
Exoplanet & Brown 
Dwarf Atmospheres

Lecture 2: A few loose ends, Opacities, clouds


credit J. Fortney, C. Morley, P. Gao for some 
slides



Post-processing 1D Models
• High resolution spectra


•Modified Feutrier (Saumon internal)


• DISORT (open source)


• Transit spectra


• Fortney (in house)


• Exo-Transmit (open source)


• Transmission spectra are much more forgiving of the 1D model


• Geometric albedo spectra


•McKay/Marley/Cahoy model, moving it to open source



Some Terminology:  
Albedos



The Various Albedos  
• Bond Albedo

• Reflected Power/Incident 
Power 

• Don’t care what direction 
scattered light goes to 

• Always depends on 
scattering/absorption of the 
planet’s atmosphere AND the 
stellar spectrum 

• Same planet around 2 
different stars (G and M) 
would have different Bond 
Albedos 

• Energy Balance:



The Various Albedos  

• Geometric Albedo
• Almost always at a particular 

wavelength or a particular 
bandpass 

• Planet must be viewed a full 
illumination (full phase) 

• Does not depend on stellar 
spectrum 

• Apparent reflectivity of the 
planet seen at full phase



The Various Albedos  
• Lambert Sphere 

• A white billiard ball at all 
wavelengths 

• Bond albedo = 1 
• Geometric albedo = 2/3

• Semi-Infinite Rayleigh Scattering 
atmosphere 
• Rayleigh scattering is 

conservative (“single 
scattering albedo” = 1) 

• Bond albedo = 1 
• Geometric albedo = 3/4



The Various Albedos  
• Single scattering 

albedo 
• Ratio of scattering 

to extinction by a 
single particle 

• Qscat / (Qscat + Qabs) 
• =1 for Rayleigh 



Opacities
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“Raw” Opacity Files
• From combination of 

laboratory and theory


• Gives intensities as a 
function of wavelength


• “Molecular line list”


• Temperature validity range 
important

Tennyson & Yurchenko (2012)
Lab

Theory
NH3 
(296K)



Gives molecule/isotope id: the wavenumber, 
line strength, Einstein A, line widths,
lower energy level and some info on the 
states involved in the transition

CaH
(UCL)

Actual CH4 ‘Line List’ (HiTRAN)



Convert from Lines to 
Monochromatic Opacity

Specific P, T

Partition function


Line shape

Broadening


Foreign broadening 

(often only N2


available, estimate H2)

Tabulate

             Wavenumber  ->                           
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Line shape
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Foreign broadening 
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R/T Opacity Methods
• Line by line (too many)

• Sampling (choose ~10,000s)

• Mean opacities

• Rosseland, Planck

• Double means

• Binning

• k-coefficients (statistical 
means within bins)



Correlated κ Distribution
• Definition: Probability distribution of monochromatic absorption 

coefficients in finite spectral interval at a given P, T

• Do a very large number of monochromatic calculations to describe the 
opacity

• at STP the line width is ~0.1 cm-1

• if bin width 100 cm-1 need                                                  ~10(pts/
half width) x 100 / 0.1 ~ 104 points for 1 bin

One bin
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Basic Assumptions
• Exact wavenumber position is not important 

since source functions (sunlight, thermal 
radiation) vary slowly with wavelength 

• Use finite number of spectral bins 

• Each wavelength bin has the same distribution 
of κν at various levels in the atmosphere (always 
true as number of bins becomes very large)

vs.

wavelength ->
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• Solve radiative transfer for N spectral bins, each of which 
has n Gauss points corresponding to n mean opacities in 
each bin, so n × N times (8×200=1600 times for our 
models).

• flux in i’th bin Fi = ∑wjFi,j      and the total flux  F = ∑Fi  

• Compare to sampling methods which compute intensities at 
thousands of points, but lose information from other 
wavelengths. Sampling has trouble at low Teff.

• K-coeff excellent for conserving flux, important for finding 
radiative equilibrium

• True line by line would be hundreds of millions of points

n

j=1 i=1

N



(Pro Detail:  
How to Mix Gasses?)

• Compute molecular 
opacities at finite number 
of P, T combinations 

• Mix opacities according 
to chemistry, compute k-
coefs 

• Keep track of individual 
k-coefs for each 
molecule & combine on 
the fly

or





Output is very low resolution spectrum. Post-process with 
Feutrier solver & monochromatic opacity tables to get final 
spectrum



Output is very low resolution spectrum. Post-process with 
Feutrier solver & monochromatic opacity tables to get final 
spectrum



Clouds



Burrows et al. 1997
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Brown Dwarfs, 
which are heated 
from below, rather 
than above, have 
much steeper P-T 
profiles than 
irradiated planets

Different cloud 
behavior (transitions 
at different Teff 
values) and 
behavior with Teff

Sing et al. (2016)



Scattering alters path  
length for absorption

Band depth depends on gas column
 above cloud + abundance

Thermal IR

Non-condensing

323

outflow from it: It contains many forbidden
emission lines (15, 16), which are usually as-
sociated with young stars in which a fraction
of the inflowing material is ejected perpen-
dicular to the disk. If confirmed through fu-
ture observations, this finding would further
strengthen the analogy between nascent
brown dwarfs and their stellar counterparts. 

