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bz /// \/(x O+ (y— 77) TG0’ §dndc (2-5)

ZE Ve B2 AANA Agolm 1/l64 Ieosh o] R
AT AtgtATh o]t WS 21 A lo] vate] AL A AL o] 2

Vel 42k v, gA @8 98 24t T A%o|Aw, ojx} wEe

282 gt UEy BAEAoT WaE AHA oW o)X mEe 24
2 o)t} olu el Ve Zold WMAAS wEFH Fold WMAHAL 2

(2-6)3 #Zo] YEhd.

AV=—4rGp (2-6)

o] 7] A,




p= O(zero) ©]il uwhz}A]

=4, 2

7}al=

3 o] ®©}

ojp

(2-7)&

(2-9)

AV=0

o)

—_—

0
o
o

o
RN

il

ol
gl

o

2
o

Nlo

e
TO
o

<]
]
ol

S
0

Aol A ol9 sl 24(2-10)% 4 (2-11)Z I H}.

Bk

7

Z o Z [aW”Pﬂm(cos 8)cosmA+b,,, P,, (cos Q)Sinm)\]

o

Vir, 6, \)

m =0

n=20

(2-10)

Y [ap Py (cosB)cosmA+b,,, P,,,(cos@)sinmA]

00
1
n+1
m =10

V,(r, 0, =Y,

n=07T

(2-11)

=
2=

]

wak oluel of® 7 Rl A £

Q]
=

3

95 & YERd o) (Hofmann-

Fohebdl HA et

S

=
[€)

2-11)¢] ¥z £ 7}

Wellenhof and Moritz, 2005).



2.2. A| o]l =

AQol=s AF Bofo

o
o
2
™
td
i)

=2 ]
A Gauss:s A Qol==2 FFdswy Adxse =xdxuadd

ol
32
R

(equi-gravity potential surface)©]2} % 9] (Torge, 2001), A Lol=+= 7}
T SAAYPY 7lFel He WHolth EF Aol VELS F 2AYAA

T 2AYY A 24 BEE 9P S tHRummel, 2005). A TFEFIA S

NS A7 BFe el wa A=t 49 A7 ¥4
& YEE ez ATadAg A= Alole] ko] Aoldl AolE
E=9](geodial height)Z YEIH i A eol= Eold digt AF=

Stokes(1849)7} AN A T8 o]F& HE3IA ALol=E ZolE A

T JE oES NS oY, FE FHARY FA st A
t}. 28U Stokes'A 2o Al L EH = StokesTre £ £57F =gr=z o
F A9 Aol AFelz A HAY FHAZE o]§dtHot st

Al o] dth(Heiskanen and Moritz, 1987).

22.1. &9 X[0|=

AFTgdEde 94 Az, A4 34 3 A, AF=44, ATH
S E24S X W2 Hodd Wi ARV a7 EY AolEs A A
T2 F3 A Az"H slade ARV Hesiy, A A7A 2l =
A7 Aeole AA ZAuge] aRE AFIH. A AFY AFTHZE
de A4 A= 74 #5& T3 24HY, 1 A5 AFTHAELL LS
A B5Tez 24" A A9 AFTHZELG A AAZHeE SHH
G 539 ArE Bt ZA D (Torge, 2001).

A7 AA Y B FEARE A8 A FHE vEd Qo O
T AFsEARED S 1xold ARE FEIEHSA AL Aarstd F
Hdxdd 723 AFEA & e AFo W FHFo] vz A
AME AEUE7F 2 ZAo|th(Rapp, 1986).
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Axde e doel 3 H Plr,d, N)AlA AT FHEXAE Ve 7
Z3}o A degree 9} orderd] Fo=Z EHo] 7}53lth(Heiskanen and
Moritz, 1987; Moritz, 1980).

MAZAAL FHTAY o4 TE BB Lo TR} F4E XA
T At
Vir, &, \)= G;:M[ %2(2)” znjo(z*m”cosm)\+3nmsinm)\)1—Dmn(sin€P)
(2-12)

o714,

r, @, A D THAAHIZAZA AN 9w, AMdAE 2 A%

a Fo AT

GM AAE g

ILLm : THAZX3}O degree, order

671”1’371”1 . A3 Stoke’s AT

mn . A3lE 23 == (Legendre) ¢

ojo] Ao e FHEAMAE o] FS AT F vt
T, FEHEAAE o] Tok Aeol=9 ¥ol NO A= Bruns’ formula
o o&] th53 o] YEldtH(Heiskanen and Moritz, 1987).
T
nN== 213
. 1)
oA71A, y=%F FHolt
2l (2-12) ATFFEAREDY 2(2-13)5 o] &3l AxA dgo AH

(ry 6, M) tgk F Qo= ;o] N& ths A& o] &3t HHs)



O

¢+

o

(2-14)
(2-15)

mn(sin@)}

(C,,,cosmA+ S, sinm\)P

0

)

m

IEP:
Al

i

, L

yr
A\yin = 4000km/ (1, +0.5)

N, @, 2)= M
(-14)°] FH=zsFe] At degree I,

=

u%/ Al

i i - T - .9_
(spatial resolution)® 2 (2-15)

o

o

of
ol

H

4
‘_a

o)
O

Nlo
ol)

q 7] }\‘] )\min

< 9 50 kmA E©]

JJo

|TFZ=ERAnd o] Hu x4 3600 23k

A

@_

3

Wo] 7HAx

M
XO
W
No

v

A5

o} ojebr

I ALel= 7]

[

Ad FF 29 o4 Amel weh Aeol=t oe 74A ol2w Wy

wet AlgkE e,
o]’ A& 9} Bruns' formula®l] <]

ol)

—
o

]

o

Bl

7t X

<N

19 Fe A8

Y

2]

ol

0

o

]
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el Fd avsh FRY oA FHS eyl 9% ol remove

Q
o}
[oW
-
e
g
3
ol
T
[o
ﬁ“
ke
re
-
o
b
o
il
)
oo
p‘L
3R
o

i, AbA Ajtel 7bsdtan 438t

o]
Y 4y Al AAHe T2

o, Al F 7FA o]Ate] X EAEo] remove

AFA G #F ALol= AA WHL Stokes’ integral method, Least
square collocation, Fast Fourier Transform(FFT) techniques Eo] goH
(Tscherning, 1997; Sideris, 1997a), ¥ 9|4 Stokes’ integral method &
o]&3lo] Zt{F A Lol=F AAFSEI T} Stokes’ integral methode A2 0]=
oMol ZTHIA o]io] x3ge AS AAR 3tH, ol ALleolE &R =
olFd HAEE fleS 9 v gt (Hofmann-Wellenhof and Moritz, 2005). w
A B AFdME Y BAHS T8t ALolE R EHY JIFS Al
At Aot

Stokes WA A& 2(2-16)% o

O

o

r=12 //UAgS(cb)da (2-16)

T
o714 Stokes &4 S(@)= thed Zrh.

S(@)=1+ cosecgf Gsingf 5cos® — 3cosPIn sin%Jr sin2§ (2-17)

Agol=g AN AR FHAE Aole AYE YudE 71 Adm
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78k, 2(2-16)> 2(2-18)%F o] ®dEFT 4 Jrth(Heiskanen and
Moritz, 1987).
Aglx,
Ny, = 5.2 // g Y gy (2-18)
o 7] A,
Ty, @ ALoE ALAHY FHH

T,y ;o TEAEY f%
s o ()t (2, 9)3 AR

oJ ZEARE ol§ete] FuUAoEE
Wol M) Hrj 5ol

L
& WAk 29 AGY FHHEE ol8de] FYALI=E ANY

N4 AL WA A4 59 TAHel gon oEe A6l wet 77
g2 deda o

st B A=

=
9 A9 A Qo]
W
.]
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2.3. A LolE AEFE H7}

N

120129 EolE Fole WYL FEAR
Zko] o]3te] A QolE =ol= 7a &= gt} A

3:)__‘:
A oA GPSZHS 3 GPSZFoll s AP el A =0l
:‘,:

AN

Hir
o
2
il
)
>
1%
o
u
X
Ll
N
e
Lo
N
to
o,
[
il
-
i)

S

e

o

H=h—N (2-19)

=

o= F o] SAHY, A WA Fs ALND
h7b GPsell ojste] AL, AT F 9=

geoid map) No|] EA|gthH A ol= T

7b GPSel 93t A1 HE FE5ZF s 238 + A 1A

Nol N=h—He| °ste AAEHH 2(2-19)c ALol= ZAA ol&d

A 2 dEge YA 948 =AEE ded FHE&E F Ut

(Hofmann-Wellenhof and Moritz, 2005). ©] &g GPSZ el &3t #| =

£ GPS/leveling A Qol=2} 3tH, ol FHAEY At g A

o HF o] Foh

+
2
N
3
QQ
=

_15_



H = Orthometric heights
N = Geoidal height
h = Ellipsoidal height

Geoid

— T

Ellipsoid

Fig. 1. Schematic diagram of the relationship among
the ellip-soidal height, the geoid height and the

orthometric height.

2.4. Global Positioning System (GPS)

259 GPS(Global Positioning System)+= 9% ¢} A7t AR7} Jash &

E 2ok, g 5o 34 % 5% A=A, dun wgs] L A5Ae I
B, 97, B4, o7k %, ATdd A7EY 29X AEYY wAw

Nz 5 gy Bopid AAdoz Yol BeHT A

T4e) gele Agel WF AXNE AA}E AL 4P Az

on, RAdE 4 e Faked A1 ANE 24 HAT GPS

touE Ao #AE ZHow AWE GPS 40N SAsE A

o g Y A BAA 2o GPSE AT o AM, o= Az
=

= AA

) ZUAggME 197333 E GPS /NS AZE g, 197849 294
HA)  GPS 914 o] IAtE olgf 19859 99742 F 1170 1At GPS 9173
Q1 Block I¢] AL H %t} Block 19149 Ha %S 4.5de]x, 10d o]

ARE £33 AL Ut} o5 19953 11€e] RE IR E a5 3tgTh
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oo Al 1989 2 H-E] 19971 d 119 Alolo] 24t $14 <1 Block 119} Block
A 94 E°] Block IS WAl 34 th Block A 9142 14Ut 913 HR
£ AA3te Block IETH A F3to] F7F =HAorw, 180¢ zHe 944 A
= =9
HS 7HA A EE 217] GPS 94 Block IIR YA E0°] ¥HALE 73190
, U™ A 1270 = Block II/IA $143& thAlst7] f8 A& DAL o ol
2 % 2819 Block II/IIA/IIR $14¢] AT FHE M]3 S tH(Table
1). o] ¥ o]5 GPS 9148 tAE MEZE Block IIF 1 E°] EALE A
g o] t}(Hofmann-Wellenhof et al. 2001).

A4% 5 Atk o5 FPe o 759 Fwolm WAl 108 A

2.41. GPSQ9| 4 A A

GPSe= A §F F i (space segment), AF-&A} F-IE(user segment)Z} A

o] ¥ (control segment) Al 7FAZ FA = 9lth(Fig. 2).

FF FEE GPs A4S 7t AL AT A=W 55° 4EE o]
Fe ool AEHeR FAH 3 2 Alx i 479 o] miA = of
¢F 20,000 km FFelA F 11 Ak 58%S] F7]5 7FAL AT FHE A
8ha ATh(Fig. 3). GPS$I4& L1l(1575.42 MHz)9} L2} (1227.6 MHz)% 2
he] Auts dEHoR FAlst Y

Aol BE& GPS f149] A=RE FAHstA, 22T A AfFozA 9
AE &9 BEste FEolth A= 1xe] FAoFI 439 FHA
wOR2 FAHY, Aoj=E F Aojwe] AT FEIH|E AZYAS A9
st B Aol 77k AQel fAsta Aok 2 Ad giREef #44
Aol o= g o)) ZpAA Sl So7HAl Hof GPSHEe AEE A%
3| AL F U+

AbEA FES GPS FAl71E 2@ @559, DGPS, ¥ &, FFE



Table 1. Current block II/IIA/IIR/IIR-M satellites

Launch Order PRN SVN Launch Date
*1I-1 14 14 FEB 1989
*TT1-2 13 10 JUN 1989
*TI-3 16 18 AUG 1989
*]I1-4 19 21 OCT 1989
*II-5 17 11 DEC 1989
*TT-6 18 24 JTAN 1990
*TI-7 20 26 MAR 1990
*]I-8 21 02 AUG 1990
*II-9O 15 01 OCT 1990

ITA-10 32 23 26 NOV 1990
ITA-11 24 24 04 JUL 1991
IT1A-12 25 25 23 FEB 1992
*TTA-13 28 10 APR 1992
ITA-14 26 26 07 JUL 1992
ITIA-15 27 27 09 SEP 1992
ITIA-16 01 32 22 NOV 1992
*TTA-17 29 18 DEC 1992
*TTA-18 22 03 FEB 1993
*TTA-19 31 30 MAR 1993
ITIA-20 07 37 13 MAY 1993
ITA-21 09 39 26 JUN 1993
ITA-22 05 35 30 AUG 1993
ITA-23 04 34 26 OCT 1993
ITA-24 06 36 10 MAR 1994
ITA-25 03 33 28 MAR 1996
ITA-26 10 40 16 JUL 1996
IIA-27 30 30 12 SEP 1996
ITIA-28 08 38 06 NQV 1997
*%xJTR-1 42 17 JAN 1997
IIR-2 13 43 23 JUL 1997
IIR-3 11 46 07 OCT 1999
IIR-4 20 5ill 11 MAY 2000
IIR-5 28 44 16 JUL 2000
IIR-6 14 41 10 NOV 2000
IIR-7 18 B4 30 JAN 2001
IIR-8 16 56 29 JAN 2003
IIR-9 21 45 31 MAR 2003
TTIR-10 22. 47 21 DEC 2003
ITIR-11 19 (51°] 20 MAR 2004
IIR-12 23 60 23 JUN 2004
IIR-13 02 61 06 NOV 2004
ITR-14M 17 B3 26 SEP 2005
ITIR-15M 31 52 25 SEP 2006
IIR-16M 12 58 17 NOV 2006
IIR-17M 15 55 17 OCT 2007

* Satellite is no longer in service.

