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• Basic inputs for atmospheric models 

• Modeling circulation 
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• Modeling clouds 

• Looking forward

What types of 
models do we use? 
What do 
observations tell us?



Atmospheric Circulation: 
Important Scales
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M O D E L I N G  C I R C U L AT I O N :  
T H E O R E T I C A L  P R E D I C T I O N S

Showman & Guillot (2002)

168 A. P. Showman and T. Guillot: Dynamics of Pegasi-planet atmospheres

Fig. 2. Conjectured dynamical structure of Pegasi planets: at
pressures larger than 100–800 bar, the intrinsic heat flux must
be transported by convection. The convective core is at or near
synchronous rotation with the star and has small latitudinal
and longitudinal temperature variations. At lower pressures a
radiative envelope is present. The top part of the atmosphere
is penetrated by the stellar light on the day side. The spatial
variation in insolation should drive winds that transport heat
from the day side to the night side (see text).

where Q, R, M , a, ω and ωs are the planet’s tidal dis-
sipation factor, radius, mass, orbital semi-major axis,
rotational angular velocity, and synchronous (or orbital)
angular velocity. M∗ is the star’s mass, and G is the grav-
itational constant. Factors of order unity have been omit-
ted. A numerical estimate for HD 209458b (with ω equal
to the current Jovian rotation rate) yields a spindown
time τsyn ∼ 3Qyears. Any reasonable dissipation factor
Q (see Marcy et al. 1997; Lubow et al. 1997) shows that
HD 209458b should be led to synchronous rotation in less
than a few million years, i.e., on a time scale much shorter
than the evolution timescale. Like other Pegasi planets,
HD 209458b is therefore expected to be in synchronous
rotation with its 3.5-day orbital period.

Nevertheless, stellar heating drives the atmosphere
away from synchronous rotation, raising the possibility
that the interior’s rotation state is not fully synchronous.
Here, we discuss (1) the energies associated with the
planet’s initial transient spindown, and (2) the possible
equilibrium states that could exist at present.

3.1. Spindown energies

Angular momentum conservation requires that as the
planet spins down, the orbit expands. The energy dissi-
pated during the spindown process is the difference be-
tween the loss in spin kinetic energy and the gain in orbital
energy:

Ė = − d
dt

(
1
2
k2MR2ω2 − 1

2
Ma2ω2

s

)
, (2)

where k is the dimensionless radius of gyration (k2 =
I/MR2, I being the planet’s moment of inertia). The

time derivative is negative, so Ė, the energy dissipated,
is positive. The orbital energy is the sum of the planet’s
gravitational potential energy and orbital kinetic energy
and is negative by convention. The conservation of angu-
lar momentum implies that the rate of change of ωs is
constrained by that on ω:

d
dt

(
Ma2ωs + k2MR2ω

)
= 0. (3)

The fact that the planetary radius changes with time may
slightly affect the quantitative results. However, since τsyn

is so short, it can be safely neglected in this first-order
estimate. R being held constant, it is straightforward to
show, using Kepler’s third law, that:

Ė = −k2MR2(ω − ωs)ω̇. (4)

(Note that ω̇ is negative, and so Ė is positive.)
The total energy dissipated is E ≈ k2MR2(ωs−ω)2/2,

neglecting variation of the orbital distance. Using the mo-
ment of inertia and rotation rate of Jupiter (k2 = 0.26
and ω = 1.74 × 10−4 s−1), we obtain for HD 209458b
E ≈ 4 × 1041 erg. If this energy were dissipated evenly
throughout the planet, it would imply a global tempera-
ture increase of 1400K.

By definition of the synchronization timescale, the
dissipation rate can be written:

Ė =
k2MR2(ω − ωs)2

τsyn
· (5)

With Q of 105, a value commonly used for Jupiter, τsyn ∼
3×105 years and the dissipation rate is then ∼1029 erg s−1,
or 35 000 times Jupiter’s intrinsic luminosity. Lubow et al.
(1997) have suggested that dissipation in the radiative
zone could exceed this value by up to two orders of mag-
nitude, but this would last for only ∼100 years.

The thermal pulse associated with the initial spin-
down is large enough that, if the energy is dissipated in
the planet’s interior, it may affect the planet’s radius. It
has previously been argued (Burrows et al. 2000) that
Pegasi planets must have migrated inward during their
first 107 years of evolution; otherwise, they would have
contracted too much to explain the observed radius of
HD 209458b. But the thermal pulse associated with spin-
down was not included in the calculation, and this extra
energy source may extend the time over which migration
was possible.

Nevertheless, it seems difficult to invoke tidal syn-
chronization as the missing heat source necessary to ex-
plain HD 209458b’s present (large) radius. High dissipa-
tion rates are possible if τsyn is small, but in the absence
of a mechanism to prevent synchronization, Ė would drop
as soon as t > τsyn. The most efficient way of slowing the
planet’s contraction is then to invoke τsyn ∼ 1010 years. In
that case, the energy dissipated becomes Ė ∼ 1024 erg s−1,
which is two orders of magnitude smaller than that neces-
sary to significantly affect the planet’s evolution (Paper I;
Bodenheimer et al. 2001). For the present-day dissipation
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• Equatorial eastward superrotation 
• Hotspot shifted eastward from substellar point 
• Large temperature contrast from dayside to nightside (in this case 

~600 K) - recirculation efficiency of ~0.6
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Figure 3.2 Zonal-mean zonal wind profiles of WASP-43b, averaged over an orbit, at
two model resolutions: C32 (top) and C16 (bottom). Both profiles have the same
color scale.
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Figure 3.3 Wind and temperature profiles of WASP-43b with an atmospheric com-
position of 1× solar, at two model resolutions: C32 (left column) and C16 (right
column). The profiles are compared at four different pressure levels, from top to bot-
tom: 1 mbar, 10 mbar, 100 mbar and 1 bar. The black line in each profile denotes
the longitude of the substellar point. Each row of profiles has the same color scale.
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Fast spin of the young extrasolar planet b Pictoris b
Ignas A. G. Snellen1, Bernhard R. Brandl1, Remco J. de Kok1,2, Matteo Brogi1, Jayne Birkby1 & Henriette Schwarz1

The spin of a planet arises from the accretion of angular momentum
during its formation1–3, but the details of this process are still unclear.
In the Solar System, the equatorial rotation velocities and, conse-
quently, spin angular momenta of most of the planets increase with
planetary mass4; the exceptions to this trend are Mercury and Venus,
which, since formation, have significantly spun down because of tidal
interactions5,6. Here we report near-infrared spectroscopic observa-
tions, at a resolving power of 100,000, of the young extrasolar gas
giant planet b Pictoris b (refs 7, 8). The absorption signal from carbon
monoxide in the planet’s thermal spectrum is found to be blueshifted
with respect to that from the parent star by approximately 15 kilo-
metres per second, consistent with a circular orbit9. The combined
line profile exhibits a rotational broadening of about 25 kilometres
per second, meaning that b Pictoris b spins significantly faster than
any planet in the Solar System, in line with the extrapolation of the
known trend in spin velocity with planet mass.

Near-infrared, high-dispersion spectroscopy has been used to char-
acterize the atmospheres of hot Jupiters in close-in orbits10,11. Such
observations use changes in the radial component of the orbital velocity
of the planet (resulting in changes in Doppler shift) to filter out the quasi-
stationary telluric and stellar contributions in the spectra. Here we make
use of the spatial separation and the difference in spectral signature
between the planet and star, which allow the starlight to be filtered out.
A similar technique12 has been applied very successfully13 at a medium
spectral dispersion to characterize the exoplanet HR8799c. We observed
the bPictoris system7,8 (apparent magnitude, K 5 3.5) using the Cryo-
genic High-Resolution Infrared Echelle Spectrograph14 (CRIRES) located
at the Nasmyth focus of Unit Telescope 1 of the Very Large Telescope (VLT)
of the European Southern Observatory (ESO) at Cerro Paranal in Chile on
the night of 17 December 2013, with the slit orientated in such way that it
encompassed the planet and star.

An important step in the data analysis is the optimal removal of the
stellar contribution along the slit, which for this class-A star consists mostly
of a telluric absorption spectrum. The resulting spectra were cross-correlated
with theoretical spectral templates constructed in a similar way as in our
previous work on hot Jupiters10,11, varying the planet’s atmospheric tem-
perature pressure (T/p) profile and the abundances of carbon monoxide,
water vapour and methane, which can also show features in the observed
wavelength range. We note that there is a strong degeneracy between the
atmospheric T/p profile and the abundance of the molecular species,
meaning that different combinations of these parameters result in nearly
identical template spectra.

At the expected planet position, a broad, blueshifted signal is apparent
(Fig. 1), which is strongest when the cross-correlation is performed with a
spectral template from an atmospheric model with deep carbon monoxide
lines and a small contribution from water. We estimate the signal to have a
signal-to-noise ratio of 6.4 by cross-correlating the residual spectrum with
a broadened model template, and compare the peak of the cross-correlation
profile with the standard deviation. If we use the cross-correlation profile
as seen in Fig. 1 to estimate the signal-to-noise ratio, we need to take into
account the width of the signal and the dependence of adjacent pixels in
the profile. This results in a signal-to-noise ratio of 7.8, but we found the
latter method to be less accurate because it does not properly include
contributions from correlated noise structures on scales of the broad
signal. Cross-correlation with the optimal spectrum of water vapour alone
provides a marginal signal at a signal-to-noise ratio of ,2, which means
we cannot claim a firm detection of water in the planet’s atmosphere. No
signal is retrieved for methane models (Extended Data Fig. 1).