The mounting evidence thus points to a
similar infancy for Sun-like stars and brown
dwarfs. Does this mean that the two kinds
of objects are born in the same way? Many
observers tend to think so (7–12), but it
may be too early to rule out the ejection
scenario for at least some brown dwarfs.
Far-infrared observations with the Spitzer

Space Telescope (launched in August 2003)
and millimeter observations with ground-
based radio telescopes may reveal the sizes
and masses of brown dwarf disks, allowing
us to determine whether most disks are
truncated. Better statistics of the frequency
of binary brown dwarfs could provide an-
other observational test. Infrared studies of
even younger “proto-brown dwarfs,” which
are still embedded in a dusty womb, may
also provide clues to their origin.
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Adecade ago, brown dwarfs were not
much more than a theoretical curios-
ity in astronomy textbooks. It was

unclear whether such objects, with masses
and temperatures between the giant planets
and the coolest known dwarf stars, even
existed. Today, the problem is how to tell
all the different low-mass objects apart. In
a recent paper in Astrophysical Journal,
McLean et al. (1) propose a unified classi-
fication scheme for brown dwarfs on the
basis of near-infrared spectra. The scheme
also provides insights into the chemistry of
these cool, dense objects. [For a discussion
of brown dwarf origins, see (2).]

The first brown dwarf, prosaically
called Gl229 B, was discovered in 1995 (3,
4). It was clearly substellar, sharing more
characteristics with giant planets like
Jupiter than with red M dwarfs, the coolest
and lowest mass stars known at the time.
Many more brown dwarfs were discovered
in the late 1990s thanks to large-scale in-
frared sky searches [Two Micron All Sky
Survey (2MASS), Deep Survey of the
Southern Sky (DENIS), and Sloan Digital
Sky Survey (SDSS)].

Brown dwarfs fall in two spectral class-
es, L and T (5–8). L dwarfs, which are
closer to M dwarfs than to giant planets in
spectral appearance, include the lightest re-
al stars and the heaviest substellar objects.
T dwarfs have spectra that are more similar

to those of giant planets, but are much
more massive. Brown dwarfs are further
divided into subtypes from zero for the
hottest (L0, T0) to eight for the coolest (L8,
T8), depending on whether certain spectral
features assumed to be a proxy of temper-
ature are present. Today, ~250 L dwarfs
and ~50 T dwarfs are known (9).

Initially, subtyping of L dwarfs was
based on red optical spectra, whereas T
dwarfs were sorted by near-infrared spectral
features (5–8). McLean et al. (1) have now
advanced a unified classification scheme
for L and T dwarfs based on ~50 objects an-
alyzed with the Keck II Near-Infrared
Spectrometer. They have used the high-
quality near-infrared spectra to categorize
brown dwarfs by the relative strengths of the
atomic lines of Na, K, Fe, Ca, Al, and Mg
and bands of water, carbon monoxide,
methane, and FeH. The observations estab-

lish a firm reference frame for the spectral
classification of L and T dwarfs.

Such observations represent major
progress, because small sizes (roughly the
radius of Jupiter) and low masses hamper
the detection of brown dwarfs. Their mass-
es only reach up to ~7% that of the Sun (for
comparison, Jupiter’s mass is ~0.1%), not
enough to initiate and sustain the hydrogen
burning that powers real stars. Brown
dwarfs may burn deuterium if they exceed
13 Jupiter masses. However, the energy re-
leased by this deuterium burning is a small
fire compared to the inferno of hydrogen
burning in stars and lasts less than 100 mil-
lion years for the most massive brown
dwarfs. In contrast, hydrogen can burn for
several billion years in dwarf stars (10).
Much of the energy released by a brown
dwarf over its lifetime is from gravitation-
al energy gained during its formation and
contraction. A brown dwarf’s main fate is
to sit and cool in space.

Deprived of a nuclear engine, brown
dwarfs never exceed ~3000 K near their sur-
faces. The more a brown dwarf cools, the
less it is visible at optical wavelengths. M
dwarf stars emit most strongly at red wave-
lengths (~0.75 µm), but maximum emis-
sions of the cooler L dwarfs (1200 to 2000
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A cloudy picture. Cloud layers for Jupiter, T dwarfs, L dwarfs, and objects near the transition from
L to M dwarfs. The layers are progressively stripped off as the temperature of the object increases.
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Many clouds
Condensing

rainout [X/H]



Clouds alter spectra by preventing flux from 
emerging from deep (hot!) layers of the atmosphere. 

Silicate cloud



In Thermal Emission clouds  
generally redden near-infrared colors 



In Thermal Emission clouds  
generally redden near-infrared colors 



CH4

H2O
Na, KH2-H2

In Reflected light  
clouds tend to brighten



CH4

H2O
Na, KH2-H2

In Reflected light  
clouds tend to brighten



Marley et al. (1999)

CH4

H2O
Na, KH2-H2

In Reflected light  
clouds tend to brighten



So In Reflected Light, Not all 
Jupiters are Jupiter

Color and albedo are 
functions of type and 

depth of clouds.

Clouds depend on 
BOTH internal heat 
flow (mass, age) and 

incident flux.
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So In Reflected Light, Not all 
Jupiters are Jupiter

Color and albedo are 
functions of type and 

depth of clouds.

Clouds depend on 
BOTH internal heat 
flow (mass, age) and 

incident flux.

photochemistry



2 AU

0.8 AU

Cahoy et al. (2010)

Clouds!



So what do we need to know 
for atmosphere modeling?

