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ABSTRACT 
The main objectives of this paper are to compare digital terrain models, to show the generated models 
for South America and to present two applications. Shuttle Radar Topography Mission (SRTM) 
produced the most important and updated height information in the world. This paper addresses the 
attention to comparisons of the following models: SRTM3, DTM2002, GLOBE, GTOPO30, ETOPO2 
and ETOPO5, at the common points of the grid.  The comparisons are limited by latitudes 60o S and 
25 o N and longitudes 100 o W and 25 o W. All these data, after some analysis, have been used to create 
three models for South America: SAM_1mv1, SAM_1mv2 (both of 1’ grid spacing) and SAM_30s 
(30” grid spacing).  Besides this effort, the three models as well as STRM were evaluated using Bench 
Marks (BM) in Brazil and Argentina. This paper also shows two important geodesy and geophysics 
applications using the SAM_1mv1: terrain correction (one of the reductions applied to the gravity 
acceleration) and indirect effect (a consequence of the reduction of the external mass to the geoid). 
These are important at Andes for a precise geoid computation. 
Keywords.  Radar altimetry, Height, Digital Terrain Model 
 
RESUMEN 
Los objetivos principales de este documento son comparar modelos digitales del continente; enseñar 
los modelos generados para Sudamérica y presentar dos aplicaciones. Shuttle Radar Topography 
Mission (SRTM) produjo la información más importante y más actualizada de las altitudes del mundo. 
Este trabajo centra su atención en las comparaciones de los modelos siguientes: SRTM3, DTM2002, 
GLOBO, GTOPO30, ETOPO2 y ETOPO5, en los puntos comunes de la rejilla. Las comparaciones 
son limitadas por las latitudes 60o S y 25 o N y longitudes 100 o W y 25 o W. Todos estos datos, 
después de los análisis, se han utilizado para crear tres modelos para Sudamérica: SAM_1mv1, 
SAM_1mv2 (1' de espaciamiento de la rejilla) y SAM_30s (30” de espaciamiento de la rejilla). Los 
tres modelos bien como el STRM fueron evaluados usando puntos de referencia de nivel (BM) en 
Brasil y Argentina. Este trabajo también muestra dos aplicaciones importantes del SAM_1mv1: 
corrección del terreno (una de las reducciones aplicadas a la aceleración de la gravedad) y efecto 
indirecto. (una consecuencia del proceso de reducción de la masa exterior al geoide). Éstos son muy 
importantes en la región de los Andes para computar el geoide con exactitud. 
Palabras claves.  Altimetria de Radar, Altura, Modelo Digital del Terreno 
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INTRODUCTION 
 
This paper addresses the attention to the following six global Digital Terrain Models (DTM): 
ETOPO5, GTOPO30, GLOBE, ETOPO2, DTM2002 and the radar mission SRTM3 version 1. 
ETOPO5 is a model constructed by National Oceanic and Atmospheric Administration/National 
Geophysical Data Centre (NOAA, 1988). It was derived from terrestrial and oceanic data in a grid of 
5’. In South America the model has used data digitized from 1:1,000,000 maps. GTOPO30 (Global 
Topographic Data), constructed by EROS Data Centre (EDC), involves only the terrestrial part of the 
Earth in a grid of 30”. The minimum and maximum elevations are 407m and 8,752m. The data sources 
were: Digital Terrain Elevation Data (DTED), the Digital Chart of the World (DCW), maps printed by 
Army Map Service (AMS); see U.S. Geological Survey (1997). The grid was created using the 
Australian National University Digital Elevation Modelling (ANUDEM) developed by Hutchinson 
(1989). GLOBE (Global Land One-kilometer Base Elevation), version 1.0, constructed by NOAA/ 
National Geophysical Data Center (NGDC), has a grid spacing of 30” with default value of -500 on 
the oceans. The data sources for South America were: DCW, AMS 1:1,000,000 maps digitized by 
Geographical Survey Institute (GSI), IBGE 1:1,000,000 maps in Amazon, 1:1,000,000 maps of the 
Defence Ministry in Peru and several DTEDs of different versions (Hasting and Dunbar, 1999). 
ETOPO2 has a grid spacing of 2’ and was constructed by NOAA (2001). The continental part of this 
model has used GLOBE regridded for 2’ by bicubic interpolation. DTM2002 is a model with a 
resolution of 30”, constructed by Raytheon ITSS Corporation. It combines data from GLOBE and 
from Altimeter Corrected Elevation (ACE); see Saleh and Pavlis (2002). ACE, from Earth and 
Planetary Remote Sensing Laboratory, University of Montfort, UK, is a global model derived from 
altimetry data (Johnson et al., 2001).  
These models have the grid position, latitude and longitude, referred to World Geodetic System 84 
(WGS84). The grid values represent height in meters above Mean Sea Level. 
Finally, SRTM, the most updated height information in the world, is a joint project undertaken by 
National Aeronautic and Space Administration (NASA), Deutsches Zentrum für Luft- und Raumfahrt 
(DLR) and Agenzia Spatiale Italiana  (ASI) carried out with a special radar system on board of 
Endeavour, placed into orbit on February 11th, 2000 and returned to the Earth on the 22nd. Data have 
been collected on a global basis, from 60º N to 56º S. One of the results is a Digital Terrain Elevation 
(DTE) named SRTM3 version 1 with a resolution of 3”. It may represent the best available global 
terrain elevation model, with accuracies in different regions of the world subjected to evaluation, but 
in general the prescribed error is of ±16m (90% of confidence). It is expected that the error in the 
position is on the order of 15m. The heights are in meters referred to the geoid implied by 
EGM96/WGS84 and the grid is referred to WGS84 ellipsoid (Lemoine et al., 1998a; Lemoine et al., 
1998b; Hensley et al., 2001; JPL, 2004). 
 