We fit the planet profile using a grid of artificial cross-correlation func-
tions, produced by cross-correlating the optimal template spectrum with a
broadened and velocity-shifted copy of itself, for a range of velocities and
rotational broadening functions. The best fit (Fig. 2a) was obtained for

1Leiden Observatory, Leiden University, Postbus 9513, 2300 RA Leiden, The Netherlands. 2Netherlands Institute for Space Research (SRON), Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands.
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Figure 1 | Broadened cross-correlation signal of b Pictoris b. a, CO 1 H2O
cross-correlation signal (linear colour scale) as function of the position along
the slit (orientated 30u east of north), after the stellar contribution was removed.
The x axis shows the radial velocity with respect to the system velocity
(120 6 0.7 km s21) of the star15. The y axis denotes the relative position with
respect to the star bPictoris with the planet located 0.499 below, both indicated

by horizontal dashed lines. A broad signal, at a signal-to-noise ratio of 6.4 is
visible, blueshifted by 15.4 6 1.7 km s21 (1s) with respect to the parent star.
b, Cross-correlation (CC) signal at the planet position. The dotted curve shows
the arbitrarily scaled auto-correlation function of the l/Dl 5 100,000
(resolving power) model template, indicating the CC signal expected from a
non-rotating planet.
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This means that on average per spectrum the CO signal as presented
in Fig. 1 and 2 is present at a 1s level.

Our direct detection of absorption lines leads to an unambiguous
identification of carbon monoxide in the atmosphere of HD 209458b,
and allows us to determine the CO abundance. Although transmission
spectra are significantly less dependent on the thermal structure of the
atmosphere than are dayside spectra, the uncertainty in the CO
volume mixing ratio is dominated by the uncertainty in the planet’s
pressure–temperature profile, and by the uncertainty in the level of
masking of CO by CH4 in the atmosphere. The amplitude of the cross-
correlation signal is a factor of 2.8 stronger than the signal expected
from our initial transmission model (with a CO volume mixing ratio
of 2 3 1024). This was determined by adding the initial model CO
spectrum with varying multiplication factors to our data early on in
the reduction process, and by subsequently measuring and comparing
the strength of the resulting cross-correlation signals. We produced
models with varying CO, CH4 and H2O mixing ratios and atmo-
spheric temperatures, and compared the amplitude of their cross-
correlation signals with that observed. This results in a CO volume
mixing ratio of (1–3) 3 1023. In the same way we converted the non-
detections of H2O and CH4 to 3s upper limits for the water and
methane volume mixing ratios of 3 3 1023 and 8 3 1024 respectively.
Abundance estimates from a dayside spectrum18 suggest that the mix-
ing ratios of CH4, H2O and CO2—(2–20) 3 1025, (0.1–10) 3 1025

and (0.1–1) 3 1025 respectively—are all significantly lower than what
we derive for CO. Although the derived abundances are preliminary,
our models suggest that the C/H ratio in the upper atmosphere of
HD 209458b is a factor of 2–6 higher than that of the parent star.

Gaussian fitting of the integrated CO signal shows that it appears
blueshifted with respect to the systemic velocity of the host star by
about 2 km s21, indicative of atmospheric dynamics. To assess the
significance of the blueshift we added series of model CO spectra to
the data as above, but with random systemic velocities for the host
star between 650 km s21. We determined the 1s uncertainty of the
radial velocity of the CO signal to be 1 km s21 by comparing the
offsets between the injected and measured velocities. This indicates
that the observed blueshift of the CO signal is statistically significant
at a 95% confidence level. Sound speeds in the upper layers of hot
Jupiters19,20 are expected to be typically 3–4 km s21, and winds at a
substantial fraction of this speed are indeed possible. Because with
transmission spectroscopy we probe the atmospheric region near the
planet’s terminator, the blueshift indicates a velocity flow from the
dayside to the nightside at pressures in the range 0.01–0.1 mbar, as
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Figure 2 | The expected carbon monoxide signal as function of the planet
orbital velocity. The observed CO signal is shown in greyscale as in Fig. 1.
The dotted lines indicate the expected change in radial velocity of the planet
over the transit for orbital velocities of 50, 100 and 150 km s21. We
determined the planet orbital velocity to be 140 6 10 km s21 (1s) using chi-
squared analysis. The orbital velocities of both the planet and the star around
the planet–star centre-of-mass are known, allowing the masses of both
objects to be determined using solely Newton’s law of gravitation:
M1 5 1.00 6 0.22MSun and M2 5 0.64 6 0.09MJup (1s).
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Figure 1 | CO signal in the transmission spectrum of exoplanet
HD 209458b. The cross-correlation is shown between a template spectrum
of 56 CO lines and Very Large Telescope spectra of HD 209458 taken
between a planet orbital phase of 20.025 , h , 0.035. The beginning and
end of the transit are at h 6 0.018. The systemic velocity21 of the host star
HD 209458a is 214.77 km s21 (blueshifted), and the velocity of the Paranal
observatory in the direction of the star is 11.0 km s21 at the time of
observation. This means that a planet’s CO signal is expected to be
blueshifted by ,26 km s21 at mid-transit, exactly where a faint signal is
present in the data. a and b show the same data, with the linear greyscales
indicating the cross-correlation signal (dark means absorption). In a the
cross-correlation is plotted as a function of the geocentric radial velocity, and
in b the cross-correlation is plotted in the rest-frame of the host star, showing
the CO signal in the centre. During the transit, the planet signal moves by
30 km s21 owing to the change in the radial component of the planet’s orbital
velocity. For the cross-correlation in c, our initial model transmission
spectrum of CO was added to the data at three times the nominal level, to
demonstrate the resemblance to the observed signal.
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This means that on average per spectrum the CO signal as presented
in Fig. 1 and 2 is present at a 1s level.

Our direct detection of absorption lines leads to an unambiguous
identification of carbon monoxide in the atmosphere of HD 209458b,
and allows us to determine the CO abundance. Although transmission
spectra are significantly less dependent on the thermal structure of the
atmosphere than are dayside spectra, the uncertainty in the CO
volume mixing ratio is dominated by the uncertainty in the planet’s
pressure–temperature profile, and by the uncertainty in the level of
masking of CO by CH4 in the atmosphere. The amplitude of the cross-
correlation signal is a factor of 2.8 stronger than the signal expected
from our initial transmission model (with a CO volume mixing ratio
of 2 3 1024). This was determined by adding the initial model CO
spectrum with varying multiplication factors to our data early on in
the reduction process, and by subsequently measuring and comparing
the strength of the resulting cross-correlation signals. We produced
models with varying CO, CH4 and H2O mixing ratios and atmo-
spheric temperatures, and compared the amplitude of their cross-
correlation signals with that observed. This results in a CO volume
mixing ratio of (1–3) 3 1023. In the same way we converted the non-
detections of H2O and CH4 to 3s upper limits for the water and
methane volume mixing ratios of 3 3 1023 and 8 3 1024 respectively.
Abundance estimates from a dayside spectrum18 suggest that the mix-
ing ratios of CH4, H2O and CO2—(2–20) 3 1025, (0.1–10) 3 1025

and (0.1–1) 3 1025 respectively—are all significantly lower than what
we derive for CO. Although the derived abundances are preliminary,
our models suggest that the C/H ratio in the upper atmosphere of
HD 209458b is a factor of 2–6 higher than that of the parent star.

