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Abstract 
In Gongola basin, GPS observations on Benchmarks (BM) are very scarce and cover only small parts; in 

terms of spatial scale of the region. It is well understood that most accurate determination of geoid is 

obtained by dense and well distributed national and regional gravity points. Since Gongola basin is one of 

the Nigerian Frontier Inland Sedimentary Basins (NFISB), reliable GPS/Levelling and gravimetric geoid 

heights adjustments studies are required to produce reliable heights for geophysical investigations.  

In this research, some new potential for the common adjustment of the available geometric, orthometric 

and geoid heights using parametric models were used. Each corrective term in the models were equaled to 

the residual geoid obtained from the separation of the GPS geoid and that obtained from a global 

geopotential model: Earth Gravity Model (EGM 2008). An extensive emphasis are made to the 

questionable behavior of orthometric heights in geophysical investigations. Incorrect orthometric height 

observations/estimations produces a faulty topographic mass density distribution which causes distortion 

in the observed Bouguer anomalies. The adjustment of the orthometric heights using the 5 parameter 

corrector model as applied to EGM 2008 produced a ±13.3cm orthometric height defects. This height 

defect across the basin produced a difference between the observed Bouguer anomaly and the new 

computed Bouguer anomaly using the corrected orthometric height the difference has a maximum value 

of 0.522mGal, a minimum value of 0.431mGal, mean value of 0.465 and standard deviation of 

0.018mGal. This shows that the observed Bouguer did not meet the 0.01mGal accuracy limit and should 

be readdressed adequately using the corrected value for future geophysical investigation. 
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1.0 Introduction 

Orthometric height of a point is the distance H  along a plumbline from the point to the geoid. It is a 

function of position ( ( , ))H H   . In order to estimate the maximum contribution of the topographic 

potential to geoid determination, isostatic compensation or geophysical investigation, we can only 

consider the worst cast, i.e, ( ( , )) constantH H    as an approximation (Sun, 2000).  Since gravity is 

not constant over a large areas, orthometric height of a level surface is not constant.  Traditionally, 

orthometric heights are obtained using spirit levelling. It could also be obtained by subtracting the geoid 

height from GPS observation (which ideally gives ellipsoidal height as shown in Fig 1. The determination 

of precise orthometric height using this traditional methods needs validation in some sense since its error 

seriously affects the gravity modeling of the earth interior and seismic acquisition parameters. Practical 

applications need to use a model rather than measurements to calculate the change in gravitational 

potential versus depth in the earth; since the geoid is below most of the land surfaces (i.e. Helmert 

orthometric height).  
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Fig 1. Geometrical relationship between orthometric, ellipsoidal and the geoid heights (Source: Pelvis et 

al.,2008) 

 

According to Tziavos et al., (2011) collocated observation of h,H, and N are used to a) assess the external 

accuracy of gravimetric geoid models (Featherstone et al (2001), b.) construct corrector surfaces in an 

area of study, so that the transformation between either of the can be made (Sideris et at., 1992),  and c.) 

substitute conventional spirit levelling by GPS/Levelling during which there is no need to measure 

orthometric heights since they are determined by GPS measurements and gravimetric geoid heights 

(Fotopoulos et al., 2001, Vergos and Sideris, 2002). 

In Geophysics, the use of orthometric heights has become tangible after the improvement of knowledge of 

the Earth’s gravity field with satellite missions (e.g Kaula; 1967, Parsons and Daly; 1984, Hager; 1984, 

Lambeck; 1988). In this context, geoid undulations were found to relate with major geophysical 

formations. To compute the gravity anomaly (at the geoid), the up/downward continuation requires 

knowledge of the vertical gradient (along the plumb line) of the Earth’s gravity field (δg/δH) interior and 

sometimes exterior (e.g. for airborne data) to the Earth’s gravitating masses (cf. Hammer 1970; La Fehr & 

Chan 1986). In practice, however, this vertical gravity gradient along the plumb line is difficult to 

estimate accurately, especially inside the topography (cf. Vanicek et al. 1996; Wang 1997; Sun and 

Vanicek 1998, Hackney and Featherstone et al, 2003). Instead, the vertical gradient of normal gravity (δγ 

/δh), which is recognized as the free-air correction, and the Bouguer gradient are usually used as an 

approximation. Irrespective of the use of the plate/shell/cap Bouguer models of the topography (which 
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must also be embedded in the terrain correction for consistency), the overriding limitation in this Bouguer 

correction is the accurate estimation of the topographic mass density (e.g., La Fehr 1991b; Vanicek et al. 

1999; Huang et al. 2001; Hackney and Featherstone, 2003). Incorrect estimation of the topographic mass-

density causes distortions in the Bouguer gravity anomalies. Topographic mass-density distribution are 

usually highly correlated with geological structures, thus causing problems in geophysical interpretations, 

and also causing aliasing in gravity gridding and prediction in geodesy. The requisite precision in vertical 

positioning is required to produce a combined elevation correction of 0.2mGalm-1. To achieve a survey 

accuracy of ±0.01mGal, the elevation of the gravimeter above the reference ellipsoid must be known to 

about ±5cm (Lowrie 2007). In the event that geoid undulation are large enough to affect a survey, the 

station orthometric height must be corrected to true elevation above the ellipsoid. 

Many other geophysical observations also require precise determination of the orthometric height. 

Example is the application of erroneous orthometric height in the seismic static corrections in the 

determination of low velocity layer which introduces significant error.  Seismic recording involves a 

source and receiver separated by an offset distance (Dobrin and Savit, 1988).  It is obvious from Fig 2. 

