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Summary

I. Title

Extraction of grounding line of Antarctic ice shelves in high resolution using satellite

multisensor data fusion

II. Objectives of the project

The main purpose of this research is to estimate the locations of grounding line of Antarctic
ice shelves by utilizing a variety of recently launched satellites. Various in-situ data will
supplement the satellite data to precisely locate the grounding line. Also, the locations of
grounding lines will be continuously monitored through continuous observations.

M. Contents and scopes of the project and research

[ ] Research of estimation of grounding lines of Antarctic ice shelves

- Development of a DEM generation technique by fusion of TanDEM-X and CryoSat-2

- Extraction of instantaneous sea level by combining CryoSat-2 and geoid model

- Estimation of hydrostatic ice thickness and grounding line using high resolution DEM and
instantaneous sea level

[ ] Grounding lines with spatially variable rigidity and distributed load

- Solving the partial differential equation with spatially variable rigidity and distributed load

— Physical response of ice due to variable rigidity and distributed load



[ ] Grounding line variations with respect to sizes of ice shelves

- Ice shelf in the Amundsen Sea with a width of 50 km or larger
- Ice shelf in the Ross Sea with a width of 20 km or less

- Monitoring grounding line variations with mult-temporal datasets

IV. Results of the project

M Research of estimation of grounding lines of Antarctic ice shelves

- A new algorithm for extracting reliable ground control points from CryoSat-2 radar
altimeter dataset is applied to the generation of digital elevation model. An instantaneous sea
level is estimated by using the mean sea surface data distributed from AVISO and using
FES2012 tide model. The hydrostatic ice thickness is compared with the bathymetry to

estimate the location of grounding line.

M Grounding lines with spatially variable rigidity and distributed load

— Partial differential equation of ice shelf flexure with spatially variable rigidity and
distributed load is solved semi-analytically by using a characteristics of Fourier Transform.
The solved equation is used in understanding the flexure of ice with spatially varying

thickness under various load conditions.

M Grounding line variations with respect to sizes of ice shelves

- Thwaites Glacier in the Amundsen Sea is selected as a study site for an ice shelf with 50
km or wider width. Campbell Glacier in the Ross Sea is selected as a study site for an ice
shelf with 20 km or narrower width. Various ice column density ranging from 700 to 918

3 is applied to the grounding line estimation and their spatial variations are studied.

kgm
- Grounding line monitoring is done during 2011 and 2013 in Thwaites Glacier, between 2013

and 2016 in Campbell finding no significant change, and finally, between 2013 and 2017 in



Kohler Glacier in West Antarctica finding complicated migration patterns of grounding lines

during that period.

V. Application of the results

- Database of grounding line of Antarctic ice shelves can be established. Having in-situ
field meausurements such as ice column density and firn depth will help improve the
accuracy of estimating hydrostatic ice thickness in grounding line estimation. The same
technique can be applied to the ice bodies in the North polar regions. The general trend of
the grounding line migration can be used an input dataset for further ice sheet modelling

and global warming models.



Contents

I. Introduction ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo 10
1. Objective Of the researCh and SCOPIE *rrrsseeerrerrrsres s sttt 10
2' ReaSOHS Of thlS researCh ............................................................................................................ 11

II. Status Of the related fields Of Study oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo 12
1' Development in foreign Countries ............................................................................................ 12
2' Domestic developments ............................................................................................................... 12

III. Research topics and their results oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo 13
1. First Year ....................................................................................................................................... 13

1_ Research Of grounding hne estimation ............................................................................... 13
2. SeCOHd Year ................................................................................................................................... 21
1. Grounding line estimation with spatially variable rigidity of 1ce --:oeeersseeeeesmssneeeennns 21
1. Monitoring grounding line with respect to glacier Sizes :r-wssrrrrrrrmmmrrmre. 25
1. Spatio—temporal evolution of grounding line with multi—temporal datasets ===+ 28

IV Level Of aChievementS and Contribution .......................................................................... 32
1 . Achievements ................................................................................................................................. 32
2' Contributions .................................................................................................................................. 34

V. Apphcation Of the researCh reSUltS ..................................................................................... 35
1. Scientific effect .............................................................................................................................. 35
2. Economical effect .......................................................................................................................... 35

VI Reference ........................................................................................................................................ 37



10

10
11

. AT

4

1

12

12
12

13

AT UL B Z T e

A3 A

13

e

. 1AbY

d

1

13
21

B/

N

N
N
N
T

o

nr
JH

e

.23}

2 4

21
95

—_
fite)

Ho

28

32

32
34

4

. el 7)o

2 4

35

ﬁ:[Lyﬂ I:IE"I-gjq__o;l %% ;ﬂ 3?_:]

A5 A

35
36

37



M.

