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Outline

• overview of substellar objects

• major chemical processes
• equilibrium processes
• disequilibrium processes
• role of cloud formation

“one gets such wholesale returns of conjecture
out of such a trifling investment of fact”
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Substellar objects

• first approximation: solar abundances of heavy elements (> He)
• expect similar chemical behavior for similar P - T conditions

object (class) mass properties
stars > 75 MJ fusion in interior

brown dwarfs 13 to 75MJ temporary D fusion

L dwarfs warmest BDs, C as CO

T dwarfs CH4 in spectra

Y dwarfs lower Teff (300-600 K)

planets < 13 MJ no fusion
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Substellar objects

Chen & Kipping 2016
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Substellar objects

• expect similar chemical behavior for similar P - T conditions
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Low-mass exoplanets

• may also possess H/He envelope

Lissauer et al 2011
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Transit observations

• provide constraints for theoretical models:
• bulk density, atmospheric composition & structure
• H, Na, H2O, CO, CO2, CH4 have all been detected

transit geometry
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Directly-imaged planets

HR 8799 system; spectra of HR 8799c, Konopacky et al 2013
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Model approach: what influences properties?

model-data comparison (left); atmospheric chemistry (right) for GJ 436b; Moses, Line, Visscher et al 2013

chemical models
bulk composition
gas chemistry
cloud formation

spectral models
synthetic spectra

observations
retrievals, constraints
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Fig. 14.— Synthetic emission spectra for GJ 436b for our
disequilibrium models that assume a 1× solar metallicity atmo-
sphere (dark red) and a 1000× solar metallicity atmosphere (or-
ange), in comparison with observations (data points with error
bars). The thermal profiles assumed in the models are shown in
Fig. 1, and the abundance profiles are shown in Fig. 13. The blue
squares represent the Spitzer secondary-eclipse data analyzed by
Stevenson et al. (2010), with an updated upper limit at 4.5-µm
from Stevenson et al. (2012), the purple diamonds represent the
Beaulieu et al. (2011) analysis of the same 3.6 and 4.5-µm data,
and the green triangle represents the analysis of 11 secondary
eclipses of GJ 436b in the 8-µm channel by Knutson et al. (2011).
The red and gold circles represent, respectively, the fluxes from
the 1× and 1000× solar models, averaged over the Spitzer band-
passes. The black dotted lines represent the planetary emission
(smoothed) assuming GJ 436b radiates as a blackbody at a tem-
perature of 500 K (lower curve), 800 K (middle curve), or 1100
K (upper curve). The apparent emission “spikes” represent stellar
absorption, as everything here is plotted in terms of the flux of the
planet divided by the flux of the star. A PHOENIX stellar model
(e.g., Hauschildt et al. 1999) with Teff = 3350 K was assumed for
the host star for all these calculations. A color version of this figure
is available in the online journal.

1000× solar 1-D PHOENIX models do. A larger thermal
gradient could also result in a hotter atmosphere at the
CH4-CO quench point, if the quench point occurs at a
high-enough altitude, pushing the atmosphere towards
greater CO dominance at the expense of CH4. That
would improve the relative 3.6-to-4.5-µm flux ratio in
comparison with observations. To investigate such a sce-
nario, we simply scale one of the thermal profiles derived
from the Madhusudhan & Seager (2011) MCMC analy-
sis upward uniformly in altitude to lower pressures and
run different disequilibrium chemistry models, assuming
different bulk atmospheric properties. The results from
one such model are shown in Fig. 15.
For the model presented in this figure, the atmospheric

C/H and N/H metallicity are assumed to be 300× so-
lar, the C/O ratio above the silicate clouds is assumed
to be 0.6 (which actually requires a slightly sub-solar
initial bulk C/O ratio if ∼21% of the oxygen is se-
questered in silicates and other condensates at deeper
atmospheric levels, as expected by Lodders 2010 and
Visscher et al. 2010a), and the eddy diffusion coefficient
follows the relation Kzz = 107 cm2 s−1 at pressures
P ≥ 10−4 bar, with Kzz increasing with the inverse
square root of atmospheric pressure at P < 10−4 bar.
The thermal profile as shown in the insert of Fig. 4 of
Madhusudhan & Seager (2011) has been shifted upward
uniformly by −1.2 in log10(P ) (i.e., pressures have been
multiplied by 10−1.2) to account for the higher-altitude

Fig. 15.— Mixing-ratio profiles for several species of interest
(as labeled) in our kinetics/transport models for GJ 436b, for an
assumed atmospheric metallicity of 300× solar in carbon and ni-
trogen, with the oxygen elemental abundance defined through an
assumed C/O ratio of 0.6. The eddy diffusion coefficients are taken
to be Kzz = 107 cm2 s−1 at P ≥ 10−4 bar, with Kzz increasing as
the inverse square root of the pressure at P < 10−4 bar. The ther-
mal profile is taken from Fig. 4 of Madhusudhan & Seager (2011),
but we have shifted the entire profile upwards uniformly in an at-
tempt to account for the higher-altitude photosphere with higher
metallicities (see text). A color version of this figure is available in
the online journal.

