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Abstract 

Accurate transformation of Global Positioning System (GPS) derived ellipsoidal heights to orthometric 

heights necessitates the selection of an optimal Global Geopotential Model (GGM). This study aims to identify the 

most accurate freely available high-resolution GGM for Lebanon. The performance of five GMs, Earth Gravitational 

Model 2008 (EGM2008), SGG_UGM_1, SGG_UGM_2, GECO, and XGM2019e, is assessed. Geoidal undulation 

values are extracted for 28 geodetic benchmarks in the Rashaya district using a Geographic Information System and 

compared with reference data from the Lebanese Directorate of Geodetic Affairs. Vertical accuracy is quantified 

using the mean deviation (N), standard deviation, and root mean square error (RMSE) between GGM-derived and 

reference heights. The analysis reveals that XGM2019e provides the highest accuracy, with the smallest mean 

deviation (N = –0.25 m) and the lowest RMSE (±1.09 m). These results establish XGM2019e as the optimal GGM 

for Lebanon, ensuring precise height transformation and supporting advanced geodetic and geospatial analyses. 
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1. Introduction 

The advent of the Global Positioning System (GPS) has significantly transformed surveying practices, enabling faster 

and more precise data acquisition. One of its major applications is the determination of point elevations above the geoid, 

typically approximated by Mean Sea Level (MSL). However, GPS intrinsically provides ellipsoidal heights relative to the 

World Geodetic System 1984 (WGS84) reference ellipsoid [1], whereas most engineering and geodetic applications require 

orthometric heights referenced to the geoid. This discrepancy arises from the separation between the ellipsoid and the geoid, 

known as geoid undulation (N). Therefore, converting GPS-derived ellipsoidal heights into orthometric heights necessitates 

the use of a suitable Global Geopotential Model (GGM) or a precise Digital Elevation Model (DEM). Fig. 1 represents the 

relation between the ellipsoidal height (h) and the orthometric height (H) [2] and the geoidal undulation for the point (N). Thus, 

it can be expressed as: 

h H N   (1) 

Historically, geoid undulation was computed using Stokes’ integral [3]. In recent decades, the Earth Gravitational Model 

2008 (EGM2008) has been widely used for height conversion. EGM2008 has demonstrated satisfactory accuracy for various 

geodetic applications, as confirmed in numerous studies [4, 5]. Nevertheless, GGMs mainly capture the long-wavelength 

components of the Earth’s gravity field, and several methods, such as Stokes’ formula [6], least squares collocation, and 

polynomial fitting [7], have been proposed to improve their performance. In countries lacking national geoid models, GGMs 

remain essential for deriving geoid heights and gravity anomalies via spherical harmonic analysis [8]. This was the main reason 
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that prompted national agencies, such as the International Center for Global Earth Models (ICGEM), to develop new and 

modern GGMs based on contemporary data gathering techniques, including Light Detection and Ranging (LIDAR), Gravity 

field and steady-state Ocean Circulation Explorer (GOCE) satellites, and Gravity Recovery and Climate Experiment (GRACE) 

[9]. 

 

Fig. 1 Relation between ellipsoidal height, orthometric height, and geoidal undulations 

The Gravity field and steady-state Ocean Circulation Explorer (GOCE) mission (2009-2013) provided geoid 

measurements with an accuracy of 1-2 cm at a 100 km resolution, while the Gravity Recovery And Climate Experiment 

(GRACE) has yielded over a decade of high-quality gravity data. Successive releases of GOCE-only, GRACE-only, and 

combined GGMs—such as SGG_UGM_2 and XGM2019e—have improved Earth’s gravity field modeling. Evaluating these 

models is crucial for assessing their accuracy and potential benefits for regional geoid determination, particularly since 

Lebanon has officially adopted the EGM2008 model. 

On a global scale, comparative studies, such as those conducted in Egypt [10], have demonstrated that modern GGMs 

(e.g., GECO and EIGEN-6C4) can outperform older models in representing regional gravity fields. However, no 

comprehensive assessment has been conducted for Lebanon using recent high-resolution GGMs. This gap hinders the selection 

of an optimal model for height transformation and geodetic applications in the country. 