• Cloud Composition

• Particle Sizes

• Vertical (& horizontal) distribution



Which Clouds? 
Clausius-Claperyon Relation

When the partial pressure (Pg) is greater than the 
saturation vapor pressure, excess vapor will condense to 
form a liquid or solid.  The vapor pressure curves depend 
on the latent heat release (L) and the change in specific 

volume (1/density) upon condensation 



Iron (Fe) example from 
Visscher et al. (2010) 

But some clouds from 
directly via chemical 
reactions

Chemistry only gives cloud 
base — cloud thickness 

depends on a model



Cloudbase
higher at
lower g

Cloud base 
depends on Teff, g

Cloud height 
depends on a 

complex
set of interactions

T(P)
microphysics

dynamics
gravity

weather
…



Figure 1: Left: Scattering e�ciency of a particle as a function of its optical size x = 2⇡r/�

using Mie Theory (from Hansen and Travis 1975). Right: dependence on the optical size
and material properties of averaged properties Q and hcos(⇥)i.
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a

+ Q

s

(1� g). (10)

This same correction is applied by Pollack et al (1985, 1994); see section ?? for more
discussion. That is, to the degree that scattered radiation is concentrated into the forward
direction, it may be regarded as unremoved from the beam. For instance, even a large
scattering e�ciency contributes nothing to the extinction if the scattering is purely forward
directed (g = 1). Negative values of g (preferential backscattering) increase the extinction
e�ciency; in this case, it is even harder for radiation to escape than for thermalized or
isotropically scattered radiation.

Instead of performing Mie calculations to obtain the scattering asymmetry parameter g

we make use of the crudely partitioned behavior illustrated by HT (their figure ??; reproduced
above right). If n

i

⌧ 1,

g ⇡ 0.2 if x < 2.5; g ⇡ 0.8 if x > 2.5, (11)

whereas if n

i

� 1,

g ⇡ �0.2 if x < 2.5; g ⇡ 0.5 if x > 2.5. (12)

This prescription is quite simple to implement and requires no detailed scattering models.
It appears to be su�ciently general to be applied to arbitrary refractive indices.

3.2 Material Properties

We adopt refractive indices, material abundances, and stability regimes for the condensible
constituents as collected and published by Pollack et al (1994). These are consistent with

6

Qscat

2πa/λ

τscat  = Nπa2 Qscat 

Need a cloud model since the particle 
size & composition controls the opacity

Need particle size,
size distribution
& column density

real index

size distribution



…and the phase function

Larger amount of 
refraction 

as nr increases

small particles 
are Rayleigh 
scatterers

large particles 
scatter into forward hemisphere

cosine(mean 
scattering  

angle)



“Mie code” 
computes 
particle 
scattering & 
absorption  
properties. Need 
real & imaginary 
indices as 
function of 
wavelength, can 
be hard to find 
(online 
databases)

Na2S

Morley et al. (2012)



Example: silicate grains

• Big particles (~10 μm 
compared to < 1 μm)

• Mie vs. Rayleigh 
opacity

r ~ 0.1 μm 



Need Still 
More

• Chemistry & thermal 
profile give 
condensed species

• Species refractive 
indices control single 
scattering albedo

• But what is variation 
in particle size and 
number density?
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outflow from it: It contains many forbidden
emission lines (15, 16), which are usually as-
sociated with young stars in which a fraction
of the inflowing material is ejected perpen-
dicular to the disk. If confirmed through fu-
ture observations, this finding would further
strengthen the analogy between nascent
brown dwarfs and their stellar counterparts. 

The mounting evidence thus points to a
similar infancy for Sun-like stars and brown
dwarfs. Does this mean that the two kinds
of objects are born in the same way? Many
observers tend to think so (7–12), but it
may be too early to rule out the ejection
scenario for at least some brown dwarfs.
Far-infrared observations with the Spitzer

Space Telescope (launched in August 2003)
and millimeter observations with ground-
based radio telescopes may reveal the sizes
and masses of brown dwarf disks, allowing
us to determine whether most disks are
truncated. Better statistics of the frequency
of binary brown dwarfs could provide an-
other observational test. Infrared studies of
even younger “proto-brown dwarfs,” which
are still embedded in a dusty womb, may
also provide clues to their origin.
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Adecade ago, brown dwarfs were not
much more than a theoretical curios-
ity in astronomy textbooks. It was

unclear whether such objects, with masses
and temperatures between the giant planets
and the coolest known dwarf stars, even
existed. Today, the problem is how to tell
all the different low-mass objects apart. In
a recent paper in Astrophysical Journal,
McLean et al. (1) propose a unified classi-
fication scheme for brown dwarfs on the
basis of near-infrared spectra. The scheme
also provides insights into the chemistry of
these cool, dense objects. [For a discussion
of brown dwarf origins, see (2).]

The first brown dwarf, prosaically
called Gl229 B, was discovered in 1995 (3,
4). It was clearly substellar, sharing more
characteristics with giant planets like
Jupiter than with red M dwarfs, the coolest
and lowest mass stars known at the time.
Many more brown dwarfs were discovered
in the late 1990s thanks to large-scale in-
frared sky searches [Two Micron All Sky
Survey (2MASS), Deep Survey of the
Southern Sky (DENIS), and Sloan Digital
Sky Survey (SDSS)].

Brown dwarfs fall in two spectral class-
es, L and T (5–8). L dwarfs, which are
closer to M dwarfs than to giant planets in
spectral appearance, include the lightest re-
al stars and the heaviest substellar objects.
T dwarfs have spectra that are more similar

to those of giant planets, but are much
more massive. Brown dwarfs are further
divided into subtypes from zero for the
hottest (L0, T0) to eight for the coolest (L8,
T8), depending on whether certain spectral
features assumed to be a proxy of temper-
ature are present. Today, ~250 L dwarfs
and ~50 T dwarfs are known (9).

