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Abstract 

System (GPS) has modernized geodetic surveying in providing horizontal and vertical positions of points with a sub-meter level of 

accuracy over the reference ellipsoid. The GPS gives ellipsoidal heights which makes the conversion of the heights to orthometric 

heights possible by incorporating a geoid model. The conventional method of determining orthometric height is tedious, time-

consuming, and labour intensive. This study entails the determination of orthometric height using GNSS and EGM data. A total of 

forty-nine (49) stations selected within the study area were occupied for GPS observation using South DGPS instrument in static 

mode for the position and ellipsoidal height determination. The geoidal height values of the GPS derived data were computed using 

GeoidEval utility software with reference to three different EGMs (EGM2008, EGM96 and EGM84). In order to determine the 

orthometric heights of the selected stations, the difference between the EGM geoidal height values (NEGM) and the ellipsoidal heights 

were computed. The results show that the orthometric height obtained with respect to EGM2008 gives better results with a standard 

deviation of 9.530m and a standard error of 1.361m. The study reveals that the use of GNSS and EGM data for orthometric height 

determination is less expensive, less tedious, accurate and time-saving compared to the conventional approach of geodetic and spirit 

levelling. 
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Introduction 

The difference in elevation between points on the Earth’s 

surface is traditionally obtained through spirit levelling 

(and its variant such as trigonometric, barometric 

levelling, etc.), for over a century and the vertical control 

needs of the geodetic, cartographic, surveying, 

oceanographic and engineering communities have been 

well served by this technique (Featherstone, 2008). Due 

to the nature and practical limitations of spirit levelling 

most vertical control points are located in valleys and 

along roads/railways, which restrict the spatial resolution 

of control networks and confines the representation of 

the actual terrain (Featherstone and Dentith, 2008). As a 

result, most countries have completely separate networks 

for horizontal and vertical control with few overlapping 

points (Featherstone, 2008). However, with the advent of 

satellite-based global positioning systems (GPS, 

GLONASS, GALILEO, BEIDOU) and space-

borne/airborne radar systems (satellite altimetry, 

LIDAR, SAR) the ability to obtain accurate heights at 

virtually any point on land or at sea has in fact been 

revolutionized (Misra and Enge, 2006; Büyüksalih and 

Gazioğlu, 2019).  

The advent of the Global Navigational Satellite System 

(GNSS) particularly the Global Positioning System 

(GPS) has revolutionized geodetic surveying by 

providing precise horizontal and vertical locations of 

points of the order of sub-metres on the reference 

ellipsoid (e.g. the WGS 84). The vertical location is the 

height above the reference ellipsoid which is also 

regarded as ellipsoidal height (Robert et al., 2016). 

However, for surveying and mapping purposes, 

orthometric height is preferred to the ellipsoidal height 

because of its relationship with the ocean (water body) 

and earth’s gravity field which makes it to be considered 

as natural and physically meaningful for most 

applications (Isioye and Musa, 2007; Aleem et al., 2016, 

Olaleye, 2013; Erenoğlu and Yüceses, 2019). 

According to (Benjamin et al., 2017), the height of a 

point on the earth’s surface measured along the 

ellipsoidal normal to the surface of the Ellipsoid is 

known as ellipsoidal height (h). The height of a point on 

the earth’s surface measured along the plumbline, 

normal to the Geoid, to the surface of the Geoid is 

known as orthometric height (H). Orthometric height 

coincides with the direction of gravity vector which is at 

all points normal to the surface of the Geoid. 

Orthometric height at every point, therefore, is a function 

of gravity at that point (Arslan and Yılmaz2020).  

The fundamental relationship, to first approximation, 

that binds the ellipsoidal heights obtained from Global 

Navigation Satellite System (GNSS) measurements and 

heights with respect to a vertical geodetic datum 
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established from spirit-levelling and gravity data is given 

by (Heiskanen and Moritz, 1967) 

h - H - N = 0 (1) 

where h, is the ellipsoidal height, H is the orthometric 

height N is the geoid-ellipsoid separation (also known as 

geoid height) measured along the ellipsoid normal to the 

geoid obtained from a regional gravimetric geoid model 

or a global geopotential model. If the geoid is above the 

ellipsoid, N is positive. If the geoid is below the 

ellipsoid, N is negative. It is important to note that the 

ellipsoid height (h) and the geoid height (N) must refer 

to the same reference ellipsoid for the relationship to 

hold. The geometrical relationship between the three 

geodetic surfaces is shown in Figure 1. 

