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Fundamental Themes for Exoplanet
Atmosphere Characterization

Determining thermal structures, Measuring compositions to trace planet
dynamics, and abundances to understand formation and evolution
planetary physics and chemistry



Giant Planet Atmospheres: Formation and Physics/Chemistry
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Based on these figures, both formation issues and atmospheric chemistry
and mixing will alter the abundances of C- and O-bearing molecules



Ingredients in a Model Atmosphere

Parent star incident flux, if any
Flux from planetary interior
Surface gravity
Base elemental composition
Treatment of chemistry
Treatment of clouds
Mixing processes

¢ Adiabatic convection?

¢ Radiative region mixing?
Opacities for atoms/molecules
Opacities for clouds
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Rainbow of Flavors

Equilibrium Chemistry, Cloud Free
Equilibrium Chemistry, Cloudy
Non-Eq Chemistry, Cloud Free
Non-Eq Chemistry, Cloudy

Partly Cloudy
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Rainbow of Flavors

Equilibrium Chemistry, Cloud Free
EqwllbrlumChemlr, Iuy

Non -Eq Chemlstr, Cloudy
Partly Cloudy




Non-equilibrium Chemistry
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0

e In planets, radiative parts of
atmospheres do readily mix, but
not as quickly as due to convection

e Mixing is typically modeled as a
diffusive process
e Diffusion coefficient: K
e Higher K, faster mixin
e Currently unknown within a
factor of 103+

e Compare mixing timescale to
chemistry timescale dramatically
affects chemical abundances
H2

CH4 + H,O = CO + 3H;

77z



The Atmosphere Below Levels Than We Can See

* As we probe cooler and cooler H/He —b_ _ —c
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Interplay between tchem an tmix sets atmospheric abundances

Pressure [Bars]
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Terr= 700 K, log(g)= 5.0, [M/H]= +0.0, C/0=0.45
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A large sample of Tand Y
dwarfs with JWST specira
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* Trend is Tefr is robust
across three different
sets of models (Lacy &
Burrows, EIf Owl,
ATMO2020++)

e Coldest objects, with
weakest interior fluxes,
103-104 faster mixing



Expect differences for brown dwarfs vs. imaged planets!
CO abundance sensitive to Kz and surface gravity
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Rainbow of Flavors

Equilibrium Chemistry, Cloud Free
Equilibrium Chemistry, Cloudy
Non-Eq Chemistry, Cloud Free
Non-Eq Chemistry, Cloudy

Partly Cloudy
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SHOULD I USE?

Caroline V. Morley, Mark S. Marley, Sagnick Mukherjee, James Mang,
Channon Visscher, Natasha Batalha, Evan DaVL,, Jonathan J. Fortney

Our greater modeling empire has provided a series of widely-used here and evolution 2020, ing with SONORA BOBCAT (Mariey et al. 2021),
SONORA CHOLLA (Karalidi et al. ml).SoNouDlAWAcxmbrlqaal 2024), and SONORA ELF OWL (Mukherjee et al. 2024). Upcoming releases include
anmMm(Dav-a;L).hmsﬂmdelum[Mmqunmlmmmmm x\dnﬁngudaneabomwhmmur

each. All models presented P chemical and spectra of P
SONORA BOBCAT is the 0.G. SONORA grid, published by SONORA DIAMONDBACK was published last year by Morley et al. 2024.
Marlzynal 2021. kmhhmmmw This grid is the first SONORA model grid to include clouds, following the
ider citing it regardloss of your framework of Ackerman & Marley 2001 and including Al:Os, Fe, MgiSiOs,
&d l of 3 metallicities (-05, I\d couds. We calculated evduucnmo&ll uuiudngrhtdi«t
5,.mc/omu(o5 1.0, and 1.5x solar). The paper he dlouds, and studied how th

describes the updated opacities and dmﬂmya!nummm itics (-05, nn...d.os)l(ryuumof
models are doud-free and assume chemical equilibrium. mmmm.mhyd urning minimum mass of 702
BOBCAT includes evolution models, using the atmospheres as WM(T 734 from Saumon & Marley 2008), dosely
self-consistent boundary conditions. empirical limit of 70 M from Dupuy & Liu 2017.
Use for: - Use for:
* 200-2800 K cloud-free \ \ * 900-2400 K doudy objects

objectz * disequ. chemistry lan't

Mmd\mhkyhnl’ * 1f you need seli-conalstent

Impostant evolution models
gt yec net sl Young/hot object? Look out for RED

models DIAMONDBACK (Davis et al. submitted)

which uses the SPHINX M dwarf spectra and
the Diamondback L dwarf spectra to better
model the evolution of 2000-3000 K objects L