Initially, subtyping of L dwarfs was
based on red optical spectra, whereas T
dwarfs were sorted by near-infrared spectral
features (5–8). McLean et al. (1) have now
advanced a unified classification scheme
for L and T dwarfs based on ~50 objects an-
alyzed with the Keck II Near-Infrared
Spectrometer. They have used the high-
quality near-infrared spectra to categorize
brown dwarfs by the relative strengths of the
atomic lines of Na, K, Fe, Ca, Al, and Mg
and bands of water, carbon monoxide,
methane, and FeH. The observations estab-

lish a firm reference frame for the spectral
classification of L and T dwarfs.

Such observations represent major
progress, because small sizes (roughly the
radius of Jupiter) and low masses hamper
the detection of brown dwarfs. Their mass-
es only reach up to ~7% that of the Sun (for
comparison, Jupiter’s mass is ~0.1%), not
enough to initiate and sustain the hydrogen
burning that powers real stars. Brown
dwarfs may burn deuterium if they exceed
13 Jupiter masses. However, the energy re-
leased by this deuterium burning is a small
fire compared to the inferno of hydrogen
burning in stars and lasts less than 100 mil-
lion years for the most massive brown
dwarfs. In contrast, hydrogen can burn for
several billion years in dwarf stars (10).
Much of the energy released by a brown
dwarf over its lifetime is from gravitation-
al energy gained during its formation and
contraction. A brown dwarf’s main fate is
to sit and cool in space.

Deprived of a nuclear engine, brown
dwarfs never exceed ~3000 K near their sur-
faces. The more a brown dwarf cools, the
less it is visible at optical wavelengths. M
dwarf stars emit most strongly at red wave-
lengths (~0.75 µm), but maximum emis-
sions of the cooler L dwarfs (1200 to 2000
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Simplest Model

• Can estimate cloud column mass


• Assume hydrostatic equilibrium


• Neglects dynamical effects


• How to compute sizes, vertical extent?


• Need a real model



Cloud Modeling Schools
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Big Picture Problem
• Balkanized cloud models

• all of which have various drawbacks

• People fit to one or several, but….

• It stops there, little to no “why”

• Causes of mis-matches never explored



Cond/DUSTY
Strengths

• Reasonable limiting cases, circa 2000

• Helped demonstrate importance of clouds

• Widely used, enabled a lot of science



Cond/DUSTY
Weaknesses

• Outdated

• We understand that clouds form in layers

• Ridiculous extreme limit of blackbody - gives 
spurious Teff results for late L’s, fits move to 
higher Teff to avoid blanketing

• Fails for Jupiter, L/T transition

• Community needs to stop using these



Helling et al.
Strengths

• Most complex modeling approach

• Steady state dynamical/chemical 
solution

• Condensation is complicated

• Probably “dirty” grains

• Has been instrumental in 
demonstrating that a lot is going on

Reaction List



Helling et al.
Weaknesses

• Most complex modeling approach

• Difficulty of incorporating into forward models

• Difficult to test with so many different solid species

• Strong updrafts that deliver TiO2 “seeds” to top of 
atmosphere have never been plausibly demonstrated 
and is somewhat implausible in my opinion

• L/T transition and would fail for Jupiter



Settl
Strengths

• Utilize results of dynamical 
studies

• Accounts for sedimentation

• Qualitatively produces L/T 
transition

• Widely available, frequently 
used



Settl
Weaknesses

• Never been adequately documented

• Cannot be independently used

• No tunable parameters, but what are we learning?

• What accounts for deviations? dynamics?



Prescribed Clouds
Strengths

• Few a priori assumptions

• Just vary a few parameters

• Early indication of L/T transition (Marley, Tsuji)

• Gives some insight into what is going on



Prescribed Clouds
Weaknesses

• Uncertain how unique the solutions are

• sizes, composition, vertical extent

• each best fit essentially a “one-off”

• No followup, “why 50 micron particles?”

• Little predictive power



Ackerman & Marley
Strengths

• Well documented

• Conceived by genuine cloud expert

• Works well over remarkably large range of 
parameter space

• Unquestionably demonstrated that clouds are 
layers through the entire L/T sequence

• Worked in new domain (T dwarf clouds)



Ackerman & Marley
Weaknesses

• Not widely used by other groups

• No physical followup, “why fsed = 2?”

• Have not thoroughly investigated influence of other 
tunable parameters

• Pure grain composition, computed with equilibrium 
chemistry, treats all condensation like H2O

• Unsatisfying to add holes, etc. “epicycles”



Clouds

• No really good treatment

• Needs to be much more followup, iterations

• Adds complexity for iteratively solving for T 
profile, 1D clouds can oscillate

• Be a skeptical shopper (what is BT Settl?)



That Said, lets look at 
Some model approaches



No microphysics, particles are assumed to grow 
to reach size dictated by fsed

upward turbulent mixing of particles

downward transport by sedimentation

K: Eddy diffusion coefficient

qt : mole fraction of condensate + vapor 

fsed : sedimentation efficiency parameter
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For radiative calculations, Lunine et al. (1989) assume all
particles in the frozen-in and dustlike clouds are 1 and 10
km in radius, respectively.

2.4. Marley et al. (1999)
The Marley et al. (1999) model of water and silicate

clouds in extrasolar giant planets represents a variation on
the Lewis (1969) model. As in the Lewis model, the calcu-
lation of vapor pressure (or, equivalently, assumes thatq

v
)

any supersaturation is quenched locally by condensation
(eq. [2]). However, the calculation of the condensate mole
fraction represents a departure : instead of calculating it(q

c
)

from the vapor pressure in the underlying layer from equa-
tion (1), Marley et al. scale it to the local saturation vapor
pressure with the following assumption :

q
c
(z) \ 456

0
0

0 if q
v
(z [ *z) \ q

s
(z),

f
s
q
s
(z) otherwise.

