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Introduction to Titan

Largest moon of Saturn: 2575 km radius

Thick atmosphere: ~1000 km

Surface pressure: 1.5 bar

Composition: N2(94-98 %), CH4(1-5 %)

CH4 ⇒ Haze and clouds
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Titan LMDZ Planetary Climate Model
© Bruno de Batz de Trenquelléon
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Titan LMDZ Planetary Climate Model

Highly coupled

Radiative transfer: major 
impact on whole atmosphere

Radiative transfer: 2-stream 
plane-parallel (McKay et al. 
1989)

© Bruno de Batz de Trenquelléon
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htrdr-planets: a nul-collision backward Monte Carlo radiative transfer 
model
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htrdr-planets: a nul-collision backward Monte Carlo radiative transfer 
model

htrdr-planets: model developed by Méso-Star (Toulouse, France)

Monte Carlo radiative transfer: ray tracing

Works in complex geometries: account for sphericity effects

Fully heterogeneous model
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Effects of sphericity



Terminator effects
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Terminator effects
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plane-parallel: long travel distance ⇒ strong absorption
spherical: shorter travel distance ⇒ weaker absorption 
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Terminator effects
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Higher heating rates along the 
terminator

Stronger effects near limits of 
polar night/day

Zonal averaged differences 
around 5 K/Titan day

plane- 
parallel

htrdr
3D

differences
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Equinoxes                              Solstices

Main 
differences 
near 60° 
latitude: 
effect of 
terminator

Hotter polar 
night, cooler 
polar day
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Main 
differences 
at the poles

Higher 
heating 
rates above 
former 
summer 
poles: 
detached 
haze layer 
at the limb



Effects on the polar regions

8

Plane-parallel



Effects on the polar regions

8

Spherical model
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Effects on the polar regions
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Heating rates in the polar 
region during winter

Main differences at equinox

Lower heating rates during 
spring/summer

plane- 
parallel

htrdr
3D

differences



Coupling with Titan LMDZ PCM



Preliminary results: circulation
Color Scale: zonal wind
White lines: meridional circulation

Dotted: anti-clockwise rotation
Solid: clockwise rotation
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Preliminary results: circulation

Reference 
(plane- 
parallel)

Coupled 
(3D 
radiative 
transfer)
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Preliminary results: circulation

Additional cells in 
upper stratosphere 
after the equinox
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(plane- 
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Preliminary results: polar cloud

Heating of the upper layer of the polar 
region during winter:

● Polar cloud forms later
● Starts at lower altitudes
● Does not match observations 

anymore…
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Takeaways:

● Major effects along terminator and polar regions

● Modify/delay dynamics 

● Impede the formation of the polar cloud

⇒ Is Titan flat after all?

No! Just need some tuning…

I am looking for a postdoc



Thank you!

p.s. I am still looking for a postdoc …

This work has been funded by the Flat Titan Society ANR RaD3-net



Titan in a nutshell

● Organic chemistry
● Photochemistry
● Haze & Cloud 

microphysics
● HCN below the 

tropopause
● CH4 clouds deeper
● Surface / 

Atmosphere 
exchange
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Titan main features

Detached 
haze layer Polar cloud

West et al. (2016)

West et al. (2018) de Batz de Trenquelléon et al. (2026) 4



Titan dynamics

Super-rotation of the stratosphere

At solstices: A single Hadley cell from 

Upwelling at summer pole, Downwelling at winter pole

During winter / summer: inversion of the circulation (split in 2 cells)

At equinoxes: 2 cells

Upwelling at equator, Downwelling at the poles

(Bruno De Batz de Tranquelléon 2024)
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Ray tracing procedure

w = 0

Source
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Ray tracing procedure

Sampling of a direction 
and lengthw = 0

Source

On Event:
- scattering (p=ks/kext) 

- absorption (p=ka/kext)
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On Event:
- scattering (p=ks/kext) ⇒ 

- sample ray in solar cone: 
get solar contribution

- ray tracing resumes: new 
direction sampled on 
phase function

- absorption (p=ka/kext) ⇒ ray is 
terminated

Ray tracing procedure

Sampling of a direction 
and lengthw = 0

w = w + L*

w = w + L*

w = w + L*

Source

L = 1/N ∑ wi
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Nul-collision algorithm

