|dealized models for planetary climate & circulation:
From Earth to Titan

Jonathan Mitchell
Earth & Space Sciences

Atmospheric & Oceanic Sciences
UCLA

Image credit: NASA/JPL/UovArizona

Friday, 10 September 2010



|dealized models for planetary climate & circulation:
From Earth to Titan

Jonathan Mitchell
Earth & Space Sciences

Atmospheric & Oceanic Sciences
UCLA

Image credit: NASA/JPL/UovArizona

Friday, 10 September 2010



Part I
Titan’s tropical weather and climate
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Titan: Saturn’s largest moon

Telesto
Calypso #

Helene «

Prometheus Janus

Pan Atlas
. - % ¢ ‘ .
- '

Pandora  Fpimetheus
Mimas Dnceladus Tethys Thome

Fhoehe

lapelus

All bodies are to scale except for Pan, Atlas, Telesto, Calypso, and elene, whose Sa tL'I ]_"'[“1
sizes have been exapgerated by a factor of 5-to show rough topopraphy.

Friday, 10 September 2010




Titan: Saturn’s largest moon

(]TIEH‘“—' : Helene «
alypso
Prometheus Janus ¥

Pan Atlas
. - % ¢ ‘ .
- '

Pandora  Fpimetheus
Mimas Dnceladus Tethys Thome

Fhoehe

lapelus

All bodies are to scale except for Pan, Atlas, Telesto, Calypso, and elene, whose Sa tL'I ]_"'[“1
sizes have been exapgerated by a factor of 5-to show rough topopraphy.

* Larger than Mercury

Friday, 10 September 2010




Titan: Saturn’s largest moon

Telesto

Calhypso
Prometheus Janus ¥

Pan Atlas .
. - % ¢ ‘ . :
® ¥ .

Pandora  Fpimetheus
Mimas Dnceladus Tethys Thome

Helene «

Fhoehe

lapelus

All bodies are to scale except for Pan, Atlas, Telesto, Calypso, and elene, whose Sa tL'I ]_"'[“1
sizes have been exapgerated by a factor of 5-to show rough topopraphy.

* Larger than Mercury
e 50% water (ice)

Friday, 10 September 2010




Titan: Saturn’s largest moon

Telesto

Calhypso
Prometheus Janus ¥

Pan Atlas .
. - % ¢ ‘ . :
® ¥ .

Pandora  Fpimetheus
Mimas Dnceladus Tethys Thome

Helene «

Fhoehe

lapelus

All bodies are to scale except for Pan, Atlas, Telesto, Calypso, and elene, whose Sa tL'I ]_"'[“1
sizes have been exapgerated by a factor of 5-to show rough topopraphy.

* Larger than Mercury
e 50% water (ice)
1.5 bar N> atmosphere

Friday, 10 September 2010




Titan: Saturn’s largest moon

Telesto

Calhypso
Prometheus Janus ¥

Pan Atlas .
. - % ¢ ‘ . :
® ¥ .

Pandora  Fpimetheus
Mimas Dnceladus Tethys Thome

Helene «

Fhoehe

lapelus

All bodies are to scale except for Pan, Atlas, Telesto, Calypso, and elene, whose Sa tL'I ]_"'[“1
sizes have been exapgerated by a factor of 5-to show rough topopraphy.

* Larger than Mercury

e 50% water (ice)

1.5 bar N> atmosphere
*5m LMP!!

Friday, 10 September 2010




60

2000 km 4000 km

[ Im !'JI km 1009 km
1%

North Polar Region South Polar Region

Friday, 10 September 2010



60

2000 km 4000 km

Q Im !'JI km 1009 km
1%

North Polar Region South Polar Region

Friday, 10 September 2010



Job

l)'M) Lu; U-'r(l km

North Polar Region South Polar Region

Friday, 10 September 201




Titan’s methane clouds
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Titanian floods

Turtle et al. 09
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Hadley cells and tropical climate
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Hadley cells and tropical climate
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Hadley cells and tropical climate
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Steady Hadley cell theory:
- Momentum and energy transport by Hadley
cells

Height

Jet

Hadley cell

Held & Hou '80 q Latitude
Caballero, Pierrehumbert, Mitchell '08
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Steady Hadley cell theory:
Momentum and energy transport by Hadley
cells

Height

Jet

Hadley cell

Rotation couples
vertical shear to
horizontal temperature
gradient

/

Held & Hou ’80 Eq Latitude )G SOH X Y, g H P / R

Caballero, Pierrehumbert, Mitchell '08
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Tropics on Earth and Titan
o X cgP/R
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Tropics on Earth and Titan
o X cgP/R
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Tropics on Earth and Titan
o X cgP/R
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Titan’s Greenhouse & Antigreenhouse
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Titan’s Greenhouse & Antigreenhouse