(3)

The parameter corresponds to the potential supersatu-f
sration prior to condensation. Marley et al. (1999) treat asf

san adjustable parameter, ranging from a baseline value of
0.01 to an extreme value of 1. The baseline model as applied
to the Jovian ammonia cloud is shown in Figure 1. The
condensate mass is seen to be diminished by a factor of
D100 relative to the Lewis (1969) model.

Increasing to 1 results in a hundredfold enhancement off
sthroughout the cloud in comparison with that of theq

cbaseline case, as shown in Figure 2a. The principle di†er-
ence between that extreme and the Lewis (1969) condensate
model is that for the former there is no regime near the
cloud base akin to shallow terrestrial clouds, in which q

cincreases with altitude. This di†erence is attributable to a
discontinuity of in the treatment of Marley et al. : belowq

tthe cloud base as in the Lewis (1969)q
t
(z) \ q

v
(z [ *z),

model, but above the cloud base, q
t
(z) \ (1 ] f

s
)q

s
(z).

For their calculations of cloud particle sizes, which are
decoupled from their calculation of condensate mass,
Marley et al. (1999) apply the formalism of Rossow (1978) to
two atmospheric endmembers : Ðrst, a quiescent atmo-
sphere, in which the mean particle size is determined from
the condition that the sedimentation rate matches the faster
of coagulation and condensation (at an assumed supersatu-

FIG. 2.ÈVertical proÐles of condensed ammonia (as in Fig. 1) from (a)
the model of Marley et al. (1999) for two values of (the potential super-f

ssaturation prior to condensation) and from (b), our baseline model for two
comparable values of (the supersaturation persisting afterScloudcondensation).

ration of 0.01) ; and, second, a turbulent atmosphere in
which mixing is balanced by sedimentation.

The Ðrst endmember is subject to a similar catalog of
unconstrained assumptions as required by the treatment of
Carlson et al. (1988), the most notable among them being
the great uncertainty in the supersaturation driving droplet
condensation. Also, the model physics underlying this
quiescent atmosphere seems to be self-contradictoryÈon
the one hand explicitly assuming that there is too little
convection to regulate the maximum size of the droplets, yet
on the other hand implicitly assuming that there is enough
convection to supply the vapor necessary to drive conden-
sational growth.

However, the second case of Marley et al. (1999) requires
signiÐcantly fewer assumptions and is also appropriate to
tropospheric condensation clouds. This second case serves
as a starting point for the calculation of the cloud particle
sizes in our model.

3. THE PRESENT MODEL

We model all condensation clouds as horizontally homo-
geneous (globally averaged) structures, the vertical extent of
which is governed by a balance between the upward
turbulent mixing of condensate and vapor (q

t
\ q

c
] q

v
)

and the downward transport of condensate caused by
sedimentation :

[K
Lq

t
Lz

[ frain w* q
c
\ 0 , (4)

where K is the vertical eddy di†usion coefficient and is afrainnew parameter we have introduced, deÐned as the ratio of
the mass-weighted droplet sedimentation velocity to thew*,
convective velocity scale. We solve equation (4) for each
condensate independently and, hence, ignore any micro-
physical interactions between clouds. Equation (4) is an
extension of Lunine et al.Ïs convective cloud model, relaxing
their implicit assumptions andfrain \ 1 q

c
\ q

t
.

The product represents an average sedimentationfrain w*velocity for the condensate, which o†sets turbulent mixing
and thereby leads to decreasing with altitude. Theq

textreme case with no sedimentation to o†set turbulent
mixing is equivalent to the frozen-in endmember(frain \ 0)
of Lunine et al. (1989) and the ““ dusty ÏÏ models of the Lyon
group (e.g., Chabrier et al. 2000). In this case, the solution to
equation (4) is a well-mixed atmosphere independent of(q

taltitude), which is seen in Figure 1 to loft even more conden-
sate than the convective cloud of Lunine et al. (1989).

We adopt as an adjustable input parameter, whichfraintogether with constrains the droplet size distributions.q
cFirst we describe our calculation of then the size dis-q

c
,

tributions.
3.1. Condensate Mass ProÐles

The eddy di†usion coefficient (K) for is assumed to beq
tthe same as that for heat as derived for free convection

(Gierasch & Conrath 1985) :

K \ H
3
AL

H
B4@3A RF

ko
a
c
p

B1@3
, (5)

where the atmospheric scale height is given by H \ RT /kg
(for Jupiter, we use g \ 25 m s~2), L is the turbulent mixing
length, R the universal gas constant, k the atmospheric
molecular weight (2.2 g mol~1 assumed here), the atmo-o

aspheric density, and the speciÐc heat of the atmosphere atc
pconstant pressure (ideal gas assumed). Here we assume all

sed

w* : convective velocity

qc : mole fraction  
of condensate

Ackerman & Marley Cloud code balances the: 



“fsed=0.01” : tall 
clouds, small particles

“fsed=1” : shorter clouds, 
bigger particles

Cloud code gives us mode particle size and 
height of cloud, self-consistently.

Optically thinner Optically thicker

Mie scattering to calculate effect on spectrum. 
fsed=1 optically thicker than fsed=0.01 
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Solar Concentration of Gas

Hot Jupiter Application
• TiO2 condensation seeds form 

via homogeneous nucleation

• MgSiO3 heterogeneously 
nucleates onto the seeds

• MgSiO3 clouds grow, deplete the 
gas, and settle out of the model

• Gas diffuses from the reservoir at 
the bottom of the model

• Particles diffuse upwards and 
settle out of the model

• The cycle repeats

TiO2

MgSiO3

Vertical Mixing

Gravitational
 SettlingVertical Mixing



Powell et al. (in prep)

4 month steps



Powell et al. (in prep)

4 month steps



Gao, Marley & Ackerman (2017)

Comparison to Ackerman & Marley

A&M
CARMA



In Y dwarfs, water will condense into ice clouds. 

