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MOTIVATIONS AND BACKGROUND - TITAN ONAL EVOLUTION CONTEXT - TITAN’S ATMOSPHERE

CONTEXT - TITAN’S ATMOSPHERE

e Largest Saturne’s satellite, slow rotator,
synchronous

e Dense Ny (95-98%) and CH4 (1.5-5%)
superrotating atmoshere

e "Water-like" methane cycle

e Photochemistry 4+ kronian
magnetospheric particles
= Enrichment of upper atmosphere in
hydrocarbons and nitrils
= Growth of organic haze (aerosols)

J. VATANT D’OLLONE (LMD / IPSL) MODELLING TITAN’S ATMOSPHERE MARCH 28”’, 2018 3 /39



MOTIVATIONS AND BA U AL EVOLUTION CONTEXT - TITAN’S ATMOSPHERE

TITAN’S HAZE

e Very good solar UV absorber

e Main layer (150-300 km),
responsible for stratospheric
warming along with methane

e Detached layer (~ 500 km),
subject to seasonal variations
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MOTIVATIONS AND BACKGROUND - TITAN SEASONAL EVOLUTION CONTEXT - TITAN’S ATMOSPHERE

TITAN’S SUPER-ROTATION (GIERASCH MECHANISM )

First Titan GCM (Hourdin et al. 1995) predicted super-rotation !

Equinox

Summer

Transport of angular momentum by circulation = high-latitude jet
Redistribution by waves ( transient barotropic and inertial instability )
= equatorial super-rotation
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OTIVATIONS AND BACKGROUND - ITAN SEASONAL EVOLUTION NTEXT - ITAN'S ATMOSPHERE
Mo ATIO A ACKGRO TITA ONA O 0 Co! TITAN’S (o]

TITAN VS EARTH

Titan
Radius (km) 6371 2575
Year lenght ( & yr) 1 29.75
Obliquity (°) 235 26.7
Pours (bar) 1 15
Tourt (K) 290 04
Composition N> (0.78) N2 (0.95)
(le’) 02 (020) CH4 (005)
Ar (001) C2H4,C2H6,
HCN, ... ( ppm)
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OTIVATIONS AND BACKGROUND - ITAN SEASONAL EVOLUTION NTEXT - ITAN'S ATMOSPHERE
Mo ATIO A ACKGRO TITA ONA O 0 Co! TITAN’S (o]

TITAN VS EARTH

Seasonal cycle!

Titan
Radius (km) 2575
Year lenght ( & yr) 1 29.75
Obliquity (°) 23.5 26.7
Psurs (bar) 1 1.5
Tourt (K) 290 04
Composition N> (0.78) N> (0.95)
(er) 02 (020) CH4 (005)
Ar (001) C2H4,C2H6,
HCN, ... ( ppm )
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MOTIVATIONS AND BACKGROUND - TITAN SEASONAL EVOLUTION CASSINI MISSION AND RECENT WORKS ON SEASONAL EVOLUTION

NASA-ESA CassiNi/HUYGENS MISSION

e Orbiting Saturn and moons from 2004 to 2017
e 126 Titan fly-bys

e Huygens lander (January 2005) : in situ measurements

- Composition, wind, temperature, density and pressure
profiles

e CIRS : Composite InfraRed Spectrometer ( InfraRed
Spectrometer (600 - 1500 cm~1) ) :
- Spectral resolution 15.5 cm™! = Emission spectra :

e CH4 = Temperature field retrieval = Thermal wind field
e Trace compounds (C2H2, CoHg, HCN...)
e Aerosols = Properties in the main layer

Farewell Cassini!!
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MOTIVATIONS AND BACKGROUND - TITAN SEASONAL EVOLUTIO

CASSINI MISSION AND RECENT WORKS ON SEASONAL EVOLUTION

CASSINI WITNESSED THE SUPER-ROTATION !

