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The data, methodology, and the resulting accurate gravimetric geoid model for the Korean Peninsula
(latitude from 32° N to 40° N and longitude from 124° E to 131° E) are presented in this study. The
types of used data were a high degree geopotential model (the EGM96 spherical harmonic coefficient
set), a set of 12,615 land gravity observations, 1,056,075 shipborne gravity observations, and KMS2002
gravity anomalies from satellite altimetry. The remove-restore technique was successfully applied to
combining the above mentioned data sets using up to degree and order 112 of the EGM96 coefficient.
The residual geoid was calculated with residual Free-Air anomaly values using the spherical Stokes'
formula with a 37-km integration cap radius. The geoid model was referred to WGS84 geodetic system
and was tested using a set of GPS/levelling geoid undulations. The absolute accuracy is 0.132 m and
some improvement compared to the PNU95 geoid model was found.

gravimetric geoid, gravity, EGM96, TCFA, GPS/levelling

1. Introduction

The height of GPS is based on WGS84 ellipsoid and the
height for daily life is referred to sea level, geoid, one of
the equipotential surfaces. To use GPS effectively, we
need to know accurate geoidal height, the difference be-
tween local geoid and earth ellipsoid.

Even EGM96, which is the most accurate model in ac-
counting for geoidal height at one point using global grav-
ity model, has some £1 m error (Sideris, 1997b). This error
is considered a big burden to generalize GPS technique.
Therefore, more precise geoid model is required in and
around the Korean Peninsula. Precise geoid is computed,
taking in account global gravity model and gravity data
of studied regions, this geoid model being verified by
GPS/levelling geoid of GPS observed benchmarks
(Featherstone, 2001; Kuroishi, 2001).

In this study, in order to improve the accuracy to make
precise geoid model in and around the Korean Peninsula,
gravity and GPS data were measured and analyzed. We
collected several existing geophysical data such as
EGM96 at the same time, verifying South Korea's precise
geoid. Precise geoid from this study will be actively used
in civil and geodetic field, as well as offer basic geoid-re-
lated data to understand geophysical phenomena better.
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2. THEORETICAL CONCEPTS

With the established gravity data around the world, land
and marine gravity data measured in and around the
Korean Peninsula and satellite altimetry gravity data,
gravity anomalies to calculate geoid were evaluated.
Regional geoid was calculated using EGM96, and re-
sidual geoid was obtained from remove-restore technique
(Sideris, 1997a). The combination of regional and residual
geoid contributed to draw up the final precise geoid.

2.1 Calculation of the regional geoid

Global gravity data can be expressed in a lot of forms,
and among them, global gravity model is composed of
spherical coefficient of global gravity potential anoma-
lies, which is relatively easy to handle and accurate. By
improving global gravity model consistently, long-wave-
length regional geoid can be easily determined by global
gravity model's coefficient and geocentric coordinates
used (Rapp, 1971, 1997a, 1997b).

To M degree and order, gravity potential anomaly 7"can
be calculated as:
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¢, A, r = Geocentric coordinates for points located

GM = Geocentric gravitational constant

a = Scaling factor (using equator radius of earth ellip-
soid)

C . S . = Potential coefficients of degree n and order
m

P . = Fully normalized associated Legendre functions

With coefficients C ,,, and 5 ,,, given by gravity model,
gravity potential anomaly is calculated at one point.

Gravity potential anomaly 7 and geoidal height N were
obtained by Bruns' formula (Heiskanen and Moritz, 1967).

2N

v = Normal gravity
Through global gravity model, it is possible to calculate
geoidal undulation JV at one point (¢, A, 7).
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The resolution of the earth gravity model depends on
coefficient's expansion. Current global gravity models
have maximum degree and order 360 and about 50 km of
resolution. Hence, due to resolution limit of earth gravity
model, this geoid became the regional geoid that implies
long-wavelength geoid change.

2.2 Calculation of the residual geoid

When studied regions's gravity data applied, short-
wavelength geoid, in other words, residual geoid can be ob-
tained by several methods such as Stokes' integral method,
least squares collocation, and Fast Fourier Transform (FFT)
techniques (Tscherning, 1997; Sideris, 1997a). Stokes' in-
tegral method was used to get residual geoid in this study.

Considering gravity anomaly(Ag) and Stokes' for-
mula, gravity potential anomaly T can be described as fol-
lows:

7= %ff” AgS()do

Stokes formula is as below:
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1 is spherical distance between points to calculate geoid-
al height and gravity anomaly data at the points, and ex-
pressed in angular distance.

