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Abstract

Project Code : MRG5380262
Project Title : Local geoid modeling for Thailand
Investigator : Asst. Prof. Puttipol Dumrongchai, Ph.D.

Assoc. Prof. Chugiat Wichienchareon, Ph.D. (Mentor)

E-mail Address : puttipol.d@cmu.ac.th
Project Period : 15 June 2010 to 14 June 2012
Abstract:

This research aims to present the computations of two preliminary geoid models for Thailand.
The first model, THAI12G, is a gravimetric geoid, referenced to the geocentric WGS84 ellipsoid,
computed through one-dimensional spherical Fast Fourier Transform. The other model is
THAI12H, which is a hybrid geoid that encompasses all gravimetric information of THAI12G as
well as the 200 GPS ellipsoid heights (in the national WGS84 geodetic datum) co-located with
orthometric heights (in the national Kolak vertical datum of 1915 (Kolak-1915)) through least-
squares collocation (LSC). The non-tidal EGM2008 global geopotential model from degree 2 to
2190 and 3,949 terrestrial gravity measurements were used to contribute long- and medium-scale
information of geoid structure. In the mountainous terrains devoid of gravities, the topography-
implied gravity anomalies were simulated using the high-resolution residual terrain model (RTM)
data from a three-arcsecond digital elevation model. Fits of 200 GPS/leveling reference points to
THAI12G showed a 60.6-cm root mean square (rms) with a mean offset of +71.9 c¢cm around a
0.121-ppm north-south tilted plane. After applying LSC conversion surface to finally obtain
THAI12H, the rms of the fit between the model and the same reference points reduced to 3.4 cm
(no tilts and zero average). The THAI12H model was assessed using 53 GPS/leveling check

points, yielding an overall rms of 15.8-cm.

Keywords: Geoid; GPS; Datums; Residual terrain model; Least-squares collocation
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(sndI9E199 [151,[171,[211,[251,1281,[291,[301,[331,[351,[39] tiludn) maiinil ladileadanny

a

TdsvesTanuaziimafnanuniiozuniveazdganivua (ow-wise) (9nAI10619 ¢,

Rl
9

d' A o a % dy d' o 1 =

n,=04...,N; -1 Tagh N, A931uIU1DI02AYANINUATVOINUNAIUIY HazUAaZLD Il

Yoyan 4, : n, =01...,N, -1 Tawi N, Aedmaudeyaniuuuinesdgaveudazind)
a dy A a a I 1 Y o ~ ' o

madatmulseaninmlumsiszuanatiuegiaunnuaz Innanmsmuiraneumnums

a a a . . . A 2 qQ Y

DUNINTAFIAY (numerical integration) FUNITN (2.4) am1'5'01,6118u1wn1wag1ugﬂLLuumaq
A - { I 4 1

FFT 18 Taoisuninmoun sin®(y/2) Tuaumsin 2.2)  grulasldiduaumsibodenis

Auamdae FET minilsndurivesaland S(y)=S(¢,4', 2 - 2') Tdaums

sinz(%j = sin2(¢_¢’j +sin2[/1 ;/l,jcos¢cos¢’ (2.11)

e

N (4,4, =ij 20,02 )singslp, .4, - higa .12

d’ (B d‘ 9 d‘ = " Y
L‘L!i’)\ﬁ]"lﬂﬂ'ﬂllhlﬁJG]’f)Luﬂ\isll@Q"ll’t’)yjﬁ TqUNITN (2.12) L*UEJ‘L!Gl,WﬂJllﬂ

N (¢nl /’an)_ R \ M g(¢nl’ﬂ“nz )+
Y T

(2.13)
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Tavh ¢, =NAG, ¢, =njAg uaz A, =n,Al du A uaz Al AeTzernIa (grid
. a a o w 1 1o & 9 1w [} ]
spacing) AzAYANAZABIAYANINEIAY Ag vouaazuon lusuiluazdouninuedialsiaiu

eanuazaInlumsia laimuald Ag szrianauminu diw AL Tundazunades

LY Lﬂ' o d' 1 dy tﬂy d’d‘o [ (Y] 3 9 a

s esnnmsfiuIaluaums (2.13) eguuiiugiuvesiuinding aaiurzdesauud
I Jd @ o [ 4 @ o

14 S() Wuilsnduinlinuanymzaiy (periodic function) e ldasandeenunsAIuIn

v
11U FFT A9

0 if n=nandn,=0

S(#, 8o 40, )=15(8, 4, ,,A4) if O<n, s%—l;(nl £nlif n,=0) (2.14)

. N
S(¢n1,¢n1,,(n2—N2)Ai) if TZSnZSNZ—l; any n,,n,

ag

S(#, 6+ Ao, )= S (8 61 40, ) AU N, € Z (2.15)

£ A ¢ 0 3 o ' 9 = y_ v

%9 Z Ap Tawuiveuaviuiway dungiunengamevedaumsi (2.13) niewals (2.14)
k4

uaz (2.15) aglugiuuuveangug discrete convolution [29] A1iuaz 18 1-D spherical FET 09

N, amuiasinga

N+(¢n1 ’ ﬂ’nz) - ; MAQ(¢W 'ﬂ’nz )+

T

Riﬁ/’t Z;) sin(g, )3 [é 3(ag. (g 20, (S (4, 4 4, ))}

(2.16)

A 1 o !

v W — Y l ]
sdydnual 3 uay 37 Ao FFT uazdiunauued FFT mua1ay uaed1a lsiau FFT doq

£D-

Y9y a &2 o & A 9 Y 9 J a A o [
TUIDYANIA ﬁ]\‘ﬁnlf]_]u‘ﬂﬁ]g@]fJQLL‘IJa\‘]511ﬂisljﬁﬂ'ﬂlliu3Jﬂ'NWﬂWVIUﬂﬂigﬁ]ﬂﬂizﬁnﬂﬂnﬂlu’)ﬂuu

—9

=<

o a aAa 1 vy H $ A & v
memaﬂ‘m‘ﬂizmﬂ”lmEJawuﬂimnmzﬂzmaﬁzmnmagaﬁmmm ¥95msulaaiuez 1y
a Ja J o . . . £ a = A
ma-damheioumes Iwas (spline interpolation) ¥19z0F11831WAZIBEA TULINT 3
1 oy oA A = 2 ~
daumudiiioannamngilssmaluaumsn 2.5 wag (2.8) F9zinanszny
a ) T Ao [ 1 3 ~ = g [l [
VINUIDUNUAUINANUIUNT N, TUNAIUNDY l/f Tugums (2.9) Fadludrunduen
o w 1 { o [ 1 a ' 1 <
MAIAINVDITTHZNNTENINANAIUINKT N, AU TDVVTIY UA1aAAI98193I9152
. . A o Y iy = =
(rapid attenuation) ¥INTE8s £ "lﬂaﬁnﬂi;wmmmm N, 2raUaNun1In (2.8) 1WAW1I0

A ldlasldis -0 FFT  aeldauudgiuvesmsdszuaiilanuuu (flat-Earth
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[ Y
approximation [27]) 8. UTNUNNINMIAIUIN AU Ag — AX, 1Az AL — AX, lagieu
o & o @ 4 a -~ a tﬂy Aa o o ~
AUMIMIMUIUTITUNUTANUGUeINUszma h vInawunnimsan (h - qe

SravanniszauTaena lUuda1d pEm) lailu

AX,AX
C (El’f ) kpAX AX 1 (1'52 +
~ 1 ~ -
2h, , 3* 3th) . 3o (2.17)
fute (AxleZ ( )kl’kz ( )k“kzl ,
kpr AX, M
/ 1.ls zz ng,n,
n=0n,=0
Taefl £, =04,--,N, ~1uag £, =01, N, -1
ud o if Osnlsm—land Osnzs&—l
1,112 2 2
Up o, If Ny n, <N, -land 0<n, No
Uy, = 2 N 2 (2.18)
o if 0<n <—*-land <n.<N.-1
1112 2 2
i Ny.np—N, if %Snlle—land—zgnngz_l
1 if n=0andn, #0
Up o, = (”12 AX{ +NjAX; )3/2 ' i (2.19)
if n=0andn,=0

TN =0°  dwmiun,n, eZ (2.20)

n+n Ny, N, +n5N, Ny, N,
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UNN 3

Y d‘ o a A ¢ a
SIJQHaﬂﬁl‘lﬂufn'iﬂ1u3mﬁ1W'Jﬂ?)?Jﬂﬂ1J'§nﬂﬁJ§gl‘nﬂvlﬂﬂ

9

dy [ < 9 d‘o I~ Y o Aa A Jd Aa

Tuynilsznanisdeyaniniudedldlumssunumiidessauinulszmalng

AN Y P A A ° a a 2 ] 7w
vindlananuwdrluuni 2 mshzduiamiditoesss lnsldgasvosa Tandiu Tung
Ay 9 Y a =& Ay ' ~
noudesmsdeyaniu Iduanianynoyniavesgnlan Felunimgujiuda ldawson
° Y =< vq ¥ a ° A a A Y
1211114 3918 1HmAtia remove-recompute-restore Tumsaruaw Tagmainileg 14

o [ 1 1 I~ Y 9 9 1 a Ao I~
HUVIABIEINA (8NAI0E19% Y EGM2008 1T uan) Tayaniiu Tuuaaananidailuganu

dy a ° Aa A = a dy ~ aa A =

MANUAY LAZHDVIIADINNVFIFUAVNUANNALDIATINUN 3 NalaMTo 3SDEM F9ag

Y = Y A 1 [} 1 091’ =) 4 o o
ALNOUDIIATIF319AVINAA UL B9 IUNA AT UVDIIODIANINRIAL 1R8I

9 1 = v 9 1 [ dy
lanantnudnyazvosdoyaunazilszinnasae 11l

o = d

3.1 uuudavsgeanaINa EGM2008
o = J 9 9y I .

nuviransdoosaaina EGM2008 lagnisemaldediuilunianis Iag National
Gepospatial Intelligence Agency (NGA) Usumsansgowsmuasivanummennlasy

o o Y 1% A & 4 a a . . . {
oUYIeNI lan Luudaeslldulse@nsarsuetinFanay spherical harmonic coefficients

k2 v
degree 2190 1182 order 2159 [24] ANNAZIDIALTINUN 5 AUAMI0U5ZUU 9 AU, EGM2008
3 o Ay v o @ o Aa A
Wunpusaesi ldnnnmsdsudsuagiaumnnuuuiiassainaan EGM96 [22] il
= Aa zﬂy ~ a A = Yo <
degree 1182 order 360 ANNAZDIAFTINUN 30 AuMMToUszum 54 n.a. Felsnuuutunm
= A A A A A
09129 umwmmmﬂaau‘ﬂNmmqqmaaﬂsxmm 0.5-1 ¥. (root mean square error ¥139 rms)
a oa/' Y Y Y 1 a A = d%l Ao Y =}
MInan EGM2008 1iulddeyannuIduannaniianuazideauniuinialavinainion
o Yy 1 A A4 Y o 9 A A P} . \ o
d1579210 TR0 1 NINNF¥O GRACE HuInidnuveyaningI491nniigaiua1g i lan
9
HaznAINeNIATZAUNINLIA (altimetry  satellite) TOPEX/Poseidon, Jason-1, ERS-1/2,
I Y '

Geosat, ENVISAT, GFO tiag ICEsat EGM2008 71 laoimsiainnfiianuaaianasunianiy

gunagdszanal 15— 50 . (rms)
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3 1 3.1 Gravity anomaly A14394910 EGM2008 Taels spherical harmonic coefficients G

degree 2190 4181 order 2159
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Al
e,

W i |
7

104° 106°

18°

16°

14°

12°

10°

{ o . . .
517 3.2 ANNgIvRIBoREAMUINIIN EGM2008 Tagld spherical harmonic coefficients D19

degree 2190 t1ag order 2159 (Gﬁawamﬁuﬂ?ummqq 0.5u.)
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517 3.1 U@ Free-air anomaly 910 EGM2008 1130 AQ caysps N 1A9INNTAIUIL
911 spherical harmonic coefficients D49 degree 2190 1z order 2159 (AN1AKNUIN N) ATOUAYN
pruavesszme Inefiazaga 5 - 21 eeruwiionazassagn 7 96 — 107 oer 1Az Iuoon
1AM AQ o go0s NAMUT1UROUBETZHI19—100 D9 +150 mGal ~ FUNATIANHULYDS
A e 2005 UViNMAmioaounu laasnaunsznsduoumenauszyrindszme lnonu
1 ,d'd a ,d'd v A v d’ I3 % a d‘
winlamugilszmaniguigesuianulsdugalomeuiuusNunIuIANa1N A1
[ [ = A J
aziuesn Mmaaziuesniourilonazmald 31N 3.2 uaainugvesBosnain EGM2008
A v = [ S 9 [ = = A A
uanyuzeURsImMuILInE TN lauazaz IuanReurtie NaAwlsnasuain —6 .

vsnamaldnouaialids —42 u. vSnaTwdauldosaou

Y EY \ a
3.2 mau“ammiuumawnw
Y 4
Foyan1uTiua NN NUUMANUALDT AT 11905 Inegndutums Taaaua
= d’ =< Y v A d' o a
U e 2480 15oen19uUDIT9 U TAEANNTURATOUYRINTUUNUNNMIS ([31,[8]) AuHUMS
v 3 9 yas [ Y 1 v o d¢ . . = @ '
TarnudeyalagleIsns Iaan a1 THNAIUVTNINT (relative  gravimetry) (MVAUA
v 4 [
anmanuIduniiani 062304 avegnieluoimsiannuIdunialian nsuuwuiinis
a o a A a @ £ A g = ' 3 4
(Win azAYA 13°45'06" 11110 ABIAYA 100°29'40" Az Tueen Fadeluaniil Iasaviedunile
luszuva1na International Gravity Standardization Net of 1971 (IGSN 1971) Ha0iivian 42
~ 1 [ = ~ @ Y A 3 ~ d‘dy
annilszezrinnulizanm 100 n.. tazliaortigessmiuudrunarua 3979 el (lutlag
= ~ ~ 1 1 @ 1 1 ~ Y A 1
3ena0111a011 RTSD)  daulvgnsznedimuouy sseziiaseninaaiilnanesog
1 [T
5en3192 - 10 n.. m3seiadlulUamuasguues Federal Geodetic Control Committee
= [ Jq 9 1 a A :’ d%‘
(FGCC) [13] umsisuunlvieglussuupaszannnansznuiiaannan1znssuatiniyuag
1 I 1 A 1 0311
(tide-free system) 9619 15NA1WIINNMTATIVADUNUNUWANITHTAMNDNINTDINIATUAINGS
" A a Y 9 1 a a = [} = (=1
wazAralnAvesdoyanu Tiua NN TagRMIZUTRAMAKTD (15 1B 11 1389518

9Ja o

o o [ Y =2 Y o 9 o a Y ' F%
WL a1 llagﬁ'lﬂ'l\i UJ‘HGIU) W']ﬂEli]\illﬂﬂ']llﬂkl"ll!lag@nluuﬂ'li'lﬂﬂ'J'INQ\?GlWiJhlﬂlla?

U

vudumusulsznaiiegossding dauamifiimaeiszuna 30 aortidinsegluszring
£ q 9 o A ' ¥ & any & A
nmsasvdeudlgnarlumsduiumsasudramimiioninuisaniilagnienounio

S =® 9 = Y] 9 1 a 1 A Y o =~ [
1@e118999 091NN THuoanan vy Taayseu Teannuantivian

@

d' = Y 1 a d' [} a'/ 1 1
51N 3.3 L!,ﬁ'@NﬁﬂWHﬂ’J"IlJTU?Jﬂ’NWﬂW‘V]ﬂﬁgﬁ]'lflﬂgﬂﬁﬂigmﬁulﬂﬂ mﬂwmugﬂm

U
E4

9 A 1 9 =K dy A 1 a wva = 1A
mmzmﬂuummmwamwwfmam’smmwummzﬁzmammiﬂgumm anIutvaIuy

] @ 1 1 o 3 1 dy A 1Y 1 1 Ay A
igﬂgﬁTQﬂuﬂgiu%'N 2—-10n.4. ‘lﬂﬂgﬂﬂﬁl‘lﬁ]gﬁﬁ!ﬂ@!tﬁu?TUTﬂWHﬂ (INAIDYTUFUNUN
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517 3.3 @01# RTSD AiaanuTiiua19ian 3979 aoil

4 1
°]_|§nﬂ!9]3':]Ju@'lﬂ"U@\ﬁJﬁglﬂﬁqﬂﬂﬁﬁllﬁﬁﬂﬂiﬂuﬂaﬂﬂﬁ@uaﬂﬂ’]ﬁ%}@ﬂ“aﬂ’JTﬂJIﬁNﬂU@WﬂWﬁ@ﬂ ﬁ
= &4 4
]

[ ' J ' a a yd o ' 3| o &
Wuguiimsizhgilszmausnaihduguigedu liamsadidaiun 1] Wudu) eduiu

] A 9 o @ Yy a . . 1 1<
261911ANILAD91INTIAN N THUDWNNANN1901NA (airborne gravimetry [34]) E]EJaniﬂmil
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. . Y 9 o A 3 o £ o & A 9 Yo
airborne gravimetry @041%301szmnalumsdudumsiiusumngaduunezdesldsy

3 v o I 1 ] A A Y Y o v w A 1 dy
ANUAUFO VLA NMTHNANAMTUBINNININHUIBNIUNNYIVDE 1INVOTINAAINNA1IN

=

Aav dyﬁ FY 1 9 1 a Jyy [ a (4
QTLJ’J%EJL!Nvlﬂﬂiwﬂmﬂ1?]3WMIIJM’D’NWE]WIWJGLGHGU’E)M“QLL‘UU‘ﬂ?ﬁﬂﬁﬂﬂutﬁgmﬂﬁgmﬂ ANNILS

Y Y A 9 A LA A v & A A Yy Y
hlﬂﬂﬁ"l'll”l'llclu‘]JVWl 4 uas s ﬂszmmm@y‘awmmmﬂﬂmuwu‘nmmuu L'Wf’]‘l/lfl]gvlﬂll"ll@lla

U

E
1 a o a Jd A 1Y
anuIuoanlumsfamiitosssus ALY

3.3 HUDIABIANNGIVR YN STINA
o a A Pl o ' Y A

HUD1009A NN sznANTe DEM gnlylumsaiiamiaiuniieingain

gitszmalagmaiin 2D-FFT Tuaumsi (2.17) minaums 2.8) Tagldanugundsiany
= a Ay d' aa A [ d' ti! o ! d‘
Az 30 NaYamIo1szInm 900w, daaalugili 3.4 Fsdanmsmaunie
1 <] an {
moluveaaazuasnvuia 30 Walaiiidoyan1ugeein DEM 1szian SRTM-3 (3SDEM)
Han 1nBaaRNT8IN AT 9 s2nean$geuTn1 (National Aeronautic and Space Administration
A 1 [ a d‘d = a dy dl aa A

%30 NASA) tridllszmaanigomsm nuanuaz@eamanun 3 walamsolszuna 90 u.

v A A A K 4 oa & =
mmgﬂmmmmﬂﬂﬂimagwﬂizmm 8 1. Vmiamquwuuwu@ummﬂizmﬁllmmwmm

nufIvoiieg
Difference No. of points Min Max Mean S.D.
3" DEM- RTSD heights 3949 —258.351 | +1161.538 +9.201 +48.684
30" DEM- RTSD heights 3949 —264.471 | +1180.319 | +10.322 +48.726

A 1 ' Ay v A 2 a
M9 19N 3.1 ﬂ’ﬂmmﬂ@N53‘H’JNﬂ’JWIJQ’QVIHLﬂi]”Iﬂﬂﬁ‘]Jiwﬂmﬁnﬂ DEM nuANUQZIDYALB
dy A aa = ~ v A ~ Y 1 a ~
WUN 3 1ag 30 Waﬂﬂuﬂiﬂ‘umEJ‘LIﬂ‘]Jﬂ’ﬂilq\i‘V]f‘fﬂ1u RTSD AU IHUDNAN 3949 @914

[l I
Wihaiuwag)

A A o Ay v = = a & A
1Mo NIZATIVADVAUNINVDITZAUANNGIN 19910 3SDEM AinnwaziBeadanui
an Ay Y 1 Y] = =2 Y o =} =\ @

3 uaz30 Waden lavninmsmarszauaNugunasnn 3SDEM - 19 lashimsnlsesuiieuny
Joyanugendurusaniiianuldunaanan 3949 a01il @15199 3.1 uaAINg

I~ ~ aa I~ Yo aa 1 dyd [ @ (] 1
LﬂiEIUmEJU‘VIN’dﬂGl ﬂzmu”1m1m1fmﬁamwmumumsl,my INAIDYNIBU YHUIAUDIAITY
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< 4 R aa 0 a
5UN 3.4 ANUFIURAINANNASIDYALBTINUNI0 watlan “’l]'lﬂ!L‘]JiJi]1@6@ﬂ31hgﬂ%@ﬂgﬂﬂi%ﬁﬂﬁ

U
]

