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SUMMARY 

 

We develop an improved gravitational geoid model for Japan by incorporating up-to-date Global 

Gravity Model (GGM) from GOCE satellite, marine gravity data from satellite altimetry, and 

terrestrial gravity data. The strategy for modelling of gravitaitonal geoid is based on Remove-

Compute-Restore technique with Helmert’s second method of condensation, which is the same 

approach as the previous model by Kuroishi (2009). First, we investigate the impacts of the newly 

adopted GGMs on geoid determination by experimenting with nine GGMs published in recent 

years. Based on the result, we employ GO_CONS_GCF_2_DIR_R5 model [Bruinsma et al., 2013] 

as GGM. Next, we update marine gravity data. Here we use the altimetry-derived marine gravity 

data instead of the shipborne data because the shipborne data is known to contain a large number of 

outliers [Kuroishi & Keller, 2005]. We adopt Global Marine Gravity model v23.1 from Cryosat-2 & 

JASON-1 satellites provided by Sandwell et al. (2014). Last, we incorporate about 290,000 of the 

terrestrial gravity data. As a consequent, we have succeeded to create the Japanese gravitational 

geoid model with an accuracy of 7.8 cm in the standard deviation compared with GNSS/Leveling 

geoid undulations, which is improved by 0.6 cm in the standard diviation as compared to the 

previous model.  
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1. INTRODUCTION 

 

The geoid is the equipotential surface that corresponds to global average sea surface. Currently, 

there are two geodetic approaches to determine geoid undulation. One approach is the direct 

measurement by spirit leveling and Global Navigation Satellite System (GNSS) positioning. 

Combination of spirit leveling and gravimetry provides relative difference of physical orthometric 

height, while GNSS positioning does geometorical ellipsoidal height. Geoid height can be derived 

from the subtraction of orthometric height from ellipsoidal height [e.g. Heiskanen and Moriz, 1967]. 

This approach is termed "GNSS/leveling method". GNSS/leveling method enables a high-presition 

measurement of geoid height over short distance. However, it is difficult to cover long distances 

because spirit leveling is time-consuming and suffers from cumulative errors in proportion to 

distance. The other approach is computational modeling based on gravity data. Geoid height can be 

computed with global integration of gravity anomalies which is measurable via terrestrial and 

satellite gravimetry. This approach is termed "Gravimetric approach". Gravimetric approach is more 

efficient than GNSS/leveling method because gravity anomaly is comparatively easy to efficiently 

measure wide area with high spatial resolution. However, this approach requires complicated 

calculations.  

Geoid models are commonly used to transform GNSS-derived ellipsoidal height to orthometric 

height [e.g. Featherstone, 2001]. At present, GNSS technique has successfully matured and has 

achieved a high-precision measurement of ellipsoidal height with several centimeter accuracy. 

Therefore, if a well-determined geoid model is given, one can precisely derive orthometric height 

from GNSS positioning, and furthermore establish a reference height system from GNSS instead of 

spirit leveling. The present height reference systems in the world including Japan are mostly based 

on spirit leveling, whose benchmarks are connected to single or multiple tide gauge stations that 

measure local mean sea level as the reference surface for the system. As described above, an 

enormous task is required to keep measuring the height of all benchmarks by spirit leveling. 

Accordingly, increasing efforts are being made to establish the geoid-based height reference 

systems in many countries. For examples, National Geodetic Survey of the United States started a 

project named GRAV-D in 2012 to realize the geoid-based height reference system for 10 countries 

around North America [Smith and Roman, 2010] (The details can be found in 

http://www.ngs.noaa.gov/GRAV-D/pubs/GRAV-D_v2007_12_19.pdf). Likewise, several countries 

in Asia have conducted airborne gravimetry and attempted to construct the geoid-based height 

reference system [e.g. Forsberg et al., 2007: Hwang et al., 2007].  

Japan is also considering to establish its height reference system based on geoid. In order to 

achieve this, it is absolutely essential to develop a high-precision geoid model. Regional gravimetric 

geoid model for Japan has been developed by Geospatial Information Authority of Japan (GSI) [e.g. 

Kuroishi, 1995; Kuroishi & Keller 2005]. The latest model named “JGEOID2008” is constructed by 

applying Remove-Compute-Restore (RCR) techniques under the assumption of Helmert’s second 

method of condensation (Stokes-Helmert scheme) [Kuroishi, 2009]. This model incorporates the 

Global Geopotential Model (GGM) from GRACE satellites [Tapley et al., 2005], 260,000 of the 
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terrestrial gravity data, and 580,000 of the shipborne gravity data for sea and ocean surrounding 

Japan. As a consequence, JGEOID2008 is consistent with the  GNSS/Leveling-derived geoid 

heights at 816 benchmarks within 10 cm in the standard deviation.  

