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Me: Mark Marley
NASA Ames

• B.S. & Ph.D. in Planetary Science 
(Caltech, Univ. of Arizona)

• Learned radiative transfer as 
postdoc under Jim Pollack (ARC)

• Developed 1D giant planet 
radiative transfer code

• Applications for solar system

• Applied to brown dwarfs and 
extrasolar planets (1st talk here)

• Many former postdocs use 
versions of my models Marley & McKay (1999)



Global Overview
• Brown dwarf & exoplanet atmosphere modeling

• Generally following my group’s methodology

• Focusing more on the ingredients, less on the R/T

• Planetary traditionally did not have open source 
codes, my code grew from Titan atmosphere code

• Now a wave of open source codes are appearing
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Most of all, Need Atmosphere Structure 
Model to Interpret Planet Spectra
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the data reduction process. Non-concurrent observations for differ-
ent wavelengths could cause large variations in the measured flux
between observations if there is any significant temporal variability
in the atmosphere of HD 189733b. Therefore, all these sources of
potential error could lead to substantial inconsistencies between the
data sets taken from different studies, instruments and observation
times. Although we do not intend to revisit the decorrelation pro-
cedures with this analysis, we aim to show the limitations of the
spectra available at the present epoch under the assumption that the
measurements are an accurate representation of the mean planetary
flux.

4 BEST-FITTING DAYSIDE SPECTRU M O F
H D 1 8 9 7 3 3 B

4.1 Significance test (F test)

The molecular composition of the dayside atmosphere of
HD 189733b is generally accepted to be a mixture of H2O, CO2, CO
and CH4. These molecules have been discovered based on various
spectroscopic measurements, listed in Section 3. However, given the
large uncertainties on the available data and the degeneracy between
retrieved parameters, the existence of some of these species is called
into question. We therefore set out to statistically test whether the
presence of each molecule is truly warranted by the data. Using a
statistical significance test known as an F test (Snedecor & Cochran
1989), we evaluated the change in confidence level between a range
of simple and complex models. We successively added more com-
plexity to the model (i.e. added molecules to the H2/He atmosphere
to increase the number of degrees of freedom) and evaluated the im-
provement in the goodness-of-fit parameter (χ 2) for the best-fitting
spectrum. The F test was then used to assess whether the inclusion
of a particular molecule was required to fit the data.

The F test indicates that an atmospheric composition for
HD 189733b containing H2O and CO2 is highly plausible at the
>99.98 per cent confidence level. The presence of these two
molecules is required to obtain a reasonable fit to the available
data. In addition, we find insignificant confidence levels (i.e. <95
per cent) when we increase the complexity of the model by adding
CO, CH4 or a combination of the two to the simple model containing
H2, He, H2O and CO2. In other words, CO and CH4 provide negli-
gible enhancements to the fitting quality and are not required to fit
the dayside emission measurements to within the stated error bars
(although upper limits on these species can certainly be derived).

Additionally, we consider the implications of Gibson et al. (2011),
who claimed larger uncertainties on the HST/NICMOS data by
reprocessing its transmission spectrum (Swain et al. 2008). If the
same conclusions are applicable to the secondary eclipse emission
spectrum, then we must similarly increase the measurement error
on the NICMOS data by a factor of 5. This leads to even smaller
confidence levels on the more complex models, and the solutions are
found to be even more degenerate. In this case, evaluating the F-test
significance using a variety of models still suggests that both H2O
and CO2 are required to reproduce the dayside emission spectra
(>99.29 per cent confidence), but makes the presence of CO and
CH4 even more uncertain.

We therefore conclude that, irrespective of the uncertainties on
the HST/NICMOS data, current data sets are unable to provide
detections of CO and CH4 on the dayside of HD 189733b with
any sort of statistical certainty. Nevertheless, upper limits on the
abundances of these molecules can be obtained (see Section 5), and
all four molecules will be included in our subsequent study.

Figure 1. The best-fitting spectrum and atmospheric properties retrieved by
the NEMESIS algorithm. In the top panel, the best-fitting dayside emission
spectrum of HD 189733b is displayed as a black line. The green, purple
with red and green symbols are the measured planet–star flux ratio from
the Spitzer IRS spectroscopy (Grillmair et al. 2008), the Spitzer broad-
band photometry (Deming et al. 2006; Charbonneau et al. 2008) and the
HST/NICMOS spectrophotometry (S09) (cf. Section 4). The retrieved best-
fitting P–T profile in the bottom left-hand panel is shown in a black solid
line with grey-coloured uncertainties due to the molecular degeneracy (cf.
Section 5.3). In the bottom right-hand panel, retrieved best-fitting molecular
mixing ratios for H2O, CO2, CO and CH4 are demonstrated with different
colours. Each abundance is assumed to be fixed with height in order to
minimize the number of retrieval variables (cf. Section 5.4).