Gaussian fitting of the integrated CO signal shows that it appears
blueshifted with respect to the systemic velocity of the host star by
about 2 km s21, indicative of atmospheric dynamics. To assess the
significance of the blueshift we added series of model CO spectra to
the data as above, but with random systemic velocities for the host
star between 650 km s21. We determined the 1s uncertainty of the
radial velocity of the CO signal to be 1 km s21 by comparing the
offsets between the injected and measured velocities. This indicates
that the observed blueshift of the CO signal is statistically significant
at a 95% confidence level. Sound speeds in the upper layers of hot
Jupiters19,20 are expected to be typically 3–4 km s21, and winds at a
substantial fraction of this speed are indeed possible. Because with
transmission spectroscopy we probe the atmospheric region near the
planet’s terminator, the blueshift indicates a velocity flow from the
dayside to the nightside at pressures in the range 0.01–0.1 mbar, as
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Figure 1 | CO signal in the transmission spectrum of exoplanet
HD 209458b. The cross-correlation is shown between a template spectrum
of 56 CO lines and Very Large Telescope spectra of HD 209458 taken
between a planet orbital phase of 20.025 , h , 0.035. The beginning and
end of the transit are at h 6 0.018. The systemic velocity21 of the host star
HD 209458a is 214.77 km s21 (blueshifted), and the velocity of the Paranal
observatory in the direction of the star is 11.0 km s21 at the time of
observation. This means that a planet’s CO signal is expected to be
blueshifted by ,26 km s21 at mid-transit, exactly where a faint signal is
present in the data. a and b show the same data, with the linear greyscales
indicating the cross-correlation signal (dark means absorption). In a the
cross-correlation is plotted as a function of the geocentric radial velocity, and
in b the cross-correlation is plotted in the rest-frame of the host star, showing
the CO signal in the centre. During the transit, the planet signal moves by
30 km s21 owing to the change in the radial component of the planet’s orbital
velocity. For the cross-correlation in c, our initial model transmission
spectrum of CO was added to the data at three times the nominal level, to
demonstrate the resemblance to the observed signal.
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Figure 3 | The carbon monoxide signal integrated over the transit. The
cross-correlation signal from all spectra taken during the transit were
combined assuming a planetary orbital velocity of 140 km s21, individually
weighted by the depth of the transit signal at the observed epoch. The
integrated signal is statistically significant at the 5.6s confidence level. We
derive a CO volume mixing ratio of (1–3) 3 1023 for the upper atmosphere
of HD 209458b, with the precision governed by the uncertainty in the
pressure–temperature profile and in the level of masking of the CO signal by
CH4. The CO signal is blueshifted by ,2 km s21 with respect to the systemic
velocity of the host star, which suggests a velocity flow from the dayside to
the nightside driven by the large incident heat flux on the dayside.
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Fig. 5. Strength of the cross-correlation signature as a function of radial velocity and orbital phase. Each row of panels shows the cross-correlation
with model atmospheres with di↵erent VMR’s of TiO (left panels, ranging from 10�7 (top) to 10�11 (bottom) by factors of 10). The models are also
injected into the data prior to cross-correlation (middle panels) to probe the sensitivity of the procedure. Co-addition of all exposures (right panels)
is achieved by shifting each exposure (i.e. each row in the middle and left panels) to the rest-frame of the planet and averaging them in time.
The dashed lines are the co-added correlation strength of the residuals, after having injected them with the model template with which the cross-
correlation is performed. The solid lines are the co-added correlation strengths of the residuals without prior injection of the template. The S/N of
the correlation peak is calculated by taking the peak correlation, and dividing it through the standard deviation of the cross-correlation response,
excluding a range of ±20 km s�1 in which the correlation peak itself resides. Clearly, the presence of TiO would be convincingly retrieved at the
ppb level, provided that the line database is accurate.

would be retrieved, had it been identically present in the resid-
uals. Evidently, the peak correlation strength decreases with de-
creasing VMR, hence the VMR at which the correlation peaks
at the 3� level, which we consider to be the theoretical limiting
VMR at which TiO would be retrievable by applying the current
analysis on this data.

It is clear from the left-hand panels of Fig. 5 that the residu-
als do not correlate with our TiO templates. This non-detection
is significant down to VMRs of 10�10, as shown by the suc-
cessful retrieval of our templates after having artificially in-
jected them into the data. This sensitivity limit corresponds to
10�3 times the solar abundance of Ti (Asplund et al. 2006). The
models of the atmosphere of HD 209458b are greatly simplified

approximations of the real physical environment. The assump-
tion of a uniform VMR across the entire atmosphere is espe-
cially questionable, because the atmosphere is not expected to be
homogeneous. However, by extending the absorbing TiO layer
uniformly throughout the atmosphere, the TiO absorption at that
VMR is maximized. The limiting VMR of 10�10 is therefore a
true lower limit: If TiO were only present at a VMR of 10�10 in
parts of the atmosphere, it would not be retrieved in this analysis.

Before invoking a plethora of reasons for this non-detection
of TiO that include hazes, obscuring clouds, screening by other
species, cold-traps or destructive chemistry, it should be noted
that the sensitivity of the cross-correlation procedure critically
depends on the accuracy of the line positions in the template

A20, page 6 of 10
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Fig. 8. Visual comparison of the three TiO-bearing model atmospheres and the HARPS-spectrum of Barnard’s star. The spectra are vertically
o↵set for clarity. Although some broad absorption lines of the stellar models seem to line up with the HARPS-data, most narrow-band features
(the majority of them are due to TiO) are clearly misplaced. Some obvious mismatches are indicated by the gray vertical lines.

3.2. Alternative template spectra

As shown above, the cross-correlation procedure is very sensi-
tive to species with rich optical absorption spectra in the HDS
residuals. As for TiO, the sensitivity reaches down to VMRs be-
low the ppb level. Although we have also shown that the line
lists that are the basis of our TiO (and others) model spectra
display extensive inaccuracies, the template is able to partially
retrieve TiO features from Barnard’s star’s optical spectrum at
wavelengths longward of ⇠640 nm and is thus to a certain ex-
tent useful for probing the atmosphere of HD 209458b for the
presence of TiO. We therefore cross-correlate the residuals with
the TiO template at a VMR of 10�7, using only wavelengths be-
tween 640 nm–682 nm, the result of which is shown in the top
row of Fig. 10.

Injecting the template into the residuals like before reveals
a theoretical sensitivity of 7.6� (top right panel of Fig. 10).
However, because the line list is only partially accurate at these
wavelengths, this is only an upper limit: That is, if line list was
perfect, the presence of TiO in the atmosphere of HD 209458b
at a VMR of 10�7 would have been retrieved with a significance
of 7.6�. Though since the line list su↵ers from unknown inac-
curacies, the true limiting VMR is not determined.

Earlier it was shown (Fig. 6) that if the temperature-pressure
environment of the TiO template does not match that of the data,
the correlation is not strongly a↵ected. Therefore, although the
temperature of the photosphere of Barnard’s star is some 1500 K
higher than the atmosphere of HD 209458b in the terminator re-
gion, the TiO absorption present in the spectra of M dwarfs may
also be useful for identifying TiO absorption in exoplanet atmo-
spheres at high resolution. As shown before (Fig. 7), the pres-
ence of noise in a cross-correlation template does not destroy the
cross-correlation at high-resolution, and thus we propose to use
the HARPS spectrum of Barnard’s star as a template for cross-
correlation with the HDS data of HD 209458b.

Injecting the absorption spectrum of Barnard’s star into the
residuals of the HDS data does not provide a physically mean-
ingful sensitivity. Although our template at ⇠1500 K correlates
significantly with the stellar atmosphere models, the absorption
spectrum of an M dwarf is not a good model for the absorption

spectrum of the upper atmosphere of HD 209458b during transit,
because the underlying physical parameters are very di↵erent.
In addition to the di↵erent temperature-pressure environments,
the presence of other species in an M dwarf’s photosphere and
the di↵erent continuum level (HD 209458 is a solar type star)
make it di�cult to adjust Barnard’s star’s absorption spectrum
to form a template from which parameters such as the limiting
VMR can be derived as before. Extracting a physically meaning-
ful TiO absorption spectrum from real-world absorption spectra
of M dwarfs would require more work and is beyond the scope
of this paper. For now, we only use Barnard’s star’s spectrum
to qualitatively probe for the presence of TiO absorption in the
HDS dataset. The resulting cross-correlation is shown in Fig. 10.
Again, no significant correlation is detected.

4. Conclusion

We have probed the optical transmission spectrum of
HD 209458b for TiO absorption using the time-dependent ra-
dial velocity of the planet, which can be spectrally resolved at
high resolution. At first glance our null-result seems to in con-
trast with the possible detection of TiO by Désert et al. (2008)
and to be in line with more recent observations of hot Jupiters
and models. Injection of model TiO spectra into the data shows
that our cross-correlation retrieval method is sensitive to VMR
down to 10�10, and is thus theoretically capable of ruling out the
presence of TiO at a stringent level.

However, this method relies on the accuracy of template
spectra of TiO at resolutions of R ⇠ 105. Although such tem-
plates are available in the literature, we observe that the line
databases used to synthesize these spectra are based on model
calculations of the TiO molecule that display widespread inac-
curacies. We infer that the energy levels of the TiO molecule
are not determined well enough to accurately synthesize absorp-
tion spectra at these resolutions. Nonetheless, we have found
that the TiO line list used to generate our template spectrum
is accurate to some extent at wavelengths between 640 nm and
670 nm and that the spectra of M dwarfs can also serve as
cross-correlation templates. However, using a high-resolution
spectrum of Barnard’s star and restricting our template to the

A20, page 8 of 10
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C O N S T R A I N T S  O N  R A D I AT I V E /
D Y N A M I C A L  T I M E S C A L E S

GCM predictions: 
 

T
rot

= ⇠ 40 hr

T
rot

= ⇠ 93 hr

⌧rad = ⇠ 4.04 hr at 4.5 µm

⇠ 1.28 hr at 8.0 µm

Observations:

⌧rad = ⇠ 5 hr

Pseudo-synchronization may not be a good assumption!



M O D E L I N G  C O M P O S I T I O N

Forward models

Retrievals
et al. 2011) and WASP-43b (Kreidberg et al. 2014). This is
supported by current mass and radius measurements for
extrasolar planets, which suggest an inverse relationship
between mass and bulk metallicity (Miller & Fortney 2011;
Thorngren et al. 2015). Surface gravity is also proportional to
mass, and lower surface gravity should correspond to lower
settling rates and correspondingly longer lifetimes for con-
densates at high altitudes.

If metallicity or surface gravity is the dominant factor in the
formation of high altitude cloudswe would expect less massive
planets to have thicker hazes than their more massive
counterparts. WASP-39b is the least massive and therefore
the most likely to be metal-rich according to this empirical
scaling relation, and yet has the clearest atmosphere in

transmission. For these three planetsthe relative amount of
haze appears to increase with increasing planet mass. However,
this trend fails to predict the transmission spectrum observed
for HAT-P-12b, which is slightly less massive and cooler than
WASP-39b and yet appears to possess a thick cloud or haze
layer. Alternatively, we consider the stellar metallicities of the
three host stars as a proxy for the likely atmospheric
metallicities of the planets. We find no evidence for a
correlation between the observed haze opacity and the stellar

Figure 9. Measured transmission spectrum and forward models scaled to WASP-39b for clear solar metallicity (cyan), solar metallicity with weak haze (orange), and
clear sub-solar (0.1×) metallicity (blue). Squares show the model binned to the data wavelengths. Each model is consistent with the transmission spectrum to within
the uncertainties.