COMPARISON AMONG MODELS 
 
The models SRTM3, DTM2002, GLOBE, GTOPO30, ETOPO2 and ETOPO5 were compared among 
themselves. The comparisons are limited by the latitudes 60o S and 25 o N and longitudes 100 o W and 
25 o W. This is the area of interest for the geoid in South America. The differences were grouped in 
classes of 10 meters in elevation, allowing a more concise visualization of the differences. The value 
of 10 meters was selected because SRTM3 was used as reference for the comparison and its prescribed 
vertical accuracy is ±16 meters with 90% of confidence level, which corresponds to 1.5σ (σ is the 
standard deviation), and, therefore, 1σ is nearly 10 meters. The differences between the models are 
shown up to 50 meters because this is the absolute vertical accuracy of the scale of the maps digitized. 
Greater values are considered as discrepant outliers (|Δ| > 50 m), see Table 1. 
The comparison of the heights between the models was accomplished only with null or positive values 
because SRTM3's negative heights do not have physical meaning. In other words, the study was done 
only in continental area. This condition allowed a more homogeneous comparison between the 
models. 
Table 1 shows that DTM2002, GLOBE, GTOPO30 and ETOPO2 have many common information. 
This comes directly from the logic on how they have been created. They have few points with smaller  
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or equal difference to 10 meters relatively to SRTM. ETOPO5 is the most discrepant of the models. 
This occurs due to the quality of the data source used in the construction of these models (U.S. 
Geological Survey, 1997; Hasting and Dunbar, 1999; NOAA, 2001; Saleh and Pavlis, 2002; Matos, 
2005). 
Table 2 shows the statistic results of this comparison. Root Mean Square Error (RMSE) of the 
comparison between DTM2002 and GLOBE, DTM2002 and GTOPO30, GLOBE and GTOPO30 is 
approximately 50 meters, confirming that the information source of these models is mostly the same 
for South America. The difference of 50 meters is within the absolute vertical accuracy of the models’ 
data source. All of the models have the positive and negative maximum differences with high values.  
 
Table 1 – Comparison among models for the continental area. 

Dif. among models 
N. of 
points 

compared  

10|| ≤Δ  
% 

20||10 ≤Δ<  
% 

30||20 ≤Δ<  
% 

40||30 ≤Δ<

% 
50||40 ≤Δ<  

% 
50|| >Δ  

% 

SRTM3-DTM2002 23,733,148 27.75 15.11 11.85 8.93 6.24 30.12 
SRTM3-GLOBE 23,685,678 28.18 18.42 11.58 7.79 5.56 28.47 
SRTM3-GTOPO30 23,676,945 23.88 16.70 11.38 8.11 6.13 33.80 
SRTM3-ETOPO2 1,464,832 21.35 16.67 11.12 9.06 6.10 37.70 
SRTM3-ETOPO5 232,571 12.43 10.51 9.36 7.74 6.47 53.49 
DTM2002-GLOBE 23,859,872 61.44 13.71 7.38 4.62 3.05 9.81 
DTM2002-
GTOPO30 23,860,311 58.59 13.27 7.41 4.83 3.31 12.59 

DTM2002-
ETOPO2 1,499,883 41.24 15.78 9.21 6.05 4.23 23.49 

DTM2002-
ETOPO5 240,734 15.23 11.39 8.95 7.11 5.97 51.36 

GLOBE-
GTOPO30 23,891,795 75.75 6.88 3.74 2.53 1.87 9.24 

GLOBE-ETOPO2 1,476,253 54.75 12.32 6.67 4.30 3.08 18.89 
GLOBE-ETOPO5 234,220 14.42 11.02 9.17 7.45 6.06 51.90 
GTOPO30-
ETOPO2 1,475,955 52.03 12.23 6.86 4.60 3.37 20.91 

GTOPO30-
ETOPO5 234,263 14.61 11.18 9.31 7.56 6.09 51.24 

(Δ = height difference among models, in meters) 
 
Table 2 – Statistics of comparison among models for the continental area. 