(Digital Elevation Model) Y32191 SRTM-3 (ANazdeadaiiui 3 wada)

uANAINNAIGIgADT +1161.5381. Ay +1180.3191. WS 1AD NUTIMazAgan 19°11'36"
ilonazandAgai 101°06'35" azueon LazlinnuDeuuuNIAT§IY (standard deivation
A Yy u A £ v '
%39 S.D.) Tnaeeny Aodszuna +48.7u. Faaaalini1udInuga91n 3SDEM Tagmniy
9 A Ay y J A dy A a A

M3 danugunash laninmsmanndennuganieluiuiiniavuia 30"x30" n3eilszum
[ a A & a1 A A

900x900 A15191UATIN 3SDEM  azfiouansuznegilszmamiuguangelifiminais f

<3| ' dy A 1 A a = A @ [ <

WwuiiionInmsmauaasusnaUugIzinsulslasuuesanusuediesiaEa

=} @ = a zﬂy A aa dy ] 9 =

MeunuszeznI AnuazideaFanui 30 wadardl oz luawnsoazieudans

4 - ) " A v g a A ,
lﬂaﬂullﬂa\iﬂﬁ'Jﬂ!i')ull@ll]']ﬂ!ﬂ']ﬂﬂ'lﬁ ﬂjﬂlﬁ@]u'ﬂvﬂﬂglﬂﬂﬂ'J']llﬂa’]ﬂ!ﬂa@uﬁluiﬂﬁ\iﬁﬁqqﬂjqu
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A 1 as.z‘ o = 4 A 1 = o & 9 1 A
Y1INAUBINTUUDINITATUIUNIYDDYA 1(?3’f]ﬂﬁTJ’f)ﬂufJ‘Hu\‘l'ﬂsll"lﬂ‘llﬂialjﬁﬂ’JHquialuﬁ'JUVHJ
ﬂﬂmaqﬂﬂ (loss of high frequency part)

(% t:' 9 1 9 v Y td' T 9 9 1 a v Y 1
aan lanan ldudqluiaden 32 MideyaniuTduorsiangniadieszezrielu
[~ 1 ~ 1 ° qﬂj} [ o 3 1 9 1 A A o 9
ﬂ"li’JﬂL‘IJ‘L!GIf’N"]TI]‘hJﬁiJHﬁN@ AL 2 — 100.4. muummmTuuaNWﬂwngﬂumﬂﬂu

o A = I 1 = Ay ~ a £

NITATUIUNUN N+ GlufﬁJﬂ"IiTI (2.16) ’INL‘]JuﬂTLﬂaEJﬂ"IEJ(luWHTIGUFNﬂiﬂsUu"Iﬂ 30"x30" %3
1 ) A 1 A qﬂjl A = s o YA
WiﬂEJﬂ'NlI’J”IIﬂﬁ\‘lﬁiNﬂl@ﬂﬂ?TNfJTJﬂa‘L!G]f'N‘VIﬁ‘L!‘VIQ’ﬂﬂl@ﬂﬂ@ﬂﬂﬂﬂ%gﬂWHUmﬁ"lhlﬂﬂﬂ 1.8 N.4.
Y Y A A dy A a & A 1A
Tﬂﬂ‘ﬂﬁgiﬂm aoanaeINy DEM ﬂﬂ??ﬂgﬁlﬂﬁﬂiuwuﬂﬂiﬂ‘ﬂuiﬂ 30"x30" HIDDITUAITNAAA

' ' Y A

P v Y s ) 0 = -
wasunvonsyldnzldlumsdunamanuguades druamdiesanimgidszmalu
A o Y =) a Ay A dgl @ [l ] o 1 9
qUNIIN (2.17) mmmmmm"lﬂmﬂmmazmﬂmmwuwmmmuaﬂmasmmm ATUIUAULD
A Y o 1 Y 1 A Y ad | . I Y
1 3-arcsecond DEM u,ammwmﬂmmuﬂmqﬂmmum 30"x30" A87T interpolation wuau
l <3 Y = v 9 Y 1 a P | dy A
E]EJNlliﬂgniJ(l‘L!ﬂ"lflﬂ1ﬂWH11’iTﬂ3Jﬂ15’JW’UE]iJ”aﬂ’JﬁJI‘L!iJﬂ'N‘WﬂWbl‘Viilﬂ’JﬁJ‘ViunluueUﬁquTl
£ Y = Y o < A £ ) o
1NTU ANUYNABIYeY DEM Nzl lumsdrnunaisezmuinniuaiuliare sndiedis
) 9 . 9 ! < v S
19U N5 19 one-arcsecond DEM natnu 3SDEM 11ludu fJEJNllﬁﬂﬁﬁJﬂW{l%’ DEM nunu
= a dy ~ 3 9 Yo va J A A 1 A A Y 9
agl’ﬂElﬂ!,“]NWLW]q@uu@l@\‘lklﬂ‘i‘llfﬂi"ll'f)’E]lgllﬁlﬂuﬂ‘iﬂ!WLﬁ‘HQWﬂWH’JUQWHﬂLﬂﬁJ’Jﬂl@QﬂNﬂWU

o w

o 1 A dy 1 1 o a a = I Y
ANVUUAILTIBINBIVUS U Tﬁ\‘lﬂgﬁlu3$Ti'JNﬂTﬁﬂHuuﬂTiG]ﬂﬁ@ﬂﬂﬂ?WNlﬂuqﬂqﬂﬁluﬂWiﬂl@

Y

aqg Yy A Aav A
auty}mﬁlwayammmaﬂau
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Una 4
Y Y \ a a ,&' d' \ d' = U 4
m‘sﬂszmmmagammiuumawnwmnmwumnw"luumsmiﬂﬂm{lfu

ANNTUNUSIT UFY

A o ~ L 2 v Y A
LuENi]'lﬂﬂigﬂiluﬂﬁhﬂﬁfnu’Jm‘l’iWﬂ’NiJ’(,:'NEJ’EJ?JEJ@]KIH‘I/]N“]JQUGIGI,HW’JGUE]‘VI 2.2 UD3

A 9 1 Y J a o a dy A A o 1 < =)
unn 2 mmmammmiuumawnwmzmﬂmmnmwummzmmm E]fJNUliﬂﬁnllllﬂiﬂﬂ

Y T
A A A

Y
WUN Ulllﬁ'liﬂiﬂ'jﬂﬂ’ﬂuiﬁfuﬂ’NWﬂWUlg]} gNAI0Y1UYU ﬁuwmamﬂmuamuuumnm

D.

1 Y [
Tiaudgesdou Feezih ldidoyannuIduarsianusnaiuidull Tnssadennue
A ] L o = a dy = Y o ~ J 9 e
aau liauyssinemstmuannuazBeadaiunlumsasunuiiaesdosss Aremaiiag

o o 9 o a 9 dy A A aw A 9= am 1
mgﬂuﬁmmmimmauﬁaaﬂuwuﬂawmmu Glu\ﬂu'lﬂqulﬂﬁﬂ‘HTJ‘ﬁﬂTiﬂigiﬂmﬂ'lﬂ'J'liJ

TduarnanIasldandaldgaidesinanannsold ldamsulaseadenueaauyig
¥ v v
17 87U T1ATIT3NANUEIAAUTNAUNINIUNININUVUTIA0IANUFUFUAY 15D DEM o9
an A a SR 1 o A A s A 9 1 [ ~ ad
ABNDUATILH DI NUHLIZTUADNTAUIUNIAIIDA (Nag danaae 11U luuni 6) 33
Y] @ 4 1 % Y] A
usnazdlszanm Tagldnuduius eI Free-air anomaly nUszAUANUEI0IUUzIMS
1 an A ddy Y a2 N .
ddsidelinugunnnms lsnguiaaaneninveailaenlan (theory of isostasy) Tngaz

1 = l:‘
nanseazealuuni s

v d 1

4.1 ANNAUNWUFIZHI Free-air anomaly NszAUANNGIvRInHszIna
an & Aa 9 a 9 . A dy A 1A
unanienlslunsAudoya Free-air anomaly ¥30 Agy asuununIalang
msiannu Tduainn AvdTaumsidunanss (guihi 56 Tu [34]) Taslinugiuuainms

q’j a A = v o A Y @ a @ ~
ANFTUUATIUND AgF llﬂll13JE‘Tll“Wu‘ﬁHNL?(‘L!?’IS\1ﬂ‘]JﬂTﬂllqqmﬂﬁguﬂizlﬂﬁﬂﬂﬁi\lﬂﬁ% 4.1
Agr =a+bH 4.1)

Taoii dulszing a ﬁuagiﬁumimeméu’e‘)qmamﬂmﬂﬁaﬂiaﬂ (mass distribution in the
carht’s crust) uazduUszing b AeflatduvesnunuuniumasvewiadsuSaialan
(the mean density of the topographic masses) GT’;QE%Jﬁuﬁﬁummqwmgﬁﬂizmﬁ H Tag
ﬁ’nﬂizﬁﬂi?(%mmﬁymmmﬁwmmﬁﬂﬁlﬁaa?ﬁﬁﬁmmﬁﬁf@aﬁqw (least-squares  method
23] e6relsiaulumsanuil ldwnnanuduiusiFaduas s Ag, taz H 910
#01# RTSD $11421 3949 aonil anauminanugeveanilssmadiniy 400u. Tasdszuna &

[ k4 [ F4 [
Tidluldawauuaguildada 3 luaumsi @.1) duiudeliivedr Ag, Alanugedos
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4
N1 4004. UIATUIN %WﬂwaﬂﬁﬂTL!’Jﬂ!ll@a{ﬁiJﬂigﬁﬂ‘ﬁ a uag b UAUNINY -73.4939 mGal
o w o 3 9 ~
1 +0.0986 mGal/m A1UA1AU muﬁmzﬂuﬁuﬂmﬁumﬂugﬂw 4.1
= dy yq 9 Y A A = a dy A aa A
“lumiﬁﬂmu"lﬂ“lwmgjammqqmawmmamaaﬂmwum 30 wadamselszunu

1 Y 1 1 v
9003/, 910 3SDEM NiAaNuazdeadanun 3 iadaivselsuia 90u. tisaanansznun

a

.. Y ¥ A o ~ s A v
0719921NA aliasing effects [14] IlﬂﬂTﬂiQﬁ’iNﬂ31%813?1’@1!%3&?(1!%6&86@8@ ﬂ'ﬁLWjJ"Uf’J%laaQ

v
IS

dy 1 = % "9 1 Qs}l d‘ d‘ 1 d‘
VUNU ’JNSUMW“IGl“l’iflluLLﬁSNi%ﬂ‘]Jﬂ’JHJq\i]lﬂJui’)ﬂﬂ’N 4004.UU INDNISHIYAANANTENUN

'
A o

a . . 9 ' 1 3 =
f’]']ﬂﬁ]&ﬂﬂﬂllﬂllﬂ?iﬂigﬂ’lﬂlﬂ'ﬁllﬂﬁﬁ (interpolation) U9y a ﬂﬂizi}WﬂaﬂNlljJL‘lJuizLusJiJ

RY

D

200 _
-+
o~ 150 |
3 + N
g . Ag, = ~73.4939 +0.0986H
é\ 100 -
o
8 o i
2
g
m O —
g
I 50 ]
_100 1 1 | L |
400 600 800 1000 1200 1400 1600

H(m)

A v o JIda 1 a
g‘]J‘VI 4.1 mmauwummgﬁumwzmn Free-air anomaly uaxmmqwmguﬂizmﬁ

1 a g . o '
(scattered data) g¥03an3a (gridded data) Fudugdnuudeyandosldlumsdriuimmar N,
Tagldaunsi (2.14) Aremaiin 1D-Spherical FFT 31 4.2 u#a¥ioya Free-air anomaly (39
= = ¥ ° = ¥ & A S v
nanduag)  Ngnidszumarenuusiaesluaunisi 4.1) Jeyaimuuniuldgnuesae
dy dl a = A [

pon lluenermnvameuauvelszma Ineluiuiusnaeniganeanamiio azfuan

o Y] = A Y A A ) Y Y dy A A ogj 1
azTuoonaziuesniiouniouaznnldiefzildmsulasdoyavesiunusnativacy
° ' A Yy Y Y v Y A a A & ' A
A nsali lalndiRsenudeyaiiiusswiniiga Feezaisaannuaaanaoulunis
o = ~ P A 9 A
Aaan N, lugunsi .16 fvglasumansznuiiionnviadoyan1uusammg

v
o

WUAUIHAINY

22



a Y . gi A A = v Y
4.2 NIANVYBYA Free-air anomaly aﬂuwunn‘luumsmmaga

M3190 42 udadoyanNanAveIA1 Ag. nouLAzHaIINMIIINdoya Funad

"o Ay ¥ o A = o ~ T
ANTALASTITAUDI Ag,: Vlllﬂmﬂﬂ"li’m%ﬁﬂ”lu RTSD 31U3U 3949 @D1U mumimmwm

=

AQ o208 NATHIVDIN EGM2008 8. A UAASINY tazAIn N DeaunIasgIulvug

E2
aad

A = Y Y dycs’ o 19
+21.4571. TUVBEN AQ ey s00s HUUIA £19.7190. MIndoyanvanail Idusdiluiisndoya
¥ A Ao A 9 )] A .
ANy TuaNNaNNTaldIuTeYyaIAsaas19AINEI1INAY (short-wavelength  gravity
k4 1
information) @UNI1VOI EGM2008 1335908 A1 Ag, ALUVTIABIUANNIITN (4.1) §n
A a a Ay A U [ A 9 A ~ S
MUANDTUAUAMUNT VLAY 2N Inen vl semaeuthulinmanuideauuiiviie
1 [ a { o a
Tnjiu (£26.5000.) azRoudsanbuzuegidsymaniiuionagaduusnunsuuaun
k4 k4 U
Nennilouazaziuan druiutHuAuUongauaziuAIMzIan1elanz Juan (Mziadua1iy)
9 [l v v
nazaziuoon (@111ne) 1u (931U 42 Usznon) IRl AQrguoms MMIANAIGTA
a A1 a a J a dycs 1 voAa A J 1 v '
AUUAFIUNNAITDDIAUTDVUNGVINIAURITDDIAYDI EGM2008 UA1DYTENIN -106.465
1] I v F4 [
mGal D9 +243.827 mGal IWeAANANIZNUIINANUATIAMADUAVTHVRUAUN Tuameii

o ¢
AU 1799 (convolution) nMsuaavhayises

Free-air anomaly No. of points Min Max Mean S.D.
EGM2008 at RTSD stations 3,949 -75.717 +70.945 | -13.581 | £19.719
RTSD stations 3,949 -152.682 | +177.530 | -17.378 | £21.457
Data padding in the higher- 268,721 -152.682 | +190.468 | -1.568 | +£26.500

400m-elevation areas and

strips along Thailand’s border

EGM2008 data padding in the 5°§(|)§21° -106.465 | +243.827 | -1.740 | +19.943

outermost areas 96°<A<107°
Total area 5o<p=<21° | -152.682 | +243.827 | -1.714 | £21.070
96°<A=107°

Y 1
Y A A [

M13197 4.2 Yo3aN19ADAVDIAT Free-air anomaly N3 lauuiiuauIa EGM2008 fianniiia
Y U a ~ 9 @ A 9 . dy A A 12
anuTdunaiaw 3949 aondl nazdoyandasanmsiinudoya (data padding) asluinn luf

] ] I
1399 (Y81 mGal)
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1 4.2 Yoyannu Tiuarianiiald (edma

=
99 L9 (i]‘ﬂﬁmaﬂllﬁ

9 v

113w) sazdoyaiimuas luTuusnu
d' 1 ld' 1 (=) [ 9 U a =
ievinalnagandi 400 w.uag lutimsiannu Tiuaninn (Qanauduag)
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v 9

v Y [
awi lananliudadesdunasluaden 2.3 vesuni 2 imsmiuin N, éae

2

2 o

1D-Spherical FFT Apd1¥doyaluzluuunia SeduiluivzdowilasdoyannuIduoreiani

Jansgianizateammuuiauurannidszma Ineasuuniafiiszegiiesznitadoya

9

(; A dy Y o AaAA d‘ 1 1 d‘d ol 1 1% =t [
AUUTND UINIINHUDIINULUAITINWHUNINHATYLUHINUAINGIAINIT 4004. fN]’lllllﬂﬁ’Jﬂ
Y

A v 1

Wi Tdunein N enAIed1usy WuhlogszriazAgai 13°-14°N Lazasagad 101°-

102°F tazaz@gail 14°-16°N azandagail 102°-106°F 51’;4mamqm’ﬁfuﬁﬁwi’ﬂmx%qmﬁ
a1y TUNY3 aTlAnazsanSanamanzSueeniuniiensudaianun (31 42
Usznow) ludu "3%mmﬂm%’ayjamcjﬁumu'qﬂ?ﬂﬁ?ﬂ%’mﬂﬁﬂaﬂwﬁﬁumaﬁwm%’uﬂfﬁﬂ
continuous curvature spline in tension ABAINIADTAINAY (tension parameter, Tg) Tg =

' dy A d‘ d‘ a di
0.75 ([111,[311,[36]) ATUYNIADNINBNITAANANTSNUVDINITINAAITNAAIALATDUVDINITY

9 U a a dl = [ Y U a a dy Y a Y 9 d'
Tduoresianluusnaguin liimsiannuTduoeian maiiatzad i Tawndoyan

U

@ Sld'd ll a A 9 1A a Y A ) 4%1 dy 1 o "9 A
’m"l,mnmsﬂ,umnm‘nfuszaqEumgaaqqﬂmiﬂﬂwﬂﬂmaﬂwumu%mumgmuwEmmn

u k1)

Y1 Ao

(% ] 1 a J a 1A [
’Jﬂl’(?fi]ﬁ]l,!ﬁz“]538]114ﬂ11/]1/]1ﬂ1‘§ﬂ§ziﬂﬂ‘lllmﬂ@ﬂﬁllﬂ’]\‘i (oscillation) mmﬂuﬂmﬁmmmﬂuiu

v
1 I

a dy d' (= [ 9 1 a d' 9 as dyd 1 .
mnmwumw‘w”lunmammmiuumawnw Wﬁﬂ]’lﬂﬂWﬂ’J‘ﬁﬂWiﬂiZNWmuﬂ@ﬂW Free-air

[
J=

H Y H Y '
anomaly 1ANALBIAFINUNVDINTAVUIA 30"x30" ATOUAQUNUNTENINAAYAN 5°-
a ~ L A qu v J =
21°N tazaeIagail 96°-107°E Gaupganua 1321 109 (row) Hag 1921 ABANY (column) 31/7
4.3 udA9g ULy Free-air anomaly 1a391nu1lasasgniaualliA1egszning -152.682 mGal

014 +243.827 mGal (@A1319% 4.2) azdunaa1ngUnn lAdnuaizdoya Free-air anomaly VT

Y v
A A

A 49’ ~ [ =\ =S dy A = ~ o 9
nunnapMmM LAz uNua Uz TUANYeIszmAlANVazReav Il TsuMsUA Y010
s 1dvn EGM2008 Tugalii 3.

1 < ! { o o { .

9813 13 luneuNITMINIAMUINN Faye anomaly IUaumsh (2.5) 310 Free-air

U 9 A a = [ 9 . A

anomaly HAZAMNILBINNANINYTUsZMe AITIZTINMINTOIdRYIUTDYA (pre-filtering) NI
d‘ 1 d' 3 1 A 1 = a dy d' d’

ANIINAUFINTUNIT 1.80.3. (MTOADIUNIVOIAIINALIDIALTINUN) oNLNOAN

v 1 Y

HANTENUNNADINNITUNTNGOU (alias effects) VoIdyUToyanAUTIITUADTDYATI

A £ = o Y a A o =l o ax [ Z

AdUY Feazlnam ldinaanuaaianasulunsfiuInIgessa 150 InToIdyn MY
8 o a9 I ~ ¢ 2 A

wiudunounIsutoyanouNITITUAUINITODEANINGATVRIA Tand luaumsh (2.3)

= < 9 dy A a
Tagmsmasuasndoyanisluiunnia 30"x30"
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v Y v v
517 4.3 Free-air anomaly #8391niAud03a (data padding) aaludiui e lifims dannu Iy

u

1 a

] I~
DMNAN (H1U2011) 1 mGal)
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U 5
Y v v a\ Y a Y
ﬂ]i‘ll‘§$3»11@!‘]]ﬂgﬁﬂﬂﬁﬂuuﬁl')\‘iWﬂWﬂ1ﬂﬂlﬂHﬂﬂ?]NgQ!‘ﬂﬂlﬁﬂlﬂ?ﬂ

%§ﬂ1§‘ﬂﬂ!‘ﬁﬂﬁmﬂa!ﬁuﬂﬂ1ﬂﬂlﬂﬁ Airy 1tag Heiskanen

Tunn® 4 lduaassieazideavesitnisdszumainu Tduaresiandrons 19

v o JIda ' [ a 1 ll <]
ANUFUAUTIFUFUTEHINTZAUANG V0T 52IMeIIaZ A1 Free-air anomaly 8814 T5nau

(% ' v o dAa { { 1Y 4
wduna lananuduiusidadu (@310 4.1 dsznen) Usingiszavarnuga 400 u. vuly
Y dy o aldy A T A @ Ao ' ' v [ 9
aagiiazi ldnunhadamiiszauanugeandind ldansodsznaladgonnz il
9 A (] :JI a dy ~ ] ¢ A =~ Y] = dy ~
Tassaduanuenaausduusnaiui liauysailofsdunsanuazidoavesiui

a A o a a Jd o a A 1 . [ qa: as
naanAeIms lumsannaumiitessa ihldinanansznuNizena alias effects AITUITNS
FABYANAATUONIAVDL Airy 1z Heiskanen 39 lagnidoniivetlszumnadoyali ld Inseaiia

= J ' A Y o a A = a dy A a
’t’]Ha‘ﬂfm‘Uﬁﬂﬁ/]ﬂ“lf’NﬂﬁuIﬂEJﬂ'lﬁGlGIﬂ,L‘]J‘]JﬂTﬁ’fNﬂ'J"IlJq\i!GINLaGUVINﬂ'l?ilaglﬂﬂﬂlcﬁﬁwu%ﬂﬁﬂ 3

u Q

=

A

x 3 Wavamselszana 90 x 90 A131UNAT(3SDEM) tazilssuneuiudsmslszanaudie

ANNTUNUEITUFUATS

topographic surface DEM
- ] .
\ / Density of water ,
H pw = 1.02 glem®
[~ ] |
M| ___
! / oy A
T | pH vy
D =30km Density layers: p = 2.67 glem® _
geoid 7'y
l | (- p)d \ @
e el ______ _v
/ crust
/) d

pm = 3.27 glcm?