ELF OwL FLAME SKIMMER

FLAME SKIMMER and GiLA MONSTER will be huge updates to look forward to

ELF OwL is the biggest grid we have ever released, published by Mukherjee et later this yeas, but if you have an exciting result that needs models earlier,
al. 2024. Tt includes over 10,000 models from 2752400 K, metallicities from -1 n—d:mnl-u-lhg(lnd)w(‘xduwlq These model grids
o+, mé/g?mosz&mnmwmm(m mmgum pocivene (25 K]anddlxmgnvlm
constant is These models coldest directly imaged
Amunmmmanmuhhwndmmwmh planets and brown dwarfs observed with JWST, and have already been
more ineficient mixing than Mwllxrlﬂ‘ m.m:,,“..,m applied to observations of 14 Her ¢ (Bardalez-Gagfiuffi et al. 2025) and TWA
hing in their 7b (Crotts et al. 2005). We plan to include self-consistent evolution models for
then's COz in tm wn&:wma-l.ms both grids. FLAME SKIMMER is cloud-free and GILA MONSTER will indude
Mmp\m:-:a m!dqg)crdn fix to the 0Oz chemistry. s"d clouds, including water clouds in the evolution models for the first time.
Use for:
oK it GILA MONSTER
i Use for:
T~ * 50-500 K objects
i~--:|-; * doud-free: FLAME SKIMMER
£ purmid * doudy: GiLA MONSTER
o [— s © anf Br more ix the fadure whon conplete!
= ) Te i) ? =
SONORA or PICASO?
PICASO is the name of an open-source atmosphere
modeling code with legacy in the Fortran EGP code
A 1. 1999). We have branded the models
Should T use CHOLLA? o s ot o
CHOLLA (Karalidi et al. 2021) i ium chemistry coupled to the etc.) SONORA regardiess of code used to create the
radnuv«m\mv\-qumbnmmddiorlheﬁmm The grid has been replaced by the models (Bobont and Dlomondback: used SGF while EX

EfOw . P Kcities, C/O ratios, and Owl, Flame Skimmer, and Gila Monster used FICASO).

Caroline Morley’s
2025 Exoclimes
Poster



Equilibrium
Chemistry,
Cloud Free

Non-Eq
Chemistry,
Cloud Free

BOBCAT

SONORA BOBCAT is the O.G. SONORA grid, published by
Marley et al. 2021. Tt describes the overall methodology and
general updates, so please consider citing it regardless of your
grid choice! It includes models of 3 different metallicities (-0.5,

0.0, +0.5, and C/O ratios (0.5,

1.0, and 1.5x solar). The paper

describes the updated opacities and chemistry calculations. The
models are cloud-free and assume chemical equilibrium.
BOBCAT includes evolution models, using the atmospheres as
self-consistent boundary conditions.

Use for:

* 200-2400 K cloud-free
objects

disequilibrium
chemistry isn’t 2
important &

if you need self-

107

107

1072

DIAMONDBACK

SONORA DIAMONDBACK was published last year by Morley et al. 2024.

This grid is the first SONORA model grid to include clouds, following the

framework of Ackerman

Equilibrium

& Marley 2001 and including Al2Os, Fe, MgSiOs,

and MgSiO; clouds. We calculated evolution models including the effect

of the clouds, and studied how the cloudy evolution and atmosphere
models change at different metallicities (-0.5, 0.0, and +0.5). Key results of

Chemistry,

the paper include a lower hydrogen-burning minimum mass of 70.2

Jupiter masses (compared to 73.4 from Saumon & Marley 2008), closely
matching the empirical limit of 70 My from Dupuy & Liu 2017.

Use for:

* 900-2400 K cloudy objects

o disequ. chemistry isn’t
important

* if you need self-consistent
evolution models

Cloudy

consistent evolution
models

ELF OwWL

ELF OWL is the biggest grid we have ever released, published by Mukherjee et
al. 2024. Tt includes over 10,000 models from 275—2400 K, metallicities from -1
to+1, and C/O from 0.5-2.5x solar. It includes disequilibrium chemistry (with
constant K::) that is coupled to the radiative-convective equilibrium calculation.
A key result from Mukherjee et al. 2024 is that brown dwarf atmospheres have
more inefficient mixing than previously thought (K=~10'—10%cm?/s), due to
chemical quenching in their radiative layers (instead of convective layers). If
there’s CO; in your spectrum, please upgrade to the Wogan et al. 2025 grid

which implements a “second
Use for:

® 275-2400 K cloud-free
objects

disequilbrium chemistry
is important

you need a broad range
of metallicities and C/O
ratios

if you do NOT need self-
consistent evolution
models (could use Bobcat or
Diamondback evolution w/
Elf Owl spectra)

Young/hot object? Look out for RED
DIAMONDBACK (Davis et al. submitted)
which uses the SPHINX M dwarf spectra and
the Diamondback L dwarf spectra to better

17E—a (MHI=0.0. cloucree X
o (MMI=+05, doutfree  —o— [MH]==0,
18E . MMI=—05. doud-free  —a— (M]=—,

E I R s S S R R L R ]

model the evolution of 2000-3000 K objects J-K

quench” fix to the CO2 chemistry.

FLAME skIMMER Non-Eq Chemistry,

FLAME SKIMMER and GILA MONSTER will be huge updates to look forward to

(2-3.5) than ELF OWL. These

applied to observations of 1

later this year, but if you have an exciting result that needs models earlier,
reach out to James Mang (lead) and Caroline Morley. These model grids
extend our framework to cooler temperatures (50-250 K) and lower gravities

planets and brown dwarfs observed with JWST, and have already been

Cloud Free
(colder + lower g)

models are ideal for the coldest directly imaged

4 Her c (Bardalez-Gagliuffi et al. 2025) and TWA

7b (Crotts et al. 2025). We plan to include self-consistent evolution models for

both grids. FLAME SKIMMER is cloud-free and GILA MONSTER will include
clouds, including water clouds in the evolution models for the first time.

GILA MONSTER

- :
[ S = T
- T
3L =
S L omaso
E e
2F & Dot
HiS e
£ s - il
I e
Calali b Lol 1l 1l 11 111
r & ; P

e
Tert (K]

Should I use CHOLLA?

CHOLLA (Karalidi et al. 2021) implemented disequilibrium chemistry coupled to the
radiative-convective equilibrium model for the first time. The grid has been replaced by the
EIf Owl models, which cover a broader range of metallicities, C/O ratios, and temperatures.

SONORA or PICASO?

PICASO

Non-Eq
Chemistry, Cloudy
Partly Cloudy

Use for:
* 50-500 K objects
e cloud-free: FLAME SKIMMER

® cloudy: GILA MONSTER
® and for more in the future when complete!

B

is the name of an open-source atmosphere

modeling code with legacy in the Fortran EGP code

(Marley

et al. 1999). We have branded the models

themselves (pressure-temperature profiles, spectra,

models

etc.) SONORA regardless of code used to create the

(Bobcat and Diamondback used EGP while EIf

Owl, Flame Skimmer, and Gila Monster used PICAS0).



Kinds of Models

e Equilibrium Chemistry, Cloud Free
e Sonora Bobcat (Marley+, 2021)
e ATMO02020 CEQ (Phillips+, 2020)

e BEX (Linder+2019, cold objects) pvsass)

e SAND (Gerasimov+2024)

e Equilibrium Chemistry, Cloudy (Silicates + Iron) Somejﬂmes you feel
e Sonora Diamondback (Morley+, 2024) like a nut,
e Exo-REM (Charnay+ 2018, 2026 in prep) sometimes you don’t.

e MSG/MARCS (Jgrgensen+, 2024)
e BEX (Linder+2019, Salts and Sulfides, Cold)
o BT-Settl (Allard+, 2014) ] "s',;{lé'r;'é
e DRIFT-PHOENIX (Wittke+, 2011) : ;

[ Sonora El ?/ O;

Effective Temperature (K)

0.0 0.5 1.0 . 0 1. X
Metallicity [M/H] Surface Gravity log(g)



Kinds of Models

¢ Non-Eq Chemistry, Cloud Free
e Sonora Elf Owl (Mukherjee+, 2024)
e ATMO02020 NEQ (Phillips+, 2020)
e Sonora Flame Skimmer (Mang+, 2026)
e ATMO02020++ with sub-adiabatic (Tremblin+)
e Non-Eg Chemistry, Cloudy
e Lacy & Burrows (2023), Lacy + (2026 in prep),
Water Clouds (also cloud-free, eq. chem)
e Sonora Gila Monster (Mang+, 2026 in prep),
Water + Ammonia Clouds
e MSG/MARGCS, Silicates+Fe (Jgrgensen+, 2024)
e SAND (Gerasimov+2024)
e Partly Cloudy
e Sonora Gila Monster (water)

Effective Temperature (K)
@ S I

Sometimes you feel
like a nut,
sometimes you don’t.

||||||||||||||

1 [ =2 Sonora Bo
[ & Sonora Elf O

i ATMO202|
1 [ == BEX
F Sonora Fl

30 35 40 45 50 55
urface Gravity log(g)



Log Pressure [bar]

How to Help!