*%x  Unsuccessful launch.
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Space segment

1 J['.'I.'f.

& ;
., Monifor
stations

Peter H. Dana 9/22/98

GPS Nominal Constellation
24 Satellites in 6 Orbital Planes
4 Satellites in each Plane
20,200 km Altitudes, 55 Degree Inclination

Fig. 3. GPS orbit constellation (http://www.colorado.edu).
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2.4.2. WGS84 (World Geodetic System)

TASAFE7NFA] WGSHIEA = 19509t & v oA A AA
dd AZAAE ol &Y F AEF 3517 98 1958 5 94 A5 =
TESEAE T THET WGSe00lgt= AAHARANAES
. 19663 19 WGS/HE Q3= WGS60 o522 3w Az,
=&Y g4 A8E HEsted oS /" WGSe6s it
] 2 BIAYAE, AUTHAE, 4 L A

Al

2
L o
of
i)
N
il
Y

il
o
ol
ol
R
auj

o2

¥ o
4 @
=
9)
wn
N
N
o,
—{o{l )"E
o
e
[l

i o
e o

29 HE ZZFo2HEH HS5G A2 A
Z71HE ol &3sld WGS2E +F
WGS72A] 22§12 o] &oe= Agad ZAHLS gldoy AFFTEHEYEHR
olErFol YR AL oS HFI 2srt Beste WGSs4rt Ad
95+ 2004, 25 71).
WGS84 Bt A= 79 s =
AAHFA X, Y, 2522 FgHY. A7|A ZHF S 1984
Bureau International De L’heure)oll Al &3t X3+ AHZ3 H3Psiy X=
S BIHOIA 198430 )3t ExxQ dz HaPd Hwo] 2|49 Hx=w}
wakste o), YRS XFH ZFo] o]F & HWd FFHoF FH W
o8 FoErh1991, DMA). GPS9 71& HEAE WGS84 B HAE 7F
HEAZ 3, GPSS o st doj3l At FEE WGSBLE 7+
2 fddY.

of

“|_

ofr

N2
o £
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A7 mwdel gelel e NS AU A&d) ANAE P
A7 W43 A71S Lotok Bk 2tE EARH Qe sFo] HE A
7o) YL AgolEdn, ok £ Wi A7 AEL SFPzud

H (equi-gravity potrntial surface)© 2, A9 &¢
o ALel=gt 7hE AR 718A S A K

el s)=o] o/ Hu, olo] ofa] Aeol=wH AFEAAAL Fo| 2ol
2 AoolExolel ATEAADL] FHMT A 2o|=Re] FHH Ao|z
2 A

Stokes(1849)9} Vening Meinez(1928)7} AW FTE AR E o] &3l F
#FFAANA ALol=xoldt FHAAAESE ANE F+ e o]E°] /iEd
5, oo dAae F2 FHARSY B4 s FsiAa vk (Heiskanen
and Moritz, 1987; Heiskanen and Vening Meinesz, 1958). L#]4 Stokes™
A 27} Vening Meinesz A 2o Al§5 = Stokes 59 1 ST/ =
7] Wil dF AQe ALolE AFol® AT HA FHA
o He AR AL ouE Hel o wEkd A
AAS] fra Z1Eel s 19008t 258 AHHoR 74F

o

pr

s
o
oo

3}
5)

£
ry
(i
e

A=E 3
st gom, AAQ= oF ol&3F AF % AEE o] Ndo] wjg &g
&Y= ok
AT 84 2l AFFEAEDALE A AAY §4SHAE, A3
AZEAE, AFTIRAE HAd 3 FEAE 2 AFEFEF 34
ot FHAE F& YTt FE3HE A (spherical harmonic analysis)S
H, FAA 7 FZ23}A S (harmonic coefficients) EZ o] Fo] 7 F#H 2 F 0]
o}.
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il

3.2. EGM96 A +%

EGM96e A4 38 mdol g A A¥S FERHOE T
NIMA(National Imagery and Mapping Agency), NASA(National
Aeronautics and Space Administration), OSU(Ohio State University) 3
o oy 7]#o] FEste] 3d ¢ AFE TS AMLHAG ol HA
24 2, 058 HdAl xS 360, 36074 F 65,33870 Y] cosine¥} sined] AlFE

=
)
U axold, FAMd AR T AT YN dAEHE

9 A% B o] ADsA GRS800|vr WGS84 ElHAETH TS Fdgh
EGM9% E}AE A&t Aot T3 EGM9% R D3 H ke Qg9
o3t 71289 JIF7AE 133 Y th(Lemoine et al. 1998).

EGM96°l| A1-&d #5 T8a8 T fvezt T3E Sokror A
o /1 NIMA®] SEAGP(Southeast Asia Gravity Project)oll J3l <k 675,000
Ao FHAET F4F AN HA5HAT ol o] NIMAE &9t
Alob A Gel Wa) Fr|Hor B2 FHARE BAEA Hi, ol o83}
o EGM969] AU = E 7] 439 tH(Lemoine et al. 1998).

Fig. 4= EGM961 4 Ht 25 36002 A A AA axoldxoltt,
olo oJat A MA IEo]FL -351.25 mgal(59 195%, A7 66.75%)
7} 50612 mgal(F9 195%, A7 1555%) Alojol A 1M 3}gtH(Table 2). 2
k

A 5 mANME W 2 FH)S mEolgol REFE WA, AT 5

o)

o

o itk Aol e &9 BEolde]l REHL o} mEo| I AF3H
e o)

31 Utk Fig. 5= EGM9%6e 9|g o)

]_



=02 Uetd Aotk ole -106.99 m(E 9 4.75%, 574 78.75%)9F 85.39
m(ZY 8.25%, 57 147.25%) Alolo A W3}t (Table 2), & Aol Q=
219 SME AQolE Eol7t F Ao Ha| EL wkd, 7S FF

Aol e AuHes wA e,
3}

o
Fol YA &=
Fig. 72 EGM96°| &t o] A5 3607179 AFE F2 Aol= &
o] W3tE WGS84 EH A 7lFe2 Yekd Aotk ole 19.827 m(H9
3448, 7 126.75%)¢t 30.815 m(E ¢ 33.93%, B7 127.83%) AlololA] ¥
statH, A7 Fagel o ¥ It gFo] UEuA

o) -
5T

4
t g5t 9P gste] AWAL Ao B

Table 2. Statistics of regional geoid heights and free-air anomaly values

over the world computed from the EGM96 geopotential model.

Geoid (meter) Free-air (mgal)
Mean -1.426 -0.507
Minimum -106.991 -351.254
Maximum 85.391 506.124
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Latitude (degrees)
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-350 -250 -150 -50 50 150 250 350 450 (mgal)
Fig. 4. The free-air gravity anomaly map of the world computed from the EGM96 geopotential model up to

degree and order 360.
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Fig. 5. The world geoid undulation computed from the EGM96 geopotential model up to degree and order
360 refer to WGS84 ellipsoid.
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Fig. 6. The free-air gravity anomaly map in and around Jeju island

computed from EGM96 geopotential model up to degree and order 360.
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Fig. 7. The geoid undulation map in and around Jeju island computed
from EGM96 geopotential model up to degree and order 360 refer to
WGS84 ellipsoid.
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3.2.1. EGM962| 7|2 A&

EGM9%6 =do] ZAAd o]gd THAEE OSUIA Edof Hlste] =3
A F Hol A3 FAHAUG. ol 1E X TYAF FF Tt
T, EGM969] 7fdtel o8 =7F 71@o] AH FAdon 53
AddA 714 B THA8E FH3}A e vF9 NIMAZL F50] H
7] wZolth. 3 FAH By FAze g B97]e 24 5o

==

#22 FARY FH50 FHARE TN 9

)

3k QA

=
F= A st A EGM96ol M 2ol E3E Ame UeH} 2o

, obAlol YRR Ao, T,

JUPES TP SAWY F3 FEAE, &9, otz ol T o9
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(2) "= -] GEOSAT(GEOdetic SATellite) Geodetic mission 3™ il
=A FHAE, GEOSATA of&f AttHE A ¥2 FE£ AL FH
ERS-1 3lW 1=A TEHAE.

(3) Satellite-to-Satellite tracking A&, TDRSS(Tracking and Data Relay
Satellite System)ell 98 525 km<] AHHAZ ¢4 tracking A8, EP/EUVE
A o A= Aol 25, TOPEX/POSEIDON tracking A& ol 9
&l EGM96°] A4, SLR 94, ERS-1, TDRSS, TOPEX/POSEIDON %
o 94 A= ArSel AZe o] gHA

(4) 5% tA9 2L A AA AF =d JGPISEES /HeHetsda, JGPISE
DTM #A&5E ¢ &3 AF AL T3 T4 v A AT AA 23
% AN F=F HEF g, ofzEt ¥ AGH HF Aol disf FY

#*S ZA3ste] EGM96 7o) 28319
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3.2.2. EGM961} WGS84 E}l& A

T GPs 5 AdEHAel 3 AT B5 AxEe] wEgE AT ddd
a

ZtE =elgol o o AEasen, £ o5 osted FHAd= AHHA
A FAo] B/teAY ALol=E TF} 22 EYFES e BEsA F74
& F A HAJh 5L ol&std AF FHAR st A" AT
THAEL S A A5 5 don, EGM96 A AlA A A SA
GPS A& o} Hlwste] 7hd 2 std Aol

£ ol dEHAY S Axde BER Ao ddd 4% FFE
o] AL H 7] W&ol EGM96] ol &&= 7|2H] A5 T dHE AT

A ZAETE WGS84 S A A ¢ 2 S UH(NIMA, 2000) A+ A& RHE T A
A

A 8 e vHE FE golAwk o]zl Au. 2dEZ EGM9%S
WGS84 EF A 9F - fFAFSHEAI R, &F21e T 2 EGM9% EIUAIE 7+ o =
St A

Rew oS ofgs A AHA BE BHIA

WGS84E 7|22 3l AL =g A 4 == 3 th(Table 3).

Table 3. Geometric and dynamic parameters for EGM96 and WGS84

ellipsoid.
EGM9%6 WGS84
Semi-major axis length
6378136.3 6378137.0
(meter)
Flattening 1/298.257223563 1/298.257223563
Angular velocity of the 5 5
72921150 x 10 7.2921150 x 10°
Earth’s rotation (rad/s)
Earth’s gravitational “ “
- 3.986004 x 10 3.986004418 x 10
constant (m”/s")
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EGM9%6°l 93 Aeeol=gs AA8T o 7|F HAAE WGS84=E 3t=
% EGM96# WGS84 et AIzte] At T8I AT T4 Ao Aol A
71etE Qa7 WA ETh ol s Zsty] 98 WGSS4 B A o] Hi AT
A AE(6,371,007 m)et H AT 52 (979,764.5 mgal)S o]&3ke] A
3 Hi RAAQ -0.528mE HAG3E S EGM96o o3 Astd Fd Ao
= Eold -0528 mE HA3e] WGS84 EFYA 7|59 B Qo= =
AA S 4 dth(Lemoine et al., 1998; Rapp, 1997a).

rll

3.3. GRACE AF+FEAnd 237

3.3.1. GRACE Mission

GRACE(Gravity Recovery and Climate Experiment; Tapley et al.,, 2004)
= 5d o AFY uEx FHZS AE7l Ssko o] =
NASA (national ~ Aeronautics and  Space  Administration)®} =Y
DLR(Deutsches Zentrum fiir Luft- und Raumfahrt)?] ¥& ZZAEZ 7|
gE o} 2002 3€ 179 EAbE AFHS AAolvh. GRACE= ¢F 309
F712 AFTEFE SAGEE ke en, YA 27] GRACEE A9
¥ EE TE 500 km, inclination 89°E ®|AE A|Z3P o 2003F =
HhooF 483 kmo] HAECA =tk A o 470 km ALNA PIAS FAF
olm dFoll oFf 5 m = AE7F YopA A Ut

GRACEE #%°] 91452 F XY A=ZAHARZRYH AFFEY 43
T AES SAHs, APst= F AL A ®EE #S5sto FH
T 99 S SAHIHDunn et al, 2003). GRACESIA L A=E wet
o 220 kme] A7} Dol 3 FolH, o] Ag= K-band vie|ZZ 3} A
gl 33 Alz=dlog 235, T A4AlY AYE 1 pm/s(GFZ-Potsdam,
2004)9] =2 ZHT 4 Ut oo "t Zhzte] 14L& GPS F417],
glo] A whAL A, star sensorset Wi F&AI THEEATE ZFFEH AT

(Lemoine, J.-M. et al.,2007).
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Fig. 8. Schematic map of GRACE mission
(http://www.gfz-potsdam.de/pb1/op/grace/general).
— 32 —



3.3.2. GRACE A=

2 E GRACE A F#Z AKX = UTCSR(University of Texas Center for Space
Research)®] JPL(Jet Propulsion Laboratory)Z} GFZ(GeoForschungsZentrum
Potsdam)$] SDS(Science Data System)ol oJ3l F3 =i, 7|2 A1 25 A
8L AZ F Level 0, Level 1, Level 29 37}2 89 A2 A AA
o & 7§ " oh(Fig. 9).

GRACE Mission Data Flow

Raw Data Center
RDC

W‘ - MMU (science+HK)

o

(DLR)

Level-1-SDS (JPL, GFZ)

-

B Level-0
Weilhel (PO.DAAC)
156 files
per day
= = P»Mission Operation
H/IK
System
& a»c ad
Global Obs ECHViF
Network > UT-CSR & GFZLevel-2 SDS
6 h
Level-1 SDS (GFZ) i —> Monthly and Mean
Atmosphere/Ocean Gravity Field Coefficients,
e, ——> Sat Ephemeris, ACC Calibration

Validated Level-1 Data
Global Obs IGS & CDDIS GPS Ground TG
Network Observations 4 A 4

Fig. 9. GRACE mission data flow (http://www.csr.utexas.edu/grace).

(1) Level 0 A&

Level 0 A8+ $4oZFE FA3 232 5 Neustrelitzol] A3
MOS(Mission Operation System)2] RDC(Raw Data Center)ol <=3 ¥t}
MOS+= Weilheim¥} Neustrelitz 54 <tE|UE o] &35t GRACEZHEH 3}
Fol 7 W ARE AFEwol A st Level 0 A5E st As44]

T oF 24 AJzko] AYH Level 09 A8 E o] &8 4 Ut
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(2) Level 1

Level 1 At8+ K-band ranging, accelerometer, star camera$} T %72
GPS A&7} A= Al AR FrhE ARolH, o HAAPAAM F
GRACE 9149 FA=7E 249t o] #48L2 F2 JPLAIA A |t

(3) Level 2

Level 2 A2 g AA o3 2= HFH Level 1 A5 ZHF
Add URd 99y AFFHAS FHEIA G (spherical  harmonic
coefficient) HElZ F/HE A Eo]th Level 2& ATF
GRACE HA=#Zo o8 Z4d AT AA izt Fd T4 o|&s 79
Z 3} 4 (spherical ~ harmonics  analysis)3} & ALre A€ (Fully

normalized) T ¥ X®A2 Aot}

ggRdzA o

=

(4) Level 3

Level 3 At 2= T H Level 2 A59 AxWe THAZRE HWIA +
Az3AFe ez T3 AF2olt Level 3& GRACES} Lageos 94 A

S o] &3l A4S S(Satellite Tracking Data) HEje] FHZ3HA S

T 94223 GRACE, Lageos 914 A5 ¢ sl &7 A4AAE, AxY
825 o]g3led #H 34 (spherical harmonics analysis)dte] A4
C gei o AFTgAEdo] Ut
2 97elM= EIGEN Ed Fof sl 20061 3¢9 31¥7§¥ EIGEN
-GL04C(http:/ /www.gfz- potsdam. de /pbl/op/grace/results/) AT % =%
2dS  olgsted AF=  HIo A™Y  ALol=s AL
EIGEN-GL04CE 914 THAR 9} AxWe] FHAEE o] &t ANT 3
TaE AFTHAEAZ degree and order 360712 2] cosine?} sine?] Al
2 o] FolA Ut

Fig. 102 EIGEN-GLO4AC AT3THAZLZRE Add o3
EGM9% AFFsEARdgFE ALE dxoldiel zols uehd 7ol
o} iz o]de] Aol -321.101 mgalol A 216.493 mgal®] W9 23t

ol
)
>



slgketol 4bd R dw] A9, dEjd B2 a28a 5539 935 A GdA
zpol 7} wol YEtgdS ¢ 4 ddh Fig. 11-& EIGEN-GL04C9} EGM96 A
TYHARAZEE ALE ALol=9 AolE Yed Idoltt ALoj=f
Aol = -11.205 mell A 11.026 me] W 9ol FE s hFE & A Jo| A o]
7b glov axold Apolo ek sdetol 4bwl R dw] 29, Fdejd F
2 283 553 F5 A9elA g2 ozt vEhdth. Fig 129} Fig. 132
EIGEN-GL04C A|F+F g d o] Hx4 degree and order 3607}%]¢] 11
ToldH ALol=F yEd adolth. AQol=& EGM9% Rl H]=gh
BES BHolu AFE FZoA 34 et A2 24 yerdoh
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Fig. 10. The world free-air anomaly difference map between

EIGEN-GL04C geopotential model and EGM96 geopotential model

up to degree and order 360.