That the traveltime of a wavelet along a raypath is influenced by the surface elevations of the geophone 

and the shotpoint. Today, we are acquiring seismic data in more rugged areas and areas that were 

formerly “no data” areas and pushing existing technologies to the limit of usefulness in this process 

(Marsden, 1993). The need for higher resolution data demands the determination of near surface problems 

at the surveying planning stage. This requires the determination of better static corrections. Static 

corrections involve a constant time shift to the data traces. Corrections made to each seismic trace for 

elevation (orthometric height) effects (elevation statics) and near-surface low velocity effects (weathering 

statics) by conceptually moving the shots (shot statics) and receiver (the receiver static) to a common 

reference surface (datum plane) are necessary for proper data processing. Static corrections are most 

important in the processing of land data which leads to improved quality in subsequent processing steps 

which, in turn, impact the integrity, quality and resolution of the imaged sections. With rugged 

topography, often times, a floating datum is used to carry out elevation and weathering corrections at both 

the shot and receiver stations to avoid different datum elevations at line intercessions. Such a surface is 

formed by averaging the orthometric height lying within a circle of inclusion whose diameter is equal to 

the spread length. However, it is equally likely that a floating   datum at least will lie above the 

orthometric height (topography) or within the weathered layer. Improper floating datum constitutes an 

error in the required elevation correction.  In static correction, which amounts to moving the entire 

seismic trace up or down in time in order to put the shots and receivers on a flat datum plane and the 

correction of the near surface velocity anomalies beneath the source or receiver requires a correct 

orthometric height for effective implementation. The correction procedure involves establishing a datum 
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on which to locate source and receiver. Reflection seismic theory is based on a horizontal datum, but the 

datum of the field data is the topography (orthometric height).  So static correction due to elevation is 

expressed as a change in travel time. According to (Dubrin and Savit, 1988) 

1 1

                                                                                                                         (1)
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In the near surface velocity anomalies, the presence of anomalous velocities beneath a source or receiver 

or if the thickness of the weathering layer changes substantially, the amount to be subtracted from the 

seismic trace time is given by the following formula (Fig 2) 
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Clearly, there is a need for a systematic study of the orthometric height correction in both geodesy and 

geophysics, including theoretical and numerical comparisons of the correction algorithms with one 

another. Based on the above analysis, it is concluded that the correction or validation of orthometric 

heights for density variation within consolidated crust, introduces large errors and should not be taken as 

being reliable at the present stage in gravity field modeling.  A way to improve these data is the 

application of a correction model to the residual geoid obtained as a difference between the local geoid 

(GPS) and that obtained using the Global geopotential model (EGM 2008).  

Researchers such as Heiskanen and Moritz (1967), Sideris et al (1992), Kearsley et al., (1993), 

Featherstone et al., (1998), Musa (2003), Kiamehr (2006), Forsberg and Madsen (1990), Fotopoulos et al., 

(1999), Mainville et al., (1992), Erol and Celik (2004), have written on detailed geoid modeling 

techniques. Nwilo et al., (2009) determined geoid in Lagos using geometrical interpolation, while 

Okiwelu et al., (2011) determined geoid in Nigeria using EGM 2008. Forsberg et al., (2004) used a four 

parameter Helmert transformation model to derive a corrector surface. The corrector surface was 

consistent across the United Kingdom at the level of between 1 and 2cm. Ozen et al.,(2002) utilized a 

multi quadratic interpolation technique to fit the GPS/levelling data in Tonga, Turkey. Cecilia et al.,(2007) 

derived orthometric heights used corrector surfaces that brought precision to the observed orthometric 

heights. Isioye et al., (2011) utilized a five to eight parameter model to fit the GPS/Leveling to the EGM 

2008 model to improve the determination of orthometric height observed from GPS in Port-Harcourt, 

Nigeria.  Elimann et al., (2000), Ahmeed (2009) utilized gravimetric geoid derived from Stokes’ integral 

to determine the orthometric heights. In the work by Forsberg and Kearsley (1989) the discovered the 
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difference of between 12cm and 22cm in orthometric heights derived from GPS determined geoid and 

gravimetric geoid while Anuar (2003) obtained orthometric height accuracy of 10cm by fitting a 

polynomial model using GPS/local geoid data and 80cm accuracy in using GPS/Global geopotential 

model. The Global Geopotential model adopted in this research for orthometric height determination is 

the Earth Gravity Model (EGM 2008) Pelvis et al, (2008). The main goal of this paper is to firstly, 

investigate the blunders in the observed orthometric heights and its correction using collocation of GPS 

and EGM 2008 geoid observations. Secondly, this study is carried out to evaluate the effect of the 

corrected orthometric heights and provide an improved definition of the Bouguer gravity anomalies of the 

basin used for gravity modeling and other geophysical investigations.   

 

1.2  Description of Study Area  

Gongola Basin forms part of the Upper Benue Trough. The study area is located North-West of the Upper 

Benue Trough in the Gongola Basin. The study area is located North-West of the upper Benue Trough in 

the Gongola basin. It is bounded by Longitudes 10.3oE and 10.8oE, Latitudes 9.9oN and 11.1oN. The 

prospect area is located within the following places; Alkaleri (W), Darazo (NW), Dukku(NE), Larishi (E), 

and Kwala(S). A substantial part of the area is bounded by Gongola River at the Northwestern part of the 

prospect. The greater part of the area is low-lying with elevation varying from 254.6m to 543.5m, and 

characterized by gentle relief with small hills concentrated especially on the eastern riverside of Gongola. 

Gongola basin falls within the region now known as Nigerian Frontier Inland Sedimentary Basin (NFISB). 

It is anticipated that the NFISB hold promise of containing reserves of yet undiscovered oil and gas. The 

Basin is shown in Fig 3. 
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Fig. 3 Sketch geological map of Nigeria showing the inland basins and sample localities. 

(inset:upper Benue trough magnified (Source: Obaje et al., 2006)) 

 

3.0  Model Formulation 

The equipotential surface of the Earth’s gravitational field is called the geoid. It reflects the true 

distribution of mass inside the earth. The international reference ellipsoid is a close approximation to the 

equipotential surface of gravity.  Fig. 1 shows the relationship between the geoid and the ellipsoid. The 

fundamental relationship, that binds ellipsoidal height (i.e. GPS heights) and height with respect to a 

vertical datum established from spirit levelling and gravity survey is given by 

homGPS ort etrich H N             (3) 

where h is the ellipsoidal height, H is the orthometric height, N is the geoidal undulation and   is the 

offset of the vertical datum with respect to the geoid. The application of equation (3) is more complicated 

due to numerous factors, which cause discrepancies when combining the different height data sets. This is 

majorly attributed to systematic effects and datum inconsistencies, which can be described by a corrector 

surface model (Isioye et al., 2011). In practice, the various wavelength errors in the gravity solution may 

be approximated by different kinds of functions in order to fit the geoid to a set of GPS/Levelling points 

through an integrated Least Squares adjustment. Systematic errors, distortions and datum inconsistencies 

between orthometric, ellipsoidal and geoid height can be absorbed by fitting GPS/levelling derived geoid 
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height to a gravimetric geoid height using least-squares adjustment and using four and five parameter 

model. These models according to Tziavos,(2011) produced better results than the polynomial models in 

the GPS/Levelling geoid collocation adjustments.  