-

K0

M1

A WA X] A (grounding

5.
e}

SRR

A]
=y

¥l

3= W5 (ice shelf)?]

A

B/
gl

Hydrostatic

21 (bathymetry) A} 5 2 4-E

1A UDEM(TanDEM-X+CryoSat-2) 2}

=

=

91 %)

line) &
Equilibrium

o

=
-

o

)

.
file)

A B o Ny o
® X do | - &
N T
o) o el — ~
S . ~ Nm X Ho
R T o g
O R o M o = T
58| g B ) <
7 ‘I—n .
do | = x| B = W i iy
g =g T Z e |
# | 2s |3 w o 2 % wx
_— 9 m ﬂe — % ﬂ ° o
N T N Nl Jl ‘JN‘_ HL.O ;O‘_
In L i z
e o g E = B it @ | M
B ol ‘3 N 5 T =~ ~
T o muc m s w5 °r g owa
= S | 2 | yr
= & ° =K = o B g
S o 3 — S
. SR = s S S
K wo | = 4 T C L @ i
N = a1 ~ x R DN
ooy | TP ) o8| FTE | o
™o | 3R 2 1o X i < | 2B
| B 5 i : 2| A
i o S I G m = m & dr %o
B | S sel: x |88 |88 | xu
oW < of W
T T
B i ! i
| XM
@. N~ X X
i = B = X
— X
B " Nn R
i w W R
Bl ™ Mo T
A © =
e S S
I
+ > 5
s ~
— [aN]

_‘IO_




AL HQAd

2 A.

2|

el

W

M

3

4 =]

&l

1, dA A=l

-
R

5|
pud

= AEske] vFd wAlelA

o Az

=
=

A
At A MA F&Y=E Thwaites Glacier A -

t:ﬂ'

[EUI A

S

S5 AT

SRR

i
pl

ofe] AAA QL 7]

AT

al

=0 Aojolt), WA, FAIHow

=
juy N

]

o

3

Za

913}

&

Ao A% Wast 7

_‘I‘I_



H 2z =sdel Zls7/y &

4. 8] JleAy 3%

e
4
oL,
olr
o,
D)
&3
i)
>
rx
filo
A
e
_O|L
N
do
ot
o%
i)
|o
fr
rlr
ul
Oy
e
Q
-
f
o
>,
o,
i
vl
5y
3
o
o
(@]
=
job)
jm)
(o

TolA ZF9gd BT GAS photoclinometry 7| E A L5to] FAERAS A z2E F e
.

A D] A 4A AALE Fske] A Ad e AAE AT 99 A2 dA 9=

= ARHA A YAE FHs A= FHA] A=) v
al. (2013) ¥ 7} SAR %4to] I=3H
DDInSARE & &3le] XREEA| A2 YA E FAHSF o™ o] 7[H

npz]uk o 2 Rignot et
A= 4o 8 d4

o>
mlo

A AMPAN 242 Askel 7bg wol 2tk $A% DDISAR o 3% Ha 339 SAR
GFe A5k v & G HE A9 259 Eolsh AFsHA Bopof i AFE 2w
sk,

F%2 DDInSAR 7IW<s 283 sd=ol 9143 Campbell Glacier ¢
A A A D Wete] Z8 4 At dig A5l WA (Han et al, 2013). H< =<
KOMPSAT-3A $14& @83 d=x99 DEM Az 9 thzA719] 1% Rl dig A+
AP AT (o] &A et al, 2017). Bl A =2 AWHHA o] thgh A= FlolA JFA o=

AP A o2 et

_‘|2_



2
L)
_O|L
M
jur}
=
k)
=3
)
_\"L_I‘
ne
o
=4
)
L
Lo
X
Ak
r o
[a=g)
B
o
o
g
(o
g o
__>|’I_'4‘
o2l
12
i)
=2
2
ofo
_0|L
2
ne
o
1o

