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✇✐t❤ ●P❙✲❧❡✈❡❧❧✐♥❣ ❞❛t❛✱ ✐♥ t❤❡ ♦r❞❡r ♦❢ ❛ ✸−✸✳✺ ❝♠ ✐♥ t❤❡ ❝❡♥tr❛❧ r❡❣✐♦♥ ❤❛✈✐♥❣ r❡❧❛t✐✈❡❧② s♠♦♦t❤ t♦♣♦❣r❛♣❤②✱ ✇❤✐❝❤ ✐s ❝♦♥s✐st❡♥t✇✐t❤ t❤❡
❛❝❝✉r❛❝✐❡s ♦❢ ●P❙ ❛♥❞ ❧❡✈❡❧❧✐♥❣✳ ❲❤❡♥ ❛ ✶✲♣❛r❛♠❡t❡r ❢✐t ✐s ✉s❡❞✱ t❤❡ ❋❋❚♠❡t❤♦❞ ✉s✐♥❣ ❦❡r♥❡❧ ♠♦❞✐❢✐❝❛t✐♦♥ ♣❡r❢♦r♠s ❜❡st ✇✐t❤ ✸✳✵ ❝♠ r✳♠✳s
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1. Introduction

◆♦✇❛❞❛②s✱ ❛ ♠❛❥♦r ❣♦❛❧ ❢♦r ♣❤②s✐❝❛❧ ❣❡♦❞❡s② ✐s t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥

♦❢ t❤❡ ❣❡♦✐❞ ✇✐t❤ ❛♥ ❛❝❝✉r❛❝② ♦♥ t❤❡ ❝♠ ❧❡✈❡❧✱ ♠❛t❝❤✐♥❣ t❤❡

❛❝❝✉r❛❝② ♦❢ ●P❙ ❤❡✐❣❤t ❞❡t❡r♠✐♥❛t✐♦♥✳ ❆❧t❤♦✉❣❤ t❤❡ ❝♠✲❣❡♦✐❞

∗❊✲♠❛✐❧✿ ❤❛s❛♥✳②✐❧❞✐③❅❤❣❦✳♠s❜✳❣♦✈✳tr✱ P❤♦♥❡✿ ✰✾✵ ✸✶✷ ✺✾✺✷✷✶✻
❚❤❡♠❛♥✉s❝r✐♣t s♦❧❡❧② r❡❢❧❡❝ts t❤❡ ♣❡rs♦♥❛❧ ✈✐❡✇s ♦❢ t❤❡ ❛✉t❤♦r ❛♥❞ ❞♦❡s ♥♦t
♥❡❝❡ss❛r✐❧② r❡♣r❡s❡♥t t❤❡ ✈✐❡✇s✱ ♣♦s✐t✐♦♥s✱ str❛t❡❣✐❡s ♦r ♦♣✐♥✐♦♥s ♦❢ ❚✉r❦✐s❤
❆r♠❡❞ ❋♦r❝❡s

❤❛s ❜❡❡♥ ❞❡♠♦♥str❛t❡❞ ✐♥ ♥✉♠❡r♦✉s ❝❛s❡s ✐♥ ❧♦✇❧❛♥❞ ❛r❡❛s ✇✐t❤

❞❡♥s❡ ❣r❛✈✐t② ❞❛t❛ ❝♦✈❡r❛❣❡✱ s♦ ❢❛r ♥♦ ❝♦♥✈✐♥❝✐♥❣ ❝❛s❡ ♦❢ ❛tt❛✐♥✐♥❣

❛❝♠✲❣❡♦✐❞ ✐♥♠♦✉♥t❛✐♥♦✉s r❡❣✐♦♥s❤❛s❜❡❡♥ r❡♣♦rt❡❞✳ ❚❤✐s ✐s ❧✐❦❡❧②

❛ ❝♦♥s❡q✉❡♥❝❡ ♦❢ ✐♥s✉❢❢✐❝✐❡♥t ❣r❛✈✐t② ❞❛t❛ ❝♦✈❡r❛❣❡✱ t❤❡♦r❡t✐❝❛❧

s❤♦rt❝♦♠✐♥❣s ❛♥❞ ✐♥s✉❢❢✐❝✐❡♥t q✉❛❧✐t② ♦❢ t❤❡ ❧❡✈❡❧❧✐♥❣ ❞❛t❛✱ ✉s❡❞ t♦

❝♦♠♣✉t❡ ✧❣r♦✉♥❞ tr✉t❤✧ ❣❡♦✐❞ ✭♦r q✉❛s✐✲❣❡♦✐❞✮ ✈❛❧✉❡s✳

❚❤❡ ♠♦st ❝♦♠♠♦♥❧② ❛❞♦♣t❡❞ ❛♥❞ ❛♣♣❧✐❡❞ ❛♣♣r♦❛❝❤ t♦ r❡❣✐♦♥❛❧

❣r❛✈✐♠❡tr✐❝ ❣❡♦✐❞ ❞❡t❡r♠✐♥❛t✐♦♥ t♦❞❛② ✐s ♣r♦❜❛❜❧② t❤❡ r❡♠♦✈❡✲

❝♦♠♣✉t❡✲r❡st♦r❡ ✭❘❈❘✮ t❡❝❤♥✐q✉❡ ✭❡✳❣✳✱ ❙❝❤✇❛r③ ❡t ❛❧✳✱ ✶✾✾✵✮✳ ■♥

t❤❡ r❡♠♦✈❡ st❡♣✱ ❛ ❧♦♥❣✲✇❛✈❡❧❡♥❣t❤ ♣❛rt ✭♣r❡❞✐❝t❡❞ ❜② ❛ ❣❧♦❜❛❧
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❣r❛✈✐t② ❢✐❡❧❞ ♠♦❞❡❧✮ ❛♥❞ ❛ s❤♦rt✲✇❛✈❡❧❡♥❣t❤ ♣❛rt ✭♣r❡❞✐❝t❡❞ ❜②

t♦♣♦❣r❛♣❤②✮ ❛r❡ r❡♠♦✈❡❞ ❢r♦♠ t❤❡ ♦r✐❣✐♥❛❧ ❣r❛✈✐t② ❞❛t❛✳ ■♥ t❤❡

❝♦♠♣✉t❡ st❡♣✱ t❤❡ ♦❜t❛✐♥❡❞ ❜❛♥❞✲♣❛ss ❢✐❧t❡r❡❞ ❣r❛✈✐t② ❛♥♦♠❛❧✐❡s

❛r❡ tr❛♥s❢♦r♠❡❞ ✐♥t♦ q✉❛s✐✲❣❡♦✐❞ ❤❡✐❣❤ts ❡✐t❤❡r ✉s✐♥❣ ❙t♦❦❡s✬ ✐♥✲

t❡❣r❛t✐♦♥ ♠❡t❤♦❞s✱ ❡✳❣✳ ✷✲❉ s♣❤❡r✐❝❛❧ ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ✭❋❋❚✮✱

♦r ✉s✐♥❣ ▲❡❛st ❙q✉❛r❡s ❈♦❧❧♦❝❛t✐♦♥ ✭▲❙❈✮✳ ❆❢t❡r ❤❛✈✐♥❣ ❝❛rr✐❡❞ ♦✉t

t❤❡ ❝♦♠♣✉t❡ st❡♣✱ t❤❡ ❧♦♥❣✲✇❛✈❡❧❡♥❣t❤ ❛♥❞ t❤❡ s❤♦rt✲✇❛✈❡❧❡♥❣t❤

♣❛rts ❛r❡ r❡st♦r❡❞ t♦ t❤❡ q✉❛s✐✲❣❡♦✐❞✳ ❖♥❡ ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ▲❙❈

♠❡t❤♦❞ ✐s t❤❛t ✐t ❞♦❡s ♥♦t r❡q✉✐r❡ ❣r✐❞❞❡❞ ❣r❛✈✐t② ❛♥♦♠❛❧✐❡s ❛s

t❤❡ ❋❋❚ ♠❡t❤♦❞ ❛♥❞ ♣r♦✈✐❞❡s ❡rr♦r ❡st✐♠❛t❡s ❢♦r t❤❡ r❡s✉❧t✐♥❣

q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧s✳

❆❧t❡r♥❛t✐✈❡❧②✱ ❧❡❛st sq✉❛r❡s♠♦❞✐❢✐❝❛t✐♦♥ ♦❢ ❙t♦❦❡s✬ ❢♦r♠✉❧❛ ✭▲❙▼❙✮✱

❞❡✈❡❧♦♣❡❞ ❛t t❤❡ ❘♦②❛❧ ■♥st✐t✉t❡ ♦❢ ❚❡❝❤♥♦❧♦❣②✱ ❞♦❡s ♥♦t r❡q✉✐r❡

❣r❛✈✐t② r❡❞✉❝t✐♦♥s ❛♥❞ ✐♥❝❧✉❞❡s ❛ ❧❡❛st sq✉❛r❡s ❦❡r♥❡❧♠♦❞✐❢✐❝❛t✐♦♥

✇✐t❤ ❛❞❞✐t✐✈❡ ❝♦rr❡❝t✐♦♥s ❢♦r t❤❡ t♦♣♦❣r❛♣❤②✱ ❞♦✇♥✇❛r❞ ❝♦♥t✐♥✲

✉❛t✐♦♥✱ t❤❡ ❛t♠♦s♣❤❡r❡ ❛♥❞ t❤❡ ❡❧❧✐♣s♦✐❞❛❧ s❤❛♣❡ ♦❢ t❤❡ ❊❛rt❤

✭❙❥ö❜❡r❣ ✷✵✵✸✮✳ ❆ ❞❡t❛✐❧❡❞ t❤❡♦r❡t✐❝❛❧ ❞✐s❝✉ss✐♦♥ ❛❜♦✉t ❘❈❘ ❛♥❞

▲❙▼❙ t❡❝❤♥✐q✉❡s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❙❥ö❜❡r❣ ✭✷✵✵✺✮✳

❚❤✐s st✉❞② ❛✐♠s t♦ ♥✉♠❡r✐❝❛❧❧② ❝♦♠♣❛r❡ t❤❡ ❘❈❘ ❛♥❞ ▲❙▼❙ t❡❝❤✲

♥✐q✉❡s ✐♥ t❤❡ ❆✉✈❡r❣♥❡ t❡st ❛r❡❛✳ ❆ ♥✉♠❜❡r ♦❢ st✉❞✐❡s ❤❛✈❡ ❛❧r❡❛❞②

r❡♣♦rt❡❞ r❡s✉❧ts ✉s✐♥❣ ❞✐❢❢❡r❡♥t q✉❛s✐✲❣❡♦✐❞ ❞❡t❡r♠✐♥❛t✐♦♥ ♠❡t❤✲

♦❞s ✐♥ t❤❡ s❛♠❡ t❡st ❛r❡❛ ✭❇❛r③❛❣❤✐ ❛♥❞ ❙❛♥s♦✱ ✷✵✵✾❀ ➴❣r❡♥ ❡t ❛❧✳✱

✷✵✵✾❜❀ ❋♦rs❜❡r❣✱ ✷✵✶✵✮✳ ❍♦✇❡✈❡r✱ t❤✐s st✉❞② ❞✐❢❢❡rs ❢r♦♠ t❤❡ ♣r❡✲

✈✐♦✉s st✉❞✐❡s ❜❡❝❛✉s❡ ✐❞❡♥t✐❝❛❧ ✐♥♣✉t ❞❛t❛ ❤❛✈❡ ❜❡❡♥ ✉s❡❞ ❢♦r ❛❧❧

♠❡t❤♦❞s✱ ❛♥❞ t❤❡ q✉❛s✐✲❣❡♦✐❞♠♦❞❡❧s ❛r❡ ♥♦t ♦♥❧② ❝♦♠♣❛r❡❞✇✐t❤

t❤❡ ●P❙✲❧❡✈❡❧❧✐♥❣ ❞❛t❛✱ ❜✉t ❛❧s♦ ❛♠♦♥❣ ❡❛❝❤ ♦t❤❡r ❛♥❞ ✇✐t❤ t❤❡

❊●▼✷✵✵✽ ✭P❛✈❧✐s ❡t ❛❧✳✱ ✷✵✵✽✮✳ ●❡♦❞❡t✐❝ ●r❛✈✐t② ❋✐❡❧❞▼♦❞❡❧❧✐♥❣ Pr♦✲

❣r❛♠s ✭●❘❆❱❙❖❋❚✮ ✭❋♦rs❜❡r❣ ❛♥❞ ❚s❝❤❡r♥✐♥❣✱ ✷✵✵✽✮ ❛♥❞ ❙❝✐❡♥t✐❢✐❝

❙♦❢t✇❛r❡ ❢♦r Pr❡❝✐s❡ ●❡♦✐❞ ❉❡t❡r♠✐♥❛t✐♦♥ ❇❛s❡❞ ♦♥ t❤❡ ▲❡❛st✲

❙q✉❛r❡s ▼♦❞✐❢✐❝❛t✐♦♥ ♦❢ ❙t♦❦❡s✬ ❋♦r♠✉❧❛ ✭▲❙▼❙✲●❊❖▲❆❇✮ ✭❑✐❛♠❡❤r

❛♥❞ ❙❥ö❜❡r❣✱ ✷✵✶✵✮ ❛r❡ ✉s❡❞ ❢♦r t❤❡ ♣r❛❝t✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ♦❢