Titan Composite Nadir + Limb Temperatures
109 T T T T Gradient Wind (m's™") u,(10 mb) = 4 * Titan Rotation
[ T T

01f

Pressure (mbar)
Pressure (mbar)

0
Latitude

Latitude

Retrieved stratospheric temperature and zonal wind maps with
Casssini/CIRS (Achterberg et al. 2008)
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MOTIVATIONS AND BAC U TITAN S AL EVOLUTIO CASSINI MISSION AND RECENT WORKS ON SEASONAL EVOLUTION

TITAN SEASONAL EVOLUTION

Northern winter: Northern Spring: 2009-2017 Northern summer:
2002-2009 | | 2017-2025
Solar fluxg N
N
N | N !
|
! I
! I
S 1 S S 1 S
T Transition within ~2 years T
Northern spring Northern summer
equinox: solstice:
11 August 2009 25 May2017
Cassini 1 1
mission | | |
T0 T60 T126
(July 2004) (May 2017)

Courtesy : S. Vinatier
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CASSINI MISSION AND RECENT WORKS ON SEASONAL EVOLUTION

SEASONAL EVOLUTION - WINTER POLAR VORTEX

Northern winter: Northern Spring: 2009-2017 Northern summer:
2002-2009

2017-2025
N

N

W/

ion within ~2 years 1‘

Northern summer
solstice:
25 May2017
1

1
T126
(May 2017)
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MOTIVATIONS AND BACKGROUND - TITAN SEASONAL EVOLUTION
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MOTIVATIONS AND BACKGROUND - TITAN SEASONAL EVOLUTION CASSINI MISSION AND RECENT WORKS ON SEASONAL EVOLUTION

REVERSAL OF THE DYNAMICS SEEN BY CIRS

Northern winter Dec. 2009 June 2010 J‘yne 2011
ok ¢ Equinox f - & -
ot . 5 S 190
”‘ August * 1 N a0
2009 o
I 160
™ x 180
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MOTIVATIONS AND BAC ROUND - TITAN SEASONAL EVOLUTION CASSINI MISSION AND RECENT WORKS ON SEASONAL EVOLUTION

REVERSAL OF THE DYNAMICS SEEN BY CIRS

June 2011 Jizn. 2012
] ——

&

Bt

Vinatier et al., 2015, Icarus 250

Unexpected cooling at the S pole

Strong enrichment at the S pole

-> Radiative cooling by molecules
and aerosols compensate the
adiabatic heating of descending
branch

HCN mixidg ratio
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MOTIVATIONS AND BAC o}i} TITAN SEASONAL ODLUTION CASSINI MISSION AND RECENT WORKS ON SEASONAL EVOLUTION

REVERSAL OF THE DYNAMICS SEEN BY CIRS

Jugne 2011 Jan. 2012 March 2015

P —

f ol

Strong cooling at the
S pole: polar night

Adiabatic heating

Very strong
molecular
enhencement
confined higher
than 80°S
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CASSINI MISSION AND RECENT WORKS ON SEASONAL EVOLUTION

ENRICHMENT AT THE S POLE AFTER EQUINOX

0.0001
76°S, Jan. 2010
0.001 A s00
HCN
001k {400
0.1F CHe A4300
JES j §-200
El N s He 120
00089 oo
85°S, Sep. 2011
0.001
001 Very strong enrichment of many
~ oif molecules above the south pole,
2 L not predicted by models.
@ 0.008? g
2 ogork O'S: Mereh 2015 & In March 2015, at 500 km,
7 o ~
2 oork 3 molecular mixing ratios are similar
'D‘ E F to the values measured insitu at
3 'CO,s .
i i A& g i 1000 km by Cassini/INMS.
Gt 4150
000l 85°, Sep. 2015
ootk o 4100
1400
001f F
4300
i
0.1 . ~ 200
i3 G i 41150
10
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Mixing ratios
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CONDENSATES AT THE SOUTH POLE IN AUTUMN

