Previously on Rotace Zeme

Terminology:
* Euler dynamic equations: 2" order ODEs for Euler angles

e Balance of angular momentum in a co-rotating frame

* Liouville equation ]

* Liouville equation in the Tisserand frame
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Previously on Rotace Zeme

Terminology and observational methods:
* Chandler wobble, polar motion (measurement of latitude)

* Precession, forced nutation (measurement of star inclinations)

VS

reality: superposition of both phenomena



Previously on Rotace Zeme

Frames of reference
* Torque vs h: ball covered with ocean

* Net lithospheric rotation: Tisserand frame of the mantle vs geographic frame
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Bulge formation / readjustment

surface displacement 7

CMB displacement - n

V.t+f=0,
Vou=0.
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time [ky]

t = O: Elastic bulge
t = oo: Fluid-limit / hydrostatic / long-term bulge
0 <t < oo: Bulge readjustment

Depends on the viscosity and density structure of Earth



Rotational bulge: Love numbers

Figure 3.1: Evolution of % for models A,B,C,D
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LIOUSHELL

open access GitHub repository
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Mechanism: basic concept




Mechanism: more detailed

0= a(l-w)thx(l-w)

Ann. Rev. Earth Planet. Sci.: Matsuyama |., Nimmo F., and Mitrovica J.X. (2014)
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Mechanism: wobble
w || MIA

0= a(l-w)thx(l-w)

Ann. Rev. Earth Planet. Sci.: Matsuyama |., Nimmo F., and Mitrovica J.X. (2014)
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Mechanism: bulge readjustment
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Mechanism: bulge readjustment
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Ann. Rev. Earth Planet. Sci.: Matsuyama |., Nimmo F., and Mitrovica J.X. (2014)
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Mechanism: load — eqguator scenario

Gl

Ann. Rev. Earth Planet. Sci.: Matsuyama |., Nimmo F., and Mitrovica J.X. (2014)
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TPW: methods overview

Linearized Liouville Equation (LLE)

Aly® €A s (1)

mO=c_4tac_Ac_5

1) iy < Am® __Ca Iy (D
2T C=B  Q(C-A)C-B)
(0= -2

LE in the Tisserand frame

2) O:%(I-w)+wx(l-w)

w||MIA approximation

3) wx (I-w)=0
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wobble + polar mot

Observations

* wobble can be triggered by any perturbation, but it is also damped

/ true polar wander

Ion

/ secular mot

Ion

* polar mot
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Assumptions vs data

Frames of reference

* When you fit the data, are your assumptions met?

* From the past century we have data from geographic frame

* For geological time scales we have “data” from hot spot frame

Coordinates of the pole
EOP CO1

Zotov et al., 2022
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Comparison of solutions: loading by a glacier

LLE, excitation due to inertia changes only

Q*(C — Ay = Q213 + Qs + Qhy + hy — Lo
O*(C — A)p = Q%Iny + Q13 + Qho + 5y — Ly

t
PCos = —Q%I35 — Qha — O jf Lsdt
0

RHS: full source function

LE in the Tisserand frame:

d
0= a(l-w)—l—wx(l-w)

Units: mmiyeas

Contemporary geoid rates (in mm/yr) from GIA as predicted by the ICE6G-D model (Peltier et al., 2018). A
300km smoothing filter has been applied.



Comparison of solutions: loading by a glacier
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TPW: Earth vs. planets and moons
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Polar wander on Earth: state of the art

Matsuyama et al. (2010)

e Earth’s (fossil) tri-axiality
e Land-ocean mass transfer Z oy
* Mantle convection as the missing source
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Adhikari et al. (2018, EPSL): What drives 20th century polar motion?



TPW: fine detalls on Earth

me [cm/yr]
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Mechanism: fossil (remnant) bulge

distance from Earth / time since formation distance from Earth / time since formation

Keane and Matsuyama (2014): Evidence for lunar true polar wander and past low-eccentricity,...
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Mechanism: fossil (remnant) bulge

distance from Earth / time since formation distance from Earth / time since formation

Keane and Matsuyama (2014): Evidence for lunar true polar wander and past low-eccentricity,...

Ann. Rev. Earth Planet. Sci.: Matsuyama |., Nimmo F., and Mitrovica J.X. (2014)



Polar wander on tidally locked bodies

Rotation: bulge perpendicular to w axis rotational axis
Tides: bulge along the tidal axis

rotational axis

tidal axis S




Latitude

Enceladus

West Longitude

Tajeddine et al. (2017): True polar wander of Enceladus from topographic data
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Enceladus
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Orthographic map projection at 100 meters/pixel

Tajeddine et al. (2017): True polar wander of Enceladus from topographic data



The Moon
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Pluto

Pluto’s maximum
principal axis of inertia
(Pluto’s spin axis)

Charon
R =606 km

o3 Sputnik
Planitia

Pluto's

intermediate

principal axis

of inertia

(Pluto-Charon (Pluto’s orbital axis)
tidal axis)

Not imaged by
New Horizons

Keane et al., 2016: Reorientation and faulting of Pluto
due to volatile loading within Sputnik Planitia (Nature)

Nimmo et al., 2016: Reorientation of Sputnik Planitia
implies a subsurface ocean on Pluto (Nature)
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Mars

Bouley et al. (2016, Nature): Late Tharsis formation and
implications for early Mars

a Early Noachian b Late Noachian/Early Hesperian € Late Hesperian/Amazonian
."-‘IEI_||E!"_.|'

networks

s
Tharsis

Tharsis

Formation of the dichotomy, Tharsis dome formation, Tharsis formation causes a TPW,
heavy bombardment, tropical precipitation with valley valley networks on a small circle,
dichotomy boundary in networks formation I'harsis bulge on the equator

equatonal position



Large-wavelength convection
(on exoplanets)
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Image: Thibault Roger Meier et al. (2021): Hemispheric tectonics



Slow rotating bodies: Venus

(a) Mega wobble (b) Normal polar wander
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Figure 5. Two types of polar wander path. The green arrow is the initial position of the rotational axis and the red dot is
the point mass load.



Research perspectives

O TPW rates can vary by orders of magnitude and should be checked
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Research perspectives
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