Dif. among models Mean  RMSE Positive Max. Dif.  Negative Max. Dif. 

SRTM3-DTM2002 0.73 147.53 3,331 (  2 o 28’,-77 o 25’ 
30”)  

-3,737 (-10 o 31’ 30”,-77 o 

18’) 

SRTM3-GLOBE -1.45 149.40 3,305 (  2 o 28’,-77 o 25’ 
30”) 

-3.886 (-10 o 32’ 19”,-77 o 
18’ 30”) 

SRTM3-GTOPO30 -2.63 143.61 3,305 (  2 o 28’,-77 o 25’ 
30”) 

-4,012 (-10 o 32’ 30”,-77 o 
18 30) 

SRTM3-ETOPO2 -1.14 182.54 3,164 (-16o 34’ 40’’,-67 o 
00’) -3,209 (-12 o 14’,-72 o 18’) 

SRTM3-ETOPO5 -6.55 284.15 2,993 (-27 o 00’,-65 o 55’) -3,256 ( -8o 45’,-77 o 55’) 

DTM2002-GLOBE -2.09 40.30 2,386 (  7o 46’ 30”,-73 o 00’ 
30”) 

-2,118 (-11o 57’ 30”,-74 o 
17’ 30”) 

DTM2002-
GTOPO30 -3.29 50.83 2,386 (  7o 46’ 30”,-73o 00’ 

30”) 
-2,021 (  7o 45’ 30”,-73o 
00’ 30”) 

DTM2002- -0.73 116.61 2,642 (-11o 58-74o 34’) -3,100 (-1o 58’,-74o 18’) 
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ETOPO2 
DTM2002-
ETOPO5 -4.25 285.05 4,897 (-11o 50’,-74o 35’) -3,319 ( -8o 45’,-77 o 55’) 

GLOBE-
GTOPO30 -1.18 44.78 2,884 (-11o 57’ 30”,-74o 17’ 

30”) 
-1,897 (-15o 33,-71o 59’ 
30”) 

GLOBE-ETOPO2 0.45 103.14 2,387 (-11o 58’,-74o 34’) -2,776 (-11o 58’,-74o 18’) 
GLOBE-ETOPO5 -4.73 283.10 4,853 (-11o 50’,-74 o 35’) -3,345 ( -8o 45’,-77o 55’) 
GTOPO30-
ETOPO2 1.63 107.63 2,746 (-11o 58’,-74o 34’) -2,776 (-11o 58’,-74o 18’) 

GTOPO30-
ETOPO5 -3.50 281.29 4,885 (-11o 50’,-74o 35’) -3,345 ( -8o 45’,-77o 55’) 

 
 

HISTORICAL DEVELOPMENT OF THE WORK IN SOUTH AMERICA 
 
At the beginning of the 90´s, Surveying and Geodesy Laboratory of the University of São Paulo 
(LTG/EPUSP) started collaboration with Geophysical Exploration Technology (GETECH), at that 
time with the Leeds University, through the South American Gravity Project (SAGP). The aim of the 
project was to obtain public and private gravimetric information of South America, for geophysical 
applications (Green; Fairhead, 1991). LTG, together with Brazilian Institute of Geography and 
Statistics (IBGE), obtained gravimetric and altimetric data of Brazil and South America through 
cooperation agreements with other institutes, mostly militaries of South America. Thus, it was possible 
to obtain topographical data through digitization of 1:100,000 and 1:50,000 maps for the establishment 
of a DTM more representative for South America. Until the 20th century, the global DTM used 
information obtained from  1:1,000,000 maps, the majority of the studied region. SAM model started 
to be built in 2000, with the information in the continental part obtained during the 90´s. The version 
1.0 of GLOBE model was used where SAM did not get elevation information at that time. 
In the year of 2001, through an agreement with the Brazilian navy, LTG obtained 111 nautical maps in 
digital form and 20 files with bathymetric data of the project LEPLAC; this means that an effort 
towards the acquisition of bathymetric information for SAM was started. At the end of the year 2002, 
LTG initiated the process for digitizing 31 Boarding Maps (the graphic representation of the 
hydrographic survey). Another 7 files of maps digitized at EPUSP's Hydraulic Department were also 
added. In 2004, 26 nautical maps of the Argentine coast were also included after digitizing. 
In 2003, SRTM3's information on elevation became available. At this moment, LTG decided to create 
three models to evaluate the information obtained during the last ten years, for the study area: 
 • SAM_30s: this model consists of SRTM3 information with spacing of the grid collected every 30”. 
For the continental and the oceanic areas, where no information was available, DTM2002 has been 
used.  SAM_30s has the original height of the point, not the mean value for the area. 
• SAM_1mv1: this model was generated in the same way as the previous model, except that the 
spacing of the grid was changed to 1’. 
• SAM_1mv2: this model uses the maps digitized in the continental and oceanic areas of South 
America. In the areas where no maps were available, the model is the same as the previous one (Figure 
1). 
The choice of 1’ for the grid in South America model is due to the following reasons: 1) it was the 
resolution conceived originally as a consequence of the scale of the maps and of digitizing interval; 2) 
the grid of 3” of SRTM3 produces an excessive quantity of information. Thus, the applications with 
that resolution in continental dimension need to foresee the subdivision in smaller areas with 
independent processing. The grid of 30” is due to the fact that some global models have this 
resolution. The first point facilitates the comparison with SRTM3. 