Latitude (degrees)

T T
180 210

Longitude (degrees)

10 8 6 -4 2 0 2 4 6 8 10 (meter)

Fig. 11 The world geoid undulation difference map between
EIGEN-GL04C geopotential model and EGM96 geopotential model
up to degree and order 360.
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Fig. 12. The free-air gravity anomaly map in and around Jeju island
computed from EIGEN-GL04C geopotential model up to degree and order
360.

_37_



Latitude (degrees)

I I I
125.0 125.5 126.0 126.5 127.0 1275 128.0 128.5 129.0

Longitude (degrees)

E—

21 22 23 24 25 26 27 28 29 30 31(meter)

Fig. 13. The geoid undulation map in and around Jeju island computed
from EIGEN-GL0O4C geopotential model up to degree and order 360 refer
to WGS84 ellipsoid.
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3.4. Permanent Tide% i¥

Aoz 8L 2 gHgo g AF =4
By o]yt Ao JEFS auEste Al T/ A
AL g Utk @3 H G g3 BE 2A 9 TS A AT tide-free Al
dy g3 g ko]l 4¢SS 1 H 3 mean-tide A2H, B3 B ol 23 HH

o]

[¢]
A Ao JEgUHS A AT zero-tide Al~¥loZ EFHTH(Ekman, 1989;

o
[
L
L
lo

=3

Rapp et al.,1991).

EGM9% A T%#A %™y EIGEN-GLM4C A T7FHFRDL tide-free A
2F o g o]Fojx AR T ALOJEE mean-tider 2F S F 8kl 9l
ot mebA EGMI6el ek A el=5 A A tide-free Al2=Hl oA
zero-tide Al2=®¥lo 2 HA3E & o] A4 AFAE mean-tide A|2HozZ B
gatook ot

tide-free Al 2=®lo] A zero-tideAl =8l o 2o H3he them 2ol C(2,0) 7
o] B0 7 7h53lth(Rapp et al, 1991).

a270)zeru*tids = a270)tide — free —3.11080< 10" * X 03/ \/g (3-1)

B2, 94 AFF B4A RYe) BN zero-tided FFL 193
of CR,0) A& BAS AAsteio} she),
Zero-tide Al2Elo 2 A A3 ZAIZE mean-tide A28 oE HAS Y

M= B2 BAXE zero-tide Alz=Hlo HalF¥ Fth(Ekman, 1989).

N, — N, =9.9—29.6sin’® (3-2)

m

o714 N, & mean-tide A28 2] X Qo]=, N = zero-tide A =¥l 2]

z

AL olE Folt
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w
al
Ho
o
of)
iy
>
a

A Aeole 2d WS fsiMe B Alol= AAHES AT ATF
HAEDET oyt A7 A Fuo @A IF Aoz ZAH| o
&5 = 483 FHAF7F PS5 A o] th(Featherstone, 2003). ©]E $J3te] A
FA e AFEZ 15 km x 1.5 km ZAAE Yol 7z Axte] Holw 3
AR FEEHo] o]F A F AEEF AT TYHSAHL AFz EAMY
Ao e MYE, $E, s, ARES TFse SHAAom, TS5
4 A GPsEFL WYstel FHZY Ao AN 33 ZHH== &
Qb o Wl opgzAl BEoZ AFE A Ade] A FP=Ho] o]
o] 2| 2] o} 2002 o)A 2005 Alo] 53)o] A = 9a4x|He FHEL =3
3192w Table 43 Fig. 149 el

89344 Ae&E FTHA = "= LaCoste & RombergAle] LaCoste &

Romberg G-type FHA L 7HUth ScintrexAbe] CG-3 Autograv F = A&

AH&-3t k. o] 5 LaCoste & RombergAbel ScintrexAte] F#EA F4 A9

2
T+ 77 0.01 mgal?} 0.005 mgalelth. & Ao ALEH THA= 2 T
Az A FEHFS AU W] faAe 9 7135 2
{3 <

tel, 2 Aol AHgE F3 J1He FaUEm el 94X 2ansta
NH(SEE :36° 13° N, 3% .
979,759.931 mgal)—g— o] &3} o},

Table 4. Period of the gravity survey, measured points and area.

Period of the gravity survey m;:(a;x‘sed me;:;:ed
2002. 7. 24. ~ 2002. 8. 23. 877 Jeju
2003. 7. 28. ~ 2003. 8. 3. 25 Halla Mt.
2003. 9. 2. ~ 2003. 9. 8. 11 Top of Halla Mt.
2004. 4. 3. ~ 2004. 4. 4. 9 Marado
2005. 7. 29. ~ 2005. 7. 31. 22 Gapado
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Fig. 14. Distribution of land gravity observations in JEJU island.
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THS A =E SF A
FEZFL Fig. 159 A7 Zo] AFA = Fo £33 BM16-0-2-39]

A A2l 99 =25 wEl FESES 3 AFE AAEA Y $AS
BM16-0-1-403} A|FA] GHF o] $1X3 BM16-0-3-501 4 #H st o, e}

<]
Abe] SRS wE SFE 8] fste] Au fdepat A<l o EA
T5FE AN FESFE AAR 7149 Aol= BM16-0-2-30 25

B BM16-0-1-407tA] ¢k 26 km, BM16-0-2-32 2 5] BMO0-1-3-57tA] ¢+ 14
kmeoll 23tH, 99 T R2oX FHA7AA Y FESTF Age o 3.6 kmol| &
dth o5 FEH HILAE BMI16-0-2-30ZFE  BM16-0-1-407} ]
-0.091 m, BM16-0-2-3°. 2 2] BM16-1-3-57}A] 0.122 m7} L&, w3
FESE A E2R FESE AAE ZASA 9 2 kmrtth €S
7} GPSEF S 3t AolE o5 AEF I FA9 GPS/leveling A 2.9

=
= Aol ASFER AT FESFHS @ 248 29 AQe F

-

o

FH AF vheh o] AFEY AAY BEH Y FEHL I8
3 AP A= BolE BEHY el By Fr2E W F
=43 5A0 GPSZF U BUSAY FASAT FWSFL 20034 9

=
g 2d5E 2003 99 8U7EA 7L dklem, Fig 159014 et

s
2o A ved SRS wet AT FESF FHHANA A1F
ste] bk A4S Ay 11H =23 BM16-0-3-52 7t FEFF @9l
o AFAAL. FuZSF 719 dole oF 105 km HZolH, olue] HF
Q2= 3834 ecmZ Mlw A AA YEtsten, ole FEeile] AUS ¥
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olue feae BE AWe Sqan oAt mawA gol YyEd Aow
AAAT. o] LA Fste] 7 el FELH HATh FHSFAL o
3 249 924 AP ASE 150 AP AANe] XY FEH

X
= BAdeEA IAYY A= wolE FE F AA HIAH.

337 4

Latitude (degrees)

331
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126.8 126.9 127

Fig. 15. Distribution of BM(bench mark) line and leveling line.
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3.5.3 TBM (Tidal Bench Mark)
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Fig. 16. Distribution map of NORI(National Oceanographic Research
Institute)’s TBM.
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B ATolA ASE FEAE AU FEAR A FEAR 248 39
ARt 249 AAGE FY w2 w8k, 24845 74 oo o
3 BRL sfol Aok ole] Aol AFLF 2HL o] FA=H A A
FEOWAT F Pe B ofug MAF oA BYo| sHssh

(1) ZIA 2 H &t
Aol FEAZR SHS FEHS I @ 4 A e FE e zolrt
olyx FHEA 2

sarate Aol Basit

(2) X7 =4 w=H
goluh vlFel 7158 a 90 me e gFow Y 7]x2d

Wste AIZEE Ao e g2A ey olo] 43S ¢F 0.3 mgalol] ©]
e AT 249 A= F 7HAY WHol u stve 23t TR 7
x4 xHES el Ao, & stue e g9 7 At %
st 718keHE X EZREH AAtste Aotk AAY WL Love T %
He Fagd F o gA ALE F doy, 29 Wy Yt d=
A= E doHH 1339 trigonometrical termZt A 2] Z7)7F & Q3T

ATFE SHALZAZ 7P of AxA Fo A PollA &F A o
7128 Xdd Ve 4G-1)3 go] vEd (Garland, 1971: Tsuboi,
1983; Fig. 17).

2 2
e
o 714
a #S Ao AFEA
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Fig. 17. Earth tide potential due to celestial object.

71298 XdA Vol 93 £4& equilibrium tidez} 3tH, @3} g kol 2

g+ equilibrium tide®] =7 Z+7 2(3-2), (3-3)% 2t (Bomford, 1977).

Vi,
(%)(cos 2z+ %): 0.267(008 2z+ %)m (3-2)

5
ngt
2
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e
)
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Al
2

= 7_1‘—71— A)

V. 1
(—S)(cos 22 + l): 0.123(00822’/ + —)m
g 3 3

oV 3 [ M)\aR?
9= o Pmtids . 2N\ r

(34), -5 Bl g I

GM,,a 3 GM,a°
g, = (3cos?z—1)+— —— (5cos®z— 3cos2)
om r 9 7“4
Ghm = 5 3 sindz T < v Cos”z sinz(3-6)
o714,
G Ry A
M, . 2o A7
T AT

247 @ Aole] A
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(3-3)

A

(3-6)

(3-7)

S Gomr gh,qu- ﬂ]oc}:oﬂ Sl]'cﬂ- ogs:}k Gvsr Gns
2k 2(3-6), (3-7) TR (3-8), (39 UEhE  grt.



GM.a

Gps = 73 (3cosz’—1) (3-8)
.
3 GMa ,
Jns = 5 7 sin2z (3-9)
o714,

90 = 9um +gvs (3-10)

7hE o

olglgt 7lx¥ S g} Yo Ax ARE o83t 19599 Longmant
o] % Tamura % 2] H3tAF] oa] AT Ao A g 1A
b A Arwreg AT Mo ALto]l 7bsdtA ¥ At (Dehlinger, 1978;
Longman, 1959; Tamura, 1982). International Association of Geodesy(IAG)
o] Earth Tide Commission(ETC)o|* Tamura®] Fortran ZZ 135 F3
9 A FEa Qo] B AFoHE Tamura®] Fortran T E 1S o] &3}
A 24 BAS Y t(Tamura, 1987; Tamura et al. 1991)

V3 pe AT 2Ae AT R AADE AR sol AveE A

o8 HAAR ZA7L obd AF= AAEE EX i HAA AT x4

o7} WA, & AT MF WA AT 2HY WE /2y Fre @

o ZHe AS Azd AWHF1988), HUEH(1999) Sl gt 1x™
el tigk A7 AREHAoY o5 AF= A4 A FilddA
PR AFE B} AFE FIHA Fo} 7x¥ HAFe FHagd

1.18% °] &3t



(3) 717| glo| A
dpAow ALgER Qe AUFLAE JIEHASL spring systemE ©]

S8t o aER o 7hA A ofs) AlZtel mE springe] Aol
= W32 /)7 Wolg} F) ole F

=
Asn FREH FAQ Aol ARl E o] &3]

ofel 7kA el s FE ] HEY A= 0 o HA gon ol FZ
BZ Aol A 7IQdske Aolth o]E BASY] fstd RE FE FA A
Aol HAgeE Tt ol A Folof I E ATME ol 2
kel AAE T HAH Al FHHYES 27 sty TH SAHH ABSH

HaAsHe 5% ¥ 242 39

Wolf and Ghiliani, 1997).

—~

2305 s B0l F71 S% o 7hA BAe] dasit

Y olFdeld #3HE FTEY 4F EAFS 3} oS AdFEGAY A
o] YetUle A2 B HFxo met Free-air®]’d, Bouguerol’d, Azt
ol 5o UsE F U

(1) H7Ee

WGS84 Bl A= A4 x5 A= I AELA=ZE Ao

hy <N
HAoh Sxed gdA s 143 SEHAE Wog HoFes AoF, U4
T3 efdA WAe] nE xHo ¥UE S Pl WGS84 Bl YAl = o] 23
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o|)

B

dEglol vl e =A< setderE Aodn
Al &S (semimajor axis) a, A7F3E ©]z}F zonal

gravitational coefficient (Gy), A7 3A ZA&EE(w), A

.

&

il

ATE 2% REAZ BAAZ ARG A$ 5dA

oA o] A=Wz} w

L\._\_/

T
Nfo

L0

X

i

0
pid

(3-11)

gl

R

SRR EICEE

%] Gl

3

Yebd Aol

=

#1e] W7l

=
T

A5

[}

170l 5968 dl 7 A5t o=

Ze9 W

=
—

L

S 2 (3-11)9 Somiglianad] 2oz F& 4 gt}
ol &

A)
2]

2 2 2.2
\/a cos“P—bsin“P
: semimajor and semiminor axes of the ellipsoid

: theoretical gravity at the equator and poles

a-y, cos P+ b’ypsin2¢

: geodetic latitude

a,b

]
Ao|mg o

f)/s”yp
Table 5°] WGS84 E}

MEES e
) 72 EE T

o] 7] A,
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A
el

ra 5ol

dae sl UeniA

g

o ol

I
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|
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o
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o714

o
ol HAste Aol HrdFEAH

a9 3 ngHel 9 oy

Hol A= w7l A
e A YEbd
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<13
=
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BA(Ag,)S 2(B-12)2 Y 5 doh(elZd &, 2003).
Ag, = 0.86—0.0000978h mgal (3-12)
q7IM, he FHY 1x°]3 &9+ mo|t.

A (Free-air correction)

B
FE o] Mg Mg 2 %S viAe 8ae BFAHY nEA o3

rr

2g5h 390h2

Ag, R (3-13)

£ o]&3ted 9T 45°9 ASE Atstd fHEd ZEolo] AlF 0.3086
mgal/m7tEt, 5, 030862 A5 Tokal 7hAstda, FAER A 9
Ay Z2E TEHAEL o8 en % 45°F A 7Y HFOoE T3 Al
A grelt (Mt E < 5, 2006).