t❤❡ ❘❈❘ ❛♥❞ ▲❙▼❙ t❡❝❤♥✐q✉❡s✱ r❡s♣❡❝t✐✈❡❧②✳

❙❡❝t✐♦♥ ✷ ❜r✐❡❢❧② ❞❡s❝r✐❜❡s t❤❡ t❡st ❛r❡❛✱ ❞❛t❛ ❛♥❞ t❤❡ q✉❛s✐✲

❣❡♦✐❞ ❞❡t❡r♠✐♥❛t✐♦♥ ♠❡t❤♦❞s✳ ❙❡❝t✐♦♥ ✸ ❣✐✈❡s t❤❡ ❞❡t❛✐❧s ♦❢ t❤❡

❝♦♠♣✉t❛t✐♦♥ ♦❢ r❡❣✐♦♥❛❧ q✉❛s✐✲❣❡♦✐❞♠♦❞❡❧s ❛♥❞ ❝♦♠♣❛r✐s♦♥✇✐t❤

●P❙✲❧❡✈❡❧❧✐♥❣ ❞❛t❛✳ ◗✉❛s✐✲❣❡♦✐❞ ❞✐❢❢❡r❡♥❝❡ ❛♥❛❧②s❡s ❛r❡ ❣✐✈❡♥ ✐♥

❙❡❝t✐♦♥ ✹✳ ❋✐♥❛❧❧②✱ t❤❡ r❡s✉❧ts ❛r❡ ❞✐s❝✉ss❡❞ ❛♥❞ s♦♠❡ ❝♦♥❝❧✉s✐♦♥s

❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥ ✺✳

2. Data and methodology

2.1. Data

❚❤❡ ❆✉✈❡r❣♥❡ ❞❛t❛ s❡t ✇❛s ❞✐str✐❜✉t❡❞ ✐♥ ✷✵✵✽ ❜② ■♥st✐t✉t ●é♦✲

❣r❛♣❤✐q✉❡ ◆❛t✐♦♥❛❧ ✭■●◆✮✱ ❋r❛♥❝❡✱ ♦♥ ❜❡❤❛❧❢ ♦❢ t❤❡ ■♥t❡r♥❛t✐♦♥❛❧

●❡♦✐❞ ❙❡r✈✐❝❡ ✭■●❡❙✮✱ ❛s ❛ ✧❣r♦✉♥❞ tr✉t❤✧ ❡①❛♠♣❧❡ ❢♦r ♣r❡❝✐s❡ ❣❡♦✐❞

❞❡t❡r♠✐♥❛t✐♦♥ ♠❡t❤♦❞s ✭❉✉q✉❡♥♥❡✱ ✷✵✵✼✮✳

❚❤❡❆✉✈❡r❣♥❡❞❛t❛ s❡t ❝♦♥s✐sts♦❢ ❛❜♦✉t✷✹✵✳✵✵✵❣r❛✈✐t②❞❛t❛♣♦✐♥ts

❢r♦♠ t❤❡ ❇✉r❡❛✉ ●r❛✈✐♠❡tr✐q✉❡✱ ❝♦✈❡r✐♥❣ ❛ ✻◦×✽◦❛r❡❛ ✐♥❝❧✉❞✐♥❣

♠♦st ♦❢ ❋r❛♥❝❡❀ ❛ ❞✐❣✐t❛❧ ❡❧❡✈❛t✐♦♥♠♦❞❡❧ ✭❉❊▼✮❜❛s❡❞♦♥✸✧ ❙❤✉tt❧❡

❘❛❞❛r ❚♦♣♦❣r❛♣❤②▼✐ss✐♦♥ ✭❙❘❚▼✮ ❤❡✐❣❤t ❞❛t❛ ✭✈❡rs✐♦♥ ✸✮ ❝♦✈❡r✐♥❣

❛ s♦♠❡✇❤❛t ❧❛r❣❡r ✽◦×✶✵◦❛r❡❛ ✭s❡❡ ❋✐❣ ✶✭❛✮✮❀ ❛♥❞ ❛ s❡t ♦❢ ✼✺

●P❙✲❧❡✈❡❧❧✐♥❣ ♣♦✐♥ts ✐♥ t❤❡ ✧▼❛ss✐❢ ❈❡♥tr❛❧❡✧ ❛r❡❛✱ ❛❧❧ ✇✐t❤ ✶st ♦r❞❡r

✭❛✮

✭❜✮

Figure 1. a) The data coverage for quasi-geoid determination
(Duquenne, 2007); b) Distribution of GPS-levelling points
(black circles) in the central region with the heights (in
metre) of quasi-geoid computational points selected at
0.02◦×0.025◦resolution (approximately at 2 km spacing)
from 3" Shuttle Radar Topography Mission (SRTM) height
data over the quasi-geoid comparison area

❧❡✈❡❧❧✐♥❣ ❝♦♥♥❡❝t✐♦♥s ✭s❡❡ ❋✐❣ ✶✭❜✮✮✱ ❛♥❞ ❛ q✉♦t❡❞ ●P❙ ❡❧❧✐♣s♦✐❞❛❧

❤❡✐❣❤t ❛❝❝✉r❛❝② ♦❢ ✷−✸ ❝♠ ✭❘❇❋ ♣♦✐♥ts✮ ♦r ✧s❧✐❣❤t❧② ❜❡tt❡r✧ ✭◆■❱❆●

♣♦✐♥ts✮ ✭❉✉q✉❡♥♥❡✱ ✷✵✵✼✮✳

❉✉q✉❡♥♥❡ ✭✷✵✵✼✮ s✉❣❣❡st❡❞ t❤❛t t❤❡s❡ ●P❙✲❧❡✈❡❧❧✐♥❣ ♣♦✐♥ts ✇❡r❡

❧✐♥❦❡❞ t♦ t❤❡ ❋r❡♥❝❤ ♥❛t✐♦♥❛❧ ❧❡✈❡❧❧✐♥❣ ♥❡t✇♦r❦ ✭◆●❋✲■●◆✻✾✮ ❜②

♣r❡❝✐s❡ ❧❡✈❡❧❧✐♥❣ ✇✐t❤ r❡❞✉♥❞❛♥t ♦❜s❡r✈❛t✐♦♥s✱ ✇✐t❤ t❤❡ t♦t❛❧ st❛♥✲

❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ❞✐❢❢❡r❡♥❝❡ ✐♥ ❤❡✐❣❤ts ❜❡t✇❡❡♥ ♣♦✐♥ts ✐♥ t❤❡

●P❙✲❧❡✈❡❧❧✐♥❣ ❛r❡❛ ❜❡tt❡r t❤❛♥ ✷ ❝♠✱ ✐♥❝❧✉❞✐♥❣ t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ♦❢

t❤❡ ❜❛s✐❝ ♥❡t✇♦r❦ ❛♥❞ ♦❢ t❤❡ ❧♦❝❛❧ t✐❡s✳ ❚❤❡◆●❋✲■●◆✻✾ ✉s❡s ♥♦r♠❛❧

❤❡✐❣❤t s②st❡♠ ❛♥❞ ✐s t✐❡❞ t♦ ▼❛rs❡✐❧❧❡ t✐❞❡ ❣❛✉❣❡✳ ❈♦♥s✐❞❡r✐♥❣

t❤❡ s✉❣❣❡st❡❞ ❛❝❝✉r❛❝② ♦❢ ●P❙ ❡❧❧✐♣s♦✐❞❛❧ ❤❡✐❣❤ts ❛s ✷✳✺ ❝♠ ❛♥❞

t❤❡ ❛❝❝✉r❛❝② ♦❢ ♣r❡❝✐s❡ ❧❡✈❡❧❧✐♥❣ ♠❡❛s✉r❡♠❡♥ts ❛s ✷ ❝♠✱ ❛♥ ❛❝❝✉✲

r❛❝② ♦❢ ✸✳✷ ❝♠ ❝❛♥ ❜❡ ❛tt❛✐♥❡❞ ❢♦r t❤❡ q✉❛s✐✲❣❡♦✐❞ ❤❡✐❣❤ts ♦❢ t❤❡

●P❙✲❧❡✈❡❧❧✐♥❣ ♣♦✐♥ts t❤r♦✉❣❤ t❤❡ ❡rr♦r ♣r♦♣♦❣❛t✐♦♥ ❧❛✇ ❛ss✉♠✐♥❣

✉♥❝♦rr❡❧❛t❡❞ ♦❜s❡r✈❛t✐♦♥s✳

❚❤❡ ❡❧❡✈❛t✐♦♥s ♦❢ t❤❡ ●P❙✲❧❡✈❡❧❧✐♥❣ ♣♦✐♥ts r❛♥❣❡ ❢r♦♠ ✷✵✻ t♦

✶✷✸✺♠✱ ❛♥❞ t❤❡ ❤✐❣❤❡st ♠♦✉♥t❛✐♥ ✐♥ t❤❡ ❝❡♥tr❛❧ ❛r❡❛ ✐s ✶✽✽✻♠❀ ✐t

✐s t❤❡r❡❢♦r❡ ❛ r❡❧❛t✐✈❡❧②♠♦❞❡r❛t❡♠♦✉♥t❛✐♥♦✉s ❛r❡❛ ✭❋✐❣ ✶✭❛✮✱ ✶✭❜✮✮✳

❚❤❡ ❤❡✐❣❤ts ♦❢ q✉❛s✐✲❣❡♦✐❞ ❝♦♠♣✉t❛t✐♦♥❛❧ ♣♦✐♥ts s❡❧❡❝t❡❞ ❛t

✵✳✵✷◦×✵✳✵✷✺◦r❡s♦❧✉t✐♦♥ ✭❛♣♣r♦①✐♠❛t❡❧② ❛t ✷ ❦♠ s♣❛❝✐♥❣✮ ❢r♦♠ ✸✧

Brought to you by | DTU - Technical Information Center of Denmark (DTIC)

Authenticated | 192.38.67.112

Download Date | 3/4/13 3:23 PM



❏♦✉r♥❛❧ ♦❢ ●❡♦❞❡t✐❝ ❙❝✐❡♥❝❡ 55

❙❤✉tt❧❡ ❘❛❞❛r ❚♦♣♦❣r❛♣❤② ▼✐ss✐♦♥ ✭❙❘❚▼✮ ❤❡✐❣❤t ❞❛t❛ ♦✈❡r t❤❡

q✉❛s✐✲❣❡♦✐❞ ❝♦♠♣❛r✐s♦♥ ❛r❡❛ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣ ✶✭❜✮✮✳ ❚❤❡ ❡❧❡✈❛✲

t✐♦♥s ♦❢ t❤❡ q✉❛s✐✲❣❡♦✐❞ ❝♦♠♣✉t❛t✐♦♥❛❧ ♣♦✐♥ts r❛♥❣❡ ❢r♦♠ ✷✶♠ t♦

✶✽✷✸♠ ✇❤❡r❡❛s t❤❡ ❡❧❡✈❛t✐♦♥s ♦❢ t❤❡ ❢r❡❡✲❛✐r ❣r❛✈✐t② ❛♥♦♠❛❧✐❡s

r❛♥❣❡ ❢r♦♠ ✶✾♠ t♦ ✶✼✶✺♠ ♦✈❡r t❤❡ q✉❛s✐✲❣❡♦✐❞ ❝♦♠♣❛r✐s♦♥ ❛r❡❛

✭❋✐❣ ✶✭❜✮✮✳

2.2. Methodology

2.2.1. Remove Compute Restore Technique

■♥ t❤❡ ❘❈❘ t❡❝❤♥✐q✉❡✱ t❤❡ ❛♥♦♠❛❧♦✉s ♣♦t❡♥t✐❛❧T ✐s s♣❧✐t ✐♥t♦ t❤r❡❡

♣❛rts✿

T = TEGM + TRTM + TRES , ✭✶✮

✇❤❡r❡ TEGM ✐s t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❛♥ ❊❛rt❤ ●❡♦♣♦t❡♥t✐❛❧ ▼♦❞❡❧

✭❊●▼✮✳TRTM ❛r❡ t❤❡ t❡rr❛✐♥❡❢❢❡❝ts ❢r♦♠❘❡s✐❞✉❛❧ ❚❡rr❛✐♥▼♦❞❡❧❧✐♥❣

✭❘❚▼✮✱ ❛♥❞ TRES t❤❡ r❡s✐❞✉❛❧ ❣r❛✈✐t② ❢✐❡❧❞✳ T ✐s tr❡❛t❡❞ ❛s ❛ s♣❛t✐❛❧

❢✉♥❝t✐♦♥✳ ❖♥❡ r❡❛s♦♥ ❢♦r s✉❜tr❛❝t✐♥❣ ❛♥ ❊●▼ ✐s t♦ r❡♣r❡s❡♥t t❤❡

❣r❛✈✐t② ❢✐❡❧❞ ♦✉ts✐❞❡ t❤❡ ❛r❡❛ ❝♦✈❡r❡❞ ✇✐t❤ ❞❛t❛✳

❋♦r t❤❡ t❡rr❛✐♥✲r❡❞✉❝t✐♦♥✱ t❤❡ t❡rr❛✐♥ ❡❢❢❡❝ts ❛r❡ r❡❞✉❝❡❞ r❡❧❛t✐✈❡

t♦ ❛ ♠❡❛♥ ❡❧❡✈❛t✐♦♥ s✉r❢❛❝❡✳ ❚❤❡ t❡rr❛✐♥ ♣♦t❡♥t✐❛❧ ✐s s✉❜tr❛❝t❡❞

❢r♦♠ t❤❡ ♦❜s❡r✈❛t✐♦♥s ✉s✐♥❣ ❛ ♣r✐s♠ ✐♥t❡❣r❛t✐♦♥✱ ✐✳❡✳ r❡♣r❡s❡♥t✐♥❣

t❤❡ ♠❛ss ❜❡t✇❡❡♥ t❤❡ ❛❝t✉❛❧ t♦♣♦❣r❛♣❤② ❛♥❞ t❤❡ ♠❡❛♥ ❡❧❡✈❛t✐♦♥

s✉r❢❛❝❡ ❛s ♠❛ss ♣r✐s♠s ♦❢ ❡✐t❤❡r ♣♦s✐t✐✈❡ ♦r ♥❡❣❛t✐✈❡ ❞❡♥s✐t②✱

♥♦♠✐♥❛❧❧② ✷✻✼✵ ❦❣✴♠3 ✳ ❚❤❡ ♣r✐s♠ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ❘❚▼

