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Abstract

The determination of the geoid in South Korea is a national imperative for the modernization of height datums, 
specifically the orthometric height and the dynamic height, that are used to monitor hydrological systems and 
environments with accuracy and easy revision, if necessary.  The geometric heights above a reference ellipsoid, 
routinely obtained by GPS, lead immediately to vertical control with respect to the geoid for hydrological 
purposes if the geoid height above the ellipsoid is known accurately.  The geoid height is determined from 
gravimetric data, traditionally ground data, but in recent times also from airborne data.  This paper illustrates 
the basic concepts for combining these two types of data and gives a preliminary performance assessment of 
either set or their combination for the determination of the geoid in South Korea.  It is shown that the most 
critical aspect of the combination is the gravitational effect of the topographic masses above the geoid, which, 
if not properly taken into account, introduces a significant bias of about 8 mgal in the gravity anomalies, and 
which can lead to geoid height bias errors of up to 10 cm.  It is further confirmed and concluded that achieving 
better than 5 cm precision in geoid heights from gravimetry remains a challenge that can be surmounted only 
with the proper combination of terrestrial and airborne data, thus realizing higher data resolution over most of 
South Korea than currently available solely from the airborne data.
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1. Introduction

The accurate determination of the geoid, or level reference 
surface for heights, is a major goal of infrastructure 
modernization in many countries.  For example, knowing the 
geoid height, N , above a reference ellipsoid everywhere in 
a country permits easy determination of orthometric heights, 

H , using the Global Positioning System (GPS), or any 
other Global Navigation System of Satellites (GNSS), thus 
avoiding labor intensive spirit leveling procedures that were 
traditionally used to establish vertical control:
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where h  is the GPS-measured height above the ellipsoid 
(Hofmann-Wellenhof and Moritz, 2005). With an accurate 
model for N , heights relative to the geoid may be determined 
with uniform accuracy anywhere a GPS receiver antenna 
can be placed; and, they may be easily and quickly re-
established in areas subject to surface deformation, erosion, 
or any sudden change caused by natural disasters such as 
flooding or earthquakes.
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Determining the geoid heights requires an accurate, 
detailed, and spatially extensive data base of gravity values.  
Traditional measurements of gravity were and still are 
obtained with instruments placed at surface stations; in this 
paper these are called terrestrial data.  In easily accessible 
areas such stations may be fairly regularly distributed.  
However, often in topographically rugged regions, they are 
spaced along roads, which also typically follow valleys; and, 
in these cases they are naturally sparsely distributed.  Over 
the last few decades, airborne gravimetry has matured to 
the point that regional surveys for geoid determination are 
readily accomplished with uniform accuracy and spatial 
resolution (Forsberg and Olesen, 2010). These data are 
somewhat less accurate than terrestrial measurements, but 
cover otherwise inaccessible areas such as mountainous 
terrain and coastal regions, where ship surveys also may not 
be possible or are very expensive.  Moreover, in these areas 
airborne gravimetry fills the resolution gap that is left by the 
satellite gravity missions, such as GOCE (Gravity Field and 
Steady-State Ocean Circulation Explorer, Rummel et al., 
2011), which achieve a maximum resolution of about 85 km.

While airborne gravimetry may be an economical 
methodology to build a data base for geoid determination, 
existing and new terrestrial measurements should be 
included, not just for data base enhancement, but also to help 
calibrate and validate airborne data. Certainly both types 
of data must refer to the same gravitational field and thus 
must be consistent at the level of the airborne measurement 
accuracy, about 1-2 mgal ( 5 21 mgal 10  m/s−= ). However, 
experience shows that initially, at least, this is not the case.  
For the recent airborne survey completed over South Korea 
in 2008-2009 (Bae et al., 2012), the differences between 
terrestrial and airborne gravity data at common geographic 
locations throughout the country have a mean value of 
about 8 mgal and a standard deviation of about 12 mgal (see 
Section 4, below).