Upper mantle

s ST

1 Y
317 5.1 MIvasTugaauenIAvEINUNTZINAYEY Airy 11az Heiskanen (Airy-Heiskanen

topographic-isostatic compensation)
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5.1 MIFABYANAAANDNIAVD Airy Haz Heiskanen
msdszanan1nm iy 19WAN (gravity anomaly) Nyalaganils (P) vuuay
wieowiu Ag, (P) luiuineidslifinmsda awnsniszanalasld 3sSDEM hdudoya

v Y
Namanuau SruaunelAnguimsyarenNuaugaIduoN 1AV Airy 1182 Heiskanen

Y
1A

(Airy-Heiskanen isostatic compensation) (‘Vifﬁ 138-141 lu [18]) 31wuqﬁﬂ§$Lﬂﬁﬁ§ﬂLﬂaﬂﬂ

L} ) QQJ’ QJ d’ li'

Tan (crust) apepgUUUNANAFUVY (upper mantle) TunMzanaa awuaadlugln 5.1 Tagh
v o d 49' a A A A J =

ANUANNUTVOIANUGIVUN YA TORIB008A H 1azAwanyedsIn d (root) d1M150

waadlafaaums
pH =(p,, —p)d = Apd (5.1)
wazinnuanvosunatazumayns H' fus1nd 1 d’ (anti-root) 92 ladeaumsi (5.2)
—(p—pu)H =2pd’ (5.2)
~ o Y, . . A
NNFUNITN (5.1) 1ag (5.2) A1rua 19 isostatic gravity anomaly f19

Ag, =Ag(P)—-C(P)+ A(P) (5.3)

~ A A o a a
Taen Ag(P) A0 free-air anomaly C(P) 9 gravitational effect 1MNNIAAITNINUAVUHIY
4 = . . . 9 a a @ &R
YA LA A(P) ADWAUDN 1sostatic compensation ﬂ181@6%@;@1%@@9mamauﬂamﬂuma
1] 1 4 Y] %
AYINUOENEANYTRIVOIWIATITNHAIN I TAITIANAAITNONINUDY Airy 1182 Heiskanen ¥4

~ g Y Aa Y o Y

MINMIFATITUAALAUDNIANANNANYIUIUNIT WA Ivimey Ag, (P) Tuauns

i (5.3) wfiefoushindaud duiuselszualdh
Ag(P)~C(P)-A(P) (5.4)

o o Y, aa A qur v
MONNNHIVNVRIAUMT (5.4) NaaeunauaIInlszina ldva1eds e lidedenis
Y

dualasld DEM lTuaudded 1d1495mstszunaanmsansilu [20] uaz [26] Tasnsdiu
v g v ad . a A I '
amﬂmmumwmgaamm (Helmert  condensation) UUNIYDDIANUAIUHULUU pH
) [ dy a a o [ dy a YA A 1 49’ a 2K A ]
ANTUNUAIAY A1 TUNUFINIAYNT IR DI NoUIINIANUAUIINAIUH U MUY

—(p—-p,)H =—p-p,/p)H’ diofeusuanunuuniuvewldonTan Tunalgiia
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v E4
Ag(P) ManinuruusianniasiuimldlaonsldmsutasvhayiSes (Fast  Fourier

Transform 139 3 ) &

Ag = 22GpTH(I(H))(L—e P )e (5.5)
oy

— . |H (Q), Qe land

Q- {— (L-pu/pP)H'(Q), Qe ocean (>0

= =2 = 1 VW &£ a 3
Tag D ABANANINMIFABEANAAIANOMARAUNINY 30 NY. FuTuaNurulnavet
= A @ A A A I = 1 ~ o dy
nlaenlan z AemMszauteRIBodsANgnasned1unInzanlasn z > 0 (lumsfiuiui
_ 1 @ 4 [l <] y
%z = 1 was) way 3 AedrwnauvesmsudashaiFes od1elsnamiiosnndoya
Aq ¥ o IS a dy Ao o a A 1 o
DEM #lglumsannaniunnunianseuaguiunding J x K sggznianminuaiuiud
a a tﬂy A [ 091} = 9 . .
azAyn Ag nazaoinga AL (Aseunquiunszime lng) Aaudald Discrete  Fourier

Ll

Transform (DFT) mﬂwfﬂmﬁ Y1IAUDY periodic function [14 N 97]

Ag;, =27Gp(DFT(DFT(H)), , (L—e™™")e™™ ), (5.7)

ag

@y =] o (5.8)
J

Taw ¢=0,...,)-1uaz m=0,... K-1

Y] H Y] d
5.2 ManszTudoyanIalnsanaaagNAa e (Delaunay Triangulation)
Wenszdum Ag Aduialdnnaumsi (5.7) waz (5.8) IHuanuaeiiesiuai
o Y Y= MY ¥ ' A Ao e A oA A A A )
ala valaadelassemumdendanid FResznumurdsminzauigaignai

o { ' o ! o 4
nnyadeyaiaioglndifssiuanga (9310 5.2 Ysznen) udrldmsiSundunudauanss
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22
20| 7
18] 7
WA=
2
T 14 |
QL
O
=
=
121 _
101 _
8L _
1 il
i i | | ‘
% 98 100 102 104 106

Longitude (deg.)

~ 1 ~ A o (N4 . . 9 ~ 9 '
51U 5.2 Tassueauriaenaa1ud (Delaunay Triangulation) €35 1991090 1HAN THND I

u

a o

WANTIUIU 3949 a0 (YATUAT)

v v
= 1

NSEFU Ag(X,,Y,) 130 z, :k=1---,n Tas n Aedrurugafegateluanmaoudn

ATEHUAVTLINUAHAGUNAUIUNNAWNUINTA (X, Y,2), ;55 MWUN [Jekeli et al., 2009]

[

Y
Tadnu ' nagldswmuaaumsszunudsundaedl

Zy =7, +(Oz _3)4‘(0‘@ —a)X, + (Ber _B)yk’ k=1--,n (5.9)
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Tagil
=0 a p)
C=( ... z,)
E=(ATATATE
Son = (AcrAcr) " Acrlor

1 Xl yl l Xl,CR yl,CR
A=l ¢t juee Ag =1 X Yocr (5.10)
1 X Y, 1 Xaer  Yacr

81110 n =0 ahifimsfmuina Ag awlunsaii n=12 use 3 wie meluaumasy

Delaunay Hanyaziugasnndunss (co-linear) aumsh (5.9) aglaowduaumsi (5.11)
Z, =2 +0cg + O X + Ber Y. K=L1---,n (5.11)

Y Y U a

53 wamsﬂizmmmagammiuumawnw

m3sdszana Ag AWAUMST (5.7) ua (5.8) "lé’ﬂ%’uum""uamﬂ’;mqw‘fmammﬁﬂﬁ

= a dy d' a an A o [
ANMUAZIDIATINUNNTA 30 NaamTodszaua 9003, x 900, IaeA 1IN 3SDEM (A4

A 1 A A 1A ) [ ' A oA Iy 1
uam“lugﬂm 3.4) @wnzaIunduNuLHuAY mmumumﬂuwummuaxumagmv]qma
o o v aq Y 1 o & s A 12y = 9
”hnﬂuaamxzaaumuu"lﬂanm‘lwnmimmﬂug{uﬂmawmlluumagaﬂawuaﬂmeqmaqwma
[ 09/' 1 1 3 = o [ @

(bathymatric data) A9HUaNNIN (5.6) Julaewilv H (Q) =0 amsu Q € ocean #adIn
oa.;l Y o = ~ Ao Y o 1 v W ~ = v 1
wuldsimslSeueuaisiuialdanuaiseia 3949 ga1tl (Sended1 RTSD)IAgn3
UszmaInnsa Ag gammiiaves RTSD Taens 14 spline interpolation 91931/ 5.3 naag

1 [ =1 2’ a = [ [ = <3 9
ANUUANANTEHIN Ag 1ag RTSD (i]ﬂﬂﬁllﬁu%\iu “o) L‘ﬂEJ‘]Jﬂ‘]Ji%@‘Uﬂ’Nqu\i“Ni]%H’i'ullﬂ-

Quantity Min Max Mean S.D.
RTSD -152.682 +177.530 -17.378 121.457
Ag -43.249 +121.757 -5.261 T11.151
Ag -149.995 +181.206 -19.861 123.277
RTSD - Ag -194.775 +125.953 -12.116 £19.666
RTSD - AQ -54.000 +88.064 +2.484 18.346

A = =1 aa . A =~ '
AT NN 5.1 MsulFeumeunaannues Free-air anomaly N&91U RTSD (Y1238 mGal)
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150

L] L]
100 :
| |
?—g: .
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2 . o
K
«c
§ °
2 -100 S — ® . =
[ad * [ ]
G .
-150 |
'200 T T .\ T T T T T
Q 200 400 600 800 1000 1200 1400 1600 1800
250

sEAUAINNGY (M)

~ 1 1 . 1 Yo o 4 [ Y
gﬂﬁn 5.3 ANUUANANTEHIN Free-air anomaly 910 DEM nNoU (Gl“]fﬁtlluaﬂ‘]elm “®”) LIAZHAN (1615

[

o 4 o Y Y . .
aanyal =) M3Uuun Iagles Delaunay Triangulation 118 RTSD

[ 1 v A 9 9 ¢ & 1 1 qu; = a ~ [ @ d A 9 [
FaANuFUNaA N Inagud FILTAINANIVNADIUNYANTIUNUTAIANUTUNUBIYUTUNU

G

v o -4

Y =2 o @ Y9y 1 A A o 1
ANINA1IAAINY HaI91nIINIsUTvuATeyanieslulasevisauvasufanid ag
o < vy A (o Y — = A a = a o 4 2
dunaiundeyanlivun A QAdMasuaNnI “=9)UANUUUUFANY RTSD  M1N8U

{ ~ aa S { !
M3°190 5.1 uaaamsnfTeumeuneannaziud ANUDeAVUIATFIVYBE ANUUANAI
RTSD - AG UU a1 8.346 mGal Tuyaiel RTSD - Ag Nyl 19.666 mGal 31/
5.4 UEAI AG ATOUAQUAZAIA 5°N - 21°N 1azanIAga 96°E - 107°E 4314 gravity anomaly

Yo o 4 a dy A A a
910 EGM2008  (15dyanbyal AQegyane) AN IuNUNTDUUBANDAANANTENUVTINUVYDY
o a o
Woua (edge effects) NWANIAUIUHIAIB0EA lao IFaums (2.16)
U7 5.5 0959 naawmamsszanan A Ag nl3euieunun Ageqy s M

Aa ~ = o W o 1 14 — Ao Y

HUIAzARAN 7°N D9 21°N auddy danadilaesinual A§ Nanyaznialasaasienny
A [} 09/’ A dg’ A =) ~ [ . [ 9 =
#1IAAUFNTUNNNINVLOITEUINGUD gravity anomaly 910 EGM2008 tazdiaziouds
Tn39er319A21W8102UF1901 INARSINY AG gy 0e MANIT Ag (Funadn Ag Hauviiy
L 491 d' dy d’ 1 dl S o 1 [
Aualununnza yayns uazuenveUwANUNYeI Ins g uMAsNAAIUY) Taaduna
Y o qﬂz} 1 a A ::21 & J dy A A a A o A A A
laganuauanuiazagan13eN Jull FuiuiunaeuuumiloazAganiiugatuianiead

IMEHAN (@ = 11°47'42"N) vo31szmea
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t:' . [ 1Y Y a 9 Lﬂy t:;
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Profile along latitude 21 °N
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Y v [l v
81999 WGS84 1oz nyaszAUd DI Urang uMeAimzran aauaasluaisiei 6.1
9 U a ] A a’j 1 A o = o
TumsilsznaanuTduanianyianvenaauduludiuiuuuiiaeiiessa

anell Tagmwzusnaionandsliingia Bmsdszunudronuuiiaogilszmea

)}

= . . A A LA QY aa &£ A [ o 49} Ada
1AM (Residual Terrain Model #301Mgug031 RTM) 1 uasniieh mnzdmsununids
I { ] % awv A, 3
Uszmeanilumenmn ldansodndald [16] &1 Hirt et al. (2010) 1dFpp1398'13 3508
L o Y 1 a Ay ¥ Nq Y A
fugnnmsiuernnuTduosiani ldvinulamsildseanuennaueiiesn
o 1 d' d‘ a d! Y = d' ] g/l [
Auraruanzdiuinlsnldsuvesgiszmageazioutaniueninausiedu aeeg

1 = = v 1 dy
ﬂﬁ?’mﬂﬁﬁ]ﬂzlﬁ]ﬂﬂﬂﬂﬂﬂqﬂu

Y o a A
7.1 9z UANAAINUUVDIARINNUsZINAIABIYID (Residual Terrain Model)
upuirasagiitlszmasmmaediunil luiimsaanougidsemanion ¥ lums
fMUIUNIHIVODEA 198 Forsberg (1984) TagdTil Iammuaniseaumasniinnuis sy viaas

A A a 9 a dy Y ~ A 1gYa Y a a Y @
Nogmiloridedailazgnuineenluvaz iuraasneglanisisdsszgnidud ldaaaslu

2
v A

= g = < Y
317 7.1 mavesnsznuiiawnsa@uiuaums 1dadl

h. -
oA, = kpiﬂpr—szdzdydx, r=J(X-X)2 +(y-¥p)? +(z-hp)? (7.1)

ef

Y
A

Tagh E fodundumnin h uag h unuanugeuesdsedwazanugeueagidszmst
awddy aumsi (7.0 aunsadiuaa I8 lugiuooves W luidiamust (finite clements) Tag
Tdwasmvealsduswon N Usduunuag1d
N Xy
— X2 Y2 h
OA; = Z(kp [[| xIn(y +r)+ylIn(x+r)- zarctan; I 15 I, )i (7.2)

i=1

AW h ¥19INANVGIVOI 3 arc-second SRTM a9U h,, AIUINDIN HUVTIABIANNGA
9 o a = 4 a IS A 4 o2 [ a
DTM2006.0 [24] AedulseansasuetlndAnIILaze0sIABT0Y 2160 AYETNNITN (n.3) Tu

= osj a 1 Aa v Y a I a A A I
NMARUIN D Gluﬂi‘mﬂﬁ@]\iﬁllll@]§1u’ﬂ‘v]N’Ji%@‘ﬂﬁﬂx‘l’@ﬂlfﬂuN’JLSEJ‘]JLﬂE]TJi]%LﬂULm’JST]J
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DEM Topographic surface

i \ * > 1’1
Nref h - Dres /',
v

- _ 3 -
Density = -2.67 g/cm? | Density = +2.67 g/cm geoid < X

Mean elevation surface h

31U 7.1 nuuaesgiilsemaauimae (Residual Terrain Model)
aumsi (7.2) aunsndsznald [16] Taomsaaneuvesgdinszdudiomsaanounuuyny
A9FUNITN (7.3) Adid
8A, = 2nkp(h-h,)-C, (73)

$ 1 4 a { 1 [ o L 1
¥1 C, Aoawdiosninanmgiilszmaluaunsi 2.8) Tuuni 2 anwduius luaumsa

(7.1) 4 (7.3) Refined Bouguer anomaly H301liguten Age, dunsoiiouldlumenves SA,

€
(3

ail
AQgrs = AQg -0A, - 21kph (7.4)

<3 1 o 1 J ! = Y J
vt ldmmiwdugns 2nkph vandn T luaums (7.4) a2 ladieumnumdoz e

1099 (Faye anomaly) A4aunsh (2.5) Tuuni 2

Y 1 Y
7.2 msdszanamnuling 1908 RTM
9 1 a a dy A oA Y
Mstsznannylduoasinanusnanuimen lagn1s 1y RTM azilszunm
2 4y da o z X2
MAZAUNINNNTZADANUFIAA 500, 1001, 2004, 3001. taz 400u. Au'l)) Fanseoungy
dy A A Y Ao (=) v 9 o Y
Huinnmavideaouvunazazuan N8 lulinisTadoya mon 8A, drurmlagld
Y v

Tdsunsu TC [16] ADNUUITIRIUIU AQe IHANMITN (7.4) TABRIUIU AGcayy so0s 1D

HUDTI0IEINA EGM2008 (13 1.1 Tuaianuan n) d1msy Ag,

46



< o ¥ Y 1A Aoy ya =

Tuumiinisdiuiun Agy, a1ndeyannulduarnianiialanaaiill RTSD

o =} I 1A o A = o = Y

149U 3949 aronil A C, ilumingafiudunanIll RTSD §1u9% 3949 aoitlasasalagly
an o Ia 4 . A AaR

a‘ﬁmimmmgmu"lml"lummamum (finite elements) mawaiammﬂwmm 3 arc-second

o o {

SRTM (gerums 2.8) TaeldTalsunsy TC wnumsdamuumsudawuuyiFes Tuaumsi

o U dy d‘ o'/ 1 [ v @ = [ 9 U a A’
(2.17) dwsuiuiingaiion Insuazduaniuda liimsdannuTduarwiannumeia ive
AAANARIAIAADUVDIANITODIAUTNUYIOHINIAIN NsdszuimAIuens9iA
v Y v
(extrapolation) 39 1A1Y AQ ey s00s 1AM 108 1FAITS landmask ANWAzIBoaFeluNgaly GMT

[36] tioRNToyamNLLIERINZ InoE 1Az IDEn

Quantity Min Max Mean S.D.
Agqe at RTSD -140.042 +210.743 -6.068 122,615
AQ com 2008 -106.465 +243.827 -3.673 122.007
Ag,, (RTSD) -124.691 +201.270 -4.857 +22.703
AQ; (400m) -124.434 +95.884 -7.772 t18.562
Ag . (300m) 124,125 +95.884 -8.231 +18.641
Ag, (200m) -121.665 +95.884 -8.923 +18.819
Ag,, (100m) -78.197 +95.884 -10.343 +19.694
Ag,, (50m) -78.197 +95.884 -10.665 +19.678
Agre - Ag,. (RTSD) | -128.991 +38.234 -1.210 +5.752
Agre - AQ,, (400m) | -60.684 +142.565 +1.705 +9.657
AGre - AQe (300m) | -60.684 +142.447 +2.163 t10.108
Agre - Ag,, (200m) | -64.408 +142.478 +2.856 +10.565
AQqe - AQ, (100m) | -88.386 +142.480 +4.275 +10.953
AGqe - Ag, (50m) -88.386 +142.480 +4.597 t11.151

M13199 7.1 manfSeuiieuneadaved Faye anomaly 911n403an21u THU69WAW RTSD 3949

@011 EGM2008 tiag RTM AT9UAQNazAYA 5° — 25° N 1azanddgn 95° — 110° E (Wi

mGal)
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(M) (V)

(M) )

C)) ®)