With Bruns' formula, geoid undulation(N) was calcu-
lated with normal gravity(%y), as:

N= %//ﬁ AgS()do

This formula is called Stokes' formula or Stokes' in-
tegral after being released by George Gabriel Stokes in
1849 (Heiskanen and Moritz, 1967; Moritz, 1980; Torge,
2001).

Residual geoid can be calculated from residual gravity
anomaly by Stokes' integral method. In this case, the rea-
son of using residual gravity anomaly was that the regional
effects of gravity data of studied areas were included in
earth gravity model and these had to be removed.
Accordingly, to obtain residual geoid, regional gravity
anomaly using earth gravity model should be removed
from gravity anomalies around studied areas. This is called
remove-restore technique (Sideris, 1997a) and with this,
calculating residual gravity anomalies were done. Through
the calculated residual gravity anomalies by Stokes' in-
tegral technique, residual geoid was obtained.

3. DATA DESCRIPTION
3.1 EGM9%6

EGM96 was developed by NIMA, NASA, OSU and
other institutions of the U.S for 3 years to improve accu-
racy of earth gravity model. This is global potential co-
efficient which consists of a total number of 65,338 of co-
sine and sine coefficients, ranging from degree and order
2,0to 360, 360. Only by these coefficients, various phys-
ical data related with earth gravity, such as geoidal height,
gravity anomaly, and vertical deflection, can be calculated.

In terms of data analysis and the number of the co-
efficients, this model is basically similar to the existing
global gravity models, OSU91A and JGM-3, but it in-
cludes more various and latest gravity data. Thanks to the
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more accurate earth-related physical data from satellites,
EGMY6 is referred to EGM96 ellipsoid that is more precise
than GRS80 and WGS84 ellipsoid. Furthermore, EGM96
model took into account tidal effects caused by the pres-
ence of the sun and the moon. (Lemoine et al., 1998).
For regional geoid in this study, the latest global gravity
model, EGM96 was used. Unlike OSU91A, EGM96 re-
flects gravity data around the world including southeast
Asia. Therefore, the accuracy of EGM96 geoid model is
within some +1 m anywhere in the world (Sideris, 1997b).

3.2 Land gravity data

In a topographically undulated area like South Korea,
the lack of gravity data on mountainous areas caused a lot
of problems with terrain sensitive gravity anomalies. This
also brought about inaccuracy in gravity data analysis in
geodetic research. That's why gravity has been constantly
measured, considering the need of densely observed grav-
ity data in mountainous areas and flat lands in South Korea
(Choi, 1986; Choi and Kim, 1996; Choi and Park, 1999;
Choi and Lee, 1997; Choi et al., 1996; Choi etal., 2001;
Choi et al., 2003).

South Korea's gravity data used in this study are those
constantly measured until now. Especially, via PNU95 ge-
oid, gravity measurement using GPS has been conducted
since 1997 (Choi et al., 1998), so the number of measure-
ments increased dramatically. In South Korea, there are
12,615 gravity observations now (Fig. 1).

To obtain gravity data of North Korea, we applied re-
gional Bouguer anomaly map from gravity observations
at 2,308 stations in North Korea and residual Bouguer
anomaly map. In these Bouguer anomalies, the terrain cor-
rection was conducted using 1:50,000 and 1:100,000 top-
ography maps. The boundary depth is 10 km between re-
gional and residual Bouguer anomalies (Paek et al., 1996).
Both regional and residual Bouguer anomaly map were
transformed into numerical values by digitization and
were combined into Bouguer anomaly in North Korea for
this study.

3.3 TCFA (Terrain-Corrected Free-Air Anomaly)

To solve the problems with unequal distribution of ob-
served land gravity data, Bouguer anomaly and terrain da-
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Fig. 1 Distribution of gravity observations in and around the
Korean Peninsula.

ta are applied in this study. Bouguer anomaly usually
adopted in the interpretation of underground structure, is
gravity anomaly excluding terrain gravity effects, so un-
dulation is relatively smooth against free-air anomaly. If
simple Bouguer anomaly and terrain data are used, rela-
tively precise Free-air anomaly considering terrain can be
calculated even in the areas where gravity was not
observed.

In this case, this free-air anomaly calculated with simple
Bouguer anomaly and terrain data is named TCFA, and this
is widely used in geoid calculation (Featherstone and
Kirby, 2000; Featherstone et al., 2001).