Antigreenhouse
-scattering in optical
-absorption in optical

100% =
3.6 W/m?
absorption
Greenhouse 120% 113%
:ft?ssfr;;ﬁ:)en in IR b2 1%

2% (N

McKay et al. ’89, ‘91

Friday, 10 September 2010




A simplified climate model for Titan

« Axisymmetric primitive equations

- Gray radiative transfer (greenhouse)

- Parameterized shortwave absorption (antigreenhouse)
- Slab surface assumed to be saturated with methane

- Simplified Betts-Miller convection scheme for a general
condensate
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A simplified climate model for Titan

« Axisymmetric primitive equations

- Gray radiative transfer (greenhouse)

- Parameterized shortwave absorption (antigreenhouse)
- Slab surface assumed to be saturated with methane

- Simplified Betts-Miller convection scheme for a general
condensate

- Approach: Vary parameters controlling methane
to pass from a dry to moist climate
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The range of Titanian climate

from dry to moist

1 Titan year = 29.5 Earth years
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The range of Titanian climate

1 Titan year = 29.5 Earth years
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Climate implications of the oscillating
Hadley cell
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Climate implications of the oscillating
Hadley cell

Moist case Intermediate case

Moisture flux [mg/s]
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Moisture fluxed away
Mitchell ‘08 (JGR-Planets) from low-latitudes
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Climate implications of the oscillating
Hadley cell
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Terraplanet experiment design
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Terraplanet experiment design

N. Solstice

S. Solstice

‘ Dry  $$ Evaporation C@ Large-scale circulation

Approach: Vary the initial methane inventory

Mitchell ’08 (JGR-Planets
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Variation of reservoir depth
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Terraplanet GCM simulations:
sensitivity to initial reservoir depth
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Terraplanet GCM simulations:
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Terraplanet GCM simulations:
sensitivity to initial reservoir depth
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Summary

- Thermodynamic-dynamic coupling controls the
positions and seasonality of methane clouds.

- The oscillating Hadley cell produces climatologically
dry conditions near the equator and accumulation
zones at the poles, as observed.

Mitchell et al. ‘06 (PNAS)
Mitchell 08 (JGR-Planets)
Mitchell et al. ‘09 (Icarus)
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Part Il
The transition to superrotation

Earth-like Titan-like

-80 -60 —40 -20 0 20 40 60 80 -80 -—-60 -40 -20 20 40 60 80
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Jonathan Mitchell
AOS/ESS/IGPP
UCLA

Geoff Vallis
Princeton/GFDL 20
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Evidence for superrotation in Titan’s atmosphere:
Huygens winds at 10° S latitude
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Superrotation in Titan’s upper atmosphere
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Superrotation mechanisms:
Non-axisymmetric forcing
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Superrotation mechanisms:
Non-axisymmetric forcing

Suarez & Duffy (92), Saravanan (93), Held (00)
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Superrotation mechanisms:
Non-axisymmetric forcing

- Suarez & Duffy (92), Saravanan (93), Held (00)

- Two-layer models of Earth bifurcate if driven by
sufficiently non-axisymmetric heating

— standard climatology -- superrotating climatology
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Superrotation mechanisms:
Non-axisymmetric forcing

- Suarez & Duffy (92), Saravanan (93), Held (00)
- Two-layer models of Earth bifurcate if driven by
sufficiently non-axisymmetric heating
— standard climatology -- superrotating climatology

- Equatorial region becomes “transparent” to transient
eddies

Held 00 23
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Superrotation mechanisms:
Axisymmetric forcing

c.f. Lebonnois talk 24
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Superrotation mechanisms:
Axisymmetric forcing

- High-latitude barotropic instability

— Geirasch, Rossow, Williams (also Yamamoto & Takahashi,
Hourdin, Luz)

Luz & Hourdin '03
c.f. Lebonnois talk 24
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Modeling Framework

Mitchell & Vallis *10 (submitted to JGR) 25
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Modeling Framework

GFDL FMS spectral dynamical core
Newtonian cooling to a stable state
Rayleigh friction

Advantage: Allows non-dimensionalization

Mitchell & Vallis *10 (submitted to JGR) 25
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Modeling Framework

- GFDL FMS spectral dynamical core

- Newtonian cooling to a stable state

+ Rayleigh friction

- Advantage: Allows non-dimensionalization

- Approach: Vary a single parameter over a large range

Mitchell & Vallis *10 (submitted to JGR) 25
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Experiment design

« Vary the thermal Rossby number

Mitchell & Vallis *10 (submitted to JGR) 26
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Experiment design

« Vary the thermal Rossby number

R gas constant
RAT AT temperature gradient

( 2 Q a ) 2 Q rotation rate
a

Ro =

radius

Mitchell & Vallis *10 (submitted to JGR) 26
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Experiment design

« Vary the thermal Rossby number

R gas constant
RAT AT temperature gradient

( 2 Q a ) 2 Q rotation rate
a

radius

Ro =

ROEarth — (.02
ROTitan — 10.5

Mitchell & Vallis *10 (submitted to JGR) 26

ROint = 1.3
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Experiment design

« Vary the thermal Rossby number

R gas constant
RAT AT temperature gradient

( 2 Q a ) 2 Q rotation rate
a

Ro =

radius

ROEarth — (.02 ROint — 13
ROTitan — 10.5

Transition to Superrotation?