♠❡t❤♦❞❤❛s ❛♥ ✐♥❤❡r❡♥t ♣r♦❜❧❡♠✿ t❤❡♠❡t❤♦❞ ❧❡❛✈❡s ❛♣♦✐♥t ❛❜♦✈❡

t❤❡ ♠❡❛♥ ❡❧❡✈❛t✐♦♥ s✉r❢❛❝❡ ✐♥ t❤❡ ♠❛ss✲❢r❡❡ ❞♦♠❛✐♥✱ ✇❤❡r❡❛s ❛

♣♦✐♥t ❜❡❧♦✇ t❤❡ ♠❡❛♥ ❡❧❡✈❛t✐♦♥ s✉r❢❛❝❡ ❛❢t❡r t❤❡ r❡❞✉❝t✐♦♥ ✇♦✉❧❞

❝♦rr❡s♣♦♥❞ t♦ t❤❡ ✈❛❧✉❡ ✐♥s✐❞❡ t❤❡ r❡❢❡r❡♥❝❡ t♦♣♦❣r❛♣❤② ♠❛ss✳ ❆s

❛❧❧ ❣❡♦❞❡t✐❝ ❣r❛✈✐t② ❢✐❡❧❞ ♠♦❞❡❧✐♥❣ ♠❡t❤♦❞s r❡q✉✐r❡ ♦❜s❡r✈❛t✐♦♥s

❞❡r✐✈❡❞ ❢r♦♠ ❛ ❤❛r♠♦♥✐❝ ❢✉♥❝t✐♦♥✱ ✐✳❡✳ ✐♥ ❛ ♠❛ss✲❢r❡❡ ❡♥✈✐r♦♥♠❡♥t

❛❜♦✈❡ t❤❡ ❣❡♦✐❞✱ t❤❡ ❤❛r♠♦♥✐❝ ❝♦rr❡❝t✐♦♥ ✐s ❛♣♣❧✐❡❞ t♦ t❤❡ ❣r❛✈✐t②

❛♥♦♠❛❧② ♣♦✐♥ts ❜❡❧♦✇ t❤❡ ♠❡❛♥ ❡❧❡✈❛t✐♦♥ s✉r❢❛❝❡❀ ❢♦r ❞❡t❛✐❧s s❡❡

❋♦rs❜❡r❣ ✭✶✾✽✹✮✳ ❚❤❡ ❣❡♦✐❞ ✧r❡st♦r❡✧ s✐❣♥❛❧ ✐s ❝♦♠♣✉t❡❞ ❜② ❋♦✉r✐❡r

♠❡t❤♦❞s ✭❢♦r ❞❡t❛✐❧s s❡❡ ❋♦rs❜❡r❣✱ ✶✾✽✹✱ ✶✾✽✺✮✳ ■♥ ❘❚▼ ♠❡t❤♦❞

t❤❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ ❡❧❡✈❛t✐♦♥ s✉r❢❛❝❡ ✐s ❝♦♥tr♦❧❧❡❞ ❜② t❤❡

✉s❡r✱ t❤r♦✉❣❤ ❛ s✉✐t❛❜❧❡ ❧♦✇✲♣❛ss ❢✐❧t❡r✳ ■❞❡❛❧❧② s✉❝❤ ❛ ❢✐❧t❡r s❤♦✉❧❞

❝♦rr❡s♣♦♥❞ t♦ t❤❡ ❡q✉✐✈❛❧❡♥t r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❤✐❣❤❡st s♣❤❡r✐❝❛❧

❤❛r♠♦♥✐❝ ❡①♣❛♥s✐♦♥ ❞❡❣r❡❡ ✐♥ t❤❡ r❡❢❡r❡♥❝❡ ♣♦t❡♥t✐❛❧✳

❚❤❡ ❙t♦❦❡s✴▼♦❧♦❞❡♥s❦②✬ ❢♦r♠✉❧❛ ✭▼♦r✐t③✱ ✶✾✽✵✱ ♣✳ ✸✽✼✮ ✐s

ζ =
R

4πγ

∫∫

σ

(∆g+ g1)S(ψ)dσ, ✭✷✮

✇❤❡r❡ ζ ✐s q✉❛s✐✲❣❡♦✐❞✱R ✐s t❤❡♠❡❛♥ ❊❛rt❤ r❛❞✐✉s✱ γ ✐s t❤❡ ♥♦r♠❛❧

❣r❛✈✐t② ❛t t❤❡ ♥♦r♠❛❧ ❤❡✐❣❤t✱ σ ✐s t❤❡ ✉♥✐t s♣❤❡r❡✱ S(ψ) ✐s t❤❡

❙t♦❦❡s✬ ❢✉♥❝t✐♦♥ ✇✐t❤ ❛r❣✉♠❡♥t ψ ❛s t❤❡ ❣❡♦❝❡♥tr✐❝ ❛♥❣❧❡✱ ∆g ✐s

t❤❡ s✉r❢❛❝❡❣r❛✈✐t② ❛♥♦♠❛❧✐❡s✱g1 ✐s t❤❡ ❢✐rst t❡r♠ ✐♥ t❤❡▼♦❧♦❞❡♥s❦②

❡①♣❛♥s✐♦♥✳ ❊q✉❛t✐♦♥ ✭✷✮ ✐s ♠♦❞✐❢✐❡❞ ✉s✐♥❣ r❡❞✉❝❡❞ s✉r❢❛❝❡ ❣r❛✈✐t②

❛♥♦♠❛❧✐❡s ✭∆gres✮✱ ♦❜t❛✐♥❡❞ r❡♠♦✈✐♥❣ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❛♥ ❊●▼

❛♥❞ t❡rr❛✐♥ ❡❢❢❡❝ts ❢r♦♠ t❤❡ s✉r❢❛❝❡❣r❛✈✐t② ❛♥♦♠❛❧✐❡s ✭∆g✮✱ ✐♥st❡❛❞

♦❢∆g t♦ ♦❜t❛✐♥ t❤❡ r❡s✐❞✉❛❧ q✉❛s✐✲❣❡♦✐❞ ❝♦♥tr✐❜✉t✐♦♥ ✭ζres✮ ❜② t❤❡

❢♦r♠✉❧❛✱

ζres =
R

4πγ

∫∫

σ

(∆gres + g1)S(ψ)dσ. ✭✸✮

❲❤❡♥ t❤❡ ❘❚▼ r❡❞✉❝t✐♦♥ ✐s ✉s❡❞✱ t❤❡ ▼♦❧♦❞❡♥s❦② g1 t❡r♠ ✇✐❧❧

❣❡♥❡r❛❧❧② ❜❡ ✐♥s✐❣♥✐❢✐❝❛♥t ✭❋♦rs❜❡r❣ ❛♥❞ ❙✐❞❡r✐s✱ ✶✾✽✾❀ ❙❝❤✇❛r③

❡t ❛❧✳✱ ✶✾✾✵✮ ❛♥❞ t❤❡ ❢♦r♠✉❧❛ ❝♦♥✈❡rts ✐♥t♦ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧

❙t♦❦❡s✬ ❢♦r♠✉❧❛ ❢♦r t❤❡ ❣❡♦✐❞✱ ✐♥ ♣r✐♥❝✐♣❧❡ ❛♣♣❧✐❡❞ t♦ ❣r❛✈✐t② ❢✐❡❧❞

q✉❛♥t✐t✐❡s ❛t t❤❡ ❣❡♦✐❞✳ ❚❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❙t♦❦❡s✬ ❢♦r♠✉❧❛ ✐s ❞♦♥❡

✉s✐♥❣ ✷✲❉ s♣❤❡r✐❝❛❧ ❋❋❚ ❢♦r ❞❡t❛✐❧s ♦❢ t❤❡ ♠❡t❤♦❞s s❡❡ ❙❝❤✇❛r③ ❡t

❛❧✳ ✭✶✾✾✵✮ ❛♥❞ ❋♦rs❜❡r❣ ❛♥❞ ❙✐❞❡r✐s ✭✶✾✾✸✮✳ ■♥ t❤❡ ✷✲❉ s♣❤❡r✐❝❛❧

❋❋❚ ♠❡t❤♦❞✱ ❙t♦❦❡s✬ ✐♥t❡❣r❛❧ ✐s ❡✈❛❧✉❛t❡❞ ♦✈❡r t❤❡ ✇❤♦❧❡ ❣r❛✈✐t②

❛♥♦♠❛❧② ❛r❡❛ ❜② ❛ s❡r✐❡s ♦❢ ❝♦♥✈♦❧✉t✐♦♥s✱ ❡❛❝❤ ❛❝❝✉r❛t❡ ❛r♦✉♥❞ ❛

❝❡rt❛✐♥ r❡❢❡r❡♥❝❡ ❧❛t✐t✉❞❡✳ ❚♦ ❦❡❡♣ t❤❡ ✐♥❤❡r❡♥t❧② ❤✐❣❤❧② ❛❝❝✉r❛t❡

●r❛✈✐t② ❘❡❝♦✈❡r② ❆♥❞ ❈❧✐♠❛t❡ ❊①♣❡r✐♠❡♥t ✭●❘❆❈❊✮ ❣r❛✈✐t② ❢✐❡❧❞

✐♥❢♦r♠❛t✐♦♥ ✐♥ ❊●▼✷✵✵✽ ✭P❛✈❧✐s ❡t ❛❧✳✱ ✷✵✵✽✮ ❢r♦♠ ❜❡✐♥❣ ♦✈❡rr✉❧❡❞

❜② t❤❡ ✐♥❢❧✉❡♥❝❡ ❢r♦♠ t❡rr❡str✐❛❧ ❣r❛✈✐t② ❞❛t❛✱ t❤❡ ✐♥t❡❣r❛❧ s❤♦✉❧❞

✉s❡ ♠♦❞✐❢✐❡❞ ❙t♦❦❡s✬ ❦❡r♥❡❧s✱ ❡✳❣✳✱ ❛s t❤❡ ♠♦❞✐❢✐❡❞ ❲♦♥❣✲●♦r❡

❦❡r♥❡❧ ✭❲♦♥❣ ❛♥❞ ●♦r❡✱ ✶✾✻✾✮ ❞❡s❝r✐❜❡❞ ❜② ❋♦rs❜❡r❣ ❛♥❞ ❖❧❡s❡♥

✭✷✵✶✵✮✳

❚❤❡ ▲❙❈ ♠❡t❤♦❞ ❛❧s♦ ✉s❡s t❤❡ ❘❈❘ t❡❝❤♥✐q✉❡ ✭❋♦rs❜❡r❣ ❛♥❞

❚s❝❤❡r♥✐♥❣✱ ✶✾✽✶✮✱ ❛s t❤❡ ❞❛t❛ t♦ ❜❡ ✉s❡❞ ❢♦r ❝♦✈❛r✐❛♥❝❡ ❢✉♥❝t✐♦♥

❡st✐♠❛t✐♦♥ ❛♥❞ t❤❡ s✉❜s❡q✉❡♥t ▲❙❈ st❡♣ ❛r❡ r❡q✉✐r❡❞ t♦ ❜❡ s♠♦♦t❤

✇✐t❤ s♠❛❧❧ ✈❛r✐❛♥❝❡ ✐♥ ♦r❞❡r t♦ ♣r♦♣❡r❧② ✐♥t❡r♣r❡t t❤❡ ❡rr♦r ❡st✐✲

♠❛t❡s✳ ❚❤❡ ▲❙❈ ♠❡t❤♦❞ ❝❛♥ ❤❛♥❞❧❡ ❤❡t❡r♦❣❡♥❡♦✉s ♦❜s❡r✈❛t✐♦♥s

t♦ ❡st✐♠❛t❡ ❣r❛✈✐t② ❢✐❡❧❞ ❝♦♠♣♦♥❡♥ts ❛♥❞ t❤❡✐r st❛♥❞❛r❞ ❡rr♦rs✱

s✉❝❤ ❛s ❣❡♦✐❞ ❤❡✐❣❤ts ✭❚s❝❤❡r♥✐♥❣✱ ✶✾✽✷✮✳ ❚❤❡ ▲❙❈ ♠❡t❤♦❞ t❛❦❡s

✐♥t♦ ❛❝❝♦✉♥t ❞❛t❛ ❧♦❝❛t❡❞ ❛t ❞✐❢❢❡r❡♥t ❛❧t✐t✉❞❡s t❤r♦✉❣❤ t❤❡ ✉s❡

♦❢ ❛ s♣❛t✐❛❧ ❝♦✈❛r✐❛♥❝❡ ❢✉♥❝t✐♦♥✳ ■♥ t❤❡ ▲❙❈ ♠❡t❤♦❞✱ ❛ ❧✐♠✐t❛t✐♦♥✱

❤♦✇❡✈❡r✱ ❤❛s ❜❡❡♥ t❤❛t ❛s ♠❛♥② ❡q✉❛t✐♦♥s ❛s t❤❡ ♥✉♠❜❡r ♦❢

❞❛t❛ ❤❛✈❡ t♦ ❜❡ s♦❧✈❡❞✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ✉s❡❞ ❛ ❧✐♠✐t❡❞ ♥✉♠❜❡r

♦❢ ❣r❛✈✐t② ❞❛t❛ s❡❧❡❝t❡❞ ❛t ❛♣♣r♦①✐♠❛t❡❧② ✷ ❦♠ r❡s♦❧✉t✐♦♥ ❢♦r t❤❡

✐♠♣❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ▲❙❈ ♠❡t❤♦❞ ❝♦♥❝❡r♥✐♥❣ ❝♦♠♣✉t❛t✐♦♥❛❧ ❝❛✲

♣❛❜✐❧✐t✐❡s✱ ✇❤✐❝❤ ❛r❡ ❛❧s♦ ✉s❡❞ ❜② t❤❡ ✷✲❉ ❋❋❚ ❛♥❞ ▲❙▼❙ ♠❡t❤♦❞s

❛s ✐❞❡♥t✐❝❛❧ ❞❛t❛✳ ❋✐rst✱ ❡♠♣r✐❝❛❧ ❝♦✈❛r✐❛♥❝❡s ❛r❡ ❝♦♠♣✉t❡❞ ❛♥❞

s✉❜s❡q✉❡♥t❧② t❤❡s❡ ✈❛❧✉❡s ❛r❡ ❢✐tt❡❞ t♦ t❤❡♠♦❞❡❧ ❝♦✈❛r✐❛♥❝❡ ❢✉♥❝✲

t✐♦♥ ♦❢ ❚s❝❤❡r♥✐♥❣✲❘❛♣♣ ✭❚s❝❤❡r♥✐♥❣ ❛♥❞ ❘❛♣♣✱ ✶✾✼✹✮✳ ❚❤❡ r❡s✐❞✉❛❧

q✉❛s✐✲❣❡♦✐❞✉♥❞✉❧❛t✐♦♥s❛r❡❞❡t❡r♠✐♥❡❞❜②t❤❡▲❙❈♠❡t❤♦❞✱✇❤❡r❡

t❤❡ r❡q✉✐r❡❞ ❛✉t♦✲ ❛♥❞ ❝r♦ss✲❝♦✈❛r✐❛♥❝❡ ❢✉♥❝t✐♦♥s ❛r❡ ❝♦♠♣✉t❡❞

❜② ❝♦✈❛r✐❛♥❝❡ ♣r♦♣❛❣❛t✐♦♥ ❢r♦♠ t❤❡ ❛♥❛❧②t✐❝❛❧❧② ♠♦❞❡❧❧❡❞ ❧♦❝❛❧

❝♦✈❛r✐❛♥❝❡ ❢✉♥❝t✐♦♥ r❡♣r❡s❡♥t❡❞ ❛s ❢♦❧❧♦✇s✿

cov (TP , TQ) = a

N
∑

i=2

[

RE
2

rPrQ

]i+1

σ 2
i Pi(cosψ)

