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SUMMARY

|. Title : Assessment of Post Glacial Rebound in Antarctica

Il. Purpose and Necessity of R&D

O It is projected that Antarctica would be the most significant contributor to sea
level rise.

O Ice mass loss in Antarctica can be evaluated after correction of the glacial
isostatic adjustment (GIA) effect.

O It is necessary to understand GIA effect to recover Antarctic ice mass loss

correctly.

IIl. Contents and Extent of R&D

O Observation of Antarctica mass variation from satellite gravity.
O Solving sea level equation.

O Validation and calibration of GIA models.

IV. R&D Results

O Observation of Antarctic ice mass loss.
O Validation of GIA models using sea level equation.

O Calibration of polar motion effect in a GIA model.

V. Application Plans of R&D Results

O Projection of sea level rise associated with Antarctic ice mass loss.
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1. North Pacific Ocean

Ah 43222019 mmiyr

+3.24 % 0.20 mm/yr
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2. South Pacific Ocean

Aha +0.32 £ 0.10 mm/yr
Jh :+0.20 £ 0.13 mm/yr

3. Indian Ocean

3"35 +0.91 £0.13 mm/yr
Ahg: +0.97 £0.16 mm/yr
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5. South Atlantic Ocean

Ah +0.58 £ 0.14 mm/yr
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6. Arctic Ocean

.{sh +2.39 £ 0.19 mm/yr
_\h +2.35 £ 0.27 mm/yr
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Research(CSR)el A A #3lE GRACE A&532 AA Azk Al$ C200] Hol de
K2, S2 249 2&E HAS $H7] 95S Peltierd Al 2 d(Peltier et al.,
2015)2 HAI A9z veyd 29 22+ A9 AEE atgoR 3 F AAEY
HetE e o2 A, it e] vt A] A Fdg 79 FAE B, BT
e ALt tfF-Ee] uitielA 1 WE el fFARHAl YERY I Q) o=
GRACE #AtzelA $H7] v 3 A 53 22 A4 A o3 237t A&
How RAH, FAF AwAR neete A e WErE e HA A
S 23 287 o237 o] uith AsoA Kol #E37 £32 gZoA F X
¥ A2 e

==

1}\)}:

oleld AX7} wadl $ele o] o 71 el
$4 ARE 2u% vd 499 53 (A%
of RAA~TE ShE, HgH Y] o ¥4
AsE Bd AA Aol e AR 22 o)
o FAY NETt Pl REE vt o 2%
L oAeE gAY B dE0 we

: > TZuIangilll‘;ude(“]zw = . " mlangiitzode:“)m e

29 23 AA QB4 ME B a9 229 L GRACE A2E AA 7@ >

A el wE T oARRYE A8 W
Bol nito A AXHoT 373
(A)e] el&4 si4H Wkt

HHoZ AAHNY] Wtz Azt
olZ A AA dAAo] EL ARE niEgow

¥l GRACE #A&7F =3star
DA B AT FAlTA ole &1A ¥ x3)

A8 F7hz Adstel ds

_19_



Atk A F AF deHe FATA WA
|

kd
ot
oft it
2y
lo
il
=5
r |
i
9
o

R
stAIRE, GRACE® 4718 =9 A o] A+ T4 ol FHAsHA Xarh
b 234 o] Atel Fl %3 A4 o RTEHE 27 229 239 Ay o] &y
5 Xgstoof gHe A ¥wstE 2dE 5 A Aok AT FASA olF
2 Swenson 5(2008)9] Aol A AvfE AHE T FA AT 5 A o] &
Zotet 9 249 22 7} ol Ao AAIG Wstel ¥l 259 #e w34 g
S 35e Ae F 9
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331 A&

AW e 7% WEE s F28 Axelw, Bxo(ide gauge) 2 )
H REAE olgetel BEHol gk 94 IEA BEel s 19939 A 2015
g Eek A A7 uiehel W SlSEe o 307 mm/Ayr ASeRon, AT 109 F
Fe 35 mm/yrE AW gEEol o webhth oH@ drY gEe o
g0e 2A F E e, R WAL A5 2R ¥ g¥ WRE A% B
Bt T oAAE FAW P, B s 2 P FYeE g% A5 F
A% 7otk AT WRCP nudel ostd B si5# Wkl o 1/30] a4
o 3 Wl oJ% Aow waHh weA Ao AF Ak AT &
BT A5 FFo F8 U990 £FA T 9o ol 4 FA4E Aol @
Ask meel AFE e oldsd WS Fasih

