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Compressible (approximated) model
Helmholtz equation
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Fluid limit

( U(r,t,n) \
sp+ico
V(‘J", L, n) - X(T’ 2 n) = f X(T, 8, n)eStds = kg J(t) + Z kj eSit
8p—1%00
\ —®(r,t,n) )

7 - — k. -
k>° = lim k,(t) = kg — Z A kiSO

t—oo Sj



Understanding the Earth’s Interior from
Relaxation Normal Modes
2- Long term Earth’s rotation

R. Sabadini

Department of Earth Sciences "A. Desio*
University of Milano

Advanced School on Direct and
Inverse Problems in Seismology
27 september — 9 october 2010



TPW VELOCITY (deg /Myr)
£

—
T

o layers  —
41 layers == |
a6 layers  ----

21

1 1 1 L
21,5 22 22,5 23 23,5
LOG (Lower mantle viscosity)

24



~J,

x 10" (yr’)

£

0
21

T T T '

o layers
31 layers

|

|
21,5

L L '
22 22.5 23 23.5

LOG (Lower mantle viscosity)

24



i X 3

ki = lim kT (t) x H(t) J“(t = 0) = Diag[A4, A, C]

5 ()2 1 a® 2 v 3G(C—A)
C=§asg kr A=-33g Fr AT

J“ =Diag[A4, A, C| + AI¥

a® Q? . :
Al = EYeRd (t) * m;(t) (1 + ms(2)) j=12






AIG + AIS
+ 11 22

O—>C—|—AI3% A— A

2
3G (C— A
kg,obs — kg + /8 — 655 N2 )
L
I k_.




K(fimt) = £7" [k(n,s) £(5)

[yﬁ(n, s) f(s)e*tds

14 k(s) -
m(f) — / +;T_E‘:))¢(s)estds

~ kL+B




1e-3
Te4
1e-5
™ Negative
1e_6 1 1 1 1 1 1 1 —q m
0.01 0.1 1 10 1 09 1000 10000 100000 1e+06 1e+07
time ¢ (kyr)
10 L) L) L] L) L] L) L) L]
©
1
0.1
KD
E_d Te-2 e .
- “ay A —
1e3 h N L
*\ INegative
]
Te4 :1;'.
12_5 1 Il 1 1 Il [ 1 1
0.01 0.1 1 10 100 1000 10000 100000 1e+06 1e+07

time ¢ (kyr)



1E— =TT p—r—rTTTTTT T =TT =TT T

(a)

1 lIIlII" i Iil”n

1e_4 1 P11 1 1111 1 L1 03111l 1 L1 1 11111 1 P11 1 111] 1 P11 1 1111

0.1 1 10 100 1e3 1e4
time ¢ (kyr)

(b)

e

-
Trrrpm

1e_4 1 1 1 1111l 1 1 1 1111l 1 1 1 1111l 1 1 1 1 111l 1 1 1 1111l
Te-2 0.1 1 10 100 1e3 le4
time ¢ (kyr)




625

= O13
a1

005

0.16
0.14

m(l) (deg)

- BEEEZ2R

-3

0.1

=}
™y

1
0.1

m(t) (deg)

- B8R EC®

1e3




016

D14
012

0.16
0.14 |
012 |

[a) -
1e3

-/ I
1e3

&




0.16
0.14

a.02

-0.02

106 kyr

106 kyr




TPW (degrees)

TRUE POLAR WANDER FOR 8 ICE CYCLES (degrees)
-0,5 T T T T T T T T

-0,45

o
[#]
h

T

=

o

o
|

S
3]
T

=)

—

&)}
I

> vy elastic lith, ———— -
i viscoelastic lith == ===+

0 1 |
-900 -800 -700 -600 -500 -400 -300 =200 =100 0 100

time (kyrs}




6 kyr) (deg/Myr)

dm(t=

O
N
\

o

0.21 o7

—— B=0.016

1 022
lower mantle viscosity v,,, (Pas)

1 023



6 kyr) (deg/Myr)

© o o O
N » O

dm(t

- 4L 4L 4
(SR N« -

1
—

O
N O

1021

1 022
lower mantle viscosity v,,, (Pa s)

1 023



6 kyr) (deg)

m(t=

-0.01 51 07

1 022
lower mantle viscosity v,,, (Pas)

1 023



6 kyr) (deg)

m(t=

-0.015

1 021

1 022
lower mantle viscosity v,,, (Pas)