4.2 Best-fitting solution

Using the NEMESIS algorithm, we retrieve the best-fitting day-
side spectrum of HD 189733b, incorporating both the Spitzer and
HST observations as stated in Section 3. Fig. 1 demonstrates the
best-fitting spectrum to these measurements, and the retrieved at-
mospheric P–T profile and molecular abundances for H2O, CO2,
CO and CH4. Each panel will be described below.

Fig. 2 shows the contributions from the four main gases included
in our model. This figure also shows the wavelength ranges where
the molecular contributions are distributed by co-plotting the com-
puted synthetic spectra with high and low abundances for each
molecule. Spectral features of H2O and CO2 affect the spectrum at
all wavelengths. CO has absorption features at 1.6–1.7, 2.3–2.5 and
5.0–5.5 µm, while CH4 features can be seen at 1.7, 2.2–2.5, 3–4 and

C⃝ 2011 The Authors
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

We’re 45 years behind 
work in the Solar System 

Lee et al. (2012) 

Jupiter 

Gillett, Low, & Stein (1969)  

•  CH4 dominant mid IR absorber 
•  Temperature inversion from 7.8 µm 

CH4 band 
•  Bright at 5 µm – high Tbright 



Forward Models Also

• Help us to understand baseline to understand departures


• Disequilibrium chemistry


• Condensation sequence (rain out vs. true equilibrium)


• Stratospheric heating (Burningham +)


• Particle sizes


• Motivate observations, point to where to look


• Value in systematic studies by experts vs. black box tools



• Astrophysics Perspective (Previous lectures)
• Accurate radiative transfer is essential
• Large grids of spectra
• First compute structure, then high resolution spectra

• Planetary Science Perspective
• Deep focus on individual objects
• Better appreciation of the complexities of planets
• More willing to use useful approximations in any area if 

other uncertainties dominate
• Seeing planets up close gives appreciation for the 

uncertainties: clouds, chemistry, inhomogeneities
• Lack good theory for many processes 

Exoplanets Borrows from Astrophysics and 
Solar System Planetary Sciences



• Self-Consistent Radiative-Convective Models (1D)
• Primary subject of my lectures
• Grid models
• Tuned models to study 1 dataset
• Boundary conditions for evolution calculations

• Retrieval (1D)
• Will mention and give current examples

• General / Global Circulation Models (GCMs) (3D)
• Mostly beyond the scope of these lectures, but uses 

some 1D methodologies

Modeling Approaches Commonly Seen in 
Exoplanetary Atmospheres
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Hydrostatic equilibrium

Conserve energy

Convection ΔG = 0 Chemical 
equilibrium

P=nkT Equation of state

Physical Basis



Marley & Robinson (2015)

Incident 
beam

beam + 
scattered

Fnet,IR = Fnet,viz + Fint - Fconv 

 =  + 

Thermal

Convection

 - Convection

at each level in the atmosphere

Energy



Scattering is Central to the 
Problem

• Mie Scattering

• Photochemical 
hazes

• Clouds

• Rayleigh 
scattering

Need to resolve phase behavior of scattering



Overall Strategy 
• Need many iterations to solve for thermal profile

• Guess profile, compute incident & emitted fluxes, update profile, repeat

• Many challenges in the radiative transfer

• Molecular opacity linelists have grown huge

• Clouds vary as T(P) changes

• Scattering important

• Large model grids may encompass thousands of models

• So accept often tradeoffs in precision vs. speed

• Different groups make different choices





How Approximate?

R/T should not be limiting accuracy



Many Approaches in Practice
• Our group chooses approximate R/T to generate profile and re-

computes high resolution spectra for final model with consistency 
check

• Others use “sampling” but with full R/T

• Even full numerical treatments can have trouble with high albedo 
forward scattering particles

• Important to remember that opacity, chemistry, abundance, 
observational uncertainties are large

• Beware of claims of super-accurate radiative transfer, often 
obscures important approximations elsewhere in the problem 
(e.g., ignoring scattering, treating solar beam as a hemisphere) 
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Tinetti et al. (2012)



R/T Opacity Methods
• Line by line

• Sampling

• Mean opacities

• Rosseland, Planck

• Double means

• Binning

• k-coefficients





Chemistry



Chemistry
(Rainout?)