The present study addresses this gap by evaluating the performance of five modern, freely available GGMs—EGM2008, 

SGG_UGM_1, SGG_UGM_2, GECO, and XGM2019e—over Lebanon. Geoidal undulations from each model are compared 

with precise GPS/levelling data from 28 benchmarks in the Rashaya district, enabling a statistical assessment of their accuracy. 

The remainder of this paper is structured as follows: Section 2 describes the tested GGMs dataset, Section 3 presents the 

study area, the available data, and the downloaded data, Section 4 illustrates the adopted methodology, Section 5 reports and 

discusses the results, Section 6 statistically tests the Hypothesis of the problem, and finally Section 7 provides conclusions and 

recommendations. 

2. Tested Global Geopotential Models (GGMs) 

In the current research, five GGM models have been selected to evaluate their accuracy using GPS/levelling points and 

to identify the most accurate one to be used in Lebanon for topographic mapping and other surveying applications. These 

GGM models are available on the website of the International Center for Global Earth Models, ICGEM [11]. The selection 

criteria were primarily based on the maximum degree and order of each GGM, with particular consideration given to models 

developed over the past two decades. Since EGM2008 is currently the most frequently used gravity field model, and is 

constructed with possibly the best global 5′ × 5′ data set of gravity anomaly data from terrestrial observations, satellite 

altimetry, and fill-in gravity anomalies from RTM forward modelling and the GRACE normal equation (NEQ) of the Institute 

of Geodesy and Geoinformation of the University of Bonn (ITG)-GRACE03S satellite-only model, the analyzed models are 

EGM2008 and any recent model that came after it and uses the same data used by the EGM2008 and add new additional data 

in its processing strategy. Those models are:  
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(1) EGM2008: The Earth Gravitational Model has been publicly released by the USA National Geospatial-Intelligence 

Agency (NGA) EGM development team. It was developed in 2008 based on satellite tracking data, terrestrial gravity data, 

and altimetry data. This gravitational model is complete to the spherical harmonic degree and order 2159 [12], and it 

contains additional coefficients extending to degree 2190 and order 2159. 

(2) GECO: The European Space Agency’s (ESA) dedicated satellite gravity field mission, the Gravity Field and Steady-state 

Ocean Circulation Explorer (GOCE), is planned to achieve a 1-2 cm accuracy level for geoid undulation and at 1-2 mGal 

level for gravity anomalies down to a spatial resolution of 100 km. GECO is a global gravity model, computed by 

combining the GOCE-only TIMR5 (time-wise approach) solution with EGM2008 [13]. From degree 360 to degree 2190, 

the GECO coefficients are the same as EGM2008. 

(3) SGG-UGM-1 is complete to degree and order 2159, and is derived using the proposed calculation strategies developed 

by the German GFZ research center. The fully occupied normal equation system up to degree and order 220, formed by 

GOCE satellite data, and the block-diagonal normal equation system up to degree and order 2159, formed by EGM2008 

gravity anomaly data, are used for the combination [14]. 

(4) SGG-UGM-2 differs from SGG-UGM-1 in three main aspects: the use of ellipsoidal harmonic functions, the update of 

gravity anomaly data in marine areas, and the employment of the GRACE NEQ. It combines altimetry data, satellite 

gravity data, and surface gravity anomalies to compute the high-resolution gravity field model SGG-UGM-2 up to degree 

and order 2160 [15]. 

(5) XGM2019e_2159 is a combined global gravity field model represented by spheroidal harmonics up to degree and order 

(d/o) 5399, corresponding to a spatial resolution of 2′ (~ 4 km). XGM2019e is composed of three main data sources: the 

combined satellite-only model GOCO06s (where GOCO06s is a combined satellite-only model consisting mainly of data 

from the GOCE TIM6, [16] and GRACE [17] missions), the 15′ ground gravity anomaly dataset provided by NGA, and 

the 1′ min augmentation dataset consisting of gravity anomalies derived from altimetry over the oceans and topography 

over the continents [18].  