31N 7.2 AuABMEETININ AG. . UDT A rauans (M RTSD () 4001, (A1) 3004, (4) 2001,

(@) 100%. t1a (R) 503, (1178 mGal)
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o a A N ¥ dy A o Y dgl a
MIMUIUIAIT008a laveeiuid uinesn llldunluasounguazaga 5° —
1 Y v
25° N 1182009A9A 95° — 110° E WoaaNansznuUTnaue Ui (edge effects) Tunsinou
a'/ 9 [ dy d‘ dy a d' T 9Jq 9
T29%u (convolution)  dmiunNuNnIANUAUNogIsenIINALAUTzIne Tne 18 149
9 v Y v
A eem ooz WA 11 wdenimiudaldmunmaunteves Agg, lunsaziuiniavuia 30
an 9 o M A . 9 1 &
wala Taen 131971849 blockmean 11 GMT t1iloaq alias effects YDIT0YAVIAFINGANA NS
o A 1 ° 9 v dy A 09/1 1 A 1
WMsnszaean luaduavevesdeyalunaaziun Yuneuds llaomsdszuian
' Ay Y & Y A
Glusmmgm (interpolation) A28 spine interpolation (T = 0.75) Ty GMT VUADUFANIYADNT
o v J o 9y Y A A = a o ]
wwewruynsnaudn 1 Tasns ldaundoanugaianuaz®oadadumia 30 arc-second
mmmué’mmmmqq 3 arc-second SRTM Hafi lade Faye anomaly N30 Ag .. M50 7.1
HAAIAININADAYDL Faye anomaly dzdunalain Ag . fdndoyaianuguanaiaiusl
1 1 1 [ A ~ [ A N o 9 J = Y ~
a lduanaiunndedfiouny Ag,. fdoriidannuliunae 3949 do1il sndunsdives
Ag.. (RTSD) N lufimsidn RTM 19114/
Uil 7.2 uaaeAuAmna 119521919 Ag., uay A Noud
3UN 72 UTAIANAYIMABVOINAAINTEH I AG, . AL AQggy a0 PTOVTA
TassadennueMAaUTNeUIFUINANY IiuD 9000 1wFunaauaumaslivuia lvg)
a A o A < dy A A ° 1 @ =& Y
VINUMAKHonduUULazAz TUANToINNTUNUNNNANUGIRANANAUINAFI T NOU
= .. a e 9 A = = o
D9 omission error Y99 EGM2008 Tuu3naitinou119g (Uszua mGal) Wenlsesumeuny
Aa ~ 1 <3 [ <3 1 ~ Y
UsnuNsTwMAna (Uszua mGal) o619 lsnamsgdunamiui Tugdniwi 7.20 uaaqld

a

= = Y 1 Ao =~ a A ald' a v A
Lﬂut]ﬂﬂ’ﬂill@u!,f)EN"’U’ENﬂ?lWiJiuuﬂﬂﬂﬂﬂﬂNTlﬁVlNVlﬂﬂNﬂﬂLWU’éJGlﬂLiJ@LVIEJUﬂUN’JGUEN

=W 1

EGM2008 (mamiilelinoglszuia 0 — 80 mGal lTuamzimaldfiaeglszaunm 20 — 5

mGal) 030181471 Yeyan1w Tdunandrumn bildiavunyandangiunns anwli

QA =

9
urueulumsiaszauanugevesaminings o 40% vesdoyananuaiierguinnii 30

= A dy 9 [V :/I I [V v o J Y a ~ ~ ~A A
1 wonNMieMINHLAINTIANIHNAT UM IAUUUTUNNS 019990 1nd 11 g, WEITDIULAYD
v '

A90gNM91A15ANN THNEIAAN NTUUAUANKNT NTUNNI FIAWITIAINITHINTAUIN
k4 ]
vssaudnuryaaIuquan Idud e anuuuduysaiseADUFUMTIns o a1l
I <3 ] 1 : o a v o 3 o ]
1103914 FGCC (0813 lsfaulugaanariinsuusuiinmisduiiumssaiarude lulivya

v
o 1 ~

@ A < v AA o o o Ao Y a A
ﬂi]llﬂllll;llllﬁllyjim) VIﬂaW’JiﬂuLﬂu{Iﬂfﬂfn/]Nuﬂﬁqﬂﬂnﬂ‘ﬂ11Wlﬂﬂﬂ’311]ﬂa1ﬂlﬂa@u’ﬁgﬁ'llblu

9

Y do ny
Joyaninla

[ a d A
7.3 Waﬂ15ﬂ11r!'Jﬂ!ﬁ]ﬂ?"ld]@ﬂﬂﬂﬂinmﬂﬁglﬂﬂﬂ‘nﬂ
(199NN IAMUIUNIHIAIIeD8A Iae lFaums (2.14) Tuuniaeuivldnarlums
Uszuamallszunm 22 v, (Intel Core 2 Duo 2GHz) & himuzausomsilsziiuanugndeq

o ¥y -— v ) & Y~ ° o =
Gluﬂ’]iﬂ’lu']mi]’lﬂﬂ]@ll”a AgTF ﬂ']ﬂﬂ'J’lll'L:'f\i‘luuﬁﬁgﬂ53Lﬂ‘ﬂc]f\iﬂgﬁﬂ\iuﬂ'ﬁﬂ'lujmﬂﬁ'lﬂﬂiﬂ N
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1414 Stokes’s  integration @28 2D-FFT  [20]  aeldmsdszanauussuiy (planar
. . 4 Y o 1 Aa = 1 I
approximation) ¥ 19aa1lumsduaa lidunn @szuna 20 3ui) edrelsnmuransgnuan
kernel 1uM3 convolution 11 Ag.. i ldiAaanumanaonlulasseddunnueaauyi
o 3 2 o g 9 @ Y [ A 19 Y a A o
o1 asiudsiniudesuialnssadngneneeniie lildinannuaaiamasulumssiuin
] 4
ioannnansenuil Tagld (reversed) Butterworth band-pass filter [15] Tastdon cut-off
g S 4 4 e :
frequency MHNzANNgANUIZIUANVEINAUN 15000, (FuTuHaINMINADIGUHAIY
1 A I Y [ S A Y o v 9 A A A 09/1 [ .
Ao ld ldwaaninanga) uaz laivdadoyaniinnunaudunidi Nyquist  frequency
(fy, =1/(2Ax) vag f, =1/(2Ay) Tasii Ax =903.9u. uaz Ay =927.7u) pon liioan

'
[ =)

Y Y Y 1
ripple  effects 1UMIMUINATIHIART 50% zero padding FOUNURRMIUNDAA cyclic

convolution
Type Min Max Mean S.D. rms

RTSD only -0.118 +1.817 +0.986 10.233 +1.013
RTSD & 400m -0.118 +1.834 +0.978 +0.234 +1.006
RTSD & 300m -0.118 +1.834 +0.978 10.234 +1.006
RTSD & 200m -0.116 +1.832 +0.977 +0.233 +1.006
RTSD & 100m -0.114 +1.832 +0.980 +0.232 £1.007
RTSD & 50m -0.112 +1.834 +0.980 +0.232 +1.007

A ~ ~ aa ' o . .
AT NN 7.2 ﬂﬁL‘]JiEJ‘]JL‘V]EJ’U‘VINﬁ'ﬂGW’EN NKoLak -N naUNITVIN tilts LLaY distortions

Type Min Max Mean S.D. rms
RTSD only -1.107 +0.736 0.000 +0.226 10.226
RTSD & 400m -1.102 +0.756 0.000 +0.227 +0.226
RTSD & 300m -1.102 +0.755 0.000 +0.226 10.226
RTSD & 200m -1.100 +0.753 0.000 10.226 +0.225
RTSD & 100m -1.100 +0.754 0.000 +0.225 +0.225
RTSD & 50m -1.100 +0.755 0.000 10.225 +0.225

d' =~ ~ an U [ . . .
M3°199 7.3 Manfseumeuneannves N, - N WaIn13994 tilts 110 distortions
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{ Aaa 1 1 J { o
M13199 7.2 1Az 7.3 taasdoyadiAnINLANA 19T HINANUFINDDIANAIUININ
(% [ == o =) o’d'o 1 (%
NYATTAVTIWINOE N, TI1UIU 265 YA LAzANNGIIeREANAILIn N noulazyiad
Y
o a o o
MIVTAANVDUID YA (tilt) tazANVLAe (distortion) Taens 1¥msUsuuduuvaauais 6

a 4 a o v . . . . n
Wsmesvesaums Ina lwliead1auaed (bivariate quadratic function %30 2™ degree

A

. . ° Y I =K = Ay ¥ ° 9 PR o
polynomial function) Waﬂ"ﬁﬂTL!'JmLLﬁﬂQblﬁﬁ’i'l!ﬂ\?'NW’Jﬁ]@@ElﬂﬂhlﬂiITﬂﬂTiﬂ]ujﬂ!ﬂ’Jﬂ'J‘ﬁuiJ

[ 9 d’dtg A = = [ Y U a 9
ﬂ1§ﬂiﬂﬂ§ﬂﬂ’3HJgﬂGI@QTIﬂGIJuUJ@L‘]JiEJ‘]JLVIEJ‘Uﬂ‘]JﬂTi‘]JiSNWmﬂ’ﬂﬂJiuuﬂ’NWﬂ‘Wﬂ’Jﬂ

AanuduiufIFudunazauaNgaIaueN1AYDY Airy 118¢ Heiskanen 11UfD S.D. nouuay

[ [

9y v Y
PAIMTUIAANUDUBeIazANNUATe) TITeunar 23.3 . uag 22.5 s, IUYUNNIa04

axy 9 Y A o w ' < Ay v
A5919A014 31.4 wu. waz 273 90, (@1519N 6.1)  awd1ey o119 lsnauwai laninns

o @ 1

Aammeaanlumsnen 7.2 vie 7.3 lulduaasnnuuanaieesaiisddnssninems

g

a g ~ @ 1 @ A 9/ @ ) Ao (=) a g
MNUBYANTEAUANNGIUANA NN UK IDUNNTENINTUUD RTSD only ‘]/]ENul,iJiJﬂﬁLG]iJ"UEHJa

U
k4

a 1 a Qa.ll 1 d 4 Y

9199205118 1991 maaudoyatiuaziinansznuae Inseds 199999 008a319A WO IAAUTY

1 z 1 dyw Y ~ = (] ~ 1 o 3 AAa A oA 9 o =
mniu luduiidideslimsdnyiedaazideaas 11 auiunisniidessan ldannisaiuiail

~ [~ 1T a A o a o
ANMTEUUUNIATTIUNTD rms TosaaaslniuAITessataMUULTARY N, 410
2 A4 VoA H ° ' Y a AN Y YA ~N v
Ju Miwuiiingannduasumssunwigidszma 2laudnaoiiialasaswumu
o a 9 Y [ o a 9 [ 9
AMurauUnIALdMANaI9InmMsiinaadeya Usenouiuns 1% Butterworth band-pass filter
Tumsaanansznuraniznunzne lnaanuaaamasuluIaseadanuenaauyien
J o . [ -

Y047008AIN kernel 114NT111 convolution 1Y Ag

= 1 d' ~ 1 s A 1 1Y Y a tﬂy
gﬂVl 7.3 UHEAIANULANAN NKoLak -N NADIUITIVINBAUALAITEAUD NOINY
[ A ! @ @ @ [ [~} J a
Waﬂ§1uﬂ1\1ﬂ\1ﬁlﬂ1$ﬁﬁﬂ 265 @011 ¥AIN15UIN tilts 11ae distortions IHUNARUIT VT I
= 1 A J dy Ao @ =
MAMUIABUUUILAZABUAN UTZIVATUUST BUWT aznuNlInzueon YYU1IANIN

' 1 < 1w T @ 1 a
UANANYTEN 0 — 15 . ’E)EJNUlﬁﬂ@”IﬁJUNLL‘VNENfIﬂ"Iﬂf’JH%NI@]ﬁQ 1 1UAT NANIDYINV TN

Area Min Max Mean S.D. rms

1 17.5°N< @ <19.5°N and 98.0°E <A <100.0°E +57 | 42522 | +655 | £339 | 1738

2 15.5°N< @ <17.5°N and 99.0°E <A <101.0°E +20 | +2000 | +211 | 3277 | £348

3 15.0°N<@ <17.0°N and 102.5°E <A <104.5°E | +115 | +631| +173 153 | X181

4 13.5°N<@ <15.0°N and 99.5°E <A <101.0°E 0| +538 +30 | £51| *59
5 8.0°N< @ <10.0°N and 98.0°E <A <100.0°E 0| +1548 | +96 | *171 | X196
6 6.0°N< @ <8.0°N and 99.0°E <A <101.0°E 0| +1196 | +49 | 107 | £118

A 1 aa o a dy A ] <
ATNN 7.4 mmmmaﬂynguﬂﬁzmﬁiu 6 NUN (wu%m*ﬂumm)
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TR eL UATAS 5ITNIIY 5EHINAZARAN & - O°N 0 1mazliaunanInIndoyandy
Tdun2anda aalananldludonihnuda menazastsasuanuaaIAAAB A NIZUS AL N

paziifladonnninmanszaealvestoyaniim Tiuo 1 danazanyuznagiidszimaves

¥
A A

e nyo A A A A A dao ] A = =
WUN ﬁn"lﬂ‘vma@ﬂwummmaaum 6 NUN maﬂyngﬂum@ﬂmqq NIV ‘qu\‘]‘]hi.!ﬂaN
d‘ a o:/ dy d’d‘ 1 9 1 a S (% d‘ d‘
VIET‘QGIWMEJFJQVI&Q gagnunnan N Idua 1w niaulsdsou muam“lugﬂmauamaau

A o d' 9J aa 1 dy d‘ d' d! d' 1 dy d’
ﬁm‘lug‘ﬂm 7.3 uazmauﬁaﬁammgmaxwuw’lumﬁm 7.4 FFAIANNFURATUAASNUN

FZHI 30U, D4 6604,

' [ Y ' 1
UM 73 anuuanae N, -N Aaoiisiniiieauazmszaudedaiiumang mun1ensd

INIZHAN 265 D1 NAINITUIA tilts 1AL distortions (WUIY LIAT)
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= =S

d‘ = 1 1 d‘ =) A

7UN 7.4 897.9 2naNTHALWAAINMANUIANAN N, NaDIlTININRALAY

1 v 9 Aa dy o A A o Y Y 1 A PR 1A
MIzaudndanurdngumeaa: N AdwnunndeyannyTiuadsianlunsad il

v E4
M3IANRTM  N5IAY RTM  N52AUAINGA 4000, 3008, 2004 1001, Loz 501, Au |l
o w &’f dy Ady ~ [ AN Yo [
AdIAY 119 6 NuNfdoanisasivae (937 7.3 Ysznew) wasnni lashimsviaanuey
= a dy v o Jdo 1 dy
peuazaNuiiadied Tasvinavesglinsvazduiusivyuavesar Ny, - N uenani
TugddalduansauabraoszriteanuTduaniawonndszuialduazanuuodiaes
I o <3 R A Y v Aa = < A v
EGM2008 11un1nnas aziiunauebmasvedny Idvanianlvinadnaazianyae
ADUTIUSoUNAIMIAN RTM 9Ingluaaimsnszaeiivesdoyanu liuanannaniiaeg
1 (% A a cs' d' A o
wrnulszanm 2.5 - snu.mselszu 1.5 - 5.0 aual) (ANIAUTAUATDINVIIUINTA “+7)
dy A A = [ A dy A Y =X Y [] a dy ~
Tununusnamen Tagnsiaauuuiouunienunfasadde1d wu vFnaium
Y [ Y v
AUAz TU0ONVOINUNMLIIAY 1 ADUUUVBINUNMNILIAY 2 VTNUTOVINDNIIAZ U
Y [ Y [
Tuiuivaneiay 5 HazuTNUTPUINENNUATATFITUIY EIUNUNTUFGIMINAY 5 1ag
Y 1 1

VINUADUANVBINUANIAY 2 MInTzatealvestoyanialusi92.s — 15 nu. (150

a JRIF = @ Y ' Y]
1J5$3J1ﬂ! 1.5 — 8.0 ﬂ‘].]ﬂ?) Glummwwummwmmml 4 i]%iJﬂ1§ﬂﬁ$ﬂ1ﬂ@]3ﬂl@ﬂﬂlﬁyﬁﬂﬂuﬂﬂﬁ

1 A a [ ' J d‘d
Wadlszana 5 — 20 nU. (W3UTEIM 5.0 — 10.0 AUAY) dAUNANAT N, -N NUVUIA

~

1 dgl 1T A A o 1 (% 9 1 1 9 1 [ 1 1
Tana1 0.64. mu"lﬂilzagmnm‘mmum‘mmi’mmmiunmdﬂeumwn gnNADE1TU T
dy A ' = = S zﬂy A
Wunneay 3 a1 Ny, - N Junaladg 0.9u. uazlvua 0.6 — 1.1, Tununvunsay 4

A Lﬂy A 2 A a [ A 1 =
Tuvagniunvnemy 1 auanyazgilszmemiumanungaa N, -N Jvinagaga
= 1 1 <3 dy A 1 = 1A @ v @
ieaun 0.2u. 0819 lsnamluiuiivineay 5 a1 Ny, -N Jvnalvgusnudmianan

= a =) 2 [ = A A
A0 1.13. 1ag 0.74. VSNUADUIMHIUBNIIHIAUATATFITUIIY THymzd A NKoLak -Nn

b

[ d‘ =1 <3 1 [l A v o W A 1 dld 1
MyATINUNVIIAaNN IR NTEd A ABlszina 0.01 —  0.34u. AnTvIIATavai
9 ~ = [ = 1 = 1 S A @

wAvlimsfnyedazideade lilswdimasvaeuguninvesryaT IO aLa ITAY
d‘ = = = an 491 d' =
M13199 7.5 99 7.10 aaamsifFsumeunadaves N, -N 1w 6 wui Tunsal
H v E4
1 lilmseu RTM n3ains@y RTM f52AUAINEI 4004, 3004. 2001, 1004, 1A 501, YU
o U ! 1 IS} = 1 o 1 AN v o 4 o U dy d'
Tamdrdu a1 ms Tundaznsdl lilianuuanannuedniitsddydmsuinuivuneay 3
= ' < ' o @ 43’ A = 9 AAy
83 6 9819 15AA W A1 rms dmSuRURKBEY 1 uaz 2 Tuud TduvnaasasnnTunsaii
a = AA a A dg‘ v 1 dy A 1
@y RTM  TJoudansaifidy RTM finnuga sou. 3ull) sndrediiuiivangay 1 A1 rms
Y 1
WA 0.113430. 0.114230. 0.112730. 0.1048%. 0.1044%. 1@z 0.10423. MUEIRY LaZHUN
' 1w o w <3|
MUNBIAY 2 A1 rms A 0.097230. 0.095634. 0.092741. 0.09263). 1A 0.0885%. MuUEIA 1T AU
o oA 9 Y I ' Y a @ 9 a A J v
ninwadns i lauaasliiunldinanmslsuljesnnugndesvesiilessdnaiainnszuim

2 T ' H
MIAY RTM dmsunuinlianyazgidszmauanaien (13199 7.4 uaaamasnnuga

VOINUNHINBAY 1 tag 2 (MDY 655 (std = £339) 1. tag 211 (std = 1277) ¥. MUE9L)

53



{ 1 § { @ [ . . . n vy
51U 7.4 aAnumanawod Ny, -N Tu 6 Wuivnaensvida tilts 18 distortions N5l 1314

UszinmdoyaniuTiug29910 RTM 9addt “+ ugasdumisaniinnu Tduneinia

Area Points Min Max Mean Range S.D. rms
1 14 -0.1691 0.2135 -0.0179 0.3825 0.1162 0.1134
2 19 -0.1838 0.0492 -0.0694 0.2330 0.0700 0.0972
3 30 -0.8969 0.4534 0.0199 1.3503 0.2167 0.2139
4 28 -1.1073 0.5964 0.0278 1.7036 0.2901 0.2863
5 23 -1.0911 0.7366 -0.0364 1.8277 0.3152 0.3104
6 8 -0.1207 0.1786 -0.0043 0.2993 0.1091 0.1021

d' = =) aa dy d‘ v 4 . . .
M3190 7.5 Mafseumeuniadaves N, -N Tu 6 Wunndan1svda tilts uag distortions

Tunsaili1ddszmnadeyannuTiuaeianen RTM
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] ¥ ]
UM 7581 Ny - N T 6 fiufivaamsuda tilts uaz distortions n3diszanmdoyanam

Y A d? A o ) ] = Y Ao
I‘Ll‘lJi]’Ni]'lﬂ RTM ‘VIﬂ’J'IiJZIQ 4004. 6U‘L!hl“lj i].ﬂ’ﬁﬂ1 “” uammummﬁmummiummqmﬂ

Area Points Min Max Mean Range S.D. rms
1 14 -0.1670 0.2148 -0.0050 0.3818 0.1184 0.1142
2 19 -0.1781 0.0582 -0.0655 0.2363 0.0715 0.0956
3 30 -0.8967 0.4604 0.0211 1.3572 0.2172 0.2146
4 28 -1.1019 0.6001 0.0324 1.7020 0.2892 0.2859
5 23 -1.0862 0.7559 -0.0361 1.8421 0.3164 0.3115
6 8 -0.1281 0.1817 -0.0038 0.3098 0.1117 0.1046

A ~ ~ aa A A o o . .
AT NN 7.6 MySeungunNanaved NKoLak -N Gl,u 6 NUNHAINITVIA tilts LA distortions

=} 9 9 U a d’ 7 tﬁg}
TunsaitlszanadeyannuIdua19wianein RTM szaunnuga 400u. u )

55




v Y v
5UN 7.6 1 Ny - N 11 6 Hulinasmsuda tilts wag distortions ndilszanadoyanim

9 [ d' d? A o o 1 )=\ 9 1 d'a/
1111829910 RTM NANUFI 3004. "llull‘]_l YATAT “+” waasd g iau liun19nda

Area Points Min Max Mean Range S.D. rms
1 14 -0.1753 0.1941 -0.0105 0.3693 0.1165 0.1127
2 19 -0.1805 0.0521 -0.0637 0.2326 0.0691 0.0927
3 30 -0.8971 0.4570 0.0209 1.3541 0.2169 0.2143
4 28 -1.1020 0.6020 0.0324 1.7040 0.2894 0.2861
5 23 -1.0884 0.7552 -0.0362 1.8437 0.3167 0.3119
6 8 -0.1253 0.1819 -0.0032 0.3072 0.1115 0.1043

A = ~ an dy A [ @ . . .
M3°199 7.7 Mafseuneunaannves N, -N 116 Wunvdimsuda tilts uag distortions