Figure 1- Relationship between the ellipsoidal, geoid and 

orthometric heights (Fotopoulos 2003). 

The inherent appeal of this seemingly simple 

geometrical relationship between the three height types 

is based on the premise that given any two of the heights, 

the third can be derived through simple manipulation of 

Eq.1.  

Conventional methods of determination of orthometric 

heights are differential levelling which includes Spirit 

levelling, Trigonometric Levelling, Barometric levelling, 

etc. Spirit levelling is the mainstay for establishing 

precise vertical control points usually called Bench 

Marks (BMs) or Permanent Survey Marks (PSMs). This 

method has been expensive, labour intensive and time-

consuming and therefore efforts are made to find the 

orthometric heights by transforming the GPS derived 

ellipsoidal heights via an accurate geoid model (Robert 

et al., 2016).  

Figure 2. Spirit levelling procedure (Kemboi and Odera, 

2016). 

A number of local, regional and global geoid models 

such as EGM84, EGM96, and EGM08 have been 

developed and thus facilitates the conversion of 

ellipsoidal heights derived from GPS to corresponding 

orthometric heights with sub-meter level of accuracy.  

Geoid undulation can be computed by a number of 

approaches, e.g. gravimetric, satellite geometric, astro-

geodetic, least-squares collocation and combined case. 

The choice of the method to be used depends on the 

availability of data sets. The geopotential geoid model 

as one of the global geoid models represents the long-

wavelength part of the gravity field and is obtained 

from global geopotential solutions which are given as 

truncated set of spherical harmonic coefficients 

(Opaluwa, 2008; Hussein and Mahmood, 2016). 

𝑉(𝑟, 𝜃, 𝜆) =  
𝐺𝑀

𝑟
{1 + ∑ ∑ (

𝛼

𝑟
)

𝑙
𝑙
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The expression for computing geoid undulation (N) 

from such a set of spherical harmonic coefficients is 

given by Heiskanen and Moritz (1967) as; 
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  (3) 

Where, GM is the product of the universal gravitational 

constant and mass of the earth, r is the geometric 

distance between the earth centre of the earth and the 

computation point, araf is a sealing parameter associated 

with a particular GGM, 𝐶 ̅ 𝑎𝑛𝑑 𝑆̅  are fully normalized

spherical harmonic coefficients after reduction by the 

even zonal harmonic of the reference ellipsoid and nmax 

is the finite maximum degree of a GGM 𝑃̅𝑛𝑚 is the fully 

normalized associated Legendre function for degree n 

and order m, θ and λ are the geodetic latitude and 

longitude. 

The conventional approach of determining orthometric 

heights of points using a spirit level is time-consuming, 

labour intensive and tedious. An approach such as 

Gravimetric, GPS/leveling, Earth Gravity Models now 

employed to acquire orthometric height are less tedious, 

accurate, time-saving and also cover a large extent of the 

study area. This paper focuses on the determination of 

orthometric heights using GNSS and EGM data. In this 

study, orthometric height of points in Federal University 

of Technology, Akure, Ondo State were determined 

through the determination of ellipsoidal coordinates of 

selected points using DGPS observations on static mode, 

determining the geoidal height using GeoidEval utility 

calculator software and assessing the computed 

orthometric heights with respect to different Earth 

Gravitational Models (EGMs) over the study area. 
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Study Area 

The selected study area is the Federal University of 

Technology, Akure, the main campus in Akure South 

Local Government Area of Ondo State, Nigeria. The 

University lies between latitude 7
o
 18' 03'' N to 7

o
 18' 06'' 

N and longitude 5
o
 08' 02'' E to 5

o
 08' 05'' E.  It is located 

along Akure-Ilesa expressway, with Awule and Ibule as 

the neighbouring villages. Figure 2 below shows the 

study area location.  