This observed bias between the terrestrial and airborne 
data in South Korea is not due to the attenuation of the gravity 
field with altitude. Indeed, it is just the opposite: the airborne 
data are significantly greater in value than the terrestrial data 
in many cases. Leaving a significant bias in the gravity data 
leads to a bias in the geoid determination, and resolving the 

bias is, therefore, an important part in the combination of the 
two data types. It is found that the gravitational effect of the 
topographic masses above the geoid is largely responsible 
for the bias. However, reducing the data for this gravitational 
effect requires special care, since the airborne and terrestrial 
data have fundamentally different characteristics. That is, 
aside from the obvious difference in vertical height of the 
measurement surface, the data also have different spatial 
distribution and spectral content.

In this paper, we briefly review the geoid height 
determination from gravimetric data, discuss the basic 
concepts of computing the terrain effect, and on the basis 
of a quantitative assessment propose methods to combine 
the terrestrial and airborne data. This appraisal includes a 
preliminary analysis of the subsequent geoid height errors, 
which also confirms that the available combined gravimetric 
data have not yet reached the resolution and accuracy needed 
to obtain better than 5 cm accuracy in the geoid height.

2. Geoid Determination

The detailed, precise geoid height is determined 
principally from a distribution of gravity data on or near the 
Earth’s surface.  The long-wavelength geoid height, on the 
other hand, typically is based on a high-degree reference 
model, determined either from a combination of satellite 
orbit analysis and global gravity data or, more recently, 
from in situ satellite measurements of the gravitational 
field.  This long-wavelength model is required since theory 
otherwise demands that a global distribution of gravity 
data enter into the computations. In addition, the local 
topography can be used partly to aid in the estimation 
of the shorter wavelengths of the geoid height; and, its 
gravitational effect also must be treated separately in order 
to fulfill the theoretical condition that the data surface is 
a level surface (e.g., the geoid, itself). In summary, the 
equation in spherical approximation that yields the geoid 
height, N , from gravity anomalies, g∆ , is (Hofmann-
Wellenhof and Moritz, 2005; Wang et al., 2012; Huang and 
Véronneau, 2013)

 
( ) ( ) ( ) ( )( ) ( ) ( ) ( )0 TE TE

0

' ' '
4 ref ref

RN N g g g S d N N
σ

∆ ∆ δ ψ σ δ
πγ

= + − − + +∫∫ξ ξ ξ ξ ξ ξ , 
  (2)



Geoid Determination in South Korea from a Combination of Terrestrial and Airborne Gravity Anomaly Data

569  

where 0N  is a constant offset of the local geoid from the 
global geoid, 0γ  is an average value of gravity; R  is the 
mean radius of the geoid approximated as a sphere; the point 
of computation is ( ),θ λ=ξ , represented by spherical polar 
coordinates; σ  is the unit sphere with sin ' ' 'd d dσ θ θ λ= ; 

( )S ψ  is Stokes’s function with ψ  the central angle between 
the computation and integration points; the reference gravity 
anomaly and geoid height are spherical harmonic models, 
respectively,
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where

H h N= - , 
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is Newton’s gravitational constant times 
Earth’s total mass; a  is the radius to which the harmonic 
coefficients, nmC , of a reference field refer; ( )nmY ξ  is the 
fully normalized spherical harmonic function; and, TENδ  
is the indirect effect associated with the processing of the 
terrain effect, TEgδ . The gravity anomalies, g∆ , are 
differences between measured gravity and a normal gravity 
based on a reference, or normal potential, and are known as 
free-air anomalies.  With the inclusion of the reference field, 
equations (3) and (4) , the integral in equation (2) may be 
truncated to a region, like South Korea. This also offers the 
ability to modify Stokes’s function in order to further reduce 
the error committed in the truncation of the integral (Jekeli, 
1981; Featherstone, 2013).

The gravity anomalies refer to the Earth’s surface, 
or to the geoid with a free-air reduction, where the latter 
usually involves a simple linear approximation to the 
vertical gradient of gravity. As such they represent the 
needed boundary values that justify the integral solution 
in equation (2). However, this solution further requires 
that the boundary actually bounds all masses. To achieve 
this condition, the terrain is mathematically moved inside 
(or onto) the boundary with a corresponding adjustment 
to the data values. This adjustment is known as the direct 
terrain effect.  It comprises the computation of the Bouguer 
anomaly, which is the free-air anomaly with the attraction of 

the terrain removed, and the subsequent restoration of these 
masses on the geoid as a thin layer according to the Helmert 
condensation method (Vanicek et al., 1999), or some other 
method of restoration inside the geoid. We consider only 
the Helmert reduction, as this generally results in a small 
indirect effect, TENδ .