 
 



 
 

 
 

Figura 1. Areas of digitalized maps for SAM_1mv2. 
 

MAPS DIGITIZED FOR THE CONTINENTAL AREA 
 
Topographic maps of Brazil were digitized: by GETECH for the Northern region; by IBGE for the 
center-west and northeast regions and by Petrobras for the southeast and south parts. The maps had 
two different cartographic reference systems, Córrego Alegre and SAD69. So, the coordinates were 
transformed from the original reference system to the WGS-84.  
The digitizing grid spacing was 1’ and 2’, according to the map scale. The data digitized in 2’ passed 
by two interpolation processes: the first one transformed them into a grid of 1’ and the second 
resampled the grid for the model SAM_1mv2. The method of interpolation was the nearest 
neighborhood algorithm assigning an average value to each node that has one or more points within a 
radius centered on the node (Wessel and Smith, 1991). This method allows the removing of 
interpolation errors with the data situated in the border of the file.  
Servicio Geográfico Militar (SGM) of Uruguay carried out an effort to obtain a DTM for the country 
using topographic maps. The coordinates are referred to the so called geodetic system Rouusams 
(International Ellipsoid of Hayford 1930). The horizontal coordinates, after digitizing, were 
transformed into WGS-84. The spacing of the grid was originally 1’. These data were resampled for 
SAM_1mv2' grid by nearest neighborhood algorithm too. Argentina area used information derived 



 
 

from topographic maps of 1:250,000 produced by Military Geographic Institute (IGM). The data was 
resampled for 1’ using the nearest neighborhood algorithm. For the other countries of South America 
SRTM3 data were used directly. 
 
Comparisons 
 
SAM_1mv2 (only maps digitized area) was compared with the models SRTM3, DTM2002, GLOBE, 
GTOPO30, ETOPO2 and ETOPO5. The differences in elevation between the SAM_1mv2 with six 
other models were grouped in classes of 10 meters (Table 3). Tables 3 and 4 and Figures 2 and 3 show 
the comparisons of the regions where data of topographic maps are available (Brazil, Argentina and 
Uruguay). SRTM3 presents more height values similar to SAM_1mv2 than the others (Table 3). 
Figure 2 shows the histograms of the differences between SAM_1mv2 and SRTM3 for Brazil, 
Argentina and Uruguay. Most of the discrepancies occur in Argentina and are due to a strong variation 
in height (Andes) and the aliasing effect of the resample process of the data. Moreover, the data were 
derived from 1:250,000, with 100 meters spacing of the level curves, therefore without great 
topographical accuracy. Figure 2 shows that the histograms are skewed: negatively for Brazil and 
Uruguay, and positively for Argentina. The kurtoses of the three curves are positive therefore they are 
leptokurtic (Table 5). 
 
Table 3 - Comparison among SAM_1mv2 with global models for the  continental area. 

Dif. Between 
models 

N. of 
points 

compared  

10|| ≤Δ  
% 

20||10 ≤Δ<

% 
30||20 ≤Δ<

% 
40||30 ≤Δ<  

% 
50||40 ≤Δ<  

% 
50|| >Δ  

% 

SAM_1mv2-
SRTM3 1,207,619 38.64 19.64 12.32 8.01 5.33 16.06 

SAM_1mv2-
DTM2002 1,215,608 27.72 14.72 10.55 8.29 6.79 31.93 

SAM_1mv2-
GLOBE 1,214,838 26.27 15.79 10.91 8.36 6.79 31.87 

SAM_1mv2-
GTOPO30 1,215,482 24.84 15.33 10.52 8.22 6.84 34.25 

SAM_1mv2-
ETOPO2 302,842 22.57 14.24 10.15 8.03 6.75 38.25 

SAM_1mv2-
ETOPO5 47,717 12.82 10.68 9.04 7.95 6.19 53.31 

(Δ = height difference among models, in meters) 
 
Table 4 - Comparison among SAM_1mv2 with global models for the continental area. 