GPS T

i i i i i i i iN N N h H N a x        
          (4) 

Where Ni is the interpolated geoid height value for the GPS point, considering points from the geoid 

model that exist in the neighborhood, x is a n×1 vector of unknown parameters (where n the number of 

the GPS/levelling points), ai is a n x 1 vector of known coefficients, and εi denotes a residual random 

noise term. The parametric model ai
Tx is supposed to describe the mentioned systematic errors and 

inconsistencies inherent in the different height data sets. The four and five parameter models according to 

Fotopoulos (2003) are stated as follows: 

The 4-Parameter Model (Model A) is stated as: 
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Where 2 3 4,  and x x x x2, x3, and x4 are the shift parameters between two parallel datum and x1 are the 

changes in semi-major axes of the corresponding ellipsoids, 
1 1,   are the latitudes and longitudes, 

respectively for the Gravity Base stations. 

If we add a fifth parameter, the extended 5-parameter model (Model B) can be obtained as: 

 

5-Parameter Model (Model B): 
2

,
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5x a f 
           (9) 

Where 1 2 3, ,x x x  and 
4x  are the shift parameters between two parallel datum and 1x , f  are the changes 

in semi-major axes and flattening of the corresponding ellipsoids. 

Based on limited data acquired, 7-parameter and 8-parameter models were not be formulated the 

following matrix system of observation equations is now obtained: 
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Ax N               (10) 

Where A is the design matrix composed of one row 1

T
x  for each observation ΔNi.  

For 4-parameter model, A(6X4) matrix 

For 5-parameter model, A(6X5) matrix 

The least square adjustment to this equation utilizing the mean squares of the residuals εi becomes: 

1( ) *( )T TX A PA A P N           (11) 

where  weight matrix i.e. the inverse of the variance-covariance matrix  of the observation.P C  

This yield: 

1ˆ [ ( ) ]T TN AX I A PA PA N              (12) 

 

3.1 Spherical Harmonics Representation of Geoid 

A spherical harmonic function is a function that has the same value of  or q f increased by an integral 

multiple of 2p just like the trigonometric functions in 1 dimension (1 angle). Spherical harmonics are 

often used to approximate the shape of the geoid. The geoid undulations are evaluated from spherical 

harmonic coefficients at the surface of the ellipsoid, not taking into account the difference between height 

anomalies and geoid undulations (Heiskanen and Moritz, 1967, p. 325ff) nor the effect on the geoid of the 

downward continuation of gravity from the surface (Sjoberg, 1998; Kaban et al., 2004). In spherical 

coordinates the gravitational potential on the geoid is given as (Featherstone, 1997):  
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2 0
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Also, given that the spherical harmonic expansion of the normal gravitational potential is expressed 

according to Featherstone (1997) as: 
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N can be expressed in spherical harmonics as (Rapp et al, 1991) 
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The EGM 2008 presents a spherical harmonics expansion of the geopotential to degree and order 2159 

(Pelvis et al.,, 2008). The availability of such GGMs poses new potentials in order to validate available 

orthometric heights and subsequently correct blunders in the levelling database (Tziavos et al., 2013) 

Combination Solution based on 57 months of GRACE satellite-tosatellite tracking data and a global set 

of 5′×5′ Δg (~ 9.3M values).  Expressed in Ellipsoidal Harmonic Coefficients, EGM08 is complete to 

degree and order 2159 (~ 4.7M coefficients). When converted to Spherical Harmonic Coefficients, 

additional terms up to degree 2190 and order 2159 arise. The Spatial Resolution (half wavelength) of 

EGM08 is (nominally) 9.3 km × 9.3 km on the equator, which is 6 times higher than that of EGM96. 

The resolving power of any model depends highly on the data used for its development, whose properties 

are geographically dependent. The Accuracy of EGM08, as gauged from comparisons with independent 

data, is 3 to 6 times higher than that of EGM96, depending on the functional (e.g., geoid undulation, 

deflection of the vertical) and on the geographic area in question . 
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3.0 Methodology 

3.1 Gravity Data Acquisition 

The station interval of 500m was used and a total of 1813 gravity stations were observed acquired from 

SNEPCO (Fig 4a). The acquired data lies within 625000 mE to 700000mE and 1096818mN to 

1225000mN ( ( 10.3 10.8 , 9.9 11.8 )o o o oE E N Nl f . The station data include location details in 

Northings and Eastings (referenced to Minna Datum) and also WGS84 longitude and latitude, Observed 

gravity (in mGal), Ellipsoidal Height (i.e. GPS Height) and Orthometric height. Fig 4b shows the gravity 

base station distribution. Table 1 showing the attributes of the base stations. Fig 4 shows the distribution 

of the base stations. The orthometric height obtained on the field using spirit levelling is shown in Fig 5. 