= Y 9y ' a A @ d?
Tunsdldszunadoyanim Tiuareiiann RTM fszauanugs 300u. yu'l)
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v Y v
5UN 7.7 81 Ny - N 11 6 Hulinasmsuda tilts wag distortions ndilszanadoyanim

9 [ d' d? A o o 1 )=\ 9 1 d'a/
1111829910 RTM NANUGI 2004. “Uu'l‘]_l YATAT “+” waasduisaaiau liun19nda

Area Points Min Max Mean Range S.D. rms
1 14 -0.1448 0.1909 -0.0063 0.3357 0.1086 0.1048
2 19 -0.1778 0.0488 -0.0638 0.2266 0.0690 0.0926
3 30 -0.8939 0.4578 0.0212 1.3517 0.2156 0.2131
4 28 -1.0999 0.6016 0.0309 1.7014 0.2891 0.2856
5 23 -1.0895 0.7536 -0.0356 1.8431 0.3170 0.3120
6 8 -0.1253 0.1805 -0.0032 0.3058 0.1113 0.1042

Ld' =) = an Ay t:‘ % % . . .
M3199 7.8 MafFeuneunaannves N, -N 116 Wunvdimsuda tits iag distortions

= Y 9 ' a A @ d?
Tunsdldszunmdoyanim Tiuoreliann RTM fszauanugs 2000, u'l)
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] ¥ ]
UM 7.8 81 Ny - N T 6 fiufivaamsuda tilts uaz distortions n3diszanmdoyanam

Y J A tig} A o o | ~ 9 ' Ao
Tuumﬂmﬂ RTM NN 1004. ﬂlu”lﬂ YATA “+” me@]nmmamummiummmm

Area Points Min Max Mean Range S.D. rms
1 14 -0.1446 0.1881 -0.0074 0.3327 0.1081 0.1044
2 19 -0.1754 0.0480 -0.0622 0.2234 0.0647 0.0885
3 30 -0.8997 0.4617 0.0221 1.3615 0.2172 0.2147
4 28 -1.0996 0.6007 0.0310 1.7003 0.2890 0.2855
5 23 -1.0871 0.7537 -0.0349 1.8408 0.3167 03117
6 8 -0.1323 0.1827 -0.0037 0.3150 0.1141 0.1068

A ~ ~ aa A A o o . .
A1TNWNN 7.9 MySeungunNanaved NKoLak -N Gl,u 6 NUNHAINITVIA tilts LA distortions

=} 9 9 U a d’ 7 tﬁg}
TunsaitlszanadeyannuIdua19mianein RTM szduanuga 100w, yu )
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' F4 1
JUN 7.9 a1 Ny, - N Tu 6 wuiinaamsy

Y]

=

A tilts LAY distortions NI U

Y
Uszinudoyanin

Y 1 ~ d? A o o ] ~ Y Ao
TL!‘JJE]’J\‘I“’IHﬂ RTM NAUGN 504. mu”l‘ﬂ ATA “+” uﬁﬂamgmmﬁmummiuumamﬂ

Area Points Min Max Mean Range S.D. rms
1 14 -0.1451 0.1877 -0.0069 0.3328 0.1079 0.1042
2 19 -0.2254 0.0818 -0.0624 0.3073 0.0732 0.0947
3 30 -0.8994 0.4623 0.0220 1.3617 0.2171 0.2146
4 28 -1.0979 0.6002 0.0298 1.6981 0.2884 0.2847
5 23 -1.0869 0.7550 -0.0342 1.8419 0.3163 0.3112
6 8 -0.1342 0.1837 -0.0038 0.1148 0.1074

d‘ = ~ aa A
M31990 7.10 MafFeumeunianaves N, -N Tuen

0.3179

UNHAINTVIA tilts LA

. . S 9 Y a ~ [ 42‘
distortions lunsailszinadoyaniuIdunreianain RTM hszaunuga sou. Yu'lal
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U Y Y \ a d'u U = a & ti
7.4 fﬂ‘iﬂ‘§3"{]1£lﬁ’Jsllf’JQ"ll@ﬁﬁﬂ’.)“miullﬁl’N‘WﬂWTI’Jﬂﬂﬂﬂ’J]Nﬁ%!@ﬂﬂ!‘ﬂﬂ‘WHﬂ
v 9 dy ya = @ @ Y Y 1 =~
Gll!ﬁ’J“UﬂullﬂW%ﬁm'lﬂﬂﬂ"liﬂi%mﬂ@n‘ll@\‘]ﬂﬁﬂi%ﬁ]"lfm’Jﬂlﬂﬂﬂlﬂgﬁﬂ’ﬂiﬂuuﬂ’NWﬂW
Ao o = a dy A X o o Jo .. o a A J
NIANUANNALIDIATINUN FIFUNUTOV omission  errors  TUMTAIUINNITHIVOOUA
d‘ . . =W = = a
1199910 omission errors 1 EGM2008 4a11seunat 2.5 D9 4%, 1iaze199zlviin lausi

A 9

Y v
ionuga [191,20] Asriumsnszaiearvesdoyai ianazmslszanadoyaasgnivazidon

a dy A 1 v 3 = 1 .. A a d?’ A a
IFINUNNUANANNUNIZTUNAAD omission errors  NIZINATU TAgTIN WBIHIUTINAAIW

A a dyd Y o (=1 a ]
Aaando Ui 1a11n5Useunal refined Bouguer anomaly Taelailinsian RTM ag
ATAYUIA 1'x1'(2N3.x 2010.) 2'x2" (3.603.x 3.6030.) LA 3'x3' (5.50%.x 5.503.) TAwn15 1% spline

[ 4 v

interpolation (T = 0.75) aafi lanan luudrlumeudu ndsmindsdmmiun N Taeh 1y
o KX K | . A [ Qs}l o =) = (%

AT9D indirect effects  TUAUAITN (2.10) 1IN UTINTUToVNGUAY Ny 005 910
[ o . ) Aa ]
HUVI1a999REATINA EGM2008 A13 191 7.11 taaaamaadaued N - N gy so0s 3109 7.10

4 H
o (% = = a

Z & 4 o da o
waad rms Y99 N - N gy a0 TMTVNUNN 6 WU (90151991 7.4 Usznen) NUanYaIE)N

U
F4 1

1 Y ] ' o A ' Y
Uszmauanareiu szmiu ldmuivanemy 3 — 6 imsiaNaziBoaiioanonoszal omission
4 4 A A J2 o
errors N1 33, NnWazRen 3 alan Tuvaginuivuiomy 1 uaz 2 Ua1 ms Yszana 105w,
1Az SHU.AMWAIAY FIHINABINITAA omission errors 1Hog luszAY 3wu.a3li) msTannw
Tdunenanasaziinsznedviniulszana 1 uaz 2 adar mwdeu 31U 7.11 - 7.16

A a oo X4 A
waAd N - Nipgya0e IHUANUNNANNAZDIATINUAN 1 2 az 3 aan

11.000

10.000 ,l

9.000 / /
T 8000 e
G 7
‘3 7.000 7 —¢ ‘Areal
2 P —— Area 2
g 6.000 pZ —4& :Area 3
= " ——Area 4
= 5.000 7
E , —¥—Area 5
©  4.000 X —0— Area 6
£ 7
= 3.000 7

2.000 —_—

— s
1.000 — ==
— —
0.000 T ; }
0 0.5 1 1.5 2 2.5 3 3.5
auazidua (Adan)

o ' - a a &4
517 7.10 Root-mean-square YDIANUUANANI N - N5\ 0003 NMANVALIDIATINUN 1 2 LAY

U

3 aden
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Area Res Min Max Mean S.D. rms
1'x1' -2.010 +6.870 +1.847 10.969 12.085
1 2'x2' -1.970 +12.450 +5.511 12.747 +6.158
3'x3' -4.000 +20.900 +9.097 t4518| *10.156
1'x1' -0.900 +5.190 +0.712 10.690 10.991
2 2'x2' -0.600 +11.530 +2.164 12.070 +2.995
3'x3' -1.100 +17.500 +3.636 13.494 15.042
1'x1' -0.300 +1.210 +0.428 £0.170 +0.461
3 2'x2' -0.690 +3.410 +1.286 10.494 *1.377
3'x3' -1.000 +5.600 +2.141 10.826 12295
1'x1' -0.200 +1.650 +0.331 10.215 10.395
4 2'x2' -0.400 +4.850 +0.995 10.645 *1.186
3'x3' -0.700 +7.700 +1.665 11.084 +1.987
1'x1' -2.180 +1.820 +0.042 10.289 10.292
5 2'x2' -4.570 +2.330 +0.130 £0.807 +0.817
3'x3' -8.100 +3.800 +0.189 *1.392 11.405
1I'x1' -1.050 +2.910 +0.094 10.228 10.246
6 2'x2' -1.580 +8.070 +0.289 10.678 10.737
3'x3' -3.700 +13.200 +0.469 t1.174 +1.263

~ 1 an
MINN 7.11 MANTDA N - Ny 0008

o a a4 o4 - :
NANUAZDIAFINUN 1 2 1o 3 aUan (e )
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= ' d' = A A A a A A
JUN 711 AN - Ngy a0 NANNAZDIATINUN 12 oz 3 Ao Wy 1
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~ ' d' 2 A A A a A A
JUN 712 ATN - Nigy a0 NANNAEBIAINUN 1 2 1oz 3 a1lan Wunvuneay 2
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= ' d' = A A A a A A
JUN 713 AN - Ngy a0 NAINALBEIAFINUN 1 2 t1az 3 a1lan Wunvne@a 3
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~ ' d' = a A A a A A
JUN 714 AN - N gy a0 NANALBIAFINUN 1 2 t1az 3 A1lan Nunviue@ay 4
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v [ Y v Y [
JUN 715 AN - Ny a0 NANWASDIATINUN 1 2 waz 3 allan Wuiivineay 5
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o . o s o A4 S
JUN 716 ATN - N gy 000s NANNALDEABNUN 12 A 3 A1lan NuNWIBAY 6
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UNN 8

uuvUdIaestesss THAII2G Uag THATI2H

o =S d Y v

8.1 !!‘lJ‘].Ifi]1%1@&81668]91‘111391?]’3131114“?)3Qﬁﬂw THAI12G
o = J A Y 1 A A o 4

mﬂwamsmamﬂmammﬂaaﬂwu@mmhmNWﬂw“lumm 7 ﬂﬂﬁfﬂmiﬂ

1/1i11Jmmﬂmmﬂﬁ@ummmmﬂszcﬁu (root mean square error W?@L%ﬂuﬂﬂﬁ rms) 10
o ~ Jd A ) 1 Aa A I~ = o 1A S o 9 1 =
LL‘U‘Uma’fNEJfJ’e)EJWHL!ﬂﬂTmI“LJN‘DNWﬂWLiJ@L‘IJSEJUme‘UﬂUﬂW’ﬂfJ‘c’Jﬂ‘VImujmulﬂﬁﬂﬂ‘l”iigﬂ'i’ﬁﬂ
~ J [ a dy [ A d‘ [ ) ~
NDAUASAITEAVD WOINWUNANTTUNWNAINNIEHANIIUIU 265 TD 1Y ﬂizmm +1.00 w. nay
1 o %] = a dy 1 <

10.226 4. NOULALHAINITVIANIINIDULD B (tilt) MagANUUALLYT (distortion) fJEJNVl‘iﬂGmJ

NUNN 7 WUNRADIUIWINOATIUIY 12 d91HUNNT8gVTNIUNMANI DU lvig

Aa A o 09/’ A I ¥ o = s = Y A ~ v 1A A
nalna ﬂﬂuulWﬂﬁlﬁMlﬂllﬂﬂﬁHaﬂﬂﬂﬂ@ﬂﬂﬂlﬁquﬁﬂJzﬂQllﬂﬁﬂJm@ﬂ 200 @9IU LAZVYIANIANT

4 A 1 Jd T oA A v v A 3’
AU ( NO = -41 cm) Y934 EGM2008 891 19N UAND BV UNDNTSFUN VRN LA

U

v E '
9 ~

maenalan (global mean sea level) e lumIMuIMtARIMIMIANNTsULURDIDUIND

v o zﬂy [V A A [ ) I ¥ o = J Aa
ﬂﬁz“]ﬁ_lﬂ‘]JWlﬁ’i’aﬂﬁTLWI'NﬂQ‘VILﬂ'Ig'ﬂaﬂﬂl@\?ﬂﬁzlﬂﬁllﬂﬂ ‘Vlﬂ‘l/i“lmmumamﬂaaﬂﬂ%uﬂmm

9 1 a dy 9 Ao A 1
THua1NNANDIAUNTFDI1 THAIL2G

Area No. of points Min Max Mean S.D. Rms

Entire areas 200 +0.087 | +1.196 | +0.586 | 0.151 0.606

Upper area: (I) >11°47'42"N 163 +0.087 | +0.967 | +0.569 | 0.140 0.586
Lower area: (I)Sl 1°47'42"N 37 +0.407 | +1.196 | +0.663 | 0.178 0.686

A 1 aa 1 ' 1 4 1 ~
M1T NN 8.1 ﬂTdﬂ@]"ll’ENﬂ’JHJLLG]ﬂG]Ni&‘l’i’JNﬂWﬂ’NNq\ﬁﬂ@ﬂﬂmﬂ THAII2G LLﬂ%ﬁigﬂi?iJ%W

1 o a § @ A @ 1 o
mmmzmwwé’nmﬁuﬂaﬂgmmmwaﬂ (?immﬂumm)

A 1 1 1A s A A
E‘]J“VI 8.1 UAANANULANANTIEHINAYDDYAIN THAII2G HAT dDIUTININOA

Y
[ 9 a A [ =

HAZAITZAVONOINUNANTIUMNMZHANTIUIY 200 @01 @15199 8.1 LAASAT rms aAas

a9

E4 ] Y [
mﬁ’o 10.606 1. NouMsVTAANUWOUBBazANNT AT Llaglﬁ@ﬁTﬂWi@iﬁﬂﬁﬂﬂﬁUﬁﬁﬂ1!

v Y
% % J =

A o A a A ron A = A A
IUBDNIENANUUDASHAVAN 11°47 42 ITFTUNATALIUNUAURGAY +0.569 1. leum%%wu‘ﬂ

U

4 Y
v A1 = v

apuaNIMzHaniulinunde +0.663 u. FMtioNAUNANTIUNNAMEHANUNZINANINDU

Yy A

= = = [ d! d‘ Y dyd a = dy
DENANLUNYIND-1A WoNeuny THAI2G (BIN1T NN 8.4 Ulﬂ‘]J\i‘b’ﬂ\‘l']_]iﬂﬂﬂlﬂ’ﬂhl’ﬂu!@‘c’lﬂu)

68




[

' [ Y
S9N UNANFIUNAINMEHED 200 a0l (mwauﬁ’wﬁ’ummqa 0.02 1.)

o o 1 o J a [ a
MnramImuai liniuinuuiiassdessariiany 1Hue19NAN THATI2G
= d' = U dy 2 Q‘ % =
1AMUAAIANADWNIUAUNUHANTIUNNAUMEUANUTZU + 60.6 .3, (rms) TAgo199zH

AUMAMANIIINANNAAIAINABUAZANYB VDT 1a0 e Joyanu Ty 19NN AW

Y
aa A

A A A A ¥ ~ 0o q Y 1 e v 4
ASIDYAUBINUN ﬂWﬂm@MﬁﬁﬁﬂﬁWHﬁ1u1u@ﬂiN‘ﬂ 8.1 Tlﬂ‘l"i'UQﬂfﬂﬁﬂ?WNﬁ@ﬁﬂWﬁﬂQﬂﬂi%ﬂ@‘U

£

° = A a A v A A R | I =
VDNHLUUINADIYDDYAULNUIANINDUIAIDAANDUAITUADATAUAADUNINAUU NIDDNUINUINAD

mImuIuiUSunlasunselsund e (conversion or correction surface) 1ASNITHUIN

[ [ L4

A A J A 9 A A A Yo o J
ANUgUNiegeRsAnIo l¥dadnyal N ANUgUHToNIEHIo lsdyanyel  hygeg, a2

v Y
ANUFI00 TNNATNHTD Hyy (HUAD € =N e —Hrrep = N)  DUNUFIUUBIHANNT

[ aa o w { a J o .
Ysuudneadauuuiidedesiveigadiemaiinaaunisnoa lamnd least-squares collocation
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Ao = = v o aa ~ Jo Y a A v s
[23] ImtladsnnuduiusnadavesgessanuteyalTinaaNugIu Areilanduanu

1 J o a @ . @ !
u1ls1sausmveumd (Gauss covariance function) 111 lamUSunlaeunsedsuudnazgn
) [ { o 1 { o Ia o J .
Wd5oudd N . duiiaidesns madansn lafouuusiaosdoosngnuay (a  hybrid
. A Y 22 ~ & o o = %
geoid model) NTANNYNABWINGITY JUN 8.2 HAAITUABUNIMUINLUVTIN0ITODIA

QnWay THAII2H

HUUS 10 800sAT HANNNITNEINAN THAIIZG

AnNugIBapsantILINMINTYAT NI o aLAz
Y
MILAVDBININHUNANTIUMEHAD

Alsulasumselsuud

uyuSIaestioesdgnan THATIZH

v
~ o v o J a
}'.TJ‘V] 8.2 LLN‘HWﬂllﬁﬂﬂﬂluﬂﬂuﬂﬁﬂ11!’311‘!1/?1?1’8?]Elﬂﬂil’)mﬂi%mﬁvlﬂﬁl

a ¢ o )
8.2 daunisnealaniy (Least-squares collocation)
TumsduamidSuasunietSuud (conversion 139 correct surface) 1A8AS
[ o 4 1 °
HAAIANUFURUTYDIANAYINAD € = (Nyessa = Hkotak) - N Glugﬂuuwumgmmmm
S o , & a & o w ¢ Y 9 s "y
nawasmMdunavevyanavuasuiudyanyal | WIBUALINNBITVDIAWN S 1Az

s Y} a o s A 3 o A
nﬂmaiiumumahaumgmuuﬂmu@ﬁja (white noise vector) N AYXUNITN (8.1)
l=s+n (8.1)

Taoi
s=C4C,+C,I'l (8.2)
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& o~ A 4 g Y A YA o 1 Ay o
%3 S AonnNwesUszumveainmesan s Vlﬂiwﬂﬂlllﬂﬂﬁ'lllﬁl‘!\i P; NA9INIIATUIUNT

4 { . 1 { o ] 1
AdugeBensdlagn i=123...,P a1nduabivae e(q;) Ndunie q; lash

j=123,...,Q

e(dy)

| = e(?l) (8.3)

e(dy)

da C, uag C, Aoma3nauuiiilsausan (covariance matrix) 321 39AIALAZ AT UNA
J 1w @ o 1 I 4
uazsgnInmdunaslenu Taedliflandunanuuilslsiuiay C () uaz C, () udmmus

(element) AIANNITN (8.4) 1AL (8.5) MUEIAL

Cst(pl'ql) Cst(pllqz) Cst(pqu)

C. - Cst(rfz,ql) Ca(P.0,) 84
Cst(pp’ch) Cst(pP’qQ)
Ctt(qllql) Ctt(qllqz) Ctt(quQ)

C, Cn(q:z,ql) C,(0,.9,) ' ©5)

Ctt(qQ'ql) Ctt(qQ7qQ)

1 A a 1 1 1 Y (%} 4' ] Y a

dau C,, fowa3nanunlslsiusimsgrinaisuniudieni iesninegnieldauuagiu
J J I o [ [ . ]

Tuaoruz lviueesd Bramuin@umuaa1anuuenLUINLYY (off-diagonal elements) 1%

v o IR o Y o % @ oa.ll [ {
ﬁﬂﬁuwu‘ﬁcdﬁ\?ﬂul!ﬁgﬂuu@ﬂfl]'lﬂﬁT]J@\TNH!@\W]’INLLH?VILLEN ﬂﬂuu%ﬂl%ﬂqu{ﬂﬂﬁmﬂ'ﬁﬁ (8.6)

C, =0l (8.6)

nn

A 1 1 1 a @ 4 A
Taeh o2 Assanuulsdsiusimvesmsuniutag | Avwasnenanyal (identity matrix) 9

Huwm QxQ
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Jd Q:I A v
8.3 WQﬂ‘HM@NﬂWiﬂﬂiﬂ’n@ﬂu (Empirical covariance function)

HaddFuanuulssauga C () way C, () Fududamuives C, uaz C, lu

= o w o A Y o o =
qUNITN (8.4) 1A (8.5) AU Mm@ lsuuusiasumd lnausouluns

9
Ay A

Jw a o J o
Usznailanruey lnsaalanGsuvosanaumae Tagluanuidei ldnaasslduuuiiane 3
¥iia 1A0A Gaussian (exponential) covariance function, Gaussian (2-exponential) covariance L2
the 2™ order Markov covariance function ddtaadlua131an 8.2 Taeldsmsisuuduuvae