7h 2 DEM AR Y

TanDEM-X A& TerraSAR-X ¢ %ol YA ow HA ¢ DEM (Digital Elevation Model)S =
et F 225 z2ta d (Rossi ef al, 2012). & 948E& 717k AGE &

Z} Aol A EAlel AR EEE R = vk olFEA FAll FrE I 4R (phase
difference) & Al4tste] i3)d = DEMS A<

TanDEM-X 422 9F= Raw DEM2 BAE XA e A4 11%= AHol7] wjFe] ground control

A ATFE FHea

E7 AgtelA 71edS SR FE7] "ot adEE 2 AT E @A
= CryoSat-2 #@loly =4 994 A5 ZFE TanDEM-X #HGA|7]o] 93 d= FHe] 7]5%9]
(ground control point)E & H3le] o]&3taxl 3}

e AWEAH Aeje] FRe F2 /187 wn ALY gl A £ e dely wwA A

i1l

g FF717F g5tk webd TanDEM-X2 &€ 4% DEM3} %74 zzste] g3t
Al (correlation) #  FifZolxFo(RMS)E  sAlol o] &3] A= = s ARTE FE3ATH
CryoSat-2¢4 F&¥ xW¥ Eol¢t BA DEM o 3#W ol ko7t 7] wiiel WA 314 3
AAE 535l CryoSat-2 o H-ExEe BAA DEM 7He] A4 S vwdtel o CryoSat-2

oty nEA Am= ®H V77F v Wl FHE AGelN w2 AF=E 2] el (Wen

ax
(o]
>
2,
<{

et al, 2010) & ZFAAE 7F Aol AlEed vk uwA A8 E AAPsigit wpA o w vk

_13_



A2 5719 Linear Least Square FittingS &3te] Atl4 =ol& A4 o]z HASIT (29 1).

> o - Pe-5)]
1

CryoSat-2 Orbit Corryym =

K Jz lro-7f i[r(:‘)—fll
fml =l

— ' [fisatemplate(ie, TanDEM-X DEM)and ¢ is asubset(ie., CryoSat- 2},

r { #is the numberof points within a segment,

DEM grid - r - f and7 arethe mean height of eachsegment,

i | POCA
' o — RMS¢s, :JLZ“@—E]J
| =]

7 | mis thenumber of pointswithin a segment.

&
]
-

a9 1. HAAHe V=4S AEEtr] Y3 correlation T RMS

H 7IHE AEd=9] Thwaites Glaciero]l A 313 TanDEM-X A}gol] A-83sit) Thwaites Glaciers=
7wk =7] wiol interferometryE ©]-8% DEM ¢ AZto] 3]

o

okt

'l:
E Aqow gud gk TanDEM-X 94 29 95 7]F02 95 159 1] CryoSat-2 A4S
7h loick 1A gvEbAlsl RMS ARE ngow %
H

ol
2\

4 DEM ¥¢] Linear Least Square Fitting

AZE DEMS A A9 o2 9] Operation IceBridgeolA] XA 3+3-7] #o]# 1%A (Lidar) A&
(Studinger, 2017) ¢} vHluE S A% AJr7HE APt 2EX S 2 Thwaites Glaciere} 22 7}
st A Jo X F&etAl DEMS AZe = v A4S skt 2 712 Remote Sensing (IF:

3.036)°ll =2= 3

_14_



10720°0" W 106°0°0" W . 107500 W 106°0°0" W

75920008
T520"S

T5°20°0"'S
752008

T75940'0"S

' . 200106
5 2 ‘i " 1o
. W | ° e ID |

| * 2onmeop |

75°40°0"S
7504008

_75°40'0"S

T
10750"0™W 106°0°0"W — .
14 10 753 106°0°0" W N

0 5 10 2
_|<dB> K 50 0 100 250 400550 g 5 q9 2 w»@u
a1 1 i m ¥

TanDEM-X Acquisition Date:2011/06/10

19 2 Thwaites Glacier ¢ TanDEM-X <43 3t8.3% CryoSat-2 %4 A= #AX ().