Table 1 summarizes the main characteristics of those GGM models, from which it can be observed that the selection of 

such models depicts a variety in nature in terms of development year, maximum model degree, and the types of data utilized 

in each model’s development. In Table 1, S is for satellite (e.g., GRACE, GOCE, and Laser Geodynamics Satellite (LAGEOS)), 

A is for altimetry, G is for ground data (e.g., terrestrial, shipborne, and airborne measurements), and T is for Topography.  

Table 1 Characteristics of the tested released high-resolution gravity field models 

Model name Year Max degree Input Data Reference 

EGM2008 2008 2159 (full), extended to 2190 A, G, S(GRACE) [19] 

XGM2019e_2159 2019 2159 (ICGEM usable truncation) A, G, S(GOCO05s), T [18] 

GECO 2015 2190 EGM2008, S(GOCE) [13] 

SGG-UGM-1 2018 2159 EGM2008, S(GOCE) [20] 

SGG-UGM-2 2020 2190 A, EGM2008, S(GOCE), S(GRACE) [15] 

3. Case Study and Available Data  

To ground our methodological framework in a concrete, practical context, the analysis now applies the tested GGMs to a 

focused case study. Rashaya is selected for its distinct practical gradients and topographical variability, providing an ideal 

empirical setting to interpret the model's conditional dependencies.  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/altimetry
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3.1   The Rashaya study area 

Rashaya Al Wadi and its variations constitute one of the cities of the Rashaya District in the Western Bekaa Governorate 

of Lebanon. It is at an approximate altitude of 1250 meters above sea level on the western slopes of Jabal Al-Sheikh, southeast 

of Beirut, near the Syrian border. The study area, as illustrated in Fig. 2, is part of the Rashaya District where its topographic 

land contains mountains and plains, and its area is approximately 118 km2. The elevation of the study area ranges 

approximately from 960 m to 1460 m, and accordingly, the tested area has variable topography, approximately 11.5 Km x 9.2 

Km with a study area of approximately 106 Km2. 

 

         Fig. 2 Google Earth topographic surface of the Rashaya study area [21] 

3.2    Available data 

There are two types of available data. The first one is the downloaded geoidal models that will be tested for suitability, 

and the second is the known ground control points that will serve as a reference for comparison. 

3.2.1 Geoidal GGM models 

The available tested GGM models for the study area were downloaded from the Earth Data USGS site [22] and the 

International Center for Global Earth Models (ICGEM) site [11], based on the study area's boundary coordinates, type, source, 

and resolution. As an example of the downloaded data, the EGM2008 geoid height model for Lebanon, including the study 

area (Rashaya region), is shown in Fig. 3. From this Figure, when extracting the geoidal undulation values for Lebanon only, 

it can be noticed that the geoidal undulation values range 7.169 m and vary from 21.574 m to 28.743 m, with a mean value of 

26.087 m. 

 

Fig. 3 EGM2008 geoid height model for Lebanon, including the Rashaya region 
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Table 2 Statistical values for the GGM models tested in Lebanon (m units) 

GGM EGM2008 
SGG-

UGM-1 

SGG-

UGM-2 
GECO XGM2019e_2159 

Minimum 21.574 21.519 21.510 21.530 21.364 

Maximum 28.743 28.824 28.872 28.758 28.767 

Mean 26.087 26.136 26.170 26.114 26.139 

Range 7.169 7.305 7.362 7.228 7.403 

Standard 

Deviation 
1.724 1.763 1.777 1.749 1.733 

Concerning the other downloaded tested GGMs (SGG-UGM-1, SGG-UGM-2, GECO, and XGM2019e_2159), Table 2 

summarizes the statistical values of the geoidal undulation values obtained from these models. 

Table 2 shows that the differences among the tested models, whether in mean values or standard deviation values, were 

very close to each other and at the centimeter level. This can be seen in Fig. 4. In addition, it can be observed that the newer 

the GGM model version and the more data included in its calculation, the wider the range of geoidal values for the tested area 

in Lebanon and the smaller the standard deviation of the corresponding model. 