The geoid undulation for Gongola basin computed using the EGM 2008 algorithm is shown in Fig 6.  
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Fig 4a: Gongola Basin Gravity Basemap (Source: SNEPCO, 1995) 
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Fig 4b: showing the gravity base station distribution (Source: SNEPCO 1995) 

Table 1: The base station Coordinates, orthometric, Ellipsoidal and Geoid heights and Normal Gravity 

 

 

 

 

Gravity 

Base 

station X Y 

Orthometr

ic Height Lat Long 

Ellipsoidal 

Height 

Normal 

Gravity 

B1584A 732290.3 1130022.09 635.08 10.28893 11.12093 N/A 978032.26 

B1682A 625651.39 1132022.93 465.77 10.23958 10.14725 N/A 978083.61 

SNEP 11 686908.74 1196864.42 421.8 10.82347 10.70898 439.34 978086.78 

SNEP 14 669246.6 1166426.09 494.4 10.54914 10.54607 512.28 978081.58 

SNEP 20 644372.63 1193465.77 496.7 10.79465 10.31985 515.04 978095.21 

SNEP 24 646990.65 1133847.11 420.7 10.25549 10.34146 439.18 978105.41 

SNEP 25 634248.27 1214957.73 510.1 10.98856 10.41107 528.21 978100.63 

SNEP 26 647190.48 1135778.98 382.81 10.27295 10.34335 400.87 978113.47 

SNEP 27 682054.16 1166943.09 392.39 10.66379 10.55308 N/A 978089.89 

SNEP 28 689312.7 1146795.72 323.1 10.37057 10.72909 N/A 978206.1 
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Fig. 5: Contour Map showing Field/Observed Orthometric Height 

 

 

 

3.3  EGM 2008 Geroid Undulation  

URL1 (2008) is an EGM 2008 calculator at ICGEM. Is an 

http://icgem.gfzpotsdam.de/ICGEM/ICGEM.html. which can be downloaded at URL1. The 

default ICGEM installation comes with a 10’ grid file. The 25’ file was downloaded and used 

with ICGEM to obtain more accurate interpolation. More information on EGM 2008 and 

downloadable grid files can be found at URL1. 
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: 

Fig. 6: Gongola Basin Geoid Undulation Map using EGM 2008. (C.I=0.01m) 

Table 2: Gravity base stations with Geoidal Undulations from EGM 2008 

S/N Gravity Base 

Stations 

X Y Geoidal 

Undulation 

1 
SNEP 11 686908.74 1196864.42 19.588 

2 
SNEP 14 669246.6 1166426.09 19.979 

3 
SNEP 20 644372.63 1193465.77 20.599 

4 
SNEP 24 646990.65 1133847.11 20.603 

5 
SNEP 25 634248.27 1214957.73 20.326 

6 SNEP 26 647190.48 1135778.98 20.598 

 

4.0 RESULTS AND DISCUSSION 

4.1 Results 

This section shows result obtained for adjusted parameters for Model A (4-parameter model) and Model 

B (5-parameter) datum shift transformation models and their estimates. 

GPS EGMN N N             (24) 



14 
 

From the results obtained above for Model A and Model B, 4 parameters and 5 parameters respectively. 

Model B (i.e. 5 parameter model) gave model with best fit with minimum standard deviation of 0.1338 as 

to 0.1343 of Model A (i.e. 4 parameter model).  The main problem of using these models is that the final 

residuals ε hold a combined amount of random errors related to GPS observation, levelling operation and 

Geoid. Therefore, this result does not show the real potential of these models, the final residuals cannot be 

taken as the exact error of the transformation models. The standard deviation of the residuals is taken as 

an indication of absolute accuracy of the models. 

 

Table 3: Differences between GPS geoid heights and EGM2008 geoid heights with residuals 

Gravity Base 

station Lat ᶲ Long λ N_GPS (m) N_EGM(m) ΔN 

SNEP 11 10.82347 10.70898 17.54 19.588 -2.048 

SNEP 14 10.54914 10.54607 17.88 19.979 -2.099 

SNEP 20 10.79465 10.31985 18.34 20.599 -2.259 

SNEP 24 10.25549 10.34146 18.48 20.603 -2.123 

SNEP 25 10.98856 10.41107 18.11 20.326 -2.216 

SNEP 26 10.27295 10.34335 18.06 20.598 -2.538 

STD(σ)     0.1767 

 

Residuals are defined as the difference between the observed values and the values that are predicted by a 

model. When a model is fit that is appropriate for a particular data, the residuals approximate independent 

random errors. To calculate fit parameters for a linear model, the sum of the squares of the residuals are 

minimized to produce a good fit, which is known as least-squares fit. 

From Table 3, the difference between the GPS and EGM 2008 geoid height are presented. It shows an 

average geoid error of 2.2m.  The results in Table 4 shows the summary of the input and output after 

fitting using the parameter models. It is evident from the table that the best fit is obtained using the five 

parameter model as it presented a minimized residual for all the stations. The reduction by 4cm of the std 

was achieved while the range reduces by 20cm. Examining the residuals before the fit, the large mean, 

and std of the height differences is well noticed.  Fig 6, shows the graphical representation of the residual 

of the 4 and 5 parameter model. Table 5 shows the statistical analysis in terms of minimum, maximum, 

mean and std of the residuals before and after fitting. The 5-parameter model gives a minimum std of 

0.122m compared to 0.1226m of the 4-parameter model.  
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Table 4: Differences between GPS/leveling derived geoid height and EGM2008 before and after 4-

Parameter and 5_Parameter fitting 

Gravity Base station Before Fitting After Fitting  

ΔN 4-Parameter (residuals in m) 5-Parameter (residuals in m) 

SNEP 11 -2.048 0.0136 -0.0036 

SNEP 14 -2.099 0.0247 0.0125 

SNEP 20 -2.259 0.0008 0.0140 

SNEP 24 -2.123 0.2026 0.2032 

SNEP 25 -2.216 -0.0053 -0.0073 

SNEP 26 -2.538 -0.2198 -0.2188 

STD(σ) 0.1767 0.1343 0.1339 

 

Table 5: Statistical analysis of absolute accuracy of Gongola Basin versus 6 GPS/Levelling data 

 Before fitting After fitting (residuals) ε(m) 

ΔN (m) 

4-Parameter  5-Parameter  

minimum -2.5380 -0.2198 -0.2188 

maximum -2.0480 0.2026 0.2032 

mean -2.2138 0.0000 0.0000 

standard error σ 0.1613 0.1226 0.1222 

 

 

Fig 6: Correlation of the model Residuals 
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4.2 Validation at Known Points 

This aspect of model assessment involves computing orthometric height for gravity base stations and shot 

points. The 1805 gravity shot points were used for model validation and assessment. This was done by 

comparing the computed orthometric height values with observed/field values.  

Referring to equation (3), (4) and (6), orthometric height is obtained as expressed below. 