Dif. Between 
models Mean RMSE Positive Max. Dif.  Negative Max. Dif. 

SAM_1mv2-
SRTM3 3.10 61.14 2,633 (-37o 8’ ,-67 o 56’) -1,565 (-33 o 21’,-69 o 46’)

SAM_1mv2-
DTM2002 7.78 96.44 2,613 (-37o 8’ ,-67 o 56’) -2,138 (-47 o 37’,-72 o 18’)

SAM_1mv2-
GLOBE 7.30 99.87 2,644 (-37o 8’ ,-67 o 56’) -2,085 (-49 o 17’,-73 o 17’)

SAM_1mv2-
GTOPO30 6.96 105.23 2,645 (-37o 8’ ,-67 o 56’) -2,108 (-49 o 17’,-73 o 17’)

SAM_1mv2-
ETOPO2 12.93 137.07 2,638 (-37o 8’ ,-67 o 56’) -1,894 (-49 o 18’,-73 o 18’)

SAM_1mv2-
ETOPO5 44.55 262.26 2,975 (-27 o 10’,-66 o 5’) -2,328 (-28 o 50’,-68 o 5’)



 
 

Table 5 – Statistic of the three countries. 

 Mean 
(m) 

RMS
E 

(m) 

Pos. max. 
Dif. 
(m) 

Neg. max. 
Dif. 
(m) 

Skewes
s Kurtosis N. of points

Brazil -0.80 37.09 495 -918 -0.81 14.60  
(Leptokurtic) 674,167 

Argentina 9.09 87.04 2,633 -1,565 6.83 113.67 
(Leptokurtic) 472,198 

Uruguay -0.02 12.08 83 -127 -0.38 5.70  
(Leptokurtic) 61,254 

 
 

 
Figure 2 Histogram of heights differences between SAM 1mv2 and SRTM3. 

 
Figure 3 is similar to Figure 2, with the study interval limited to  -50 to +50 m. Uruguay is the country 
that presents the biggest consistency between models with the highest frequency in interval of -10 to 
+10 m: the country has a smooth topography. Brazil and Argentina histograms show that the first has 
percentages smaller than the second, near zero. In the Andean region, Argentina presents large 
discrepancies between models; for the rest of the country the topography is smooth with the possibility 
of a larger consistency. Brazil does not have mountains as high as Andes, but there are topographical 
irregularities in several regions of the country. These facts explain the behavior of the histograms. 
Table 4 shows that the mean and RMSE in the comparison SAM_1mv2 with SRTM3 are smaller than 
the other models. It is important to note that the positive maximum difference for the five first 
comparisons occurs at the same coordinates. To determine which of the models is closer to the real it 
is necessary to search for these points in the original topographical map that generated this 
information. 
 
 
 

 



 
 

 

 
Fig. 3 - Histogram of heights differences between SAM_1mv2 and SRTM3 in interval of -50 to 
+50  meters. 

 
EVALUATION OF GLOBAL MODELS USING BENCH MARKS 
 
The classical levelling network in Brazil (Figure 4) and Argentina (Figure 5), as a source extremely 
precise, was used for the validation of SRTM3, SAM_30s, SAM_1mv1 and SAM_1mv2. The 
majority longitudes and latitudes of the Bench Marks (BM) were derived from maps on 1:50,000, 
1:100,000 and 1:250.000 scales, so that the accuracy of the position is compatible with the maps. An 
error of 50m in horizontal position can be expected.  The precision of the spirit leveling network is 
less than 10 cm. The method of interpolation can introduce an error on the order of meters. 

 
 

Figure 4 - Distribution of the BMs over Brazil. 



 
 

 

 
 

Figure 5. Distribution of the BMs over  Argentina. 
 