First, simple Bouguer anomaly was determined using
all kinds of South and North Koreas' gravity data, then ter-
rain correction effect was calculated up to the radius 50
km of each Bouguer anomaly point using 3-second inter-
val terrain data in and around the Korean Peninsula. TCFA
of this study was calculated by combining simple Bouguer
anomaly with above gravity effect of terrain.

3.4 Gravity data in Japan

Gravity data of southwest Japanese areas in this study
were actually measured and released by Geological
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Survey of Japan. These absolute gravity values are stand-
ardized by IGSN71 gravity network, which is identical to
that of Korea (GSJ, 2000), and coordinates are stand-
ardized by Bessel1841, Japanese geodetic system.

We deducted WGS84 normal gravity value using this
absolute gravity value of Japan, and got free-air anomaly
in Japan, conducting air-mass and free-air corrections.
Also, Bessell841 coordinates were transformed into
WGS84 coordinate system. Among free-air anomalies
obtained, the data of 23,317 points in southwestern Japan
were applied in this study (Fig. 1).

3.5 Marine gravity data

Marine gravity was obtained shipborne gravity by re-
search vessel ‘Haeyang 2000°, the 2,500-ton probe ship
of National Oceanic Research Institute. This ship has
measured shipborne gravity data at 1,056,075 points from
1996 to 2000 (Fig. 1).

In the case of shipborne gravity, the data are precise but
limited only to surveyed areas. In order to get marine grav-
ity of areas where there are no available shipborne gravity
data, gravity data calculated from satellite altimetry data
were used. KMS2002 altimetry gravity data has been ap-
plied, after analyzing several altimetry gravity data from
some institutions with shipborne gravity data by 'Haeyang
2000'".

KMS2002 gravity anomaly was released in March,
2003 and the altimetry data used were about 50,000,000
points from GEOSAT, ERS-1 Geodetic mission, ERS-2
Geodetic mission and Exact repeat mission. KMS2002
was 2-minute interval gravity anomaly, ranging from the
south latitude 82° to the north latitude 82°(Andersen and
Knudsen, 1998; Andersen et al., 2003).

Land gravity data, TCFA were combined with sea grav-
ity data. The Draping method was applied to offset the er-
rors in altimetry gravity data near coastline (Kirby and
Forsberg, 1998).

3.6 Combination of gravity data

Final free-air anomaly is the result from the combina-
tion of actually observed gravity data, with TCFA, ship-
borne gravity data, and KMS2002 gravity data. Referring
to gravity data of southwestern Japanese areas which are

2 <2 |

located southeast from studied regions, final free-air
anomaly was calculated.

Final free-air anomalies of the east longitude of 123°
to 132° and the north latitude of 31° to 41° ranged from
-50 mGal to 238 mGal around Korea (Fig. 2) and was up
to minimum -142 mGal at the southeast of Japan sea. The
Mean of final free-air anomaly was 17.4 mGal (Table 1).

3.7 GPS/levelling data

GPS has an advantage of observing geoid-related phys-
ical data directly, which are difficult to be collected, so it
is used to calculate and verify geoid model using gravity
anomaly data (Featherstone, 2001).

Longitude{Degrees)

123 124 125 126 127 128
Longitude{Degrees)

Fig. 2 The final Free-air gravity anomaly map combining all
kinds of gravity data in and around the Korean Peninsula.

Table 1 Statistics of the PNUO3 geoidal heights and final
Free-air anomaly values in and around the Korean Peninsula.

Geoid (meter) Free-Air (mGal)
Mean 24.965 17.441
Minimum 14.915 -148.270
Maximum 33.421 238.040
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Height obtained by GPS is based on ellipsoid surface,
while an altitude is on geoid surface. Therefore, at bench-
marks with an exact altitude, the geoidal height, the differ-
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Fig. 4 The PNUO3 geoid undulation reconstructed by combin-
ing regional with residual geoid in and around the Korean

Peninsula.

ence between ellipsoidal height and altitude can be
calculated. This calculated geoid is named GPS/levelling
geoid. Until now, GPS observation has been conducted at
182 stations of Korea provided by National Geographic
Information Institute (Fig. 5) and was adopted in this study.

4. COMPUTATION OF THE PRECISE
GRAVIMETRIC GEOID

Computing regional geoid using EGM96 global gravity
model and final free-air anomaly in and around the studied
regions, short-wavelength residual geoid was calculated
and then, precise geoid was obtained from these.