 
Fig. 4 Average and range statistical values of the GGM models tested for Lebanon 

3.2.2 Topographic and cadastral maps 

One topographic map sheet at a scale of 1:20,000 covering the Rashaya study site was selected to be used as a reference 

to analyze the tested GGMs. The map has been prepared photographically by the Geographic Affairs Authority GAA from 

aerial orthophotography taken in 2015 with a resolution of 0.5 m. The map is based on the Clarck 1880 ellipsoid with oblique 

stereographic projection. In addition, six cadastral maps for the Rashaya District, which illustrate the distribution of available 

GCPs, were obtained. 

3.2.3 Known control points 

The available Global Geoidal Models GGMs are assessed using 28 known GPS/Levelling Ground Control Points GCP 

stations with known ellipsoidal and orthometric heights. The distribution of these stations is shown in Fig. 5. From this figure, 

it can be observed that the checkpoints are distributed approximately throughout the entire 11.5 x 9.2 square km study area. 

The GCP stations were obtained from the Geographic Affairs Authority GAA and based on the Clarck 1880 ellipsoid with 

oblique stereographic projection [23]. 
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Fig. 5 Illustration of the check GCPs distribution throughout the Rashaya study area 

4. Methodology  

Using the downloaded GGM models and the known GCPs, the adopted procedures for analyzing the best GGM for the 

study area are depicted in Figure 6:  

 

Fig. 6 Diagram illustrating the adopted methodology for testing the best GGM model 

5. Results and Discussion 

Initially, as illustrated in the previous figure (Fig. 6), the geoidal undulation values for each of the 28 checkpoints were 

extracted from each global GGM model using ArcMap software. Afterwards, the 28 extracted values were compared to the 

known values, and the resulting residuals were listed in the Excel software. The statistical indicators and Probability 

Distribution Function PDF graph were also calculated and drawn using Excel and the Statistica software for the evaluated 

residuals. 

Table 3 shows the statistics of the residuals (discrepancies between the geoid heights from the global model and the 

effective ones of the known GPS stations). From this, it can be observed that the best performance is provided by the 

XGM2019e_2159 model (Average = -0.253 m and RMS = 1.094 m), while the worst was related to the EGM2008 model 

(Average = -0.458 m and RMS = 1.160 m). 
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Table 3 Statistics of the residuals between the geoidal heights of the GNSS 28 check stations 

and those supplied by each global GGM model (units in meters) 

Parameter 
N from 

EGM2008 

N from 

SGG_UGM_1 

N from 

SGG_UGM_2 

N 

from 

GECO 

N from 

XGM2019e_2159 

Average -0.458 -0.394 -0.434 -0.376 -0.253 

Min -3.326 -3.259 -3.297 -3.238 -3.069 

max 2.647 2.703 2.659 2.715 2.803 

S.D. 1.085 1.085 1.085 1.085 1.084 

RMSE 1.160 1.136 1.150 1.094 1.094 

Additionally, for better interpretation, the statistics are illustrated in Fig. 7. From this graph, the same conclusion about 

the best and worst GGM models can be easily derived, that is, the best performance is provided by the XGM2019e_2159 

model, which has the smallest average of the calculated differences and the least RMSE and standard deviation values. 

 
Fig. 7 Statistics for the geoidal height differences between known and derived GGM values at the 28 check stations 

6. Hypothesis of the Problem 

A hypothesis is a proposed statement about the characteristics of a population distribution. Hypothesis testing is a formal 

procedure that uses sample data to decide whether to support or reject the proposed statement, commonly referred to as the 

null hypothesis [24]. Typically, a test statistic is calculated from the observed sample data based on the assumptions of the null 

hypothesis. The test statistic value is then compared to a predefined critical region. The null hypothesis is rejected if the test 

statistic falls within the critical region; otherwise, it is not rejected. 

