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Abstract 
Several global geopotential models based on Gravity field and steady-state Ocean Circulation 
Explorer (GOCE) satellite have been published in the last few years. Some of these models use 
combinations of different satellite missions, while others use only GOCE data. This paper presents 
the evaluation and analysis of six Global Gravity Models (GGMs) using GOCE data, in South 
America.  
 
1 Introduction 
 
Nowadays, with dedicated satellite gravity missions as Challenging Minisatellite Payload 
(CHAMP), Gravity Recovery and Climate Experiment (GRACE) and Gravity Field and Steady-
State Ocean Circulation (GOCE) are allowing the best knowledge of the long and medium 
wavelength components of the Earth gravitational field.  
 
This paper focuses on GOCE GGMs. Table 1 shows the characteristics of the models considered: 
name, year of GGMs publication, maximum spherical harmonic degree and input data information. 
GO_CONS_GCF_2_DIR_R5 (DIRR5) is a satellite-only model based on a full combination of 
GOCE-SGG with GRACE and LAGEOS. It was produced by GFZ German Research Centre (GFZ) 
for Geosciences Potsdam and Groupe de Recherche de Géodésie Spatiale (GRGS)/CNES, Toulouse 
(Bruinsma et al, 2013).  GO_CONS_GCF_2_TIM_R5 (TIMR5) is the 5th release of the GOCE 
gravity field model computed by time-wise approach. It was produced by Graz University of 
Technology, Institute for Theoretical and Satellite Geodesy University of Bonn, Institute of 
Geodesy and Geoinformation TU München, Institute of Astronomical and Physical Geodesy 
(IAPG) (Pail et al, 2011). GFZ and GRGS/CNES produced EIGEN‐6C4, which is a global 
combined gravity field model (Shako et al, 2014; Förste et al, 2014). The others satellite-only 
models studied are GOGRA04S and JYY_GOCE04S, produced by IAPG, TU München (Yi et al, 
2013). Finally, GOCO03S model has been produced by the Gravity Observation Combination 
(GOCO) in 2012. It is an initiative of TU München, Institute of Astronomical and Physical 
Geodesy; Univ. Bonn, Institute of Geodesy and Geoinformation; TU Graz, Institute of Theoretical 
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and Satellite Geodesy; Austrian Academy of Sciences, Space Research Institute; Univ. Bern, 
Astronomical Institute. It is a satellite-only model and uses GOCE and GRACE satellites, as well as 
geodetic laser satellite data (Mayer-Gürr et al., 2012).  
 
Geoidal heights derived from GPS/BM and terrestrial gravity data are used to evaluate these models 
for South America. The EGM2008 was used too for comparison of GOCE GGMs. It is a combined 
solution based on ITG-GRACE03S (Mayer-Guerr, 2007), surface gravity and altimeter data over 
the ocean. It was calculated and made available to the scientific community by the development 
team from the Earth Gravitational Model (EGM), NASA (National Aeronautics and Space 
Administration) / NGA (Pavlis et al, 2008; Pavlis et al, 2012). The model is completed to degree 
and order 2159 and contains additional spherical harmonic coefficients up to degree 2190 and order 
2159. The GGMs are tide free system and in this study no zero degree term on the height anomaly 
was added.  
 
This paper shows also the comparison of the geoidal heights derived from GPS/BM with the 
geoidal model GEOID2014 (Blitzkow et al, 2014). 
 
Table 1: GGMs used 
 
Model Year Degree Data 
EIGEN-6C4 2014 2190 S(Goce,Grace,Lageos),G,A  
TIMR5  2014 280 S(Goce)  
DIRR5  2014 300 S(Goce,Grace,Lageos)  
JYY_GOCE04S  2014 230 S(Goce)  
GOGRA04S  2014 230 S(Goce,Grace)  
GOCO03S  2012 250 S(Goce,Grace,...)  
EGM2008 2008 2190 S(Grace),G,A 
Source: International Centre for Global Earth Models (ICGEM) - Satellite (S); airborne and terrestrial gravity (G); 
Altimetry (A) survey. 
 