A = e Vedor Add AR U 540w gAE. A 12 EAE DEM

Freeboard= 42 ¥W 159 =7t H ol Zpo]s FA| A st
=

w3t s Eol= T

= ATl = Al 71 A AlFEal = Mean Sea Surface (MSS) A& (MSS_CNES_CLSI10 was
produced by CLS Space Oceanography Division and distributed by Aviso, with support from Cnes
(http://www.aviso.altimetry.fr/) ¢+ FES2012 Tide Model (Carrére et al, 2013) ¢ %3S o]o] &3}
of &7F sl Eo] AES AEsUTE AVISOONA Al &8k CLS2011, Technical University of
Denmarkoll A4 A|-&-3t= DTU1IS Z18]31 =72 Wuhan University$} Key Labol Al #|-&3sl= WHU2013
A5 E S5 o FES2012+% AVISOO A Al-g- ettt (Z19).

_15_



CL52011

=12 =130 =118 =116 =114 =112 =110 =108

WHUZDL3

=1zr2 =130 =118 =116 =114 =112 o =108

13 3 Mean Sea Surface (MSS)

ob-Al i o] MSS A E HAS A 20119 69 CryoSat-2 SAREE Level 2 AEE AE3H S
WA ol gl A9S dAste]l was AYssitt TideZt RAHA ¥ MSS A&st Tide
7} B4¥ CS-2 Level 27445.9] Apoli= zt7h 146, 141, 145 m 2 gkom FFAAE 222 m 2 25
22 A B (AR, 2E Zeoxvk AVISO®] CLS2011 #Ahs7k 7Hd & ASEE Helva @

F ootk A B AT 1Y 2 9PS MAE A9 Coastal 4G oA

=
:IOL_l’
ok
°
I
=2
ol
Qo
R
§2
rir
S~

719l 259 RV} oJHE H, 183 CryoSat-2 SAR R=29] systematic G3=e] £ Ha Ao
b F7FAQI A7 22 Ao R uwdrh
2 Ax A= CLS20112F5.¢F FES2012 2 29| Z3Hs AF8-3FTh

_16_



MSS - C52
ROI: 105~130W, 74~645

0.35 ;
[ oTuls
0.3} g T cis2011
: [ IwHU2013
0.25F
=
= 0.2
o)
m
L
© 0.15}
[«
0.1F
0.05F
l:' . " E ' M
-4 -2 0 Z 4 6
MSS-CS52 (m)
DTU15 cLszo11 'HUZ0
13
MEAN 121 1.17 1.20
STD 0.55 0.56 0.56

I9H 4 MSS ¢} CryoSat-2 W]l

ot Wst/9Y-82] elasticity H+

W52 AP Ao Al Wtz Bl mmr] AlZshr] wiitol Ay7|= FZaro] WA= A9 (flexure/hinge
zone)¥} o]# et =] Jgo] ¢l A9 (fully-floating zone) &2 & 4= 9t} (Fricer and Padman,
2006). F A o] vpH A= A 9S hydrostatic point 23l A FE 4= o™ flexure zone A ol|A] 1A
e 252 Ues ol dolgta 718 3 v 22 Euler-Bernoulli beam equations ©]-83}

7bg3 ¢ At (Vaughan, 1995). o714 p(x)& el 7bliA= & %8h DE rigidity, E &

off

2

o2

_‘|7_



o] Ao w$ T7kaiey,

rlr
o
ol

Young’s Modulus, v + Poisson’s ratioS &3t} D

+ 09w (T) = P92, 0

o] MEHAgAS W 459 A, F AT wetA d5o] 3= AEE YR F Qo 9o §
ol W restoring forced] 29814 local minimum¥} local maximum %= zHA ®©t} Hydrostatic

point © restoring force °F E&¢ H#FHo = <Qlsto] A= FH Fo] FolA= AHOEA local

minimum} local maximum#te] A& o]&3sle] 3 4= o} (239).