Table 4
Model Fit Statistics

Model N, dof c2 BICa

0.1× solar metallicity, clear 35, 34 28.0 31.6
Solar metallicity, clear 35, 34 35.8 39.4
Solar metallicity, 10 × scattering 35, 34 41.8 45.4
Solar metallicity, 100 × scattering 35, 34 80.3 83.9
Solar metallicity, 1000 × scattering 35, 34 130 134

Analytical, 0.1 × solar metallicity 35, 31 33.4 47.6
Analytical, without Na 35, 32 47.4 61.6
Analytical, without K 35, 32 57.7 71.9

Note.
a Although the BIC is not a particularly meaningful concept for fixed forward
models with one free parameter, we include it here in order to facilitate
comparisons between this set of forward models and the analytical models
which include either threeor fourfree parameters.

Figure 10. Comparison of analytical models with no Na (green) or no K (red)
to the measured transmission spectrum (black filled circles). We also plot the
0.1× solar metallicity model (blue) for comparison. The top spectra have been
offset vertically by 0.01 Rp/R*.
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(a)

(b)

Figure 1. Emission and transmission spectra for WASP-43b. (a) The emission spectrum measurements from HST/WFC3 (white circles) and Spitzer/IRAC (white
squares; inset). (b) The transmission spectrum from WFC3 (white circles). For both panels, the uncertainties correspond to 1σ errors from a Markov chain fit. The error
bars for the Spitzer measurements are smaller than the symbols. We show the best-fit models from our retrieval analysis (dark blue lines) with 1σ and 2σ confidence
regions denoted by blue and cyan shading. The blue circles indicate the best-fit model averaged over the bandpass of each spectroscopic channel. The fits to both the
emission and transmission spectra have chi-squared values nearly equal to the number of data points n (χ2/n = 1.2 for both).
(A color version of this figure is available in the online journal.)

Kreidberg et al. 2014; Knutson et al. 2014; McCullough et al.
2014). We use HST/WFC3 to measure precise transmission
and emission spectra for the 2 MJup, short-period exoplanet
WASP-43b that enable comparative planetology with gas giants
in the solar system.

2. OBSERVATIONS AND DATA REDUCTION

We observed three full-orbit phase curves, three primary
transits, and two secondary eclipses of WASP-43b with 61 HST
orbits as part of GO Program 13467. During the observations,
we obtained low-resolution time series spectroscopy with the
WFC3 G141 grism over the wavelength range 1.1–1.7 µm. The
phase curves each span the entire orbital period of the planet
(19.5 hr) and include coverage of a transit and eclipse, yielding
a total of six transit and five eclipse observations. Further details
of the observing campaign are described in a companion paper
(K. B. Stevenson et al. 2014, in preparation). We focus here on
constraints on the planet’s water abundance obtained from the
transit and eclipse data.

We extracted spectroscopic light curves from the data using
a technique outlined in past work (Kreidberg et al. 2014).

In our analysis, we used a subset of the total observations,
including only spectra obtained within 160 minutes of the
time of central transit or eclipse. We fit the spectroscopic light
curves to derive transmission and emission spectra, shown in
Figure 1.

The light curve fits consisted of either a transit or eclipse
model (as appropriate, Mandel & Agol 2002) multiplied by an
analytic function of time used to correct systematic trends in the
data. The dominant systematic is an HST orbit-long ramp (Berta
et al. 2012; Deming et al. 2013; Kreidberg et al. 2014; Wilkins
et al. 2014), which we fit with an exponential function (using the
model-ramp parameterization from Kreidberg et al. 2014). The
free parameters in our transit model are the planet-to-star radius
ratio and a linear limb darkening coefficient. The eclipse model
has one free parameter, the planet-to-star flux ratio. In all of our
spectroscopic light curve fits, we fixed the orbital inclination to
82.◦1, the ratio of semimajor axis to stellar radius to 4.872, and
the time of central transit to 2456601.02748 BJDTDB based on
the best fit to the band-integrated (“white”) transit light curve.
For the eclipse data, we also fixed the planet-to-star radius ratio
to Rp/Rs = 0.12. Our models use an orbital period equal to
0.81347436 days (Blecic et al. 2014). The secondary eclipse

2

Kreidberg et al. 2014, ApJ
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Figure 3.10 Top panel: Predicted flux ratios during secondary eclipse versus wave-
length for 1× solar (red profiles) and 5× solar (blue profiles) atmospheric compo-
sitions. Overplotted in black squares is the WFC3 dayside spectrum obtained by
Stevenson et al. 2014. Middle panel: Lightcurves for 1× and 5× solar models plotted
as a function of orbital phase at Spitzer 3.6 (solid lines) and 4.5 (dashed lines) micron
bands. Bottom panel: Lightcurves for 1× and 5× solar models plotted as a function
of orbital phase for each composition in a band-integrated “white” light curve form
over WFC3 wavelengths. Overplotted in black are the raw WFC3 observations. For
all three light curves, transit occurs at an orbital phase of 0.0, while secondary eclipse
occurs at a orbital phase of 0.5.
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Kataria et al. 2015
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Figure 13. Comparison of our 1× and 5× solar models of WASP-43b (red and blue lines, respectively) with the spectroscopic phase
curves obtained by WFC3 at each binned wavelength (black points, with error bars). For each curve, transit occurs at an orbital phase of
0.0 and secondary eclipse occurs at a phase of 0.5.
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Figure 14. Comparison of our predicted flux ratios of WASP-43b at 1× and 5× solar (red and blue lines, respectively), with the WFC3
emission spectrum at each binned phase (black squares, with error bars).
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Fig. 6.— Summary of the 1 TP vs. 2 TP retrievals on the HST WFC3 + Spitzer IRAC observations of WASP-43b. In the left panel,
the data are shown as the black diamonds with error bars (WFC3 between 1 and 2 µm and the Spitzer IRAC points at 3.6 and 4.5 µm).
The fits and temperature profiles (inset) are summarized with a median (solid line) and 68% confidence interval (spread) generated from
1000 randomly drawn parameter vectors from the posterior. Red corresponds to the fits/temperature profiles resulting from a single TP
profile fit, while blue are a result of including two temperature profiles in the retrieval. The dot-dashed TP profile is the coldest profile
permitted by the model: a non-irradiated cooling profile governed by the 200K internal temperature. At two sigma, the retrieved night-side
TP profile is consistent with the coldest permitted profile, suggesting that the retrieved night-side temperatures are an upper limit. We
also show GCM derived TP profiles for the east terminator (black dashed) and dayside (purple dashed). The single TP profile fit matches
the east terminator GCM profile well, while the dayside TP in the 2TP fit matches the GCM derived dayside TP profile reasonably well.
The “scale height” temperature retrieved from the WASP-43b transmission spectra (Kreidberg et al. 2014) is shown as the horizontal error
bar. This temperature assumes an isothermal profile seen in transmission. Finally, the water and methane abundance posteriors are shown
in the right panel. For simplicity, we do not show the posteriors of the other molecules whose abundances were retrieved (NH3, CO, CO2).
Note the water abundance here seems invariant under the 1-(red) or 2-(blue) TP assumptions, but the methane abundance is artificially
well-constrained when assuming only 1 TP. Approximate thermochemical equilibrium molecular abundances at 1700K, 0.4 bars (dayside
photospheric conditions) with solar elemental composition are shown with the dashed lines.

at solar composition or solar composition with quenched
methane. We are inclined to believe the latter scenario
(two profiles) given our synthetic test cases and the fairly
strong detection thresh-hold for the 2nd TP profile. The
broad methane upper limit permits both chemical sit-
uations. Furthermore, Kreidberg et al. (2014) found
only an upper limit on the methane abundance from the
day side emission and transmission spectra of WASP-
43b. Had disequilibrium methane been as present as it
appeared so here, under the single TP assumption, we
would have expected a similar, if not higher, degree of
constraint on the methane abundance due to the slightly
higher signal-to-noise of the feature during occultation.
This WASP-43b example clearly points out a degeneracy
in the interpretation of the spectrum, non-equilibrium
chemistry or not, which can only be lifted with a robust
determination of additional TP profiles that comes from
higher S/N spectra over a wider wavelength range.
For the third quarter, the posterior for methane re-

mains constrained regardless of the retrieval set-up. In-
stead of a statement on the chemical processes present at
this phase, we take this result to highlight future work
that should be done to examine the e↵ects of utilizing
broadband photometric points and the consistency of re-
trievals for a full phase curve.