2 Geoid model 
 
The Laboratory of Surveying and Geodesy (LTG-EPUSP) computed recently GEOID2014 
(Blitzkow et al, 2014).The area limited by 15º N and 57º S in latitude and 30º W and 95º W in 
longitude is involved by the model. The terrestrial gravity data for the continent have been updated 
with the most recent surveys. A total of 892,604 gravity points in South America (Figure 1) were 
collected. The complete Bouguer and Helmert gravity anomalies have been derived through the 
Canadian package SHGEO (Ellmann and Vaníček, 2007). The oceanic area was completed with the 
mean free-air gravity anomalies derived from a satellite altimetry model by the Danish National 
Space Center, called DTU10 (Andersen, 2010). The short wavelength component was estimated via 
FFT with the modified Stokes kernel proposed by Featherstone (2003). The model was based on 
EIGEN-6C3stat up to degree and order 200 as a reference field (Shako et al, 2014). A zero degree 
term of -0.41 m was added, see Figure 2. This converts geoid undulations that are intrinsically 
referred to an ideal mean-Earth ellipsoid into undulations that are referred to WGS 84. 
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Figure 1:  Gravity data in South America. 
 

 
 

Figure 2: Model GEOID2014 (meter) 
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3 GPS data on benchmark 
 
GPS observations carried out on benchmarks of the spirit levelling network in South America, 
which have been delivered under the SIRGAS (Geocentric Reference System for Americas) project 
(Hoyer et al, 1998; SIRGAS, 1997), were used for testing the selected GGMs and the geoid model. 
At the moment there are GPS/BM data available from the following countries: Argentina, Brazil, 
Chile, Ecuador, Uruguay and Venezuela, in a total of 1,861 points (Figure 7). Table 2 shows this 
information for each country: number of points; vertical and horizontal datum; and web site data. 
 
The geoidal heights associated with GPS/BM have their inaccuracies due to the error of the spirit 
levelling as well as of the GPS. Figure 3 shows the standard deviation of the ellipsoidal and the 
orthometric heights in 673 points in Brazil, as a function of the latitude. This result was derived 
from the last vertical network adjustment undertaken by IBGE. The results of these points are on 
the decimetre level accuracy for most of the country as shown by Figure 3. The standard deviation 
of ellipsoidal and orthometric heights of the GPS/BM is only provided by IBGE. The institutions of 
other countries do not provide this information.  
 

 
 

Figure 3: Standard deviation of ellipsoidal and orthometric heights as a function of latitude. 
 
The mentioned comparison is very much useful to look after the consistency between the two 
heights. The original ellipsoidal heights derived from the GPS measurements refer in principle to a 
tide-free (tf) system in terms of the treatment of the permanent tide effect (Poutanen et al, 1996). 
However, as no tidal correction was applied to the height observations of the levelling network, the 
available normal orthometric heights refer, in principle, to a mean-tide system (mt) (Ferreira et al, 
2013). 
 
For the present analysis, these values were transformed into the tide-free system by using the 
formula (Tenzer et al, 2010): 
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                                (1) 
 

where k and h are the tidal Love numbers and their values are 0.3 and 0.62, respectively, and φ is 
the geocentric latitude. This was necessary because the GPS and the applied GGMs are related to a 
tide-free system. 
 
Table 3 shows the results in terms of mean value, RMS difference, standard deviation (σ) 
difference, extreme values of the differences among height anomalies of several GGMs (maximum 
degree) and GEOID2014 geoidal heights with GPS/BM geoidal heights.  
 
Figures 4 and 5 show the histograms of the discrepancies between GGMs (EIGEN6C4 and DIRR5) 
and GPS/BMs, respectively. EIGEN6C4 is more consistent with GPS/BM than the other GGMs, 
due to the inclusion of terrestrial gravity data in its computation. Figures 7 and 8 show the GPS/BM 
distribution with a color palette for differences between GPS/BM geoidal heights  and EIGEN6C4 
and DIRR5 height anomalies, respectively. Figures 6 and 9 show the histogram and the map of the 
discrepancies between GPS/BM and GEOID2014 model, respectively. Almost 50% of the 
discrepancies in absolute terms are around 0.2 meters, which is within the GPS/BM points 
inaccuracies (Figure 3).  
 