+

N
∑

i=2

[

RB
2

rPrQ

]i+1
A

(i− 1)(i− 2)(i+ 4)
Pi(cosψ), ✭✹✮

✇❤❡r❡ P ❛♥❞ Q ❛r❡ t✇♦ ♣♦✐♥ts s❡♣❡r❛t❡❞ ❜② ❛ s♣❤❡r✐❝❛❧ ❞✐st❛♥❝❡

ψ ❢r♦♠ ❡❛❝❤ ♦t❤❡r ❛♥❞ rP ✱ rQ ❛r❡ t❤❡ ❞✐st❛♥❝❡s ♦❢ t❤❡ t✇♦ ♣♦✐♥ts
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❢r♦♠ t❤❡ ❣❡♦❝❡♥t❡r✱ RB ✐s t❤❡ r❛❞✐✉s ♦❢ ❇❥❡r❤❛♠♠❛r s♣❤❡r❡ ❛♥❞

σ 2
i ✐s t❤❡ ❡rr♦r ❞❡❣r❡❡ ✈❛r✐❛♥❝❡✳ ❚❤❡ ❝♦✈❛r✐❛♥❝❡ ♣❛r❛♠❡t❡rs a

✭s❝❛❧❡ ♣❛r❛♠❡t❡r✮✱ A ✭❛ ❝♦♥st❛♥t ♣❛r❛♠❡t❡r ✐♥ ✉♥✐ts ♦❢ ✭♠✴s♥✮4✮

❛♥❞ t❤❡ ❇❥❡r❤❛♠♠❛r r❛❞✐✉s RB ❛r❡ ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ ❛♥ ✐t❡r❛t✐✈❡

♥♦♥✲❧✐♥❡❛r ❛❞❥✉st♠❡♥t ✭❑♥✉❞s❡♥✱ ✶✾✽✼✮✳

2.2.2. Least Squares Modification of Stokes’ Formula (LSMS)

❚❤❡ ❧❡❛st sq✉❛r❡s ♠♦❞✐❢✐❝❛t✐♦♥ ♦❢ ❙t♦❦❡s✬ ❢♦r♠✉❧❛ ✭▲❙▼❙✮ ✭❙❥ö❜❡r❣✱

✷✵✵✸✮ t♦ ❝♦♠♣✉t❡ ❛ ❣r❛✈✐♠❡tr✐❝ ♠♦❞❡❧✱ ✐♥❝❧✉❞❡s ❛ ❧❡❛st sq✉❛r❡s

✭st♦❝❤❛st✐❝✮ ❦❡r♥❡❧ ♠♦❞✐❢✐❝❛t✐♦♥ ✇✐t❤ ❛❞❞✐t✐✈❡ ❝♦rr❡❝t✐♦♥s ❢♦r t❤❡

t♦♣♦❣r❛♣❤②✱ ❞♦✇♥✇❛r❞ ❝♦♥t✐♥✉❛t✐♦♥✱ t❤❡ ❛t♠♦s♣❤❡r❡ ❛♥❞ t❤❡ ❡❧✲

❧✐♣s♦✐❞❛❧ s❤❛♣❡ ♦❢ t❤❡ ❊❛rt❤✳ ❚❤❡ ▲❙▼❙♠❡t❤♦❞ ❤❛s ❜❡❡♥ ♣r❡s❡♥t❡❞

✉♥❞❡r s❡✈❡r❛❧ ❞✐❢❢❡r❡♥t ✈❡rs✐♦♥s ❞✉r✐♥❣ t❤❡ ②❡❛rs ✭s❡❡ ❡✳❣✳ ❙❥ö❜❡r❣✱

✷✵✵✸✮✳ ➴❣r❡♥ ❡t ❛❧✳ ✭✷✵✵✾❛✮ ❝❧❡❛r❧② ❞❡s❝r✐❜❡s t❤❡ ▲❙▼❙ ♠❡t❤♦❞ ❢♦r

t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ❣❡♦✐❞ ❤❡✐❣❤ts✱ ❛s ✇❡❧❧ ❛s t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ♦❢

t❤❡♠❡t❤♦❞ t♦ ❡st✐♠❛t❡ ❤❡✐❣❤t ❛♥♦♠❛❧✐❡s✳ ❆s ✇❡ ❛✐♠ t♦ ❞❡t❡r♠✐♥❡

❤❡✐❣❤t ❛♥♦♠❛❧✐❡s✱ ✇❡ ✉s❡❞ t❤❡ ✈❡rs✐♦♥ ❛♣♣❧✐❡❞ ❜② ➴❣r❡♥ ❡t ❛❧✳

✭✷✵✵✾❛✮ ❜② ✉s✐♥❣ t❤❡ ❝♦♠❜✐♥❡❞ ❡st✐♠❛t♦r ❢♦r t❤❡ ❤❡✐❣❤t ❛♥♦♠❛❧②✿

ζ =
R

4πγ

∫∫

σ0

SM (ψ)∆gdσ +
R

2γ

M
∑

n=2

(sn +QM
n )∆gEGMn

+ δζCOMB + δζDWC + δζCOMBATM + δζELL, ✭✺✮

✇❤❡r❡ σ0 ✐s t❤❡ s♣❤❡r✐❝❛❧ ❝❛♣✱ R ✐s t❤❡ ♠❡❛♥ ❊❛rt❤ r❛❞✐✉s✱ γ ✐s

♠❡❛♥ ♥♦r♠❛❧ ❣r❛✈✐t②✱ SM (ψ) ✐s t❤❡ ♠♦❞✐❢✐❡❞ ❙t♦❦❡s✬ ❢✉♥❝t✐♦♥✱ sn
❛r❡ t❤❡♠♦❞✐❢✐❝❛t✐♦♥ ♣❛r❛♠❡t❡rs✱M ✐s t❤❡♠❛①✐♠✉♠❞❡❣r❡❡ ♦❢ t❤❡

❊●▼✱QM
n ❛r❡ t❤❡ ▼♦❧♦❞❡♥s❦② tr✉♥❝❛t✐♦♥ ❝♦❡❢❢✐❝✐❡♥ts ❛♥❞∆gEGMn

✐s t❤❡ ▲❛♣❧❛❝❡ s✉r❢❛❝❡ ❤❛r♠♦♥✐❝ ♦❢ t❤❡ ❣r❛✈✐t② ❛♥♦♠❛❧② ❞❡t❡r♠✐♥❡❞

❜② t❤❡ ❊●▼ ♦❢ ❞❡❣r❡❡ n✳ ❚❤❡ ❢♦✉r ❛❞❞✐t✐✈❡ ❝♦rr❡❝t✐♦♥s ❛r❡ s❤♦✇♥

t♦ t❤❡ r✐❣❤t ✐♥ ❡q✉❛t✐♦♥ ✭✺✮✱ ✇❤❡r❡ t❤❡ ❝♦♠❜✐♥❡❞ t♦♣♦❣r❛♣❤✐❝

❡❢❢❡❝t δζCOMB = 0 ✭❙❥ö❜❡r❣✱ ✷✵✵✵✮ ❛♥❞ δζDWC ✱ δζ
COMB
ATM ❛♥❞

δζELL r❡♣r❡s❡♥t t❤❡ ❞♦✇♥✇❛r❞ ❝♦♥t✐♥✉❛t✐♦♥ ❡❢❢❡❝t✱ ❛t♠♦s♣❤❡r✐❝

❛♥❞ ❡❧❧✐♣s♦✐❞❛❧ ❝♦rr❡❝t✐♦♥s✱ r❡s♣❡❝t✐✈❡❧②✳ ❙❡❡ ➴❣r❡♥ ❡t ❛❧✳ ✭✷✵✵✾❛✮

❢♦r t❤❡ ❢♦r♠✉❧❛s ♦❢ t❤❡ ❛t♠♦s♣❤❡r✐❝ ❛♥❞ ❡❧❧✐♣s♦✐❞❛❧ ❝♦rr❡❝t✐♦♥s✳

❚❤❡ ❞♦✇♥✇❛r❞ ❝♦♥t✐♥✉❛t✐♦♥ ❡❢❢❡❝t δζDWC ✐s

δζDWC (P) = 3
ζ0
P

rP
HP

+
R

2π

M
∑

n=2

(sn +QM
n )

[

(

R

rP

)n+2

− 1

]

∆gEGMn (P)

+
R

4πγ

∫∫

σ0

SM (ψ)

(

∂∆g

∂r
|Q(HP −HQ)

)

dσQ , ✭✻✮

✇❤❡r❡ P ✐s t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♣♦✐♥t✱ rP = R + HP , ζ
0
P ✐s ❛♥

❛♣♣r♦①✐♠❛t❡ ✈❛❧✉❡ ♦❢ t❤❡ q✉❛s✐✲❣❡♦✐❞ ❤❡✐❣❤t ❛♥❞Q ✐s t❤❡ r✉♥♥✐♥❣

♣♦✐♥t ✐♥ ❙t♦❦❡s✬ ✐♥t❡❣r❛❧✱ σ0 ✐s t❤❡ s♣❤❡r✐❝❛❧ ❝❛♣✱ R ✐s t❤❡ ♠❡❛♥

❊❛rt❤ r❛❞✐✉s✱ γ ✐s ♠❡❛♥ ♥♦r♠❛❧ ❣r❛✈✐t②✱ SM (ψ) ✐s t❤❡ ♠♦❞✐❢✐❡❞

❙t♦❦❡s✬ ❢✉♥❝t✐♦♥✱ sn ❛r❡ t❤❡ ♠♦❞✐❢✐❝❛t✐♦♥ ♣❛r❛♠❡t❡rs✱ M ✐s t❤❡

♠❛①✐♠✉♠ ❞❡❣r❡❡ ♦❢ t❤❡ ❊●▼✱QM
n ❛r❡ t❤❡ ▼♦❧♦❞❡♥s❦② tr✉♥❝❛t✐♦♥

❝♦❡❢❢✐❝✐❡♥ts ❛♥❞ ∆gEGMn ✐s t❤❡ ▲❛♣❧❛❝❡ s✉r❢❛❝❡ ❤❛r♠♦♥✐❝ ♦❢ t❤❡

❣r❛✈✐t② ❛♥♦♠❛❧② ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❊●▼ ♦❢ ❞❡❣r❡❡ n ✭➴❣r❡♥ ❡t ❛❧✳✱

✷✵✵✾❛✮✳

➴❣r❡♥ ❡t ❛❧✳ ✭✷✵✵✾❛✮ ♣♦✐♥ts ♦✉t t❤❛t ❊q✉❛t✐♦♥s ✭✺✮ ❛♥❞ ✭✻✮ ❛r❡

❡q✉✐✈❛❧❡♥t t♦ ❛♥❛❧②t✐❝❛❧ ❝♦♥t✐♥✉❛t✐♦♥ t♦ ♣♦✐♥t ❧❡✈❡❧ ✉s✐♥❣ t❤❡ g1

t❡r♠ ✐♥ ▼♦r✐t③ ✭✶✾✽✵✱ ♣✳ ✸✽✼✮ ❡①❝❡♣t t❤❛t t❤❡② ❞✐❢❢❡r ❢r♦♠▼♦r✐t③✬ ✐♥

t❤❛t ❧❡❛st sq✉❛r❡s ♠♦❞✐❢✐❝❛t✐♦♥ ♦❢ ❙t♦❦❡s✬ ❢♦r♠✉❧❛ ✐s ✉t✐❧✐s❡❞ ✇✐t❤

✐♠♣r♦✈❡❞ ❛t♠♦s♣❤❡r✐❝ ❛♥❞ ❡❧❧✐♣s♦✐❞❛❧ ❝♦rr❡❝t✐♦♥s✳

❖♥❡ ♣r♦❜❧❡♠ ✇✐t❤ ✉s✐♥❣ t❤❡ ❝♦♠❜✐♥❡❞ q✉❛s✐✲❣❡♦✐❞ ❡st✐♠❛t♦r ✐♥

❊q✳ ✭✺✮ ✐s t❤❛t ❙t♦❦❡s✬ q✉❛❞r❛t✉r❡ ✐s ♠❛❞❡ ♦♥ t❤❡ r♦✉❣❤ s✉r❢❛❝❡

❣r❛✈✐t② ❛♥♦♠❛❧②✱ ✇❤✐❝❤ r❡s✉❧ts ✐♥ ❧❛r❣❡ ❞✐s❝r❡t✐s❛t✐♦♥ ❡rr♦rs ✭➴❣r❡♥

❡t ❛❧✳✱ ✷✵✵✾❛✮✳ ❍♦✇❡✈❡r✱ ❜② t❛❦✐♥❣ ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ r❡♠♦✈❡✲

❝♦♠♣✉t❡✲r❡st♦r❡ ♣❤✐❧♦s♦♣❤② ❢♦r t❤❡ ❣r✐❞❞✐♥❣ ♦❢ ❛ ❝♦♠♣❛r❛t✐✈❡❧②

❞❡♥s❡❣r❛✈✐t② ❛♥♦♠❛❧② ❣r✐❞ ✉s✐♥❣ ❛ s♠♦♦t❤✐♥❣ t♦♣♦❣r❛♣❤✐❝ ❝♦rr❡❝✲

t✐♦♥✱ s✉❝❤ ❡rr♦rs ❝❛♥ ❜❡ ❝♦✉♥t❡r❛❝t❡❞ ✭❙❥ö❜❡r❣✱ ✷✵✵✸✮✳ ❚❤✐s ♠❛❦❡s

✐t ♣♦ss✐❜❧❡ t♦ t❛❦❡ ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ❤✐❣❤✲❢r❡q✉❡♥❝② ✐♥❢♦r♠❛t✐♦♥

❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡❉✐❣✐t❛❧ ❊❧❡✈❛t✐♦♥▼♦❞❡❧ ✭❉❊▼✮✳ ❍♦✇❡✈❡r✱ ❛ ♣r❛❝t✐❝❛❧

❞r❛✇❜❛❝❦ ❤❡r❡ ✐s t❤❛t ❞❡♥s❡ ❣r❛✈✐t② ❛♥♦♠❛❧② ❣r✐❞s ❛r❡ r❡q✉✐r❡❞

✐♥ r♦✉❣❤ ♠♦✉♥t❛✐♥ ❛r❡❛s ✭➴❣r❡♥ ❡t ❛❧✳✱ ✷✵✵✾❛✮✳ ❖♥❡ ❛❞✈❛♥t❛❣❡ ♦❢

t❤❡ ▲❙▼❙ ♠❡t❤♦❞ ✐s t❤❛t t❤❡ ✧r❡❛❧✧ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ❝♦rr❡❝t✐♦♥s

❜❡❝♦♠❡s ❛♣♣❛r❡♥t✱ ✐✳❡✳ t❤❡ s✉♠ ♦❢ t❤❡ ❛❞❞✐t✐✈❡ ❝♦rr❡❝t✐♦♥s ✐s

❡q✉❛❧ t♦ t❤❡ q✉❛s✐✲❣❡♦✐❞ ❡rr♦rs ♦❜t❛✐♥❡❞ ✐♥ ❝❛s❡ ♥♦ ❝♦rr❡❝t✐♦♥s ❛r❡

❛♣♣❧✐❡❞ ❛t ❛❧❧ ✭➴❣r❡♥ ❡t ❛❧✳✱ ✷✵✵✾❛✮✳

❈❤♦♦s✐♥❣ ❛ s✉✐t❛❜❧❡ ❊●▼ ❛♥❞ ♠♦❞✐❢✐❝❛t✐♦♥ ♣❛r❛♠❡t❡rs sn ❛r❡

❡ss❡♥t✐❛❧ st❡♣s ✐♥ t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❛ q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧ ✉s✐♥❣

t❤❡ ▲❙▼❙ ❢♦r♠✉❧❛✳ ❲❡ ♥❡❡❞ t♦ ❡st✐♠❛t❡ t❤❡ s✐❣♥❛❧ ❛♥❞ ❡rr♦r

❞❡❣r❡❡ ✈❛r✐❛♥❝❡s ♦❢ t❤❡ ❊●▼ ❛♥❞ t❡rr❡str✐❛❧ ❣r❛✈✐t② t♦ ❜❡ ❛❜❧❡ t♦

❡st✐♠❛t❡ t❤❡ ❧❡❛st✲sq✉❛r❡s ♠♦❞✐❢✐❝❛t✐♦♥ ❝♦❡❢❢✐❝✐❡♥ts✳ ❚❤❡ s✐❣♥❛❧

❞❡❣r❡❡ ✈❛r✐❛♥❝❡s ❢♦r t❤❡ ❞❡❣r❡❡s ❛❜♦✈❡ t❤❡ ❊●▼ ❛r❡ ❣❡♥❡r❛t❡❞

✉s✐♥❣ t❤❡ ❚s❝❤❡r♥✐♥❣ ❛♥❞ ❘❛♣♣ ✭✶✾✼✹✮ ♠♦❞❡❧✳ ■♥ t❤✐s st✉❞②✱ t❤❡

❡rr♦r ❞❡❣r❡❡ ✈❛r✐❛♥❝❡s ❛r❡ ❝❤♦s❡♥ ❢♦r ❛ ♠♦❞❡❧ ❝♦♥s✐st✐♥❣ ♦❢ ❜❛♥❞

❧✐♠✐t❡❞ ✇❤✐t❡ ♥♦✐s❡ ❛♥❞ ❝♦rr❡❧❛t❡❞ ♥♦✐s❡ ✇✐t❤ ❛ r❡❝✐♣r♦❝❛❧ ❞✐st❛♥❝❡

❝♦✈❛r✐❛♥❝❡ ❢✉♥❝t✐♦♥✳ ❆♥♦t❤❡r ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡r ✐s t❤❡ s♣❤❡r✐❝❛❧

r❛❞✐✉s ♦❢ t❤❡ ✐♥t❡❣r❛t✐♦♥ ❝❛♣ σ0 ✐♥ ❊q✳ ✭✺✮✳

3. Computation of regional quasi-geoid models

❆s ♣r❡✈✐♦✉s❧② ♠❡♥t✐♦♥❡❞✱ ❝♦♥❝❡r♥✐♥❣ t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❝❛✲

♣❛❜✐❧✐t✐❡s ❢♦r t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ▲❙❈ ♠❡t❤♦❞✱ ❆ ❧✐♠✲

✐t❡❞ ♥✉♠❜❡r ♦❢ ✺✾✵✾✼ ❣r❛✈✐t② ♣♦✐♥ts ❛r❡ r❛♥❞♦♠❧② s❡❧❡❝t❡❞ ❛t

✵✳✵✷◦×✵✳✵✷✺◦r❡s♦❧✉t✐♦♥ ✭♣✐①❡❧ ❜✐♥♥✐♥❣ t♦ ❛♣♣r♦①✐♠❛t❡❧② ✷ ❦♠ r❡s✲

♦❧✉t✐♦♥✮ ✭❋✐❣✳ ✷✮✱ t♦ ❜❡ ✉s❡❞ ❛s ✐❞❡♥t✐❝❛❧ ✐♥♣✉t ❞❛t❛ ❢♦r ❛❧❧ t❤r❡❡

q✉❛s✐✲❣❡♦✐❞ ❞❡t❡r♠✐♥❛t✐♦♥ ♠❡t❤♦❞s✳ ❚❤✐s ❝♦♠♣✉t❛t✐♦♥❛❧ str❛t❡❣②

❝❛♥ ❜❡ ❝r✐t✐③❡❞✱ ❛s ✐♥ r❡❛❧✐t② ♦♥❧② ▲❙❈ ♥❡❡❞s t♦ ❜❡ ❧✐♠✐t❡❞ ❜② t❤❡

♥✉♠❜❡r ♦❢ ♦❜s❡r✈❛t✐♦♥s✳

3.1. Regional Quasi-Geoid Model Determination Using the RCR Tech-

nique

❚❤❡ ❊●▼✷✵✵✽ ✐s ❝♦♠♣✉t❡❞ t♦ ❞❡❣r❡❡ ✸✻✵✳ ❚❤❡ t❡rr❛✐♥ ❡❢❢❡❝ts

❛r❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣ ✸✧ ❙❘❚▼ ❞❛t❛ ✇✐t❤ r❡s♣❡❝t t♦ ❛ ♠❡❛♥ ❡❧❡✈❛✲

t✐♦♥ s✉r❢❛❝❡ ♦❢ ✸✵✬✱ ❝♦♥str✉❝t❡❞ ❜② ❛ ●❛✉ss✐❛♥ ❢✐❧t❡r ❝♦rr❡s♣♦♥❞✐♥❣

t♦ t❤❡ r❡s♦❧✉t✐♦♥ ♦❢ ❤✐❣❤❡st s♣❤❡r✐❝❛❧ ❤❛r♠♦♥✐❝ ❡①♣❛♥s✐♦♥ ❞❡✲

❣r❡❡ ♦❢ t❤❡ ❊●▼✳ ❚❤❡ ❊●▼ ❛♥❞ t❡rr❛✐♥ ❡❢❢❡❝ts ❛r❡ s✉❜s❡q✉❡♥t❧②
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Figure 2. The selected 59097 surface gravity anomalies at
0.02◦×0.025◦resolution (pixel binning to approx. 2 km res-
olution) used as identical input for the implementation of all
three quasi-geoid determination methods

s✉❜tr❛❝t❡❞ ❢r♦♠ t❤❡ ❣r❛✈✐t② ❞❛t❛✳ ❚❤❡ r❡❞✉❝❡❞ ❣r❛✈✐t② ❞❛t❛ ❛r❡

s✉❜s❡q✉❡♥t❧② ❣r✐❞❞❡❞ ✐♥ t❤❡ ❞❛t❛ ❝♦✈❡r❛❣❡ r❡❣✐♦♥ ✭❋✐❣✳ ✷✮ t♦ ❛ ❣r✐❞

♦❢ ✵✳✵✷◦×✵✳✵✷✺◦r❡s♦❧✉t✐♦♥ ❜② ▲❙❈✳

❚❤❡ ✷✲❉ s♣❤❡r✐❝❛❧ ❋❋❚ ❝♦♥✈❡rs✐♦♥ ✇❛s ❞♦♥❡ ✉s✐♥❣ ③❡r♦✲♣❛❞❞✐♥❣ ✐♥

❛ ③❡r♦✲♣❛❞❞❡❞ ❣r✐❞ ♦❢ ❞✐♠❡♥s✐♦♥ ✻✵✵×✻✹✵ ❞❛t❛ ♣♦✐♥ts✱ ✉s✐♥❣ ✸

r❡❢❡r❡♥❝❡ ❧❛t✐t✉❞❡ ♣❛r❛❧❧❡❧s✳ ❚❤❡ ❘❚▼ ❣❡♦✐❞ t❡rr❛✐♥ ❡❢❢❡❝ts ❛r❡ s✉❜✲

s❡q✉❡♥t❧② r❡st♦r❡❞ ✉s✐♥❣ ❤❡✐❣❤t ❛♥♦♠❛❧② t❡rr❛✐♥ ❡❢❢❡❝ts ❝♦♠♣✉t❡❞

❜② ❋❋❚ ✐♥ ❛ s✐♠✐❧❛r ❣r✐❞✱ ❛♥❞ ❢✐♥❛❧❧② t❤❡ ❣r❛✈✐♠❡tr✐❝ q✉❛s✐✲❣❡♦✐❞

✇❛s ♦❜t❛✐♥❡❞ ❜② ❛❞❞✐♥❣ t❤❡ ❣❡♦✐❞ ❊●▼✷✵✵✽ ❡❢❢❡❝ts✱ ❝♦♠♣✉t❡❞

❛t t❤❡ ❧❡✈❡❧ ♦❢ t❤❡ t♦♣♦❣r❛♣❤✐❝ s✉r❢❛❝❡✳ ❲❡ ❢✐rst ❝♦♠♣✉t❡❞ t❤❡

q✉❛s✐✲❣❡♦✐❞ ✇✐t❤♦✉t ✉s✐♥❣ ❛♥② ♠♦❞✐❢✐❝❛t✐♦♥ ♦❢ ❙t♦❦❡s✬ ❢♦r♠✉❧❛✳

■♥ t❤✐s ❝❛s❡✱ ✇❡ ❢♦✉♥❞ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✸✳✾ ❝♠ ❜❡t✇❡❡♥

t❤❡ ✷✲❉ ❋❋❚ ❞❡r✐✈❡❞ q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧ ❛♥❞ ●P❙✲❧❡✈❡❧❧✐♥❣ ❞❛t❛

✉s✐♥❣ ❛ ✶✲♣❛r❛♠❡t❡r ❢✐t ✭❚❛❜❧❡ ✸✮✳ ❙✉❜s❡q✉❡♥t❧②✱ t❤❡ ♠♦❞✐❢✐❝❛t✐♦♥

♣❛r❛♠❡t❡rs ❛r❡ ✐♥✈❡st✐❣❛t❡❞ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ●P❙✲❧❡✈❡❧❧✐♥❣

❞❛t❛ ✇❤✐❝❤ r❡s✉❧ts ✐♥ ❛ s❡❧❡❝t✐♦♥ ♦❢ ❛♥ ♦♣t✐♠❛❧ ❞❡❣r❡❡ ❜❛♥❞ ♦❢

✽✵✲✾✵✱ ✐♥ ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ❡st✐♠❛t❡❞ ❛❝❝✉r❛❝② ♦❢ ●❘❆❈❊

✭❚❛♣❧❡② ❡t ❛❧✳✱ ✷✵✵✺✮✳ ■♥ t❤✐s ❝❛s❡✱ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✸✳✵ ❝♠ ✐s

❢♦✉♥❞ ❜❡t✇❡❡♥ ❡st✐♠❛t❡❞ ❣r❛✈✐♠❡tr✐❝ q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧ ❛♥❞ t❤❡
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Figure 3. Signal empirical (blue) and model (red) regional covariance
function of reduced gravity anomalies after the removal of
the contribution of EGM2008 to degree 360 and terrain ef-
fects with respect to a mean elevation surface at 30’ reso-
lution

Table 1. The fitted covariance function parameters, RE is the mean
radius of the Earth

❉❡s❝r✐♣t✐♦♥ ♦❢ ❉❛t❛s❡t RE − RB
✭❦♠✮

❙❝❛❧❡ ❢❛❝t♦r
✭a✮

❱❛r✐❛♥❝❡
✭♠❣❛❧2✮
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3.2. Regional Quasi-Geoid Model Determination Using the LSMS

Method
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Figure 4. The gridded free air gravity anomalies (mgal) preapared as
input for the LSMS method
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Figure 5. Downward continuation correction (m)

Table 2. Degree variance models used in the quasi-geoid determina-
tion based on the method used by Ågren et al. (2009a)

❚②♣❡ ♦❢ ❞❡❣r❡❡
❱❛r✐❛♥❝❡

❉❡s❝r✐♣t✐♦♥

❙✐❣♥❛❧ ❚s❝❤❡r♥✐♥❣ ❛♥❞ ❘❛♣♣ ✭✶✾✼✹✮✳ ❉❡❣r❡❡ ✈❛r✐✲
❛♥❝❡s r❡s❝❛❧❡❞ ✉s✐♥❣ t❤❡ ❢❛❝t♦r ✵✳✺2

❊●▼ ❡rr♦r P✉❜❧✐s❤❡❞ ♦♥❡s ❢♦r ❊●▼✷✵✵✽ ✭P❛✈❧✐s ❡t ❛❧✳
✷✵✵✽✮✳ ❉❡❣r❡❡ ✈❛r✐❛♥❝❡s r❡s❝❛❧❡❞ ✉s✐♥❣ t❤❡
❢❛❝t♦r ✵✳✹2