6. FUTURE WORK

As we continue to push the envelope in exoplanet at-
mosphere observations, at the cutting edge we will al-
ways be trying to make initial inferences about plan-
etary climate and atmospheric abundances from data
with limited wavelength ranges and less than ideal signal-
to-noise. Here we have shown that with sparse data,
and even with outstanding data over a wide wavelength
range, that modeling choices can dramatically impact
our view of an atmosphere’s retrieved parameters. In
addition to considering and defending choices made for
observational strategies and data reduction methods, it
would be wise for us to also consider choices made in the
construction of our model retrievals.
This manuscript serves as an initial investigation of the

impact of spatial inhomogeneities on our interpretation
of emission spectra. Much work remains to be explored,
including, but not limited to the impacts of: spatially
non-homogeneous molecular abundances driven by dis-
equilibrium processes or instantaneous equilibrium, day
side single or multiple “hot-spots”, optically thick non-
uniform clouds (like in brown dwarfs), and a more thor-
ough sweep of the observational parameter space (wave-
length coverage, signal-to-noise, resolution).
The exploration of observational set-ups is especially

important in the coming years. The current wavelength
coverage provided by WFC3+IRAC does not o↵er the in-

Feng et al. 2016



C H A R A C T E R I Z I N G  S U P E R  
E A R T H S



Classification	of	Super-Earth	
Atmospheres

0.1 0.2 0.5 1 2 5 100
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

XC/XO

X H

Water-rich
Atmosphere

Oxygen-rich
Atmosphere

Chemically as Gas Giant Atmospheres

Hydrocarbon
-rich 
Atmosphere

H2, CO,
CH4, CO2,
H2O

CO,
CO2

Depend on 
Temperature

Hu & Seager 2014



Emission	spectra
• Emission spectra will distinguish types of super-Earth atmospheres
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Figure 4.2 Zonal-mean zonal wind for H2-dominated compositions of GJ 1214b. The
plots correspond to atmospheric compositions of 1×, 30×, and 50× solar. Zonal-mean
isentropes (potential temperature contours) are overplotted in red in intervals of 500
K. Note the winds are plotted on the same colorscale.
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Figure 4.2 Zonal-mean zonal wind for H2-dominated compositions of GJ 1214b. The
plots correspond to atmospheric compositions of 1×, 30×, and 50× solar. Zonal-mean
isentropes (potential temperature contours) are overplotted in red in intervals of 500
K. Note the winds are plotted on the same colorscale.
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Figure 4.5 Zonal-mean zonal wind (left column) and wind and temperature at 30
mbar (right column) for high MMW atmospheric compositions of GJ 1214b. Each
pair of plots correspond to atmospheric compositions of (from top to bottom) 99%
H2O, 1% CO2; 50% H2O, 50% CO2; and 99% CO2, 1% H2O. Zonal-mean isentropes
are overplotted in red in intervals of 250 K. The panels in each column are shown
with the same colorscale.
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Figure 4.5 Zonal-mean zonal wind (left column) and wind and temperature at 30
mbar (right column) for high MMW atmospheric compositions of GJ 1214b. Each
pair of plots correspond to atmospheric compositions of (from top to bottom) 99%
H2O, 1% CO2; 50% H2O, 50% CO2; and 99% CO2, 1% H2O. Zonal-mean isentropes
are overplotted in red in intervals of 250 K. The panels in each column are shown
with the same colorscale.
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M O D E L I N G  C L O U D S

Figure 4: Schematic illustration (modified from Lodders 2004) of cloud layers expected
in extrasolar planet atmospheres based on consideration of equilibrium chem-
istry in the presence of precipitation. The three panels correspond roughly to
e�ective temperatures T

e�

of approximately 120 K (Jupiter-like, left), to 600
K (middle) to 1300 K (right). Note that with falling atmospheric temperature
the more refractory clouds form at progressively greater depth in the atmo-
sphere and new clouds composed of more volatile species form near the top of
the atmosphere.

predicted far too great of a dust load in cooler objects. Thus it was apparent that an
accounting for sedimentation of grain particles was required. One approach used in the
literature was to set a variable “critical” temperature for a given cloud such that cloud
particles would only be found between cloud base and the specified temperature (Tsuji,
2002). Another approach was to limit the cloud to be confined within an arbitrary
distance, usually one scale-height, of cloud base. Both such approaches required the
choice of an arbitrary particle size for the grains. The advantage of such approaches is
that they are computationally very tractable for modeling and thus allow the exploration
of a large parameter space. One disadvantage is that it is di�cult to consider particle
size e�ects and other complexities.

In order to allow for vertically-varying particle number densities and sizes a second
approach was suggested by Ackerman & Marley (2001). In their formulation downward
transport of particles by sedimentation is balanced by upwards mixing of vapor and
condensate (either solid grains or liquid drops),

≠ K
zz

ˆqt

ˆz
≠ f

sed

wúqc = 0 (1)

where K
zz

is the vertical eddy di�usion coe�cient, q
t

is the mixing ratio of condensate
and vapor, q

c

is the mixing ratio of condensate, w* is the convective velocity scale, and

26

Ackerman & Marley (2001)

Figure 5: Composition of atmospheric cloud layers for a T
e�

= 1600 K, log(g)=5 brown
dwarf as computed by the dust model of Helling and collaborators (Helling
et al. 2008). The vertical axis is atmospheric temperature with the top of
the atmosphere to the top of the figure. The horizontal axis gives the relative
volumes V

s

of each dust species indicated by line labels as a ratio to the total
dust volume V

tot

. Unlike the Ackerman & Marley condensation equilibrium
approach, this model predicts that MgO and SiO

2

are important condensates
along with the TiO

2

seed particles that are formed at the top of the model.

4.5.3 Other Approaches

More simplified approaches have also been taken for cloud models, such as specifying
particle sizes and cloud heights. Sudarsky et al. (2000; 2003) computed model exoplanet
albedo spectra given various particle size and cloud height assumptions. In particu-
lar they utilized the Deirmendjian (1964) size distribution and explored the e�ects of
changing mean cloud particle sizes and widths of the size distribution. Sudarsky et
al. (2000) also considered the e�ects of various plausible photochemical hazes on giant
planet albedo spectra.

Cooper et al. (2003) employed the timescale comparison framework pioneered by

29

Helling et al. 2008
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Sing et al. (2016)

Three-dimensional temperature structure must be considered
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2 Line & Parmentier

gradient of several hundreds of degrees. This eastward
shift in temperature was first predicted by Showman and
Guillot (2002) and since observed in a a number of hot
Jupiter’s (Knutson et al. 2007;2009;2012; Crossfield et al.
2010; Cowan et al. 2012; Lewis et al. 2013; Stevenson et
al. 2014). Such a large horizontal temperature gradient
can lead to longitudinally varying cloud cover as numer-
ous condensable species can be in a condensed state on
the west limb but gaseous in the east limb. Recent phase
curve observations in visible light from the Kepler space-
craft are strongly suggestive of inhomogeneous dayside
cloud coverage, with cloudy western daysides and clear
eastern daysides (Demory et al. 2013, Shporer & Hu
2015; Hu et al. 2015; Esteves et al. 2015; Parmentier
et al. 2015, submitted), very much in agreement with
expectations.
In the remainder of the paper we describe how a non-

uniform cloud cover along the planetary terminator can
influence the observed transit transmission spectra and
how failing to account for non-uniform cloud cover can
bias molecular abundance determinations. In §2 we il-
lustrate the basic idea and describe the impact that
non-uniform terminator cloud cover can have on tran-
sit transmission spectra. In §3 we show quantitatively,
via atmospheric retrievals, how non-uniform cloud cover
can impact water abundance determinations on both
synthetic data and two well observed planets, the hot-
Jupiter HD189733b and warm Neptune HAT-P-11b. In
§4 we show how non-uniform cloud cover can present
itself as residuals in transit light curves. Finally we sum-
marize our findings, caveats, and discuss implications.

2. BASIC CONCEPT AND IMPACT’S ON TRANSIT
TRANSMISSION SPECTRA

We use a transit transmission forward model (Line
et al. 2013; Swain, Line, & Deroo 2014; Kreidberg
et al. 2014b;15) to generate a variety of spectra over
the HST WFC3 bandpass to illustrate the basic con-
cept. The model uses the equations described in Brown
(2001) and Tinetti et al. (2012). The inputs are a scale
height isothermal temperature (T), a 10 bar radius scal-
ing (xR

p

), opaque gray cloud top pressure (P
c

), a termi-
nator cloud fraction (f), and the gas abundances. For
simplicity we include only water as the gaseous absorber
as it has been the only molecule robustly detected over
the WFC3 bandpass. The remaining “filler” gas is as-
sumed to be a mixture of molecular hydrogen and helium
in solar proportions. Clouds are modeled rather simplis-
tically assuming that no light is transmitted through the
atmosphere at pressures deeper than P

c

. Non-uniform
cloudy transmission spectra are computed via a linear
combination of a globally clear atmosphere and globally
cloudy atmosphere (similar to Marley et al. 2010; Mor-
ley et al. 2014 for brown dwarf emission spectra) using
the following:

↵

�,f

= f↵

�,cloudy

+ (1� f)↵
�,clear

(1)

where ↵
�,f

is the wavelength dependent eclipse depth for
cloud fraction f , ↵

�,cloudy

and ↵

�,clear

are the wavelength
dependent eclipse depths for a globally cloudy and glob-
ally clear atmosphere, respectively. This is e↵ectively a
“2-dimensional” model as we don’t consider variations
along the tangent rays (unlike in Fortney 2010; Burrows
et al. 2010). Figure 1 illustrates the basic concept for two