Li and Gotze(2001)= hol| A 9] €3 3 (closed-form) ©]& FH2AS FE3}
Atk Li and Gotzex 7IEEHLA =3 @S o, bg} 3ta =] h
AYe B899 A23 @3S o, bV W8 9= 5, fea s FE3 7
3182 Alxoz 2 (3-14)F

_51_



1 GM wd’Eq (1 L9 1) 2, 2
= — + —sin B ——|—w'bcos 3-14
Th W[ brg +E2 (b/Q +E2)q0 /8 6 /8 ( )

o] 71 A,

’2 2 . 2
W= 1/—b —bijfi_sgsﬂ , E=Vad—b, b= +r"?—FE’os’f

3b° LE 3| b”"( v ,1E)
qy = 2{(1+E)an },q—3(1+E2)1 Etan X 1

b FE
cosf' = \/ +—— \/+R——Z2) R=1r"/E?, D=d"/E’
=427, d7 =17 —d?, ¥ =acosB+ hcosg, z =bsinB+ hsing

4 (142 23 FAA F5 AAG 2AAL 4(3-15)9 o] Atk

3
[1+f+m+(5m Sf)sm @}h— Ze h? (3-15)
a

Agh,

—b | Wb
A7IAM, f= ¥ e b= BHEAY FAF1 &=, m==crr we

S
2

=59 olt. A (3-15)°] WGSs4 BtdAl s

Ag, = (0.3087691 —0.00043978sin°®)h — 7.21252 < 10 °h*  (3-16)
2 AToAE A(316)E ol&ste] ERAGES AL AT

(4) F-AlE 7 (Bouguer correction)
TERAS SE vE BEAYY FE@gEc BY ngAERAAY ¥

Zgom Bl AU 33 BZAYY RR/FD Aol B @ <
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]_
(Fig. 18)°ll ol3t T a3 dg 4o] 4(3-17)¢ Zo] F=HAY. wt
A B Ao A& LaFehr(1991)2] 2418 FA RG] o] 83}

AgSC:27er{(l+u)h*)\R} (3-17)
o] 7] A,
A= 2{(d+ 15+ (=02 +r]"* +p+mlog, = ]/2}

3 =0+ (=6 +x]

= (%772*77), n=h/R, p=——6cos’a sin(a/2)+4sin*(a/2),

d=3cos2a—2, n=2[sin(a/2)—sin2(a/2)], f=cosa
x=sin’a, m=—3sin*acosa, R=Ry+h, a=S/R,, 6= R)/R

Fig. 18. The Bullard B correction for the curvature of the Earth away
from a gravity station(GS): black = the section of the spherical cap
directly underlying the infinite slab, which pulls downwards increasing
the observed value of gravity; vertical stripes = the truncation of the
infinite Bouguer slab at 166.735 km, which decreases the observed

value of gravity, after LaFehr(1991).
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Table 5. The geometry of the WGS84 ellipsoid and physical constants

related to it.
Notatio
Constant value/unit
n
Four defining parameter
Semimajor axis a 6378137 m
Normalized second degree
Zonal Harmonic Coefficient of 6'20 -484.16685x10"
the Gravitational Potential
Angular Velocity of the Earth w 7292115x10™" rad s
The Earth’s Gravitational
Constant(Mass of Earth’s GM 3986005x10° m® s~
Atmosphere Included)
Derived Geometric Constant
Flattening(Ellipticity) f 1/298.257223563
Semi-minor axis b 6356752.3142 m
First Eccentricity e 8.18191908426x10™
Second Eccentricity square e 6.69437999013 x 10°
Linear Eccentricity E 521854.0084 m
Axis ration b/a 0.996647189335
Mean Radius of Semiaxes R 6371008.7714 m
Drived Physical constants
Normal Gravity Potential of the -
Ellipsoid Uy 62636860.8497 m" s
Normal gravity at the equator e 978032.67714 mgal
Normal gravity at the pole Yo 983218.63685 mgal
Mean Value of Normal Gravity ~ 979764.46561 mgal
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3.5.6. = 0|4
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<0

i
Nfo

2 2)(3-18)Z UERWT).

(3-18)

(gobs +ga +g)‘) —

gfa

o 71 A, Gops = =

froltt.

T
Nfo

e

ol
~

G-19 o2 yed F Ao,

Al
2

=

(3-19)

(gfa _gb) _gn

g ba

ghol ok,

L0

Al B

il

R
R

q7]}\“|r gb

free-air

condensed

kAl
condensed free-air ©]7¢2 2(3-20)2 YEFHTE

3}
=

2

(3-20)

Fig. 19, Fig. 20, Fig. 21

=2

A} condensed free-air ©]

of Yet Ao
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Fig. 19. The free-air gravity anomaly map in JEJU island.
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Fig. 20. The simple bouguer gravity anomaly map in JEJU island.
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Fig. 21. The condensed-free air gravity anomaly map in JEJU island.
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Table 6. Surveying schedule of the RV ’Badaro 1’

Time Absolute
Cruise Harbor
(month, day, hour) Gravity(mgal)

1st. Departure 04 06 20 JEJU 979627.857
1st. Arrival 04 07 20 JEJU 979627.557
4th. Departure 04 21 08 HWASUN 979609.894
4th. Arrival 04 23 09 SUNGSAN 979622.819
5th. Departure 04 26 22 SUNGSAN 979622.821
5th. Arrival 04 29 09 SUNGSAN 979622.879
6th. Departure 05 02 15 SUNGSAN 979622.864
6th. Arrival 05 05 08 SUNGSAN 979622.826
7th. Departure 05 09 14 JEJU 979628.039
7th. Arrival 05 13 20 JEJU 979627.685
8th. Departure 05 22 13 SUNGSAN 979622.802
8th. Arrival 05 24 15 SUNGSAN 979622.797
9th. Departure 05 27 12 SUNGSAN 979622.812
9th. Arrival 06 05 18 SUNGSAN 979622.659
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Fig. 22. Surveying track of the RV ’Badaro 1’ in 20083.



3.6.3. Z &AtH J|x== H YA Bo| EF

A FEAE 2 FEAS AR FaE, Fads B 942
gl wet §4Ee Aol Wyt v2A ved F slow, 72+ Fauirt
o2 ;I HAFo] FWaslth o] BAYL Azte] wWE FHPo WIS AY
o2 7tAste A A= ZAWe]l BAolH, }-EFAAA T A A
o BHF A TR FHNE VeE Tt BRI & A7l
ANe A4 T8 4 39 AZ4E 20033 49 1Y 00A] 00 0025 7+2
2 dte] 2 @92 FAstden o9 Aztel wel ZAWelE AL AT

(Table 7).
mgal Ateloll Zxetm wpx o] Jhg= 8847 A, wFdAM e aEoly
RMS(root mean square)< 54.97 mgalZ AAHE ATh ©] & Fig. 230 e
RN WA FE o] FEXEE Fig. 249 YERY o

A LD

% axol4L -120 mgalol A 234

Table 7. Meter drifts of each cruise.

Cruiad Departure Arrival Meter Drift
time Time (mGal/hour)

1st. 561000 646800 0.008917108
2nd. 646800 1491600 0.001651330
4th. 1812600 1989300 0.006977282
5th. 2295900 2508300 -0.000381728
6th. 2788800 3022800 0.006191782
7th. 3389400 3755400 0.009885294
8th. 4510200 4687800 -0.001419067
9th. 4935600 5736600 0.012157381
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A FEA89 HEe HEI Eotves BAFol 7MF Fasith A

Botvos HAS falAe A 99 Ar7E a3ty ol & 93] GPS A&
= Kalman ZE7} HAHRJ Aoz &HA o, Wb GPS Az ol 3

2]
43F7] Y38t Visual NumericsAt9] IMSLe] E£3&3H Kalman B A BFH
¢l DKALMN<S ©] 83} th(Visual Numerics Inc., 1997).

3.6.6. Eotvos 27X

Eotvos BRA S Z AA ZEZA 71 & 93FS FTE= 942 ol9 mavE

21(3-21)3 2t} (Nettleton, 1976).

2
E=2wVeosPsina+ % (3-21)

o 71x, EF= EotvosBY, we AFAD Z&%, Ve Addte &5, o=

7}
A%, ax Adte] JPLFor AES 7|Eew 3 AANEY 24, RS A



HaE 15e A4 T893 Ao 4 S0 dg A Zr7E GPSel ¢
Hol AFEHH o] HKW of dutel &Hr o} WPrdts A
2pe = g wEld B AFoME GPSOl 93 AAAHRE o] &3Y
Eotvos®E A S sttt

GAd ol 3o g FA4E E&3E AAZ F Kalman ZE A,
Eotvos B Fo wade] sl4+= 2737] A|AH, RMS o8l = 3.268 mgal ©|
B 1Z o4 -2 mgaldl Al 38 mgal Abeloll FESITh 7| ZEH 7)A WHol

é"
AN
o

AL & %9 RMS ozt vustds wf A5 do] Fd3] Fo} A=
< ¢ 4 o Fig. 25v 748 &3 A A, Kalman ZE A&, Eotvos B
4 Fo nxolFEe} ole] mAHA e T Aol EEE Fig. 269
W Aot

ol kAl 41 A2 s uwHe FHZHRS MZ LA A For
2} (systematic error)*] &
2} (random error) 9} <]
T FoldA "o ole olw

2] 3 Aol ofyr g gE9 WHo| we} fgFojof gt
ol ds A" Fo ol BSFUS HAA He ZAE LA W

HE B3 1y 23 BAYS A H(Wolf and Ghilani, 1997).

o] WeE -055 mgalol A 024 mgal Alo]o] EE3IH o]9] RMSE 0.126
mgalo|th. Fig. 272 A4 9] a1x 0] po] H

T o2 -4 mgaldl A4 40 mgal Atolo] ol Fig. 28® 1l zbA ol A ¢
Lol o] EEE ot

A TEAESd 54 FEHARES FAEFALH(Fig. 29) ALxoldE 0.21

mgal®l 4] 106.67 mgal A}o]ol] &

e
r
o
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Fig. 27. Free-air anomaly map after cross-over correction by RV 'Badaro 1’.
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AGE ZFHske RAolv 19759 GEO-3 94 olF A&#Hog o5d %
A 1= A7 HHEI QO™ (Seeber, 2003), A oIz HH nEA Y
Aol o3 wE =249 W uxo FIAEE °F 001 ~ 002 m HolL
ol 34T = ¥ 20 kmo]th(Yale et al. 1995).

o 7% gAY ¥ 1x
o5 o] &3l FTY olAS Z2AY 4 ti(Andersen, 2002; Sandwell and
Smith, 1997). Al Z|A 2 ol= Eo|(Me} FHEAEA (Ve BA=
Bruns’ formula®l] &3 o3 7t}

o

o] o]}l ALol=E EolE A £ U,

NX) = — V(X,0) (3-22)

ANA, gy 2 A= W AF T, X HHE (z,y)E JErATh
_/,:

A QEel W@ nEoz ten 2ol

Ag(X) = —— (3-23)
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ol W Aeol=o i i W& (nH yEF WIS d=FH 2
=3
oN  —1 0oV
n(ﬁﬂ<—“i§;'::—§;“zg;
oN —1 0V
(X)=m—=——— 3-24
¢ oy 90 9y ( )

A9 2ES& ol 9 Laplace’s equationd] thdstd o} 2t}

+ + =0
ox oy 0z
oA 0 5/
; I —— g | 2L —5) (3-25)
z or oy

FOX) = f i / 7°° AR)expl i2r(K X\ PK (3-26)

|
8

AN K=(k,k,)olaL, k,=1/A,°1% A\ & zH3o|ch

o] o] &3}l Fourier W3S 34 o3 2o
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(3-27)

) =—1i2mg, [k,n(K)+ kyé([()]

0z

04y (K,

°]’¢7} Laplace’s

743t

Fe

Al

Fol7F 22l
equation®] I G 9

A=

o
L

§ otehst 2

fol ths

3]

(3-28)

Ag(K,0)exp(— 27| K|2)

Ag( 73)

2 +K o)tk

714 K|

A

I o3 2o 2=0

3]

O

¢+

(3-29)

9,
Gl [k,n(K)+k £(K)]

Ag(K;0)

ezl A =

Al %

s

—=3
o

=
19

oF
oy

)

il

o

]

A13&t+= remove and restore R o

B
o

o

TH(Hwang et al., 1998).

—=
o

=3
o

ey

o
oo
o

A (Hwang and Parsons, 1996).
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1978'd SEASAT YA ZRY W 1% A7 FEHAAMREH A&7
o8 FAHE Az i) ALdE FH oS FIFET} U=
ol /A HAT. AA W n=A FHARES] Ao ddee A F
Hag ek Bl 45t et wetA ol HudHe Y FEAR
b vl A el wep @8 yetue diEAl g Es oF 20 kmela, A
d FEAELS] RMS zkel= B 5 mgaldl 23tk (Denker and Roland,
2003; Marks, 1996; Wang, 2000).

2 AdFedXE A4F i =4 A4 AR o3 oA VB FEHAR
oS AT AY ddY AR FHAES Hluse HFH

AW REA FHARE AQol= AL o] g3k

—_

o

(1) Sandwell and Smith®] 3| 1%

Sandwell and Smithe JGM-3A|FFEAEH] 2Qol=g 7|FoF
GEOSAT¥ ERS-11EAl #1489 3lW 1= A8 E o] &3] £ o4 7
sk th(Sandwell  and  Smith,  1997). olF o] Fo=
TOPEX/POISEIDON 3¥H 1% T E F7lsle] A=z F <
st th(Yale and Sandwell, 1999). o] & &3 T8 o4 A5+ 1% It
o 3 =A FEAEE FAHA Atk B AF AFEH Sandwell and
Smithe] W 1=A THAEE 20079 3€o] FHH version 1618 A&

3.