The gravitational attraction of the topographic masses 
above the geoid may be derived from the potential given by 
Newton’s density integral and in spherical approximation is 
(Jekeli and Serpas, 2003)
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where the nominal value of the presumably constant mass 
density is 32670 kg/mρ = , and where r  is the radial 
coordinate of the evaluation point, H  is topographic height 
above the geoid, and

( ) ( )22 2 cosh r R H r R H ψ= + + − + ,           (6)

                                                                                           (7)2 2
0 2 cosr R rR ψ= + −

.                                       

If the terrain is radially condensed onto the geoid (sphere), 
thus creating a surface layer with density, ( )'Hρ ξ , the 
corresponding gravitational attraction is given by

 ( ) ( ) ( )2
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0

'
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H
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The integrals in equations (5) and (8) are well defined if 
the evaluation points are not on the surface, ( )r R H≠ + ξ  
and r R≠ , respectively, since then 0h =  and 0 0= , if 

0ψ = .  For topogδ , the computation on the surface may 
be done numerically by omitting the integration near 
the evaluation point and substituting the formula for the 
attraction of a vertical prism of height, H . The layer effect 
is computed only for points with r R> , thus avoiding the 
singularity.

The mathematical removal of the gravitational effect 
of the topography from the free-air anomaly results 
in the refined Bouguer anomaly, and the subsequent 
introduction of the equivalent mass layer yields the 
Helmert anomaly:
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topoBg g g∆ ∆ δ= − ,                                         
(9)

 
TE topo layerHg g g g g g∆ ∆ δ ∆ δ δ= − = − + .  (10)

There are two schools of thought on the requirement to apply 
a downward continuation of these anomalies to the geoid, 
either before or after adding the appropriate layer effect.  That 
the Bouguer anomalies tend to be somewhat smoother argues 
in favor of their downward continuation, rather than the 
Helmert anomalies, which is also proposed here specifically 
for the airborne data.

3. Data Combination

The process of combining airborne and terrestrial 
gravimetric data requires some type of downward continuation 
of the airborne data to the geoid.  It is shown in Section 4 with 
simple numerical analyses that this combination is achieved 
favorably if both the airborne and the terrestrial data are 
first reduced to refined Bouguer anomalies. Indeed, the 
gravitational effect of the terrain is fundamentally different 
for both data types, where terrestrial data are affected by 
masses both below and above the measurement level, while 
airborne data are affected only by masses below. This 
difference creates a large bias between the corresponding 
free-air anomalies that is decreased significantly in the 
corresponding Bouguer anomalies. However, this also 
creates a complication since the downward continuation 
of Bouguer anomalies is potentially more difficult than 
free-air anomalies. For the terrestrial data, the downward 
continuation of Bouguer anomalies to the geoid is sometimes 
neglected as being a small effect (Jekeli and Serpas, 2003); 
however, see also (Huang and Véronneau, 2005).  Certainly, 
it cannot be neglected for airborne data. One should also 
realize that downward continuation generally is possible by 
analytic methods only for harmonic fields, that is, in free 
space between level surfaces where Laplace’s field equation 
holds.  Therefore, in any case, masses above the geoid should 
be removed prior to downward continuation to the geoid.

Downward continuation of data is an unstable process since 
it is founded on the natural attenuation of the gravitational 
field in the opposite, upward direction. Hence, errors in the 

data at the high measurement surface are amplified when 
continued to the lower surface. The numerical procedure 
thus depends very strongly on proper filtering of the spectral 
content of the data, suppressing noise, but permitting 
sufficient signal content to be recovered at the lower surface 
(Novak and Heck, 2002). Several methods exist to downward-
continue free-air gravity anomalies; they are based typically 
on inverting the field solution of a boundary-value problem.  
For example, Poisson’s integral (Hofmann-Wellenhof and 
Moritz, 2005) solves the Dirichlet problem and may also be 
formulated for gravity anomalies.  Its inversion has the form
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where ar  is the radial coordinate at altitude, and 
( ) ( ) ( )0 , ,ag R g r∆ ∆=ξ ξ .  The formulation is valid if no masses 

intervene between the surfaces, r R=  and ar r= .
Another method is least-squares collocation (LSC, Moritz, 