400 K

200 K



unstable 
oscillating 
solutions 

where cloud 
condenses

Which leads to convergence issues. Slow iteration + 
Ng method generally works for other clouds.



Credit: NASA/JPL/University of Arizona 

http://oklo.org/
“5 micron 
hot spots”

For water clouds we draw inspiration from solar 
system clouds

http://oklo.org/


We use patchy clouds to converge consistent PT 
profiles. Technique as in Marley et al. 2010

single P-T profile

Fclear Fcloudy

Ftotal = hFclear + (1-h) Fcloudy

h=1.0

h=0.5

h=0.0

h

h

h

Clear column acts as ballast



In cold Y dwarfs the flux emerging from the cloudy 
column is significantly decreased. 



Observed the first spectrum of WISE 0855, which 
shows evidence for water vapor and water ice clouds! 

 

Fig. 1. Gemini/GNIRS spectrum of WISE 0855 compared to a model of a 250 K brown dwarf 

(11,12).  The model and data are both dominated by water vapor absorption.  The spectra are 

normalized because the Gemini/GNIRS data are insensitive to overall flux.  The choice of a 250 

K model is set by the object’s luminosity and a radius estimate that is relatively insensitive to 

unknown parameters, such as WISE 0855’s age (3). 

Skemer et al. (2016)



Gemini Planet Imager

Surveying ~600 
young stars



GPI’s	first	new	planet



GPI’s	first	new	planet



GPI’s	first	new	planet



Available	data
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Classic  
brown dwarf



Classic  
brown dwarf



Too	old

Classic  
brown dwarf





Solar System 
Giant



Solar System 
Giant



Too	small

Solar System 
Giant



Patchy clouds 
+diseq. chem.



Patchy clouds 
+diseq. chem.



Most Plausible Model
• Both Marley/Saumon and Barman models agree 

• Teff ~ 700 K 

• Mass ~ 2-3 MJup 

• Patchy clouds 

• Requires very vertically thick clouds 

• Is there another possibility?

Saturn haze

Macintosh et al. (2015)



UV Flux at 51 Eri b > Jupiter

Moses+ (in prep)



Zahnle+ (submitted)



Zahnle+ (submitted)

with UV



Zahnle+ (submitted)

with UV

CO + OH → CO2 + H



Zahnle+ (submitted)

with UV

CO + OH → CO2 + H
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Long path lengths and small cloud scale heights lead to large SLANT 
optical depths

Clouds & hazes also important for transmission spectra

Fortney (2005)

Ratio is ~100 for 
many planets



Sing et al. (2016)
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Figure 2: The transmission spectrum of GJ 1214b. a, Transmission spectrum measurements
from our data (black points) and previous work (gray points)7–11, compared to theoretical models
(lines). The error bars correspond to 1σ uncertainties. Each data set is plotted relative to its mean.
Our measurements are consistent with past results for GJ 1214 using WFC310. Previous data rule
out a cloud-free solar composition (orange line), but are consistent with a high-mean molecular
weight atmosphere (e.g. 100% water, blue line) or a hydrogen-rich atmosphere with high-altitude
clouds. b, Detail view of our measured transmission spectrum (black points) compared to high
mean molecular weight models (lines). The error bars are 1σ uncertainties in the posterior distri-
bution from a Markov chain Monte Carlo fit to the light curves (see the Supplemental Information
for details of the fits). The colored points correspond to the models binned at the resolution of
the observations. The data are consistent with a featureless spectrum (χ2 = 21.1 for 21 degrees
of freedom), but inconsistent with cloud-free high-mean molecular weight scenarios. Fits to pure
water (blue line), methane (green line), carbon monoxide (not shown), and carbon dioxide (red
line) models have χ2 = 334.7, 1067.0, 110.0, and 75.4 with 21 degrees of freedom, and are ruled
out at 16.1, 31.1, 7.5, and 5.5 σ confidence, respectively.

8

rules out high mean molecular weight atmosphere 
it must be cloudy/hazy! 

Kreidberg et al. 2014

GJ 1214b, 15 transits observed with the Hubble Space Telescope
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Figure 2: The transmission spectrum of GJ 1214b. a, Transmission spectrum measurements
from our data (black points) and previous work (gray points)7–11, compared to theoretical models
(lines). The error bars correspond to 1σ uncertainties. Each data set is plotted relative to its mean.
Our measurements are consistent with past results for GJ 1214 using WFC310. Previous data rule
out a cloud-free solar composition (orange line), but are consistent with a high-mean molecular
weight atmosphere (e.g. 100% water, blue line) or a hydrogen-rich atmosphere with high-altitude
clouds. b, Detail view of our measured transmission spectrum (black points) compared to high
mean molecular weight models (lines). The error bars are 1σ uncertainties in the posterior distri-
bution from a Markov chain Monte Carlo fit to the light curves (see the Supplemental Information
for details of the fits). The colored points correspond to the models binned at the resolution of
the observations. The data are consistent with a featureless spectrum (χ2 = 21.1 for 21 degrees
of freedom), but inconsistent with cloud-free high-mean molecular weight scenarios. Fits to pure
water (blue line), methane (green line), carbon monoxide (not shown), and carbon dioxide (red
line) models have χ2 = 334.7, 1067.0, 110.0, and 75.4 with 21 degrees of freedom, and are ruled
out at 16.1, 31.1, 7.5, and 5.5 σ confidence, respectively.