Pressure (mbar)

0.00dY
81°5, Morch 2015
0.001F
0.01F
otk Very strong
1k g HON Gt Gy molecular
10 enrichments
107 10° 10 107, 10 10° 107t
Mixing ratios +
E::“, . Very cold
S stratospheric
190 200}
180 temperature
170
160 Temperature
= 130 in March ‘
140
2015
130
e . Condensation of
[t /,{f‘ molecules at very
W high altitude
&
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MODELLING STRATOSPHERE WITHIN LMD-IPSL TiTaN’s GCM

TABLE OF CONTENTS

© MODELLING STRATOSPHERE WITHIN LMD-IPSL TITAN’S
GCM
@ State of the art of the stratosphere in the model
@ A new radiative transfer scheme for Titan
@ Consequences on the circulation in the stratosphere?
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MODELLING STRATOSPHERE WITHIN LMD-IPSL TiTaN’s GCM STATE OF THE ART OF THE STRATOSPHERE IN THE MODEL

LMD TitaN’s GCM SUFFERED FROM LIMITATIONS

. Ls=305.6
10°
—-—-—-80N
10° 3 -
~ 1o 4 : e Temperature profiles diverge at
e [ the ceiling of the model
o 2 4 E
5 1] [ e Long-term runs lead to a strong
@ | I e .
£ e 4 . stability zone, "stucking" the
] I Hadley cell
10° ] [ e Stratospheric vertical mixing of
0 4 : tracer limited
L L

60 90 120 150 180 210 240
Temperature (K)

(Lebonnois et al., 2012)
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MODELLING STRATOSPHERE WITHIN LMD-IPSL TiTaN’s GCM

STATE OF THE ART OF THE STRATOSPHERE IN THE MODEL

UNDERLYING RADIATIVE TRANSFER PROBLEMS 7

Pressure (Pa)

2e+01
1e-02
1e-06
1e-10
10° o I ] le-14
1ol 102 10° 10*

Wavenumber (cm ')

FIGURE — Extinction coefficients (m™1), based on McKay et al. 1989

’OLLONE (LMD MODELLING TITAN’S ATMOSPHERE March 281, 2018 20 / 39



STATE OF THE ART OF THE STRATOSPHERE IN THE MODEL

YES INDEED !

10°

10°°

10710 |

1015

Absorption coefficient ky (m™1)
Blackbody intensity (W.m™2.cm.sr ')

10'20 L

— B, (80K) 1074
102 [~ Be (180K)

10 100 1000
Wavenumber (cm™)

Warm stratosphere : you shall not neglect CHy v4 (7.7 um) band!
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MODELLING STRATOSPHERE WITHIN LMD-IPSL TiTaN’s GCM A NEW RADIATIVE TRANSFER SCHEME FOR TITAN

A NEW RADIATIVE TRANSFER SCHEME FOR TITAN

e Correlated-k scheme with CH4, CoHg, CoHs and HCN from HITRAN
2012 ( + methane lines from Rey et al., 2016 in 7900-12000 cm ™!
range )

e Collision-induced absorption (N2, Hy and CH,)

e No time nor latitudinal variation of vertical abundances

e Aerosol mean opacity profile based on constraints retrieved from DISR
data [Lavvas et al., 2010]

So far it implied to decouple radiative transfer from chemistry and haze ...
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MODELLING STRA" A NEW RADIATIVE TRANSFER SCHEME FOR TITAN

UPDATED OPACITY TABLE

101 2e+01
10°
1e-02
10"
£
£ 10? 1e-06
=
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e
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Wavenumber (cm ')

FIGURE — Updated extinction coefficients (m~1)
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CONSEQUENCES ON THE CIRCULATION IN THE STRATOSPHERE ?

10!
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MODELLING STRATOSPHERE WITHIN LMD-IPSL TiTaN’s GCM

CONSEQUENCES ON THE CIRCULATION IN THE STRATOSPHERE ?