Mitchell & Vallis 10 (submitted to JGR)
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Results:
Hadley cell and zonal winds
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Geopotential Anomaly
&
Zonal Winds

Mitchell & Vallis *10 (submitted to JGR) 28
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Geopotential and w
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Mitchell & Vallis 10 (submitted to JGR)
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Global wave structure: Field anomalies

Ro 10.5, Wave 1, Day 230
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Barotropic instability
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Barotropic instability

* Interacting edge waves
IN mean shear
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- PV gradient reversal
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Barotropic instability
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« Anomalous circulation
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Barotropic instability

* Interacting edge waves
IN mean shear

- PV gradient reversal

« Anomalous circulation
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- Down-gradient
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Barotropic instability

* Interacting edge waves
IN mean shear

- PV gradient reversal

« Anomalous circulation
tilts into mean shear

- Down-gradient
momentum transport

- Up-gradient angular
momentum transport
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Putting it all together

Pricipitation Zonal Winds

Total precipitation rate (kg/m2/s)

zonal wind component (m/sec)

31
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Some parting thoughts
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* In a complex system, robust mechanisms are
illuminated by idealized models, e.qg.,
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Some parting thoughts

* In a complex system, robust mechanisms are
illuminated by idealized models, e.qg.,

— the role of thermal inertia in climate (c.f. Wordsworth, Menou,
Forget, Marshall talks)

— the role of seasonality in climate (drying Titan’s dunes; c.f.
Marshall talk)

— mechanisms responsible for dynamical regime transitions
(superrotation, c.f. Read, Showman talks)

« As such, they form the base of a model hierarchy

— “using models to understand models”
— parameter exploration in data-poor fields
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Some parting thoughts

* In a complex system, robust mechanisms are
illuminated by idealized models, e.qg.,

— the role of thermal inertia in climate (c.f. Wordsworth, Menou,
Forget, Marshall talks)

— the role of seasonality in climate (drying Titan’s dunes; c.f.
Marshall talk)

— mechanisms responsible for dynamical regime transitions
(superrotation, c.f. Read, Showman talks)

« As such, they form the base of a model hierarchy

— “using models to understand models”
— parameter exploration in data-poor fields

- They do not replace more comprehensive models --

there is a synergy between them .

Friday, 10 September 2010



Extra Slides

33

Friday, 10 September 2010



Summary
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Summary

« Aterrestrial atmosphere transitions to superrotation at
Ro>1.

* A new, global wave dominates eddy momentum
convergence at the equator.
— travels both westward and eastward relative to mean flow
— mixed baroclinic-barotropic instability

- Once established, superrotation is very stable
— weak frictional and advective torques
— a mix of high- and low-latitude barotropic instability

Mitchell & Vallis *10 (submitted to JGR) 34
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Experiment Design

Mitchell et al. ‘06 (PNAS)
Mitchell et al. ’09 (Icarus)
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Experiment Design

- Dry and moist cases
— Dry: Lv =0, so that cond/evap do not heat/cool
— Moist: Lv = Lycha

Cs (T) — 6506(L”/Rv)(1/T0—1/T)
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Experiment Design

- Dry and moist cases
— Dry: Lv =0, so that cond/evap do not heat/cool
— Moist: Lv = Lycha

Cs (T) — 6506(L”/Rv)(1/T0—1/T)

* Intermediate case

— Limit latent surface fluxes by reducing the “target” relative
humidity

Flat X /OULU (rhSQS — QO)
rh, = 0.5

Mitchell et al. ‘06 (PNAS)
Mitchell et al. ’09 (Icarus)
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Test cases:
Evidence for equatorial control

Hi-lat sponge Lo-lat sponge
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Fourier cospectra of eddy momentum fluxes

Ky o(u,v) = 2(Re(U'V'™))

Randel & Held '90 (JAS) 37
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Fourier cospectra of eddy momentum fluxes
Kp.w(u,v) = 2(Re(U'V'™))
- Wavenumber 1 dominates the Ro=10.5 case.

Ro=10.5, rms(UpVp)

[%2]
>
©
e
<
—
>
O
C
)
>
(o)
()
jut
L

Zonal wavenumber

Randel & Held 90 (JAS)
Mitchell & Vallis 10 (submitted to JGR)
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Geopotential anomaly of the global wave:
Spinup
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Geopotential anomaly of the global wave:
Steady state
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