With the successful operation of the dedicated satellite gravimetry mission GOCE during 2009-

2013, a number of GGMs with high accuracy and spatial resolution has been available. Utilization 

of such data will improve the performance of gravimetric geoid model. In this paper, we attempt to 

develop an improved gravimetric geoid model of Japan by employing up-to-date gravity data 

including GOCE data. The strategy for constructing the gravimetric geoid model is the same as the 

previous work by Kuroishi (2009), i.e. the RCR technique using Stokes-Helmert scheme. First, we 

update the GGM. We experiment with nine GGMs published in recent years and select the best 

GGM to minimize the standard deviation of difference with the geoid heights measured by 

GNSS/Leveling method. Next we update marine gravity data. Here we adopt Global Marine 

Gravity model v23.1 from Cryosat-2 & JASON-1 satellites provided by Sandwell et al. (2014). 

Last, we incorporate 290,000 of terrestrial gravity data, which is 30,000 more than the previous 

work. Finally, we evaluate the performane of the newly developed gravitational gravity model by 

comparing with  the geoid heights measured by GNSS/Leveling method at 971 benchmarks. The 

geographical map of GNSS/leveling geoid heights is shown in Fig.1. 

 

 
Fig. 1 GNSS/leveling geoid heights at 971 benchmarks. 
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2. THEORY 

 

Here the RCR techniques with Stokes-Helmert scheme is employed to construct the 

gravitational geoid model. The details on this scheme can be found in many papers [e.g. Vanicék 

and Martinec,1994]. The basic equation is expressed as follow: 

 

𝑁 =  𝑁𝐺𝐺𝑀 + 𝑁𝑟𝑒𝑠 + 𝑁𝑖𝑛𝑑 (1) 

 

where N is the geoid height, NGGM is the GGM-derived geoid height, Nres is the residual geoid 

height, and Nind is the indirect effect. NGGM reflects the long-wavelength feature of geoid undulation, 

while Nres does the medium and short wavelength feature. Nind is a term for correcting for the bias 

between the obtained geoid and real geoid, which is caused by the assumption that topographic 

mass outside the geoid is condensed onto the geoid. 

 

3. SELECTION OF GGM 

 

In general, GGMs are provided in the form of spherical harmonic coefficients (Stokes 

coefficients). The geoid height is computed from GGM's Stokes coefficients using the following 

equation: 

 

𝑁𝐺𝐺𝑀 = 𝑁0 + 

𝐺𝑀

𝑟𝛾
∑ (

𝑎𝐺𝐺𝑀

𝑟
)

𝑛

∑ (𝐶′̅̅̅
𝑛𝑚 𝑐𝑜𝑠 𝑚𝜑 + 𝑆𝑛̅𝑚 𝑠𝑖𝑛 𝑚𝜑)𝑃̅𝑛𝑚

𝑛

𝑚=0

(𝑐𝑜𝑠 𝜃),

𝑛𝑚𝑎𝑥

𝑛=2

 
(2) 

 

where N0 is the zero degree term, GM is the product of the universal gravitational constant and the 

Earth's mass of GGM, (r  are the spherical polar coordinates  (geocentric radius, latitude, 

longitude) of the computation point,  is the normal gravity of the Geodetic Reference System 

(GRS) 80 ellipsoid [Moritz, 1980], aGGM is the scaling parameter of GGM, n and m are the degree 

and order of Stokes coefficients, nmax is the maximum degree of  GGM, 𝐶′̅̅̅
𝑛𝑚 and 𝑆𝑛̅𝑚 are 

normalized Stokes coefficients after subtracting the even zonal harmonics of the GRS80 ellipsoid, 

𝑃̅𝑛𝑚 i s. The zero degree term N0 is given as,  

 

𝑁0 =
𝐺𝑀 − 𝐺𝑀0

𝑅𝛾
−

𝑊0 − 𝑈0

𝛾
, (3) 

 

where GM0 is the product of the universal gravitational constant and the Earth's mass of the GRS80 

ellipsoid, R is the spherical Earth radius, W0 is the gravity potential of the geoid, and U0 is the 

normal gravity potential of the GRS80 ellipsoid. Here we used W0 value of 62,636,853.4 m
2
s

-2
 [IAG, 

2015]. 