20023 H-¥ Gravity Recovery and Climate Experiment(GRACE) $l7dol 2]3}¢]
Azrel WE A AFH gd A Wyl #=dojgken, GRACE #3A73E +
z3st dre] JHE ATHL Sdvk MEHI d= GRACE Azee 4%
o 19 9 mAA e UE Aujx So] BgH -

o g o

waks olslals] SlsiA

2
W71E AX™ #Z2 Alzrel] Algpgl o g 18] vehe wWES W (Post Glacial
t}. PGR &3 3A HWES59 9o A EFE L2
7l 2d 7S o] 83l GRACE S gkolA AlATS = Sl
Rdo] sitr o] glom =3 A3 A WS A e

AT(AC21/AS21)e 2 27F A= Aoz 4 A At (Chambers et al,
2010). & E°o PGR Rdol| webx =9 Azt A=F wstgFe 117 ~ 171
GTon/yr, lFdF2 1.08 ~ 2.11 mm/yret 2ol &t F4& FLESH(WCRP
Global Sea Level Budget Group, 2018).

A= PGR 229 AC21/AS21 RS AR 5 tis 2 e & 4
g WHEs v, FAMeaa gt AC21/AS21e GRACE #14deo]l 53 & =
b 2 9o Azol7] Wi diE qrRe] 3 A7 W 2 dFdFe € AL
2 HAT wepA 2 AFE B3 PGR P iAol Qv EFHAAEES Eoli
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TR AT e ddete] = A olF B 7|5 WstolA AER oldE VuE
o

7t. GRACE®St PGR =

g5 2 g & A WstE oldsty]  f1dlA  Center of Space
Research(CSR)el A -1 =3} 3+ PHE A& 3= releasel6 level2 GRACE ¢
4 AEE AHESITE GRACE 914 Agol+= PGR &37F £3HE o] 9l7] ufjol
o]E AH3 B4 7S o)Ll A ABIooF st E AFoAE PGR EHE A
A3t7] 9@l Paulson et al. (2007) (°]% Paulson07), A et al. (2013) (°]% Al3),
Peltier et al. (2015) (©] 3% Peltierl5)ol A A A1+ RAES AFE3FS T

i
|
4 I
=== GRACE
= 3 | — R1
£ I R3
E | —
€27
1 L
[
0 | ‘ ‘
2 10 20 30 40 50 60

Degree

19 3.1, Al3E o] &3t PGR 2137 AlAE GRACE 2135(=4)9 PGR =9
zfolo] ~#HE® Al7]. RI(AAM), R2(WHA), R3(Feh)= 27k Al13 -
Paulson07, A13 - Peltierl5, Pelterl5 - Paulson07°]t}. B gkoll 500km WHA|
9] Gaussian H&3l7t &5 o] ok

oy 318 PGR Edzite] AolE HAFY. RI1, R2, R3= 727 Al3 -

Paulson07, Al3 - Peltierl5, Peltierl> - Paulson0728] ~HEHH M7]E HolF

o A He Al3S o] &3t GRACE 2385 HASAS W] ~dFEHE Al7]o]

I AN HAe A 23 9 degree-2 ATY AHS ZAIS Holk Al Tt

A ke 3] A%+ GRACE Alsxt BeE AHAEGOA 259 A7|7F 2A o

B, 30%F o]/ FHolA= EE e X7t =A UERdTh vhd, "1i°ﬂ
| =& ko] Apol= degree-2 G oA 7HE A YEUE -



S AC21/AS219]  APoloA]  7]2d%kth. ] L9o] degree2ol Al R3(IaH)e] 4%
GRACE=Z FA3% & A& WeE As(ZA)9 1/2¢ sdsrt= Holx Ags A
C213 AS210] REE=A] arej s ofof gt}

GRACE #148& A9 FATHAHS SHoE AFE A3 T4 ¥HsE =
Aotz Wil A+ FAFA 2 Wsk(geo-center motion)E F&sHA FAE 5 ¢l
= o] gtk olgld Ao FAFTA WIHFE W x3 I AT T
degree-1°l & Fst= 2 GRACEY degree-1 A& 002 AAZ T A=
th shAIRE A o] FATAOl AHFY 5E WO R Ilmm olsdotd At s
He] ol ¢k 05lmm A detE E9E WA 7] wjiol degree-1 79
z38l g5 Ags B agEor & 84 5 styoth(Wu et al, 2012). 544
© 7 degree-1 W %3} St Al degree-2 oo ® o]Fo]x GRACE 44
239k o] KA 2EE o]&ste] AL Y EES Feto AL = dn
(Swenson et al., 2008). T2k degree-2 o]|Ate] &% Al 7l E3HAstH(ES A