08EGM T

i i i iH h N a x            (25) 

Where H is the orthometric height, h is the ellipsoidal height 
T

ia x
 is the parametric model. 

Table 6 shows comparative analysis of the performance of the two models. Table 7 shows the statistical 

analysis of the base stations while Table 8 shows that statistical analysis of the 1805 validated shot points. 

Fig 7 shows the contour maps of the field observed orthometric heights and the model B computed 

orthometric heights. 

 

 

 

 

 

 

 

 

 

 

Table 6: Validation of Orthometric Height at Base Station  

S/

N 

Station 

Name 

X Y Ellipsoida

l Height 

Geoidal 

Undulatio

n 

Orthometri

c  

Heights (m) 

Computed 

Orthometric Heights 

Model A Model B 

1 

SNEP 

11 686908.7 1196864 439.34 17.54 421.8 421.740 421.789 

2 

SNEP 

14 669246.6 1166426 512.28 17.88 494.4 494.423 494.410 

3 

SNEP 

20 644372.6 1193466 515.04 18.34 496.7 496.438 496.476 
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4 

SNEP 

24 646990.7 1133847 439.18 18.48 420.7 420.966 420.993 

5 

SNEP 

25 634248.3 1214958 528.21 18.11 510.1 509.846 509.977 

6 

SNEP 

26 647190.5 1135779 400.87 18.06 382.81 382.642 382.663 

 

Table 7: Summary of Validation at Base Station 

 Observed Orthometric Height (m) Orthometric Height (m) 

Model A Model B 

Maximum Value 
510.1 509.846 509.977 

Minimum Value 382.81 382.642 382.663 

Mean Value 454.4183 454.342 454.385 

Standard Deviation 52.56492 52.4919 52.5085 

 

Table 8: Summary of Results for Validation Test for 1805 Gravity shot points 

 Observed Orthometric Height 

(m) 

Orthometric Height (m) 

Model A Model B 

Maximum Value 
543.500 545.848 545.890 

Minimum Value 
223.50 226.854 226.818 

Mean Value 
388.759 391.087 388.759 

Standard Deviation 
64.921 64.908 64.919 
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Fig 7: Orthometric heights 
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Fig 8: Showing Bouguer anomaly using field orthometric height  
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4.3 Geodetic and Geophysical Implications 

4.3.1 Geodetic Implications 

In this study, the effect of combining GPS ellipsoidal height, EGM2008 geoid undulation and observed 

orthometric height obtained from 6 gravity base description acquired from SNEPCO has been analyzed 

statistically and spatially. Using the Transformation equations with 4 parameters and 5 parameters, we 

have been able to assess which of the model is suitable for obtaining orthometric height to the nearest 

15cm. For minimization of residuals, four and five parameter transformation models was used, which 

absorbed the datum inconsistencies between the orthometric height data, GPS/leveling heights and long 

wavelength errors due to EGM2008 calculator. The overall suitable residual of ±13.39cm was chosen, 

between the combined gravity field model EGM2008 and GPS/leveling heights, was achieved with five-

parameter transformation model (Model B). 

4.3.2 Geophysical Implications  

The Bouguer anomaly of the basin is shown in Fig 8a. The map revealed a large-scale negative Bouguer 

anomaly trending W to E with high amplitudes over the NE zone of the study area. Closer geological and 

structural observation of this anomaly’s axes suggested that its general trend followed an inferred granite 

intrusion area. The quite different nature of the Bouguer gravity map on the northern side was marked by 

gravity lows, bounded by relatively steep gradients occurring over or near higher metamorphic formations 

and other granitic plutons, suggesting the existence of a suture zone between two of the crust’s blocks. 

Positive Bouguer gravity in the southern area tending SW-NW marked the intrusion of dense rocks in this 

area. The reason for the drastic change in orthometric height is as a result of the 2m average difference 

between the GPS geoid and that obtained using the Global geopotential model (EGM 2008). The 

topographic gravitational potential model (Martinec, 1998) which is a function of the topographic mass 

bounded by the geoid (N) and the earth surface H (orthometric height) increases or decreases with a 

change in ( )H H with constant density. The lateral change in H produces lateral variable density 

function (Martinec, 1998; Kuhn, 2002) which accounts for the major part of the gravitational effect and 

thus produces changes in the observed Bouguer anomaly. The improvement in the computation of 

orthometric height using the corrector model brought a change in the Bouguer gravity anomaly obtained 

using Models A and B orthometric heights as shown in Table 9. This is because there is a high correlation 

between the topographic masses and the observed gravity effects. Change in orthometric height causes 

change in Bouguer anomaly. It also shows that the real mass density distribution from the corrected 

orthometric heights differ from the observed Bouguer. Martinec, 1998; Tziavos et al, 1996 and Kuhn, 

200a,b observed that 10% change in density distribution is not acceptable. However, in the Bouguer 

difference map (Fig 8b), the Bouguer anomaly gradually decreases from 0.54mGal in the Western zone to 
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0.48mGal the Eastern zone of the project area where the sedimentary thickness is to the depth of 7km 

(Epuh et al.,2011). This is because sedimentary layers often have density values below 2.4g/m3 while the 

plutonic rocks such as gneiss have density value of more than 3.0g/m3. This variation in density in 

addition to the change in orthometric height produced the change in the Bouguer gravity anomaly value.  

In the use of model B orthometric height, the difference has a maximum value of 0.522mGal, a minimum 

value of 0.431mGal, mean value of 0.465 and standard deviation of 0.018mGal. The statistical analysis 

shows that the mean variation of 0.431mGal in the Bouguer anomaly is greater than the required precision 

of 0.1mGal precision (Lowrie, 2007). This value is substantial to alter the result in gravity modeling and 

interpretation and as such, false rock layers could be discovered in the affected area. The orthometric 

height difference shows a large horizontal gradient exist in the transition zone between areas of negative 

and positive anomaly values as shown in Fig 8a,b.  Another problem is that in sedimentary basin, even for 

the same rock type, the density can vary laterally (Pagiatakis and Armenakas, 1998, Perkins, 1998). An 

incorrectly observed orthometric height will adversely affect the gravity reduction (Bouguer 

anomaly).The determination of orthometric heights using geoid obtained from GGM ensures that the 

complete gravitational effect of the global topographic masses is taken into account in the corresponding 

gravity reduction. Thus, the gravity anomaly obtained becomes a true representation of the density 

distribution in the study area without distortion.  From equation 1 and 2, it is obvious that the change in 

the orthometric heights of the shot and receiver points will affect the value of the change in time. Its effect 

need to be investigated as further research. 