1980), which is also developed specifically for harmonic 
functions in free-space, and thus may be employed for 
harmonic continuation of functionals of the gravitational 
field.  Another popular method is based on transforming 
equation (11) into the spectral domain, where the use of 
the Fast Fourier Transform (FFT) offers efficiency in 
computation (Bláha et al., 1996; Hwang et al., 2007). Our 
numerical experiments on simulated fields confirm that LSC 
and the Poisson inversion methods yield similar results under 
ideal conditions and are better than the FFT-based method.

On the other hand, these same experiments also reveal 
that these methods applied to Bouguer anomalies fail 
significantly.  More specifically, they fail to give accurate 
results for the downward continuation of the gravitational 
attraction of the terrain. It is conjectured that the reason 
for the failure is rooted in the fact that this attraction is not 
evaluated as a solution to a boundary-value problem; rather it 
is a forward computation based on Newton’s density integral.  
Of course, both ways of constructing a gravitational field 
are legitimate, either by means of a solution to a boundary-
value problem, or directly modeling the masses that generate 
the field; and they should give the same field if there are no 
modeling errors.  But the inversion methods and the forward 
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modeling methods both have inherent approximations, and 
their numerical implementations make further different 
types of approximations. These practical inconsistencies 
conspire to make problematic the downward continuation 
of the forward-modeled topogδ  using a method based on 
inverting a solution to a boundary-value problem.

The downward continuation of topogδ  should, therefore, 
also derive from a forward model. In fact, the radial 
derivatives, topo

k kg rδ∂ ∂ , of the gravitational attraction 
at altitude due to the topographic masses may be computed 
similarly using forward models.  Thus, a simple Taylor-series 
expansion to sufficiently high degree performs the required 
analytic continuation:
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It is noted that the downward continuation to the geoid is 
an analytic (harmonic) continuation that does not yield the 
actual gravitational attraction of the terrain at the geoid.  
However, this is of no consequence since the masses anyway 
have been removed for the Bouguer anomaly.

No such straightforward continuation is possible for the 
free-air anomaly since it is modeled not with a forward 
model, but rather on the basis of a boundary-value problem.  
Therefore, to downward-continue the Bouguer anomaly, 
we may apply standard techniques (e.g., Poisson’s inverted 
integral) to the free-air anomaly component and the Taylor 
expansion to the terrain effect:

 ( ) ( ) ( ) ( ) ( ) ( )airborne airborne airborne
0 0 topo 0, , ,B FAg r g r g r∆ ∆ δ= −ξ ξ ξ .   (13)

Although separating the downward continuation in this way 
could pose theoretical problems if the Bouguer anomaly were 
a measured quantity, the procedure would be legitimate in 
this case since the Bouguer anomaly is constructed from 
two distinctly defined fields. Nevertheless, the downward 
continuation of topogδ  was not implemented for the present 
study.

4. Preliminary Data Analysis

For South Korea, there is a considerable consolidated 

data base of 18677 terrestrial gravity anomalies (as of 2013), 
densely distributed in many parts of the country, but also 
sparsely distributed over other, mostly mountainous parts 
(Figure 1, left). Many of these data were collected since the 
1990s by various institutions, including the Korea Institute 
of Geoscience and Mineral Resources (KIGAM), the Pusan 
National University (PNU), and the National Geographic 
Information Institute (NGII), among others. There is also 
a data set from a comprehensive airborne survey of gravity 

Fig. 1. Terrestrial (up) and airborne (down) gravity data 
locations, excluding ship-borne data and altimetry-derived 

data on the oceans
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conducted over most of the country and its coastal regions 
in December 2008 and January 2009. These data were 
obtained along straight north-south tracks spaced at about 
10 km, plus several east-west tracks spaced at about 50 
km (Figure 1, right). The along-track spacing of the data is 
about 800 m, which, however, is higher spatial resolution 
than warranted due to an applied 150-s Butterworth filter.  
A representative along-track power spectral density (PSD) 
of the airborne data (Figure 3) clearly shows the filter 
cutoff is near the frequency, 41 10  [cy/m]cf

−= × , or 10 
km wavelength, corresponding to a resolution of 5 km.  
The terrestrial data, on the other hand, contain spectral 
information at much shorter wavelengths and with greater 
power at most frequencies, but their spatial resolution varies 
from tens of meters to tens of kilometers.