C21/AS21), 2wl AR = degree-1 +H =3} &4 Al & x5 X33

Lb, =4 22| 7|8 (forward modeling)

GRACE 2139 &7k g% 9F 300 km (602 +9H %23} <)o sfFdalr] u
woll, 2Hg #Ze F3 R AsE s|Ast=d @AZE vk Aty o9
aliasing errorg =°]& ©A oA /\Jiﬂ o= "ﬂ7]‘:‘ o wolxar, A sk o
dog ANz7F HAA Y= leakage Aol LERHTH Aow A 9o AL
7F Y e AlsE skl Uﬂtoﬂ ‘3H° 7holl 91X gk H ANeE FAZFY |
o] leakaged] L AH o] At} o] FAE sfZAs7] ¥4 Chen et al. (2013)2
b 2o 7 (forward modeling (FM))<& 7138kt FM2 &% ¢} af oFo] =] 4
BAE 7o ® AE e ANEE WX oR 3| EeE RS ALY E A
TA+= PGR £35 29E B3] AAS & FME st AAg FM %H
2 Chen et al. (2013)°] #|A| ¥ o] 9lth

ZF ke A A d A FHe R 3 Aol wjXH 7] wjiLd EHg FAF
Al i (degree-1 W =3} 3 Alg)o] AT AR E—Fﬂfﬂ GRACE 4139
+ degree-1 AlF7F gl7] wWizel wHE 2 F A7
o dA F o] WES A Fo dUoEHE ¢ 59 ‘:’45}‘&% Ooll 7}

1 RE oA sdsttia b sA R Bt Tﬂ 3 %”L 5 ]9} 3H
ool AeF EIFZ A7) 98A] Jeon et al. (2018) & Self-attraction and loading
(SAL) =¥ (Farrell and Clark, 1976)& 7Fd3 FME& T3ttt F7pdo= 2
Ao A= PGR modeloll A B2 do] =& AC21/AS21 A4S HASt xW
A W3l et FEHE AC21/AS21S A= Aol BFHol7] wjiEo] FM Al
2 el AC21/A4821 A7 gl AEjolA whEs AJZgG FM HEE 3} of A
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HWFASEE AC21/AS21 A E B3 degree-1 AlFAd AASIG. Axpd oz
FM W& o] &3te] A& do= leakage &3 olyzl PGR error/} X
A4S 4 vt PGR errorZb HAg ATt A 5
AC21/AS21 Qo= Rezlk 2ozt Ao, nlx A AskA
T 23} 59 Aert ALFE GRACE 24H 4% &
FM ®H5& AX = 58 2 GgFo] wns)A]7] wjio]

N R
O o o

=2
uRR= T S A

2
2 rlo E il
ll

o,
R
=
o
2o
o
M

Ct. Degree-1, AC21, AS21 FH
A gl o] degree-1 7H x3} ¥ A5 GRACEY §A 259
ol 98 = 9t (Swenson et al., 2008). Swenson et al. (2008)
A Mgty FEe 2N Rt dhgjolwA gt
7} 3te] degree-1 79 %3} & A& AASAT SHAIRE 9]
| Al 7EA e EAAE 7 ek A, S Ee A AFHes o
U= 7ML o248 o7 AH3telx] ko SAL 237 13d Y ndS
Aol ¢ AA3H(Sun et al. 2016; Jeon et al., 2018). 4, leakage H. A
22 JEle] GRACE A& & o]&3l7] wi&ol degree-1 7% =3} & 7
+ leakageo| 2= o] Atk AA, ALEF PGR 249 WA o] 9+ PGR error
o] o mel A5 = degree-10] Aol3dlth. & Ao A= leakage ¥ AC21/A
S213 #dE FAE FMs S 24 3 AASAeH, SAL &35 3¢ 2d=
AAstAT E=3 AxAFE FAT ufo= degree-1 wF o}zl AC21/AS21 +
H zst 3 AeE sAlel AT A3 A (Sun et al, 2016)9A4 %
degree-1 ¥4t ofye} th& W X3} $-(AC200E FAlo A A T B¢k
& leakage KA o] o] FojHth= Fol A Aol7t St