Table 9: Summary of Results for the Difference in Bouguer Anomaly 

between the observed and the computed using Models A and B 

 Model A (mGal) Model B (mGal) 

Maximum 0.537 0.522 

Minimum 0.433 0.431 

Mean 0.466 0.465 

STD 0.019 0.018 

 

5.0 Conclusion  

The results show implicitly that in geophysical investigations, accurate orthometric height is required for 

the determination of the topographic mass distribution in order to achieve a reliable field of gravity 

anomalies. Precise Bouguer anomaly is a precursor for geophysical investigation using gravity data. The 

five (5) parameter corrector model used in this research could be adopted for future orthometric height 
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modeling for geophysical investigation. The correction of the orthometric height will however affect the 

seismic static correction since its computation is also based on the orthometric height of the shot and 

receiver seismic observation points. Further investigation in this area is hereby encouraged. 

 

Acknowledgement 

We thank Shell Exploration and Production Company (SNEPCO) for the release of the data used in this 

research. 

 

References 

Ahmeed, A. (2009): “Determination of a Gravimetric Geoid Model of Sudan using KTH Method”, MSc. 

Thesis in Geodesy, Royal Institute of Technology, 100 44 Stockholm, Sweden. 

Abdullah, K.A. (  ): “Height Determination using GPS Data, Local Geoid and Global Geopotential 

Models”, 

Faculty of Surveying and Real Estate, University Teknologi Malaysia 

Ghilani, C.D. and Wolf, P.R. (2008): “Elementary Surveying- An Introduction to Geomatics: 12th 

edition”, Pearson Prentice Hall, USA. 

Barrows, L.J. & Fett, J.D., (1991): A sloping wedge technique for calculating gravity terrain corrections, 

Geophysics, 56, 1061–1063. 

Blais, J.A.R. & Ferland, R. (1984): Optimisation in gravimetric terrain corrections, Can. J. Earth Sci., 21, 

505–515. 

Bullard, E.C., (1936): Gravity measurements in East Africa, Phil. Trans. R. Soc. Lond., A., 235, 486–497. 

Chapin, D.A. (1996): The theory of the Bouguer gravity anomaly: a tutorial, Leading Edge, 15, 361–363. 

Chapman, M.E. & Bodine, J.H. (1979): Considerations of the indirect effect in marine gravity modelling, 

J. geophys. Res., 84, 3889–3892. 

Cogbill, A.H., (1990): Gravity terrain corrections computed using digital terrain models, Geophysics, 45, 

109–112. 

Celicia W., Gregory A.H. and Lauren K.J., (2007): “NAVD88 Orthometric Height Determination utilizing 

the California Real Time GPS Network”, ION GNSS 20th International Technical Meeting of the 

Satellite Division, September 25-28, 2007, Fort Worth, TX. 

Chen Y.Q. and Yang, Z.J. (2001): “A Hybrid Method to Determine the Hong Kong Geoid”, Hong Kong 

Polytechnic University, Hong Kong. 

Christou, N. T, Vanicek, P and Ware, C. (1989): Geoid and density anomalies: EOS Transactions of 

American Geophysical Unioin 70: 625-631. 

Dan Roman (2006): “Geoid Height Models at National Geodetic Survey”, National Oceanic and 

Atmospheric Administration, USA. 

Danes, Z.F., (1982): An analytic method for the determination of distant terrain corrections, Geophysics, 

47, 1453–1455. Defense Mapping Agency, 1997. Department of Defense World Geodetic System 

1984: its definition and relationships with local geodetic systems,Technical Report 8350.2, 

Washington. 

Denizar Blitzkow, (2010): “Recent progress of the Geoid in South America”, EPUSP, (IPGH) Lima, Peru. 

 



23 
 

Dobrin, M. B and Savit, C. H (1988): Introduction to Geophysical Prospecting (4th Edition) Singapore. 

McGrawHill Book Co. 867 pages.  

Ellman A., Vanicek P., Santos M. and R. Kingdon, (2007): “Interrelation between the geoid and 

Orthometric Heights”, Department of Geodesy and Geomatics Engineering, University of New 

Brunswick, Fredericton, NB, Canada. 

Erol B. and R.N. Celik, (2004): “Modelling local GPS/leveling Geoid with the Assessment of Inverse 

Distance Weighting and Geostatistical Kringing Methods”, Civil Engineering Faculty, Geodesy 

Division, Istanbul, Turkey. 

Featherstone, W. E., and Kuhn, M. (2006): Height Systems and Vertical Datums: A Review in the 

Australian Context, Journal of Spatial Sciences, 51(11), pp.21-42.  

Featherstone, W. E., Dentith, M. C., and Kirby, J.F. (1998): Strategies for Accurate Determination of 

Orthometric Heights from GPS, Survey Review, 34, 267, pp. 278-296. 

Featherstone W.E. and M.C. Dentith, (1997): “A Geodetic Approach to Gravity Data Reduction for 

Geophysics”, Computers & Geosciences, Vol. 23, No. 10, pp. 1063-1070. 

Featherstone, W. E (1997): On the use of the geoid in geophysics: A case study over the North West shelf 

of Australia. Exploration Geophysics. 28: 52-57. 

Featherstone WE, Kirby JF, Kearsley AHW, Gilliland JR., Johnston GM, Steed J, Forsberg R and Sideris 

MG (2001): The AUSgeoid98 geoid model of Australian: data treatment, computations and 

comparisons with GPS-levelling data. J Geod 75: 313-330. 

Featherstone, W.E. (1997): An evaluation of existing coordinate transformation models and parameters in 

Australia, Cartography, 26, 13–26. 

Featherstone,W.E., (2002): Expected contributions of dedicated satellite gravity field missions to regional 

geoid determination with some examples from Australia, J. Geospatial Eng., 4, 1–19. 