Fig. 16.— Synthetic emission spectra (dark red) for GJ 436b
for our disequilibrium model that assumes a 300× solar metallicity
atmosphere, with a C/O ratio of 0.6 (see text and Fig. 15). The
blue squares represent the Spitzer secondary-eclipse data analyzed
by Stevenson et al. (2010), with an updated upper limit at 4.5-µm
from Stevenson et al. (2012), the purple diamonds represent the
the 3.6 and 4.5-µm Spitzer analysis of Beaulieu et al. (2011), and
the green triangle represents additional Spitzer eclipse data at 8-
µm as analyzed by Knutson et al. (2011). The red circles represent
the model fluxes averaged over the Spitzer bandpasses. The black
dotted lines represent the planetary emission assuming GJ 436b
radiates as a blackbody at a temperature of 500 K (lower curve),
800 K (middle curve), or 1100 K (upper curve). See Fig. 14 for
further details. A color version of this figure is available in the
online journal.

photosphere that will result from the higher metallic-
ity. The 300× solar atmospheric metallicity in this
model is consistent with the interior models for GJ 436b
(Adams et al. 2008; Baraffe et al. 2008; Figueira et al.
2009; Rogers & Seager 2010a; Nettelmann et al. 2010;
Miller & Fortney 2011), and the lower value ofKzz in the
lower atmosphere allows CH4 to remain in equilibrium
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photosphere that will result from the higher metallic-
ity. The 300× solar atmospheric metallicity in this
model is consistent with the interior models for GJ 436b
(Adams et al. 2008; Baraffe et al. 2008; Figueira et al.
2009; Rogers & Seager 2010a; Nettelmann et al. 2010;
Miller & Fortney 2011), and the lower value ofKzz in the
lower atmosphere allows CH4 to remain in equilibrium
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chemistry on HD 189733b; Moses, Visscher et al 2010; Visscher and Moses 2011 
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Chemical regimes in exoplanet atmospheres

• chemical equilibrium is a useful first approximation, but substellar
atmospheres are not in complete equilibrium

• may see three chemical regimes:
• equilibrium, quench, photochemical
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Orbit-induced variations in chemistry

• for close-in, eccentric orbits
• can chemistry keep up with changes in temperature?
• not at high altitudes (P < 4 bar for HAT-P-2b)

orbit of HAT-P-2b (left); Visscher 2012; see also Iro & Deming 2012, Lewis et al 2013
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Equilibrium condensation chemistry

After Visscher et al 2006, 2010 and Morley et al 2012

• condensation curves 
defined by stability

• intersection between 
P-T profile and 
condensation curve 
defines cloud base

• Fe metal & silicate clouds 
are consistent with 
Jupiter and brown dwarf 
observations
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based upon Visscher et al 2010 results; Ackerman & Marley 2001 clouds with “sedimentation factor”

Metal rain virga?
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Kirkpatrick (2005) spectral classification of L and T brown dwarfs; cf. Visscher et al 2010

Equilibrium condensation chemistry
• Jupiter: observed H2S requires deep Fe removal
• presence of GeH4, absence of SiH, even though ASi>>AGe

• detection of Na, K, in brown dwarfs implies Al, Si removal

• disappearance of Na, Fe, Mg, Si, Ca features in later BD spectral types
• silicate spectral features in brown dwarfs and hot exoplanets
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• strongly affect observational properties:
• introduce condensed particles (reflection, absorption, scattering)
• remove atoms and molecules from the gas phase

Clouds on planets and brown dwarfs

Iyer et al (2016): clouds on exoplanets obscure H2O features in transmission spectra 
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Lodders 2004
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Relative cloud masses

condensate relative cloud mass

H2O 87386

CH4 50627

MgSiO3 (enstatite) 43838

Fe metal 20853

NH3 11644

NH4SH 9241

Mg2SiO4 (forsterite) 1254

Na2S 1000

Ca, Al, Ti silicates and oxides (total) 360

MnS 355

Cr metal 298

KCl 123

ZnS 53

NH4Cl 37

other chlorides 1

Assuming element abundance ratios are solar (Lodders 2003) and complete condensation
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Morley, Fortney, Marley, Visscher, et al. (2012);  brightness temperatures & color-color diagram