)
o
>
*

(2) GMGA9706 &) T =7
GMGA97063| ¥ 11 =A
B3 H2Y Ee W 157 948 A5E ol&dl fx £82% ol g
A AA gl 8 o]dolth(Hwang and Parsons, 1996; Hwang et al,
1998). GMGA9706 A5+ = +82% W o] Wit 28 +49 7 o)A

Ag 2 T U
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(3) GSFC00 3™ n=A THAR

Wang2 9= +80% 9 o] A AlA 2% +A9 ¥ 154 F
S sl o o] TOPEX, ERS-1, GEOSAT $Ad 3 sjH
I2E ©o]&% Ao|th(Wang, 2000). 5 A GolA GSFC00 FHA < A
2 FYARE vustd e ofd o3 RMS ztol& ¢ 8 mgal &= olth

(Denker and Roland, 2003).

p

(4) KMS2002 s|¥ 11=A FEHAE

Andersen and Knudsen ERS-13 GEOSATS W 1% A5}
EGM9%-< ©l&3 FFT WH& T3 W 1= A8E T ooz A
stk = olol osf ALE FH oS A FHARS} Hu ASS
3} 9 th(Andersen and Knudsen, 1998). & A ©]52 1996 FH wjd X &%
o2 AZE Y IAEA ASE o] &3 AEold AREE LRI JoH

A9l KMS2002 T A5 71 2412 2FF ] th(Anderson et al., 2003).
Aol dud il 1A FHARE A FHARS Blasa o] 59
gk RMSE AlLtstern, ol2 F3t o8 i 1=7 F4AE
T Feu G sEARE A AS 2GS ATH(Table 8).
AAF(2004) g et ddo] A AR W 1=A A4
A5 9] Blae A s KMS2002¢] thg RMS7F 7.780 mgal® 7} F3kou
2 Al AFE dde A THARS W AR FHAR G v
Aol A= Sandwell and Smith(ver 16.1; ftp://topex.ucsd.edu/pub/)el ot
RMS7}F 3.079 mgalZ 7} £ AT Yeyt, 9AF(2003)S A Qo=
A A AFE d99 A FEARZ EFEA &ker, £ A
=

| 94 FEAR Fol7t Aee BelF

X
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Table 8. RMS differences between shipborne gravity observations and

altimetry gravity values around Jeju island.

RMS difference(mgal)
Sandwell and Smith 3.079
GMGA9706 4.363
GSFC00 6.079
KMS2002 4.046
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Fig. 30. The Sandwell and Smith(ver. 16.1) free-air gravity

anomaly map in and around Jeju island.
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Fig. 31. The final free-air gravity anomaly map combining all kinds of gravity

data in and around Jeju island.
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3.9. At A
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X =43 FYAE9} Rikitake method(Rikitake et al., 1965)
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. 32. Mean density by Rikitake method.
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Fig. 33. Orthometric height and sprit leveling height.
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Fig. 33914 O & A eol=w/de] Holzt dta, AfS O3 dZ48 =

ZEYA 4 @ Foldx d FEEYN FESPL HAFOIA As)
O Aleld Tud A2 AR & Atk

gdn= Wy— W,=C (3-33)

AoolEwe  Edd ot A ERA el el CE AFY

geopotential numberg}il 3I}H, o]l F¥S AR FHF Foln
(Heiskanen and Moritz, 1987; Bomford, 1977).
Geopontial number® gpu. GHZ SHHH
1 gpu. =1 kGal meter = 1000 Gal meter (3-34)
AFwoAe] FHg2 HF o = (.984Ge/ °12 =,

C= gH= 098H (3-35)

gpu. ©9 2 geopotential number= meter ©9 2 FFIE} A P
o},

dga Hy= 2(3-36)% #Zom, 9%i = geopotential numbergE TiE 3]
Aol @97 kg Ao EFHsttk. 22 E geopotential numbere FEE
43 gstel 29 guE Zn AW, qene FHow Foju
gk Folth

C
Hy=— (3-36)
o
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3.9.2.2, A&t HZ(Dynamic correction)
FEZFo] 9 ¥ol AF g 2 WBFY] AAAE 98u n
gol Basith,

21(3-36)ell 93, A, B F A A dstue] A Agk

A_den_ den_ den_ i s —~+ dn= d + Bg ’)/0
ap = Hp AT (9= 7+ %)dn n )

A
(3-37)

o} 2o} 2(3-36)A W AA q& FFEFFo| 3 =o] AolH, F
WA o] dgx BAYo] Ak, aAHEZ A, B F AH Alol FE5HF 2
e dstuel Aoz B A e A%

Bg—7 B g—
DC, = Yan=Y"—Lén (3-38)
Yo A 0

o e d%a BAP po,,s BAS 3 Folok grh(Heiskanen and

Moritz, 1987; Vanicek and Krakiwsky, 1986).

3.9.2.3. Mt 11 (Orthometric height)

CE A p9 geopotential numberztal 3t3, HE 3 po Ayaeta 34

Cet He #A=

H
= / gdH (3-39)
0
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21(3-42)5 thA] 2w,

g= Vi g(z)dz (3-45)

o Pl Lo Aeel=w H

0g 0
2 = Ly oy .
oh  on T TGP (3-46)
¢ RRAYYS
p B EE

o] 71 A %: 0.3086mGal/m, p = 2.67¢/cm*Z 39

%: —0.3086+ 0.2238 = —0.0848(Gul/km)  (3-47)

g= g + 0.0424H(Gal/km) (3-48)

g H=01°5H
of "}, 2@ =2 pye) AFm HE 43449 o3

C

H= — Y ]
g + 0.424H (3-49)

o} Zo] ®th(Heiskanen and Moritz, 1987; Vanicek and Krakiwsky, 1986).
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b gol AT F Yo, AE38)d @ 4(E-51) 27 dne

Bg—", 59—,

DC, = / dh= Y] dh (3-52)
A 70 A_ ’70
Bg—n, 94~V
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A ’.Y() _ ’Y()

9% 95 %

DC, = = £& PNl

O VodH Yo
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olo AHg3toJop T Ay HAL HFH Zo] Hrh(Heiskanen and
Moritz, 1987; Pick et. al., 1973).
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Table 9. Orthometric correction value with observed gravity.

Observed
Ortho.
Longitude Latitude Height Gravity
Corr.(m)
(mgal)

BIYANG-TBM1 126.23054 33.40646 2.090 979628.625 0.0000
BIYANG-TBM?2 126.23054 33.40646 2.266  979628.438 0.0000
SEOKUY-TBM3 126.56176 33.23997 3.693  979610.812 0.0001
SEOKUY-TBM5 126.56176 33.23997 3.945 979610.500 0.0001
SUNGSAN-TBM3 126.92991 33.47207 2.893  979622.250 0.0000
SUNGSAN-TBM6 126.92991 33.47207 2.545  979622.438 0.0000
JEJU-TBM10 126.54318 33.52745 3.204  979627.750 0.0000
JEJU-TBM9 126.54318 33.52745 3.247  979627.750 0.0000
SEHWA-TBM4 126.85623 33.52753 1.180  979629.938 0.0000
SEHWA-TBMb5 126.85535 33.52788 1174  979629.938 0.0000
1005 126.49478 33.39223 966.390  979413.250 0.0665

1106 126.55103 33.42265 572.709  979497.625 0.0265

1107 126.53590 33.42609 511.064  979510.938 0.0220

1022 126.48427 33.47326 134.331  979598.688 0.0037

1024 126.49213 33.41994 567.210 979500.625 0.0256

1025 126.49092 33.43273 429.035  979532.250 0.0155

1026 126.48874 33.44558 298.170  979561.500 0.0088

1027 126.48531 33.46022 212.348  979581.312 0.0055

1028 126.44808 33.25292 89.167 979594.312 0.0051

1029 126.44668 33.26745 168.027  979576.812 0.0065

1030 126.45205 33.27691 264.367  979557.312 0.0090

1031 126.45598 33.28602 348.887  979538.875 0.0126

1032 126.46062 33.29672 528.174  979498.125 0.0240

1033 126.45753 33.31198 704.584  979461.250 0.0378

1034 126.46252 33.32301 832.364 979434.188 0.0505

1035 126.45933 33.33310 909.092  979419.625 0.0576

1038 126.49587 33.34637 1218.321  979351.812 0.1027

1039 126.48913 33.34198 1111.469  979374.250 0.0868

1040 126.48272 33.33880 1028.462  979393.438 0.0736

1042 126.46082 33.34396 1005.662  979400.625 0.0681

1043 126.46299 33.35770 1095.035 979381.438 0.0806
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Table 9 continued

Observed
Ortho.
Longitude Latitude Height Gravity
Corr.(m)
(mgal)
1044 126.47186 33.37083 1069.997  979388.688 0.0749
1047 126.48532 33.39028 920.761  979422.000 0.0539
1049 126.47704 33.39646 835.458  979441.250 0.0432
1050 126.47484 33.40506 707.325  979468.875 0.0300
1086 126.52632 33.42258 531.933  979506.500 0.0156
1141 126.46087 33.25413 105.646  979590.125 0.0002
BM16-0-1-46 126.56955 33.24807 50.626  979598.000 0.0001
BM16-0-1-53 126.69504 33.27468 29.593  979600.438 0.0001
BM16-0-1-56 126.76587 33.29966 9.779  979603.250 0.0001
BM16-0-1-60 126.83497 33.32913 6.519  979606.062 0.0001
BM16-0-1-63 126.87652 33.38151 19.135  979612.312 0.0002
BM16-0-1-65 126.89692 33.40805 24.481  979617.000 0.0003
BM16-0-3-10* 126.61708 33.39686 725.972  979464.938 0.0351
BM16-0-3-12* 126.62569 33.36956 632.795  979482.938 0.0281
BM16-0-3-15* 126.60995 33.33705 522.850 979502.062 0.0223
BM16-0-3-4* 126.55146 33.45633 280.599  979564.562 0.0051
BM16-0-3-5* 126.55882 33.44578 375.882  979543.312 0.0095
BM16-0-3-8* 126.60810 33.42412 644102 979485.125 0.0280
BM16-0-4-13* 126.73494 33.43590 302.682  979558.250 0.0066
BM16-0-4-15* 126.76731 33.41130 207.226  979575.938 0.0041
BM16-0-4-17* 126.79882 33.38819 129.270  979589.125 0.0030
BM16-0-4-5* 126.60835 33.48386 205.627  979584.375 0.0027
BM16-0-1-76* 126.79812 33.55167 12.407  979626.375 0.0001
BM16-0-1-78* 126.75063 33.55459 8.448  979624.375 0.0001
BM16-0-1-82* 126.67540 33.54036 20.665  979627.375 0.0002
BM16-0-1-89* 126.55294 33.51412 36.951 979620.312 0.0000
BM16-0-1-10* 126.32000 33.46423 6.476  979621.875 0.0000
BM16-0-1-12* 126.29403 33.44218 12.894  979624.875 0.0000
BM16-0-1-13* 126.26950 33.42545 14.389 979624.688 0.0000
BM16-0-1-21* 126.17792 33.32051 17.625  979614.438 0.0002
BM16-0-1-25* 126.20997 33.25816 17.178  979607.438 0.0003
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Table 9 continued

Observed
Ortho.
Longitude Latitude Height Gravity
Corr.(m)
(mgal)

BM16-0-1-28* 126.25642 33.22516 14.442 979603.250 0.0004
BM16-0-1-30* 126.27577 33.24911 38.500  979600.438 0.0004
BM16-0-1-32* 126.32066 33.25013 66.154  979595.312 0.0005
BM16-0-1-40* 126.47768 33.25088 78.218  979595.562 0.0004
BM16-0-2-10* 126.38681 33.40642 428.261  979536.375 0.0080
BM16-0-2-13* 126.36698 33.36505 483.600 979518.562 0.0141
BM16-0-2-16* 126.34650 33.31824 351.686  979546.625 0.0070
BM16-0-2-3* 126.48011 33.48551 71503  979612.250 0.0021
JEJU-KIJUM* 12652135  33.51347 11132 979625.500 0.0024
SUNGSAN-TBM5* 126.92991 33.47207 3.376  979622.125 0.0024
SEOKUY-TBM4* 126.56176 33.23997 3.239  979610.750 0.0023
JEJU-TBM7* 12654318 3352745 2.766  979627.812 0.0024
SEHWA-TBM3* 126.85691 33.52821 2.418  979630.000 0.0024
BIYANG-TBM3* 126.23057 33.40607 2.225  979628.250 0.0024
HANRIM-TBM3* 126.26219 33.41605 2.405  979626.938 0.0024
KWANEUM* 126.54993 33.42202 574187  979498.062 0.0212
KWANT1* 126.54379 33.40894 767.871  979453.812 0.0403
KWAN2* 126.54060 33.40074 844.248  979435.250 0.0502
KWAN3* 126.53797 33.39413 1056.119  979387.125 0.0794
HANR1* 126.52361 33.36304 1716.831  979236.562 0.2131
HANR2* 126.52576 33.35600 1664.137  979248.250 0.2006
HANR3* 126.53010 33.35398 1651.338  979250.688 0.1984
HANR9* 126.53562 33.36064 1924.273  979174.750 0.2946
HANR10* 126.53400 33.36732 1764.961  979220.812 0.2334
HANR12* 126.53059 33.37683 1500.507  979287.125 0.1603
HANR13* 126.53566 33.38438 1295.576  979334.250 0.1179
HOLEO* 126.53309 33.36154 1839.083  979203.812 0.2527
HOLE1* 126.53271 33.36307 1856.792  979198.250 0.2604
HOLE2* 126.53270 33.35939 1917.788  979176.375 0.2925
HANTOP* 126.52942 33.36143 1946.329  979169.562 0.3012
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b dAdste] F AFTEARD] Aok AR WA A AL AQol=
£ A At. A7 Aol ZH3 GPS/leveling A Lol= AEE F 92

GPs 54 T a7t ®el 239 Zoz AAA= 157
AR Age AAS T F 7770 AH W
o] GPS/leveling A 2.0] =} B w3} T},

EGM96 Edo] nlu Ax nxoldozm Ais Ag Hul 2471 559
3, HA AR db4o] 17 km? B¢ AY A L2o]= GPS/leveling A 29|
E9] xtolo) thd RMSE 0.281 m, condensed LEo|Ao = A4As AL
Hdl A 120, H¥ 9 7 km¥Y W RMSE 0.252 mE AlLHE L2 M (Fig.
35), EIGEN-GL04C =& condensed ILEo]@o &qt A4ksldar o] u
Hol 24 140, A% ¥4 6 kmYd Wl RMSTE 0.242 mZ A 4= A th(Fig. 3
6).

0

PS/leveling A2 °]= A8
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Fig. 35. RMS differences between
GPS/leveling geoid heights and the geoid
heights computed from EGM96 with different
degree and various integration radius of local

residual gravity anomalies.
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4.1.1. EGM96

AT AG] ATz 99 B9 n=ody F9 ALoJ=E EGM969]
Al A 2 12074A ARSI Al A FY AEo]tS 8558
mgalol Al 49.373 mgal 7}#] W3&}3tH (Fig. 37), 39 A
A 31.780 m7tA W3} $Fh(Fig. 38; Table 10).

Z #8259 remove and restore methodE ©] &3l AW A ol=& 2
A A5 29 Alol=v AW AFE ARESHA @i A
RolEE & WgdE F e AW AFE ol&sle

deo Y Aol= AL A FNtE A4

= o =
ol=EE HU A 11271A 9 F A ol=F At A& AT AAFE
(2004)9) AFE N AA] I AL ALol=E AT I W
B AFdMes E SA9E S5HE FEES A4Sty o Auze
2 AFEL7E Fu wEbd SHbE AAo] i AY X eol=o] Axbe}
ATz ddo g8 D Aol=9 Ayt g e A & & Ao
Hh kg 12074A19) B A 0| = (Fig. 38)= AW k¢ 36071419 A

[e)
=9 Fig. 7% Rol RolM Fig. 7RT AFE PN el Ao
=9 W8 Age] Fredh = B9 Aool= 3

Z

4 Gge] A8 welA

Table 10. Statics of regional geoid heights and free-air anomaly values in
and around Jeju island computed from the geopotential model up to

degree and order 120.

