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1. Marées terrestres

2. Rebond postlaciaire

3. Marée polaire

1. Terre solide
2. Océans

4. Charges de surface

1. Marées océaniques
2. Charge atmosphérique
3. Chargehydrologique

5. Calcul et modélisatiodu champvariable
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Earth Tide IERS2010 (01.06.2013 12:00:00)
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Glacial Isostatic Adjustment as Equivalent H20 Thickness Variation Rate
Filter_Gaussian_Width:200km
Filter_Max_Degree:60
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Marée polaire solideS6.4) :

The pole tide is generated by the centrifugal effect of polar motion, characterized
by the potential

AV (r,0,)) = - 922""2 sin 26 (m1 cos A 4+ ma sin \)
(6.22)

= - Q?g sin 260 Re [(m1 — ima2) eﬂ]'

(See Section 7.1.4 for further details, including the relation of the wobble vari-
ables (m1,ma2) to the polar motion variables (z5,vp).) The deformation which
constitutes this tide produces a perturbation

022 _ i\

- sin 20 Re [ka (m1 —ima)e "]
in the external potential, which 1s equivalent to changes in the geopotential coef-
ficients (o and So1. Using for ko the value 0.3077 + 0.0036 7 appropriate to the

polar tide yields

ACy = —1.333 x107?(m1 + 0.0115ma),
ASy; = —1.333 x 1077 (ma — 0.0115m4),

where m1 and mo are in seconds of arc.

Marée polaire océanigueDesair00?2
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e potentielde simplecouche

Charge de surface (densité surfacigug) G ' , &'

Potentielen P U —Gn mﬁGns%j

avec ds=R’cog d/ dj
On développe
l 1 o] o RJ

———aa&oP(COSC/)
d riger-

R_(sin/ )R _(sin/ i) cosm(/ - /i)

et q(/i/i)= a a R_(sin/ i)(ql‘fn cosn/ i+ sinm/ i)

I=1 m=0
D% ~ | 6orthogonalit® des fonctions de Lege
4p (I + m)!

LRSI )R (Sin/ 1) d5= 2 3 o) - et

. . 4R* 52 1 &R9 ..
on a: s= P._(sin cosm/ +q_;, sinm/
nsgﬁi r Ia1 o +1€¢9n§0 (sin/ )(ai; Chm )
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e potentielde simplecouche

A _ 201 &RADTA L (o S o
d 00 /2 Up _4pGFG -0 a I:?m(smj )(qlmcogn/ +quS|nm/)
[=1 2| +lgl’ = m=0
Charge q de
maréeocéanique q = 3, },, (,=1025 kg/n3) hydrologie: q = 3,,},, (,~1000kg/n¥)

pressionatmosphériqueq =g,/ ¢

Déformationdecharge epotentieltotal

L~ = qod)e

f

Posons i Y,
\
\ P((0,9 g=G'\2/I —ngsre,d'004pGR:?;—g avecr, =5520kgm’®
\ e
. . =1 -
: U= a2| aq.m(/ /)=auv,
'(s) 52

D 6 a pla premiéerehypothéseale Love, Iedéplacemende Iacroﬂteélastiqueest
roportionnelau potentielde charge . 5
Prop P X a)= ahn—'=—a al /)
9 /.ia 2I +1
D 6 a plasecendédypotheseale Love,cettedeformatlongenereun potentieladditionnel

dedéformationde charge ) “
J DU,(/./)= ak,|U 4pGRa2|lq.(/,/)
=1

Le potentieltotal de chargeU ,+DU peuts 0 ® csousunetorme similaire aupotentielde

volumedontles coefficients de Stokeso e x p Blorsniept Ly 4pR? 1+kj ﬁqlmﬂ 3 1+kjgd f

,Dsm“_ M 2+1qhy R 2415
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Relations spectrales

relation spectrale entre hauteur de geoide et hauteur d’eau
dh = GM/(4.pi.G.ro.R3) *2L+1Y(1+k (1)) dN
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C/Cs= K * ) /(DK ¢
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Ocean Tide Model EOT11a (01.06.2012 00:00:00)
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Charge atmosphérique et réponse
océanique