Featherstone, W.E. & Dentith, M.C., (1997): A geodetic approach to gravity reduction for geophysics, 

Comp. Geosci., 23, 1063–1070. 

Featherstone, W.E. & Kirby, J.F., (2000): The reduction of aliasing in gravity observations using digital 

terrain data and its effect upon geoid computation,Geophys. J. Int. 141, 204–212. 

Featherstone,W.E., Dentith, M.C.&Kirby, J.F. (2000): The determination and application of vector 

gravity anomalies, Expl. Geophys., 31, 109–113. 

Featherstone, W.E., Kirby, J.F., Kearsley, A.H.W., Gilliland, J.R., Johnston,G.M., Steed, J., Forsberg, R. 

& Sideris, M.G. (2001): The AUSGeoid98 geoid model of Australia: data treatment, 

computations and comparisons with GPS-levelling data, J. Geod., 74, 239–248. 

Fraser, D., Pagiatakis, S.D. and  Goodacre, A.K., (1998): In-situ rock density and terrain corrections to 

gravity observations, Proc. Of 12th Annual Symposium on Geographic Information Systems, 

Tronto, 357-360. 

Forsberg R. and A.H.W. Kearsley, (1989): “Precise Gravimetric Geoid Computations over Large 

Regions”, National Survey and Cadastre, Denmark. 

Forsberg R and Sideris M. G (1993): Geoid computations by multi-band spherical FFT approach. 

Manuscript Geoid 18: 82-90. 

Fotopoulos, G. (2003): An Analysis on the Optimal Combination of Geoid, Orthometric and Ellipsoidal 

Height Data. PhD Thesis, Department of Geomatics Engineering, University Of Calgary. UCGE 

Reports No. 20185. Available at Http://www.geomatics.ucalgary.com/links/gradtheses.html, 258 

pages. 

Flis, M.F., Butt, A.L. & Hawke, P.J., (1998): Mapping the range front with gravity—are the corrections 

up to it? Expl. Geophys., 29, 378–383 



24 
 

Forsberg, R. (1985): Gravity field terrain effect computations by FFT, Bull. G´eod´es., 59, 342–36 

 

Heck B (1992): some remarks on the determination of the geoid in the framework of the internal geodetic 

boundary value problem. In: Hotola P, Verneer M (eds) first continental workshop on the geoid in 

Europe, Prague, 1992, pp 458-471, Research Institute of Geodesy, topography and Cartography, 

Prague. 

Heiskanen, W. A., and Moritz, H. (1967): Physical Geodesy. Freeman and company, San Francisco, 364 

pages. 

Higgins, M. B. (1999): Heighting with GPS: Possibilities and Limitations. In Proceeding of Geodesy and 

Surveying in the Future, Gavle, Sweden, March, 15-17, 1999. 

Huang, J., Vanicck, P., Pagiatakis, S. and Brink, W., (2001): Effect of topographical mass density 

variation on gravity and geoid in the Canadian Rocky Mountains, J. Geodyn., 74, 805-815. 

Hunegnaw, A. (2001): The effect of lateral density variation on local geoid determination, proc. IAG 

2001 Scientific Assembly, Budapest, Hungary. 

Hong S.Y., (1999): “Precise Geoid Determination by Spherical FFT in and around the Korean 

Peninsula”, Journal of Earth Planets Space, 51, Pp. 13-18. 

Huaining, Y., P. Vanlcak, M. Santos and R. Tenzer, (2004): “An Introduction to the Stokes-Helmert’s 

Method for Precise Geoid Determination”, Department of Geodesy and Geomatics Engineering, 

University of New Brunswick, Fredericton, NB, Canada. 

Hwang, C. and Y.S. Hsiao, (2003): “Orthometric corrections from leveling, gravity, density and elevation 

data: a case study in Taiwan”, Journal of Geodesy, (2003) 77: pp 279-291. 

Isioye O.A., Olaleye J.B., Youngu and K.F. Aleem, (2011): “Modelling Orthometric Heights from GPS-

levelling Observations and Global Gravity Model (EGM08) for Rivers State, Nigeria”, Nigerian 

Journal of Surveying and Geoinformatics, May 2011, Vol. 3, No. 2, Pp. 56-69. 

John Milsom, (2002): “Field Geophysics: Third Edition”, John Wiley & Sons Ltd, England 

 

Kaula, V. M (1967): Geophysical implication of satellite determined geogravity field. Geophysical 

Journal of Royal Astronomical Society 23: 15-43 

Keifer, S.W and Hager, B. H (1991): Geoid anomalies and dynamic topography from convection in 

cylindrical geometry: application to mantle plumes on Earth and Venus. Geophys. J. Int. 108: 

198-214. 

Kearsley, A. H. W., Ahmad, Z., and Chan, A. (1993): National Height Datums, Levelling, GPS Heights 

and Geoids. Australian Journal of Geodesy, Photogrammetry and Surveying, no. 59, pp. 53-88.1   

Kiamehr, R., (2006a): A strategy for determining the regional geoid in developing countries by 

combining limited ground data with satellite-based global geopotential and topographical models: 

a case study of Iran, J. Geodyn., 79(10,11), 602-612. 

Kiamehr, R., (2006b): The impact of lateral density variation model in the determination of precise 

gravimetric geoid in mountainous areas: a case study of Iran. 

Keifer, R and Hager, G (1991): Dynamic surface topography: A new interpretation based upon flow 

models derived from seismic tomography. Geophysical Research letter. Pg 225-228. 

Kuhn, M (2003): Geoid Determination with density hypotheses from isostatic models and geological 

information. Journal of Geodesy Vol. 77: 50-65 

Lambeck, K (1988): Geophysical geodesy: The slow deformation of the Earth. Oxford University Press. 

Oxford England. 

Lowrie, A. C (2007): Geophysical prospecting 



25 
 

Martinec Z (1993): Effect of lateral density variations of topographical masses in view of improving 

geoid model accuracy over Canada. Final rep under DSS contract No. 23244-2-4356/01-SS, 

Geodetic Survey of Ottawa. 