The GGMs evaluated here are the following nine models: GGM02S model [Tapley et al., 2005], 

GGM05S model [Tapley et al., 2013], ITG-Goce02 model [Schall et al., 2014], JYY_GOCE04S 
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model [Yi et al., 2013], GOGRA04S model [Yi et al., 2013], GGM05G model [Bettadpur et al., 

2015], EIGEN6S2 model [Rudenko et al., 2014], GOCO05s model[Mayer-G ürr et al., 2015], 

GO_CONS_GCF_2_DIR_R5 model [Bruinsma et al., 2013]. All models are publically available at 

the International Centre for Global Earth Models (ICGEM) [Barthelmes &  Kohler, 2012]. The 

overview on these models is summarized in Table 1.  

Figure 2 displays the geographical maps of geoid undulation in and around Japan using each 

GGM. We evaluated them by comparing with those measured by GNSS/leveling method at 971 

benchmarks. We computed the standard deviations of difference between GGM-derived geoid 

heights and GNSS/leveling-derived geoid heights. Table 2 represents the statistics of the standard 

deviations. As shown in Table 2, GO_CONS_GCF_2_DIR_R5 model showed the smallest standard 

deviation among the all GGMs. Thus, we adopted GO_CONS_GCF_2_DIR_R5 model as GGM. 

 

Table 1 Overview of the GGMs evaluated in this study. All models can be download from the 

ICGEM website (http://icgem.gfz-potsdam.de/ICGEM/). 

 

GGM model 
Maximum 

degree 
Satellite data 

GGM02S 

[Tapley et al., 2005] 
160 GRACE (2002 Apr. - 2003 Dec.) 

GGM05S 

[Tapley et al., 2013] 
180 GRACE (2003 Mar. - 2013 May) 

ITG-Goce02 

[Schall et al., 2014] 
240 GOCE (2009 Nov. - 2010 Jun.) 

JYY_GOCE04S 

[Yi et al., 2013] 
230 GOCE (2009 Nov. - 2013 Oct.) 

GOGRA04S 

[Yi et al., 2013] 
230 

GRACE (2002 Aug. - 2009 Aug.) 

GOCE (2009 Nov. - 2013 Oct.) 

GGM05G 

[Bettadpur et al., 2015] 
240 

GRACE (2003 Mar. - 2013 May) 

GOCE (2009 Nov. - 2013 Oct.) 

EIGEN6S2 

[Rudenko et al., 2014] 
260 

SLR (1985 - 2010) 

GRACE (2003 Oct. - 2012 Sep.) 

GOCE (2009 Nov. - 2013 May.) 

GOCO05s 

[Mayer-Gürr et al., 2015] 
280 

SLR (1985 - 2010) 

GRACE (2003 Feb. - 2013 Dec.) 

GOCE (2009 Nov. - 2013 Oct.) 

GO_CONS_GCF_2_DIR_

R5 [Bruinsma et al., 2013] 
300 

SLR (1985 - 2010) 

GRACE (2003 - 2012) 

GOCE (2009 Nov. - 2013 Oct.) 
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Fig. 2 Geoid undulations in and around Japan derived from nine GGMs. 

 

 

  

Development of a New Gravitational Geoid Model for Japan (8400)

Koji Matsuo, Takayuki Miyazaki and Yuki Kuroishi (Japan)

FIG Working Week 2016

Recovery from Disaster

Christchurch, New Zealand, May 2–6, 2016



 

 

 

 

 

 

 

Table 2 Statistics of standard deviation (SD) of difference between each GGM-derived geoid height 

and GNSS/leveling-derived geoid height. 

 

GGM model SD (Unit: cm) 
 

GGM model 
SD (Unit: 

cm) 

(Degree and Order up to 160)  (Degree and Order up to 220)  

GGM02S 100.59 ITG-Goce02 54.64 

GGM05S 85.38 JYY_GOCE04S 55.23 

ITG-Goce02 82.95 GOGRA04S 55.21 

JYY_GOCE04S 83.13 GGM05G 55.03 

GOGRA04S 83.16 EIGEN6S2 55.29 

GGM05G 83.11 GOCO05s 54.66 

EIGEN6S2 83.24 GO_CONS_GCF_2_DIR_R5 54.70 

GOCO05s 83.16 (Degree and Order up to 240)  