Atmosphere ECMWF (01.06.2014 00:00:00) Ocean OMCT (01.06.2014 00:00:00)

200 -160 120 -80  —40 0 40
density [kg/m*2] water height [cm]
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Hydrologie (a partir des données de climatologie)

DU

D®f or mat i
(sur les continents):
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Above 0.2000
0.1852 - 0.2000
0.1704 - 01852
0.1556 - 0.1704
0.1407 - 0.1556
0.1259 - 0.1407
01111 = 01259
00963 - 01111
0.0815 = 0.0963
00667 - 0.0815
00519 - 00667
00370 - 00519
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00074 - 00222
-0.0074 - 0.0074
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-0.0370 - —0.0222
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~0.0667 - ~0.0519
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GRACE s =

"'}Qrfgviiy Recove'r"y"»hnd (limate Experiment

Equivalent Water Height comparison:
30day-model-19452-19481 - EIGEN-GL04S
degree 02 to 050
(unit : m)
(rms : 00721 / moy : 00000 / min: -04390 / max :

90

30

latitude
(—]

|
w
(=1

0.4865)

-90 |
~180 ~150 ~120 =90 -60 -30 0 30 60
longitude

L |
DN =R3 & R, (sinj )(DC_IIm cosm +DS_ sinml )

=2 m=0

90

120

Dh,

150

180

9

]

I NEEREEC]

—

| | LIS

5

0 2I+1D

Above 0.3000
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0.2600 - 0.2500
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0.2000 - 02200
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0.1600 - 0.1800
0.1400 = 0.1600
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0.1000 = 0.1200
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~0.1800 = ~0.1600
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Les récentes missiolspatiales
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Ces missions repondent a la question :
« Comment faire mieux que par le passe ? »

4 criteres fondamentaux a satisfaire :

1. Orbite la plus basse possible
2. Suivi continu de la trajectoire (GPS)

3.50affranchir des force
(... les mesurer - accelerometres)

4. Augmenter la sensibilité de la mesure par
« différentiation » (- gradiometres)




Comment faire mieux que par le passée

4 criteres fondamentaux a satisfaire

1. Orbite la plus basse possible

2. Suivi continu de la trajectoirésP9 CHAMP

(0s)

380 affranchir desgsHdee
(... les mesurer accélérometrgs

GOCE

4. Augmenter la sensibilité de la
mesure par différentiation»

GPS - satellites
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GRACE

Gravity Recovery and Climate
Experimment
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Principe de lamissionGRACE

Mesures GPS =

Position ~ 23¢cm

................. Tom Mesures «KBR » : Jerry
““““““““““ Distance ~ & m

Vitesse~ 0.1¢ s

32



/ Antenne et récepteur GPS

Les satellites GRACE/

Position absolue ~ 23cm

-‘O::.g: 2
o@ﬁ GPS NAV -
Lien KBR
ANTENNA = \@\X\\\\

SCA BAFFLE

GPS OCC
ANTENNA

Position relative ~ 1.em Gamme de fréguences :
Vitesse relative ~ 0.Em/s 5i-3 0 6 % 12600 km

accélérometre Super -STAR

5 ws--fw

= =
NADIR ‘@ aﬁ ‘\\\\\\ ik = — :
orsove_ ey !/ . . —y Précision ~ 10*° m/s?

Gamme de fréquences :
10i-8 0 6 £ 40000 km

GPSOCC ™
ANTENNA




.+ CNES + -
GRACE en quelques chiffres

A 15 ans de données GRACE, de ao(it 2002 & juin 2017 (fin de collecte des
données : 30/06/2017)

A Dates de rentrée atmosphérique : GRACE-B le 24 décembre 2017, GRACE-A le
10 mars 2018

A Altitude orbitale dérivant lentement de 500 & 340 km, avec une longue période a
470 km

A Séparation moyenne des satellites : 200 km

A Base de données : 1 donnée de distance / vitesse / accélération inter-satellites
toutes les 5 secondes (+ mesures accéleromeétriques, GPS, SLR)

A 164 solutions mensuelles et 464 solutions & 10 jours (CNES/GRGS)

A Données Super-STAR & KBR interrompues depuis décembre 2010 a des
i ntervalles de 6 mois environ (p®riodes d¢
batteries