In order to estimate the height of the BM from the grid, bilinear interpolation was used for SRTM3 
and the bicubic one for the others. SRTM3 presents many points with no information and for this 
reason the bilinear interpolation estimates the height in more BM points than the bicubic. The reason 
is that the bicubic method needs a neighbourhood complete in terms of points (Matos, 2005). The 
horizontal coordinates of the BM in Brazil were originally in SAD69, subsequently transformed into 
WGS84; in Argentina the coordinates of the BM are truncated to minutes and the Campo Inchauspe 
reference was maintained. There are available 62,030 BMs in Brazil and 13,723 in Argentina. The 
comparison of the height was restricted to intervals of 10m up to 50m. Tables 6 and 7 show 
comparison of heights of the Brazilian and Argentine BM with SRTM3 and the three SAM models, 
respectively. 
Table 6 (for Brazil) shows that SRTM3 has a more precise data, that is, a greater quantity of points 
with an error minor than 10m. Table 7 (for Argentina) shows a similar quantity of points for all 
models. The models have the same quality of data but they show the influence of the spacing of the 
grid in the result. 



 
 

Concerning SAM_1mv2 model, the percentages of the differences (Table 6 and 7) show that this 
model is a slightly less consistent with BMs than the three others. This can be a result of the 
interpolation process and the accuracy of maps in different scales. 
 
Table 6. Comparison of the Brazilian BM values with the estimated  ones by SRTM3 and three models SAM. 

Models 
N. of 
points 

compared  

10|| ≤Δ  
% 

20||10 ≤Δ<

% 
30||20 ≤Δ<

% 
40||30 ≤Δ<  

% 
50||40 ≤Δ<  

% 
50|| >Δ  

% 

SRTM3 61,860 70.57 14.94 5.72 2.95 1.74 4.08 
SAM_30s 62,030 60.21 19.33 8.11 4.26 2.46 5.62 
SAM_1mv1 62,030 50.14 22.03 10.45 5.86 3.40 8.13 
SAM_1mv2 62,030 46.05 22.02 10.52 6.77 3.98 9.67 

(Δ = difference between estimated and true height of the BM, in meters)

Table 7.Comparison of the Argentine BM values with the estimated ones by SRTM3 and three models 
SAM.

Models 
N. of 
points 

compared  

10|| ≤Δ  
% 

20||10 ≤Δ<

% 
30||20 ≤Δ<

% 
40||30 ≤Δ<  

% 
50||40 ≤Δ<  

% 
50|| >Δ  

% 

SRTM3 13,703 75.31 9.33 4.13 2.15 1.42 7.66 
SAM_30s 13,723 74.50 9.55 4.44 2.32 1.65 7.54 
SAM_1mv1 13,723 73.23 10.40 4.50 2.58 1.59 7.70 
SAM_1mv2 13,723 69.23 10.14 5.06 2.78 1.82 10.95 

(Δ = difference between estimated and true height of the BM, in meters) 
 
 
APLICATIONS IN GEODESY AND GEOPHYSICS 
Terrain Correction 
The gravitational effect of the topographical masses, located above geoid, needs to be considered in 
some applications of physical geodesy, as in the calculation of the anomalies of the gravity and the 
geoid  undulation. The geoid determination through gravimetry data involves the solution of the 
Geodetic Boundary Value Problem and assumes two conditions (Heiskanen and Moritz, 1967; 
Gemael, 1999): 
1. the gravity measurements have to be made on the geoid itself; and 
2. no masses exist outside the geoid. 
The first requirement can be accomplished by the use of free air correction to reduce the observed 
value of gravity to the geoid. The second requirement involves the mathematical ‘removal’ of the 
topographic masses followed by their condensation onto the geoid. This can be achieved through 
Helmert´s second method of condensation (Lambert, 1930), whereby the masses are removed 
(Bouguer plateau) and subsequently restored as a surface layer of specified density on the geoid. The 
Bouguer plateau has a constant thickness equivalent to the station height, and the removal of the plate 
involves the masses above the plate that are not considered in the correction and masses below the 
plate considered incorrectly. This problem is solved with the addition of one component known as the 
Terrain Correction (TC) (Hammer, 1939). 
Hayford and Bowie (1912) were the first researchers to study the need to use a correction for the 
gravitational attraction resulted of the terrain undulations around the station. Bullard (1936) used the 
terrain correction and a correction term for the curvature of the plateau. For this first time, Cassini et 
al. (1937) used tables up to the distance of 166.735 km (1.5o) from the station. Hammer (1939) 
modified the system considered by Hayford and Bowie (1912) and a higher precision was obtained for 
distances greater than 22 km of the station. This method was applied in gravity field research. 
The Hammer method (1939) for the TC considers the area around the station divided into zones and 
compartments chart, though a cylindrical model. The height difference between the computation point 
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and each compartment is estimated. The classic formula for TC is given by (Heiskanen and Moritz, 
1967): 

[ ]
dxdy
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where 
G is Newton gravitation constant; 
ρ is the density of the topographic masses assumed constant and equal to 2.67 g cm-3; 
R is the radius of a sphere approximating the global geoid;  
(x, y) are the coordinates of the DTM grid; 
(xp, yp) are the coordinates of the computation point;  
h is the height of the point above of the mean sea level;  
E denotes the area of integration on the surface;  
l (xp-x, yp-y) is a kernel defined as the distance between the points (xp, yp) and (x, y): 