Clouds on cool brown dwarfs

• exploring effects of “minor” cloud species on brown dwarfs
– Morley et al (2012) after Ackerman & Marley 2001 cloud models

• effect consistent with color-magnitude trends for cool brown dwarfs
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• “minor” clouds such as chlorides and sulfides
• hazes may help explain “flat” spectra of GJ1214b
• 6.5 Earth mass, 0.014 AU orbit (M type star)

Clouds in GJ1214b 7

FIG. 5.— Reported transmission spectrum data compared to equilibrium cloud models of solar composition atmospheres. Data from a variety of sources
are shown; the horizontal error bars show the width of the photometric band. Model spectra for cloud-free and cloudy solar atmospheres are plotted with
corresponding model photometric points for the bands with data. We plot both ‘dayside’ models, which assume no redistribution of heat to the nightside of the
planet, and ‘planet-wide’ models that assume that the heat is fully redistributed. Cloud-free models have features in the optical and near-IR that are inconsistent
with data; cloudy models have somewhat smaller features in the near-infrared, but the features are not small enough to be consistent with the data.

FIG. 6.— Reported transmission spectrum data compared to equilibrium cloud models of 50× solar composition atmospheres. Data and models are plotted as
in Figure 5. Cloud-free models have features in the optical and near-IR that are inconsistent with data; the cloudy ’dayside’ model has a relatively flat spectrum
that is generally consistent with the data.

cally thick too deep in the atmosphere to obscure the trans-
mission spectrum.

3.2. Equilibrium clouds
Figures 5 and 6 show cloud-free and cloudy model spec-

tra that include KCl and ZnS clouds. Figure 5 shows solar
composition models and Figure 6 shows enhanced-metallicity
50× solar composition models.
Examining the solar composition model spectra (Figure 5)

and data by eye, the features in the infrared are larger in the
models than in the data, even for fsed= 0.1 clouds. This sug-
gests that if GJ 1214b does have a solar-metallicity atmo-
sphere, these clouds alone are not likely to be fully obscuring
the near-infrared spectrum.
However, in the enhanced-metallicity models (Figure 6),

the fsed= 0.1 models become optically thick high enough in
the atmosphere to match the observations. Models with higher
values of fsed (i.e. thinner clouds) have features in the optical
and infrared larger than the data show. Hotter models (with
inefficient heat redistribution) match better than models with

efficient planet-wide redistribution because the P–T profile
crosses the condensation curve at a higher altitude, forming
the cloud higher in the atmosphere. For the cloudy models
shown in Figure 6, the mode particle sizes calculated by the
cloud model range between 0.02 µm at low pressures (10−6 to
10−5 bar) to ∼10 µm near the cloud base.

3.2.1. Chi-squared analysis
In addition to fitting by-eye, we perform a simple chi-

squared analysis to understand the validity of our fits. We
tested an algorithm similar to that used in Cushing et al.
(2008) in which we weight by the width of the band fitted, to
avoid treating spectroscopy much more heavily than photom-
etry. We get qualitatively identical results for the best-fitting
models with and without this weighting parameter, so for sim-
plicity we present the unweighted results here.
At solar metallicity, for cloud-free models, the reduced chi-

squared (χ2red) is 37.9 and 26.2 respectively for the dayside
and planet-wide models. For the cloudy fsed= 0.1 models,
χ2redis 8.2 (dayside) and 5.8 (planet-wide). In comparison, for

Visscher et al 2006; Morley, Visscher, et al 2012, 2013; see Kreidberg et al 2014

Hazes on the “Super Earth” GJ 1214b 19



HR 8799 system; Marley 2013, after Lodders 2004

• young giant planets: similar atmospheric temperatures as brown dwarfs
• Fe and Mg-silicate clouds may play a role on HR 8799-like planets
• HR 8799c: 7.1 MJ, 1.3 RJ, 38 AU, orbiting young A/F star