A Permutationde | 6or dr e d elf/1282605 e, lapdrtir @us21/08014, a
chaquep ®r i ode do6®cl i pse

“



Tableau des solutions GRACE disponibles
Feb p

T oot (D
= -""‘x ‘-."\
v '




Dw! /9 LISNXYSUO RQIFOOSRSNJ I d
champ de gravité
A Et donc aux déplacements des masses terrestres

unit.'ersiti-]tbonn

While the gravity field changes continously,
it takes time to collect satellite data

36
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Film des solutions GRACE

2002 2004 2006 2008 2010 2012 2014 2016 2018

& |

10—day gravity field from GRACE (RL03-v3)

L L
T T T T 1
-65 -55 -45 -35 —25 -15 -5 5 15 25 35 45 55 65

Equivalent Water Height (cm)
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03000 — 0.3104
0390 — 0,300
02500 — 0.2900
02700 — 0,250
02600 — 0,270
02500 — 0. 2600
0. 2400 — 02500
02300 = 02400
01N = 023
02100 = 02200
G20 = 02100
O = 02000
G LEMr = 0.1
0.1 = 0. 15y
0. 16 — 0. 1Tk
0154 — 0. 1600
Q. 14 — 0. 1500
0.1 3k — 0. 140
0.1 20 — 0,1 M
Q11 — 0.1 200
0, 10 = 0,1 10
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QA = DAY
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Q.00 — 0,010
Below 000



latitude

Variationshydrologiquesannuellesletectéepar GRACE

Cosinus annuel : max / min en janvier / juillet

{mean: —0.0000 / stdev: 0.0275 / min: -0.6346 / max: 0.1129)

—-180 —150 —-120 —) 1] —30 L] 30 &0 a0 120 150
longitude

180

[ErE

Above 0. 1000
0,0900 = 0,100
00800 - 0.0900
0.0700 = O.08M
0.0600 =  0.0700
0.0500 = 0.060
0.0400 - 0.0500
0,0300 = 0.0400
0,0200 - 0.0300
00000 = 0.020d0
0,0000 = 0,01
00100 -  0.0000
=0,0200 = =0,0100
=0.0300 = =0.0200
=0.0400 - =0.0300
=0,0500 = =0,0400
=0.0600 = =0.0500
=0.0700 - —0.0600
=0.0800 = =0.0700
=0.0900 - =0.0800
=0.1000 - —0.0900
Below  =0.1004)
Undefined



latitude

Variationshydrologiquesannuellesletectéepar GRACE

Sinus annuel : max / min en avril / octobre

{mean: —0.0000 / stdev: 0.0484 / min: -04009 / max: 05587

-183 —150 -120 —o0 —60 —30 0
longitude

_HNNEREENRNRN

Above 01000

00900 = 01000
0.0800 - 0.0900
00700 - 0.080:0
0.0600 = 0.0700

0.0500 = 0.0600
0.0400 - 0.0500

0.0300 = 0.0400
00200 - 0.030)
00100 - 0.0200
0.0000 = 0.0100

00000 — 0000
=0.0200 = =0.0100
=0.0300 - -0.0200
=0.0400 = —0.0300
=0.0500 = =0.0400
=0.0600 - —0.05040
00700 = —0. 0600
=0.0800 = =0.0700
=0.0900 = —0.0804
=0.1000 = —0.0900
Below  =0.10040
Undefined



Semtannual signal (cosine)

Equivalent Water Height comparison:
EIGEN-03series.INI-ROIMF .cont06.4620.B—P.sans—SUM.GCOS2A
degree 2 to 80
Cunit @ m)

(mean: —0.0000 / stdev: 00132 / min: -0.1000 / max: 0.1704) Above  0.1000

00900 - 01000
0.0800 - 0.0900

I
H
I
B 00700 - 00800
I
i

]| p—

00600 =  0,0700

0,0500 - 0.0600

0.0400 - 0.0500

00300 - 0.0400

0.0200 - 0.0300

0.0100 - 0.0200

0,0000 - 00100
-0.0100 - 0.0000

T -0.0200 = =0.0100
"""" -0,0300 - -0.0200
-0.0400 - -0.0300
-0,0500 - -0.0400
-0.0600 - -0.0500
-0.0700 - -0.0600
-0,0600 = =0.0700
-0.0900 - -0.0800
B 0.1000 - -0.0900
B  Below  -0.1000