❚❡rr❡str✐❛❧ ❣r❛✈✐t②
❡rr♦r

❈♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ r❡❝✐♣r♦❝❛❧ ❞✐st❛♥❝❡ ❛♥❞
✇❤✐t❡ ♥♦✐s❡ ♠♦❞❡❧s ✭➴❣r❡♥ ❡t ❛❧✳✱ ✷✵✵✾❛✮✳
❚❤❡ r❡❝✐♣r♦❝❛❧ ❞✐st❛♥❝❡ ♣❛rt ✐s s♣❡❝✐❢✐❡❞ ❜②
t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✶♠●❛❧ ❛♥❞ t❤❡ ❝♦r✲
r❡❧❛t✐♦♥ ❧❡♥❣t❤ ✵✳✷✳
❚❤❡ ✇❤✐t❡ ♥♦✐s❡ ♣❛rt ✐s s♣❡❝✐❢✐❡❞ ❜② t❤❡
st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✶♠●❛❧ ❛♥❞ t❤❡ ◆②q✉✐st
❞❡❣r❡❡ ✶✵✽✵✵

❚❛❜❧❡ ✷✳ ❚❤❡ ❞♦✇♥✇❛r❞ ❝♦♥t✐♥✉❛t✐♦♥ ✭❉❲❈✮ ❝♦rr❡❝t✐♦♥ ✐s s❤♦✇♥

✐♥ ❋✐❣✳ ✺✳ ❉❲❈ ❝♦rr❡❝t✐♦♥ ✐s ♠❛①✐♠✉♠ ✐♥ t❤❡ ♠♦✉♥t❛✐♥♦✉s ❛r❡❛s

✭✉♣ t♦ ✶✵ ❝♠✮ ❛♥❞ s♠❛❧❧ ✭❛t ❛ ❢❡✇ ❝♠ ❧❡✈❡❧✮ ✐♥ ❛r❡❛s ✇✐t❤ s♠♦♦t❤

t♦♣♦❣r❛♣❤②✳ ❚❤❡ ❛t♠♦s♣❤❡r✐❝ ❛♥❞ ❡❧❧✐♣s♦✐❞❛❧ ❝♦rr❡❝t✐♦♥s ❛r❡ ❛t

✶−✷♠♠ ❧❡✈❡❧ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡② ❛r❡ ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ♥❡❣❧✐❜❧❡ ❢♦r

t❤❡ st✉❞② ❛r❡❛ ❛♥❞ ♥♦t s❤♦✇♥✳

❚❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✸✳✺ ❝♠ ♦❢ t❤❡ ❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡

▲❙▼❙ ❞❡r✐✈❡❞ q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧ ❛♥❞ q✉❛s✐✲❣❡♦✐❞ ❤❡✐❣❤ts ♦❢ t❤❡

●P❙✲❧❡✈❡❧❧✐♥❣ ❞❛t❛ ✐s s❧✐❣❤t❧② ❧❛r❣❡r t❤❛♥ t❤❡ ✈❛❧✉❡ ♦❢ ✸✳✸ ❝♠ ❢♦✉♥❞

❜② ➴❣r❡♥ ❡t ❛❧✳ ✭✷✵✵✾❜✮ ✉s✐♥❣ t❤❡ ▲❙▼❙♠❡t❤♦❞ ♦✈❡r t❤❡ s❛♠❡ t❡st

❛r❡❛✳ ❚❤✐s ✐s ♠♦st ❧✐❦❡❧② ❞✉❡ t♦ t❤❡ ✉s❡ ♦❢ ❞❛t❛ ❤❛✈✐♥❣ ❞✐❢❢❡r❡♥t

r❡s♦❧✉t✐♦♥ ❛♥❞ t❤❡ ❞✐❢❢❡r❡♥❝❡s ✐♥ t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ♣❛r❛♠❡t❡rs ♦❢

t❤❡ ▲❙▼❙♠❡t❤♦❞✳ ➴❣r❡♥ ❡t ❛❧✳ ✭✷✵✵✾❜✮ ❛❞♦♣t❡❞ t❤❡ ▲❙▼❙♠❡t❤♦❞

✉s✐♥❣ ❛ r❡❢❡r❡♥❝❡ ♠♦❞❡❧ ♦❢ ❊■●❊◆❴●▲✵✹❈ ✉♣ t♦ ❞❡❣r❡❡ ❛♥❞ ♦r✲

❞❡r ✸✻✵ ✇✐t❤ ♠♦❞✐❢✐❝❛t✐♦♥ ♣❛r❛♠❡t❡rs ♦❜t❛✐♥❡❞ ❝❤♦s✐♥❣ ▼❂✸✻✵

✭s❡❡ ❊q✳ ✭✺✮✮✱ ✇✐t❤♦✉t ✐♠♣❧❡♠❡♥t✐♥❣ t❤❡♠♦❞✐❢✐❝❛t✐♦♥ ♠❡t❤♦❞ s✉❣✲

❣❡st❡❞ ❜② ➴❣r❡♥ ❡t ❛❧✳ ✭✷✵✵✾❛✮✳ ❋✉rt❤❡r♠♦r❡✱ ➴❣r❡♥ ❡t ❛❧✳ ✭✷✵✵✾❜✮

✉s❡❞ ❢r❡❡✲❛✐r ❣r❛✈✐t② ❛♥♦♠❛❧✐❡s s❡❧❡❝t❡❞ ❛t ✵✳✵✶◦×✵✳✵✶◦r❡s♦❧✉t✐♦♥✱

s❡t t❤❡ st❛♥❞❛r❞ ❡rr♦r ♦❢ t❤❡ ❣r❛✈✐t② ❛♥♦♠❛❧✐❡s t♦ ✵✳✺♠❣❛❧ ❛♥❞

Brought to you by | DTU - Technical Information Center of Denmark (DTIC)

Authenticated | 192.38.67.112

Download Date | 3/4/13 3:23 PM



❏♦✉r♥❛❧ ♦❢ ●❡♦❞❡t✐❝ ❙❝✐❡♥❝❡ 59

Table 3. Comparison of quasi-geoid models with GPS-levelling. Statistics for the 75 GPS-levelling residuals after a 1- and a 4-parameter fit. Note
that max, min vales are given after the mean value is subtracted from differences for the 1-parameter fit. (1) denotes that no modication
of Stokes’ integral is applied for the FFT method, while (2) indicates that the FFT method applies the modification. Unit is in metre
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Table 4. Inter-comparison of quasi-geoid models. Note that max.,
min vales are given after the mean value is subtracted from
differences. (1) denotes that no modication of Stokes’ inte-
gral is applied for the FFT method, while (2) indicates that
the FFT method applied modification. Unit is in metre
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Table 5. Comparison of quasi-geoid models with EGM2008. Note
that max, min vales are given after the mean value is sub-
tracted from differences. (1) denotes that no modication of
Stokes’ integral is applied for the FFT method, while (2) indi-
cates that the FFT method applied the modification. Unit is
in metre
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4. Quasi-geoid defference analysis
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✉♥❞✉❧❛t✐♦♥s ❛r❡ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ q✉❛s✐✲❣❡♦✐❞ ❤❡✐❣❤ts ♦❢ t❤❡ ✼✺

●P❙✲ ❧❡✈❡❧❧✐♥❣ ♣♦✐♥ts s✐t✉❛t❡❞ ✐♥ t❤❡ ❝❡♥tr❛❧ ❛r❡❛ ✭❋✐❣✳ ✶✭❜✮✮✳ ❊①❝❡♣t

❛ ♠❡❛♥ ❞✐❢❢❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❣r❛✈✐♠❡tr✐❝ q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧s

❛♥❞ t❤❡ q✉❛s✐✲❣❡♦✐❞ ❤❡✐❣❤ts ♦❢ t❤❡ ●P❙✲❧❡✈❡❧❧✐♥❣ ♣♦✐♥ts✱ ❛❧❧ t❤r❡❡

♠❡t❤♦❞s ❛❣r❡❡ ✇❡❧❧ ✇✐t❤ t❤❡ ●P❙✲❧❡✈❡❧❧✐♥❣ ❞❛t❛ ✐♥ t❤❡ ♦r❞❡r ♦❢

✸−✸✳✺ ❝♠ ✉s✐♥❣ ❛ ✶✲♣❛r❛♠❡t❡r ❢✐t ♣r♦✈✐❞❡❞ t❤❛t t❤❡ ♠♦❞✐❢✐❝❛t✐♦♥

♦❢ t❤❡ ❙t♦❦❡s✬ ✐♥t❡❣r❛❧ ✐s ✐♠♣❧❡♠❡♥t❡❞ ❜② t❤❡ ❋❋❚♠❡t❤♦❞ ✭❚❛❜❧❡ ✸✮✳

❚❤❡r❡ ✐s❛ ❧❛r❣❡❞✐❢❢❡r❡♥❝❡❜❡t✇❡❡♥▲❙▼❙❛♥❞❘❈❘♠❡t❤♦❞s ✐♥ t❡r♠s

♦❢ ♠❡❛♥ ❞✐❢❢❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❣r❛✈✐♠❡tr✐❝ q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧s

❛♥❞ ●P❙✲❧❡✈❡❧❧✐♥❣ q✉❛s✐✲❣❡♦✐❞ ✉♥❞✉❧❛t✐♦♥s✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡ ❞✐❢✲

❢❡r❡♥❝❡s ✐♥ t❤❡ ❝♦♦r❞✐♥❛t❡ r❡❢❡r❡♥❝❡ s②st❡♠ ✉s❡❞✳ ❚❤❡ ❛❣r❡❡♠❡♥t

❜❡t✇❡❡♥ ❋❋❚ ❞❡r✐✈❡❞ q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧ ❛♥❞ t❤❡ ●P❙✲❧❡✈❡❧❧✐♥❣

q✉❛s✐✲❣❡♦✐❞ ❤❡✐❣❤ts ❞r❛st✐❝❛❧❧② ✐♠♣r♦✈❡s ✇❤❡♥ t❤❡ ♠♦❞✐❢✐❝❛t✐♦♥ ✐s

✉s❡❞ ✭❋❋❚(2)✮✳ ■♥ ❝❛s❡ ♦❢ ✉s✐♥❣ ❛ ✶✲♣❛r❛♠❡t❡r ❢✐t t♦ t❤❡ ❞✐❢❢❡r❡♥❝❡s

❜❡t✇❡❡♥ t❤❡ ❣r❛✈✐♠❡tr✐❝ ❛♥❞ ●P❙✲❧❡✈❡❧❧✐♥❣ q✉❛s✐✲❣❡♦✐❞ ❤❡✐❣❤ts✱

t❤❡ ❋❋❚ ♠❡t❤♦❞ ✉s✐♥❣ ❦❡r♥❡❧ ♠♦❞✐❢✐❝❛t✐♦♥ ✭❋❋❚(2)✮ ♣❡r❢♦r♠s ❜❡st

✇✐t❤ ✸✳✵ ❝♠ r✳♠✳s ✇❤❡r❡❛s t❤❡ ▲❙❈ ♠❡t❤♦❞✱ t❤❡ ▲❙▼❙ ♠❡t❤♦❞ ❛♥❞

❊●▼✷✵✵✽ q✉❛s✐✲❣❡♦✐❞ ❤❡✐❣❤ts s❤♦✇s ✸✳✹ ❝♠✱ ✸✳✺ ❝♠ ❛♥❞ ✸✳✻ ❝♠

✭❚❛❜❧❡ ✸✮✳

■♥ ♦r❞❡r t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ t❡♥❞❡♥❝✐❡s ♦❢ t❤❡ r❡s✐❞✉❛❧s ❜❡t✇❡❡♥ t❤❡

❣r❛✈✐♠❡tr✐❝ q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧s ❛♥❞ q✉❛s✐✲❣❡♦✐❞ ❤❡✐❣❤ts ♦❢ ●P❙✲

❧❡✈❡❧❧✐♥❣♣♦✐♥ts ❛❢t❡r ❛ ✶✲♣❛r❛♠❡t❡r ❢✐t✱ t❤❡ ❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡

q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧s ❛♥❞ t❤❡ q✉❛s✐✲❣❡♦✐❞ ❤❡✐❣❤ts ♦❢ ●P❙✲❧❡✈❡❧❧✐♥❣

✐♥ t❤❡♦❜s❡r✈❛t✐♦♥♣♦✐♥ts ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣s✳ ✻✭❛✮−✻✭❞✮✱ ✇❤❡r❡ ✐t ❝❛♥

❜❡ s❡❡♥ t❤❛t t❤❡ ❛❣r❡❡♠❡♥t ✐s ❣♦♦❞✳ ❚❤❡ ♣❛tt❡r♥ ♦❢ t❤❡ r❡s✐❞✉❛❧s

❢♦r t❤❡ ❋❋❚ ✭❋✐❣✳ ✻✭❛✮✮ ❛♥❞ t❤❡ ▲❙❈ ✭❋✐❣✳ ✻✭❜✮✮♠❡t❤♦❞s ❛r❡ s✐♠✐❧❛r✱ ♥♦t

s❤♦✇✐♥❣❛♥② s②st❡♠❛t✐❝ t❡♥❞❡♥❝②✳ ❖♥ t❤❡♦t❤❡r❤❛♥❞✱ t❤❡ r❡s✐❞✉❛❧s

❢♦r t❤❡ ▲❙▼❙♠❡t❤♦❞ ✭❋✐❣✳ ✻✭❝✮✮ ❛♥❞❊●▼✷✵✵✽♠♦❞❡❧ ✭❋✐❣✳ ✻✭❞✮✮ ❤❛✈❡

❛ s✐♠✐❧❛r ♣❛tt❡r♥✱ s❤♦✇✐♥❣ ❛ r❡♠❛✐♥✐♥❣ s✐❣♥✐❢✐❝❛♥t s②st❡♠❛t✐❝ s❧♦♣❡

✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ❢r♦♠ ♥♦rt❤✲❡❛st t♦ s♦✉t❤✲✇❡st✱ ✇❤✐❝❤ ✐s ♥♦t t❤❡

