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Today’s Message

• Clouds are exceptionally important

• 3 main cloud modeling approaches to date, 
one of which is “make them up”

• Applications: properties of the HR 8799 
planets & the L to T transition

• Photochemistry

• Lots of room for new ideas & new models
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Today’s Objects
• Brown Dwarfs (L & T dwarfs)

• objects with masses intermediate between 
planets and stars

• composition similar to giant planets

• vastly more & higher quality data than 
exoplanets

• Jovian mass exoplanets, young and old

• Issues broadly apply to terrestrial exoplanets
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Hot Jupiters
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Importance of Clouds:
Reflected Light
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CH4
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CH4

H2O Na, K
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Marley et al. (1999)

CH4

H2O Na, K

Huge 
influence on 
Bond Albedo 
and Teq
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Cahoy et al. (2010)
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2 AU

0.8 AU

Cahoy et al. (2010)
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Thus 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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Thus 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
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Scattered light 
Simulated	  direct	  images

1	  AU 2	  AU 5	  AU

Cahoy	  et	  al.	  (2009)
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Importance of Clouds:
Thermal Emission
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Brown Dwarf Examples
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What do we need to know for 
atmosphere modeling?
• Cloud Composition

• Particle Sizes

• Vertical (& horizontal) distribution
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      Jupiter           T dwarf             L dwarf

Lodders (2005)
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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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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 

Size & composition controls 
the opacity

Need particle size,
size distribution
& column density

real index

size distribution
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Example

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

• Mie vs. Rayleigh opacity

r ~ 0.1 μm 
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• Can estimate cloud column mass

• Assume hydrostatic equilibrium

• Neglects dynamical effects

• How to compute sizes, vertical extent?

• Need a real model

• Or else guess and test

Simplest Model

32Monday, January 30, 12



Cloud Modeling Schools
Top - Down Bottom - Up

Many examples

S
ed

im
en

ta
tio

n

Ackerman & Marley

Chemical Equilibrium

PHOENIX - DUSTY

Helling et al.
Microphysics, nucleation, 

etc.
Fixed
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Cloud Modeling Schools
Top - Down Bottom - Up

Fixed
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Ackerman & Marley

Chemical Equilibrium

PHOENIX - DUSTYMany examples

Helling et al.
Microphysics, nucleation, 

etc.
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Why Not Rossow?
• Most extensive body of work on 

solar system clouds
–Compute timescales, τ, for key cloud 

processes (nucleation, falling, 
coagulation, etc.)

– Estimate sizes by comparing τ 

– Popular

• Computation of τ’s introduces 
many assumptions
– Surface tensions, supersaturation, 

coagulation efficiences, size 
distributions…

• Results very sensitive to 
unknowable quantities

• Does not constrain vertical 
condensate profile Rossow 1978
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Philosophy Behind 
Ackerman Model

• Needed a global 1D mean cloud 
model

• Initiated collaboration with Andy 
Ackerman

• Ackerman is highly skeptical any 
1D cloud model is even possible
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Crucial to properly account for 
sedimentation flux

In terrestrial clouds, 
large particles 
transport most of the 
mass, resulting in 
thinner and less 
optically thick cloud 
decks.

California stratocumulus; Ackerman & Marley (2001)
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fsed parameterizes efficiency of sedimentation relative to turbulent 

mixing (Jupiter fsed ~ 3)

 fsedw* = average 
sedimentation velocity 
of condensate

Ackerman Cloud Model

Model skips over 
microphysics to give a 
physically meaningful 
vertical profile of 
condensate sizes 
given assumed 
growth efficiency.

S
ed

im
en

ta
tio

n

M
ix

in
g

sed
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After Ackerman & Marley (2001)

Example: Silicate Cloud

fsed = 3

Steady state, 
precipitating cloud

Well-mixed cloud, no 
precipitation
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Other Ingredients
• Chemistry (Katharina Lodders)

• Molecular opacities (Richard Freedman)

• Atmospheric structure (Marley, following McKay)

• Thermal evolution (Didier Saumon)

• With cloud model can predict emergent spectra

• Spectra obtained by collaborators
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L8

blue L9.5

L9

blue L8

L9

Tuning Parameters to fit 
the Cloudiest L dwarfs

43Monday, January 30, 12



T0

T2

Early T Dwarfs

Approach clearly 
works well, but not 
perfectly.  Does not 
explain why fsed 
varies.

How well does this 
tool work with the 
directly imaged 
planets?
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Understanding Clouds & 
the Directly Imaged 

Planets
(in five years there will be far more data for these objects than the hot Jupiters)
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Marois et al. (2008)

• Luminosities imply 
Teff ~ 900 to 1000 K

• But photometry looks 
like hotter L dwarfs
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Directly Imaged Planets Are Very 
Cloudy

• HR 8799 b,c,d and 
2M1207B look like 
extensions of L 
sequence

• Why do low g 
objects turn blue 
later?

L

T
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How Cloudy?
• Emerging conventional wisdom:

• When compared to “standard” models...

