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Motivation for considering new cloud species: 
GJ 1214b and T-dwarfs 

Adding new clouds to the Ackerman & Marley 
cloud model

Preliminary results for transiting super-Earths 
and brown dwarfs

Overview of Talk
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VLT (Bean et al. 2010)
Spitzer (Desert et al. 2011)
CFHT (Croll et al. 2011)
VLT/Magellan (Bean et al. 2011)
Hubble WFC3 (Berta et al. 2011)
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Clouds/hazes have been invoked to explain the flat 
transmission spectrum of GJ 1214b. 

Figure from Berta et al. 2011
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Fig. 9.— MK versus J ! K color-color diagram (MKO system) comparing models with the
near infrared photometry of field MLT dwarfs. The photometry is from Leggett et al. (2002),

Knapp et al. (2004), and Marocco et al. (2010) with M dwarfs in black, L dwarfs in red and
T dwarfs in blue. All known binaries have been removed from the sample except those with
resolved MKO photometry: ! Indi B (McCaughrean et al. 2004), SDSS J102109.69!030420.1

and SDSS J042348.57!041403.5 (Burgasser et al. 2006), and Kelu-1 (Liu & Leggett 2005).
The parallaxes are from Perryman et al. (1997), Dahn et al. (2002), Tinney et al. (2003),

Vrba et al. (2004), Marocco et al. (2010), and various references in Leggett et al. (2002).
Solid blue curve: Cloudless models calculated with the new H2 CIA and the BYTe NH3 line

list and an eddy di!usion coe"cient Kzz = 104 cm2/s (e.g. these model are not in chemical
equilibrium). The curve extends from Te! = 1500 K to 500 K, with open circles indicating
Te! = 1500 K and 1000 K. The dashed blue curve shows models computed with older H2

CIA and NH3 opacities and Kzz = 0 (chemical equilibrium) (Saumon & Marley 2008). The
dashed red curves are cloudy models in chemical equilibrium from Saumon & Marley (2008)

extending from 2400 K to 900 K with open circles indicating (from the top) Te! = 2000,
1500, and 1000 K. Each curve corresponds to a di!erent value of the cloud sedimentation
parameter (see Ackerman & Marley (2001); Saumon & Marley (2008)) of fsed = 1, 2 and 3,

from right to left, respectively. Cloudy models computed with the new opacities overlap the
cloudy sequences shown. All models shown have solar metallicity and log g = 5.

Cool T-dwarfs seem to be redder than cloud-free 
models. 

Figure from Saumon 
et al. 2011
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cloudy
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(mostly) not 
cloudy

M dwarfs
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The clouds expected to form in these atmospheres 
had never been included in models.
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Quick reminder: Ackerman & Marley 2001 cloud code 
balances the

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 : !rst, 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 pro!les 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 !rst 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
signi!cantly 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, de!ned 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 Pro!les

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 speci!c heat of the atmosphere atc
pconstant pressure (ideal gas assumed). Here we assume all

sed

w* : convective velocity

qc : mole fraction 
of condensate
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We use equilibrium chemistry models of the 
atmosphere to determine where clouds form and 
how much material forms them. 

Chemistry calculations for new clouds 
are from collaborator Channon Visscher

Manganese Sul!de Sodium Sul!de Potassium Chloride Zinc Sul!de Chromium

Condensates studied: 
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To add a new condensate, we need to know the 
optical properties of the material (indexes of refraction)

Manganese Sul!de Sodium Sul!de Potassium Chloride Zinc Sul!de Chromium

Condensates studied: 

Na2S Na2S
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Preliminary results
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GJ 1214b

Thicker clouds

Thinner cloudsNo clouds

These clouds flatten the transmission spectrum of GJ 
1214b at optical wavelengths, but not IR wavelengths. 
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VLT (Bean et al. 2010)
Spitzer (Desert et al. 2011)
CFHT (Croll et al. 2011)
VLT/Magellan (Bean et al. 2011)
Hubble WFC3 (Berta et al. 2011)
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Figure from Berta et al. 2011
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Brown dwarf color-magnitude plot with new clouds. 

Thickest 
clouds
(fsed=2)

Thinner 
clouds 
(fsed=4)
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We’re also beginning to compare model spectra to 
observations of cool T-dwarfs. 

UGPS 
J072227.51−
054031.2
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Conclusions

We’ve added 5 new clouds to the Ackerman & Marley 
cloud code, which condense at temperatures between 
the silicate/iron and water clouds. 

Determined that these clouds alone CANNOT fully 
explain GJ 1214b observations.
      ...but there could still be photochemical hazes, etc.  

Offered a preliminary explanation for T-dwarf 
observations. 
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