Degree-1, AC21, AS21 A4F RS 7heds] Avlstd o33 2ok ®Bo o 2hA

Ao

3 219 f = ¥AES Swenson et al, (2008)S a3}
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o3
td
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o
O

f
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o S
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o

1

ok
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X, o (3
A VR el
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X
) o

AGT™| [ hoc hic his bic bis | [AC,|  [AG]
agr| BERERS eS| ac, (a6,
ASF = | Lo BE IS By b5 || ASu |+ | AGis GAY
Ay ]1201 g 112115 [121150 [221160* [221150 AGy, AGy ¢
Asgeen | 2RSS B ) 1A% ] 1AGns)

}.}J'<3.1>Oﬂ }\,1 [AC;O(;,C’UJL Aq}l(fan AAS‘VIU{JEILTI,AC;{/’S(”L A}S‘le)l(ledn] T% FM SH oﬂ /\1 SAL :—é—_jq‘oﬂ
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7 =L [TT"00,6)d0 (3.2)
47r

olwl, THHL of A3} 2,
U= [AUlocAUnoAUnsAUzwAUzw]T (3.3)
2339 T WL 7 e ok 2w 2k

U,

may

- (cosa){gfj(%) EZ - g (3.4)

91 Aol 99 o= A7 9w AEE UEY, P, AtsE Mg 2F==
Fgolth 0(0.0)x A FREA F4 G 003 HY Gl 10]
U= o]FolA lom FM slolA dojA= A+ dA e 79 x3} 3

Gy = 1 / - 9 7¢)l/22 ZOIDI (cosh [AC,’ .cos(m'e) + AS, sin(mr@]dQ

[ACy, AC, A8, ACy ASy]To]l @& ml7kA] - [Acy™ ACT™ ASy ™ Acg Asyr| &
ddolEs] 7t A @B1DS vEdez A W Ax i 23 g5 AFES A
A FArk ojuf Aoj degree-1, AC21,AS21 +W %3} 34 A4+ PGR error7}
HaslE o & FM HE & 7Wro = A= A7 w9 ﬂ]l‘%-c o] A FWH
EAstE 29 459 A o8 2A = AXAFE]

3.3.3. 23

7t PGR 2% error7t 2™ =l Degree-1, AC21, AS21 +H =35} & A=

19 32% PGR errord ®A %o & degree-1 798 %3} 4 AFES o
Ehdlith 2= Y ES AC213 AS219 93 PGR B2 o oxtEgo] & =
efoll A AabgE grEola, 9= IYES PGR BP9 o] o3 AR wAHo] u
H¥ gtEolth. PGR error/} EAH , AH8¥ PGR R Adagle] AyAdE
=9 HAL FoEReS SAT F =3

¥0, o
32 o
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-2.124-0.27 -2.14-+0.28
20, -1.7640.27 20 | -2.064+0.28
-2.56+0.27 -2.444-0.28
(=]
(3 0 0+
<
220+ -20
2004 2006 2008 2010 2012 2014 2016 2004 2006 2008 2010 2012 2014 2>016
-0.42+0.19 -0.39+0.19
20+ -0.23+0.19 20t -0.34+0.19
-0.47+0.19 -0.39+0.19
S ANNAAMANNN oMAMAMANNM
<
-20 - -20 ¢
2004 2006 2008 2010 2012 2014 2016 2004 2006 2008 2010 2012 2014 2016
| 0.45+0.21 0.32+0.20
20 0.904-0.21 20+ 0.29-+0.20
0.19-:0.21 0.31+0.20
<
-20 + -20
2b04 2006 2008 2010 2012 2014 2016 2004 2006 2008 2010 2012 2014 2016

a8 32, PGR error7} E3E  degree-1(x) ¥} PGR error7b EAH
degree-1(%) 79 =3} 3t A A & ACI10, F H A P& ACLL, v}
Zak e AS1l, T x3F 3 Aot wWhbAe A13, gpEhAle
Paulson07, =& Peltierl5= ©]-&3te] PGR &35 B A% Aot} M=z
o &9+ mmeli, ZF 19 £ e AAEY A E(mm/yr)s HE
HATH95% A1 2] F-31).

