available in the online journal.)
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may be contaminated by thermal emission “leaking” into
the Kepler bandpass, causing Ag to be overestimated. The
quantities Fp,⊕ and F⋆,⊕ are the fluxes from the star and the
exoplanet, respectively, received at Earth, while the radius of
the exoplanet is given by Rp. One may approximately correct
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following equation:
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where Ag,obs is the measured value of the geometric albedo
obtained by applying Equation (3). Since Teq depends on
Ag, the preceding expression is an implicit equation for the
geometric albedo, which may be solved to obtain the “de-
contaminated” Ag, also shown in Figure 1. The small and large
open circles represent the corrected Ag values assuming no
and full redistribution, respectively. Generally, decreasing the
efficiency of heat redistribution decreases the geometric albedo
obtained. A better approach is to allow for fdist to vary with
F0, since the efficiency of heat redistribution worsens as F0
increases (Perna et al. 2012), but we do not attempt this as the
functional form of fdist(F0) is not well known. For this reason,
we do not specify the uncertainties associated with the corrected
Ag values.

Based on the results in Figure 1, there are two possible
interpretations:

1. Taken at face value (without performing a correction for
contamination by thermal emission), the Ag versus F0 data
exhibit a weak correlation (Spearman rank coefficient of
0.6), although the Ag = 0.352 ± 0.023 measurement as-
sociated with Kepler-7b stands out. When we correct for

Table 1
Geometric Albedos of Hot Jupiters from Kepler

Photometry, Refined Using Q0–Q14 Data

Object Name Ag Teq,0
(K)

TrES-2b 0.015 ± 0.003 1444 ± 13
HAT-P-7b 0.225 ± 0.004 2139 ± 27
Kepler-5b 0.134 ± 0.021 1752 ± 17
Kepler-6b 0.091 ± 0.021 1451 ± 16
Kepler-7b 0.352 ± 0.023 1586 ± 13
Kepler-8b 0.051 ± 0.029 1638 ± 40
Kepler-12b 0.078 ± 0.019 1477 ± 26
Kepler-14b 0.012 ± 0.023 1573 ± 26
Kepler-15b 0.078 ± 0.044 1225 ± 31
Kepler-17b 0.106 ± 0.011 1655 ± 40
Kepler-41b 0.135 ± 0.014 1745 ± 43

contamination by thermal emission assuming full redistri-
bution (fdist = 1/2), the Ag values do not change much
(and the Spearman rank coefficient remains, to the first
significant figure, unchanged).

2. When the correction is performed assuming no redistri-
bution (fdist = 2/3), the trend flattens as expected (with
a Spearman rank coefficient of −0.1). Three of the data
points are consistent with being zero. The key point is that
the correlation between Ag and F0 can only weaken, and not
strengthen, when heat redistribution is taken into account.

Our conclusion is that there exists no clear correlation
between Ag and F0. Values of Ag ≈ 0.1 may be consistent
with Rayleigh scattering caused by hydrogen molecules alone
(Sudarsky et al. 2000), without the need for the presence of
clouds or condensates. The high geometric albedo associated
with Kepler-7b (Ag ≈ 0.35) may require an explanation that
includes the effects of clouds or condensates (Demory et al.
2011, 2013).

1.2. Theoretical Motivation

Unlike other previously examined relationships between vari-
ous properties of hot Jupiters (e.g., radius and heat redistribution
versus Teq; e.g., Cowan & Agol 2011b; Demory & Seager 2011;
Laughlin et al. 2011; Perna et al. 2012), there is no clear trend
of Ag with the incident stellar flux. One of the goals of the
present study is to suggest that the absence of a clear trend is
caused by a combination of opacity effects, possibly due to the
presence of condensates or clouds, and atmospheric circulation,
the latter of which is often ignored in spectral analyses of hot
Jupiters. The study of clouds or hazes is emerging as a major
theme in the observations of hot Jupiters (e.g., Lecavelier des
Etangs et al. 2008; Pont et al. 2008; Sing et al. 2011; Gibson
et al. 2012) and directly imaged exoplanets (e.g., Barman et al.
2011; Madhusudhan et al. 2011; Marley et al. 2012; Lee et al.
2013) and has long been an obstacle plaguing advances in the
understanding of brown dwarfs (e.g., Saumon & Marley 2008;
Artigau et al. 2009; Burrows et al. 2011; Helling et al. 2011;
Buenzli et al. 2012).