Fig. 2. Comparison of along-track PSDs of terrestrial 
and airborne data along a representative track (constant 
longitude, 127.28λ = °)  The PSDs are median-smoothed 

with a 25-point moving window for improved visualization

Defining an equiangular 30" 30"×  geographic grid 
for South Korea, Table 1 quantifies the coverage of data, 
where a 30" cell is counted as contributing to the field 
representation if it contains at least one data point.  At 
this resolution (about 1 km), the available terrestrial and 
airborne data cover only about 18% of the total land area 
of South Korea; and, the airborne data do not even have 
gravimetric information at this resolution. The situation is 
much improved for 2.5 '  resolution where these data cover 
about 84%.  Nearly the entire country (97%) is represented 

at 5 '  resolution.
Previous studies (Jekeli et al., 2009) demonstrated that 

data resolution is a key factor in achieving high accuracy in 
the geoid height determination.  It was predicted (ibid.) that 
for South Korea a 5 '  data resolution would achieve geoid 
height precision not better than 5-6 cm (standard deviation).  
It is a lower bound since it does not include errors coming 
from other sources, such as measurement error or errors 
in data reduction. Thus, although Table 1 indicates that 5 '  
resolution has been achieved essentially with the combined 
terrestrial and airborne data, the accuracy of the value 
represented by the data in a 5 '  cell may vary considerably, 
especially if only a few data exist in that cell.

With 2.5 '  resolution, the best achievable geoid precision 
was estimated (ibid.) to be about 2-2.5 cm (standard deviation).  
From Table 1, it follows that some improvement beyond the 
5 cm level may be possible.  However, considering solely the 
airborne data, which have this resolution (along the track), we 
see that they cover only about 44% of the land area.  Thus, 
it is imperative, firstly, that the terrestrial data are combined 
with the airborne data; and, secondly, that this combination 
is achieved with as much consistency as possible in order to 
avoid significant biases in the combined data set.

Table 1. Data coverage for South Korea (land area only) 
given by the number of data cells at different resolutions

Resolution Terrestrial 
Data Cells

Airborne 
Data Cells

Common 
Cells

Total 
Cells*

30"×30" 14073 14321 1318 149000
2.5'×2.5' 4937 2947 2244 6700

5'×5' 1584 1353 1195 1800
*  approximate number of total cells for South Korea with non-

zero height.

Comparing the averaged terrestrial and airborne free-air 
anomalies in the common cells at any particular resolution, 
the statistics of their differences show a definite bias of 
about 8 mgal, as well a substantial standard deviation of 
10-12 mgal (Table 2).  Understanding the source of this 
bias and correcting for it, therefore, is a major component 
in the data combination. Closer inspection (not shown) 
reveals that it is not a constant bias for all data, which is 
also seen indirectly in the PSDs (Figure 2), where the 
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terrestrial data generally are rougher in spectral content 
and have higher amplitudes at different spatial frequencies 
than the airborne data.  If the gravitational attractions due to 
the topographic masses above the geoid are removed from 
the terrestrial and airborne data then the resulting refined 
Bouguer anomalies agree much better as shown in Table 3. 
For each resolution, the Bouguer anomalies were computed 
at the given terrestrial and airborne data points using a 30"
-resolution topographic model derived from the Shuttle 
Radar Topography Mission (SRTM, Farr et al., 2007) and 
subsequently averaged over each of the common grid cells 
(as enumerated in Table 1).  We see a practical elimination of 
the bias between the data sets and a significant reduction in 
the standard deviation.  This then supports the proposition 
to combine the terrestrial and airborne data in terms of the 
refined Bouguer anomaly, as suggested in Section 3, rather 
than the free-air anomaly.