8

rules out high mean molecular weight atmosphere 
it must be cloudy/hazy! 

Kreidberg et al. 2014

GJ 1214b, 15 transits observed with the Hubble Space Telescope

despite 60+ orbits of HST time, we still haven’t detected 
molecular features to measure the composition



At GJ1214b’s incident flux, thick sulfide/salt clouds 
& high metallicity create flat transmission spectra

Morley et al. 2015 
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Titan

In addition to clouds, hazes form in planets 
irradiated by UV flux and might be responsible



88

Titan

In addition to clouds, hazes form in planets 
irradiated by UV flux and might be responsible

Shanghai, Earth
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CH4 
+

C2H2 
C2H4 
C2H6 
HCN 
C4H2

long-chain 
hydrocarbons, 

PAHs, soots

photochemical  
kinetics 
model

Kempton et al. 2012

parameterize 
fhaze = fraction of soot  
   precursors in 
   solid haze particles

“soot precursors”

UV light



High-altitude optically thick hazes may have 
strong observable signatures. 

temperature inversion
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irradiation: 1× GJ 1214b
cloud-free
0.3 µm, fhaze=1%
0.03 µm, fhaze=1%
0.3µm, fhaze=10%

haze

Hazes create T inversions that flatten near-IR 
and alter the mid-infrared spectrum



In Other Planets Sulfur 
Chemistry will Dominate

Zahnle et al. 2016 (slide by Gao)

Kzz

Upward mixing of H2S leads to photolysis  
and reactions with H arising from photolysis.  
Further reactions lead to higher S allotropes,  
eventually to S8, which may condense. 

Important(?): 
• UV photon flux 
• Mixing rate 
• Temperature

Gao, Marley+ (2017)



Hazy Warm Jupiters & Neptunes

Nominal Model 
Haze @ ~ 10 mbar 
Particle Radius ~ 0.1 μm 
Column Density ~ 1011 cm-2

Sulfur haze

Gao, Marley+ (2017)
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Figure 2: The transmission spectrum of GJ 1214b. a, Transmission spectrum measurements
from our data (black points) and previous work (gray points)7–11, compared to theoretical models
(lines). The error bars correspond to 1σ uncertainties. Each data set is plotted relative to its mean.
Our measurements are consistent with past results for GJ 1214 using WFC310. Previous data rule
out a cloud-free solar composition (orange line), but are consistent with a high-mean molecular
weight atmosphere (e.g. 100% water, blue line) or a hydrogen-rich atmosphere with high-altitude
clouds. b, Detail view of our measured transmission spectrum (black points) compared to high
mean molecular weight models (lines). The error bars are 1σ uncertainties in the posterior distri-
bution from a Markov chain Monte Carlo fit to the light curves (see the Supplemental Information
for details of the fits). The colored points correspond to the models binned at the resolution of
the observations. The data are consistent with a featureless spectrum (χ2 = 21.1 for 21 degrees
of freedom), but inconsistent with cloud-free high-mean molecular weight scenarios. Fits to pure
water (blue line), methane (green line), carbon monoxide (not shown), and carbon dioxide (red
line) models have χ2 = 334.7, 1067.0, 110.0, and 75.4 with 21 degrees of freedom, and are ruled
out at 16.1, 31.1, 7.5, and 5.5 σ confidence, respectively.

8

Kreidberg et al. 2014

With hundreds of HST orbits, we have not detected a 
molecular feature in any planet smaller than Neptune. 

GJ 1214b
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The Astrophysical Journal, 794:155 (10pp), 2014 October 20 Knutson et al.
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Figure 10. Wavelength-dependent transit depths averaged over the two visits
(black filled circles). Four different atmosphere models are shown for compari-
son: a solar metallicity model (red solid line), a 50× solar metallicity model (red
dashed line), a pure water model (solid blue line), and a solar metallicity model
with an opaque cloud deck at 1 mbar (solid green line). The average depth for
each model has been normalized to match the average measured transit depth
in this plot.
(A color version of this figure is available in the online journal.)

We consider both cloud-free models with solar and 50× solar
metallicities, as well as a pure water model and a solar metal-
licity model with a high cloud deck located at one mbar. We
calculate the significance with which our data can rule out a
given model using the equation from Gregory (2005):

Significance = χ2 − ν√
2ν

, (3)

where χ2 is calculated by comparing our averaged transmission
spectrum to each model and ν is the number of degrees of
freedom in the fit (27 in our case, as there are 28 points and
we normalize the models to match the average measured transit
depth of our data). This metric assumes that our measurement
errors are Gaussian and uncorrelated from one wavelength bin
to the next; although this is almost certainly untrue at some
level, it represents a reasonable starting point for comparing
different models. Following this approach we find that our
measured transmission spectrum is inconsistent with the solar
and 50× solar cloud-free models at the 10σ and 9σ levels,
respectively. It is equally well described by the water-dominated
(0.6σ ) model and the solar metallicity model with optically
thick clouds at a pressure of one mbar (0.6σ ), as well as a flat
line at the average transit depth across the band (0.4σ ). We
find that a solar metallicity model with clouds at 1 mbar is
also consistent with the data (1.8σ ), indicating that the clouds
could be located slightly deeper in the atmosphere. We note that
there are any number of high metallicity atmosphere models
that could provide a fit comparable to that of the pure water
model; all our data appear to require is either a relatively metal-
rich atmosphere with a correspondingly small-scale height, or
the presence of a high cloud deck that obscures the expected
water absorption feature in a hydrogen-dominated atmosphere.
We constrain the maximum hydrogen content of the atmosphere
in the first scenario by considering a series of cloud-free models
with varying number fractions of molecular hydrogen and water,
and find that in this scenario the atmosphere has to be at least
20% water by number in order to be consistent with our data at
the 3σ level. We list the χ2 values and level of disagreement for
all models in Table 5.