BETTER BEHAVIOUR OF THE "POLAR SHOULDER'"

Pressure (Pa)

(_,._.9»—
\\ — This study - L, =240° - Equator
N —  This study - L, =240° - 60° N
— This study - L, =240° - 75° N
- HASI (Huygens)
60 80 100 120 140 160 180 200 220 240

Temperature (K)

Altitude (km)

140

120

100

80

60

TS7 ingress, 79.8 N

T31 egress, 74.1 N

T27 egress, 529N

L I
80 100 120
Temperature (K)

140

160

In polar winter stratosphere Cassini radio-occultations ( Schinder et al.
2012 ) show a "shoulder".
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MODELLING STRATOSPHERE WITHIN LMD-IPSL Titan’s GCM CONSEQUENCES ON THE CIRCULATION IN THE STRATOSPHERE ?

YET, NO HAZE COUPLING = NO CORRECT
CIRCULATION

e Without haze retroaction,
temperature latitudinal contrast

180

190 is fainter than in the
120 observations (Lebonnois et al,
2009)

Pressure (Pa)

@ In the polar night aerosols

should accumulate and cool the
) atmosphere ( Rannou et al.
2004 ) but here haze is not
interactive.

Latitude (°)
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CONSEQUENCES ON THE CIRCULATION IN THE STRATOSPHERE ?

TOWARDS AN INCREASED VERTICAL EXTENSION 7

Lg=20° - Zonal wind (m.s™") - Streamfunction (10° kg.s™")
Lg =12° - Zonal wind (m.s™) - Streamfunction (10° kg.s™")

10°
10°
105 160
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90 140
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10" 75 120
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10° 60 = 100
= )
o~ o 1
= 10 80
g 10! 45 g
2 3
4 2 & o2 60
e
10
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| 15 10°
1
0 20
0 10*
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-15 .
10°
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0
Latitude ()
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MODELLING STRATOSPHERE WITHIN LMD-IPSL TitaN’s GCM CONSEQUENCES ON THE CIRCULATION IN THE STRATOSPHERE ?

TOWARDS AN INCREASED VERTICAL EXTENSION 7

Lg =12° - Zonal wind (m.s™") - Streamfunction (10° kg.s™)
10°

105 e Motivations
0 e With improved temperature
profiles, Hadley cell can now
" vertically extent
60
g e But ...
% ® e Thin layer approximation!
£ %0 We need to use a deep
15 atmosphere core (at 500 km
0 % ~0.6)!
s e Non-LTE processes

e [lluminance over the poles

0
Latitude (°)

" D’OLLONE (LMD / IPSL) MODELLING TITAN’S ATMOSPHERE MARCH 28”’, 2018 28 / 39



COUPLING TO CHEMICAL AND MICROPHYSICAL MODELS

TABLE OF CONTENTS
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COUPLING TO CHEMICAL AND MICROPHYSICAL MODELS CHEMISTRY

CHEMISTRY - OVERVIEW

e State-of-the art in the LMD-IPSL GCM :
o Chemical solver up to 1300 km ( Lebonnois et al. 2001, Crespin et al.

2008 )

e 44 species and 377 photochemical reactions

e Limitations :

e Due to weak circulation, stratospheric seasonal variations don't match
observations

o No radiative coupling

o Mostly neutral chemistry. Latest works on the field have shown the
importance of ion chemistry ( Lavvas et al. 2011 )

e What I'm trying to bring in :
o Radiative coupling for C2H2, C2H6 and HCN ( at least! )
o Go on to a correlated-k radiative transfer that enables variable
composition
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MODELLING TITAN’S ATMOSPHERE

-6.75
=7.00

Enrichment too weak
and reversal too early
( starting at Ls ~ 0
instead of Ls ~ 15 )
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COUPLING TO CHEMICAL AND MICROPHYSICAL MODELS CHEMISTRY