❝❛s❡ ✐♥ t❤❡ ❋❋❚ r❡s✐❞✉❛❧s ✭❋✐❣✳ ✻✭❛✮✮✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ✉s❡ ✹✲♣❛r❛♠❡t❡r

tr❛♥s❢♦r♠❛t✐♦♥ t♦ ♠♦❞❡❧ t❤❡ r❡s✐❞✉❛❧s ❜❡t✇❡❡♥ t❤❡ q✉❛s✐✲❣❡♦✐❞

♠♦❞❡❧s ❛♥❞ t❤❡ ●P❙✲❧❡✈❡❧❧✐♥❣ q✉❛s✐✲❣❡♦✐❞ ❤❡✐❣❤ts ❛t ♦❜s❡r✈❛t✐♦♥

♣♦✐♥ts✳ ❚❤❡ st❛t✐st✐❝s ❛❢t❡r ❛ ✹✲♣❛r❛♠❡t❡r tr❛♥s❢♦r♠❛t✐♦♥ ❛r❡ ❣✐✈❡♥
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Figure 6. GPS-levelling residuals after a 1-parameter transformation using for the quasi-geoid models obtained using: a) FFT(2); b) LSC; c) LSMS
methods; d) EGM2008 to degree and order 2190. The scale is given by the 5 cm arrow to the South-East. In the background heights
(unit is in metre) of quasi-geoid computational points selected at 0.02◦×0.025◦resolution (approximately at 2 km spacing) from 3" Shuttle
Radar Topography Mission (SRTM) over the quasi-geoid comparison area are shown

✐♥ ❚❛❜❧❡ ✸✳ ❚❤❡ ✹✲♣❛r❛♠❡t❡r ❢✐t ❝♦rr❡s♣♦♥❞s t♦ ❡st✐♠❛t✐♥❣ t❤❡ ③❡r♦

❛♥❞ ❢✐rst s♣❤❡r✐❝❛❧ ❤❛r♠♦♥✐❝ ❞❡❣r❡❡ t❡r♠s ✉s✐♥❣ t❤❡ ♦❜s❡r✈❛t✐♦♥

❡q✉❛t✐♦♥ ✭❙❡❝t✐♦♥ ✷−✶✽ ✐♥ ❍❡✐s❦❛♥❡♥ ❛♥❞ ▼♦r✐t③✱ ✶✾✻✼✮✱

ζGPS−Levering − ζGravimetre − ε =

x1 + x2cosφcosλ+ x3cosφsinλ+ x4sinφ, ✭✼✮

✇❤❡r❡ x1 ✱ x2 ✱ x3 ❛♥❞ x4 ❛r❡ t❤❡ ❢♦✉r ♣❛r❛♠❡t❡rs✱ φ ✐s t❤❡ ❧❛t✐t✉❞❡

❛♥❞ λ ✐s t❤❡ ❧♦♥❣✐t✉❞❡✳ ■♥ t❤❡ ✶✲♣❛r❛♠❡t❡r ❢✐t ♦♥❧② t❤❡ ①✶ t❡r♠ ✐s

❡st✐♠❛t❡❞✳ ❯s✐♥❣ ❛ ✹✲♣❛r❛♠❡t❡r ❢✐t✱ t❤❡ ▲❙▼❙ ♠❡t❤♦❞ ♣❡r❢♦r♠s

❜❡st ✇✐t❤ ❛ ✷✳✹ ❝♠✱ ✇❤❡r❡❛s t❤❡ ❋❋❚ ♠❡t❤♦❞✱ ▲❙❈ ♠❡t❤♦❞ ❛♥❞

❊●▼✷✵✵✽ s❤♦✇ ✷✳✾✱ ✸✳✶ ❛♥❞ ✸✳✶ ❝♠✱ r❡s♣❡❝t✐✈❡❧②✱ ✐♥ t❡r♠s ♦❢ t❤❡

st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❜❡t✇❡❡♥ ❣r❛✈✐♠❡tr✐❝ ❛♥❞ ●P❙✲❧❡✈❡❧❧✐♥❣ q✉❛s✐✲

❣❡♦✐❞ ❤❡✐❣❤ts ❛t ♦❜s❡r✈❛t✐♦♥ ♣♦✐♥ts✳ ❚❤❡ s✐❣♥✐❢✐❝❛♥t s②st❡♠❛t✐❝

s❧♦♣❡ s❤♦✇♥ ♦♥ ❋✐❣✳ ✻✭❝✮ ✐s ❛❜s♦r❜❡❞ ✐♥ t❤❡ ✹✲♣❛r❛♠❡t❡r ❢✐t✱ ❧❡❛❞✐♥❣

t♦ ❜❡tt❡r ❢✐t ❢♦r ▲❙▼❙ t❤❛♥ ❢♦r ❋❋❚✳

❚❤❡ ♠❡❛♥ ❞✐❢❢❡r❡♥❝❡s ❛♥❞ t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ♦❢ t❤❡ q✉❛s✐✲

❣❡♦✐❞ ❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ♠❡t❤♦❞s ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✹✳ ❚❤❡

st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ❋❋❚ ♠❡t❤♦❞

✇✐t❤♦✉t ❛♣♣❧②✐♥❣ t❤❡ ♠♦❞✐❢✐❝❛t✐♦♥ ♦❢ ❙t♦❦❡s✬ ✐♥t❡❣r❛❧ ✭❋❋❚(1)✮ ❛♥❞

t❤❡ ▲❙❈ ♠❡t❤♦❞ ✐s ✸ ❝♠✳ ❲❤❡♥ t❤❡ ❙t♦❦❡s✬ ♠♦❞✐❢✐❝❛t✐♦♥ ✐s ❛♣♣❧✐❡❞

❜② t❤❡ ❋❋❚ ♠❡t❤♦❞ ✭❋❋❚(2)✮✱ ✐♥ t❤❡ s♣❡❝tr❛❧ ❜❛♥❞ ♦❢ ✽✵−✾✵ ♦❢

t❤❡ ❊●▼✷✵✵✽✱ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✹ ❝♠ ✐s ♦❜t❛✐♥❡❞✳ ❚❤✐s ✐s

♣♦t❡♥t✐❛❧❧② ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ ▲❙❈ ♠❡t❤♦❞ ✐s ❛ ♣r❡❞✐❝t✐♦♥

♠❡t❤♦❞ ❛♥❞ ❞♦❡s ♥♦t ✉s❡ ❙t♦❦❡s✬ ✐♥t❡❣r❛❧ ❛♥❞ t❤✉s t❤❡ ✉s❡ ♦❢

♠♦❞✐❢✐❝❛t✐♦♥ ❦❡r♥❡❧ ✐s ♥♦t ♣♦ss✐❜❧❡✳ ❚❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢

t❤❡ ❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ▲❙▼❙ ♠❡t❤♦❞ ❛♥❞ t❤❡ ❋❋❚(2) ♠❡t❤♦❞

✐s ✽ ❝♠✱ ✇❤✐❝❤ ✐s r❡❧❛t✐✈❡❧② ❧❛r❣❡✳ ❙✐♠✐❧❛r❧②✱ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥

❜❡t✇❡❡♥ t❤❡q✉❛s✐✲❣❡♦✐❞♠♦❞❡❧s ♦❢ t❤❡ ▲❙▼❙❛♥❞ t❤❡ ▲❙❈♠❡t❤♦❞s
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Figure 7. Inter-comparison of the quasi-geoid models. a) FFT(1) minus LSC; b) FFT(2) minus LSC; c) LSMS minus FFT(2); f) LSMS minus LSC.
Unit is in metre

✐s ✼ ❝♠✳

❋✉rt❤❡r♠♦r❡✱ ✇❡ ✉s❡❞ ❊●▼✷✵✵✽ ❛s ❛ ✬st❛♥❞❛r❞✬ ♦✈❡r t❤❡ st✉❞②

❛r❡❛✱ ❛❣❛✐♥st ✇❤✐❝❤ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧s ❜❛s❡❞

♦♥ t❤❡ t❤r❡❡ ❞✐❢❢❡r❡♥t ♠❡t❤♦❞s ❛r❡ ❝♦♠♣❛r❡❞✳ ❚❛❜❧❡ ✺ s❤♦✇s

t❤❛t t❤❡ ❜❡st ❛❣r❡❡♠❡♥t ❜❡t✇❡❡♥ t❤❡ q✉❛s✐✲❣❡♦✐❞♠♦❞❡❧s ❛♥❞ t❤❡

❊●▼✷✵✵✽ ✐s ♦❜s❡r✈❡❞ ❢♦r t❤❡ ▲❙▼❙ ♠❡t❤♦❞✱ s❤♦✇✐♥❣ ❛ st❛♥❞❛r❞

❞❡✈✐❛t✐♦♥ ♦❢ ✸ ❝♠✳ ❚❤❡ ✇♦rst ❛❣r❡❡♠❡♥t ✐s ❢♦r t❤❡ ❋❋❚(1) ♠❡t❤♦❞

✇✐t❤ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✽ ❝♠ ✇❤✐❧❡ t❤❡ ▲❙❈ ♠❡t❤♦❞ ❣✐✈❡s ❛

st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✻ ❝♠✳ ❖❜✈✐♦✉s❧②✱ t❤✐s s❛②s ♥♦t❤✐♥❣ ❛❜♦✉t

t❤❡ r❡❛❧ ❛❝❝✉r❛❝② ♦❢ t❤❡ ♠♦❞❡❧s✱ ❛s ❊●▼✷✵✵✽ ❛❧s♦ ❤❛s ❡rr♦rs ✭❜✉t

❛❝t✉❛❧❧② ♣❡r❢♦r♠s r❡♠❛r❦❛❜❧② ✇❡❧❧✱ ❝❢✳ ❚❛❜❧❡ ✸✮✳

■♥ ♦r❞❡r t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ s♣❛t✐❛❧ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ❞✐❢❢❡r❡♥❝❡s

❜❡t✇❡❡♥ t❤❡ q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧s ♦❜t❛✐♥❡❞ t❤❡ ❜② t❤r❡❡ ♠❡t❤♦❞s

✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❛♣♣❧②✐♥❣♠♦❞✐❢✐❝❛t✐♦♥ ♦❢ ❙t♦❦❡s✬ ❢✉♥❝t✐♦♥ ❢♦r t❤❡

❋❚❚♠❡t❤♦❞ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣s✳ ✼✭❛✮− ✼✭❞✮✳ ❚❤❡❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥

q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❋❋❚ ♠❡t❤♦❞ ✇✐t❤♦✉t t❤❡

✉s❡ ♦❢♠♦❞✐❢✐❝❛t✐♦♥ ✭❋❋❚(1)✮ ❛♥❞ ❢r♦♠ t❤❡ ▲❙❈♠❡t❤♦❞ ❤❛s ❛ ♣❛tt❡r♥

✐♥❞✐❝❛t✐♥❣ ❛ s❧♦♣❡ ✐♥ t❤❡ ♥♦rt❤✲s♦✉t❤ ❞✐r❡❝t✐♦♥ ✭❋✐❣✳ ✼✭❛✮✮✳ ❚❤✐s ♠❛②

♣♦t❡♥t✐❛❧❧②❜❡❞✉❡ t♦ t❤❡ ✐♥❤❡r❡♥t♣❡r✐♦❞✐❝✐t②❛ss✉♠♣t✐♦♥ ✐♥ t❤❡❋❋❚

♠❡t❤♦❞✱ ✇❤✐❧❡ ❝♦❧❧♦❝❛t✐♦♥ ✐♠♣❧✐❝✐t❧② ❛ss✉♠❡s ③❡r♦ ✈❛❧✉❡s ♦✉ts✐❞❡

t❤❡ ❞❛t❛ ❛r❡❛✳ ❋✐❣✳ ✼✭❜✮✮ s❤♦✇s t❤❛t t❤❡ ❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥

t❤❡ ❋❋❚ ❛♥❞ t❤❡ ▲❙❈ ♠❡t❤♦❞s ✐♥❝r❡❛s❡s ✇❤❡♥ ❛ ♠♦❞✐❢✐❝❛t✐♦♥

✐s ✐♠♣❧❡♠❡♥t❡❞ ❜② t❤❡ ❋❋❚ ♠❡t❤♦❞ ✭❋❋❚(2)✮✳ ❚❤❡r❡ ✐s ❛ ❧❛r❣❡

❞✐❢❢❡r❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❋❋❚(2) ❛♥❞ t❤❡ ▲❙▼❙ ♠❡t❤♦❞s r❡❛❝❤✐♥❣

t♦ ✸✸ ❝♠ ✐♥ ❛ ♠♦✉♥t❛✐♥♦✉s ❛r❡❛ ✭❋✐❣✳ ✶✭❜✮ ❛♥❞ ❋✐❣✳ ✼✭❝✮✮✳ ❋✐❣✳ ✼✭❞✮

s❤♦✇s t❤❡ ❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ▲❙▼❙ ❛♥❞ t❤❡ ▲❙❈ ♠❡t❤♦❞s✱

✐♥❞✐❝❛t✐♥❣ ❧❛r❣❡ ❞✐❢❢❡r❡♥❝❡s ❛❧s♦ ✐♥ s♦♠❡ ❢❧❛t ❛r❡❛s✳ ▼❛①✐♠✉♠

❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ❘❈❘ ❛♥❞ t❤❡ ▲❙▼❙ ♠❡t❤♦❞s ♦❝❝✉r ✐♥ t❤❡