Geoid (meter) Free-air (mgal)
Mean 26.061 21.738
Minimum 20.195 8.558
Maximum 31.780 49.373
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Fig. 37. The free-air gravity anomaly map in and around Jeju island
computed from the EGM96 geopotential model up to degree and order
120.
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Fig. 38. The regional geoid undulation in and around Jeju island

computed from the EGM96 geopotential model up to degree and order

120.
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4.1.2. EIGEN-GL04C

o)

AT A AFE DY FY nxolFH # ALol=EF EIGEN
-GL04CS] Ao AW A 1407bA AlLtstAch AN 23 3o nxold
© -4722 mgalol A 40593 mgal 74A W3slH (Fig. 39), ¥ AL
19.532 mol Al 30.500 m7tA] W3} FTh(Fig. 40; Table 11).

AN A4 1407122 B AQol=t HW ¢ 3607tA 9 A Lo]=<l
Fig. 139}= ze]& Hol™ Fig 7HY Aupge] Qo] g wgso] AF

T AFP] @2 AoolE Wsle JEgUR S

Table 11. Statics of EIGEN-GL04C regional geoid heights and free-air

anomaly values in and around Jeju island computed from the geopotential

model up to degree and order 140.

Geoid (meter) Free-air (mgal)
Mean 26.183 16.555
Minimum 22.092 -5.103
Maximum 28.189 32.869
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Fig. 39. The free-air gravity anomaly map in and around Jeju island
computed from the EIGEN-GL04C geopotential model up to degree and
order 140.
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Fig. 40. The regional geoid undulation in and around Jeju island

computed from the EIGEN-GL0O4C geopotential model up to degree and

order 140.
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4.2.1. EGM96

Fig. 412 EGM96°I A Hth A 1207bA] AlLESE 29 a1
5

gt Ao nEo|FelAM AAT AFaEO)GeIH IF 1

ﬂ
=1
)y
flo
)
U1
[o¢]
N
3
aq
=
o
£
b
&
e

mgalol 4] 170.880 mgal7}A| X 3ta, 3
T A FFAE|GS o] &l HE WA 7 k-3
T (Fig. 42)€ -0.147 melA 0871 m HHAZ W3} a9 HF g2 0.002 m
o|th(Table 12). bt B F-ZolA F9 Aol Hla] 0871 me] =

W
3

S
N,
)
2
%
L
4
R

Table 12. Statics of residual geoid height and free-air anomaly values in

and around Jeju island computed from EGM96.

Geoid (meter) Free-air (mgal)
Mean 0.002 -2.587
Minimum -0.147 -34.969
Maximum 0.871 170.880
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Fig. 41. The residual free-air anomaly map in and around Jeju island

computed from EGM96 using the remove and restore method.
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Fig. 42. The residual geoid undulation in and around Jeju island
computed by the stokes’ integration method with a 7 km integration cap

radius.
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4.2.2. EIGEN-GL04C

Fig. 432 EIGEN-GLO4COlA Hth 25 1407bA] A 39 xS
vt A ol AATY ARFALE]GFIT. o= -29.438 mgal

=i

Ado] FRIEFES ol & AR WA 6
(Fig. 44)+= -0.123 molA 0.756 m ¥ = W3} 3H

TH(Table 13). EGM96°l| Hldt] b7 2 Qo]=29] W3} Zo] A yeiua
Rom FAF Aeol=9l Folk EGM%S o A4tE ZF Aol HU
SHAl vEbd

Table 13. Statics of residual geoid height and free-air anomaly values in and
around Jeju island computed from EIGEN-GLO04C.

Geoid (meter) Free-air (mgal)
Mean -0.005 -1.553
Minimum -0.123 -29.438
Maximum 0.756 164.522
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Fig. 43. The residual free-air anomaly map in and around Jeju island

computed from EIGEN-GL04C using the remove and restore method.

- 104 -



345

34.0

33.5

Latitude (degrees)

33.0

126.0 126.5 127.0 127.5
Longitude (degrees)
I I I

\
01 0 01 02 03 04 05 06 0.7 (meter)

Fig. 44. The residual geoid undulation in and around Jeju island

computed by the stokes’ integration method with a 6 km integration cap

radius.
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4.3. AW zLol=

4.3.1. EGM96
EGM9%& o &sf Hu A4 120744 A4bgk 3o Aeol=s) AFe o
o] Aol Fez w4 7 km 7HA HEst ANG A[ ALeol=s

gkl 4

A7 Y Yo AHYW RoolEx BA Ao 21882 moli FTZEY

Jom AAHoZ MM Fog ALoJE ¥o|7}

Table 14. Statics of final precise geoid height values computed from
EGM96 in and around Jeju island.

Geoid (meter)

Mean 24.646
Minimum 21.882
Maximum 27.124
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Latitude (degrees)

125.5 126.0 126.5 127.0 127.5
Longitude (degrees)

BT

22.0 23.0 24.0 25.0 26.0 27.0 (meter)

Fig. 45. The final Precise geoid undulation reconstructed by combining
regional and residual geoid computed from EGM96 in and around Jeju

island.
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4.3.2. EIGEN-GL04C

EIGEN-GL04C 2 ®-& o]-&3l Hoj 2 140,
B Aeol=e AFr AU THF
FAste] Y ALol=F ALsAth(elF H EIGEN-GL04C-140-6 A
Lol=zgt aslth.

Fig. 469] A% A Qo]=% EGM96-120-7 A 2 o] =9} zFo] EIGEN-GL04C
o] A 140744 AlLkg # Qo= ko] EFhEo] vk wmEkA A
Ao R Mo Foa ZFE ARolEVL FolAe AFS HAt o9
SAlO gebak A B2 Yo o] T F9 Aol vl E=A
UEtUE 4/ ALol=e] A3FS FAd wradgioh. v Fig. 4594 o] A
A Fom ZFER HolAE HAHA W AFS 2o} EGM9%6TH
EIGEN-GLO4Col A AAtE 3 2 ol=9] wist Aol 247 vigd RS
E 4

A7 A9 Yo AY Aol=E Ba Ad 22027 molA FZ
28.090 m7tA] WAL om HAHOZ Ao FOF ALol= Fol|rt

EolA &= ¢S HEItH(Table 15).

Table 15. Statics of final precise geoid height values computed from
EIGEN-GL04C in and around Jeju island.

Geoid (meter)

Mean 25.043
Minimum 22.027
Maximum 28.090
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I
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23 24 25 26 27 28 (meter)

Fig. 46. The final Precise geoid undulation reconstructed by combining
regional and residual geoid computed from EIGEN-GLO4C in and around

Jeju island.
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4.3.3. Z|CH X}==(degree and order 360) X|20|=

EGM9% = &3 EIGEN-GL04C =99 Hul x4 3607172 Y ALol=
o ztF nTol oz A FRF Aol=F FAAsY Zzte] uigh Fd
AQol=F AitstATh Hdl Ao i AHE RvEE-2 5 kmollAl 70 km7}

A7 GPS/leveling A 20]=9}2] RMS7} 714 & Htgo=
ZHF ALol=g ALt EGM9%62 A& W7 55 km, EIGEN-GL04CE
6 kmolA RMS7F 7} Atk RMSE EGM9%69] 4% 0546 m,
EIGEN-GL04C+= 0.246 mZ EIGEN-GL04C =] RMS7F ZA yebykt,
Fig. 47¢} Fig. 48% 7ztZt EGM963} EIGEN-GL04Col thdk A2 2] Q o] = o]
. Zbzbe] A Aeol=o uigt Hiy HA Foleh FHu EHol: Table
163} Table 173 #t}.

H 25 3607FA ] AlLE AFo] oetH EGM96S HU AR AY A
RolEE AL A9rt HA AFE AASIY A ASEYG =)
HolAE Ao ® FHoHEc) whHo] EIGEN-GL04CO A$e HZF 242 4
Aatod AL D Aol=e HU AFE AL Y Aoz A
ol ZA ¢ Ao HAdEY. HU AFE AN F AL ALo]E=9]

ZAee w23y} EIGEN-04Co] 23 AHYE 2 Qo]l=7}
E Aor Add

r
1

s

EGM9%6°] HI3] A+ X9 Reol=d & £38 st

Fig. 49> EGM96¥ EIGEN-GL04Ce| 9jgt A A 2ol= 7t AolE
UERA Zlolth. 2ol vEbd BReE o] etk R A oF 0.6 mol o] 2
= zZol7b ey wkd A A ek g FZoA F A o=k e A
Aoz B Jedth AFE ZA B2 M9 Zol: Fig. 79 Fig. 139]
A Yetue zbolsh o] Aubdl oF ol yEd Aer Ho o

Lo

rl
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Table 16. Statics of precise geoid height values degree and order 360

computed from EGM96 in and around Jeju island.

Geoid (meter)

Mean 25.178
Minimum 21.867
Maximum 27.854

Table 17. Statics of final precise geoid height values degree and order
360 computed from EIGEN-GL04C in and around Jeju island.

Geoid (meter)

Mean 24.980

Minimum 21.778

Maximum 27.487
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22 23 24 25 26 27 (meter)

Fig. 47. The Precise geoid undulation reconstructed by combining degree
and order 360 regional and integral cap radius up to 55 km residual

geoid computed from EGM96 in and around Jeju island.
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Latitude (degrees)

125.5 126.0 126.5 127.0 127.5
Longitude (degrees)

22 23 24 25 26 27 (meter)
Fig. 48. The Precise geoid undulation reconstructed by combining degree
and order 360 regional and integral cap radius up to 6 km residual geoid
computed from EIGEN-GL04C in and around Jeju island.
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Fig. 49. The geoid height difference between EGM96 precise geoid and
EIGEN-GL04C precise geoid in and around Jeju island.

- 114 -



>
5. A% A eelE AF Y v

EGM96-120-7 A A 2o]=9} EIGEN-GL04C-140-6 AL A Lo]=Z
GPS/leveling A 2ol=9} vHlwalHth #4374 HAFS 98] PNU9S(Choi et
al. 1997) A 2] =9} NORIOS(3H G4+, 2005) A2 o]=9} vl dJoh. =

FEZE, BREFel s wmrt ZAEY AHNA

EGM9% % EIGEN-GL04C A 7F8ZrdS o] &3}
1= EGM96-120-7 % EIGEN-GL04C-140-
A o] =& GPS/leveling A 20| =9} H
o] AM&%¥ GPS/leveling A Qo= #A|F

gZFe] o8] S8E 92 7| GPS/leveling 54 AH F 7771 A

Al

[@)
Lo
o
ok

Qo
H

>
o

oy e

h

e

=i

=

=3
Fig. 50, Fig. 51, Fig. 52, Fig. 53% GPS/leveling®} ztz}ol] th3 EGM96
-120-7, EIGEN-GL04C-140-6, PNU959} NORI0O5 A2 °]= o] YEld

v %o
o, _E

old

o
o

.
BUAD Solg AL 29 Aol2 Yehle Aol fehy ARZoz u
=z
R

237 dehdth o] Age AAdel A &
g
Fob o= AR oAt ERE AR old) FFo] YEd Qo F

EGM96-120-7 A 2] =29} GPS/leveling A2 o= 7te] Aol -0517 m
0.634 m Alold] ®E3FaL ©]e] RMSw 0.252 mo|t}. EIGEN-GL04C-
140-65 A 20]=29] 7% GPS/leveling # 2 0]= 7+o] Aol -0.487 ~ 0.535
m HolA W, RMSE 0.242 molth. 28 Ao th3k PNU9IS A 2]
=9 2to]= -0.843 ~ 0.664 m HHo]al, RMSE 0.345 mo|t}. %3+ NORIO5
AL ol=9] A¢ GPS/leveling A 2ol= ZFe] ztol& -1171 ~ 0.310 m

t
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fellA Wi, RMSE 0.691 me|th(Table 18). EGM96-120-7 *
EIGEN-GL04C-140-6 A 2°]=2] RMS+ HlS:3lY GPS/leveling #
2ol W$E EGM96-120-7 AL o]=7} EIGEN-GL04C-140-7 A @ o]=XH T}
A Yevda Ao

PNU95 # 9 o]=9} GPS/leveling 7+¢] =}o] RMS7} NORIO5 Xt} 2HA
Uetgdes A2 F5 "o NORIS A Lo]=+ PNU9% Htu Hile] zA8F
AFE SRSl E EF38kal GPS/leveling Al 2 o] =0 gk RMS7} =LA e}
U= AL NORIOS A 2o]l=7 3t Ao HH3E 2 Qo]=o0]7] wi
A Aoz AHET. PNUBALol=9] A4 OSUIA ATFHA

AN

[©)
P

[e)
P

AN

Hd
i
o
~
>

EGM9% % EIGEN-GL04C AFZgAwnd ztzto] Hu x4
°of AE WAL F3ted Y ALo)=EE AT EGM9% ATFHAAE
g HE whAgo] 55 km o wf A4E Fd ALo]=9F GPS/leveling AL
o= 9}o] RMS7} 0546 mZ 7}4 St} EIGEN-GLO4AC At 5 E 4 Ed
A% HAEWE 6 km ¢ wW RMS7} 0246 mE 7FF Sth. w3
GPS/leveling A2 o]=9}o] zto]l= 7+ -0967 ~ 0.114 m, -0.577 m ~
0.524 m 9ol EE3It} EIGEN-GL04C A FFHAwdo] o3 H) 24
°of AW ALol=rl RMSE & Wk ofygl o] W3l Zx A E Ao
2 HIt}(Table 18; Fig. 54).

o] el A EGM96 % EIGEN-GL04C AFZE4wd S ALg3}
AL Aeol=rt 7|Ee] A2
UEtsth 28a 4 A5E 2REe AE A0
ooty Ao AFE o) &ste] AYE ALol=E AYES o

=
GLMC AT7ZHARAL AFE3HE 2o & ANE 9L 5 AU
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Fig. 50. Differences between final precise geoid heights
using EGM96 and GPSJleveling geoid heights: Solid cross

represented benchmark location.
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Fig. 51. Differences between EIGEN-GL04C geoid heights
and GPS/leveling geoid heights: Solid cross represented

benchmark location.
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Fig. 52. Differences between PNU95 geoid heights and

GPS/leveling geoid heights: Solid cross represented
benchmark location.
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Fig. 53. Differences between NORIO5 geoid heights and

GPS/leveling geoid heights: Solid cross represented
benchmark location.

- 118 -



-6l

Table 18. Differences between each precise geoid heights and GPS/leveling geoid heights in Jeju island.