However, the null hypothesis is that the differences have a normal distribution with mean φ and variance 𝜎2. The sample 

mean ΔNmean and sample variance 𝑆2 were tested to determine whether they belong to a normal distribution N (φ, 𝜎2). For 

statistical testing, the assumption is that the population mean, φ, and variance 𝜎2, are normally distributed. Thus, to test if the 

sample mean ΔNmean and variance 𝑆2 are within the confidence interval (CI) of the population mean, φ, and variance 𝜎2 from 

which the sample is drawn, the following hypothetical statistical tests were used: 

Let nj be the geoid undulation differences from the recent geoid models, such that: (nj =1, 2, 3, …) with estimated statistics 

ΔNmean, and 𝑆2. Then, the sample mean Nmean has a T-distribution function that can be computed by [12], [28]: 
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where (n-1) is the degree of freedom, the equal sign (=) indicates that the right-hand side is distributed with respect to the left-

hand side. If the null hypothesis is true, T N-1 follows a t distribution with n − 1 degrees of freedom. If N MEAN and s are the 

mean and standard deviation of a random sample from a normal distribution with unknown variance 2, a 100(1 − α)% CI on 

 is given by: 

( 1) ( 1)

0.950.95

n nS S
N N

n n
t t

 

      
 

(3) 

These tests were performed to quantify whether the estimated population mean, φ, and variance S2 lies within the CI 

constructed from the sample. The information used to validate the geoid models' truthfulness is presented in Table 3. The 

population means  can be tested as follows: 

Let the null hypothesis be Ho, where: 

H₀: μ = 0 (No significant bias: mean difference ΔN𝑚𝑒𝑎𝑛 = 0) 

H₁: μ ≠ 0 (Significant bias exists) 

2019
-0.253

XGM e
m   (4) 

Substituting the sample statistics into Eq. (2), the test statistic is obtained as: 𝑇0 =
|−0.253−0|

1.0839

√28

= 1.234. The critical t-value 

at α = 0.05 (two-tailed) with df = 27 is 2.05183 [25]. Since the calculated t-value is less than the critical value, the null 

hypothesis cannot be rejected. Thus, the mean difference (ΔN = −0.253 m) is not statistically significant at the 95% confidence 

level. Based on Eq. (3), the 95% confidence interval for the population mean φ is obtained as: 

 
95%

0.6733, 0.167= 3  mCI  
(5) 

In addition, if the aim is to test whether the variance in differences of the 28 values in the test area (variance of the 

differences is 1.1748 m2). To provide evidence to support the claim that the variation of the differences is less than the 

population variance 𝜎𝜊 = 1 at a 95 % confidence level, the following equation of the Chi-square test was applied [25], which 

can be represented as: 

2 22
( 1) 31.7242oN n SX      

 
(6) 

For a two-sided 100(1 − 𝛼)%, and using degrees of freedom 𝜈 = 27, CI for the variance is: 
(𝑛−1)×𝑆2

𝜒1−𝛼/2,𝜈
2 ,

(𝑛−1)×𝑆2

𝜒𝛼/2,𝜈
2  , and from 

the Chi-square tables, it can be found that 𝜒0.975,27
2 = 43.19451, 𝜒0.005,27

2 = 14.57338, and accordingly, the standard deviation is 

located between the two limits 𝜎 = 1.0839 ∈ (0.857001, 1.147542)𝑚 . Where: n=28, the sample standard deviation S =

1.0839 m, and the sample variance S2 = 1.1749 m2. Therefore, with 95% confidence, the true standard deviation lies between 

approximately 0.857 m and 1.475 m, and provides statistical evidence that the sample variance is significantly less than the 

population variance, assuming that the underlying residuals are approximately normally distributed. 

For example, to verify the randomly accepted residuals, Fig. 8 displays the distribution graph of the calculated residuals. 

This figure shows that the residuals distribution follows the bell-shaped curve, and no outliers exist for the five variables (tested 

geoidal models). Moreover, the mode or peak of each graph for the tested geoidal models shifted from the zero value by about 

-0.26 m, which is the same conclusion derived previously and recommended to be added as vertical translation. 
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Fig. 8 Distribution of the calculated N' residuals at the 28 check points for each GGM tested model 

However, since the differences between different models are small, the normality test is not enough. Therefore, the 

following variance analysis of the ANOVA test was performed. This test is used when it is required to compare more than two 

models simultaneously. From Table 3, it can be seen that: K equals 5 groups, n = 28 points, and the total N= 140. 