Clouds on hot exoplanets: HR 8799c 20



Wakeford, Visscher, et al submitted

• hot exoplanet spectra may be influenced by Ca-Al-Ti clouds

Clouds on hot exoplanets: high-T clouds

Forgotten condensate clouds of super-hot Jupiters 3

Fig. 2

Fig. 1.— Each panel displays the 1D T-P profile of typical super-hot Jupiters orbiting a G0V star with Teq ⇡1750–2500K (left to right),
gp =10ms�2, and Tint =100K. These have been computed for [M/H]=0.0, 0.5, 1.0, and plotted against the corresponding condensation
curves. Condensation curves are computed for Al-Ti-Ca species following the equations outlined in Visscher et al. (2010) and Section 3.
An expanded view of the condensate curves from Section 3 are shown in Fig. 2 corresponding to the box in the left panel.

a)

Fig. 2.— Expanded view of box in Fig. 1.

expected material is available to condense into clouds.
At temperatures greater than this it was expected that
TiO gas would dominate the optical spectra (Fortney
et al. 2008), yet current observational evidence does not
support this. We suggest that the process of forming Ti-
bearing condensates in the atmosphere where tempera-
tures fall below 1860K has the potential to significantly
deplete TiO in the gas phase, thus reducing the opacity
of TiO gas and reducing its influence on the observed
transmission spectra at low pressures, depending upon
the relative depth of any Ti-bearing clouds. In general,
the total cloud mass for Ti-bearing clouds is relatively
low (see Table 1) as Ti is the limiting element for these
condensates. This suggests that if condensation occurs
at low pressures and high altitudes, the cloud could be
optically thin enough that molecular features, such as
Na and K in the optical, could still be observed in the
planetary transmission spectrum, assuming no other ob-
scuring species is present.
The most likely obscuring species to form in super-

hot Jupiter atmospheres are corundum and/or the Al-Ca
condensates hibonite and grossite. Due to the complex
nature and interplay of Ca-Al-O condensates we treat
them together when considering their e↵ect on atmo-
spheric properties, and a detailed description of equilibria
between Al-Ca and Ti-Ca phases can be found in Lod-
ders (2002). The cloud mass of Al-bearing species is over
ten times that of Ti-bearing species, due to the relative

abundances of elemental material available (namely, Al
vs. Ti), which will likely form massive clouds at altitudes
where molecular features will be muted or obscured.
Following the condensation of Ca/Al/Ti, the most

abundant species available are Fe/Mg/Si which start to
form condensate reactions at ⇡1680K. As shown in Ta-
ble 1, Fe, Mg, and Si are the most abundant rock-forming
elements under equilibrium conditions. At solar abun-
dances they form large cloud masses resulting in opti-
cally thick cloud layers. Magnesium silicate cloud con-
densation, primarily in the formation of forsterite and en-
statite, e↵ectively removes >99% of the Mg from the gas
phase greatly reducing the abundance above the cloud.

3. EFFECTS OF METALLICITY

The location and composition of clouds observed in
planetary atmospheres under equilibrium conditions can
be estimated by observing the point at which the con-
densation curve of a particular species crosses the model
T-P profile of the atmosphere. The condensation curves
themselves are independent of the planetary T-P profile
and vary based on pressure, temperature, and metal-
licity, but do depend on the abundances. Therefore,
any specific T-P profile for diferent regions of the
planetary atmosphere can be superimposed to deter-
mine the planetary equilibrium chemistry. Note, we do
not consider the thermal feedbacks likely associ-
ated with the cloud formation but instead overlay
the atmospheric profiles with the condensation
curves in order to approximate the condensation
temperatures and pressures for numerous objects
simultaneously.
Figure 1 shows the planetary-averaged T-P pro-

files of a number of super-hot Jupiters orbiting a
G0V star representing an approximate Teq from
2500K to 1750K following the methods of Fort-
ney et al. (2008). We assume an internal tem-
perature of 100K for the models presented in
Fig.1, which is a reasonable estimate given the
range of ages and surface gravities estimated for
the hot Jupiter population (e.g. Fortney et al.
2007) and consistent with the intrinsic luminosi-
ties of Jupiter and Saturn (Hubbard 1980). We
show the e↵ect of increasing metallicity on the position
of condensation in the planetary atmosphere for 1⇥, 3⇥,
and 10⇥ solar abundance cases. As is shown by the T-
P profiles it is not expected that refractory material is

21



• what chemical mechanisms are involved in condensate formation?

• what are the kinetics of cloud formation?

• how might mixing & orbital effects influence cloud formation?

• how does variable cloud coverage influence spectra?

Iro et al 2005; dayside vs. nightside condensation of Na2S; cloud gaps on Jupiter

Outstanding questions (ongoing & future work) 22
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