EGM96-120-7 EIGEN-GL04C PNU9  NORIO5 EGM96 EIGEN-GL04C

-140-6
(Fig. 54-A) (Fig. 54-B) (Fig. 54-C)  (Fig. 54-D)  (Fig. 54-E) (Fig. 54-F)
degree and order 120 140 167 112 360 360
integral cap radius (km) 7 6 27 37 55 6
Mean 0.004 0.006 -0.194 -0.626 -0.490 -0.045
Minimum -0.517 -0.487 -0.843 -1.171 -0.967 -0.577
Maximum 0.634 0.535 0.664 0.310 0.114 0.524

RMS 0.252 0.242 0.345 0.691 0.546 0.246
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Fig. 54. Histogram of geoid height differences between each precise

geoid heights and GPS/leveling geoid heights in Jeju island.
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5.2. PNU95 A Qo]=29} H| =

5.2.1. EGM96-120-7 X|20|=<} H|W

PNU9% A 2olEE Y3 9

129
lo
W

g 2oz THAZ OSUIA A T5H
FRAT oF 45009 Ao F3 4 A FHEAR =9
A8, A 1A FHAE (Sandwell, 1993)5 S o] &3}
TEAYAR D] wjAdg 71709 15, 25 FTH Y GPS/leveling A 20l=
g ol&3te B ALol=9 Ao FFH Ael=9 HE AL AAS
Atk 70l AHgE Hd A5 167011, HAH FHE WAFS 27 kmo|th. ©]
W PNU95% 2 0] =9} GPS/leveling A 2 °]=¢}2] RMS #}ol& 0.149m=E 7|
AHE] ATH(Choi et al., 1997). A2 9] PNU9S A Lo]=+= Fig. 559 Ztt.
AT A g PNUP A 2ol=9] EolE 21.800 mol A 27.390 m7tA W 3}s}
M Hi Eole 24.893 m |t}

Fig. 55% PNU959} ¥ <dolA Al4t®E EGM96-120-7 #| o] = 92 =)o)
Uetd adolth &FolE -0.618 molA 0180 m W olA wW3}EH RMS
0.221 mo]th(Table 17). Fig. 56049} 2] EGM96S ©]&3te Akt
AolEE AFZ Yoli PNUY Aoz} & ozt glow F
]Qo]= 2Fe] Zeo]x 0.1 m W] RFe|Th,

qm

o o

o,
=}

o2
)
N

5.2.2. EIGEN-GL04C-140-7 X|20|=<} H|

Fig. 57& PNU959} & Ao A A4t EIGEN-GL04C-140-7 #] o] =9}
o] ztolE Vel etk Zol= -0462 moll A 0.895 m WA WS}
™ RMSE 0.356 mo]th(Table 20). Fig. 57¢14 YElE PNU9S AU
o]=¢} EIGEN-GLO4CE ©] &3 Ad Aol=9] o] Fig. 567+ <
AFE F2 AGelM 05 m =9 2ol Hola gt vhi AF= F9
o] AN E AUHoz AL AolS Hola 9o ol EGM9 AT
HA 2D EIGEN-GLOAC 29| Fupige] o3 9 Aoz dddn

o

N
to
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Table 19. Differences between EGM96-120-7 geoid heights and PNU95

geoid heights in and around Jeju island: The positive value means that

the final precise geoid is higher than PNU95.

Difference (meter)

Mean
Negative maximum
Positive maximum

RMS

-0.126

-0.618

0.180

0.221

Table 20. Differences between EIGEN-GL04C-140-6 geoid heights and

PNU95 geoid heights in and around Jeju island: The positive value

means that the final precise geoid is higher than PNU95.

Difference (meter)

Mean
Negative maximum
Positive maximum

RMS

0.149

-0.462

0.895

0.356
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Fig. 55. The PNU95 geoid undulation in and around Jeju island.
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Fig. 56. Differences between EGM96-120-7 geoid heights and PNU95
geoid heights.
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Fig. 57. Differences between EIGEN-GL04C-140-6 geoid heights and

PNU95 geoid heights.
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5.3. NORIO5 %] Lo]=29} H=m

5.3.1. EGM96-120-7 X|20|=2} H]|

El

o

NORIOSA| 2 olE& H3 I AW ALol= BdA=E EGM% ATFH
FRdF of 12,6154 A F3 K4 A FEAE, 4 sAHS FH
A8, A 1524 FEHAE
F20005 5 o]&std SAHZ Mot T AFY A} FHAE 5 ol &
g Aotk FEX ARl widgd 182719 1%

GPS/leveling A QC]=EE o]&3dto] B Aol=9] AFot IF ALol=
o AE WAS AAs AT A7l AHEE AW e 112011, HAH AR
W72 37 kmeolth. olm NORIO5 A2 o°]=2} GPS/leveling #| 2 o] = 2}9]
RMS #te]l& 0132 mE A4 A TH(Fig. 58; 3l =4, 2005).

Fig. 59= NORIO59} £ AFoA AALtE EGM96-120-7 AL A2 o] =9}
2ol S yEbd 2ol 2ol -0.816 moll A -0.174 m Sl A W335}
RMSE 0.510 mo]TH(Table 21). 5 A o] &) 3= NORIOS AL o]=
HE AE A9 Alol=rt HAHoz A Yeldo.
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Table 21. Differences between EGM96-120-7 geoid heights and NORIO5

geoid heights in and around Jeju island

Difference (meter)

Mean -0.491
Negative minimum -0.174
Negative maximum -0.816

RMS 0.510
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Fig. 58. The NORIO5 geoid undulation in and around Jeju island.
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Fig. 59. Differences between EGM96-120-7 geoid heights and NORI05
geoid heights.
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5.3.2. EIGEN-GL04CE 0|2%t MY X[20|=2}°| H|1w

Fig. 60 EIGEN-GL04C-140-6 #] 2 °]=%} NORI05 #] Qo] =9}2] 2}o]
UEtd T”olth ZFe]= -0.820 mell A 0.380 m W el A W3tet™ RMS
0.261 mo|th(Table 22). A7 A Jo] fF3t= NORIS ALo]== A
HEES A FEAA AT AME Y Aeol=RT EA vEebdth
Fig. 602 A PNU9S A Qo]=o] Zpolo] mls) AFE Wolrx o & o
£ Bt

o [t

k1

| =

Table 22. Differences between final precise geoid heights using
EIGEN-GL0O4C degree and order up to 140 and NORIO5 geoid heights in

and around Jeju island

Difference (meter)

Mean -0.220
Negative minimum -0.820
Maximum 0.380
RMS 0.261
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Fig. 60. Differences between final precise geoid heights using
EIGEN-GL04C degree and order up to 140 and NORIO5 geoid heights.

- 130 -



el A 20023 ol A

1.5 kmol

tel A A dA 94y 71A
AT =

9

A&

AT

20050l 53] AA AFE WollA 94478 A H o]

[e)
1.5 km x

=

)
2 9

ok
=1

6. £9]

AFE WM A= 34

p

R

o]

ot

N

-
X

el

GPse} Al

R
R

BM16-0-1-407} A
]_

A F A BM16-0-2-391 4 A FA] BM16-0-3-5, 54 BM16-0-2-30] 4] A 7
A

Al

ol

S

30.12 cmoll &

o
L.

T A

ol

%

3+t

<

)

)

AHoz oA

g H A

=

1947.348 m=Z =5

p—
=

o8l Eol

1A
bl

A% 4

_or‘l

gl

s

B

o
el
ﬂmo
A
)
o

KO

o

fuy

;oT

00

T
A

B

O
N

i
3

of
il
—_
fite)
2

Nfo

veel

Nr

T

o

veel

!

L0

o

2003 = HMFEAH

helol ther AT

3]

N

o

el

L0

N
N
or

al]

I3 1 RMS7F 78 w2 Sandwell and Smith(version 16.1)
- 131 -

b,

°

WG A RMS ol 27} 0.126 mgal?
[e)

R
?.

=

=

=

ol

A 1A 94 A
R

FozH

25
9



o s n=A AEE ol &3ttt

S 8945, A4 TEHAE, W 124 94 A5E FAHEH 1=
condensed 1T ]S Ttk AT A G 1E ol -2409 mgalol A
202.012 mgal®] EX = 3Hebe] gold wel £ o Hs 7t

A4 ¥ condensed TLEO|FOZRE B TEHS AAZ}L I[H

l

S
2

N
I\

mol| A AF= 9] GPS/leveling A2 ol=
HJon oluf o RMSE 0.252 mE A4k HJct. &
Hele= HA -0.149 molA Ho 0871 moll °]=2H

842 71Fo 8 AMZ 21882 molA FZo| 27124 m7tA  WH3}gT)

GRACE 9149 93t ZFAHn Ad"E AFFEd A5
EIGEN-GL04CE ©°] €3t A 24 140, A& w73 6 kmol tg FL
Lol=E AxsAT. ]9 AFE HAFS flstd GPS/leveling A 2 o] =}
Hw 3l om o] wf o] xtolo] thd RMSE 0.242 mE A2HE s
Fr ALol=E Fo| ®st= 0.123 molA Hul 0756 me] HLdA Wy A
9 A Qo= 22,027 moll A 28.090 m7tA| 3} g}

2 AFdA AdE AFE 449 FY Aeols HFH A¥E EHS
A3ted GPS/leveling A2 o]=9} vHluwstAt. AFE W] 7771 A of
& GPS/leveling A @ o]=29te] ®lao] st  PNU9 A o=+ RMS7}
0.345 m, NORIO5 A 2o]=7} 0.691 m, EGM96-120-7 A2 °]=7} 0.252 m,
EIGEN-GL04C-140-6 A2 X Qo]=f 02428 2 AFoA A" F 79
AY Aeole Hgrrt F4 © BoE AT

EGM9% AF+F#EA w2 d3x EIGEN-GL4AC AFFEAmde] Ho 24
3607kA] AR A A Qo]=& GPS/leveling A L2o]l=¢F Ml SFHTH 7}
ZF Ao x4 360 4 Wl GPS/leveling A o] =92l RMSE 747 0.546 m
9} 0246 m=E AAFEH AT EGM9%Y 745 HZA 245 AAstA AL A
Qol=9} Hu AFE o] &3 Aol=zke] RMS Aol oF 03 m UE

o}
AFE oMo EGMI6 AFFHARY A A% 120744, A%
7 k o}
<h

- 132 -



o] EIGEN-GL04C

Holx] ¢kghtt.

=

=2

ol

s

[e]
s 2

S} EIGEN-GL04C<]

™
B8

O

B!

——
o

Bo
=)
X

]

oW

3}

¥ ol

Z GPSel 9

HH

=

ol

3

8

H=
=5

ATFEER
==
=

&

TC

p—
.
Jas

3 A
HH

I

)

2 s 9

a-

SHAl B ghE ofof

=

S

o]

g 57F 71Ege] A

2

H

O

X
Nr

o

[e]
L

AF=

AtE ) R

T
NORI0O5 A

9

9l
=
-7

A
PNU95A] £ o]

A=k

Hojop & Aol

~

100
i
o

N

22

EXICE R
A&

A Lol= 7|

;01_
™

veel

o

fuy

;OT

100

ox

A

oW
™
B

a7k

85

7 2

=
T

7} GPS/leveling A5 9]

A= ojof & Aoln.

3

SRR

%

- 138 -



&
r O
=
N
)
oft
N
(o]
(]
L
D)
=g
93)
~
T
<
o,
5
aq
i)
D)
-
ofy
i
o3
td
1z,
D)
to
o
[
s
9
O
o
Hl
N
oft
i)
ot
N

M} she) w3

o
M
o
—_
O
O
NS
ofy
)
)
e
o
oo
e
N
-
BN
1
Y
3\N‘
x
rx
=
o
El
=
o
n.(g
o
%

7

AzdE, AT, 1988, TEHAY 2HRAS 93 G-AAG)E AFA A 3 dF+, g
FA 733 A, V.9, N.2, p.133-142

ox
el
N
(o]
[«
>
0
=
- >
0
[ws]
N
-
ol

%2, A1, 2005, GPS/levelingtl o] E] & Al &3 M2 A FFeArdo] J&dw 2
A, =83 A, V.23, nd, p.353-358.

o] 7138}, A& Y, HFA, ol&5=, 1983, A Study of Gravity and Geomagnetism of Jeju
Island, The Journal of the Geological Society of Korea, V.19, n.1, p.1-10.

ol 4ul, 2000, F A WY R GASA el olF AoolE mue] BF A7, B

ZZ%3}3] %], V.18, p.359-367.
215 7], 2004, GPSS #Fdut, 4 H &AL, 29p.

A4, 1986, BT B3] Feo) UF A7, ALt vhatel ol shubAl 9 =,

110p.

334, 1991, OSU89Bo 23t it Ao XQol=o th3t A, xrZ% 3] A,
V.9, p.67-72.

- 134 -



2y
ofd

A, 472,199, FEAR A46l o] % AP AF YA AP =, F3A A3
A], V.17, p241-253.

e
ol

34, AR5, FHF, 19%, AL} 4L FEFH, dFAFHTI A, V17,
p.422-418.

HFA, AR, FdF, 1997, T8H# G X
°] =(PNU95 Geoid), ¥3]¢l w5 FAdEY 71934, p. 218-225.

A
e
>,
1%
=
>
>
=
i
Hd
X
&)
N
e}
-
o)
N
[uy
0
o

HFA, A 8, T3, 2000, AFE2 GPS/leveling A 20l =9} PNU9 A 20| =, AT
E8 3837, V.3, p.13-24.

HAd, Hds, A9F, 1998, GPsE ol&3F FTHZHA, IIATHIHIA, V.19,

A, FAF, WY, 199, FHAE A4 I3 FUE AP Aeol=, FFEA
g

HPFA, o] AR, 1997, ZAT FAH AH At BA g A, 5 AT 75
A, V.18, p.522-528.
A, o)A, &g, AFW, 1998, GPS/levelingS ©]§3 x| 2ol= FH7lo|
3 Fabyt, 2005, A A ol= Bdl pEof gk A, g I =2 3(KSGP)
A

Andersen, O. B., 2002, Marine gravity and geoid from multi-satellite altimetry and
applications, in Lecture notes for International Workshop on Satellite Altimetry
for Geodesy, Geophysics, and Oceanography, IAG Section II, Wuhan, China,
September 8-13, 2002, 48p.

- 135 -



Andersen, O. B., Knudsen, P., Kenyon, S., and Trimmer, R., 2003, KMS2002 Global
Marine Gravity Field, Bathymetry, and Mean Sea Surface, Poster, IUGG 2003,
Sapporo, Japan, June 30 - July 11, 2003.

Bomford, G., 1977, Geodesy, Oxford University Press, 731p.

Charles Dunn, Jeongrae Kim, Yoaz Bar-Sever, Shailen Desai, Bruce Haines, Da Kuang,
Garth Franklin, Ian Harris, Gerhard Kruizinga, Tom Meehan, Sumita Nandi, Don
Nguyen, Tim Rogstad, J. Brooks Thomas, Jeff Tien, Larry Romans, Michael
Watkins, Sien-Chong Wu, Srinivas Bettadpur, Willy Bertiger, 2003, Instrument of
GRACE: GPS Augments Gravity Measurements, GPS World, 14, p.16-28.

Choi, K. S, Kim, J. H,, and Yang, C. S, 1997, PNU95 Geoid, Korean journal of
Geophysical Research, V.25, p.1-13.

Choi, K. S, and Lee, J. M., 1997, GPS/leveling Geoid of the Southern Korean
Peninsula, Korean Journal of Geophysical Research, V.25, p.15-22.