Table 4 shows RMS differences among GPS/BM geoidal heights with GGMs height anomalies 
(max degree) and GEOID2014 geoidal heights for each country. It is possible to observe that the 
zero degree term added in the geoid model shows a worse result for Argentina and Ecuador, not for 
other countries. For example, in Argentina (Figure 9 and Table 4), the RMS difference between 
GPS/BM and GEOID2014 is 0.60 m (Table 4). But, RMS difference with respect to GEOID2014, 
without zero degree term, is 0.30 m and, just in the Buenos Aires province, is 0.21 m. The vertical 
datum is not the same for different countries (Table 2). For example, the vertical datum discrepancy 
between Brazil and Argentina is higher than 20 cm, and Brazil and Ecuador is higher than 80 cm 
(Sánchez and Brunini, 2009; Sánchez, 2005). The height difference of each country was not 
corrected for the discrepancies. Although zero degree term has no relation with the difference 
between the vertical datum of each country, it emphasizes eventually these differences. 
 
The GPS/BM information is still sparse, without a homogeneous distribution, so that this result is 
geographically limited, but Figure 10 shows the graphical differences for Argentina (296 points), 
Brazil (1,112 points), Chile (173 points), Ecuador (60 points), Uruguay (11 points) and Venezuela 
(187 points).  
 
The GPS/BM for Argentina are concentrated in Buenos Aires province where the GGMs show good 
agreement up to degree 200. Out of that, TIMR5 GGM presents the best agreement up to 260.  The 
GGMs EGM2008 and EINGEN6C4, to which terrestrial gravity data are included, show best 
agreement above degree 260. 
 
For Brazil (Figure 10), most of these points are concentrated in the Southeast and South and all 
GGMs show good agreement up to 250 degree. Out of that, the complete GGMs are the best. Many 
differences are in the border between Roraima, Amazonas and Rondônia states (Figure 7 to 9, black 
North-South profile) probably there is a leveling bias on the benchmarks. Some points in Piauí state 
show high differences too. These points need to be reviewed.  
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In the same analysis for Chile, Ecuador and Uruguay, the GOCE GGMs only-satellites (TIMR5, 
DIRR5, JYY_GOCE04S, GOGRA04S) shows good agreement with GPS/BM. The EGM2008 
presents better result than EIGEN6C4 for Chile and Uruguay. Figure 10 shows that all GGMs are 
good agreement with GPS/BM up to 230 in Venezuela. Out of that, the complete GGMs are the best 
too. 
 
Table 2: GPS/BM information 
 

 
Number 
points 

GPS/BM 
Institution Datum horizontal 

Datum vertical 
tide gauge 

Web 
Site 
Data 

Argentina 296 
Instituto Geográfico Nacional/IGN and 
Universidade Nacional de Rosário/UNR 

POSGAR07, ITRF 
2005 época 
2006.632(1) 

Mar del Plata, Province 
Buenos Aires, 1949 (Lauría 

et al, 2002) 
No 

Brazil 1112 

IBGE, LTG, Instituto de Astronomia, 
Geofísica e Ciências Atmosféricas/IAG-

USP, Universidade Estadual Paulista "Júlio 
de Mesquita Filho"/UNESP and 

Universidade Federal do Paraná/UFPR 

SIRGAS2000, 
ITRF 2000, epoch 

2000.4(2) 

Imbituba, Santa Catarina 
state, 1958(3) 

Yes(4) 
(IBGE) 

Chile 173 Instituto Geográfico Militar/IGM 

SIRGAS2000, 
ITRF 2000, epoch 
2002.0 (Sánchez 

and Brunini, 2009) 

Arica, Antofagasta, 
Valparaíso (mainly), San 

Antonio, Talcahuano, 
Puerto Montt and Punta 
Arenas (Sánchez, 2005) 

No 

Ecuador 60 Instituto Geográfico Militar/IGM 

SIRGAS 95 
ITRF1995.4 
(Sánchez and 
Brunini, 2009) 