On the theoretical front, several trends are now understood.

1. The strength and depth of atmospheric circulation are
intimately tied to the intensity of stellar irradiation (Perna
et al. 2012). An “eddy diffusion coefficient” (Kzz) is often
used to mimic this behavior, but ultimately the relationship
between atmospheric circulation and stellar flux can—and
should—be calculated from first principles using global,
three-dimensional (3D) simulations.
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Figure 3. Phase curve of Kepler-7b based on Kepler Q1–Q14 data. Data are binned per 5 minutes. The Lambertian sphere (green), 1-free-band (blue) and 3-fixed-band
(red) best-fit models (see Section 3.3) are superimposed.
(A color version of this figure is available in the online journal.)

25±12◦ east of the substellar point appears. Second, the phase-
curve’s maximum is located at phase 0.61 ± 0.03, implying that
the brightest hemisphere is centered on the meridian located
41 ± 12◦ west of the substellar point. Third, the planetary flux
contribution vanishes around the transit, implying that the
“bright” area extends up to the western terminator, while its
extension to the east of the substellar point is nominal. We finally
note that the phase-curve’s amplitude of 50 ± 2 ppm converts
into an hemisphere-averaged relative brightness 74 ± 2 ×
10−4 (Equation (1)).

We longitudinally map Kepler-7b using the MCMC imple-
mentation presented in de Wit et al. (2012). This method has
been developed to map exoplanets and to mitigate the degener-
acy between the planetary brightness distribution and the system
parameters. We use two model families similar to the “beach-
ball models” introduced by Cowan et al. (2009): one using n
longitudinal bands with fixed positions on the dayside and an-
other using longitudinal bands whose positions and widths are
jump parameters in the MCMC fit. We choose the two sim-
plest models from these families: a 3-fixed-band model and
1-free-band model so as to extract Kepler-7b’s longitudinal de-
pendence of the dayside brightness as well as the extent of the
“bright” area. For both models, we compute each band’s am-
plitude from their simulated lightcurve by using a perturbed
singular value decomposition method. The corresponding me-
dian brightness maps are shown on Figure 4. The 1-free-band
model (Figure 3, blue) finds a uniformly bright longitudinal area
extending from 105 ± 12◦ west to 30 ± 12◦ east with a relative
brightness 78±4×10−4 (Figure 4, left). The 3-fixed-band model
(Figure 3, red) finds bands of relative brightness decreasing from
the west to the east with the following values: 100 to 68 and
3 ± 6 × 10−4 (Figure 4, right). We finally note that the 1-free-
band model finds a bright sector extending to the night side, due
to the sharp flux increase observed around transit (Figure 3).

4. THE ORIGIN OF KEPLER-7B’S VISIBLE FLUX

The combined information from the Spitzer and Kepler
observations of Kepler-7b strongly favor the conclusion that the

planetary phase-dependent flux variations seen in the Kepler
light curve are the result of scattered light from optically thick
clouds, whose properties change as a function of longitude.

The lack of significant thermal emission from Kepler-7b
in the Spitzer 3.6 and 4.5 µm bandpasses supports the fact
that Kepler-7b’s visible light curve is driven by reflected
light. Kepler-7b’s phase curve exhibits a westward asymmetry
suggesting, if of thermal origin, a temperature structure that
does not follow the expected temperature structure for tidally
locked hot Jupiters, which would yield an eastward shift. This
eastward shift is consistently produced from a range of general
circulation models for tidally locked hot-Jupiters forced using
various methods, including Newtonian cooling (e.g., Cooper
& Showman 2005; Showman et al. 2008; Dobbs-Dixon et al.
2010; Rauscher & Menou 2010; Heng et al. 2011a), dual-band
radiative transfer (e.g., Heng et al. 2011b; Rauscher & Menou
2012) or multi-wavelength radiative transfer (e.g., Showman
et al. 2009). Combining these results with the analytical theory
of Showman & Polvani (2011) suggests that thermal phase-
curve eastward shifts are robust outcomes of the hot-Jupiter
circulation regime. As we do not detect thermal flux from
Kepler-7b with Spitzer, the most likely conclusion is that the
westward shift in the visible phase-curve is indicative of a
variation in the cloud properties (cloud coverage, optical depth,
particle size distribution, vertical extent, composition, etc.) as a
function of longitude, governed by the planet’s wind and thermal
patterns.