Dana, P., 1999, Global Positioning System Overview., http://www.colorado.Edu/
geography/gcraft/notes/gps/ gps_f.html

Dehlinger, P., 1978, Marine gravity, Elsevier Scientific Publishing Co., New York, 322p.

Denker, H., and Roland, M., 2003, Compilation and Evaluation of a Consistent Marine
Gravity Data Set Surrounding Europe, Poster, IUGG 2003, Sapporo, Japan, June
30 - July 11, 2003.

DMA(The Defense Mapping Agency), 1991, Department of defense World Geodetic
System 1984, DMA Technical Report.

Ekman, M., 1989, Impacts of Geodynamic Phenomena on Systems for Height and
Gravity, Bulletin Geodesique, V63, p.281-296.

Featherstone, W.E., 2003, Tests of Two Forms of Stokes’s Integral Using a Synthetic
Gravity Field Based on Spherical Harmonics, in Geodesy: The Challenge of the
Third Millennium, Grafarend, Krumm, and Schwarze(eds.), Springer-Verlag,
Berlin, p.163-171.

Flechtner, F., 2001, General Description, http://www.gfz-potsdam.de/pbl/op/grace/

Fukuda, Y., 1990, Precise Dertermination of local gravity field using both the satellite

altimeter data and the surface gravity data, Bulletin of the Ocean Research

- 136 -



Institude, University of Tokyo, V.28, p.1-133.
Garland, G. D., 1971, Introduction to Geophysics, W. B. Saunders Co., 420p.

GFZ-potsdam, 2004, Mass Transport and Mass distribution in the Earth system,

Proposal for German priority research program.

Hwang, C. and Parsons, B., 1996, An optimal procedure for deriving marine gravity

from multi-satellite altimetry, Geophys. ]. Int., V.125, p.705-719.

Hwang, C., Kao, E. C,, and Parsons, B., 1998, Global derivation of marine gravity
anomalies from Seasat, Geosat, ERS-1, and TOPEX/POSEIDON altimeter data,
Geophys. J. Int., V.134, p.449-459.

Heiskanen, W. A., and Moritz. H., 1987, Physical Geodesy, Institute of Physical
Geodesy, Technical University, Graz, Austria., 364p.

Heiskanen, W. A., and Vening Meinesz, F. A., 1958, The Earth and its Gravity Field,
McGraw-Hill, New-York, 470p.

Hofmann-Welllenhof, B., Lichtenegger, H., and Collins, J., 2001, Global Positioning
System: Theory and Practice, Springer-Verlag, New York, 382p.

Hofmann-Wellenhof, B., Moritz, H., 2005, Physical Geodesy., New ed., institut fir
Navigation und Satellitengeodésie Technische Unversitdt Graz, Graz, Austria.
403p.

Jekeli, C., and Garcia, R., 2002, Local geoid determination with in situ geopotential
data obtained from satellite-to-satellite tracking, in Gravity, Geoid, and
Geodynamics 2000, Sideirs (ed), IAG Symposia, Canada, V.123, Springer-Verlag,
p.123-128.

LaFehr, T. R., 1991, An exact solution for the gravity curvature(Bullard B) correction,
Geophysics, 56, 1179-1184

Lambeck, K., 1990, Aristoteles-An ESA mission to study the Earth’s gravity field, ESA
journal, V.14, p.1-21.

Lemoine, F. G., Kenyon, S. C.,, Factor, J. K., Trimmer, R. G., Pavlis, N. K., Chinn, D.
S. Cox, C. M., Klosko, S. M., Luthche, S. B.,Torrence, M. H.,,Wang, Y. M.,
Williamson, R. G., Pavlis, E. C, Rapp, R. H.,, and Olson, T. R., 1998, The
Development of the Joint NASA GSFC and the National Imagery and Mapping
Agency(NIMA) Geopotential Model EGM96, NASA /TP-1998-206861, 575p.

- 137 -



Lemoine, J.-M. et al,, 2007, Temporal gravity field models inferred from GRACE data,
J. Adv. Space Res., d0i:10.1016/j.asr.2007.03.062.

Li, X.,, and Gotze, H.-J.,, 2001, Tutorial - Ellipsoid, geoid, gravity, geodesy, and
geophysics, Geophysics, V.66, p.1660-1668.

Longman, I. M., 1959, Formulas for computing the tidal accelerations due to Moon
and Sun, J. Geophys. Res. V.64, p.2351-2355.

Marks, K. M., 1996, Resolution of the Scripps/NOAA marine gravity field from
satellite altimetry, Geophysical Research Letters, V. 26, p.2069-2072.

Mary E. Reece, 2000, Global Positioning System, http://infohost.nmt.edu/

~mreece/gps
Moritz, H., 1980, Advanced Physical Geodesy, Herbert Wichmann Verlag., 500p.

Nettleton, L. L., 1976, Gravity and magnetics in oil prospecting, McGraw-Hill Book
Co. Inc.,464 p.

NIMA, 2000, Department of Defence World Geodetic System 1984: Ti’'s definition and
Relationships with Local Geodetic Systems, Third edition, National Imagery and
Mapping Agency.

NRC, 1997, Satellite Gravity and the Geosphere, National Reaearch Council, National
Academy Press, Washington, D.C., 12p.

Rapp, R. H., 1986, Global Geopotential solutions, In Sunkel, H.,(ed), Mathematical and
Numerical Techniques in Physical Geodesy, Lecture Notes in Earth Science, vol7,

Springer-Verlag, p. 366-415

Rapp, R. H., and Kadir, M., 1988, A preliminary geoid for the state of Tennessee,
Surveying and Mapping, V.48, p.251-260.

Rapp, R. H.,, Nerem, R. S, Shum, C. K, Klosko, S. M., and Williamson, R. G., 1991,
Consideration of Pernament Tidal Deformation in the Orbit Determination and
Data Analysis for the Topex/Poseidon Mission, NASA/TM-100775, 13p.

Rapp, R. H. 1997a, Use of Potential coefficient models for geoid undulation
determination using a spherical harmonic representation of the height

anomaly/geoid undulations difference, J. of Geodesy, V.71, p.282-299.

Rapp, R. H., 1997b, Global models for the 1 cm geoid-present status and near term

- 138 -



prospects, in Geodetic Boundary Value Problems in View of the One Centimeter
Geoid, Sans6 and Rummel (eds.), Lecture Notes in Earth Science,

Springer-Verlag, Berlin, p.272-311.

Reigber C, Schwintzer P, Lihr H, 1999, The CHAMP geopotential mission, Boll. Goef.
Teor. Appe., V.40, p.285-289.

Rikitake, T. et al., 1965, Gravimetric and Geomagnetic Studies of Onikobe Area,
Earthquake Research Institute, V.43, p.241-267.

Rummel, R., 2005, Geoid and gravity in Earth Sciences - An overview., Earth, Moon,
and Planets., V.94, p.3-11., doi:10.1007/s11038-005-3755-8.

Sandwell, D. T., and Smith, W. H. F., 1997, Marine gravity anomaly from Geosat and
ERS 1 satellite altimetry, J. Geophys. Res., V.102, p.10039-10054.

Sandwell, D. T., and Smith, W. H. F, 1997, Marine gravity anomaly from Geosat and
ERS 1 satellite altimetry, J. Geophys. Res., V.102, p.10039-10054.

Seeber, G., 2003, Satellite Geodesy: Foundations, Methods, and applications, Second
edition, Walter De Gryuter & Co., Berlin, 589 p.

Sideris, M. G., 1997a, Geoid determination by FFT techniques, in Lecture Notes of the
International School for the Determination and Use of the Geoid, Rio de Janerio
(ed.), International Geoid Service, p.213-277.

Sideris, M. G., 1997b, International tests of the new GSFC/DMA geopotential models,
in Gravity, Geoid, and Marine Geodesy, Segawa, Fujimoto, and Okubo (eds.),
IAG Symposia, Japan, V.117, Springer-Verlag, p.478-485.

Stokes, G. G, 1849, On the variation of gravity on the surface of the Earth., Trans.
Cambridge Phil., Soc., V.8, p.672-695.

Tamura, Y., 1982, A computer program for calculating the tide generation force, The
publications of the international latitude observatory of mizusawa, V.16, N.1,
p-1-19.

Tamura, Y., 1987, A harmonic development of the tide-generating potential, Marees
Terrestres Bulletin d’Informations, V.99, p.6813-6855.

Tamura, Y., Sato, T., Ooe, M., and Ishiguro, M., 1991, A procedure for tidal analysis
with a bayesian information criterion, Geophys. J. Int.,, V104, p.507-516.

- 139 -



Tapley, B. D., Bettadpur, S., Watkins, M., et al., 2004, The gravity recovery and climate
experiment: mission overview and early results. Geophys. Res. Lett. 31, L09607,
d0i:10.1029/2004GL01992, 2004.

Torge, Wolfgang, 2001, Geodesy, 3rd ed. Berlin ; New York : de Gryuter., 416p.

Tscherning, 1997, Geoid determination by least square cloolcation using GRAVSOFT,
in Lecture Note of the International School for the Determination and Use of the

Geoid, Rio de Janeiro (ed.), Intermational Geoid Service, p.183-212.
Tsuboi, C. 1983, Gravity, George Allen & Unwin, 254p.

Wang, Y. M., 2000, The Satellite Altimeter Data Derived Mean Sea Surface GSFC98,
Geophysical Research Letters, V.27, p.701-704.

Yale, M. M., Sandwell, D. T,, and Smith, W. H. F., 1995, Comparison of along-track
resolution of stacked Geosat, ERS 1, and TOPEX satellite altimeters, J. Geophys.
Res., V. 100, p.15117-15127.

Yale, M. M., and D. T, Sandwell, 1999, Stacked Global Satellite Gravity Profiles,
Geophysics, V.64, p.1748-1755.

Yun, H. S, 1995, Determination of a Gravimetric Geoid Solution for South Korea, in
Gravity and Geoid, Hans and Iginio (eds.), IAG Smposia, Austria, V.113,
Springer-Verlag, p.550-555.

Yun, H. S., 1999, Precision geoid determination by spherical FFT in and around the
Korean peninsula, Earth Planets Space, V.51, p.13-18.

Vanicek, P., and Krakiwsky, E. J., 1986, Geodesy: The concept (2 ed.), North-Holland
Pub. Co., 697p.

Visual Numerics Inc., 1997, IMSL Stat/Library Volume 2, Visual Numerics Inc.,Texas,
p.705-716.

Wessel, P., and Watts, A. B., 1988, On the accuracy of marine gravity measurements,
J. Geophys. Res., V.93, p.393-413.

Wolf, P. R, and Ghilani, C. D., 1997, Adjustment Computations: Statistics and Least
Squares in Surveying and GIS, John Wiley & Sons, Inc., Canada, 564p.

- 140 -



Precise Geoid and Gravity Anomaly

in and around Jeju island

LEE Young-Cheol

Department of Earth Science, Graduate School

Pusan National University

Abstract

The leveling network is isolated from the leveling network in Korea
peninsula. Therefore independent precise geoid determination is needed in
Jeju island separately Korea peninsula. In this study, gravimetric precise
geoid model was determined in Jeju island. The remove and restore
method was applied to determine the precise geoid. The remove and
restore method is that we 'remove" from the observations gravity
anomalies by using the regional effect computed from the Earth gravity

model(EM or EGM), and after collocation "restore" the effect of the EM
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on the residual geoid computed from the residual gravity anomalies.
Stokes integral technique was applied to calculate the residual geoid.

The various gravity data was surveyed and cited to determined precise
gravimetric geoid in and around Jeju island. The gravity measurements
were carried out in Jeju island and the gravity survey was designed so
that at least one measurement might exist in a square 1.5 km by 1.5 km.
The GPS survey was also performed with gravity measurements to obtain
high precision position information. Ship-borne gravity data observed
from NORI(National Oceanographic Research Institute) was acquired and
recom- puted so the high quality data could be obtained. Its RMS at
cross-over point is 0.126 mgal. Sandwell and Smith(ver. 16.1) satellite
altimetry data was used for the area not surveyed ship-borne gravity.
Above all data were combined and gravity free-air anomalies were
compiled in and around Jeju isnald. The free-air anomalies in studied
area change from -2.409 mgal to 202.012 mgal, the free-air anomalies
grow high as the height grow high.

Geodial height at bench marks or well-known positions are used to
determine the precise geoid for this, GPS survey was carried out at
bench mark in Jeju island. But the leveling networks in Jeju are
distributed in low-lying areas. The sprit leveling and trigonometric
leveling was carried out to complement low-lying areas’ leveling network
along 99 state load through 1100 m height. Through this survey 92
points of GPS/leveling geoid height could be obtained.

Orthometric corrections were applied with these data. The calculated
orthometric correction quantity at the top of Halla Mt. is 30.12 cm and
the height of Halla Mt. is 1946.63 m after orthometric correction.

When the EGM96 geopotential model calculated to optimum degree
and order 120 and integral cap radius 7 km was calculated to

GPS/leveling geoid in optimum, the RMS was calculated as 0.252 m.
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Furthermore,

In the height of change on residual geoid was from -0.149 m in
minimum to 0.871 m in maximum and the change of width was
calculated as from 21.882 m west to 27.124 m east by WGS 84.

Using the data of EIGEN-GL04C surveyed and calculated by GRACE
satellite the precise geoid was calculated to optimum degree and order
140 and integral cap radius 6 km and to confirm its accuracy, it was
compared with GPS/leveling geoid. When the data were confirmed the
difference of RMS was calculated as 0.242 m. The height of change on
residual geoid was 0.123 m to 0.756 m in maximum and accurate geoid
was 22.027 m to 28.090 m.

The RMS compared with GPS/leveling geoid to 77 positions in Jeju
was as followed; PNU95(0.329 m), NORI05(0.688 m), EGM96(0.252 m) and
EIGN-GL04C(0.242 m).

GPS/leveling was compared with accurate geoid of EGM9%
geopotential model and EIGEN-GL04C geopotential model calculated in
max. 360 degree and oder.

The difference values were calculated as 0.571 m and 0.271 compared
with GPS/leveling geoid to each of the EGM96 and EIGEN-GL04C in
maximum degree and oder. Even though, there was about 0.3 m in the
difference of RMS between the values of geoid calculated by optimum
and maximum degree and order, there was not any significant difference
value in the case of EIGEN-GLO04C.

As a result, the EIGEN-GL geopotential model showed the change of
gravity in the study area well but in the case of calculating the accurate
geoid without determining of optimum degree and order, it is more
effective that using a newly developed model.

In conclusion, through this study, the improved geoid in accuracy

could be calculated in and around Jeju area. However, for developing a
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geoid model in a few cm, not only geopotential model but also accurate
national criterion network should be complemented in advance.
Furthermore, position information acquired by gravity survey and GPS
should be measured and calculated in highly accuracy as well.

For developing a more accurate geoid, constant gravity survey,
addition of GPS/leveling data and study of geophysics should be studied

continuously.

Keywords: Gravimetric geoid, Gravity, EGM96, GRACE, GPS/leveling
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