La Libertad, Province del 
Guayas,1959 (Sánchez, 

2005) 
No 

Uruguay 11 Servicio Gegráfico Militar/SGN 
SIRGAS 95, epoch 
1995.4 (Sánchez 

and Brunini, 2009) 

Montivideo, Capital, 1948 
(Piña et al, 2002) 

No 

Venezuela 187 

Instituto Geográfico de Venezuela Simón 
Bolívar/IGVSB and Escuela de Ingeniería 

Geodésica (Facultad de Ingeniería, 
Universidad del Zulia) 

SIRGAS 95, epoch 
1995.4 (Sánchez 

and Brunini, 2009) 

La Guaira, 
1953 (Hernández et al, 

2002) 
 

No 

(1) http://www.ign.gob.ar/NuestrasActividades/Geodesia/Posgar07;  
(2) http://www.ibge.gov.br/home/geociencias/noticia_sirgas.shtm ; 
(3) http://www.ibge.gov.br/home/geociencias/geodesia/rmpg/default_rmpg_int.shtm?c=10;  
(4) http://www.visualizador.inde.gov.br 
 
Table 3: Statistics of the differences between GPS/BM geoidal heights and height anomalies of the 
GGMs (max degree) for South America in meters. 
 

  EGM2008 GOCO03S JYY_GOCE04S GROGA04S TIMR5 DIRR5 EIGEN6C4 GEOID2014 

Mean -0.31  -0,28 -0,29 -0,29 -0,32 -0,32 -0,32 0,17 

σ diff 0.46  0,61 0,59 0,58 0,54 0,54 0,44 0,52 

RMS  diff 0.55  0,67 0,65 0,65 0,63 0,63 0,55 0,55 

Max. 2.10  2,57 2,46 2,47 2,48 2,58 2,09 2,24 

Min.  -3.42 -2,80 -2,88 -2,88 -2,91 -2,94 -3,74 -2,55 
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Table 4: RMS difference between GPS/BM geoidal heights and height anomalies of the GGMs 
(max degree) for each country in meters. 
 

  EGM2008 GOCO03S JYY_GOCE04S GROGA04S TIMR5 DIRR5 EIGEN6C4 GEOID2014 

Argentina 0.30  0.34 0.34 0.34 0.32 0.33 0.29 0.60 

Brazil 0.57 0.64 0.64 0.63 0.64 0.64 0.57 0.44 

Chile 0.65 0.94 0.64 0.79 0.70 0.68 0.76 0.76 

Ecuador 0.80 1.158 1.12 1.125 1.06 1.07 0.72 1.18 

Uruguay 0.63  0.65 0.58 0.59 0.63 0.63 0.65 0.67 

Venezuela 0.49 0.82 0.85 0.85 0.77 0.76 0.49 0.47 

 

 
 

Figure 4: Histogram of the discrepancies between GPS/BM geoidal heights and EIGEN6C4 (max. 
degree) height anomalies. 

 

 
 

Figure 5:  Histogram of the discrepancies between GPS/BM geoidal heights and DIRR5 (max. 
degree) height anomalies. 

 

 
 

Figure 6: Histogram of the discrepancies between GPS/BM and GEOID2014 geoidal heights. 
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Figure 7: Distribution of the GPS/BMs and illustration of the differences between GPS/BM geoidal 
heights and EIGEN6C4 (max. degree) height anomalies. 
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Figure 8: Distribution of the GPS/BMs and illustration of the differences between GPS/BM geoidal 
heights and DIRR5 (max. degree) height anomalies. 
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Figure 9: Distribution of the GPS/BMs and illustration of the differences between GPS/BM and 
GEOID2014 geoidal heights. 
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4 Terrestrial gravity data 
 
South American Gravity Project (Green and Fairhead, 1991) was the first great effort in collecting 
and validating gravity data over the continent. This initiative was important to indicate the 
terrestrial and marine gravity distribution and to identify the major gaps. In 1991, the Anglo-
Brazilian Gravity Project (ABGP) started some new efforts to infill the gaps in Brazil. This project 
was a cooperation program between LTG/EPUSP, IBGE and Geophysical Exploration Technology 
(GETECH), supported by U.S. National Geospatial-Intelligence Agency (NGA). After seven years 
of activities this project was responsible for an outstanding improvement on the gravity point 
distribution, mainly in the Amazon region, including rivers and airstrips along small villages. The 
activities of ABGP were extended to other countries in the continent in 2000 as South America 
Gravity Studies (SAGS). Presently a total of 892,604 terrestrial gravity points are available in South 
America.  
 