Global
0.01mbar 

Cloud

Morning
Terminator
0.01mbar 

Cloud

Cloudy Annulus
Clear Annulus
10 bar Radius

Hot Jupiter

Warm Neptune

Clear Solar 
Global 0.01 mbar Cloud Solar
Patchy Cloud Solar 
Clear High Metallicity
Global 1 mbar Cloud Solar

Fig. 1.— Impact of non-uniform cloud cover on a hot-Jupiter
and warm-Neptune transit transmission spectrum. The cartoon at
the top illustrates the relative change in radius (to scale for the hot
Jupiter) due to the the clear and cloudy annuli. In the bottom two
panels we compare representative spectra of di↵erent commonly
encountered atmospheric scenarios for a hot Jupiter (middle) and
warm Neptune (bottom) (see Table 1) with partial cloudy spectra
. The spectra are o↵set to have zero mean. Note the near identical
match between the patchy cloud and high metallicity spectra.

representative planets, a hot Jupiter and a warm Nep-
tune. The necessary planet and atmosphere parameters
are shown in Table 1.
For this setup we use a relatively high altitude opaque

cloud in order to substantially flatten the spectra, a rea-
sonable cloud top pressure in lieu of recently observed
flat transmission spectra (Kreidberg et al. 2014, Knut-
son et al. 2014, Morley et al. 2012;2015) and GCM
tracer studies (Parmentier et al. 2013, Charnay et al.
2015b). We see that the non-uniform cloud cover damps
the spectral features as it is an average of a near flat
line and a clear atmosphere. Certainly di↵erent cloud
distributions (e.g., a cloudy northern hemisphere, clear

Line and Parmentier (2016)

Need for broader 
wavelength 
coverage 

Need for JWST



H A Z Y  S U P E R  E A R T H S  I N  E M I S S I O N

that, because the tholins absorb much less of the stellar
irradiation, the upper atmospheres do not warm and form a
temperature inversion.7 Without a temperature inversion, none
of the emission features seen in the spectra with soot haze are
seen in spectra with tholin haze. In addition, more of the
spectral features at near-infrared wavelengths are preserved.

The bottom right panel shows albedo spectra. The first
obvious change is that tholin hazes scatter much more
efficiently, making the albedo spectra overall much brighter
(15%–30% between 0.7 and 1 μm). The tholin hazes absorb
more efficiently at blue wavelengths (0.3–0.6 μm), causing the
spectrum to be darker at blue wavelengths and brighter at red

wavelengths. Features from methane are easily visible
around 0.9 μm.

4.7. Photochemistry At Higher Metallicities

All of the hazy models presented here assume compositions
of 50× solar metallicity; however, the metallicities of low
mass, low density planets may be higher (see Section 5.1).
There are several competing effects that control the formation
of hazes in higher metallicity atmospheres and the amplitude of
features in their transmission spectra. Higher metallicity
atmospheres ( 50> ´ solar) have higher mean molecular weights
and therefore smaller scale heights, reducing the amplitude of
features. The amount of carbon available increases (by
definition) uniformly at higher metallicities. However, the
abundance of soot precursors available to form hazes does not

Figure 16. Thermal emission spectra with photochemical haze. Each panel shows a different irradiation level. Cloud-free models are shown as gray lines; models with
haze particle sizes of 0.03 and 0.3 μm and fhazeof 1% and 10% are shown as colored lines, with hazier models in darker colors. The fonts in the captions are bolded if
the transmission spectrum with those parameters fits the Kreidberg et al. (2014b) data.

7 This finding of course differs from Titan’s actual atmosphere which does
have a haze-caused temperature inversion (McKay et al. 1991).
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Potential to measure broad-band phase curves for GJ 
1214b and a number of super Earths

Barstow et al. 2015
Transit spectroscopy with JWST: Systematics 15

Figure 16. Primary transit spectra based on two different atmospheric models for GJ 1214b (15 transits). Both are compatible with
current data, but they diverge at wavelengths that will be sampled for the first time with JWST. Existing data are as shown in
Barstow et al. (2013b), with the data from Kreidberg et al. (2014) and Fraine et al. (2013) added. The dark/light grey lines show models
with the cloud top at 0.1/0.01 mbar.

Figure 17. Retrieval of H2O abundance from 15 transits of GJ 1214b if the cloud top pressure used in the retrieval is the same as the
input (1 mbar, left) and if it is higher (0.1 mbar, right). The χ2/n values where the incorrect cloud top pressure is used are higher,
indicating that the fit is not as good and demonstrating sensitivity to cloud top pressure.

5.3 Target searches

In order to fully exploit JWST ’s sensitivity, we require more
super-Earth targets orbiting relatively nearby M dwarf stars.
Over the next few years, ground-based and space-based sur-
veys should provide more of these interesting targets. The
Next Generation Transit Survey (NGTS) (Chazelas et al.
2012) is particularly suited to this because it operates be-
tween 600 and 900 nm, a wavelength range closer to the
flux peak of cooler stars. Ideally, JWST would undertake
an atmospheric survey of a range of super-Earth planets
similar to GJ 1214b, to investigate the typical range of at-
mospheric types and conditions, but at the moment there
are very few for which follow up is possible. JWST ’s high
sensitivity may make follow up easier for more distant tar-
gets, but if the majority of these small, super-Earth worlds
are as cloudy as GJ 1214b, atmospheric signals for planets
around more distant stars are still likely to be prohibitively
small. Therefore, an important goal for the few years lead-
ing up to the launch of JWST is the detection of other
super-Earth planets at comparable distances to that of GJ
1214b. The MEarth survey that discovered GJ 1214b and
its counterpart, MEarth South (Irwin, J. et al. 2014), are
likely to contribute to JWST ’s target list of small planets, as

will the K2 mission (Demory et al. 2013; Vanderburg et al.
2014) and SPECULOOS survey (Gillon et al. 2013). The ad-
dition of the HAT-South network (Bakos et al. 2009) to the
radial velocity search effort should also yield more planets
with constrained masses.

Other surveys such as the Transiting Exoplanet Survey
Satellite (TESS, Ricker 2014), due to launch in 2017 to look
at nearby bright stars, and continuing efforts such as the
WASP survey for hot Jupiters (Christian 2006) will also
provide interesting targets for JWST.

5.4 Cloudy atmosphere models

Clouds clearly play a very important role in the atmosphere
of GJ 1214b, and there is also evidence of their presence in
hot Jupiter atmospheres. Until recently, the majority of at-
mospheric models have been cloud-free, but as the evidence
for exoplanet clouds increases this is no longer a reason-
able approach. JWST transit observations should aid dis-
crimination between cloudy and clear atmospheres, and for
favourable targets may allow constraints to be placed on
the composition, structure and particle size of any clouds
present (e.g. Wakeford & Sing 2014). We defer more detailed
explanation of this issue to a future paper, which will focus

T R A N S M I S S I O N  S P E C T R O S C O P Y  O F  
S U P E R  E A R T H S  W I T H  J W S T

dark grey - cloud top at 0.1 mbar
light grey - cloud top at 0.01 mbar 



Stars Brighter than J=10

1 10 100
Orbital Period (days)

1

10

Pl
an

et
 ra

di
us

 (E
ar

th
 ra

di
i)

Known Planets, May 2014

Earth-sized   

Super-Earths   

Sub-Neptunes   

Stars Brighter than J=10

1 10 100
Orbital Period (days)

1

10

Pl
an

et
 ra

di
us

 (E
ar

th
 ra

di
i)

Stars Brighter than J=10

1 10 100
Orbital Period (days)

1

10

Pl
an

et
 ra

di
us

 (E
ar

th
 ra

di
i)

Predicted TESS Yield
Known Planets, May 2014

Earth-sized   

Super-Earths   

Sub-Neptunes   

Stars Brighter than J=10

1 10 100
Orbital Period (days)

1

10

Pl
an

et
 ra

di
us

 (E
ar

th
 ra

di
i)

Figure 9. Sizes and orbital periods of planets with host stars brighter than J = 10. Left.—Currently known planets,
including those from the Kepler and CoRoT missions as well as ground-based surveys. Right.—Including the simulated
population of TESS detections.

than the Sun, (c) about 2,000 upper-main-sequence and subgiant stars, and (d) virtually all the giant stars.
Stars that are not suitable for planet searching but are appropriate for asteroseismology (such as giants) can be
added to the TESS input catalog at minimal cost.

The key features enabling TESS’s advances in this area are all-sky coverage and relatively fine time sampling.
Compared to similar stars studied by CoRoT and Kepler, the TESS stars will be more numerous, brighter,
and nearer to the Earth. TESS stars will have accurately known parallaxes, will be much more amenable to
interferometric and radial-velocity studies, and are themselves among the likely targets for future, imaging-based
missions to study exoplanets.

8.4 Full Frame Images

In addition to monitoring 200,000 pre-selected stars with a 2 min cadence, TESS will return a nearly continuous
series of full frame images (FFI) with an e↵ective exposure time of 30 min. As Kepler has shown, a 30 min
cadence still allows for the e�cient discovery of transiting planets. The FFIs will expand the transit search
to any star in the fields of view that is su�ciently bright, regardless of whether it was selected ahead of time.
This will reduce the impact of any imperfections in the target star catalog, and allow the search sample to
extend beyond the FGKM dwarfs that are the focus of the mission. In addition, the transit candidates that
are identified in the FFIs during the baseline TESS mission could be selected for shorter-cadence observations
during an extended mission.