Figure 2. Administrative Map of the Study Area 

Materials and Method 

Data Acquisition 

A total of forty-nine (49) existing control points within 

the study area were used for GPS observation. South 

Differential Global Positioning Systems (DGPS) with its 

complete accessories was used in static mode for the 

determination of the positions and ellipsoidal heights of 

each of the points. The geoidal height values of the GPS 

derived data were computed using GeoidEval utility 

software with reference to three different Earth 

Gravitational Models (EGM2008, EGM96 and EGM84). 

Data Processing 

The raw differential GPS data were processed using 

South GNSS Processor software to obtained the 3-

Dimensional coordinates (X, Y, Z) of the points which 

were later converted to geographic coordinates (latitudes 

and longitudes) and inputted into GeoidEval utility 

software to obtained the geoidal undulations. More 

information on GeoidEval utility can be found at URL1. 

Determination of Orthometric Heights with 

Reference to Various EGMs 

 GeoidEval utility software computes the height of the 

geoid above the WGS84 ellipsoid using interpolation in 

a grid of values for the earth gravity models, EGM84, 

EGM96 or EGM2008. The ellipsoidal height was 

obtained through GPS observations. Hence the 

orthometric heights of the forty-nine (49) stations were 

determined by computing the differences between the 

ellipsoidal heights (h) and the geoidal heights (N). This 

is expressed mathematically as; 

H = hGNSS - NEGM  (4) 

Standard deviation and Standard error 

In this study, the standard deviation of the orthometric 

heights values for each set of EGM values was estimated 

using a statistical analysis tool on the Microsoft Excel 

Spreadsheet. The tool works on the principle that lets the 

sample be x and the sample size be n. The standard 

deviation is given by equation (3) below. 

1

)( 2







n

XX
S       (5) 

While the standard error is estimated as SE = S/√n 

Results and Discussion 

The results presented in this study are the Universal 

Transverse Mercator (UTM) coordinates and ellipsoidal 

heights of all stations which were determined through 

GPS observations in the study area and post-processed 

using South GNSS processing software (Table 1), the 

geoidal undulation values, the ellipsoidal heights and 

their respective orthometric heights determined from 

GPS data with reference to different Earth Gravity 

Models (EGMs) in meters (Table 2). The standard 

deviation and standard error computed from each set of 

orthometric heights values determined with respect to 

each Earth Gravity Model are shown in Table 3. The 

geographical and UTM coordinates of all the selected 

stations in the study area are shown in Table 4. The 3-

Dimensional surface model of the orthometric heights 

https://geographiclib.sourceforge.io/html/GeoidEval.1.html
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values with respect to different earth gravity models is 

shown in Figure 3(a), 4(a) and 5(a) while the contour 

maps plotted from the orthometric heights values of 

EGM84, EGM96 and EGM2008 models is shown in 

Figure 3(b), 4(b) and 5(b) respectively.  

Table 1. 

Station Easting (m) Northing (m) Ellipsoidal Height (m) 

FUTA/GPS1 735782.593 807194.802 372.252 

FUTA/GPS2 735866.763 807238.685 375.108 

SVG/G13/03 735839.050 807177.166 375.881 

SVG/G13/05 735560.270 807729.156 378.959 

SVG/G13/06 735547.970 807944.115 385.379 

SVG/G13/07 735783.831 807850.546 392.621 

SVG/G13/08 735887.028 807780.502 388.733 

SVG/G13/09 736018.130 807744.424 384.732 

SVG/G13/10 735908.220 807468.452 374.898 

SVG/G13/12 735043.886 807707.892 374.017 

SVG/G13/13 735059.564 808050.267 378.412 

SVG/G13/15 735327.010 808241.832 380.749 

SVG/G13/16 735539.015 808252.490 384.920 

SVG/G14/17 735557.487 808073.707 387.661 

SVG/G15/18 735746.723 808271.315 393.412 

Table 2. 