GO_CONS_GCF_2_DIR_R5 83.23 ITG-Goce02 53.03 

(Degree and Order up to 180)  GGM05G 50.92 

GGM05S 75.12 EIGEN6S2 51.63 

ITG-Goce02 65.67 GOCO05s 50.34 

JYY_GOCE04S 65.18 GO_CONS_GCF_2_DIR_R5 50.38 

GOGRA04S 65.17 (Degree and Order up to 260)  

GGM05G 65.34 EIGEN6S2 49.44 

EIGEN6S2 65.26 GOCO05s 46.32 

GOCO05s 64.99 GO_CONS_GCF_2_DIR_R5 47.07 

GO_CONS_GCF_2_DIR_R5 65.12 (Degree and Order up to 280)  

(Degree and Order up to 200)  GOCO05s 45.38 

ITG-Goce02 57.30 GO_CONS_GCF_2_DIR_R5 45.91 

JYY_GOCE04S 57.04 (Degree and Order up to 300)  

GOGRA04S 57.05 GO_CONS_GCF_2_DIR_R5 45.05 

GGM05G 57.05  

EIGEN6S2 57.05 

GOCO05s 56.82 

GO_CONS_GCF_2_DIR_R5 56.82 
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4. RESIDUAL GEOID HEIGHT NRES 

 

The residual geoid height can be computed as follows: 

 

𝑁𝑟𝑒𝑠 =
𝑅

4𝜋𝛾
∬ (∆𝑔𝐹 − ∆𝑔𝐺𝐺𝑀)𝑆(𝜓)𝑑𝜎

𝜎0

 (4) 

 

where 𝜎0 is the integration area, 𝛥𝑔𝐹 is the faye gravity anomaly from terrestrial gravity data [Wang 

and Rapp, 1990], 𝛥𝑔𝐺𝐺𝑀 is the free-air gravity anomaly derived from GGM,  is the spherical 

Stokes kernel, the angular distance between the computation point and terrestrial gravity data, 

 is the surface element. 

The faye gravity anomaly 𝛥𝑔𝐹 is computed from terrestrial gravity data using the following 

equation: 

 

Δ𝑔𝐹 = 𝐹𝐴 +  𝐴𝐶 +  𝑇𝐶 (5) 

 

where FA is the free-air gravity anomaly from terrestrial gravity data, AC and TC are the 

atmospheric and terrain gravity correction, respectively. The free-air gravity anomaly FA and 

atmospheric gravity correction AC are computed using the relationships proposed by Heiskanen and 

Moriz (1967) and Wichiencharoen (1982): 

 

𝐹𝐴 = 𝑔𝑜𝑏𝑠 − 𝛾𝜃

+ 𝛾𝑒[{1 + 𝑓 + 𝑚 − (3𝑓 − 5𝑚/2) sin2 𝜃}(2𝐻𝑝/𝑎)

− (3𝐻𝑝/𝑎)2] 

(6) 

 

𝐴𝐶 = 0.8658 − 9.727 ∙ 10−5𝐻𝑝 + 3.482 ∙ 10−9𝐻𝑝
2 (7) 

 

where gobs is the gravity values observed by terrestrial gravimetry,  the normal 

gravity at latitude  and the equator, f is the polar flattening of the GRS80 ellipsoid, a is the length 

of semi-major axis of the GRS80 ellipsoid, Hp is the orthometric height at a computation point. m is 

the ratio of centrifugal forces and gravitational coefficient which is given as,  

 

𝑚 =
𝜔2𝑎3𝑏

𝐺𝑀
 (8) 

 

where  ellipsoid, b is the length of semi-minor axis of the 

GRS80 ellipsoid. Unit of AC and H are mili-Gal and meter, respectively. The terrain gravity 

correction TC is calculated based on a spherical approximation proposed by Martinec and Vanicék 

(1994a) of the geoid: 
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𝑇𝐶 = −
4𝜋𝐺𝜌0

𝑅
𝐻𝑝

2

+
𝐺𝜌0𝑅2

2
∬

𝐻2 − 𝐻𝑝
2

𝑙3
(1 −

3𝐻𝑝
2

𝑙2
)𝑑𝜎

𝜎1

+
𝐺𝜌0𝑅2

2
∬

𝐻2 − 𝐻𝑝
2

𝑙0
3 (1 − 3 𝑠𝑖𝑛2

𝜓

2
)𝑑𝜎

𝜎2

 

(9) 

 

where 0 is the topographic density (2670 kg/m
3
), H is orthometric height at running points, 𝜎1 and 

𝜎2 are a near zone and a far zone of integration area. l and l0 are the spatial distances between 

computation point and running points which are given as: 

 