The FFIs will also enable a wide variety of other scientific investigations, such as the detection and monitoring
or nearby supernovae and gamma-ray burst afterglows, bright AGN outbursts, near-Earth asteroids, eclipsing

3URF��RI�63,(�9RO�����������������

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/15/2015 Terms of Use: http://spiedl.org/terms

A T M O S P H E R I C  C I R C U L A T I O N  I N  T H E  E R A  
O F  T E S S  A N D  J W S T    

The Astrophysical Journal Letters, 771:L45 (6pp), 2013 July 10 Yang, Cowan, & Abbot

(a) (b)

(c) (d)

Figure 1. Cloud behavior for tidally (left) and non-tidally (right) locked planets. High-level cloud fraction (top) and low-level cloud fraction (bottom) are displayed
in each case. The non-tidally locked case is in a 6:1 spin-orbit resonance. The stellar flux is 1400 W m−2. The black dot in (a) and (c) is substellar point.
(A color version of this figure is available in the online journal.)

concentration up to ≈0.1 bar (Abbot et al. 2012b) and water
vapor column content less than 1200 kg m−2 (Pierrehumbert
2010); in all our simulations CO2 and water vapor are below
these limits. Cloud absorption and shortwave scattering are rep-
resented in terms of cloud water content, cloud fraction, and
droplet effective radius. Cloud infrared scattering is not included
as it is negligible (Fu et al. 1997) due to high infrared absorp-
tion by water clouds (Pierrehumbert 2010). Cloud fraction is
parameterized based on relative humidity, atmospheric stability,
and convective mass fluxes. Cloud water content is determined
prognostically by a cloud microphysical scheme.

We have modified the models to be able to simulate the
climates of extrasolar planets with different stellar spectra,
orbits, and atmospheres. The stellar spectrum we use is for
an M-star (or K-star) with an effective temperature of 3400 (or
4500) K, assuming a blackbody spectral distribution. The stellar
flux is set to a sequence of values from 1000 to 2600 W m−2,
which corresponds to moving the planet closer to the central star.
The geothermal heat flux is set to zero. By default, the radius,
gravity, and orbital period of the planet are set to 2 R⊕ (R⊕ is
Earth’s radius), 1.4 g⊕ (g⊕ is Earth’s radius) and 60 Earth days
(E-days), respectively. Both the obliquity and eccentricity are
set to zero. For tidally locked simulations, the rotation period
is equal to the orbital period (1:1). For non-tidally locked
simulations, the spin-orbit resonance is set to 2:1 (or 6:1),
meaning that the rotation frequency is two (or six) times faster
than the orbital frequency.

The default atmosphere is 1.0 bar of N2 and H2O. Assuming
the silicate weathering hypothesis (Walker et al. 1981) is correct,
the CO2 level should be low near the inner edge of the HZ,
although this depends on the presence and location of continents
(Edson et al. 2012; Abbot et al. 2012a). We therefore set CO2
to zero, as well as CH4, N2O, and O3. Sensitivity tests with
different CO2 levels show that this has little effect on our results
(Section 5). The experimental design for CAM4 and CAM5 is
the same as CAM3, except that aerosols are set to zero in CAM3
and CAM4 but to twentieth century Earth conditions in CAM5
because its cloud scheme requires aerosols.

We consider three idealized continental configurations in
our ocean-atmosphere CCSM3 simulations: (1) aqua-planet:
a globally ocean covered planet; (2) one ridge: a thin barrier
that completely obstructs ocean flow running from pole to pole
on the eastern terminator; (3) two ridges: two thin barriers on
the western and eastern terminators, respectively. The planetary
parameters for the CCSM3 simulations are a 37 E-days orbit
period, a radius of 1.5 R⊕, and gravity of 1.38 g⊕ around an
M-star.

3. THE STABILIZING CLOUD FEEDBACK

For tidally locked planets, most of the dayside is covered by
clouds (Figure 1) with a high cloud water content (several times
Earth’s), arising from near-surface convergence and resulting
convection at the substellar point. This circulation produces
high-level and low-level clouds covering ≈60% and 80%
of the dayside, respectively. Since thick clouds occur right
where the insolation is highest, they significantly increase the
planetary albedo. Furthermore, the planetary albedo increases
with the stellar flux (S0) for planets around both M- and
K-stars (Figure 2), leading to a stabilizing cloud feedback on
climate. This is due to increased convection at the substellar
point as surface temperatures there increase. For an insolation
of 2200 W m−2 and an M-star spectrum, the planetary albedo
reaches 0.53, and the maximum surface temperature on the
planet is only 305 K. The greenhouse effect from clouds
is similar to that on Earth, with a global-mean value of
20–30 W m−2. For a hotter K-star, the stellar spectrum is such
that the planetary albedo is higher at all stellar fluxes and reaches
0.60 for S0 = 2600 W m−2. Assuming HD 85512 b (Pepe et al.
2011) is tidally locked and Earth-like, our calculations suggest
it has an albedo of 0.59 and a mean surface temperature of
271 K. The recently discovered super-Earth GJ 163 c (Bonfils
et al. 2013), provided it is tidally locked, should also have a high
albedo and therefore be habitable.

The cloud behavior for non-tidally locked planets contrasts
markedly with that of tidally locked planets. Non-tidally locked
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Figure 1. Cloud behavior for tidally (left) and non-tidally (right) locked planets. High-level cloud fraction (top) and low-level cloud fraction (bottom) are displayed
in each case. The non-tidally locked case is in a 6:1 spin-orbit resonance. The stellar flux is 1400 W m−2. The black dot in (a) and (c) is substellar point.
(A color version of this figure is available in the online journal.)

concentration up to ≈0.1 bar (Abbot et al. 2012b) and water
vapor column content less than 1200 kg m−2 (Pierrehumbert
2010); in all our simulations CO2 and water vapor are below
these limits. Cloud absorption and shortwave scattering are rep-
resented in terms of cloud water content, cloud fraction, and
droplet effective radius. Cloud infrared scattering is not included
as it is negligible (Fu et al. 1997) due to high infrared absorp-
tion by water clouds (Pierrehumbert 2010). Cloud fraction is
parameterized based on relative humidity, atmospheric stability,
and convective mass fluxes. Cloud water content is determined
prognostically by a cloud microphysical scheme.

We have modified the models to be able to simulate the
climates of extrasolar planets with different stellar spectra,
orbits, and atmospheres. The stellar spectrum we use is for
an M-star (or K-star) with an effective temperature of 3400 (or
4500) K, assuming a blackbody spectral distribution. The stellar
flux is set to a sequence of values from 1000 to 2600 W m−2,
which corresponds to moving the planet closer to the central star.
The geothermal heat flux is set to zero. By default, the radius,
gravity, and orbital period of the planet are set to 2 R⊕ (R⊕ is
Earth’s radius), 1.4 g⊕ (g⊕ is Earth’s radius) and 60 Earth days
(E-days), respectively. Both the obliquity and eccentricity are
set to zero. For tidally locked simulations, the rotation period
is equal to the orbital period (1:1). For non-tidally locked
simulations, the spin-orbit resonance is set to 2:1 (or 6:1),
meaning that the rotation frequency is two (or six) times faster
than the orbital frequency.

The default atmosphere is 1.0 bar of N2 and H2O. Assuming
the silicate weathering hypothesis (Walker et al. 1981) is correct,
the CO2 level should be low near the inner edge of the HZ,
although this depends on the presence and location of continents
(Edson et al. 2012; Abbot et al. 2012a). We therefore set CO2
to zero, as well as CH4, N2O, and O3. Sensitivity tests with
different CO2 levels show that this has little effect on our results
(Section 5). The experimental design for CAM4 and CAM5 is
the same as CAM3, except that aerosols are set to zero in CAM3
and CAM4 but to twentieth century Earth conditions in CAM5
because its cloud scheme requires aerosols.

We consider three idealized continental configurations in
our ocean-atmosphere CCSM3 simulations: (1) aqua-planet:
a globally ocean covered planet; (2) one ridge: a thin barrier
that completely obstructs ocean flow running from pole to pole
on the eastern terminator; (3) two ridges: two thin barriers on
the western and eastern terminators, respectively. The planetary
parameters for the CCSM3 simulations are a 37 E-days orbit
period, a radius of 1.5 R⊕, and gravity of 1.38 g⊕ around an
M-star.

3. THE STABILIZING CLOUD FEEDBACK

For tidally locked planets, most of the dayside is covered by
clouds (Figure 1) with a high cloud water content (several times
Earth’s), arising from near-surface convergence and resulting
convection at the substellar point. This circulation produces
high-level and low-level clouds covering ≈60% and 80%
of the dayside, respectively. Since thick clouds occur right
where the insolation is highest, they significantly increase the
planetary albedo. Furthermore, the planetary albedo increases
with the stellar flux (S0) for planets around both M- and
K-stars (Figure 2), leading to a stabilizing cloud feedback on
climate. This is due to increased convection at the substellar
point as surface temperatures there increase. For an insolation
of 2200 W m−2 and an M-star spectrum, the planetary albedo
reaches 0.53, and the maximum surface temperature on the
planet is only 305 K. The greenhouse effect from clouds
is similar to that on Earth, with a global-mean value of
20–30 W m−2. For a hotter K-star, the stellar spectrum is such
that the planetary albedo is higher at all stellar fluxes and reaches
0.60 for S0 = 2600 W m−2. Assuming HD 85512 b (Pepe et al.
2011) is tidally locked and Earth-like, our calculations suggest
it has an albedo of 0.59 and a mean surface temperature of
271 K. The recently discovered super-Earth GJ 163 c (Bonfils
et al. 2013), provided it is tidally locked, should also have a high
albedo and therefore be habitable.