The gravity anomalies derived from terrestrial gravity data are compared with gravity disturbances 
derived from GGMs. Table 5 shows the results in terms of mean value, standard deviation (σ) 
difference, RMS difference and extreme values of the differences between gravity anomalies 
derived from terrestrial gravity data and gravity disturbances derived from GGMs. Figures 11 and 
12 show the histograms of the discrepancies between terrestrial gravity anomalies and gravity 
disturbances derived from EIGEN6C4 and DIRR5, respectively. One can see that EIGEN6C4 is 
better adjusted to the terrestrial gravity data than the other GGMs. 
 
Figures 13 and 14 show the discrepancies between terrestrial gravity anomalies and gravity 
disturbances derived from EIGEN6C4 and DIRR5 in map of color palette, respectively. 
Nevertheless, the main discrepancies are correlated with high and rough topography, especially over 
Andes Mountains. In Brazil, the Minas Gerais, Rio de Janeiro and Bahia states (mountainous 
regions) are worse. The rain forest area that is located next to the coast of Paraná and Santa Catarina 
also shows high differences. 
 
Figure 15 shows the RMS difference between terrestrial gravity anomalies and gravity disturbances 
derived by GGMs (180 to 360 degree) for South America. All GGMs present similar result up to 
190 degree. After that up to 240 degree, the GOCE GGMs only-satellites (TIMR5, DIRR5, 
JYY_GOCE04S, GOGRA04S) are those with smallest RMS differences. The EIGEN6C4 shows 
smaller RMS differences than EGM2008 up to 320 degree. 
 
Figure 16 shows in detail the discrepancies between terrestrial gravity anomalies and gravity 
disturbances derived by GGMs for Argentina (123,944 gravity points), Bolivia (99,733 gravity 
points),  Brazil (444,608 gravity points), Chile (35,392 gravity points),  Colombia (69,101 gravity 
points),  Ecuador (13,222 gravity points), Paraguay (7,464 gravity points),  Peru (39,999 gravity 
points),  Uruguay (2,297 gravity points),  nad  Venezuela (56,712 gravity points). 
 
Among the countries, Chile, Colombia, Ecuador, Peru and Venezuela have the highest RMS 
differences. Brazil, Chile, Colombia  and Venezuela all GGMs up to 200 are similar adjusted. Out 
of that, the complete GGMs present smallest RMS differences; the behavior is similar with Figure 
15. EGM2008’s RMS difference is the smallest for Argentina. GGMs only-satelite show smallest 
RMS differences to  Bolivia, Ecuador and Paraguay. This analysis for Peru shows smallest with the 
EIGEN4C6 up to 230, after that GGMs only-satellite show smalest results. 



 

94 
 

 
Figure 10: RMS difference between the geoid height (GPS/leveling) minus height anomalies of the 
GGMs (180 to 360 degree) for Argentina (296 points), Brazil (1,112 points), Chile (173 points), 
Ecuador (60 points), Uruguay (11 points) and Venezuela (187 points) in meter. 
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Figure 11: Histogram of the discrepancies between terrestrial gravity anomalies and gravity 

disturbances derived from EIGE6C4  (max. degree). 
 
 

 
Figure 12: Histogram of the discrepancies between terrestrial gravity anomalies and gravity 

disturbances derived from DIRR5 (max. degree). 
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Figure 13: Discrepancies between terrestrial gravity anomalies and gravity disturbances derived 
from EIGEN6C4 (max. degree). 
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Figure 14: Discrepancies between terrestrial gravity anomalies and gravity disturbances derived 
from DIRR5 (max. degree). 
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Table 5: Statistics for the discrepancies between terrestrial gravity anomalies and gravity 
disturbances derived by GGMs (max degree) in mGal. 
 