AA HaAol] veERLER kAR oleldt B W] B S HAEsr] f18A
2AYs Fds AT 1 A 2 AT BES A8AUS |, degree-1 AFEC]
Fek b AR AEEE s g 7 AAJTH

a7 3394 9% 985S GRACE AlzoA PGR EHEwHS o]&3ste] 1 g3}
2 AAZ AC21, AS21 AFE Y o2z 3%21_ PGR error® H A+
ATE AALES Yebd Aolth PGR error7t Hol A= AS219 Aol A8
AR HE37F dbigl2 YEE AEZE PGR model Zl’-/] ZFol7} Atk wWHH PGR
error EAS AX 39 F AFELS PGR Zdo] Adglo] AFHRE] = &
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dA gt AC219 AS21e] AF= EAFS 3 A3 PGR error/t BAEHUAS
w gk vl FARE PGS dEr L

-1.40+ 0.07 -0.94+ 0.06
-1.58+ 0.07 10+ -0.89+ 0.06
-1.20+ 0.07 -0.97x 0.06

b
(&)
0 0
<
-5 5r
10 -10
2004 2006 2008 2010 2012 2014 2016 2004 2006 2008 2010 2012 2014 2016
151 0.09+ 0.10 s -0.37+ 0.08
10 | 1.13%+ 0.10 10 -0.43% 0.08
-0.61x 0.10 -0.46x 0.08
bl 5
o~
)]
a 0
.5 b
10|

2004 2006 2008 2010 2012 2014 2016 2004 2006 2008 2010 2012 2014 2016
Year

l

ot

I 33 9% P ES A13(EZHA) Paulson07(3F A1) Peltier15(=5 4ol 2]
A PGR &¥7F »A " GRACE AC21(%]), AS21(obe]) 1olth, 8% 19
2 A% adEe] A9 ¥ AT PGR error’t AIA®E AC21, AS21 +4
z3} 34 AFEolt AR @¥E mmola, 74 28 %9 Fxke AAE
o] AT (mm/yr)S YEFATHI5% 212 7).

o

Ll tHEY & 4 & g7 2 of+H Hal

PGR error7} RAE A &2 AT AlF-E(ad 3.29 339 A5 A4 2449
S W, UiEE & 1 2 g4

ATE(EE 329 339 = A4S 1y
W37 oW s UEd = iy
1% 34+ PGR model error7} RA XA gk =]
& e Hel(hE Yebdt AxF AlgeEe] 544 o
7] W&ol degree-1, AC21, AS21 T
of Aot #W H=Fe F4& PGR

)
BN
ot
b
4
N
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Eurasia N. America Greenland Africa

3l -227.84+21.19 3 -231.08+14.87 3 -288.49+7.08 3 91.20+14.02
-75.57+£20.98 -275.56+15.02 -289.86+:7.09 114.12414.05
c 2 -333.33+21.46 c 2 -214.45+14.83 c 2 -283.34:47.04 c 2 89.60-:14.01
g g g1 g
“ 0 @ 0 © 0 “ 0
< 2 2 2
X | | |
2t -2 -2 -2
-3 ! -3 3/ C 3rd
2004 2008 2012 2016 2004 2008 2012 2016 2004 2008 2012 2016 2004 2008 2012 2016
S. America Oceania Antarctica BSL
3l 17.12::15.15 3 22.00::12.14 3 -218.7648.76 3012.30+0.11
5.45+15.15 5.87+12.13 -232.87+8.83 20| 2:000.11
e 2 3.79£15.15 c 2 34.70+12.14 a2 -165.68::8.53 2.36-+0.11
(<] o o
G g1 g 10
0 S0 >0 E ]
= = %
-1 -1 -1 -10
2 2 2 20
3 e 3 f 309 - h
2004 2008 2012 2016 2004 2008 2012 2016 2004 2008 2012 2016 2004 2008 2012 2016
Year

9 34, A13( A1) Paulson07(3h &A1) Peltierl5(=4) ol 98l PGR &7 Al A
H GRACE A==2%H Ate disd & FX(a~g)9t F A=F 35w Hsk(h).
Leakage &%+ FMS o]l &3te] EF AAFHAGY. 2t 17 £ x5 A4
T Aol AAE AALGe Ay AR 95% 2F TS YERdtHa~g GTon/yr,
h: mm/yr).

Eurasia N. America Greenland Africa
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