The cloud behavior for non-tidally locked planets contrasts
markedly with that of tidally locked planets. Non-tidally locked
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(a) (b)

Figure 3. Thermal phase curves of tidally locked planets. (a) Phase curves for different atmospheres with stellar flux fixed at 1200 W m−2: airless, dry-air, water vapor,
and water vapor plus clouds, (b) phase curves for a full atmosphere including water vapor and clouds for different stellar fluxes: 1400, 1600, 2000 and 2200 W m−2.
The error bar in (b) is the expected precision of the James Webb Space Telescope for observations of a nearby super-Earth. The surface albedo for the airless and
dry-air cases is 0.2. The orbital period is 60 Earth-days.
(A color version of this figure is available in the online journal.)

limit suggested by Kasting et al. (1993). Future modeling, in-
cluding H2O photolysis and hydrogen escape, would be needed
to determine the moist greenhouse threshold for tidally locked
planets.

4. THERMAL PHASE CURVES

The key to observationally confirming the presence of sub-
stellar clouds is that they also affect the planet’s outgoing long-
wave radiation (OLR). Following Cowan et al. (2012b), we
use the OLR maps from the GCMs to compute time-resolved,
disk-integrated broadband thermal phase curves measured by
a distant observer (Figure 3). Interannual variability in OLR
is less 1% for our simulations; we therefore use the long-term
mean maps. The sub-observer latitude is set to zero. Although
this corresponds to an edge-on orbit for a zero-obliquity planet,
the transits and eclipses have been omitted for clarity.

An airless planet exhibits large-amplitude thermal phase vari-
ations with a peak at superior conjunction (Figure 3(a); see
also Maurin et al. 2012). For the dry-air case, the peak ther-
mal emission occurs slightly before superior conjunction be-
cause of equatorial superrotation (see also Selsis et al. 2011).
This is qualitatively similar to the eastward displacement of
5◦–60◦ typical for hot Jupiters (Knutson et al. 2007; Crossfield
et al. 2010; Cowan et al. 2012a; Maxted et al. 2013). Equa-
torial superrotation is a generic feature of tidally locked
planets arising from strong day–night forcing (Showman &
Polvani 2011).

Water vapor and clouds, however, dramatically modify the
phase curves. Water vapor is advected east of the substellar
point (Figure 4), where it absorbs outgoing thermal radiation,
which leads to a lightcurve maximum after superior conjunction
(Figure 3(b)). Substellar clouds also absorb thermal emission,
producing a local minimum in OLR (Figure 4(f)) that weakens
or completely reverses the day–night thermal flux contrast
(Figure 3(b)). Note that as the stellar flux is varied, the thermal
flux near superior conjunction stays roughly constant and equal
to the high-level cloud emission flux, which corresponds to the
temperature at the tropopause. If convective clouds occur on
hot Jupiters, the interpretation of their thermal phase variations
(e.g., Knutson et al. 2007) will have to be revisited.

To determine whether these phase curve features would be
detectable by the James Webb Space Telescope (JWST), we
estimate the expected signal-to-noise ratio. The contrast ratio
over some band [λ1, λ2] is given by

Fp

F∗
=

(
Rp

R∗

)2
∫ λ2

λ1
B(Tef, λ)dλ

∫ λ2

λ1
B(T∗, λ)dλ

, (1)

assuming that both the star and the planet emit as blackbodies.
Adopting values of Rp = 2R⊕, R∗ = 0.2R⊙, Tef = 240 K, and
T∗ = 3000 K, the band-integrated (10–28 µm) contrast for the
Mid-Infrared Instrument on JWST is 4.9 × 10−5.

To estimate the photometric precision one can expect for
JWST, we begin with the 4 × 10−5 precision obtained at 3.6 µm
for HD 189733 with the Spitzer Space Telescope (Knutson
et al. 2012). We then scale this by stellar flux and distance,
integration time, and telescope size, assuming Poisson noise,
σ/F∗ ∝ 1/

√
N . The number of photons is

N = πD2τ

(
R∗

d

)2 ∫ λ2

λ1

B(T∗, λ)
E(λ)

dλ (2)

where E(λ) = hc/λ is the energy per photon. We adopt
the same values as above, in addition to D = 6.5 m, τ =
1 day, and d = 5 or 20 pc (conservative distances to the
nearest non-transiting and transiting M-Dwarf HZ terrestrial
planets, respectively; Dressing & Charbonneau 2013). The
expected photometric precision is 2.5 × 10−7 (non-transiting)
and 1.0 × 10−6 (transiting). Note that the unknown radius
and orbital inclination of non-transiting planets (Cowan et al.
2007; Crossfield et al. 2010) is not an obstacle for the current
application because it is the lightcurve morphology, rather than
amplitude, that betrays the presence of substellar clouds.

Dividing the contrast ratio by the precision estimates, we
find that a one-day integration with JWST could produce a
49σ detection of broadband planetary emission for a nearby
transiting M-dwarf HZ planet (error bar in Figure 3(b)).

5. SENSITIVITY TESTS

We have performed sensitivity experiments over a wide range
of parameters, including cloud particle sizes, cloud fraction

4

Ricker et al. (2014)
Yang et al. (2013)



C I R C U L AT I O N  A N D  C H E M I S T R Y  O F  
T I TA N - L I K E  E X O P L A N E T S

Lora, Kataria, et al. in prep



T E S T I N G  C O L D  T R A P P I N G  W I T H  
W A S P - 1 2 1 B

picture of hot gas giant diversity (Sing et al. 2016). We note,
however, that the optical data cannot currently exclude a model
including both TiO/VO absorption and haze scattering for
WASP-121b. Such a model would be very similar to our best-fit
model (the red line in Figure 3), except that the effective radius
would continue increasing for wavelengths shortward of the B
bandpass. To confidently discount such a scenario, it will be
necessary to spectrally resolve the characteristic steep rise in
opacity at ∼0.35 μm due to TiO/VO with further observations.

Until then, the evidence for TiO/VO absorption in the
atmosphere of WASP-121b remains tentative, as it primarily
hinges upon the relative radius measured from the ground in
the r′ bandpass. We emphasize, however, that this measure-
ment is based on two light curves that produce consistent
results when analyzed separately and simultaneously (the top
panel of Figure 3). In addition, Delrez et al. (2016) report
ground-based secondary eclipse measurements in the z′
bandpass that imply a brightness temperature higher than the
equilibrium temperature predicted for zero Bond albedo and
instantaneous heat re-radiation. This could potentially be
explained by a thermal inversion, with TiO being observed in
emission in the z′ bandpass. Again, follow-up observations that

spectrally resolve the TiO/VO features will be necessary for
confirmation.
To date, HST spectroscopy data have been published for

three exoplanets with Teq > 2000 K. Of these, TiO/VO
absorption has been ruled out for WASP-12b (Teq ∼ 2600 K;
Sing et al. 2013) and WASP-19b (Teq ∼ 2100 K; Huitson
et al. 2013), while evidence for TiO emission has been reported
for WASP-33b (Teq ∼ 2700 K; Haynes et al. 2015). It is
possible that WASP-33b is hot enough to maintain TiO/VO in
the gas phase throughout its dayside atmosphere, whereas the
day–night terminators of WASP-12b and WASP-19b are too
cool, or cold trapping occurs elsewhere in their atmospheres.
However, the fact that WASP-121b has a lower equilibrium
temperature (Teq ∼ 2400 K) than WASP-12b, and yet shows
evidence for TiO/VO absorption at low pressures, indicates
that additional factors are at play. For instance, models predict
larger temperature contrasts between the dayside and nightside
hemispheres with increasing stellar irradiation and planet
metallicity (Dobbs-Dixon & Lin 2008; Fortney et al. 2008;
Kataria et al. 2015). It is thus plausible that WASP-12b, with its
higher irradiation and host star metallicity, has a cooler
nightside than WASP-121b, which could result in a nightside
cold trap for WASP-12b but not WASP-121b. Compositional

Figure 3. Measured transmission spectrum for WASP-121b with models. In the top panel, the unfilled gray data points show results for fits to individual photometric
light curves, with horizontal offsets applied for clarity, and the filled black data points show results for joint fits to all light curves in the corresponding bandpass. The
lower panel shows a zoomed-in view of the WFC3 transmission measurements. The models assume solar abundances and chemical equilibrium, with the exception of
TiO, VO, and FeH, the abundances of which were adjusted to fit the data. Red line: a clear atmosphere model including TiO, VO, and FeH opacity. Orange line: the
same as previous, but excluding FeH opacity to illustrate its effect. Green line: a hazy atmosphere model with enhanced Rayleigh scattering, excluding TiO, VO, and
FeH opacity. (Purple line) Clear atmosphere excluding TiO, VO, and FeH opacity.
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C O N C L U S I O N S

• Atmospheric models can be used to constrain a wide 
range of observational data 
• More sophistication necessary as new and innovative 

observational techniques are developed  
• There are still many outstanding questions to be 

answered 
• How does disequilibrium chemistry play a role in the 

circulation? 
• Where and how does magnetic drag play a role?  
• What is the nature of exoplanet clouds?
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