4 1 a s A o ~ ~ Aa Y] 2
uad3 Tumsdsemnaamnsimes mer s aesnmnzannga lunsszanarnlsuun
A 1 [ 9 = 14 o A a A
19991 NMsUSuudnuvaauaisaoa lamsuluaumsn (8.1) uag (8.2) Ui lu
A 7 W Yo = = = . A . =
YOIAUNAYFUE (zero mean) taz T Tafiiledenuidloany (bias ¥30 shift) 1azAVIOUIDY
1 Y
(tilt) lugumamsdsuudaannain13lu 23] Moritz 1980 %111 76) dariudadosudanin
A =1 [ dy 1 o [ 1
amamaouLUDiszuumariesn luneu snmamsduamanuuanae N, — N lu
~ ~ ~ 1 ~ o 9!4' = = 1 [
M3 7.2 wazgli 73Tuuni 7 anuuanaidunalanamiiswidfieduazaszay
Y v Y Y '
819Dl uHANg IUNNATMZHANTINYA 265 Aty TSI 12 aniifinsznieegusnm
1 =1 a a 1 4! 9 o 1
maaveslszmalivua lvajAalnalueae 0.8 — 1.8 mas FazAvsiimsaiivdouse i

Y H
Tuaemant el ldgminnld duiudandeiios 253 aonil Tashezgudonldiiias 200

A A A A ~ Y 3 ~ Y = s o
01U FIUNLYIaoen 53 ﬁmu%Gl“mﬂuﬁﬂ11.!615211]ﬁ’émﬂﬂmgﬂﬁﬂﬁﬂl@ﬂ&l@ﬂﬂﬂgﬂwﬁuﬁmmﬂ

=

Aldinmsdsundailsunlasunds

Model Covariance function

I Gaussian (exponential) covariance function

S
C(s)=C, GXp(-I); C, =(0.1288)’m’; L = 31216 km

11 Gaussian (2-exponential) covariance function
g2
C(s) =C, exp(-F); C, = (0.1208)’ m’; L = 35.045 km
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Code group
Interpolation and

gridding

Spherical harmonics

Stokes’ integral

Terrain integration

Code name

DELAU

SURFACE

GRDINT

ARMONIC_SYNTH

STOKE

SP1D

TERRAIN

TC
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Functions
Performing Deluanay Trianguation and
estimating Free-air anomaly using DEM by
fitting onto optimal (deluanay) triangle planes
Gridding from regular/irregular points using
spline curvature in tensions by GMT 4.4.0 [33]
Interpolation of random points from a gridded
data set
HARMONIC SYNTH is a FORTRAN 77
program for very-high-degree harmonic
synthesis. This program can perform:
* Surface and solid spherical harmonic
synthesis
* Surface ellipsoidal harmonic synthesis [21]
STOKE is a FORTRANO90 program for geoid
determination by 2-D FFT approach in planar
approximation (fast computation)
SP1D is a FORTRANO90 1-D spherical FFT for
geoid determination (very slow computation,
e.g., ~35 second/line)
Computation of terrain effects by 2-D FFT
convolutions in planar approximation
(FORTRAN90)
Computation of terrain effects and RTM at
scattered points by numerical integration

method [15a] (FORTRAN90)
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MANUIN 3 Schedule plan of local geoid modeling for Thailand (grey shades indicate actual works)
Activities month
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

1. technical reviews o O

2. Data preparation ‘Oo0o0 0

+ Reobservations (heights) X X X X X X X

+ Data analyses X X X X X

3. Gravimetric geoid model (test models) O OO0 OO o O

+ Interpolating scatted data onto regular grid data X

+ Coding 1-D Spherical FFT X X X

+ Coding terrain correction X X X

+ Comparisons of geoid models and GPS/leveling co-points X X X X X

4. Annual Report O O 0O O

5. A hybrid geoid model O 0Oo0OD0Dooao

+ Construct gauss covariance model X X

+ Coding Least Squares Collocation X X X

+ Comparison of a hybrid model and EGM2008 X X X X

6. Comparison of a hybrid geoid model with GPS/Leveling O O 0O
7.Meeting at RTSD O O
8. Final report and Manuscript for Int. Journal DO0OO0DO0DO0ODO0OO0OOOOOOOOaOnaGoOaoao

9. Attendance of internal conferences O 0O O
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Abstract

Precise determination of local geoid is of particular importance for GPS leveling. A geoid can be accurately
obtained with an optimal combination of a global geo-potential model, local gravity measurements, and the
topographic information. This research shows the progress in developing the local geoid for Thailand using Fast
Fourier Transform. The EGM2008 geo-potential model, over 3900 readjusted values of RTSD gravity database,
and three-arcsecond grid DEM were used for simulating high-resolution gravimetry, based on isostatic
compensation. Then, the geoid is compared with 265 GPS/leveling benchmarks through least-squares adjustment
for surface conversion to Ko Lak 1915 Vertical Datum. The preliminarily result is shown that the geoid has an

accuracy of about 27 centimeters.

Keywords: Geoid, Gravity, GPS, Leveling

99



1. unin

= J a 1Y a a o 1
%E]@Uﬂﬁ@Niiz@]‘]JEQJ}NE]QNﬂﬁ?HW?@W?ﬁﬂﬂmWﬂlmﬂN (level surface H30 equipotential surface on

{ ) U o ° a o a J .
geoid) ﬂl@ﬁiﬁﬂﬁﬁﬂ??hﬁ?ﬂﬂm@ﬂﬁfﬂ‘l’iuﬂﬂﬁgﬂﬂﬂ31ﬂq\1§l1ﬂlﬂﬂallﬂi$mﬁ MSATUIUNIANITBDYA (geoid

o

. . A A = [} 2 F3 o = J . . | v o & A
determination) ¥159,38NDNVYNUUINNITATNUUUVIADII0DYA (geoid modeling) Lﬂmﬂmmwaﬂauwum

@

s A4 Y o Y A = a o £ A o ~ I v
Wﬂﬂﬁl’ﬂQ@\iﬂﬂi‘Vl!ﬂfJ’JﬂJE‘Nﬂ”]N"Iuﬂﬂv!ﬂ@@&ﬂ%LLaz’Jﬂ’JﬂﬁiNﬁﬁ’J% GINﬂﬁVIMHJ‘]J%"Iﬁ'é]\?%i]f‘)flﬂ‘l/lﬂﬂ’ﬂugﬂﬂf‘)\i

4
o o

d
Y 4 a . . 2 4 @ a k4
guin azih ldeunsonnugeens Inwasn (orthometric height) n3omszauaNugeuogiilszme 1@ (11,

21, [5]) Taemsuilasseninemnnuguniionsss 01999 WGSs4 (World Geodetic System 1984, [12]) 71 19910

o d

o v o 9 = A v A J Y @ 1 a a A J
N19813397330A8A1UNYUIND T (GPS survey) NUIDDYA Tagldanudauiiussiugzrinenl lanvse Yoo

1 Ed ' Ed
HAZAINGIT91BY  FaIBmImIsszauANguu lnitveiunumadidguniu unumsiisgaunu

a 9

o .. . 2 g J o Y o Aa
1211 (spirit leveling) Futunszurumsmaszauiaeutieas lsna lumsawiiums

2 = I

luszeznaraeaauiidmiuun lainsisudAiednudesnsnezinuuiiaeddvosdniny

~ A & o a o a N ~ a A a & o
gndvaiisaneNaziiludunuvesiszauddnnugeivegilszmaldaniianuganddsiunang v
A @ @ a = =\ d'd' o = 4
naumzyan dszneunuanuniyinwihmanalulaguazmsideyanneaveslunmssiuumiieoss

] Y U a a o a d'd = aan =)
LY ﬂ’ﬂllquﬂ?ﬂWﬂWﬂil?mﬂiglﬂﬁqﬂEJLL'LI'U"lﬂﬁENﬂ’JHJq\i"’UﬂQ@'Mﬂiglﬂﬁﬂuﬂ’ﬂuﬁglﬂﬂﬂ 3 wavlavise

k4
v W

sz 90u. (3-arc-second  digital elevation model N501V8Ud071 3SDEM [9D) zﬂuc?fu ANUU

a o A ' o o { & o Ao =
winInedededlnilas lasuanueyesizideyaiinertowaz mssivayumsany1Idennnsunnui

@

£ g ' o Ao Y Y 1 a a 2 YWY o a = Ao
‘V]“I’iﬁ%%ﬂﬂﬂi!’)ﬂxﬂﬂﬂﬁﬂﬂﬂ'] U@Lm"llﬂilﬁﬂ’3111IuiJﬂ’NWﬂW‘UiL’JmﬂiZmﬁ“lﬂﬂ iN]lﬂLﬂJﬂHuuﬂ'liﬁﬂ‘kﬂ’J%ﬂ
A

U

v 9 a

9 o = 4 a a Ay Y dgl = =
ﬂ'ﬁﬁi'NLI,‘]J‘Uzlnﬁf]\ﬁ]'E]ﬂﬂﬂﬁi@Waizﬂ‘ﬂ'E_]'N'f]QﬂﬁlﬂmﬂﬁzLﬂﬁvlﬂﬂlﬂﬂ\jﬂu"uuﬁluﬂ W.A. 2551 [4] 1NNANITANE
S S wy v ° a s a A4 v o a ¢ A
ﬂj\juulllﬂﬁi1\illuui]1ﬁ'ﬂ\1i]@ﬂﬂﬂﬂﬂa@ﬂuilqmﬂizlﬂﬁqﬂEJ‘V]"If’fJ CMUO0701 Tﬂﬂi‘]ﬂluUﬂ1a€]\1§]@ﬂﬂﬂﬁ1ﬂﬁ%@

1< v o W ) @ 4 1 o
EGM2008 [8] 1fluessilszneundndinydmiuTasadeanuenimasusieen uuudiass CMU0701 &
A . < a { 4 a
ﬂjqugﬂé}ﬂQWq\?ﬂ'ﬂNQQIﬂﬂlﬂaﬂﬂﬁgﬂ1m 30%.4. @EJ'Nllﬁﬂ@nﬂﬂﬁnmﬁuﬂﬂ?ﬂlﬁﬁ@@]@uuu UIIUNITULLAU
K [} . '
manaazTuanuaziunoue lueanwaveallsenaaeenuanisiannu Iduo9ian faanyaaiandon

ADITTAUAT

b4
av A

Y o 9 a dy A Ao 1 @ Y
“lmmai]em"lmn1miﬂizmmmmiuuﬂN‘Wﬂwsluwuﬂ’anamm"lmmﬁmmnmau”a 3SDEM

an o 9 P . 4 4 4 4
TagdsMsUSuuAIUDAaUaAIT (least squares adjustment) TUTZVAMHABNARINZANNGAVINANIKHADY

Ao @ . Aay Ay v o A Yo o v o v 4 &
AQIUUY (delaunay trlangle) [7] ‘V]N"Uﬂll'ﬂcﬂmlﬂi]'lﬂﬂ']j'JﬂV]ﬂﬂﬁlﬂaﬂuLﬂUﬂﬂﬂ@ﬂUQﬂU meuﬂﬂmﬂﬂgammﬂqm

U b}

9
@ @

) 9 Ao A o Y o o a 7 )
11 magammammwmmmm EGM2008 wmmﬂuu‘lﬂmmimaaﬂmmmmw1 ﬂ@ﬂﬂﬂiﬂﬂi‘]ﬁﬁi@]ﬁ
4 9 . . A Y = @ 1 =
"llENﬁI(ﬂﬂﬁﬂ181ﬂﬂ15ﬂ§$111ﬂ,!1u58u1ﬂ5'11j (planar appr0x1mat10n) W‘lﬂ‘ﬂﬂﬁﬂﬂﬂ’n%gﬂ@]ﬂﬂm&mﬂﬂﬁyﬂi’Jllﬁ]

Weataza1sza u AT IenyARANTIUVDINTULHUNNNIT 265 1A

Y £’ v a Y a
2. miﬂizmmﬁumg,ammiumanwmnmagammqmmm

]
~

v A { 4 { o <
msnuIndeyand i Tiuaeiian (ezuowead) Nyalaganils (P) vuiuaunSomewilu Ag, (P)

a a

v
A a o

Ay Y v Y o 9 Ao v
Vlllﬂiﬂﬂﬂ1iﬂ§$1ﬂm1ﬂﬂgl"lf 3SDEM UINVYVBUANIANTANUAN mmmmﬂ“l‘nﬂg]msﬂmmummmmama

F v
11111n (isostatic compensation) Y84 Airy 11ag Heiskanen [6 11111 138-141] Sviualadeaumsi (1)

Ag, =Ag(P)-C(P)+ A(P) (1

100



J

' 4
Taoh AQ(P) o frec-air anomaly ~ C(P) Ao gravitational ~ effect 91N ITNINNAVUAITODIA
e . . . v a A A A o ¢
waz A(P) fonaved isostatic compensation Meldduuagiuvesnnunaunawiluiiofernuedaduysal

vaauIamIMeraImInauny men Ag, (P) Tuaumsi (l)ﬂ:ﬁﬁuﬁ'ﬂﬂé’g{uéﬁaﬁ‘u aunsnfmvualdn
Ag(P) =~ C(P)— A(P) ()
Tumad§ia Ag(P) swnaldTasmsldmsuslasvhayiSos (Fast Fourier Transform 30 ) 18

Ag = 27GpT H(I(H))A-e >™P)e>™* 3)

Tag G ApfIAINUeItIAY (Newton’s gravitational constant) p A9 ANNHULLIUMAsYewldenTan D fAe
1 v
ANNANINMINAUNY TAUNITD 30 N, Z > 0 AeArszaundensgurinzay (Jumsdaild z = 1
was) wag I ﬁadauﬂﬁmmmmﬂmﬂmvjﬁﬂ{
onsgduar Ag(P) fdwnaldninaumsi 3) MWianuaeiilesduainiald 3eldadeszu
~ A Y] Y= Y a ) Y q9 o ] = s
ANABUHIZANNYA Delaunay  9109Av0yaTanoglndiRsanuauga uarlsmsUsvudnuvaauanis

' 1 i 4
nizgdu Ag(P) fegmeluasumasumdinuszuuaumasuil

o d

3. MSMUIUNND0UA
TmsweuvavesalandaomssiuraiiesssaindeyanuIduareinnuealan  (Earth’s
gravity) aumguiudimsiiuamdneninaniuaasveslannnanuldudsianiiiauuiitessdnield

a A =] a o J v :j A A J v A 9 =
TUUATIUNN 'lellllﬂﬁﬁ’ﬁ?ﬂuﬂﬂﬂﬂﬂﬂﬂﬂﬂ muumamimaﬂaﬂmuaﬁ]aaﬂmmmgﬂmaaumﬂaaﬂ'lﬂ N

0 q ¥ ~ ° = Y ¥ s £ A o
‘VIﬂ‘I’i?ﬂll'liﬂ‘V'Iﬁ]$ﬂ1u’3mﬁ1%ﬂ@ﬂﬂ1ﬂiﬂﬂq@§ﬂlﬂﬂ ﬁiiﬂﬂﬁ (Stokes’ formula) [6] mwauiaaﬂuqmmwf;u

4
~

(Brun’s formula) 1ufie A1wgs30008 N (geoid undulation) Wevniiuaums 184
R
Np = J.I(Ag_AgEGMOS)S(W)dU+NEGMOS + N @
Ay 7

> A A a a A o oA A A Y 1 a a A a
Iﬂﬂ‘ﬂ (2 ﬂﬂwuwjﬂlﬂﬁaﬂiaﬂﬂﬁﬁ R ﬂ’aiﬁmaaﬂﬁmﬂaﬂ o ﬂ'J']ﬂJquﬂ'JQWﬂWﬂﬂﬁﬂﬁﬂ‘V]'Nﬂ HY (normal
d v 3
. A Y = A A sy Y o =R X A A
grav1ty) Ag ﬂ’ammTu:ummuﬂnaaauumﬂ@ﬂﬂﬂﬂiﬂmﬂmmﬂwauuazﬂmﬂmwaﬂizwmumﬂmgn

o o 7 o 4 Voo ' {
Y32 (terrain correction) ttaz S(.) v Heduialandyadlsduay v FaAoYUNNTZHINA WKW P 0

J o

9 o G [ a A 9 1 =
G]i’]\iﬂ”liﬂTH’JiLlﬁWﬂﬁl@@EJﬂLLﬁ%‘;nﬂ@HLLﬁuQ‘UuN’JIﬁﬂ AgEGMOB ag NEGMOB ﬂ’t‘)ﬂ’]"liljuilﬂ’lﬁ'é]u@i]’ﬂﬂﬂ

= s o v Ay Y £ Y = ¥ A = s
LLﬁ%‘;ﬂ’NiJ’q\iﬂE]E]ﬂﬂ?ﬂllﬁ?ﬂll‘ﬂblﬂﬂ1ﬂ EGM2008 CINﬁ%‘ﬂ’t‘)uﬂ\iiﬂ3\11’(‘51\11’1'}111fJTJﬂauGH’NfJTJGU'EN‘I]E]E]EN’WI

doams waz N, feswdiosnnwanszuumeden seazBeau@udnnsog 161 [4] [10] ez [12]

101



4. BANMIATUIN
~ Y A A A ] P "o
A011nN TN NDNNANHIT D1 UeUED 1 RTSD °ﬂﬂizmaagmﬂixmﬁ%ﬂmwﬂmx‘uumﬂa

International Gravity Standardization Net of 1971 (IGSN 1971) finanua 3979 aail [3] sgUi 1(n) ed1elsh

auaNMsasvae Nyl 39 daiiianuunns el ldgminnldlumsdna daluggnianuuun
9 A 1 Y K dy A i a wa ~ 1 dyd 1 @ 1 ]
auudIBmgHan NheaemMIInINLItazazaIndemsUgianL antimariilsvezvinanueglugia 5 - 20
o & {4 o & 4 A v N SV
.. nngilmmegdungiuiueiiui (endrediusuiuiuinuaz Juanvealszmalnedwddania

(] a9 9 U a 9 A [l d’l ' a a dyd @ ]
I,LiJEI’ENﬁf]‘Llf;NllWiJ"’llﬁ)iallaﬂ’J'liJIuiJﬂ’NWﬂWH’fJU mﬂuwuumi1zmguﬂizmﬁmnmmﬂuggmqwu"ln

1]
~

v o A Ayy & 9 = o Y A A vy Y 1 a &
awnsantaiun g Wudu) S uiludewlszumauiefinng ladeyaniu Tdunsianasouaguivu
] 9 A 1 A = 4
Yo 5LMAF I AL RO UANUEIATUNNTIATUVDIT0DUA
] v 4 v
msdszna Ag sreaums 3) 181% uuudeeusuaumasianuazideaFiiuiinia 30 #Nadan

o { ° ' A & I a o o
‘Vi?@ﬂimJﬁu 9004. x 9004. ﬂ\‘lllﬁﬂﬂuzﬂﬁ 1(v) Tﬂﬂﬂ1u3mmﬂ 3SDEM mwwzmumﬂuﬁuuwuﬂu a1y

' { 1 o v Y aq Yt 1 o o s {
dauiidluiunziavazumaynsideen lnenagnzaduaiu ldauualatiaseauiugud 517 2 naas Ag

b1}
1]

ay ¥ @ 3 Y o = = @ 1 1 o ] a A
nlaninmsdszun TiEN%Wﬂuu"lﬂﬂ'lﬂ']ﬂﬂiEJ’UL‘V]EJ‘Uﬂ’Uﬂ1 RTSD Iﬂﬂﬂ1iﬂ‘§$1ﬂmﬂ'ﬁ]1ﬂ§nuﬁu\1ﬂiﬂllﬂ‘ﬂ

v
Ao A

AUM109 RTSD A283% spline interpolation 31U 4 1aAIAWLANANIENI AQ wag RTSD (Radiniu
= o o £ < Yo 1 = 9 Y s = T Qa// =} a A
“0%) IfgunuszAUANUFIFzi Y ladaanuduilia i Indgud Fwaasiamisaesdinganssuinaas

v o Jda Y o Y 2 o @ o [ Y Y l a
ANVANNUTLFUTUNUANUZINA1YAAINY Ti'GNﬁnﬂ‘ﬂ1ﬂ']§ﬂ§‘]Jllﬂell@ll”aﬂ'lﬁlcluiﬂﬁQelﬂﬂﬁ'liJn’iﬁﬂll

() )

d' = ] Y 1 a = o a d' =) a
sUi 1 (M) ao1i Iaseuenu Tduo19Nan 3979 @01 wag (V) HUUADINNNFIUBIULAVNAIINASIDYALY

L)
Y

Numae 30 Watlen

102



310 2 A1 free-air anomalies NAIUIVIN 3SDEM 3UM 3 TAsevieeunasy Delaunay YeIaa1iAIN

9 U a
Tu09aNnN

z ; -
= ‘. " Ly ] ]
e ° ., 04 o
B
[~
s
2
c
c
G
-150 -
-200 T T *— T T T T T
@ 200 400 600 800 1000 1200 1400 1600 1800
-250

seiuaNGY (M)

1 ' ' X ' Yo o ’ o Yo o %
g‘ljﬁ 4 ANVUANANTEHIN Free-air anomaly 311 DEM nau (ql‘]f Yanya “@”) LI Hay (1515 Yanya “D”)

MsU5uun laelsy Delaunay Triangulation {t8¢ RTSD

103



M1 1 Msl5euRoun19adAved Free-air anomaly ¥HAA19Y N1 RTSD (W10 mgal)

Quantity Min Max Mean Std. dev.
RTSD -152.682 177.530 -17.378 21.457
Ag -43.249 121.757 -5.261 11.151
Ag -149.995 181.206 -19.861 23.277
RTSD - Ag -194.775 125.953 -12.116 19.666
RTSD - AQ -54.000 88.064 2.484 8.346