— Simulated Surface
¢« Minimum
Maximum
3 ¢ Hydrostatic _
> ’ ’ dyp, =abs(xy,, —x,, ) =IN2rx
S IS S O A S . J 3
oy H ;Z.
[=7] : : d : — _ —
g | : MH N dyp = abs(x,,, —x,)=1—
|9 """"""""" pToTrmeroTeemo oo oo proenmmenoenones 1 2\!2
i i d i
MM

P X : b XMax :
>ggl— | "Min _j 000 — i — |
2 4 6 8 10
Distance(km)

a8 5 A& FHo| wE local minimum ¥ local maximum 78] & o] &8l A4t

Hydrostatic point

_‘|8_



2. SR ol 83t WREA U ANRAN o5

Hydrostatic point®] 91X& Lolll % free—floating zoneo| A= LWkl freeboard #Eg AF&3le] Wi
o] FAE F=oI3th Flexure zone o= €59 3 AHEE HA3|FO| freeboard #S T
hydrostatic equation ©] Y-S sl WEo FAZ FAsAY (L9 4).

IceBridgeoll Al Al &3k= MCoRDS 45 77 59t vlaE stttk ditad fFAAH S o] &39S
Al H T ZFe]7E 15801m lew, & el A= Aqkgk FAe] A Aol 56.82m 2 &
Floating zone A oAl Hit FAx}o]= 5823121.40m = MCoRDS AF52] Qx}¢te] E50]0 = AHS

rok

2011 6€ 10¥9] &9 TanDEM-XALREE o|&35te HAHE W&o FAE 5 T AXE AwHgA
A (F241) 2 2011d %9 DDInSAR v[A-& F3sto] #|2E MEaSUREs ©] A|RFEA] A (HAA)E 1

!
Stk AWML AWAL wepe wzdn FHHon 2 Aol§ mol @i AL stk

o majdetz <late] wAlG AWz mHEh oSE50] 75255 10630W 29 A FA4% 1w
W 345 Uehs 2ow mol MEaSUREsIAE & RIEz <lstel w3e] Brb53t9
A Zlog AAAY, gk WE 7hed YEhgE A A 215 = MEaSUREsOl A = 2447 5 A A A =t

A

O GA = WeE-E AAEe] ANbEA| A wES LER Y] diito] & A gl ESHE X 2 Ao
2 oA wpx|go g2 MEaSUREse] A HFH XA o] reference® AFE%H 1 A+= HS 1Es9S U
2 Aol At elsirial e Eoh

_19_



ATM 20091118
* Minimum

Maximum
Hydrostatic

|
i
3

2.5

2
Distance (km)

110

(w) uonens|g

I
=
[ k]
m
= 0
- )
g £
=L 5
|__..__.__...ﬂm___rm
% = 3
= X
I o= @
= T L
.
P
1 !
1 1
1
1
1
1
:
1
L. HURUIRIVLI I
1
1 1
1
1 1
1
1 1
Y T L.
1 1
1
1 1
1
1 1
1
1 1
I
1 1
1
1 1
1 1
1 1
1 1
1 1
L. L ooa-
1 1
1 1 1
1 1
1 1 1
1
JE! ; m
= [=] = [=] =
= = = = =
('] - = [=7] [==]
-— - -

(w) ssauyony)

700

Distance :I;

MCoRDS 4 74 A=< vl

s

1% 6 IceBridgeol A A&

_20_



2}

2 4.

0

o
Hiy

+

—

i
!

™

™
Nfo

—~
1o

wh

70
NS
X
T

N
Ho

SE

94

2 Zeld e wprhe xie o

bl AbgslE v

J|

[}

1A B2 A77F AdsAA] gtom d5o W

o

sfo] so.x
o o

[s

(¢}

o W

1

7_]

M FEEE 1Y

[e)

=

A

€]

Al

Qk1 Z_]

©H

ojn

ol

—_

g2

871 9

a7y

=
=

W gl e, o

=
U

-
=

=

-

(1)
(2)

ekt mlxulo 2 D(x)

At

bl &

=373 E0] A7t old 4% Finite Element Model (FEM)3} 7+

=

71

o

A
UER Y, vi= Fols1](Poisson’s ratio)

I p(x)
2] A
A)

°©

=

=
5z 49

[

el
_2"_

=

=

[e) TC
&+

s modulus)

pwgwm ax
’

plz)=
7po)

Al

UeEbE o

=

7] M= deel T

)+ (o, = p,)gw (@)
ekl & (elastic modulus, Young

eIt wix)

R

=
L

=

o]