Table 2. Statistics of the differences, terrestrial minus 
airborne free-air anomalies, at common grid cells

Grid 
resolution

Mean 
[mgal]

Standard 
Deviation 

[mgal]

Max 
[mgal]

Min 
[mgal]

30" -8.38 11.9 52.0 -47.1
2.5" -7.75 12.6 59.1 -69.8
5" -8.23 10.3 52.5 -77.5

Table 3. Statistics of the differences, terrestrial minus 
airborne Bouguer anomalies, at common grid cells

Grid 
resolution

Mean 
[mgal]

Standard 
Deviation 

[mgal]

Max 
[mgal]

Min 
[mgal]

30" -0.94 3.33 20.6 -14.0
2.5" -0.75 3.42 39.0 -13.3
5" -0.47 3.49 52.0 -23.1

5. Geoid Height Analyses

The ultimate test of the quality of the gravity anomaly 
data is in the final desired product, the geoid height.  
The following setup was used to test the preliminary 
combination of airborne and terrestrial data. The data offset, 

0N , in equation (2) was ignored as it cannot be determined 
from gravimetric data alone; however, it can be estimated in 
combination with GPS and leveling data, as shown below. 
The integration in this equation was limited to an area 
defined in latitude and longitude by 34 38.5φ° ≤ ≤ °  and 
125 130λ° ≤ ≤ ° , respectively. This limitation in integration 
area is justified by the use of a high-degree reference 
model, given by EGM08 (Pavlis et al., 2012) up to degree, 

max 360n =  (30 '  resolution).  Stokes’s function, ( )S ψ , 
was modified simply by removing its harmonic components 
with degrees less than or equal to 120M =  according to the 
ideas developed by Wong and Gore (1969).  It was found by 
simulation analyses that this is the optimal modification of 
this type for the given maximum resolution of the reference 
field. The full EGM08 model ( max 2160n = ) was used to 
compute free-air anomalies at all empty cells of an assumed 
data resolution, 30", 1' , or 2 ' . These include all otherwise 
empty cells on land, as indicated in Table 1, and all ocean 
areas in the integration area. The Bouguer anomalies were 
then computed for all cells using the 30" SRTM terrain 
model. In cells that are common to the terrestrial and 
airborne data sets, the values were combined by simple 
averaging.  Downward continuation was performed only 
on the airborne free-air anomaly, as an option, since the 
downward continuation of the Bouguer anomalies requires 
further study. Helmert anomalies were obtained finally 
using the same SRTM terrain model, according to equation 
(10). The indirect effect was computed using formulas given 
by Wichiencharoen (1982).

We computed geoid heights with these data and 
procedures using equation (2) on a grid with the same 
resolution as the gravity anomaly. Their accuracy may be 
determined by comparing them to independently derived 
geoid heights, in this case, N  obtained via equation (1), 
where the ellipsoidal height, h , was determined by GPS, 
and the orthometric height, H , was determined by precise 
leveling methods. It is estimated that the accuracy of 
these GPS/leveled geoid heights is about 2 cm (standard 
deviation). However, an additional small error enters when 
the gravimetric geoid heights are interpolated from the 
grid to the GPS/leveled point. Their point distribution, 
shown in Figure 3, is part of the Unified Control Point 
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(UCP) geodetic network newly established for South Korea 
with 10 km resolution. Table 4 summarizes the statistics 
of the differences at these points for different types and 
resolution of gravimetric data.

As the data resolution decreases and the airborne data 
contribute more to the total field representation, the geoid 
precision based only on airborne data (with EGM08 fill-in) 
improves steadily.  The opposite is evident for the terrestrial 
data – the geoid height precision deteriorates as less of the 
EGM08 contributes to the total data set. Combining the 
airborne and terrestrial data generally does not improve 
the geoid height values based only on airborne data, but 
yields more precise values than for the terrestrial-only case. 
Downward continuation of the airborne free-air anomaly 
offers a significant advantage, and applying the terrain effect 
also reduces the standard deviation in geoid height errors. 
It is anticipated that applying the downward continuation 
to the airborne gravitational attraction of the topographic 
masses could further reduce the geoid height errors. We 
note that the overall result for the geoid height obtained 
by Bae et al. (2012) is consistent with results reported in 
this paper.  Their precision of 5.5 cm was achieved with a 
standard downward continuation of the airborne data by 
LSC.