[ ] 2/122 )()(),( yyxxyyxxl pppp −+−=−−                                                                                (2) 
The TC in Equation 1 is identical to that used by Hammer method (1939). However, the process of 
calculating the TC in each compartment for each gravity station from topographic maps and Hammer 
chart is extremely time consuming and it is also subject to human error. A faster alternative to 
compute this correction,  applicable to Equation 1, as it is a convolution integral, together with a DTM 
regular grid, is the Fast Fourier Transform (2D-FFT): 
 

}{}{}*{ bFaFbaF =                                                                                                                               (3) 
where a*b is called convolution of the functions a and b, and }{aF and  }{bF are Fourier Transform of 
a and b, respectively {Spiegel,1977). The Equation 3 is applied to Equation 1, where the function a is 
the term [h (x, y) - h (xp, yp)]2  and function b corresponds to  l-3(xp-x, yp-y). The details of the 
development of convolution integral are given in Schwarz et al. (1990). Sideris (1985) and Li and 
Sideris (1994) use this method, the program called TC2DFTPL, and it was applied in the South 
America using SAM_1mv1 model and result in the values of Figure 6 in grayscale. 
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Figure 6.Terrain Correction for South America computed with SAM_1mv1. 
 
TC calculation for South America considered mass-prism topographic model (Li and Sideris, 1994). 
For this paper integration radius of 166 km was used, due to the Andes region. For heights lower than 
2,500 meters it is possible to compute TC with a radius of 50 km due to smaller values (Kirby and 
Featherstone, 1999). The maximum correction is 142mGal (latitude= -12.2667o and longitude= -
72.0333o) and the mean value is 0.4mGal for South America. Figure 6 shows the TC distribution in 
South America when using SAM_1mv1. The program TC2DFTPL doesn’t produce better results in 
terms of accuracy than MDTs with higher resolution as presented in (Matos, 2005) and (Kirby and 
Featherstone, 1999). 
 
Indirect Effect 
The gravimetric reduction of the external masses into geoid due to the second method of Helmert's 
condensation of the topography gives origin to the indirect effect on the geoid undulation. As a 
consequence, this effect generates a “fictitious geoid”. Thus, the geoid height value derived from the 
Stokes formula represents the separation between the reference elipsoid and a fictitious one, called co-
geoid (Gemael, 1999). The separation between geoid e co-geoid (Nind) is computed by the Bruns 
formula (Heiskanen and Moritz, 1967; Martinec and Vanicek, 1994): 

 
γ
δWNind =                                                                                                                                            (4) 

where δW is the residual gravity potential and γ is the gravity acceleration of  normal Earth over the 
ellipsoid. 
The residual potential δW depends on the gravimetric reductions used. For each gravimetric reduction 
corresponds a different co-geoid. The geoid heights is finally computed by 
 

ind
c NNN +=                                                                                                                                        (5) 

 
where Nc is the co-geoid height. 
In this paper, the calculation of the indirect effect on the geoid heights due to Helmert condensation 
used the following formula (Wichiencharoen, 1982): 
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where ρ is the mean density; Hn(P), Hn are the heights of the points of calculation and movable, 
respectively; Hm is the mean height of the computation area. 
The term Nind0 (Equation 7) is the regular part and Nind1 + Nind2 (Equations 8 and 9) is the irregular part 
of the Equation 6. The regular part doesn’t need to consider the irregularity of the topography; the 
irregular part considers the mass above and inexistence of mass below the station. 
The integrals had been calculated by FFT technique and the DTM used was SAM_1mv1. The Figure 
7, also in grayscale, shows the indirect effect distribution in South America. The maximum and 
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minimum values are 0,3m (latitude= -20.4667o and longitude= -28.85o) and –1.9m (latitude= -27.15o 
and longitude= -68.55o). The mean value is –0.07m for South America. 
 

 
Figure 7. Indirect Effect for South America computed with SAM_1mv1. 
 
Evaluation of the highest Andean peaks 
 
For the evaluation of these two important applications (Terrain Correction and Indirect Effect), the 
coordinates of the highest Andean peaks were used. The Figure 8 shows the position of these peaks 
with the coordinates at Table 8. The points have been obtained choosing the highest values at SRTM 
grid with the respective coordinates. The column 6 shows the heights of SAM_1mv1 at the same 
coordinates. The last two columns present the Terrain Correction and Indirect Effect. When the 
gradient around the peak is big, the TC value is high (e.g. Aconcágua and Chimborazo). The error in 
the geoid heights at Andes region can read the order of 2 meters (absolute) if the Indirect Effect is 
neglected, e.g., at Bonete peak the corrections is –1.86m. 
 