Extensive evidence for rainout but more complex to compute
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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

A S T R O N O M Y
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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

A S T R O N O M Y

Brown Dwarfs—Faint at Heart,
Rich in Chemistry

Katharina Lodders

The author is at the Planetary Chemistry Laboratory,
Department of Earth and Planetary Sciences,
Washington University, St. Louis, MO 63130, USA.
E-mail: lodders@levee.wustl.edu

Deeper

Hotter

Denser
L dwarfs L to M dwarf transitionJupiter T dwarfs

Iron metal liquid

Mg-silicates

CO gas

CO gas

Mg-silicates

CsCl
RbCl

KCl

CO gas

CO gas

CH4 gas

CH4 gas

CH4 gas

Iron metal liquid

NH4HS

NH3

H2O

Li2SLiF

Na2S

Iron metal liquid

Mg-silicates

Li2S
LiF

KCl

CO gas

CO gas

Na2S

CO gas

CO gas

Perovskite Corundum

CorundumPerovskite

CorundumPerovskite

CorundumPerovskite

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.

P E R S P E C T I V E S

www.sciencemag.org SCIENCE VOL 303 16 JANUARY 2004

 o
n
 J

u
n
e
 8

, 
2
0
0
9
 

w
w

w
.s

c
ie

n
c
e
m

a
g
.o

rg
D

o
w

n
lo

a
d
e
d
 f
ro

m
 

Formation of aerosols is a key 
chemical process



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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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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Clouds



What do we need to know for 
atmosphere modeling?

• Cloud Composition

• Particle Sizes

• Vertical (& horizontal) distribution



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.

Q

0
e

= Q

e

� gQ

s

= Q

e

(1�$0g) = Q

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 

Size & composition controls 
the opacity

Need particle size,
size distribution
& column density

real index

size distribution



Example

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

• Mie vs. Rayleigh 
opacity

• Need a cloud model to 
compute particle size 
and distribution

r ~ 0.1 μm 
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Model Execution



Temperature Correction

Once T profile changes, recompute chemistry, clouds,
radiative transfer, until reach radiative equilibrium

overlying convection zone. Check for convective stability, adjust 
convection zone, rinse, repeat.

We don’t use ALI



Convective Adjustment

• For most all planetary conditions convection is only 
very slightly super-adiabatic 

• If computed radiative profile steeper, adjust to 
adiabat

• Must do iteratively as convective adjustment alters 
profile above radiative-convective boundary

• Can also use MLT with L/H = 1
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A	Self-consistent	1D	HD	209458b	Models
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A	Self-consistent	1D	HD	209458b	Models
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A	Self-consistent	1D	,	1200	K	Isolated	Model
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A	Self-consistent	1D	,	1200	K	Isolated	Model



• No sharp photosphere

• Atmosphere radiates through large vertical region

• Multiple convection zones are common

• Atmosphere does not reach an isothermal limit until low P
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• No sharp photosphere

• Atmosphere radiates through large vertical region

• Multiple convection zones are common

• Atmosphere does not reach an isothermal limit until low P



Complications
• Is 1D even appropriate?

• Disequilibrium chemistry

• Cloud convergence issues

• Cloud holes

• Additional heating mechanisms?

• Day/night redistribution



How to Compute Model 
Grid?

• Choose internal heat flow (Teff for no insolation) 

• Choose incident flux (stellar spectral type, orbit)

• Pick g, composition, clouds for 1 model 

• First guess T(P) profile, convection zone

• Relax to radiative equilibrium, test dT/dP

• Adjust profile



Example Application:
Modeling Brown Dwarf Spectra

(no incident flux)



Thermal Evolution 
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Age (yr)
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adapted from Burrows (2001)
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Where we are
• Model construction requires many complexities and 

judgement calls

• We will explore many over the next few days

• Exercise caution when using open source code, 
downloading opacities and “running models”

• Encourage users to spend some time to learn the strengths 
and weaknesses of each approach, not just ‘x fits better 
than y’

• Collectively we all need to aim to understand why models fit 
or fail  —  with the help of the next topic
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No quantification of uncertainties-“eyeballed 
fits” resulting in model driven conclusions

Fortney+2008

Difficult to diagnose why models don’t fit

Need a statistically rigorous, data driven 
framework
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Noise	☹
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The	problem	we	are	trying	to	solve	is…

Thermal	Structure
Solar	H2O	
Solar	H2O	×	30

Solar	CO	
No	CO

Molecular	Abundances
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Statistical quantification of basic atmospheric 
properties permits the study of planetary 

processes
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Allure	of	Retrieval
• Gets	you	statistical	validity	of	conclusions	
• Tells	you	what	the	atmosphere	is	“actually	
doing”	
• These	inferences	themselves	are	rarely	
assumption-free	however	

• Still	need	to	assess	why	the	atmosphere	is	
doing	what	it	is	doing	—>	typically	always	
leads	to	1D	self-consistent	or	3D	modeling	

73



Remaining Lectures

• Choices on handling opacities

• Cloud Models

• Applications

• Upcoming Missions (see handout)