𝑙 = [(𝑅 + 𝐻𝑝)
2

+ 𝑅2 − 2(𝑅 + 𝐻𝑝)𝑅 cos 𝜓]

1
2

 , (10) 

 

𝑙0 = 2𝑅 sin
𝜓

2
 . (11) 

 

The near-zone is defined as the area within the spherical distance n as [Martinec and 

Vanicék, 1994a], 

 

𝜓0 = √
𝐻𝑝

𝑅
 . (12) 

 

GGM-derived free-air gravity anomaly 𝛥𝑔𝐺𝐺𝑀 is computed from terrestrial gravity data using 

the following equation: 

 

∆𝐺𝐺𝐺𝑀 = 𝑔0 + 

𝐺𝑀

𝑟2
∑ (𝑛 − 1)

𝑛𝑚𝑎𝑥

𝑛=2

(
𝑎𝐺𝐺𝑀

𝑟
)

𝑛

∑ (𝐶′̅̅̅
𝑛𝑚 𝑐𝑜𝑠 𝑚𝜑 + 𝑆𝑛̅𝑚 𝑠𝑖𝑛 𝑚𝜑)𝑃̅𝑛𝑚

𝑛

𝑚=0

(𝑐𝑜𝑠 𝜃). 
(13) 

 

𝑔0 is the zero degree term which is computed using the following equation: 

 

𝑔0 = −
𝐺𝑀 − 𝐺𝑀0

𝑅2
+

2(𝑊0 − 𝑈0)

𝛾
. (14) 

 

In order to obtain the residual geoid height, we used the following data sets: terrestrial gravity 

data, marine gravity data, digital elevation model (DEM), and GGM. The terrestrial gravity data are 

collected from the database constructed by research institutes and universities in Japan. GSI has 

established the gravity reference network for Japan in 1950s and provides 16,441 of terrestrial 
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gravity data. Geological Survey of Japan (GSJ) constructed the gravity database named 'GALILEO' 

and provides 173,365 of terrestrial gravity data [GSJ, 2013]. Yamamoto et al. (2011) published the 

gravity database of southwest Japan and provides 73,304 of terrestrial gravity data. Kanazawa 

university and Hokkaido university also have their own gravity database and provides 26,915 of 

terrestrial gravity data [Honda et al., 2013]. As a result, we collected 290,025 of terrestrial gravity 

data in total. Direct terrain effect shown in Eq.(9) is derived from DEM. DEM of Japan is created 

by GSI based on airborne digital photography and laser altimetry. We here used 9 second (~250m) 

DEM. As for marine gravity data, about 580,000 of shipborne data are available. However, the 

shipborne data is known to contain a large number of outliers [Kuroishi & Keller, 2005]. Thus, we 

used Global Marine Gravity model v23.1 from Cryosat-2 & JASON-1 satellites provide by 

Sandwell et al. (2014) instead of the shipborne data. Using these data set, faye gravity anomaly and 

GGM-derived gravity anomaly are calculated. The residual gravity anomaly obtained is interpolated 

into 1×1.5 arc-minute grid by Kriging technique. Figure 3 displays the geographical map of residual 

gravity anomaly. 

 

 
Fig. 3 Residual gravity anomaly in and around Japan. 

 

Next, we convert the residual gravity anomaly into the residual geoid height by stokes 

integration. In order to alleviate the truncation error, we adopted the hybrid-Molodensky modified 

spheroidal Stokes kernel proposed by Featherstone et al. (1998). The optimal spherical cap size and 

modification of degree were determined by performing grid search to minimize the difference with 

GNSS/leveling geoid height whose long-wavelength component was removed by GGM. The 
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residual geoid height obtained is shown in Figure 4. The maximum value of residual geoid height is 

2.79 m and the minimum values is -1.59m. 

 

 
Fig. 4 Residual geoid height for Japan. 

 

 

5. INDIRECT EFFECT NIND 

 

The Stokes-Helmert scheme does not produce the geoid but the cogeoid because the 

topographic mass outside the geoid is condensed onto the geoid. Such discrepancy between the 

geoid and cogeoid is called indirect effect. This can be computed from DEM using the following 

equation [Martinec and Vanicék, 1994b]: 
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𝑁𝑖𝑛𝑑 = −
2𝜋𝐺𝜌0

𝛾
𝐻𝑝

2

+
𝐺𝜌0𝑅2

𝛾
∬ [2

√𝑙2 + 𝐻2 − √𝑙2 + 𝐻𝑝
2

𝑅𝜎

+ ln

𝑙
2𝑅

+ 𝐻 + √𝑙2 + 𝐻2

𝑙
2𝑅

+ 𝐻𝑝 + √𝑙2 + 𝐻𝑝
2

−
𝐻 − 𝐻𝑝

𝑙
] 𝑑𝜎 . 