The overall grand mean:  

( 1.915)
0.383

5
ground

K
X

 
   

 

(7) 

The between-groups sum of squares: 

 
2

0.70829
i

SSB n Xground  
 

(8) 

Degrees of freedom for SSW equal to 140-5= 135, and: 

2

( 1)
var ( ) ( ) 158.867

( 1)

j j

j

n S
SSW pooled iance N K N K

n

 
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
 

(9) 

F-Statistic = 0.1505 is less than the F-Critical = 2.44, hence the one-way ANOVA results confirm the initial observation 

that the differences between the geoid models are minimal. The analysis found no statistically significant difference in the 

mean residuals between the five geoidal models. 

 

Fig. 9 Check points geoidal height differences from the XGM2019e_2159 model depicted above the Rashaya DEM 
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Since the model XGM2019e_2159 has the lowest RMSE, and since it is more recent and based on a broader set of input 

data, it is a more future-proof choice for future projects. The geoidal height differences between the known and the extracted 

values from the XGM2019e_2159 model were inserted as circles with variable radius (the radius varies according to the 

difference in geoidal height) above the Digital Elevation Model DEM of Rashaya and depicted in Fig. 9 for better analysis and 

because the tested area has variable topography.  

The DEM is based on the Clarck 1880 Ellipsoid and obtained from the DEM files of SRTM that have been mosaiced into 

a seamless near-global coverage (up to 60 degrees north and south), and are available for download as 5-degree x 5-degree 

tiles, in the geographic coordinate system - WGS84 datum [26, 27].  

These files are available for download in both Arc-Info American Standard Code for Information Interchange format 

(Arc-Info ASCII) format and as Georeferenced Tagged Image File Format (GeoTiff), for easy use in most GIS and Remote 

Sensing (RS) software applications. From Fig. 9, and as recognized also during the reconnaissance field survey, it can be 

noticed that the big differences are located in variable or rough topography locations, whereas the small differences are located 

in the nearly flat areas that have small variation in topography. This may be attributed to the fact that GGMs are typically 

derived from satellite observations and global gravity data, which are processed at a limited spatial resolution. Moreover, in 

rough terrain, where the elevation and gravity field change rapidly over short distances, GGMs tend to smooth out these 

variations due to their resolution limits. 

7. Conclusions 

The experiments carried out in this work confirm that the highest accuracy of XGM2019e_2159 compared to other new 

GGMs, i.e., EGM2008, SGG_UGM_1, SGG_UGM_2, and GECO. However, the findings also indicate that global geoid 

height models are often unsuitable for local applications. The main findings can be summarized as follows: 

(1) The RMS calculated values (1.16 m for EGM2008, 1.136 m for SGG_UGM_1, 1.15 m for SGG_UGM_2, 1.094 m for 

GECO, and 1.094 m for XGM2019e_2159) resulting in the Rashaya region are inappropriate for accurate survey and 

representation but better results can be achieved if the XGM2019e_2159 is preventively adapted to the study area: for the 

Rashaya region, a vertical translation of the model is appropriate; in particular, 0.253 m should be subtracted from the 

original value of each undulation, where the new RMS equals 1.06 m instead of the old value of 1.09 m. 

(2) Based on the current GNSS/leveling comparisons, the XGM2019e global geopotential model performs reliably over 

terrestrial regions. Notably, it exhibits a modest yet consistent improvement over previous models, particularly due to the 

incorporation of topographic information. Thus, it can be stated that XGM2019e performs more consistently on a global 

scale than other models. This seems reasonable because the topographic information used in XGM2019e is available 

globally with nearly constant quality, whereas the availability (and quality) of direct gravity field measurements is 

strongly location dependent.  

This study represents ongoing research, and future work is planned to extend testing across the Lebanese territory. A 

larger dataset of reference points with known geoid undulation values will be employed, and separate analyses will be 

conducted over distinct terrain types, including flat, rugged, and moderately mountainous areas, to further investigate the 

potential for locally fitting a global geoid model. The better consistency and the fact that gravity field information provided by 

XGM2019e is globally available up to ∼ 4 km can be important and expected to be valuable for applications such as consistent 

gravity field reduction in the frame of a compute–remove–restore process of regional gravity field modeling (especially in 

areas where the terrestrial data quality is low, or data access is restricted). 
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