  EGM2008 GOCO03S JYY_GOCE04S GROGA04S TIMR5 DIRR5 EIGEN6C4 

Mean 0.97 -5.82 -5.72 -5.73 -5.14 -5.19 1.81 

σ diff 14.38 25.83 25.53 25.53 24.71 24.51 14.48 

RMS  diff 14.41 26.48 26.17 26.17 25.24 25.06 14.59 

Max. 301.59 282.20 284.27 284.39 285.42 286.53 304.81 

Min. -369.09  -369.18 -360.03 -360.21 -358.51 -351.16 -518.32 

 
 
 
 
 
 
 
 
 

 
 

Figure 15: The discrepancies between terrestrial gravity anomalies and gravity disturbances 
derived by GGMs (180 to 360 degree) for South America in mGal. 
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Figure 16: The discrepancies between terrestrial gravity anomalies and gravity disturbances 
derived by GGMs (180 to 360 degree) for Argentina, Bolivia,  Brazil, Chile, Colombia, Ecuador, 
Paraguay, Peru, Uruguay nad  Venezuela in mGal. 
 
 

5 Conclusions 
 
The geoid undulation (height anomaly) derived from GGMs have two types of errors: 
1- Commission error: due to the implied error of the coefficients of the GGMs;  
2- Omission error: it is defined as neglecting harmonic coefficients higher than the highest degree in 
in the reference model and also due the discreteness of, or a lack of resolution, the gravimetric data 
(Jekeli et al, 2009; Yang, 2013). 
 
Today's instruments are quite accurate and different sources of data are generally integrated to yield 
the geoid undulation, thus reducing the impact of the commission error. On the other hand, the 
omission error tells the resolution of gravity data (spacing between points) in a region and the 
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inherent accuracy. The gravity data of South America have a non-homogeneous distribution and 
spacing of 10 km or greater between points, out of São Paulo State (5 or 8 km) and some regions 
with airborne gravity surveys (Colombia). The ideal would be to have more gravity data in rough 
areas than smooth areas, but it is exactly the opposite that occurs due to the difficult access and high 
cost for such campaigns. In the Andes, aerial gravimetry is the only possibility which implies in a 
high cost for research institutions. The Amazon region, flat area, the difficulty is due to very dense 
tropical forest and the restriction to access indigenous and forest reserves. Due to all these 
difficulties, South America has large areas without information or few data, so it is expected a quite 
high omission error difficult to estimate. 
 
This paper shows the validation of the GGMs over South America, but the errors mentioned above 
were disregarded. The selected GGMs are evaluated for various degrees and orders. 
 
The statistical analysis of the differences between GPS/BM geoid heights and height anomalies of 
the EGM2008 and EIGEN6C4 in the Table 3 show close results. The same is observed between 
TIMR5 and DIRR5 and between JYY_GOCE04S and GOGA04S, respectively. The GEOID2014 
has the same RMS difference that EGM2008 and EIGEN6C4 but a lower mean value. 
 
EGM2008 shows the best fit for Chile and Uruguay (Table 4). For Argentina and Ecuador, the same 
occurs for EIGEN6C4. Figure 10 shows in more detail the evolution of these differences for various 
order and degree of GGMs studied in this paper. The GEOID2014 shows the best results for Brazil 
and Venezuela. 
 
Section 4 addressed the attention to the study of discrepancies between terrestrial gravity anomalies 
and gravity disturbances derived by GGMs. EGM2008 has better results than EIGEN6C4 (Table 5 
and Figure 15). TIMR5 and DIRR5 have similar results and as well as  GOCO03S, JYY_GOCE04S 
and GROGA04S. Figure 16 shows the same discrepancies but in greater detail to the degrees and 
orders ranging from 180 to 360 degree for Argentina, Bolivia, Brazil, Chile, Colombia, Ecuador, 
Paraguay, Peru, Uruguay and Venezuela. It is also observed that Andes show the highest 
differences (Figures 13 and 14). Colombia shows over 20 mGal differences in the region with data 
obtained from aerial gravimetry. 
 
The general conclusion is that the recent geopotential models with GOCE/GRACE information 
represent an important improvement on the knowledge of the gravitational potential for South 
America. 
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