(15) 

 

The spherical effect of topography is taken into account in this equation. The geographical map of 

indirect effect 𝑁𝑖𝑛𝑑 obtained is shown in Figure 5. The maximum value of  𝑁𝑖𝑛𝑑 is 0.01 m and the 

minimum is -1.49 m. Large indirect effect can be found in the area with high topographic relief. 

 
Fig. 5 Indirect effect on geoid over Japan  

 

 

6. GRAVITATIONAL GEOID MODEL OF JAPAN 

 

In Stokes-Helmert scheme, gravitational geoid model is divided into three components (NGGM,  

Nres, and Nind) as shown in Eq. (1). The gravitational geoid model is restored by summing the 
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divided three components (Fig. 2, Fig.4, and Fig. 5). The geographical map of the gravitational 

geoid height constructed by this study is represented in Figure 6. The maximum value of geoid 

height is 47.43 m and the minimum value is 19.49 m. The standard deviation of difference between 

this model and GNSS/leveling geoid height is 7.8 cm. Thus a slight improvement in standard 

deviation is confirmed as compared to the previous geoid model (JGEOID2008) whose standard 

deviation is 8.4 cm. It appears that the incorporation of GOCE-derived GGM contributes to the 

improvement of the gravitational geoid model to a large extent.  

The difference between GNSS/leveling geoid height and gravimetric geoid model is mapped in 

Figure 7. Overall the trend, northeastern part of Japan (Hokkaido and Tohoku regions) is biased to 

negative, while southwestern part (Kansai, Chugoku, Kyushu regions) positive. Such apparent slope 

is also found in other countries and can be attributed to the ocean's time-mean dynamic topography 

(MDT) [e.g. Featherstone & Filmer, 2012]. When this oceanic effect is corrected for GNSS/leveling 

geoid height using MDT model, the standard deviation of difference is expected to be reduced. This 

is one of the subjects for our future study. 

 
Fig. 6 Gravimetric geoid model constructed by this study. 
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Fig. 7 Difference between GNSS/leveling geoid height and gravimetric geoid model. 

 

7. SUMMARY AND FUTURE PERSPECTIVE 

 

In this study, we developed a new gravimetric geoid model of Japan based on Stokes-Helmert 

scheme. The point for improvement is to incorporate the up-to-date gravity data such as GOCE-

derived GGM and altimetry-derived marine gravity data. At the beginning, we investigated the 

performance of the recently released GGMs by comparing the GGMs with GNSS/leveling geoid 

heights. We found that GO_CONS_GCF_2_DIR_R5 model was the best model in this case. Using 

this model, we computed the long-wavelength component of geoid undulation and free-air gravity 

anomaly. Next, we calculated the residual geoid height using terrestrial gravity data, marine gravity 

data, GGM, and DEM. The modified stokes kernel proposed by Featherstone et al. (1998) is applied 

to global integration of the residual gravity anomaly in order to reduce the truncation error. The 

indirect effect is derived from DEM based on a spherical approximation. By summing GGM-

derived geoid height, the residual geoid height, and the indirect effect, we constructed gravimetric 

geoid model of Japan as shown in Figure 6. At the final stage, we evaluated the performance of our 

gravimetric geoid model by comparing with GNSS/leveling geoid heights. Then we obtained the 

standard deviation of 7.8 cm, which is improved by 0.6 cm in comparison with the previous geoid 

model. 

 Although we succeeded in improving gravimetric geoid model of Japan, there is room for 

further improvement. For example, the terrain effect can be more rigorously calculated because 

more accurate DEM with 0.3 arc second (10m) resolution, which is provided by GSI, is already 
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available. Such high resolution DEM is also useful to construct the residual terrain model [e.g. 

Forsberg, 1984], which can complement the short-wavelength component of geoid undulation. The 

lateral and radial topographic density model also enables accurate determination of the terrain effect 

and the residual terrain model, improving the performance of gravimetric geoid model. In addition, 

the alternative strategies for geoid modeling such as Molodensky scheme [Molodensky et al., 1962] 

or KTH method [Sjöberg, 2003] are expected to improve gravimetric geoid model. In the future, we 

are going to experiment with these strategies and attempt to further improve gravimetric geoid 

model of Japan. 
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