COMPARED TO OBSERVATIONS

-3
10 T T T CH
HCN 75°S 272 70°N
10 1 g,
o g10 50°N k|
Q -5 ]l &
< 10 T
3 50°N 5
c
ER o5 L _ I/I\I ] g 70°S
< 70°N
107 50° s e ]
—F - H
1078 ; . . L 107° . : L .
2010 2011 2012 2013 2014 2015 2010 2011 2012 2013 2014
Year Year

For long-lifetime species such as CyH, enrichment in South Pole is

dephased with circulation.
In 2015 there is still almost no depletion at North Pole.
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COUPLING TO CHEMICAL AND MICROPHYSICAL MODELS MICROPHYSICS

MICROPHYSICS - OVERVIEW

e State-of-the art in the LMD-IPSL GCM :
o Radius bin microphysical aerosols model ( Rannou et al. 2004,
Lebonnois et al. 2012 )
o 10 bin-size ( spherical and fractals )
o Radiative coupling
e Limitations :
o Long-term coupled simulations loss their momentum in the troposphere
o Haze production is too low ( 1 Pa)
e What I'm trying to bring in :
o A new microphysical model developped at URCA, Reims, France

o Moment model instead of bin-model ( Burgalat et al. 2014, Burgalat et
al. 2016 )

o Computional-time-friendly ( 4 moments instead of 10 bins )

o Bi-modal distribution of aerosols size ( spherical and fractals ), each
MQ and M3

e Radiative coupling

o With highered ceiling, we could higher the production zone
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COUPLING TO CHEMICAL AND MICROPHYSICAL MODELS MICROPHYSICS

SOME RESULTS : SEASONAL VARIATION

2.5e+13 2.5e+13
2.3e+13 2.3e+13
2.0e+13 2.0e+13
1.8e+13 1.8e+13
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1.4e+13 1.4e+13
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latitude latitude

Left : northern spring equinox spherical Mg - Right : northern summer
solstice fractals My ( Mg ~ proxy for number of particles )
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COUPLING TO CHEMICAL AND MICROPHYSICAL MODELS MICROPHYSICS

SOME RESULTS : SPHERICAL VS FRACTALS

el 74610
28611 6.66-10

10° 100
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Left : northern spring equinox spherical M3 - Right : northern spring
equinox fractals Mz ( M3 ~ proxy for volume )
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CONCLUSIONS AND OUTLOOKS

KEY TAKE-HOME MESSAGES

e If you want to simulate Titan's stratopause don't forget the 7.7 ym
CHy line!

e Gaz radiative transfer scheme is now correct, giving an improved
temperature profile

e \Vertical extension of the Hadley cell = on the way to full view of
seasonal transport and enrichment of gazes and aerosols !

e We still miss the aerosols radiative feedback for now ( being solved ),
stratospheric circulation still too weak
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CONCLUSIONS AND OUTLOOKS

PERSPECTIVES

v Re-activate the photochemistry module

e Radiative impact of trace compounds variations (work in progress)
v Plug-in the new microphysical moment model

e Re-couple haze radiative effects and dynamics (work in progress)
e Study clouds formation, especially in polar winter stratosphere.

e Adapt the deep atmosphere core to run accurate simulations with
vertical increased extension

e Study the formation and evolution of polar vortex, with good
resolution ( new icosahedral dynamical core Dynamico )
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TEMPERATURE LATITUDINAL CONTRAST

10°

TS7 ingress, 79.8 N —

T31 egress, 74.1 N

T27 egress, 52.9 N e
_ i S
€ 7
<
: ] . |
3 St
= 5 \
= 2
< B £

~
L . — This study - L, =305° - Equator
95 100 10 — Thisstudy-Z, - 5

T (K)

(Schinder et al., 2012)
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This study

- Without haze retroaction, temperature latitudinal contrast is fainter
than in the observations (Lebonnois et al, 2009)

- Too weak wind shear according to thermal wind equation in the
troposphere.
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