On Event:
- scattering (p=ks/kmax) ⇒ 

- sample ray in solar cone: 
get solar contribution

- ray tracing resumes: new 
direction sampled on 
phase function

- absorption (p=ka/kmax) ⇒ ray is 
terminated

- nul-collision (p=1-(ka+ks)/kmax) 
⇒ ray tracing resumes in same 
direction

He et al. (2026)
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Heterogeneity effects North / South 
asymmetry
below 200 km

Zonal average

Northern spring 
equinoxe

Comparing North 
and South poles
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Heterogeneity effects

Plane-parallel

Opaque layer

3D model

Light reaching
below the opaque layer

Opaque region

What a plane-parallel would see:
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Heterogeneity effects

“Patch” of 
haze
detached by 
circulation

Cloud particles extinction Total extinction

Small particles extinction

Fractal aggregates extinction



Terminator effects
Higher heating rates along the terminator



Terminator effects

Differences 
along the 
terminator

Stronger 
effects near 
limits of polar 
night/day
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Equinoxes

Main differences at 
the poles

Higher heating 
rates above former 
summer poles: 
detached haze 
layer at the limb
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Effects on the polar regions
Higher heating rates in the polar regions
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Solstices

Main differences 
near 60° latitude: 
effect of 
terminator

Hotter polar 
night, cooler 
polar day

Higher heating 
rates at northern 
winter solstice: 
closer to 
periastron
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Effects on the polar regions

Main 
differences at 
equinoxes

Lower heating 
rates during 
spring/summer

Non-zero 
heating rates in 
the polar 
region during 
winter
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Longwave (LW)

Main differences very 
high up: boundary 
conditions of the PCM?

Small differences in main 
part of the atmosphere.



Coupling

1 calculation every Titan week (= 11 Titan days)

Calculation conducted on the sphere: Longitude ⇐⇒ Local time

~50’000 samples per PCM cell

20-30 min calculation time on Roméo (+50% time on PCM)

Interpolation in Ls with previous year calculation

14 Titan years have run
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Reference case: polar shoulder

First cooling in upper 
atmosphere

Descent to deeper layers

Second descent of cooler air

Hotter atmosphere trapped 
between cold layers

25



Reference case: polar shoulder

First cooling in upper 
atmosphere

Descent to deeper layers

Second descent of cooler air

Hotter atmosphere trapped 
between cold layers

Due to successive descent 
of haze particles
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Preliminary results: temperature

Heating within the polar night

Hotter atmosphere

Cooling happens deeper

Disapparition of the polar shoulder …
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Preliminary results: haze

With correction: single descent

⇒ Effects on circulation ?
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Preliminary results: circulation
Color Scale: zonal wind
White lines: meridional circulation

Dotted: anti-clockwise rotation
Solid: clockwise rotation
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Preliminary results: circulation

Changes in the structure of the zonal wind

More variability in strength

Inversion from south to north earlier



Nul-collision

He et al. (2025)



Traiter une partie du problème en analytique pour réduire la variance
Nouvel algo: une partie de l’absorption en collision-nulle est traité analytiquement
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Rappel: collision nulle

Voxels homogènes: “cachent la variabilité du milieu”
Utilisation de majorant

Introduction de collision-nul
81

Zili et al. 
(submited)



Control variates On introduit un minorant de 
l’absorption

Cette partie (en verte) est traitée 
de façon analytique

Au cours du tracé, on conserve:

– La transmission le long du 
chemin lié au minorant

– L’émission atmosphérique le 
long du chemin lié au minorant

Une fois le rayon terminé, le poids 
est atténué par la transmission et 

augmenté de l’émission, liés au 
minorant

Zili et al. 
(submited)

w’ = Tm * w + Sm
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Résultats

83

Zili et al. 
(submited)



Limitations

Calcul intermédiaire coûteux 
==> nécessite un cas optimal:

– Forte absorption, peu de diffusion

– Faible variabilité au sein du voxel

==> problème avec les grilles actuelles de htrdr-planets
Amélioration avec les futures grilles ?
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htrdrPy

Documentation GitLab PyPi
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