Undefined

latitude

—-180 —-150 -120 -0 — &) =30 0 30 60 o0 120 150 150
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Semtannual signal (sine)

Equivalent Water Height comparison:
EIGEN-03seriesINI-RO3MF.cont06.4620.B-P.sans—SUM.GSIN2A
degree 2 to 80
funit @ m)

{mean: 0.0000 / stdev: 00126 / min: -0.1312 / max: 0.0863]

B Above 01000
B oo0%00 - 01000
B 0.0800 - 0.0900
B oo0700 - 00800
B 00600 - 0.0700
N 00500 - 0.0800
0.0400 - 0.0500
0.0300 = 0.0400
0.0200 - 0.0300
0.0100 - 0.0200
0.0000 = 0.0100
-0.0100 - 0.0000
T -0.0200 = =0.0100
' -0.0300 - -0.0200
-0.0400 - —0.0300

""""" -0,0500 = -0.0400
-0.0600 = -0.0500
-0.0700 - -0.0600
=0,0800 = =0.0700
-0.0900 - -0.0800

B 0.1000 - -0.0900

-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 150 B Below -0.1000

longitude Undefined

latitude




latitude

Tendancesen m doeau plar an

Perte de masse glaciaire Rebond Post-Glaciaire

0.0600
- . 0.0550
2898 / max: 01173 0.0500
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' =0.0100
JJ. —0.0150
=0.0200

? =0.0250
: —0.0300
-0.0350
=0.0400

_'}IO‘E'} [an5 it

_ — ~0.0500

-9 | : ] ; : =0.0550

-180 -150 -120 90 -60 -3 o0 30 60 90 120 150 180 0600
longitude Undefined

(meAn: ll\l / tdev:
90 \

60 | ?

30




Fonte glaciaire associée a un fort signal saisonnier

GRACE satellite gravity data

Equivalent Water Heights
Etats-Unis, Alaska, Région de recensement de Valdez-Cordova (60.66°N, 142.66°W)

150 cm
100 cm w
50 cm
0 cm
-50 cm m;ﬂ
100 cm "ﬁ%
-150 cm

2004 2006 2008 2010 2012 2014

-8~ CNES/GRGS, RLO3-v1

www.thegraceplotter.com, by CNES/GRGS



Fonte glaciaire associée a un faible signal saisonniet

GRACE satellite gravity data

Equivalent Water Heights

400 cm Antarctique (75.63°S, 106.8°W)

200 cm
0cm

-200 cm

e,

2004 2006 2008 2010 2012 2014

-400 cm

-8~ CNES/GRGS, RLO3-v1

www.thegraceplotter.com, by CNES/GRGS



Comparaison GRACE / Positionnement a Thulé

Station de Thulé

&0

45

Mesures DORIS

Positionnement vertical
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GRACE satellite gravity data
Equivalent Water Heights
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How much ice is Greenland losing? This is monitored by satellites which

have measured changes in gravity around the ice sheet over the last
decade (Velicogna 2009). In 2002 to 2003, the Greenland ice sheet was
losing mass at a rate of 137 gigatonnes per year.

JohnCook @skepticalscience.com

g_.i._;g Ecole dOEt® 2018



Petie dlermasseusle (& &aigentand

De 2002 a 2003 le Groenlandperdait En moins R Q dayé&ennie (en 2008
delamasseautauxde 137GT/ an 2009 cetauxestpassea286GT/ an

However, the rate of ice loss has more than doubled in less than a decade.
The rate of ice loss over the 2008 to 2009 period was 286 gigatonnes per

year.
G,
%
[\ hla 1
Q) “h
20|°Ssq g"’fg Q
5%02 4i9% yo? ey
< P IQQ |Q:hd 6
zs?ﬂgs ¢9ﬂﬂe9
< gig P y°é
pe

This is a vivid reminder that global warming isn’t a statistical abstraction
cooked up in a climate lab. Greenland is just one example of the physical
realities of climate change. On the other side of the planet, Antarctica is
also losing ice at an accelerating rate. All over the globe, glaciers are

retreating at an accelerating rate.