• HR 8799bcd clouds are “radically enhanced” (e.g., 
Bowler et al. 2010)

• Entire “new class” of objects (Madhusudhan et al. 2011)

• Fits require unusual object radii
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33% volume
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Clouds at Low Gravity

silicate 
vapor 
pressure

~70 MJ
~20 MJ

~70 MJ

At lower gravity:
cloud base at lower P so 
less mass to condense but 
higher in atmosphere
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70 MJ
20 MJ 5 MJ

cloud particle size (micron)

cloud column optical depth

P (bar)

At lower 
gravity:
cloud base at 
higher &
larger radii
but similar 
column tau

low gravity,
cool planet has
similar cloud 
to hotter 
L dwarf

1 10 100

100.1
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Combining Everything
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planets cool with time

likely age range of star

Marois et al. (2008)

Marley et al. (2012)

54Monday, January 30, 12



1 2 3 4 5
0.0
0.5
1.0
1.5
2.0
2.5
3.0

f i 
(1

0−
4  J

y)

1000/4.75/2/104

1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2

0.0
0.2
0.4
0.6
0.8
1.0
1.2

f i 
(1

0−
4  J

y)

1000/3.5/2/104

1 2 3 4 5
Wavelength (µm)

0.0
0.5
1.0
1.5
2.0
2.5
3.0

f i 
(1

0−
4  J

y)
1000/3.5/2/104

• Mass ~ 5 MJup, Teff = 1000 K, fsed = 2

• “Normal” clouds, similar to warmer L dwarfs

• “Normal” planetary radius as predicted by 
evolution

Marley et al. (2012)

Just photometry

+ spectra
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c

d

Both ~ 10 MJ and 
fit with normal 
clouds and
self-consistent 
radii

Moral: cloud model 
is crucial for data 
interpretation.  
Guess and test not 
adequate.

Marley et al. (2012)
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What About the 
Transition?
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M

L
cloudy

T
cloudless

Saumon & Marley (2008)

1200 K

Field objects
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M

L
cloudy

T
cloudless

Saumon & Marley (2008)

1200 K

Radigan et al. (2011)

Field objects
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M

L

T

Teff and 
(infrared) 
spectral type 
adjusted for 
recently 
confirmed 
binaries and 
newer objects 
Error bars 
reflect unknown 
ages. The coldest 
object in the 
plot is the T8 
2MASS J0415-09. 

data from Golimowski et al. (2004) & Luhman et al. (2007)

In Field Transition is at ~constant Teff
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Teff and 
(infrared) 
spectral type 
adjusted for 
recently 
confirmed 
binaries and 
newer objects 
Error bars 
reflect unknown 
ages. The coldest 
object in the 
plot is the T8 
2MASS J0415-09. 

data from Golimowski et al. (2004) & Luhman et al. (2007)

In Field Transition is at ~constant Teff

L7-T4 Teff=1400K
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Mass ~ 5 MJup, Teff = 1000 K, fsed = 2

Marley et al. (2012)

Just photometry

+ spectra
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Gravity Dependence to Transition
Le

ss
 c

lo
ud

s

61Monday, January 30, 12



Gravity Dependence to Transition
Le

ss
 c

lo
ud

s

61Monday, January 30, 12



Gravity Dependence to Transition
Le

ss
 c

lo
ud

s

61Monday, January 30, 12



70 MJ
20 MJ 5 MJ

cloud particle size (micron)

cloud column optical depth

P (bar)

1 10 100

100.1

62Monday, January 30, 12



• Waves may be important mechanism that keeps dust aloft

• Interplay of dynamics and clouds only beginning to be 
explored

May need 3D Simulations to Understand

Freytag et al. (2010)
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Photochemistry
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Photochemistry at higher insolation?
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Hot Jupiters are 
Extreme Case

• 10,000x higher UV flux

• H, C, O, N, S, P chemistry

• Many pathways to hazes

Jupiter at 0.05 AU
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Three-Dimensional Transmission Spectra 11

FIG. 5.— Atmospheric P-T profiles at the limb of HD 189733b, from the 3D model. Smaller zenith angles are towards the day side, and larger zenith angles
towards the night side. From day-side to night-side, these are red, orange, green, blue, and cyan. The 1D planet-wide average P-T profile (Fortney et al. 2006b) is
shown in black. The dashed black curve shows where CO and CH4 have equal abundances. CO is increasingly favored at higher temperatures. The condensation
curve where TiO gas is lost to solid condensates is shown as a dotted black curve, as is the condensation curve for enstatite, MgSiO3.
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FIG. 5.— Atmospheric P-T profiles at the limb of HD 189733b, from the 3D model. Smaller zenith angles are towards the day side, and larger zenith angles
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curve where TiO gas is lost to solid condensates is shown as a dotted black curve, as is the condensation curve for enstatite, MgSiO3.

Mixing
(Kzz)
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CO + CO2 CH4
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CO + CO2 CH4

Soot Precursors
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FIG. 5.— Atmospheric P-T profiles at the limb of HD 189733b, from the 3D model. Smaller zenith angles are towards the day side, and larger zenith angles
towards the night side. From day-side to night-side, these are red, orange, green, blue, and cyan. The 1D planet-wide average P-T profile (Fortney et al. 2006b) is
shown in black. The dashed black curve shows where CO and CH4 have equal abundances. CO is increasingly favored at higher temperatures. The condensation
curve where TiO gas is lost to solid condensates is shown as a dotted black curve, as is the condensation curve for enstatite, MgSiO3.

Soot Precursors
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Sing et al. (2011)

Soot?

HD 189733 b
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Conclusions
• Clouds are very important

• Existing models are adequate but there is much 
room for improvement (talk by Helling)

• Brown dwarfs provide imporant tests

• HR 8799 planets are not strange but rather are 
consistent with known cloud physics

• Need cloud models to properly interpret data

• Photochemical products also may provide an 
important source of particulate opacity
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