The mean errors in the geoid height are substantial and 
fairly consistent for different data resolutions if the terrain 
effect is included. This bias, in fact, is an estimate of the 
constant, 0 14.5 1.8 cmN = − ±, in equation (2). The values listed in Table 
4 are consistent with 0 14.5 1.8 cmN = − ±  determined by 
Jekeli et al. (2012) using EGM08 and an older set of GPS/
leveled geoid heights. Further, it is evident in Table 4 that 
without the terrain reductions, and by implication without 
proper accounting of the biases between the terrestrial and 
airborne data, that the gravimetric geoid height may have a 
bias error of up to 10 cm.

Table 4. Statistics of the differences, geometric minus 
gravimetric geoid heights, at 1032 GPS/leveling points.  In 

all cases empty grid cells in the integration region were 
filled with EGM08 values. Units are [cm]

Data 
Resolution

Data 
Type

No Terrain 
Reduction

Terrain 
Reduction

Terr. Red. 
& Down. 

Cont.*

Mean St. 
Dev. Mean St. 

Dev. Mean St. 
Dev. 

30''

air. only -16.0 6.3 -16.9 6.3 -16.9 5.8
terr. only -13.4 6.5 -15.5 6.2 -- --

air. & 
terr. -13.4 6.5 -15.5 6.2 -15.6 5.7

1'

air. only -16.7 5.8 -16.4 6.0 -16.6 5.6
terr. only -8.9 7.8 -14.4 6.7 -- --

air. & 
terr. -9.9 7.4 -15.0 6.1 -15.2 5.7

2'

air. only -17.0 5.9 -16.5 6.0 -16.7 5.6
terr. only -1.8 10.7 -17.3 8.6 -- --

air. & 
terr. -4.3 9.8 -17.9 7.1 -18.2 6.8

*  downward continuation of airborne free-air anomalies, 
only.

6. Conclusions

The determination of precise geoid heights requires 
high-resolution gravity data. The combined terrestrial 
and airborne data in South Korea equally contribute to 
about 2.5 '  (~5 km) resolution over 84% of the country 
and 5 '  (~10 km) resolution over the remaining parts. 
Preliminary analysis shows that geoid heights can be 
determined with precision better than 6 cm (standard 

Fig. 3. Locations of 1032 GPS/leveled geoid heights that 
were used for comparison with the gravimetric geoid 

heights
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deviation) when compared to more precise GPS/leveled 
geoid heights. An essential part in the combination of the 
terrestrial and airborne data is the gravitational attraction 
of the topographic masses above the geoid, which cause 
a significant, ~8 mgal, bias between the two data types.  
Accounting for this through the Bouguer reduction 
practically eliminates the bias and improves the geoid 
determination. Further improvements are anticipated 
and being investigated with proposed methods to apply 
more rigorous downward continuation to the geoid 
of the terrestrial and especially the airborne Bouguer 
anomalies.

Acknowledgements

The research for this work was supported by Korean 
National Geographic Information Institute. We also 
acknowledge and thank NGII for use of the terrestrial and 
airborne data.

References

Bae, T.S., Lee, J., Kwon, J.H., Hong, C.K. (2012), Update of 
the precision geoid determination in Korea, Geophysical 
Prospecting, Vol. 60, pp. 555–571.

Bláha, T., Hirsch, M., Keller, W., Scheinert, M. (1996), 
Application of a spherical FFT approach in airborne 
gravimetry, Journal of Geodesy, Vol. 70, pp. 663- 672.

Farr, T.G., Rosen, P.A., Caro, E., Crippen, R., Duren, R.,  
Hensley, S., Kobrick, M., Paller, M., Rodriguez, E., Roth, 
L., Seal, D., Shaffer, S., Joanne, J., Umland, J., Werner, M., 
Oskin, M., Burbank, D., Alsdorf, D. (2007), The Shuttle 
Radar Topography Mission, Rev. Geophys., Vol. 45, 
RG2004.