Delaunay Triangulation Y9401 RTSD dauaasluzildi 3 axdanafiuideyaiusuud Ag fanuuuuda

U RTSD 1708930 a1314# 1 uaasmsnl3onifonmeadfaziiug anuifleuuuATIINYEs ANULANATS

RTSD - A fluuiani1iy 8.346 mgal Tuvaizii RTSD - Ag futnaniiiy 19.666 mgal
mﬁﬁm’;mm%aﬂﬁﬁifué’fuLﬁ@maaummgﬂﬁ'awmm Ag Taelaunmsi @) Tumad §uia’laly

MIMuILDY 2D-FFT [7] meldmsilszanavealanuuu (flatted earth approximation) «dﬁqéfmmi%gamm

1
~

Y 1 a o A Ao S 1y = P (VY- (R a
I‘H11ﬂ’N‘V‘Iﬂ‘VWI'JWHV]ﬂWU'Jﬂ!ﬁ"IWiTJ“]JigLWﬁllﬂE] 114ﬂ1iﬁny1u"l¢11%wuwmuammaumuamfgﬂ“w 5° — 21°

Y v
A A

~ ' o A & { a Aaa T <
Lﬁﬁf‘) L!agﬁﬂ\iﬂgﬂﬁ 96° - 107° AgIUBDN !Lagﬂjwuaglaﬂﬂmﬁﬁuﬁﬂiﬂ 30 wayden @ﬂ1qqiﬂ@1ﬂwuﬂiﬂuu@ﬂ

Y

1% 1 Y] =1 a 1 [ o a9 yvq 9 ¥
winuau Inefuilszmemain a11 wazduyn sawdausnue Ineuaznzaduadulilideya 9141440y
v 9 v ' 1 [
910 EGM2008 Atianwazideadaiui 5 alamiollszunm 18 nu. (931U 2 Usznew) ieaanansznufioin
Youdoya (edge effects) lumsAIuIn UM 5(n) ARSI Free-air anomalies WasnInMsUTundlulasaiie
AWM AgY Delaunay tazHUINGINU EGM2008 3191 5 (V) uag (A) 1EA9 Free-air anomalies A1MLUIAZAZAN
A = o w ' Ao o ) Yy 9 =< A
16° LAZANLUIABINYAN 100° AUAIAY ABURATAT) HaznaIMIUTuud (duilsenudua) uag EGM2008
Y = oA A o g . . o Yy = o vy o= Py
(AUNVATIRIN) W FUNALAUI Free-air anomalies 92 UaNHULAAOAAINT EGM2008 uadeNoude Insaasg
A ] 3 Yy ' o < 9 o v 1 Sa o Y1 a =3
anweaausedu 1dani dszmiu ldningagedvesdoya edrelsadszduna ldiuinnnueudesnn
) v Y
uuanile-1duazag Juan-nz Tuoen erfeudy EGM2008 Haurnaunanms 19vyaniuqun1eaed1esaiu

'
[ a

NANTIUNNAAUMZHAN TUNMTAIUIN free-air reduction Lﬁmmﬂﬁmmrﬁ'mmuiwdnﬁfuwﬁﬂgmmaﬁmmz
HanazEGM2008 [4] uazu?nmmmuazwmumﬂ'w Free-air anomalies fummn EGM2008

M3di 2 naasdeyaadinnuuandassniennug i e id uIaINHYATEAL W e
Ngps 102 mmqa%aﬂﬁ‘ﬁ'ﬁmm N nouLazHaIMsvIanNBUIDeN (tilh) ez Ao (distortion)
Tagldmsdsuuduuvaauandsiszus 10 W1HMeT V4 cubic-curve (polynomial) function VINNANT
ﬁmamﬁﬂﬁ’ﬁa%aﬂﬁﬁmmmz%uﬁuﬁuwﬁngmgmwéTmHﬂﬁ'fTu dun@ 14910 rms = 27.3 %, (rms = 62.5

Y '
wu. neumsUsuud) iunuinamaunsuuauaz uandvinannuuana1elszina 0 - 65 wu. dawaaslugll

v
A 1o

1 6 uazlimdgauazgegausnutian ez aanud y Fedeadinsinyiodvazidoase 11

a = = aa 4 @ [ . . . 1 <3|
319N 2 Manlseumeunaadave NGPS — N nouLarHaINITUIN tilts Az distortions (“H‘L!?ﬂ!ﬂu A7)

Min Max Mean Std. dev. rms
nou -0.517 1.302 0.541 0.314 0.625
1ag -1.123 0.779 0.002 0.273 0.273

104



)

510 5 (n) Free-air anomaly ¥8191nmMsUsoud lu
TA598A N8N Delaunay HATHUINGINL

EGM2008; (V) Free-air anomalies mmmazagﬂﬁ
=

16° Ao (RAdR) tazwaImMsUTud (dudsziy

= Y =K 2 3} a
aua) uay EGM2008 (lefUNUAUUIU); (A1) Free-

]
a =

air anomalies @ 1ULUIADINIAT 100° BIA AOU

QU

@add) vazndemsdiuud (duilseiudung)

1az EGM2008 (1Funudinay)

105

(V)

Q)



5.a31

E4 k4
o 9

Aav Ay Y = ] a A AAy 1 Y a o
\ﬂujﬂﬂuUlﬂllﬁﬂ\jfl\iﬂ']iﬂ331]']msllﬂj‘;!aui!’)mwuw‘Vlbllluﬂ']ﬁ’JﬂeUﬂuaﬂ’JnJTuaJﬂ’JQWﬂWIﬂfJWaﬂﬂ]i

U

) =

. . . . . ! . o 9 9 Y o
U®J Airy-Heiskanen isostatic compensation W1U Fourier Transform LasNINITNTETULIUT Uﬁllﬂll"a‘ﬂulﬂﬁﬂﬂ’m

[

3949 0191 1a8n15 14 Delaunay Triangulation wah lauaastannunseduiudeyaniadwanslugilin 4
4 Y
vasnminIdimsdunanidessdidiesdulaens 14 2D-FFT navilSoufeusunyasedusuiiod
Ny a & o A o o o . . . Ya a P
265 @019 19BINUNANGIUNINAUNZHAN HAIDINNITVIA tilts 1Az distortions  1ARITBDEANLAIIN
| < v o A A 4 v Aa & '
gnABe 27.3 2. 019 IsnmwduhimsAnyuin@udnnuaaamasunmzur N lued ez iden uay

A
M31¥en Toq

106



' £
U 6 Anmuana1e Ngpg — N widamsviaanuewdes (tilo) wazanudaiied (distortion)

AiTa 3949 amiidtuswesnyanu Tduanwnuduyssiniianugndsaga 6 anitvesaniiumag
Y

L] U
J

a = o ' A Yy ¥ o ~ A a A A
INY1 WQ%ZL%‘U"UU@]@U@]@NIEIJL'Wﬂsh’ihlﬂ!LU‘]Ji]'lﬁfNTl@f)ﬂﬂﬂENﬂlﬁJﬁL'Jﬂ!ﬂﬁmﬂﬂhlﬂﬂﬂlﬂu'lZﬁN‘ﬂ’EIﬂ

6. daAnssulsema

@ @

4
nuAteil lasumsmivaiunuitenn nuiauidneninlunisiinuisevesernsdiuln

a

duinnuamznssumsgauAnyazd ninOuneIuaiuayumMs 1901 2553/2554  QunusIBMaDNS
k4

av Y a 4 S an A 1 A A 4 av a9 Y
’Ji]fJﬂTL!’J’VIﬂ?ﬁ?ﬁ@]ilm%L‘VIﬂI‘L!IaﬂQQUﬁIVILﬁlW@ﬂWiﬁQLﬁiN')ﬂﬂ1ﬁ1ﬁ@li ’]Jiﬂ“ﬂﬁml‘ﬂﬂ QWH'HIfJublﬂi‘Uﬂﬁ

107



aivayunInmsuazeynzideyanu Iduneinntazdoyadug iineadosainnsuunuiinims

neayIMInowining

7. 19NA13913904

a J¢ ) @ ] a
[1] 5.0. NYIUSAYY Glfllﬂﬁl, 2548. ﬂ15fﬁi'J"I]’J"NIﬂi\iﬁllﬂﬂﬁﬂﬁ1uﬂ1\151ﬂuﬁﬂ"]ﬂ@ NO0DIATIAZTDD

Wdnd nsuuwuiingms nestiynmansnessinlne
v o 4 1o = a a J
[2] W.0. WHINU WIUNDI W.H. ATIYNT BYF1I N 7.9. Lﬂianlﬂﬁ YYAN 1ag 5.9. MYIUSAYY Gl:fl!.ﬂi{] 2549

U o a o 9 = G = =) ara 4
ﬂ?ﬂ’ﬂm@ﬁ’ﬂ’ﬂiiﬁm@ﬁﬂiﬂﬂﬂﬁﬁﬁ’Jﬁ]ﬂ’JﬂﬂTJmEliJiig'U‘]J GPS Gluﬂizmﬁllm noddooAFLazdoWand

NINUHUANMIT NOTYHIMINMITNONN Ine

o 9 1 a o y Y ara o
[3] yad139ANN IHNaNHANTUIW TeURanIdIsuHuNauINInsanstoadiazsooldnd

o A ~ ~ ~ aa & A ) o
1]53%11] \ﬁ_HJigﬁJ’]m 2550 ﬂ@\jﬂ@glﬂ%llagﬂ@@wﬁﬂﬁ NIVLUNUNNTING ﬂ@\juﬂe}%”]ﬂ’]jﬂﬁ’]jﬂ@Qﬂchﬂﬂ

a o 3 o v v a @ Ia
[4]WNTWA ANT3I%E N.0D. ﬁfﬂi]ﬂﬁ FYFUS W.0. INAU IUNTUNL LA N.D. ﬂﬁa NADALTA, 2551. N1T

° S a Y a a ' a oA
mmmwﬁaaﬂﬂmnmﬂizmﬁ"lmmuﬂu ﬂ'lii‘]J§$°]§3J'J‘]$'lﬂ1§'3ﬁ3ﬂiiiJIEl‘ﬁnLﬁ\i%W]ﬂﬁﬂﬁ 13, 14-16

NYHAIAY 2551, Winen, was.

I
[5] W.0. 1DMINYTA 10T RaAY, 2549 MIWAU TATINIBRYANENTIUN NI IWUNITIA NOTROIATIAZT0D
Wand nsuuruiinms nestiymnmsnmisnessinlne
[6] Heiskanen, W.A. and H. Moritz,1979. Physical Geodesy. San Francisco.

[7] Jekeli, C., H.J. Yang, and J.H. Kwon, 2009. Using gravity and topography-implied anomalies to assess data

requirements for precise geoid computation. J. of Geodesy, 83: 1193-1202.
[8] Pavlis, N.K., S.A. Holmes, S.C. Kenyon, and J.K. Factor, 2008. An Earth Gravitational Model to degree

2160: EGM2008. EGU General Assembly 2008, 13-18 April 2008, Vienna, Austria.

[9] Rodriguez, E., C.S. Morris, J.E. Belz, E.C. Chapin, J.M. Martin, W. Daffer, S. Hensley, 2005. An
assessment of the SRTM topographic products, Technical Report JPL D-31639, Jet Propulsion Laboratory,

Pasadena, California, 143 pp.

[10] Sansd, F. and R. Rummel, 1997. Lecture Notes in Earth Sciences: GBVP in view of the One Centimeter

Geoid. Springer.

[11] Wichiencharoen, C., 1982. Fortran program for computing geoid undulations from potential coefficients

and gravity anomalies. OSU Report, Dept. of Geodetic Science and Surveying, The Ohio State U., USA.

[12] World Geodetic System 1984 its definition and relationships with local geodetic systems. 3" edition,

Technical Report. National Imaginary and Mapping Administration, Dept. of Defense, US.

108



HNANUIN N

J
UNANNEIANNINNIAITIBINS Journal of Surveying Engineering

Local Geoid Modeling for Thailand
Puttipol Dumrongchai and Chugiat Wichienchareon

Assistant Professor, Department of Civil Engineering, Faculty of Engineering, Chiang
Mai University, 50200 Thailand (corresponding author).

E-mail: puttipol.d@cmu.ac.th

Associate Professor, Department of Survey Engineering, Faculty of Engineering,
Chulalongkorn University, 10330 Thailand.

Abstract: This paper aims to present the computations of two preliminary geoid

models for Thailand. The first model, THAI12G, is a gravimetric geoid, referenced to
the geocentric WGS84 ellipsoid, computed through one-dimensional spherical Fast
Fourier Transform. The other model is THAI12H, which is a hybrid geoid that
encompasses all gravimetric information of THAI12G as well as the 200 GPS
ellipsoid heights (in the national WGS84 geodetic datum) co-located with orthometric
heights (in the national Kolak vertical datum of 1915 (Kolak-1915)) through least-
squares collocation (LSC). The non-tidal EGM2008 global geopotential model from
degree 2 to 2190 and 3,949 terrestrial gravity measurements were used to contribute
long- and medium-scale information of geoid structure. In the mountainous terrains
devoid of gravities, the topography-implied gravity anomalies were simulated using
the high-resolution residual terrain model (RTM) data from a three-arcsecond digital
elevation model. Fits of 200 GPS/leveling reference points to THAI12G showed a
60.6-cm root mean square (rms) with a mean offset of +71.9 cm around a 0.121-ppm
north-south tilted plane. After applying LSC conversion surface to finally obtain
THAI12H, the rms of the fit between the model and the same reference points
reduced to 3.4 cm (no tilts and zero average). The THAI12H model was assessed
using 53 GPS/leveling check points, yielding an overall rms of 15.8-cm.

CE Database subject headings: Geoid; GPS; Leveling; Thailand

Author keywords: Geoid; GPS; Datums; Residual terrain model; Least-squares
collocation
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Introduction

Geoid is an equipotential surface of the Earth’s gravity field that best fits to global
mean sea level in a least squares sense (Jekeli et al. 2009). With the aid of the Global
Positioning System (GPS), height-system modernization is based on a fundamental
equation that connects GPS-derived heights, h, above World Geodetic System
(WGS) ellipsoid, and orthometric heights, H, referred to a national vertical datum
(e, H=h-N, where N is the (local) geoid undulation with respect to the
ellipsoid). However, to obtain an orthometric height, it depends on an accurate geoid
undulation that is determined from the required accuracy and resolution of
gravimetric data on or near the Earth’s surface. By these requirements, the
determination of a geoid model for Thailand was difficult in previous years, due
mainly to the insufficient coverage and distribution of gravimetric data in the country
as well as no possibility to access the data in neighboring countries.

In recent years, the number of the gravity points measured by Royal Thai
Survey Department (RTSD) has been increased, and sufficient to be used for
constructing a local geoid model for Thailand. The intention has substantially grown
after the National Geospatial-intelligence Agency (NGA) officially released the latest
Earth Gravitational Model of 2008 (EGM2008) in 2008 (Pavlis et al. 2008). This
study presents the first start to geoid determination in Thailand for supporting the
conversion between the GPS ellipsoid heights (h) in the national WGS84 geodetic
datum (ITRF96(1996.3) reference frame) and the orthometric heights (H) referred to
Kolak-1915.

In Thailand, most of gravity points were measured along with existing roads
and accessible areas, which left the mountainous areas devoid of gravities. These data
gaps could produce the significant errors resulting from data interpolation on a
specified grid for geoid computation. Therefore, we filled in the void areas with
topography-implied gravity anomalies (Hirt et al. 2010) by utilizing high-resolution
residual terrain model (RTM) data (Forsberge and Tscherning 1981; Forsberge 1984)
and EGM2008. The RTM data was constructed from a three-arcsecond digital
elevation model (DEM) [e.g. the Shuttle Radar Topography Mission (SRTM)
(Rodriguez et al. 2005)] that contributed high-frequency gravity field signals.
EGMZ2008-only gravity anomalies were used to pad coastal and marine areas as well
as neighboring countries to reduce spurious features during gridding of the areas
(Claessens et al. 2011).

The THAI12G gravimetric, geocentric geoid model was computed using the
combination of EGM2008, RTSD terrestrial gravity anomalies, and topography-
implied anomalies through remove-and-restore technique (Sansé and Rummel 1997).
The computation area spans from 5°N to 25°N and 95°E to 110°E. The SRTM digital
elevation model was used to generate terrain corrections for the computation of Faye
anomalies (free-air anomalies plus terrain corrections). The method for computing
geoid undulations was based on the use of the well-known one-dimensional (1-D)
spherical Fast Fouier Transform (FFT) of Haagmans et al. (1993) to evaluate Stokes’
integral (e.g. Yun 1999; Smith and Milbert 1999; Featherstone et al. 2001; Smith and
Roman 2001)

The least-squares collocation is a useful and powerful method to apply for a
variety of problems in interpolation and prediction (Moritz 1980; You 2006; You and
Hwang 2006). It is a useful tool for the combined a gravimetric model with
GPS/leveling points through a conversion surface (Smith and Milbert 1999; Smith
and Roman 2001). The collocation was applied for the combination, leading to the

110



THAI12H hybrid geoid model that directly related GPS heights in WGS84 datum to
orthometric heights in Kolak-1915. In fact, although the surface fitting by least-
squares collocation gives a practical useful product for a more direct transformation of
GPS heights to orthometric heights, it does not necessarily provide an improved
model of gravimetric geoid (Featherstone et al. 2010). It does not mean that the
problems with a vertical datum (e.g. Kolak-1915) have been resolved. Moreover, the
gravimetric geoid model is not being corrected, rather it is distorted to fit the vertical
datum that also contain errors.

In this paper, the entire geoid computation process was discussed. The
comparative evaluation between THAI12H geoid undulations and 53 GPS/leveling
check points was made, and its numerical result was also discussed. Finally, the
conclusions were summarized.

Data preparations

The earth gravitational model of 2008, EGM2008

EGM2008 is the latest version of geopotential model, following EGM96 (Lemoine et
al.1998) that utilizes world gravity data at a 30 arcminute resolution. The model is
more ambitious, and has maximum resolution of 5 arcminute, based on improved long
wavelength information from GRACE, improved terrain data and altimetry data, and
reliable and updated surface gravity database (Kenyon et al. 2007). EGM2008 is
complete to spherical harmonic degree and order 2159, and contains additional
coefficients extending to degree 2190 and order 2159. In the tests with geoid
undulations derived from 200 GPS/leveling (ITRF96/Kolak-1915) reference points in
Thailand, the undulations were compared to those from EGM96 and EGM2008. The
statistic differences, summarized in Table 1, show that the standard deviation of
EGM2008 (£15.2 cm) is smaller than that of EGM96 (£27.2 cm). It is obvious that
the local features of EGM2008 is significantly more improved. For this reason,
EGM2008 was chosen as the reference model in all computations, providing its
structures of long (and feasibly some medium) wavelengths. The range of spherical
harmonic coefficients used is degree and order 2 to 2190, which corresponds to a
minimum spatial resolution of about 5 km.

Table 1. Comparison of global geopotential and GPS/leveling geoid undulations (units
inm)
(see List of Tables)

Terrestrial gravity anomalies

Figure la depicts 3,979 terrestrial gravity stations (square dots) in the boundary of
Thailand, provided by RTSD (RTSD 2007). Some parts of the region, e.g. north and
west areas, are mountainous and inaccessible. Obviously, the resolutions in those
areas are not uniform, with data mostly following existing roads, and large data gaps
are in the order of over 50 km (27.8 arcminute). In the other areas, the distributions of
data are more uniform, and their resolutions vary from 2 to 10km (1.1 to 5.5
arcminute).  The gravity network was referred to the International Gravity
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Standardization Net 1971 (IGSN71). RTSD gravity stations were checked for
outliers. Only 3,949 stations were used for geoid computations as the other 30
stations remained questionable, and thus they were excluded. The locations and
heights of the stations were coarsely measured, and also the adjustment of gravity
networks was not made clear. As such, the gravity values may not represent the
actual gravity field over areas of interest (Abeyratne et al. 2009), and can postulate
errors to the computation of geoid undulations. Such commission errors can be
reduced only with improvements in the data, namely by reducing observational errors
(Jekeli et al. 2009). However, for the first time of our experimental geoid modeling,
they (the errors) are not considered in this present work. For anomaly computations,
all gravity anomalies were recalculated with respect to WGS84 reference ellipsoid to
be compatible with WGS84 datum.

(see List of Figures)
Figure 1 (a) Locations of existing gravity values (square dots) and fill-in gravity

values (color shade); (b) Locations of 200 GPS/leveling reference points (dots) and 53
GPS/leveling check points (star dots).

Fill-in gravity anomalies

As shown in Figure 1a, there are coarse gravity networks in northern and western
parts of Thailand. For accurate geoid determination, refine-resolution gravity points
are required. The approach developed by Hirt et al. (2010) is applied in order to fill
topography—implied gravity anomalies in the void areas where gravity points are not
available (see color shade in Figure 1a). It is based on the residual terrain model
approach after Forsberge and Tscherning (1981). The idea of it is that medium-
elevated and rugged terrain can be modeled by RTM data which represent high-
frequency gravity signals. RTM modeling uses the SRTM digital elevations to
represent Earth’s topography. The DTM2006.0 spherical harmonic model of Earth’s
topography (Pavlis et al. 2008) is used as a long-wavelength reference surface to
remove low-frequency components. The RTM terrain effect under planar
approximation (Sansé and Rummel 1997; Bajracharya 2003) is given by

09pry = 2nkp(h— href )-C (1)

where k is Newton’s gravitational constant, p is an average density of the topographic
mass (the crust). The C terrain correction can be computed according to Forsberg
(1984) using SRTM rectangular prisms. The symbols, hy¢ and h, represent the
heights of the reference surface and the topographic surface, respectively.