JohnCook @skepticalscience.com

el Ecole dOEt® 2018



Perte de masse sur le Groenland

Volume of Greenland Ice Sheet from 1900-2017 (km3)
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https://www.clim-past-discuss.net/cp-2017-127/cp-2017-127.pdf
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Tendance du PGR exprimé en mmgerur
3 modeles : ICEBG_C, W12A, IJO5R2

Tendance exprimée en EWH
EIGEN-GRGS.RLO4.MEAN-FIELD.v12juin.B-P.DOT
degré 0002 4 0090
(unité :m EWH / an)

(mean: 0.0000/st.dev: 0.0158 /min: -0.4660/ max: 0.1209)

T T T
-0.088 -0.0886  -DO44 -0.0z22 0.000 o.0zz 0.044 0086 0.088 0.110

-0.110

-180°

Vesleskarvet Maitri

A\ O'Higgins
N
Frei svea
Palmer '\ belg
\
w03
Fossil * . sugg
haég\ 1 crdi
T lin Pe%
hown Nl
g whtm Dowe
° +11 ramgA i:ggy
Iwn0
5 Pl buri
fims
ICE-6G_C McMurdo ‘::11’
VM5a
Vesleskarvet Maiti
O'Higgins
Frei svea
Palmer belg
+6
w03
Fossil sugg
crdi
haag +_1 0 s
wiln
+6 hown
h
8w "o
% Mg iggy
+10 ik
5 Pl buri
flms
McMurdo ~ PriP
W1 2 A tnb1
um 1.0 x 10?!
Vesleskarvet Maitri
O'Higgins
Frei svea
Palmer belg
w03
Fossil sugg
h crdi
aag
+5 yin  Pece
hown
h
4 whtm g
3 amg jaqy
+2 lwn0
patn bUri
fims
1J05 R2 McMurdo 1P
T115 N tnb1
um 0.2 x 10?

Syowa

+3
Mawson

Davis

Casey

Dumont
d'Urville

Syowa

Mawson

+3

Davis

+3 Casey

Dumont
d'Urville

Syowa

Mawson

Davis

Casey

Dumont
d'Urville

—+15
—+10
— 45
— 42
2

down*>

95% conf.
limits

4
2 mmfyr

1



latitude

90

60 |

30

_{J{] |

~gQ
—180

—-150

Séisme de Sumatra en décembre 2004

—120 -0 — & —-30 1) 30 (1) a0 120
longitude

150

180



Y

*ﬁ D®t ecti on paf’GRACE de

Sumatra du 26 décembre 2004 ~
Rt A R e e i s

GRACE satellite gravity data

Equivalent Water Heights
CNES/GRGS, RLO3-v1

100 cm

50 cm

0cm

-50 cm

-100 cm

2004 2006 2008 2010 2012 2014

‘ -@- (2.20°N, 95.04°E) - (6.49°N, 96.71°E)|

www.thegraceplotter.com, by CNES/GRGS



Séismesle magnitude 8. 2

: PERLIS
Satellite v n
KEDA™

SUBSIDENCE 8‘111<:‘:A<-elw t

Lhokseumawe PULAU PINAN(

3 Taipin
-

ACEH La ".:t; sa pel

Medan

UPLIFT -

L J
Pematang
Siantar

SUMATERA
UTARA

9 : :

Bukittinggi
.

SUMATERA BAR

Cosismic signal of the April 2012 earthquake - CNES Cosismic signal of the April 2012 earthquake - CSR Cosismic signal of the April 2012 earthquake - TUGRAZ

min/max = -0.008413/0.007956 mGal min/max = -0.008634/0.007083 mGal min/max = -0.007129/0.006344 mGal
90 100" 90 100° 90 100°




latitude

90

60 |

30

_{J{] |

~gQ
—180

—-150

—-120

Séisme du Japon (2011)

-0 — & —-30 1) 30 (1)
longitude

o0

120

150

180



&

Séisme de Sendai (11 mars 2011)

En rouge et jaune :
la solution du GFZ

En vert et bleu, la
solution
CNES/GRGS