Featherstone, W.E. (2013), Deterministic, stochastic, hybrid 
and band-limited modifications of Hotine’s integral, 
Journal of Geodesy, Vol. 87, 487–500.

Forsberg, R., Olesen, A.V. (2010), Airborne gravity field 
determination, In: Xu G (ed.), Sciences in Geodesy I, 
Advances and Future Directions, Springer-Verlag, Berlin.

Hofmann-Wellenhof, B., Moritz, H. (2005), Physical 
Geodesy, Springer Verlag, Berlin.

Huang, J., Véronneau, M. (2005), Applications of downward-
continuation in gravimetric geoid modeling: case studies 
in Western Canada, Journal of Geodesy, Vol. 79, pp. 135–
145.

Huang, J., Véronneau, M. (2013), Canadian gravimetric geoid 
model 2010, Journal of Geodesy, Vol. 87, pp. 771–790.

Hwang, C., Hsiao, Y.S., Shih, H.C., Yang, M., Chen, 
K.H., Forsberg, R., Olesen, A. (2007): Geodetic and 
geophysical results from a Taiwan airborne gravity 
survey: Data reduction and accuracy assessment, Journal 
of Geophysical Research, Vol. 112, B04407.

Jekeli, C. (1981), Modifying Stokes' function to reduce 
the error of geoid undulation computations, Journal of 
Geophysical Research, Vol. 86, No. B6, pp. 6985-6990.

Jekeli, C., Serpas, J.G. (2003), Review and numerical 
assessment of the direct topographical reduction in geoid 
determination, Journal of Geodesy, Vol. 77, pp. 226-239.

Jekeli, C., Yang, H.J., Kwon, J.H. (2009), Using gravity and 
topography-implied anomalies to assess data requirements 
for precise geoid computation, Journal of Geodesy, Vol 83, 
No. 12, pp. 1193-1202.

Jekeli, C., Yang, H.J., Kwon, J.H. (2012), The offset of the 
South Korean Vertical Datum from a global geoid, KSCE 
Journal of Civil Engineering, Vol. 16, No. 5, pp. 816-821.

Moritz, H. (1980), Advanced Physical Geodesy, Abacus 
press, Tunbridge Wells, Kent.

Novak, P., Heck, B. (2002), Downward continuation and 
geoid determination based on band-limited airborne 
gravity data, Journal of Geodesy, Vol. 76, pp. 269-278.

Pavlis, N.K., Holmes, S.A., Kenyon, S.C., Factor, J.F. (2012), 
The development and evaluation of Earth Gravitational 
Model (EGM2008), Journal of Geophysical Research, 
Vol. 117, B04406, doi: 10.1029/2011JB008916.

Rummel, R., Yi, W., Stummer, C. (2011), GOCE gravitational 
gradiometry, Journal of Geodesy, Vol. 85, pp. 777-790.

Vanicek, P., Huang, J., Novak, P., Pagiatakis, S., Veronneau, 
M., Martinec, Z., Featherstone, W.E. (1999), Determination 
of the boundary values for the Stokes-Helmert problem, 
Journal of Geodesy, Vol. 73, pp.180-192.

Wang, Y.M., Saleh, J., Li, X., Roman, D.R. (2012), The 
US Gravimetric Geoid of 2009 (USGG2009): model 
development and evaluation, Journal of Geodesy, Vol. 86, 



Journal of the Korean Society of Surveying, Geodesy, Photogrammetry and Cartography, Vol. 31, No. 6-2, 567-576, 2013

576  

pp. 165-180.
Wichiencharoen, C. (1982), The indirect effects on the 

computation of geoid undulation, OSU Report 336, 
Department of Geodetic Science and Surveying, The Ohio 
State University, Ohio, USA.

Wong, L., Gore, R. (1969), Accuracy of geoid heights from 
modified Stokes kernels, Geophysical Journal of the Royal 
Astronomical Society, Vol. 18, No. 1, pp. 81–91.

(Received 2013. 11. 18, Revised 2013. 12. 05, Accepted 2013. 12. 12)