Station h (m) 

EGM2008 EGM96 EGM84 

N (m) H (m) N (m) H (m) N (m) H (m) 

FUTA/GPS1 372.252 24.879 347.373 24.400 347.852 23.984 348.268 

FUTA/GPS2 375.108 24.881 350.228 24.401 350.707 23.984 351.124 

SVG/G13/03 375.881 24.879 351.003 24.399 351.482 23.984 351.897 

SVG/G13/05 378.959 24.895 354.064 24.419 354.540 23.988 354.971 

SVG/G13/06 385.379 24.901 360.478 24.426 360.953 23.990 361.389 

SVG/G13/07 392.621 24.898 367.722 24.421 368.200 23.989 368.631 

SVG/G13/08 388.733 24.896 363.837 24.418 364.315 23.989 364.744 

SVG/G13/09 384.732 24.895 359.837 24.416 360.315 23.988 360.743 

SVG/G13/10 374.898 24.887 350.011 24.408 350.490 23.986 350.912 

SVG/G13/12 374.017 24.895 349.121 24.421 349.595 23.988 350.029 

SVG/G13/13 378.412 24.905 353.507 24.432 353.980 23.990 354.422 

SVG/G13/15 380.749 24.910 355.839 24.436 356.313 23.992 356.758 

SVG/G13/16 384.920 24.910 360.010 24.435 360.485 23.992 360.928 

SVG/G14/17 387.661 24.905 362.756 24.429 363.232 23.991 363.671 

SVG/G15/18 393.412 24.911 368.501 24.434 368.978 23.992 369.420 

Table 3. 

Standard deviation (m) Standard error (m) 

EGM2008 Orthometric height values 9.530 1.361 

EGM96 Orthometric height values 9.558 1.365 

EGM84 Orthometric height values 9.567 1.367 

Figure 3.  3D model of EGM 2008 orthometric height and contour plot. 
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Figure 4. 3D model of EGM 96 orthometric height and contour plot 

Figure 5. 3D model of EGM 84 orthometric height and contour plot. 

Discussion of Results 

The results obtained shows that orthometric heights 

derived through EGM2008 geoidal heights gives better 

accuracy with standard deviation of 9.530m and standard 

error of 1.361m which can be attributed to the addition 

of spherical harmonic co-efficient to the geoidal height 

values extended to degree 2190 and order 2159 which 

becomes most suitable gravity model for the 

determination of orthometric height of selected points 

within the study area. The maximum error was provided 

by EGM84 with a standard deviation of 9.567m and a 

standard error of 1.367m respectively. Also, the obtained 

results depict that, there is a notable improvement in 

using EGM2008 geoidal height values compared to 

EGM96 and EGM84.  Figure 3, 4 and 5 are contour plots 

and 3D surface model plotted from orthometric height 

values of different Earth Gravity Models of different 

degrees and order of accuracy and contour map plotted 

using orthometric height determined from the difference 

between geoidal height data (EGM2008, EGM96 and 

EGM84) and ellipsoidal height data obtained through 

GPS observations as shown in Table 2. Kriging method 

was adopted in plotting the 3D and contour maps using 

Surfer 11 software. The maximum and minimum contour 

values are 372m and 332m at the 2m grid interval.  

Conclusions 

This study has attempted the derivation of orthometric 

height using GNSS and Earth Gravity Model (EGM) 

data. The ellipsoidal heights were obtained from the 

processed GPS observations using South GNSS 

Processor and the geoidal heights were obtained using 

GeoidEval utility software. The orthometric heights were 

derived by computing the difference between geoidal 

heights obtained from the EGMs and the ellipsoidal 

heights. Analysis of results obtained shows that 

orthometric heights obtained through EGM2008 is more 

accurate with the standard deviation of 9.530m and 

standard error of 1.361m. Significant differences were 

observed between the orthometric height values obtained 

with respect to EGM84 and EGM2008. The average 

difference between EGM84 and EGM2008 orthometric 

height values is about 1m while the average difference 

between EGM96 and EGM2008 orthometric height 

values is 0.5m which can be attributed to the refinement 

of the earth gravity model to higher degree and order of 

accuracy. The use of GNSS and EGM data for 

orthometric height determination has proven to be 

vibrant compared to the labour intensive, tedious and 

time-consuming conventional method of geodetic 

levelling and spirit levelling approach. 
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