Martinec Z, Vanicek P (1994): The indirect effect of Stokes-Helmert’s technique for a spherical 

approximation of the geoid. Manuscr Geod 18: 417-421. 

Martinec Z, Vanicek P, Mainville A and Veronneau M (1995): The effect of lake water on geoidal height. 

Manuscr Geod 20: 199-203. 

 

Mainville A., Forsberg R. and M.G. Sideris, (1992): “Global Positioning Systems Testing of Geoids 

Computed from Geopotential Models and Local Gravity Data: A Case Study”, Journal of 

Geophysical Research, Vol. 97, No. B7, Pp. 11,137-11,147. 

Miguel J.S. and R. Velasco, (1991): “Preliminary Determination of a Gravimetric Geoid in Portugal”, 

Instituto de Astronomia y Geodesia, Universidad Complutense, Madrid, Spain. 

Novak P., Vanicek P., Veronneau M., Holmes S., W. Featherstone, (2004): “on the Accuracy of Modified 

Stoke’s Integration in High frequency Gravimetric Geoid Determination”, University of Calgary, 

Calgary, Canada. 

Nwilo, P.C., Opaluwa Y.D., Adejare Q.A., Ayodele E.G. and A.M. Ayeni, (2009): “Local Geoid 

Modeling of Lagos Island Area using the Geometrical Interpolation Method”, Nigerian Journal 

of Surveying and Geoinformatics, October 2009, Vol. 2, No. 2, Pp. 68-82. 

Novak, P., Vanicek P., Veronneau M., Holmes S., W. Featherstone, (2004): “on the Accuracy of Modified 

Stoke’s Integration in High frequency Gravimetric Geoid Determination”, University of Calgary, 

Calgary, Canada. 

Nwilo, P.C., Opaluwa Y.D., Adejare Q.A., Ayodele E.G. and A.M. Ayeni, (2009): “Local Geoid 

Modeling of Lagos Island Area using the Geometrical Interpolation Method”, Nigerian Journal 

of Surveying and Geoinformatics, October 2009, Vol. 2, No. 2, Pp. 68-82. 

Obaje, N. G; Attah, D. O; Opeloye, S. A; Moumouni, A. (2006): Geochemical Evaluation of the 

Hydrocarbon Prospects of Sedimentary Basins in Northern Nigeria. Geochemical Journal. Vol. 

40,pp. 227-243.  

Okiwelu A.A., Okwueze E.E. and I.O. Ude (2011): “Determination of Nigerian Geoidal Undulations 

from Spherical Harmonic Analysis”, Applied Physics Research Journal, May 2011, Vol. 3, No. 1. 

Pagiatakis SD and Armenakis C (1998): Gravimetric geoid modelling with GPS. Int Geoid Serv Bull 8: 

105-112 

Palvis, M. K; Holmes, S. A; Kenyon, S. C and Factor, J. K, (2008): The Earth Gravitational model (EGM 

2008). The OSU School of Science Seminars. Columbus, OH, February, 2009 

Rapp, R; Pavlis, N. K. (1990): The development and analysis of geopotential coefficient models to 

spherical harmonic degree 360, J Geophys R 95(B13), 21885–21911. 

Reguzzoni,  M., Sampietro D., and F. Sanso, (2011): “Updating EGM08 Mediterranean Geaoid using 

local GOCE Data from the Space-Wise Solution”, Proc. Of 4th International GOCE User 

Workshop, Munich, Germany. 

SjÖberg, L.E. (2004): The effect on the geoid of lateral topographic density variations, J. Geodyn., 75, 

283-29. 

Shibuya, K. Doi, K and S. Aoki, (1998): “Precise determination of Geoid Height and Free-air gravity 

anomaly at Syowa Station, Antarctica”, Journal of Earth Planets Space, 51, 159-168. 

 



26 
 

Smith, D. A. and Milbert, D. G. (1997): Evaluation of Preliminary Models of the Geopotential in the 

United States. Available at http://www.ngs.noaa.gov/PUBS LlB /betatest.html. 

Schwarz, K.P., Sideris M.G., Forsberg R. (1987): Orthometric heights without levelling. Journal of 

Surveying Engineering, vol. 113, no. 1, pp. 28-40.  

 

Tziavos, I. N, Sideris MG, Sunkel H (1996): The effect of surface density variation on terrain modeling- a 

case study in Austria. In: Tziavos IN, Vermeer M (eds) Report 96:2 Finish geodetic Institute, 

Masala, pp 99-110. 

Tziavos, I.N., Sideris, M.G., Forsberg, R. & Schwarz K.-P., (1988). The effect of the terrain on airborne 

gravity and gradiometry, J. geophys. Res., 93, 9173–9186. 

URL1 (2008). http://icgem.gfzpotsdam.de/ICGEM/ICGEM.html. 

Vanicek P, Huang J, Brink W and Novak P (1998): Preliminary investigation of the effect of topographic 

mass density variations on gravity and geoid in the Canadian Rocky Mountains. Progress report 

on contract ‘Theoretical and practical refinements of precise geoid determination methods’. 

Geodetic Survey Division, Natural Resource Canada, Ottawa. 

Vanicek, P., Sun,W., Ong, P., Martinec, Z., Najafi, M.,Vajda, P.&ter Horst, B., (1996): Downward 

continuation of Helmert’s gravity, J. Geod., 71,21–34. 

Vanicek, P., Huang, J.L., Novak, P., Pagiatakis, S.D., Veroneau, M., Martinec, Z. & Featherstone, W.E., 

(1999): Determination of the boundaryvalues for the Stokes–Helmert problem, J. Geod., 73, 180–

192. 

Vanicek, P., Novak, P. & Martinec, Z. (2001): Geoid, topography, and the Bouguer plate or shell, J. 

Geod., 75, 210–215. 

Vanicek, P., and Featherstone, W. E. (1998):  Performance of Three Types of Stokes’ Kernel in the 

Combined Solution for the Geoid, Journal of Geodesy, 72, pp.684-697. 

 

Wellenhof, B.H. and H. Moritz, (2005), “Physical Geodesy”, Springer-Verlag Wien, Austria

http://icgem.gfzpotsdam.de/ICGEM/ICGEM.html


27 
 

 