To this end, both optimum degree and order for regional
geoid and integration radius for residual geoid were
required. We changed those values until the RMS differ-
ence between precise geoid of each degree and order, in-
tegration radius and GPS/levelling geoid became minimum.
Through this process, we could get the optimum degree
and order and integration radius, and the improved precise
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Fig. 5 Differences between PNUO3 geoidal heights and GPS/
levelling geoidal heights: Solid star represented benchmark
location.
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geoid of the southern Korean Peninsula was obtained.

When optimal degree and order was 112 and optimum
integration radius was 37 km(Fig. 3), RMS difference was
minimum 0.1324 m. At this moment, average difference
between GPS/levelling geoid and precise geoid from
gravity data was 0.5296 m. This was corrected, and it was
possible to get the most suitable precise geoid for bench-
mark network on the Korean surface.

Precise geoid within studied regions ranged from south-
west 14.92 m to southeast 33.42 m(Fig. 4), and from mini-
mum 21.43 m around Kangwha-Do to maximum 30.29 m
around Mt. Shinbul, Ulsan in the inland South Korea
(Table 1).

5. EVALUATION

To verify final precise geoid (PNUO03), among 182 GPS
data at benchmarks, GPS/levelling geoid of only 121 land
points in South Korea was adopted to calculate absolute
error, and final precise geoid was compared with previous
PNU9S.

PNU95 geoid is precise geoid model around South
Korea, using OSU91A global gravity model, surface grav-
ity data about 4,500 stations in South Korea, gravity data
from Tokyo university, satellite altimetry gravity data (Choi
etal., 1997).

As aresult, RMS difference turned out to be 0.132 m, the
difference value between PNUO3 geoid and GPS/levelling
geoid ranged from -0.296 m to 0.274 m (Fig. 5). But in case
of PNU95, RMS was 0.162 m and the difference values be-
tween this and GPS/levelling geoid were -0.559 m to 0.348
m. Through absolute error, this precise geoid proved to be
improved more than PNU95 geoid. This fact was a result
of precise terrain corrections using accurate terrain data,

with more gravity data. This PNUO3 geoid is more appro-
priate, reflecting short-wavelength effects (Table 2).

6. CONCLUSIONS

From the previous gravity data, we adopted land gravity
data in 12,615 stations, shipborne gravity in 1,056,075 sta-
tions, 2-minute interval KMS2002 altimety gravity, and
gravity data in North Korea and southwestern Japan.
Three-second interval terrain data in and around the
Korean Peninsula were made, and through the terrain cor-
rection, TCFA was calculated, taking into account terrain
effect of the land, especially mountainous area in free-air
anomaly.

The remove-restore technique was successfully ap-
plied to combining the above mentioned data sets using
up to degree and order 112 of the EGM96 coefficient. The
residual geoid was calculated with residual Free-Air
anomaly values using the spherical Stokes' formula with
a 37-km integration cap radius. For verification, compared
with GPS/levelling geoid at 121 points, the difference of
RMS is 0.132 m.

By combining regional geoid with residual geoid, pre-
cise geoid being calculated, and residual geoid undulation
in and around the Korean Peninsula ranges from -1.51 m
to maximum 1.84 m. Based on WGS84, precise geoidal
height varies from 14.92 m of Kangwha-Do off the west
coast to 30.29 m of Mt. Shinbul around Ulsan.

Previous precise geoid of PNU95 was applied to verify-
ing PNUO3 and accuracy analysis. Against GPS/levelling
geoid, RMS difference of PNU95 is 0.162 m and RMS of
PNUO03 is 0.132 m, so it was improved.

In the future, through consistent measurement of grav-
ity and the addition of GPS/levelling data in and around

Table 2 Comparison of used data sets to compute the PNU03 and the PNU95 geoid.

PNUO3 PNU95
Global geopotential model EGM96 OSU91A
Land gravity in South Korea 12,615 points 4,500 points
Shipborne gravity 1,056,075 points -
Gravity from altimetry KMS2002 Sandwell(1993)
Topography data 3" by 3" 15" by 15"
Benchmark data 182 points 71 points
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the Korean Peninsula, more precise geoid is required, so
precise geoid from this study is expected to be applied to
comparing and verifying the obtained data.

The previous measuring technique using GPS in Korea
mostly gave information at horizontal points only, and
conventional surveying techniques are still used for accu-
rate altitude measurement. This is because there are no
available precise geoid and some misunderstanding of
adopting exiting geoid. Therefore, precise geoid obtained
from this study will offer not only sufficient accuracy but
also more precise and convenient altitude when GPS used.
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