In this study, we require gravity anomalies in rugged terrains (where no
measured gravities on land are available) to diminish interpolation errors in geoid
computation. We assume that, in the void areas, EGM2008 contributes long- and
medium-wavelength information of the earth’s gravity field. For all wavelength
contents, the topography-implied gravity anomalies in those areas can be
approximated by EGM2008 gravity anomalies, Ag,,, and 89, as follows:

Ag ~Ag, — s RTM (2)
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In Eq. (2), refined Bouguer gravity anomalies are immediately obvious if we neglect
the term 2nkph, ; and consider Ag,, as free-air gravity anomalies.

We consider filling the simulated data in the areas with higher 400-m elevations
because of not only less correlation (linear relationship) of RTSD free-air anomalies
with respect to lower elevations (not shown in this work) but also the number of data
and the distribution of these data, similar to the case study of geoid computation in the
Malaysian peninsula as stated in Vella (2003). However, lower elevations could be
significant, but are not considered in this work. The augmentation of the existing
gravity data with the simulated data in color shade is shown in Figure la. The
inclusion of the simulated data aids to control data gridding before the step of FFT
geoid computations that requires gravity data on regular grids. We use EGM2008-
only to mitigate the edge effects in the geoid computation due to no gravity data
available in ocean areas and land areas outside the Thailand territory. A simulated
anomaly (excluding 2zkph,, ) was interpolated to each RTSD point using bivariate

interpolation (Akima 1974 and 1978) for data comparisons. Table 2 provides
statistics for gravity anomalies and corresponding comparisons, for instance, in the
mountainous area bounded by latitude of 18°N - 20°N and longitude of 97°E - 102°E,
thus also demonstrating the improvement in the modeling relative to the existing
gravity data. The standard deviation of the difference of the topography-implied
gravity anomalies and RTSD refined Bouguer gravity anomalies decreases to +18.305
mGal.

Table 2. Statistics of gravity anomalies and data augmentation (units in mGal)
(see List of Tables)

GPS/leveling data

In 2002, the RTSD completed the adjustment of national geodetic network in WGS84
(geocentric) datum (RTSD 2003) in accordance with the standard of Federal Geodetic
Control Committee (FGCC) (Bossler 1984). The RTSD network is referred to
WGS84 ellipsoid, and categorized into three levels as follows: (1) reference frame, (2)
primary network, and (3) secondary network. The reference frame (zero order
network) consists of 7 GPS stations established every part of Thailand (in the
ITRF96(1996.3) reference frame), used for monitoring tectonic plate motion.
However, one station in the southernmost area was damaged, and thus only 6 control
stations remained in the network. There are 18 GPS stations in the primary (first
order) network with the interval of about 250km for each station. This network was
extended from the zero order network. For secondary (second order) network, 692
GPS stations were extended from the primary stations. The station spacing ranges
from 20 to 50km, and its accuracy is around 1 ppm.

For a number of years, Kolak-1915 vertical datum has still remained the official
vertical datum in Thailand. The origin of it was realized based on tidal observations
carried out between 1910 and 1915 at Kolak island using one tide-gauge station
located at latitude 11°47'42"N and longitude 99°48'58"E. For vertical control network
of the first order leveling, 333 primary benchmarks with orthometric heights were
extended from the origin point to every part of the country. More than 1,600
secondary benchmarks were tied to the primary control network. However, because
the shape of the country looked like an ancient axe or a long trunk, the adjustment of
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the primary network was separately conducted in two areas—upper and lower areas at
the origin point (latitude: 11°47'42"N)—by minimally constrained adjustment (fixed
to just the origin point). This may cause inconsistencies in the vertical datum over the
region besides gross (undetected mistakes) and systematic errors in spirit-leveling.

In this study, only 253 leveling stations co-located with the GPS heights on the
horizontal network stations were available. Figure 1b shows the distribution of 200
GPS/leveling reference stations (dots) and 53 GPS/leveling check points (star dots).
These stations are rather patchy, and their spacing is variable, ranging from 25 to 100-
km spacing. The irregular distribution of these stations occurs in rugged terrains,
especially, in the north-western part of the country. The quality of the leveling
stations is ambiguous and difficult to identify because they come from different orders
of spirit-leveling, i.e. first, second, and third orders. It must be emphasized that the
accuracy of these heights may not be equally accurate as one would expect, but the
spirit-leveling should not exceed 12mm-square-root-km allowable misclosure (the
third order). For this reason, the leveling heights may not be such a strong validation
of the geoid models (i.e. THAI12G and THA12H).

Computation of THAI12G

In this work, the geoid undulation of the THAI12G gravimetric (and geocentric) geoid
model, N, is computed through the generalized Stokes’ integral (Heiskanen and
Moritz 1967). All computations are in the non-tidal system. With the usual remove-
and-restore procedure, the geoid undulation is defined as follows:

N =N, +4—:y£j(AgF—AgM)S(w)do+8N. 3)

where o is the area of integration, R is the mean radius of the Earth, y is normal
gravity on WGS84 ellipsoid (Somigliana’s formula in Heiskanen and Moritz (1967, p.
70)), S(.) is Stokes’ function with spherical distance vy, and Ag. is the free-air
gravity anomaly with terrain correction (called Faye anomaly). The symbols “Ag,, ”
and “N,, ” are the gravity anomaly and the geoid undulation, generated by EGM2008

at degree 2 to 2190, respectively; more details can be found in Pavlis et al (2008). In
most of geoid computations, changes in topographic masses result in the change in the
geopotential of geoid. Such a systematic change is called the indirect effect, 6N, , and
is given by (Wichienchareon 1982):

_ mkpH 2
Y

oN, =

(4)

Terrain corrections were applied to all (RTSD) measured gravity points. The
numerical integration of the corrections was performed using the analytical formula
for the gravitational effect of a homogeneous rectangular prism (Forsberg 1984). We
use three-arcsecond SRTM data, corresponding to 90m x 90m prisms with an average
topographic mass (crust) density of 2670 kg/m®, for producing terrain corrections.
Then, the topography-implied anomalies in Eq. (2) were augmented to the RTSD data
(before gridding).
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One dimensional (1-D) spherical Fast Fourier Transform (FFT) of Haagmans et
al. (1993) was used to evaluate Stokes’ integral in Eq. (3). The FFT requires gridded
data. Thus, the grid of refined (terrain-corrected) Bouguer anomalies was interpolated
from the scatteredly measured points using a method of continuous curvature spines
in tension in the Generic Mapping Tools (GMT) (Smith and Wessel 1990; Wessel
2009). The tension factor of T = 0.75 was selected to minimize the impact of gravity
errors in mountainous areas on adjacent grid points without gravity data as suggested
by Smith and Milbert (1996).

To reduce spatial aliasing effects in the presence of high-frequency signal, mean
gravity anomalies were constructed using reconstructing technique describing in
GMT. The mean anomalies were interpolated to 30 arcsecond grid. Then, we
restored Bouguer plates to the anomalies using 30 arcsecond elevation data, derived
from three-arcsecond SRTM data (averages over 30 arcsecond x 30 arcsecond
blocks), yielding a grid of Faye anomalies.

The residual co-geoid undulations were computed according to the second term
of Eq. (3) using 1-D spherical FFT in the area defined by 5° < ¢ < 25° in latitude and
95° < A < 110° in longitude. The FFT was conducted on the residual grid, Ag. —
Ag,, using 100% zero-padding on the east and west edges of the grid to eliminate the
effect of cyclic convolution. The geoid undulations of THAI12G were obtained by
the restoration of N,, and the inclusion of 3N,. Those values of 6N, were generated
using 30 arcsecond mean elevations for H in Eq. (4). The values of THAI12G
(gravimetric and geocentric) geoid undulations vary from about -5 m in the
southernmost area to —40 m in the northernmost area of the country (its figure is not
shown in this paper).

For evaluation, the geoid undulations of THAI12G were compared with the
undulations, N, . derived by 200 GPS/leveling reference points (see Figure 1b).

Figure 2 shows the plot of the differences of N,,., and N, and their statistics are

listed in Table 3. The values of difference range from +8.7 to +119.6 cm with a
standard deviation of £15.1 cm, and have an average bias of +58.6 cm, which implies
that Kolak-1915 is above THAI12G. As compared to Table 1, THAI12G marginally
performs better than EGM2008 (std = £15.2 cm). This may indicate that EGM2008
can be used alone over Thailand if EGM2008 always yields heights compatible with
(tilted and distorted) Kolak-1915—the similar case can be found in Feathestone et al.
(2010) and Clasessens et al. (2011).

Also investigated was the magnitudes of biases for two areas, upper and lower
the origin point of Kolak-1915 (¢ = 11°47'42"N). Table 3 summarizes statistics of the
differences. The results show a 66.3-cm bias of the lower area and a 56.9-cm bias of
the upper area with standard deviations of +£17.8 cm and +14.0 cm, respectively,
signifying that a tilt exists in Kolak-1915. These disagreements may correspond to
datum inconsistencies from error sources of the data used, e.g. leveling heights,
gravity data, DEM, and EGM2008 data. Further analyses of the observational errors
that can propagate to the computed geoid undulations should be made, but these will
not be considered in this present work.

Table 3. Statistics of differences between the geoid undulations implied by

GPS/Leveling points and THAI12G (units in m).
(see List of Tables)
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(see List of Figures)
Figure 2 Differences of 200 GPS/leveling derived geoid undulations and THAI12G
geoid undulations; contour interval = 0.02 m.

Computations of the conversion surface and THAI12H

Based on the foregoing results, the comparison of a geoid model (i.e. THAI12G) and
GPS/leveling data set provides a means of estimating, and removing, possible
systematic errors the geoid model, leveling, or GPS measurements (Smith and Milbert
2001). Least-squares collocation is used for modeling the combined geoid, GPS and
datum inconsistency in Kolak-1915 to acquire a conversion surface. Subtracting this
surface from the THAI12G model yields the hybrid geoid model, THAI12H.

The model of combining THAI12G geoid undulation (N), GPS height (hgps),
and Kolak-1915 orthometric height (Hkoiak) errors is defined by forming the residuals,
e, in the following,

&= (Ngps = Hyo) =N (5)

The residuals,e, of using 200 points had an average of +58.6 cm with a standard
deviation of +15.1 cm (see Table 3). As shown in Figure 2, it seems clear that there
exist datum inconsistencies in the region. Because of the requirement of centered data
for least-squares collocation (Moritz 1980, p. 76), we modeled a tilt plane by using a
simple form of the first order polynomial surface: f(x,y) = ap + a;x + azy. Such a
trend surface was removed from the residuals in Eq. (5). The estimated parameters
are summarized in Table 4. These significant parameters show that Kolak-1915 may
contain medium wavelength errors (You 2006). The estimated bias of +0.719 m
corresponds to the mean offset between Kolak-1915 and THAI12G in a least-squares
sense. A significant tilt (—0.121 ppm or mm/km) occurs in north-south direction
while an east-west tilt (—0.004 ppm) is much smaller.

Table 4. The estimation of trend parameters
(see List of Tables)

By the principle of least-squares collocation, the s vector of predicted

(detrended) residuals on a 30 arcsecond x 30 arcsecond grid is calculated using the
formula,

S= CulCy + Cnn]_ll (6)

where | is the vector of detrended residuals, C is the covariance matrix between
predicted residuals and observations (detrended residuals), and C,, is the covariance
matrix between observations. The symbol “C_ > represents the covariance matrix of

random errors (or noises) in the residuals. The full matrix of C_, was difficult to
obtain because we had a limited knowledge of random errors, for instance, in
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gravimetric geoid noises, the leveled Kolak-1915 heights, and GPS heights during the
time of geoid modeling. Furthermore, most of the information in the region changed
between the 1990s and 2000s. For simplicity, we assume no correlation between

observations. Thus, C, is defined by o1, where o; is a priori variance and 1 is an

identity matrix.
The covariance matrices,C,, and C,,, were derived from a covariance function.

It (covariance function) was empirically computed based on the use of detrended
geoid residuals, and was fit by the simple form of a Gaussian (exponential) covariance
function as follows:

C(d)=C,em(-) )

where d is the distance between points (km), C, is a function variance (km?), and L is

a correlation length (km). Figure 3 shows the plot of the empirical covariance
function (dots) with the Gaussian function fit of C,= 0.016 m? and L = 30 km (solid

line).

(see List of Figures)
Figure 3 Empirical covariance function (dots) and Gaussian covariance function

(solid line)

For the estimation of o in C, , we made a few iterations of the prediction

process to assign the value of o consistent with the residual misfit about the

predictions of Eq. (4) as stated by Smith and Milbert (1997) and Smith and Roman
(2001). We found that the rms of residuals from the prediction step matched the

assigned noise, when o, = (3.3)? cm? was used for 200 points (as described below).

Then, the predicted residuals , s , on a 30 arcsecond grid were computed.

The trend surface was computed on a 30 arcsecond grid using the parameters,
listed in Table 4. This surface was restored to the grid of the predicted residuals, s,
to provide the conversion surface. Removing the (conversion) surface from
THAI12G produces the final hybrid model, THAI12H, which directly connects
WGS84 (ITRF96) ellipsoid heights and Kolak-1915 orthometric heights. Figure 4
shows the conversion surface, which is rather smooth and similar to the residual geoid
undulations in Figure 2, but it is not reliable outside the boundaries of Thailand.
Finally, THAI12H were compared with 200 GPS/leveling reference points to test
whether or not the conversion process was successful. The comparison yielded a 3.4-
cm rms of fit, with no offset (zero mean) for entire areas. When the upper and lower
areas were considered separately, there were no offsets for both areas, meaning that
systematic errors were removed and, thus, the conversion process seems to be

successful (cf. o2 = (3.3)>cm®in C,,).

The THAI12H geoid undulations, N, was evaluated by comparing with the
GPS/leveling-derived geoid undulations, Nkojak, at 53 check points. Figure 5 shows
the locations of 53 GPS/Leveling check points in star dots and the discrepancy

117



distribution between N, . and N . The statistics of the differences, Nkolax minus N,

are summarized in Table 5. The values of statistics show the more improvement of
THAI12H than THAI12G, EGM2008, and EGM96. Large discrepancies in the order
of sub-meter appear in the north and middle east areas of higher 400-m elevations (see
also Figure 1a). The overall agreement between N, ., and N is +16.0 cm in term of

standard deviation (or £15.8-cm rms).

(see List of Figures)
Figure 4 The conversion surface relating THAI12G to THAI12H; contour interval =

0.02m

Table 5. Statistics of differences between geoid undulations implied by 53

GPS/Leveling check points minus geoid models (units in m)
(see List of Tables)

(see List of Figures)

Figure 5 Differences of 53 GPS/leveling check points (star dots) and THAI12H (units
inm)

Comparisons of THAI12G and THAI12H with EGM2008

The geoid undulations, Ny, generated from EGM2008 spherical harmonic coefficients
to degree 2190 and order 2159, have the shortest wavelength of 10 arcminutes (~18
km), corresponding to the spatial resolution of 5 arcminutes (~ 9 km). Thus, if the Ny
undulations are interpolated to a 30 arcsecond x 30 arcsecond grid, the information
contents of smaller features than a 5 arcminute x 5 arcminute grid may not be
represented by EGM2008. Figure 6a shows a plot of the differences, THAI12G
minus EGM2008. The values of the differences range from —20 cm to +20 cm. The
large values mostly appear in mountainous areas in north and west parts of the
country, where the topography is rough and RTM data are used for modeling high-
frequency signals of gravity field. These disagreements reveal the lack of high-
frequency data or omission errors in EGM2008. However, in Figure 6b, the
differences, THAI12H minus EGMZ2008, vary from +50 to +150 cm, which reflect
(locally) datum distortions and a predominant tilt plane in the southernmost area of
the country.

(see List of Figures)
Figure 6 Differences between geoid models: (a) THAI12G and EGM2008 and
(b) THAI12H and EGM2008 (units in m)
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Conclusions

A preliminary gravimetric (geocentric) geoid model, i.e. THAI12G, was computed by
means of 1-D spherical FFT, from 3,949 terrestrial gravity data, SRTM digital
elevation model, and EGM2008 geopotential model. The model was validated
through a comparison with 200 GPS (ITRF96) benchmarks with Kolak-1915
orthometric heights, and showed a standard deviation of £15.1 cm (rms = 60.6 cm),
with a mean-bias of +58.6cm. A 0.121-ppm tilted plane appeared in north-south
direction. The comparison also revealed large discrepancies between THAI12G and
the GPS/leveling points in some areas, especially, mountainous areas, where the
values of differences ranged from +8.7 to +119.6 cm. A simple Gaussian covariance
function was used to fit the empirical covariance function from the detrended
residuals with a correlation length of 30 km.

Least-squares collocation was used to produce a detrended residual surface.
After a trend surface was restored and added into this residual surface, the final
conversion surface was obtained. The THAI12G model was subtracted by the
conversion surface to provide the final geoid model, THAI12H. The THAI12H
model was a preliminary hybrid geoid model that directly related GPS ellipsoid
heights and Kolak-1915 orthometric heights. The differences between THAI12H and
GPS/leveling-derived geoid undulations at 53 check points had a 15.8-cm rms of fit.
The results of the comparison indicated the better improvement of THAI12H than
THAI12G, EGM2008, and EGM96.

Although two geoid models are computed based on the use of scarce
gravimetric data, particularly in mountainous terrains, they represent a significant step
forward to enable us to improve them a much more accuracy for height determination.
The improvement of the geoid models requires increasing and updating the number of
gravity points on land and sea as well as GPS/leveling points—more intensifying
gravity points and new GPS surveys are currently underway.
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Table 1. Comparison of global geopotential and GPS/leveling geoid undulations (units

in m)
200 stations min max mean std
EGM96 —-0.804 +1.250 +0.530 +0.272
EGM2008 +0.086 +1.209 +0.587 +0.152

Table 2. Statistics of gravity anomalies and data augmentation (units in mGal)

Quantity No. of points min max | mean std

RTSD refined Bouguer 3,949 —159.05 | +122.5 | —23.0 | £22.8

anomalies 1 97 97 51

EGM2008 at RTSD 3,949 —75.717 | +70.94 | —13.5 | £19.7

stations 5 81 19

RTSD refined Bouguer 471 —159.05 | +122.5 | —46.0 | £22.5

anomalies: 18°<$<20° and 1 97 42 48

98°<A<102°

EGM2008 at RTSD 471 —75.717 | +70.94 | —19.9 | £23.8

stations: 5 25 90

18°<$<20° and

98°<A<102°

Data padding in the higher- 471 —124.43 | +95.88 | —8.95 | £27.5

400m-elevation areas at 4 4 6 86

RTSD stations: 18°<¢p<20°

and 98°<A<102°

3-4 471 —-126.89 | +106.3 | —26.1 | +21.2
2 14 17 08

3-5 471 —-134.46 | +53.02 | -37.6 | £18.3
8 0 57 05

Table 3. Statistics of differences between the geoid

undulations implied by

GPS/Leveling points and THAI12G (units in m)

area No. of min max mean std rms
points
Entire areas 200 +0.087 | +1.196 | +0.586 | +0.151 | +0.606
Upper area: ¢ 163 +0.087 | +0.967 | +0.569 | +0.140 | +0.586
>11°47'42"N
Lower area: +0.407 | +1.196 | +0.663 | +0.178 | +0.686
$<11°47'42"N

Table 4. The estimation of trend parameters
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Parameter

Estimated value

bias or offset (ap)

+0.719 m

tilt in East-West direction (a;)

—0.004 mm/km [ppm]

tilt in North-South direction (ay)

—0.121 mm/km [ppm]

Table 5. Statistics of differences between geoid undulations implied by 53

GPS/Leveling check points minus geoid models (units in m)

model min max mean std rms
THAI12H —-0.515 +0.508 —-0.003 +0.160 +0.158
THAI12G +0.058 +0.929 +0.586 +0.180 +0.611
EGM2008 +0.110 +0.911 +0.583 +0.182 +0.609
EGM96 —0.469 +1.157 +0.518 +0.310 +0.602
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Figure 1 (a) Locations of existing gravity values (square dots) and fill-in gravity

values (color shade);
(b) Locations of 200 GPS/leveling reference points (dots) and 53 GPS/leveling check

points (star dots).
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Figure 2 Differences of 200 GPS/leveling derived geoid undulations and THAI12G
geoid undulations; contour interval = 0.02 m.
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Figure 3 Empirical covariance function (dots) and Gaussian covariance function
(solid line)
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Figure 4 The conversion surface relating THAI12G to THAI12H; contour interval =
0.02m
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Figure 5 Differences of 53 GPS/leveling check points (star dots) and THAI12H (units
in m)
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Figure 6 Differences between geoid models: (a) THAI12G and EGM2008 and
(b) THAI12H and EGM2008 (units in m)
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