We use the methods of Fortney et al. (2005, 2008) to
compute Kepler-7b’s one-dimensional temperature structure
and emission spectrum (Figure 5). The orange model is cloud-
free. The blue model uses the cloud model of Ackerman
& Marley (2001) to calculate the vertical distribution and
optical depths of Mg2SiO4 clouds. Both models assume modest
redistribution of energy, with the assumption that 1/4 of the
incident energy is lost to the un-modeled night side. The particle
size distribution in the cloud is assumed to be log-normal
with a mode of 0.5 µm at all heights. A low sedimentation
efficiency free parameter (fsed) of 0.1 is used, which suppresses
sedimentation.
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Figure 4. Longitudinal brightness maps of Kepler-7b. Kepler-7b’s longitudinal brightness distributions Ip/I⋆ as retrieved in Kepler’s bandpass using the 1-free-band
model (left) and the 3-fixed-band model (right) detailed in Section 3.3.
(A color version of this figure is available in the online journal.)

Figure 5. One-dimensional models of the dayside temperature structure and flux ratios of Kepler-7b. Left: condensation curves for several species are also shown,
although only Mg2SiO4 is used in the calculations. The model in orange is cloud-free, while the model in blue includes cloud opacity. Right: the cloud-free model is
dark in the optical and emits more flux in the mid-infrared IRAC bands. Dashed curves are the thermal emission component and solid curves are the total flux. The
cloudy model is brighter in the optical, owing to scattered light, with suppression of mid-infrared flux. The optical detection in the Kepler band is shown in red, along
with the Spitzer 1σ (cyan) and 3σ (red) upper limits.
(A color version of this figure is available in the online journal.)

It is clear that the cloudy model (blue) provides a much
better fit to the combined occultation measurements from Spitzer
and Kepler. The clouds dramatically enhance the flux in the
optical, increase the model Bond albedo, and suppress emission
in the infrared (Figure 5, right). We note that many other
combinations of cloud and thermal properties might also provide
an adequate match to the data. However, we exclude Rayleigh
scattering from H2 molecules and homogeneous cloud structures
as possible sources of visible phase-curve signatures, which
would both result in a symmetric phase curve.

Kepler-7b may be relatively more likely to show the effects
of cloud opacity than other hot Jupiters. The planet’s incident
flux level is such that model profiles cross silicate condensation
curves in the upper, observable atmosphere, making these clouds
a possible explanation. The same would not be true for warmer
planets (where temperatures would be too hot for dayside
clouds) or for cooler planets (where silicates would only be
present in the deep unobservable atmosphere). Furthermore,
the planet’s very low surface gravity may play an important
role in hampering sedimentation of particles out the atmosphere.
Finally, the planet’s large radius implies a relatively high specific
entropy adiabatic in the interior, and a correspondingly warm
adiabat in the deep atmosphere at tens of bars. This removes
the possibility of silicate clouds condensing at pressures of
100–1000 bars, as may happen in other hot Jupiters.

Our results suggest that one broad-band visible phase curve
is probably insufficient to constrain the cloud properties. The

problem might remain degenerate until more observations (such
as narrow-band optical phase curves and polarimetry) become
available. In the near future it is likely that similar brightness
maps of other Kepler planets will emerge, thereby providing
an invaluable means to improve our understanding of cloud
formation in exoplanet atmospheres.
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comments that improved the Letter. This work is based in part
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is operated by the JPL, Caltech under a contract with NASA. A.
Zsom was supported by the German Science Foundation (DFG)
under grant ZS107/2-1. This work was performed in part under
contract with the California Institute of Technology funded by
NASA through the Sagan Fellowship Program executed by the
NASA Exoplanet Science Institute. J. de Wit acknowledges
support from the Belgian American Educational Foundation
and Wallonie-Bruxelles International.
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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)

scattered radiation (Rayleigh, Raman, Mie)
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A space coronagraph opens up a totally different 
class of planets for atmospheric characterization. 
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Huge range of spectra possible (not just scaled 
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Higher metallicity widens and deepens molecular 
features: can constrain metallicity!
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R~70 adequately samples several methane features. 
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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.
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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.
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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.
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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.
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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.
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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.
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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.
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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.
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Conclusions

• Albedo spectra finally poised to 
provide powerful constraints on 
planet properties  

• Can retrieve methane abundance, 
cloud locations, cloud albedos for 
Jupiter-like planets  

• Critical “catalog” for years to come 

• RV sample provides context for new 
discoveries