♠♦✉♥t❛✐♥♦✉s ❛r❡❛ ❛r♦✉♥❞ ✹✺◦◆−✺◦❊✳ ❆s ✇❡ ❞♦ ♥♦t ❤❛✈❡ ●P❙✲

❧❡✈❡❧❧✐♥❣ ❞❛t❛ ♦✈❡r t❤✐s ❛r❡❛✇❤✐❝❤ ✐s ♥❡❛r t❤❡ ❆❧♣s✱ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡

t♦ ❞❡t❡❝t ✇❤✐❝❤ ♠❡t❤♦❞ ✐s t❤❡ ❜❡st ❤❡r❡✳

❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✐t ✐s ♥♦t ❝❧❡❛r ✇❤❡t❤❡r t❤❡ ❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥

t❤❡ q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧s ❛r❡ ❞✉❡ t♦ ❞❛t❛ ❣❛♣s ♦r t♦ ♣r♦❜❧❡♠s ✇✐t❤

t❤❡♠❡t❤♦❞s♦✈❡r♠♦✉♥t❛✐♥♦✉s r❡❣✐♦♥s♦r ❜♦t❤✳ ❆♣♦t❡♥t✐❛❧ s♦✉r❝❡

♦❢ ❞✐s❝r❡♣❛♥❝② ❜❡t✇❡❡♥ t❤❡ ❋❋❚ ❛♥❞ t❤❡ ♦t❤❡r t✇♦♠❡t❤♦❞s ✐s t❤❛t

t❤❡ ❙t♦❦❡s✬ ✐♥t❡❣r❛t✐♦♥ ❜② t❤❡ ❋❋❚ ♠❡t❤♦❞ ✐s ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ t❤❡
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Figure 8. Comparison of the quasi-geoid models with EGM2008 quasi-geoid heights. a) FFT(1) minus EGM2008; b) FFT(2) minus EGM2008; c)
LSC minus EGM2008; d) LSMS minus EGM2008. Unit is in metre

r❡❞✉❝❡❞ s✉r❢❛❝❡ ❣r❛✈✐t② ❛♥♦♠❛❧✐❡s ✐❣♥♦r✐♥❣ t❤❡ g1 t❡r♠ ✐♥ ❊q✳ ✭✷✮✳

❍♦✇❡✈❡r✱ t❤✐s t❡r♠ ✐s ❦♥♦✇♥ t♦❜❡ s♠❛❧❧✇❤❡♥ t❡rr❛✐♥✲r❡❞✉❝❡❞❞❛t❛

❛r❡ ✉s❡❞ ✭❋♦rs❜❡r❣ ❛♥❞ ❙✐❞❡r✐s✱ ✶✾✽✾❀ ❙❝❤✇❛r③ ❡t ❛❧✳✱ ✶✾✾✵✮✳ ❆♥♦t❤❡r

✐ss✉❡ ✐s t❤❡ ❢❛❝t t❤❛t t❤❡ ▲❙▼❙ ♠❡t❤♦❞ r❡q✉✐r❡s ❛ ❝♦♠♣❛r❛t✐✈❡❧②

❞❡♥s❡ s✉r❢❛❝❡ ❣r❛✈✐t② ❛♥♦♠❛❧② ❣r✐❞✱ ✇❤✐❝❤ ✐s ❝♦♠♣✉t❡❞ ❢r♦♠

t❤❡ ♦❜s❡r✈❡❞ ❣r❛✈✐t② ❛♥♦♠❛❧✐❡s ✉s✐♥❣ ❛ r❡♠♦✈❡✲❝♦♠♣✉t❡✲r❡st♦r❡

♠❡t❤♦❞ ❢♦r t❤❡ ❣r✐❞❞✐♥❣❀ s❡❡ ❢✉rt❤❡r ❙❡❝t✐♦♥ ✷✳✷✳✷✳ ❍❡r❡ t❤❡ ❣r✐❞

r❡s♦❧✉t✐♦♥ ✐♥ q✉❡st✐♦♥ ✇❛s ❝❤♦s❡♥ t♦ ❛♣♣r♦①✐♠❛t❡❧② ✷ ❦♠✱ ✇❤✐❝❤ ✐s

❧✐❦❡❧② t♦♦ s♣❛rs❡ ✐♥ t❤❡ ❤✐❣❤ ♠♦✉♥t❛✐♥s✳ ◆♦t✐❝❡ t❤❛t t❤✐s ❞♦❡s ♥♦t

♠❡❛♥ t❤❛t t❤❡ ▲❙▼❙ ♠❡t❤♦❞ r❡q✉✐r❡s ❞❡♥s❡r ❣r❛✈✐t② ♦❜s❡r✈❛t✐♦♥s

t❤❛♥ t❤❡ ♦t❤❡r t✇♦ ♠❡t❤♦❞s✳

❋✉rt❤❡r♠♦r❡✱ ✇❡ ❝♦♠♣❛r❡ t❤❡ q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧ ❊●▼✷✵✵✽ t♦

❞❡❣r❡❡ ✷✶✾✵ ✇✐t❤ t❤❡ q✉❛s✐✲❣❡♦✐❞♠♦❞❡❧s ❜② t❤❡ t❤r❡❡♠❡t❤♦❞s ✐♥

❋✐❣s✳ ✽✭❛✮− ✽✭❞✮✳ ❚❤❡ ❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧s

♦❜t❛✐♥❡❞ ❜② t❤❡ ❋❋❚ ♠❡t❤♦❞✱ ✇❤❡♥ ♥♦ ♠♦❞✐❢✐❝❛t✐♦♥ ✐s ✉s❡❞✱

❛♥❞ ❊●▼✷✵✵✽ ❛r❡ r❡❧❛t✐✈❡❧② ❧❛r❣❡ ❜♦t❤ ✐♥ ❢❧❛t ❛♥❞ ♠♦✉♥t❛✐♥♦✉s

❛r❡❛s ✭❋✐❣✳ ✽✭❛✮✮✳ ❲❤❡♥ t❤❡ ❋❋❚ ♠❡t❤♦❞ ✐s ✉s❡❞ ✇✐t❤ t❤❡ ✉s❡ ♦❢

♠♦❞✐❢✐❝❛t✐♦♥ ✭❋❋❚(2)✮✱ t❤❡ ❞✐❢❢❡r❡♥❝❡s ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❢❧❛t ❛r❡❛s ❜✉t

st✐❧❧ ❡①✐st ♦✈❡r t❤❡ ♠♦✉♥t❛✐♥s ✭❋✐❣✳ ✽✭❜✮✮✳ ❚❤❡ ❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥

t❤❡ ▲❙❈ ❞❡r✐✈❡❞ q✉❛s✐✲❣❡♦✐❞ ❤❡✐❣❤ts ❛♥❞ t❤❡ ❊●▼✷✵✵✽ ❤❛✈❡ ❛

s✐♠✐❧❛r ♣❛tt❡r♥ ✇✐t❤ t❤❡ ❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥ ❋❋❚(1) ❛♥❞ ❊●▼✷✵✵✽

✭❋✐❣✳ ✽✭❝✮✮✳ ❚❤❡ ❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ▲❙▼❙ ❞❡r✐✈❡❞ q✉❛s✐✲❣❡♦✐❞

❤❡✐❣❤ts ❛♥❞ t❤❡ ❊●▼✷✵✵✽ q✉❛s✐✲❣❡♦✐❞ ❤❡✐❣❤ts ❛r❡ r❡❧❛t✐✈❡❧② s♠❛❧❧✱

❡①❝❡♣t ✐♥ t❤❡ ♠♦✉♥t❛✐♥♦✉s ❛r❡❛s ✇❤❡r❡ t❤❡ ❞✐❢❢❡r❡♥❝❡s r❡❛❝❤ t♦

✷✵ ❝♠ ✭❋✐❣✳ ✽✭❞✮✮✳ ❍♦✇❡✈❡r✱ t❤❡s❡ ❞✐❢❢❡r❡♥❝❡s ❛r❡ ♠♦st❧② ♦❢ ❛ ❤✐❣❤

❢r❡q✉❡♥❝② ♥❛t✉r❡✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❞✐❢❢❡r❡♥t r❡s♦❧✉t✐♦♥s ♦❢ t❤❡

t✇♦ ♠♦❞❡❧s ✭✵✳✵✷◦❢♦r ▲❙▼❙ ❛♥❞ ≈✵✳✵✽◦❢♦r ❊●▼✷✵✵✽✮✳

5. Conclusions

■♥ t❤✐s st✉❞②✱ t✇♦♠❡t❤♦❞s ✉s✐♥❣ t❤❡ ❘❈❘ t❡❝❤♥✐q✉❡ ✭✷✲❉ ❙♣❤❡r✐❝❛❧

❋❋❚ ❛♥❞ ▲❙❈✮ ❛♥❞ t❤❡ ▲❙▼❙ t❡❝❤♥✐q✉❡ ❛r❡ ♥✉♠❡r✐❝❛❧❧② t❡st❡❞

♦✈❡r ❆✉✈❡r❣♥❡ t❡st r❡❣✐♦♥✳ ❆s ❛ r❡s✉❧t✱ ❛❧❧ t❤r❡❡ ♠❡t❤♦❞s ❣✐✈❡

❝♦♠♣❛r❛❜❧❡ r❡s✉❧ts ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ ●P❙✲❧❡✈❡❧❧✐♥❣ ❞❛t❛✱ ✇✐t❤

t❤❡ ❋❋❚ ♠❡t❤♦❞ ❣✐✈✐♥❣ ❜❡st r❡s✉❧ts ❛❢t❡r ❛ ✶✲♣❛r❛♠❡t❡r ❢✐t✳ ❚❤❡

st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ❢♦r t❤❡ ❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ q✉❛s✐✲❣❡♦✐❞

♠♦❞❡❧s ❛♥❞ ●P❙✲❧❡✈❡❧❧✐♥❣ ❞❛t❛ ❛r❡ ✸✳✵ ❝♠✱ ✸✳✺ ❛♥❞ ✸✳✹ ❝♠ ❢♦r t❤❡

✷✲❉ ❙♣❤❡r✐❝❛❧ ❋❋❚✱ ▲❙❈ ❛♥❞ ▲❙▼❙ ♠❡t❤♦❞s ❛❢t❡r ❛ ✶✲♣❛r❛♠❡t❡r ❢✐t✱

❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❛❝❝✉r❛❝✐❡s ♦❢ ●P❙✲❧❡✈❡❧❧✐♥❣ ✭✸✳✷ ❝♠✮✳ ■♥ ❝❛s❡ ♦❢
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✉s✐♥❣❛✹✲♣❛r❛♠❡t❡r ❢✐t✱ t❤❡▲❙▼❙♠❡t❤♦❞❣✐✈❡s t❤❡❜❡st ❛❣r❡❡♠❡♥t

✇✐t❤ ●P❙✲❧❡✈❡❧❧✐♥❣ ✇✐t❤ ✷✳✹ ❝♠ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥✳ ❚❤❡ r❡❛s♦♥ ❢♦r

t❤❡ r❡♠❛r❦❛❜❧❡ ✐♠♣r♦✈❡♠❡♥t ♦❢ ▲❙▼❙ ❛❢t❡r ✉s✐♥❣ ❛ ✹✲♣❛r❛♠❡t❡r

❢✐t ✐♥st❡❛❞ ♦❢ ✶✲♣❛r❛♠❡t❡r ❢✐t ✐s t❤❛t t❤❡ s✐❣♥✐❢✐❝❛♥t ♥♦rt❤✲❡❛st t♦

s♦✉t❤✲✇❡st s❧♦♣❡ ✐♥ t❤❡ r❡s✐❞✉❛❧s ♦❢ t❤❡ ✶✲♣❛r❛♠❡t❡r ❢✐t ✐s ❛❜s♦r❜❡❞

❜② t❤❡ ✹✲♣❛r❛♠❡t❡r ❢✐t✳

❚❤❡s❡ r❡s✉❧ts ♣r♦✈✐❞❡ ♦♥❧② ♠❛r❣✐♥❛❧❧② ❜❡tt❡r ❛❣r❡❡♠❡♥t ✇✐t❤ ●P❙✲

❧❡✈❡❧❧✐♥❣ t❤❛♥ ❊●▼✷✵✵✽ s❤♦✇s✳ ❚❤✐s ✐❧❧✉str❛t❡s t❤❡ r❡♠❛r❦❛❜❧② ❤✐❣❤

q✉❛❧✐t② ♦❢ ❊●▼✷✵✵✽ ✐♥ ✇❡❧❧✲❝♦✈❡r❡❞ ❣r❛✈✐t② ❞❛t❛ ❛r❡❛s ❧✐❦❡ ❋r❛♥❝❡✳

❲❤❡♥ t❤❡ q✉❛s✐✲❣❡♦✐❞ ♠♦❞❡❧s ❛r❡ ❝♦♠♣❛r❡❞ ✇✐t❤ ❡❛❝❤ ♦t❤❡r✱

❛❧t❤♦✉❣❤ t❤❡② ❛❣r❡❡ ✇❡❧❧ ♦✈❡r t❤❡ ♠♦r❡ ❝❡♥tr❛❧ ❛r❡❛s✱ t❤❡② ❞✐❢❢❡r

✉♣ t♦✸✸ ❝♠♦✈❡r t❤❡♠♦✉♥t❛✐♥♦✉s ❛r❡❛s♥❡❛r t❤❡❆❧♣s✳ ❈♦♠♣❛r✐s♦♥

♦❢ q✉❛s✐✲❣❡♦✐❞♠♦❞❡❧s ✇✐t❤ ❊●▼✷✵✵✽ q✉❛s✐✲❣❡♦✐❞ ❤❡✐❣❤ts s✉❣❣❡st

t❤❛t t❤❡ ▲❙▼❙ ♠❡t❤♦❞ ❣✐✈❡s t❤❡ ❜❡st ❛❣r❡❡♠❡♥t ✇✐t❤ ❊●▼✷✵✵✽

✐♥ t❡r♠ ♦❢ t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦✈❡r t❤❡ ♠♦✉♥t❛✐♥♦✉s r❡❣✐♦♥

♥❡❛r t❤❡ ❆❧♣s✳ ■t ✇♦✉❧❞ t❤❡r❡❢♦r❡ ❜❡ ✉s❡❢✉❧ t♦ ❡①t❡♥❞ t❤❡ ♣r❡s❡♥t

✐♥✈❡st✐❣❛t✐♦♥s t♦ t❤❡ ❆❧♣s✱ ✐❢ ❣r❛✈✐t② ❛♥❞ ♣r❡❝✐s❡ ●P❙✲❧❡✈❡❧❧✐♥❣ ❞❛t❛

❝♦✉❧❞ ❜❡ r❡❧❡❛s❡❞ ❢r♦♠ t❤✐s r❡❣✐♦♥ ❛s ✇❡❧❧ ✐♥ ♦r❞❡r t♦ ♣r♦♣❡r❧②

✉♥❞❡rst❛♥❞ t❤❡ ❧❛r❣❡ ❞✐❢❢❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ♠❡t❤♦❞s ✇❤✐❝❤ ✐s ❛

✈❡r② ✐♠♣♦rt❛♥t ❢✉t✉r❡ ✇♦r❦✳
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