X
2 Ao A= Fourier Transform® 574

27421 & (flexural rigidity)

Bl h(x)& &3t

(Vaughan, 1995).
9
o714 E



3)

D(z)=Dy+ D (z)

N7 Wi Di(x) > -Dy = A

%

=
T=

ol
X

<0

uzel

wr
il

ol

ny
B

)

O T2 g fo] 234 R

(4)

i\/\oo de(T)e_i%kr

2

(k)=

=

Hfr)] =

—_
fite)

el

el

AlgtE (band-limited) #<Febal 7f

ar

o] &7

of Felo] W

Fo W

1
1

o714 D9k w

o
o

]

Zro

7}

Kol
=

o}

o]

&

ki3

CHEE s o r oo o

)

s s ok r o 914

tal A gks d

)

(Dol o

[e] )=
S vEEg A

]

A
A

SEEEREE

o
olo
&
ojpy
il

Fef ol gH4) &

Al Aol

il

ERL

S

B
T & Dirac delta #3¥2] E4

o

WW
ojo

ol

al

zA)
B

R

;Ot

il

(6)

dPw
dz*

(D()

d2
dz?

(k) = B(p, g, (k) + BF]

3} 2.

o
=]

o714 o= o

(7)

®(k) =D, (2rk) +p,g] "

=

i

=

A(7)e] oS Fshd =7 Eel

_22_



N
o

N

N

[35)
A

R

+
N
o
°

o)

~H
X

)

el

(N ZH-E Az

}a1, o] A}

S

ojn

o}

A

—L
L

g w7 oA 04%E nA7A <)

W

(8)

et

=5

27 8ol me

(k) FIV? (D () V2™~V

(k) = (k) —

Auko 2 A(8)e o Fejo W

~(n)

A

—_
fito)

&]:H
) .

AA =l

-
.

o 85004

AEFP o 5km ¢ dolE 7}

o
=

2

i<

R A

Aol 7k b

1

T

o) AFsk 1 ®1o)

p A

5 ©

-

2 v)lurk 7}

of 253 HluEs Folo] B ATellA

o
<

‘|.

S

2ol

&3
171 o

1A 2 25 km F-i2E5

S

IS

A
=7

1 9

40m =

S

A

Bfell A 7HgAke] H-el

-

=g
2}

S

analytic solution®]

o] 27]

0]
AR

=
K3

],

-

HXAE

o]

°

3

ox

¢+

ol

0

o
ol
N

il
Nj

o
Fua
e
o
ﬁo

172 A9 <& analytic

[

7F

_23_



solution®] EASHAl 7] wiitol Wixjwi= HAEx= 7hsebA] gk ol B tE A2 A9

A AYe] ¢ wejxlor rebound ¥= Fol F 43}

Agl 40l AL o] F4o A Eo] Gaussian K EFO

Aol EAE sFso] Jteixe Wl W] =S AE

9 27 dom)ell 7Pt etk 4 Fdell= 40m Bu H o2 erke A

gle & vk ol AN A Lol g & geldd  ded I #e 25km A9 AAAE
= o

e W Ho o] F2 40mE FATIE B rebound @del YEE e HAE

Case 1 : constant rigidity w/ a point load

0.005
——analytic
J 3 i —— model
A
3 1. | : o =
S== o] = 1 -0.005 ‘
thq o]'—c‘i_o] 1~)\ L - 0.005
o) S = £ e £
E;g J’ 701'/‘61“"%.r ;m i 001
i K
S s & S
= 7k 4 » oors
o -
CEE SN
: Datacie ol
00255 0 5
Distance (km)
Case 3 : broken plate w/ a point load
0.01
——model
0 e
PARS az2f
s 2
24} . -0.011
=L==20]lx-— A 7 E
A 3Ede & i :
i " £ -002
- o] kg
& ] z
-0.03F
= L
Ak 7bs) |
Denborn o 004
0055 0 5
Distance (km)
Case 5 : reduced rigidity w/ distributed load
0
38 l I l I I 2
A} 3} -4
O ~o 3' - :" 3
3 £ -6
)= B =) g 1 o
A St F | i g L
E 5
w4 B :
-5
=12
h Olstancs tom) 14

0
Distance (km)

_24_



Case 4 : broken plate w/ distributed load
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