1 023



Understanding the Earth’s Interior from
Relaxation Normal Modes
3 —Ice mass balance, Sumatran

earthquake from gravity
R. Sabadini

Department of Earth Sciences "A. Desio*
University of Milano

Advanced School on Direct and
Inverse Problems in Seismology
27 september — 9 october 2010



General Scheme

Satellite
GRACE-GOCE Data

Solid Earth Phenomena;
Model Predictions

comparison

l

MASS CHANGES FROM
ICE MASS INSTABILITIES
LARGE EARTHQUAKES




SLR and G

Satellite Laser Ranging

RACE

24 & 32 GH=z
Crosslink

HASA Stations
LEQF & Contingency.. .
[(Alsv-McMurdo} ]
Folar FarT. : 1 . Rbg -
0 L ' (DLR-DFD)

SDS
{CSR/IPL/GFZ)







August 2002

“' | I | ' | 'Il ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



24 16 -8 0 8 16 24

Mass in water equivalent (cm)



m. | ' | : I I'I ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




m. | ' | : I I'I ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




m. | ' | : I I'I ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




“ . | I | ' | 'il ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




“- ' | ' | ' | ' i| ' | —
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



m . I I | ' | 'Il ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



“. I I | ' | 'll ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



“. I I | ' | 'll ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



“' | I | ' | 'Il ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



“- ' | ' | ' | ' i| ' | —
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



“' | I | ' | 'Il ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




m . I I | ' | 'Il ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




m. | ' | : I '.I ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



m . I I | ' | 'Il ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



m. | ' | : I I'I ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




“. I I | ' | '- ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



24 16 -8 0 8 16 24

Mass in water equivalent (cm)



B | ,
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



m . I I | ' | 'Il ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



“ . | I | ' | 'il ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



“- ' | ' | ' | ' i| ' | —
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



“. I I | ' | 'll ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




m. | ' | : I '.I ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



. —

24 16 -8 0 8 16 24

Mass in water equivalent (cm)



m T | ' | : I '.I ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




“.' | ' | ' | "| ' | —
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




“- ' | ' | ' | ' i| ' | —
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




“. I I | ' | 'll ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




" T | ' | : I 'll ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




24 16 -8 0 8 16 24

Mass in water equivalent (cm)



m . I I | ' | 'Il ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




I @ 2 a0
-24 -16 -8 0 8 16 24

Mass in water equivalent (cm)




24 16 -8 0 8 16 24

Mass in water equivalent (cm)



m. | ' | : I I'I ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




m T | ' | : I '.I ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



m. | ' | : I I'I ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




“. I I | ' | 'll ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




“' | I | ' | 'Il ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




“' | I | ' | 'Il ' I "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




m..ll —

24 16 -8 0 8 16 24

Mass in water equivalent (cm)



m. | ' | : I I'I ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



m. | ' | : I '.I ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




m. | ' | : I '.I ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




| ' | ' | ' . I .‘
24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




24 16 -8 0 8 16 24

Mass in water equivalent (cm)



m T | ' | : I '.I ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)



“.' | ' | ' | "| ' | —
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




m. | ' | : I I'I ' | "
-24 -16 -8 O 8 16 24

Mass in water equivalent (cm)




The Map of Mass Variation
Trend - Filtered
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La temperatura media in Italia (scarti, in °C, rispetto ali
valori medi del periodo di riferimento 1961-1990)
dall’inizio del XIX secolo




Ghiacciao Verra (Monte Rosa)
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BILANCI DI ACCUMULO 2008/2009
IN LOMBARDIA

Dati dai siti nivologici del Servizio Glaciologico Lombardo

Risultati prefiminari
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Geoid from GRACE
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GRACE up 30 - Nearby Hudson
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Global Problem - Search for best viscosity

Vup =
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Lower Mantle Viscosity, log ;; (Pa s)
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S—PREM geoid anomaly O—PREM geoid anomaly




Sea level geoid anomaly Volume change geoid anomaly
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Sea level geoid anomaly O—-PREM radial displacement
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Co—seismic gravity anomaly Linear trend
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Co—seismic gravity anomaly Post—seismic gravity anomaly
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Co—seismic gravity anomaly Co—seismic gravity anomaly

85° 90° 95° 100° 105° 85° 90° 95° 100° 105°

T T Gal O T |Gal
-12 -9 -6 -3 0 3 6 9 12 -12 -9 -6 -3 0 3 6 9 12




revealing t
Phy3|cs of Earth’