:' (a)
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JWST + Spitzer
= \WWST + SpeX
won JWST + SpeX + Spitzer
mmmm (losest EIf Owl Model

0 500

Hood+2023

1000 1500
Temperature (K]

III

Even without a “grid-treava
to find the best-fit grid model,
plotting a grid model P-T
compared to the retrieved
profile can help to build
trends, if many folks do it, and
improve model physics



Thermal Evolution Models

Red Diamondback,
Davis, Fortney+2025
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Thermal Evolution Models

Cloudy-to-Cloud Free atmospheres
e Sonora Diamondback (up to 2400 K, Morley+, 2024,
CMS19 EOS)
e Sonora Red Diamondback (up to 4000 K, Davis,
Fortney+, 2025, CMS19 EQS)
Cloudy atmospheres
e BEX (Linder+2019, cold objects)
e SANDee (Gerasimov+2024)
Cloud free atmospheres
e Sonora Bobcat (Marley+ 2021, ScVH EQS)
e ATMO2020 (Phillips+2020, CMS19 EQS)
e Chabrier+2023 (Phillips atmosphere + CD21 EQS)
e SANDee (Gerasimov+2024)

Hot/Cold Start
e Marley+2007 & Fortney+2008
e Spiegel & Burrows (2012)

10 Myr 100 Myr 1 Gyr 10 Gyr
Age

Red Diamondback, Davis, Fortney+ (2025)



Red Diamondback, Davis, Fortney+ (2025)

Thermal Evolution Models = L T T

Atmosphere Choices Do Matter!

R e
. Power law: a=0.4 1 Power law: 0=0.4
| Birthrate: constant | Birthrate: constant
Models: Saumon & Marley (2008) Models: Baraffe et al. (2003)
" Low-mass cutoffs: T Low-mass cutoffs:

L 10M, +  1oMm,

1M,

1M,

10 Myr 100 Myr 1 yr - 0 Gyr

Age

¢ ¢

¢

2000 1500 1000 500 2000 1500 1000 500
Terr (K) T (K)

P I

Kirkpatrick+2024, the 20 parsec sample



Where Are We Going?

e Some very low metallicity brown dwarfs are showing
SiH4 (silane) and PH3 (phosphine)
e Very low metallicity barely explored in models
e Some isolated brown dwarfs show temperature
inversions and more isothermal upper atmospheres
seem to be common
e An additional heating mechanism that is another
ingredient in the cake recipe
e New and different 1D cloud models

oSN WMo

e Coupled to 1D atmospheres
e “Two-column” thick and thin

e Higher metallicities for cold “Neptunes”
¢ There will be a demand for 1D models for a long
time, ever-more-informed by:
e 3D models
e 1D retrievals
e Exoplanet thermal evolution models “informed” by
dilute cores of Saturn and Jupiter

Wavelength (um)

-5

logyolcross-section x mole fraction (cm?)]



Models Receptive to New Observations: A
Roman-Ready Self-Luminous Atmosphere Grid

Thermal spectra @ T=1300 g100 m+000 CO100 fsedl (binned n=20)
B2 B3

T: 1000-1800 K
log g: 3-5

[M/H]: -0.5-1.0
C/O: 0.5-2

Cloud fraction: 0—
100%

—— 75% Cloudy

Roman Bands —— 50% Cloudy
25% Cloudy

Wavelength (um)

e 10,000+ self-consistent EGP climate models that include
fractional clouds

e High-resolution PICASO spectra in the optical and NIR/MIR



Takeaway Messages

Beyond merely “detecting” equilibrium chemistry, CO/CH4/H20/
CO2/NH3 can be a very sensitive probe of mixing

« Really impressive ongoing progress with JWST
« Mixing inexorably tied into cloud physics too!

« Could be considerable differences between field dwarfs
and planets due to gravity and metallicity

If you’re doing retrievals, you should also be comparing to a
few grid models

« Pointing out at least P-T profile and spectral deficiencies —
helps to understand the physics

Folks are always putting efforts into new and improved models,
please use them and tell us how to make it easier to use them