Table 5
Atmosphere Model Comparison

Model χ2 Level of Disagreementa

Flat line 29.9 0.4σ

Solar metallicity 102.9 10.3σ

50× solar 92.2 8.9σ

Solar with cloud deck at 1 mbar 31.2 0.6σ

Solar with cloud deck at 10 mbar 40.4 1.8σ

10% H2O 53.6 3.6σ

20% H2O 42.2 2.1σ

30% H2O 37.5 1.4σ

40% H2O 35.1 1.1σ

100% H2O 31.1 0.6σ

Notes. a This is the significance with which we can rule out a given model,
calculated according to Equation (3). Significance levels less than 3σ mean that
the data are consistent with that model within the reported errors.

The conclusion that HD 97658b’s transmission spectrum ap-
pears to be flat at the precision of our data places it in the same
category as both the super-Earth GJ 1214b (Kreidberg et al.
2014) and the Neptune-mass GJ 436b (Knutson et al. 2014).
As with these two planets, a more precise measurement of
HD 97658b’s transmission spectrum will eventually allow us
to distinguish between high clouds and a cloud-free, metal-rich
atmosphere. Our constraints on the atmospheric scale height in
the cloud-free scenario are relatively weak compared to those
obtained for GJ 1214b and GJ 436b, despite the fact that we
achieve smaller errors (20 ppm versus 30 ppm) in our measure-
ment of the differential transmission spectrum. This is primarily
because HD 97658b has a smaller planet–star radius ratio than
either of these systems, and the predicted amplitude of the trans-
mission spectrum is correspondingly small. Fortunately, it also
orbits a brighter star than either GJ 1214b or GJ 436b, making
it possible to achieve high precision transit measurements with
relatively few observations. Unfortunately, this makes ground-
based observations particularly challenging as the nearest com-
parison star with a comparable brightness is located more than
40′ away. For space telescopes such as Hubble and Spitzer,
achieving the precision required to study this planet in detail
will mean pushing the systematic noise floor to unprecedent-
edly low levels. There is every reason to believe that this level
of performance should be achievable, and given the unique na-
ture of this planet it is likely that this will be put to the test in
the near future.

We are grateful to STScI Director Matt Mountain and the
Director’s Discretionary Time program for making it possible
to obtain these observations prior to the next regular HST pro-
posal cycle. We also thank Beth Perriello and the rest of the HST
scheduling team, as they worked overtime in the days leading
up to the Christmas holiday in order to make sure that we ob-
tained the best possible data from this program. We also wish
to acknowledge Valerie Van Grootel, who was kind enough to
share an advance copy of her paper prior to publication. H.K.
acknowledges support from NASA through grant GO-13501.
L.K. received funding for this work from the National Science
Foundation in the form of a Graduate Research Fellowship.
J.L.B. acknowledges support from the Alfred P. Sloan Founda-
tion and NASA through grants NNX13AJ16G, GO-13021, and
GO-13467. D.H. has been supported through the European Re-
search Council advanced grant PEPS awarded to Gilles Chabrier
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HD 97658b

 
Figure 2.  Averaged transmission spectrum for GJ 436b.  Black filled circles indicate the 
error-weighted mean transit depth in each bandpass, with the plotted uncertainties calculated as 
the sum in quadrature of the 1σ standard deviation measurement errors and the systematic 
uncertainties from stellar limb-darkening models.  We show three models for comparison, 
including a solar-metallicity cloud-free model (red line), a hydrogen-poor 1900 times solar 
model (blue line), and a solar metallicity model with optically thick clouds at 1 mbar (green line).   
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GJ 436bFigure 2: The transmission spectrum of GJ 1214b. a, Transmission spectrum measurements
from our data (black points) and previous work (gray points)7–11, compared to theoretical models
(lines). The error bars correspond to 1σ uncertainties. Each data set is plotted relative to its mean.
Our measurements are consistent with past results for GJ 1214 using WFC310. Previous data rule
out a cloud-free solar composition (orange line), but are consistent with a high-mean molecular
weight atmosphere (e.g. 100% water, blue line) or a hydrogen-rich atmosphere with high-altitude
clouds. b, Detail view of our measured transmission spectrum (black points) compared to high
mean molecular weight models (lines). The error bars are 1σ uncertainties in the posterior distri-
bution from a Markov chain Monte Carlo fit to the light curves (see the Supplemental Information
for details of the fits). The colored points correspond to the models binned at the resolution of
the observations. The data are consistent with a featureless spectrum (χ2 = 21.1 for 21 degrees
of freedom), but inconsistent with cloud-free high-mean molecular weight scenarios. Fits to pure
water (blue line), methane (green line), carbon monoxide (not shown), and carbon dioxide (red
line) models have χ2 = 334.7, 1067.0, 110.0, and 75.4 with 21 degrees of freedom, and are ruled
out at 16.1, 31.1, 7.5, and 5.5 σ confidence, respectively.
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Kreidberg et al. 2014

With hundreds of HST orbits, we have not detected a 
molecular feature in any planet smaller than Neptune. 

GJ 1214b



Part 2 Conclusions
• Opacities


• Huge molecular line lists, must use some trick to deal with


• Need high T databases


• Clouds and hazes are a challenge


• Must have some sort of cloud model to get cloud properties


• How best to couple to 1D solver?


• Need photochemical model for hazes (currently too slow to couple 
iteratively)


• Lots of room for improvement in our methods