 
Table 8. Andean peaks 

Peak Country Quadrícula ΦG, λG 
 (o,o) 

Altitude 
(m) 

Altitude 
SAM_1mv1  

(m) 

Terrain 
correction 

(mGal) 

Indirect 
effect 
(m) 

Tupungato Argentina-
Chile S34W070 -33.3583333, 

-69.7700000 6563 6301 85.94 -0.96

Aconcágua Argentina S33W071 -32.6533333, 
-70.0108333 6928 6477 103.15 -1.27
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Bonete Argentina S28W069 -27.1091667, 
-68.5408333 6868 6477 29.06 -1.86

Llullailaco Argentina-
Chile S25W069 -24.7200000, 

-68.5366667 6731 6481 67.21 -1.60

Lincancábur Bolívia-
Chile S23W068 -22.2641667, 

-67.1866667 5999 5778 24.15 -1.49

Sajama Bolívia S19W069 -18.1083333, 
-68.8833333 6549 6121 56.88 -1.42

Illimani Bolívia S17W068 -16.6533333, 
-67.7858333 6353 5084 34.51 -1.21

Illampu Bolívia S16W069 -15.8541667, 
-68.5416667 6406 5898 45.87 -1.51

Misti Peru S17W072 -16.1941667, 
-71.5316667 6056 5737 58.79 -1.24

Coropuna Peru S16W073 -15.5458333, 
-72.6608333 6403 6282 53.76 -1.35

Yerupaja Peru S11W077 -10.3050000, 
-76.8950000 5980 4848 13.14 -1.31

Huascarán Peru S10W078 -9.1175000, 
-77.6033333 6685 6122 77.61 -1.15

Sangay Equador S03W079 -2.0050000, 
-78.3408333 5283 3873 57.02 -0.69

Chimborazo Equador S02W079 -1.4691667, 
-78.8175000 6259 6165 117.10 -0.68

Cotopaxi Equador S01W079 -0.6808333,  
-78.4383333 5869 5221 51.95 -0.96

Cayambe Equador N00W078 0.0250000,  -
77.9891667 5778 5918 107.53 -0.69

Huila Colômbia N02W077 2.9241667,  -
76.0291667 5375 4867 54.70 -0.78

Tolima Colômbia N04W076 4.8916667, -
75.3233333 5283 5097 49.86 -1.03

Cristóbal 
Colón Colômbia N10W074 10.8391667, 

-73.6858333 5686 5232 72.15 -1.12
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Figure 8.Andean peaks 

 
CONCLUSION 
 
ETOPO5, ETOPO2, GTOPO30, GLOBE, DTM2002 models present, in comparison with common 
points of the SRTM3, a high percentage of values with difference higher than 50 m (Tables 1 and 2), 
showing a inconsistency between them. SRTM3 performs better than the other five models when data 
from digitized map are used for comparison (Tables 3 and 4). Nevertheless, SRTM has areas without 
information where the other models may be used to complete or it is possible to interpolate. However, 
it will involve a loss of quality in these regions, but the resolution of 3” will be always an advantage of 
SRTM3. The comparison of the model with heights in BMs shows differences compatible with the 
precision specified for the model. The differences greater than 50 m (Tables 6 and 7) are due whether 
to the uncertainty in BM coordinates or the quality of the model. The BMs horizontal coordinates have 
to be checked. This paper shows the results related of terrain correction and indirect effect for the 
model SAM_1mv1. The TC2DFTPL program provides results with higher values than expected in 
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some regions of high height variations (e.g., Andes) in models with 30" grid, in particular the 
SAM_30s, because it has more details of the topography. In general, the models DTM2002, GLOBE 
and GTOPO30 showed results similar to ETOPO2. This is because they use the same sources of 
information, mostly maps obtained on the scale of 1:1,000,000, presenting results not better than the 
SAM's. The indirect effect is not influenced by the topographic structure as much as TC, so the results 
are similar among the models (Matos, 2005). 
The SAM_1mv1 for South America on a 1’ (~2km) grid has enabled to the computation of gravimetric 
terrain correction allowing the computation of complete Bouguer anomalies across the continent. This 
was done through a two-dimensional FFT algorithm applied to a planar approximation of the terrain-
correction formula, and, with a constant topographic density of 2670 kg.m-3.  The integration radius 
was 166 km. This program shows good results for the 1’ grid terrain model. The other important 
application is the indirect effect; the program employed the planar approximation of the geoid and 
assumed a constant density of all the topographical masses.   
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