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ABSTRACT. The topographical masses, considering their distribution and variations in density, have a measurable influence on Functionals of the Gravity Field (FGF).

In this paper, the effect modeled by the Residual Terrain Model (RTM) exerted on the height anomaly, on the gravity anomaly, and on the deflections of the vertical

components was explored. The SRTM30 PLUS and DTM2006.0 Digital Elevation Models (DEM), based on a high-pass filter were used in the context of RTM technique.

Chile is a natural laboratory for studies in geodynamics considering the characteristics of its topography and crustal structure. Several studies consider the analysis of

FGF described in the geopotential space. However, investigations linking the residual effects of topography on these FGF have not yet been reported. Thus, this paper

seeks to include this analysis considering two different regions of Chile: the 1st and 8th regions, which have very different crustal characteristics. The results reveal the

importance of the contribution of RTM in modeling the high-frequencies of the Earth’s gravity field. The values of height anomaly obtained were between 1 m and –1 m,

while the gravity anomalies were between 100 mGal and –100 mGal, whereas the deflections of the vertical components reach values between –20 and 18 arcseconds

in different topographic settings. The study shows the possibility of retrieving large part of the omission errors in Global Geopotential Models (GGM) by using the RTM

technique. Furthermore, the stability of different FGF in relation to the variation of the radius of integration, in the context of the Stokes-Pizzetti formulation was explored.

Keywords: residual terrain model, digital elevation models, global geopotential model, functionals of the gravity field.

RESUMO. As massas topográficas, tendo em vista suas distribuições e variações de densidade, exercem influências nas grandezas vinculadas ao campo de gravidade.

Neste trabalho, o efeito gerado pela Modelagem Residual do Terreno (Residual Terrain Model – RTM) sobre a anomalia de altura, anomalia da gravidade e as componentes

do desvio da vertical foi explorado. Os modelos digitais de elevação SRTM30 PLUS e o DTM2006.0, com base em uma filtragem de passa alta, foram usados no contexto

da técnica RTM. O Chile tem-se constituı́do um laboratório natural para estudos em geodinâmica em vista das caracteŕısticas de sua topografia e de sua estrutura crustal.

Diversos projetos são desenvolvidos com base na análise de grandezas descritas no espaço do geopotencial. No entanto, não são reportadas investigações que vinculem

os efeitos residuais do terreno sobre estas grandezas. Desta forma, busca-se a inclusão desta análise considerando-se duas regiões distintas do Chile: as regiões I e

VIII, as quais têm caracteŕısticas crustais bastante diversas. Os resultados revelam a importância da contribuição do RTM na modelagem da alta frequência do campo

de gravidade. Na anomalia de altura os valores alcançados situaram-se entre 1 e –1 m, ao passo que as anomalias de gravidade situam-se entre 100 e –100 mGal,

enquanto que as componentes do desvio da vertical apresentaram valores entre 18 e –20 segundos de arco nas diferentes situações topográficas. O estudo mostra a

possibilidade de recuperação de grande parte do erro de omissão dos Modelos Globais do Geopotencial por intermédio da técnica RTM. Além disso, a estabilidade das

diferentes grandezas em relação à variação do raio de integração, no contexto da formulação de Stokes-Pizzetti, foi explorada.

Palavras-chave: modelo residual do terreno, modelo digital de elevação, modelo global do geopotencial, funcionais do campo de gravidade.
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INTRODUCTION

Since the last century the structure of the gravity field has been
modeled predominantly via the analysis of the orbital disturbances
of artificial satellites associated to the gravitational effects of the
Earth and terrestrial gravimetry. Its preferred representation are
based on spherical harmonic expansions, whose maximum de-
gree and order of development express the best spatial resolution
of the model. Numerous models have been produced, usually
classified into three groups (Featherstone, 2002): a) Satellite-
only , where only orbital satellites data are used in the analy-
sis (nowadays reaching degree and order of up to 250 solv-
ing half wavelength to about 83 km (ICGEM, 2011); b) Com-
bined , where the data from the satellite are combined with land,
air and sea gravimetry as well as topography data from Digital
Elevation Models (DEMs). Usually such models are presented to
the degree and order 360, solving half wavelength up to 55 km
(Amos & Featherstone, 2003). However, there are models devel-
oped up to higher orders and degrees, reaching a resolution of
about 9.2 km such as the EGM2008 developed to the 2190 de-
gree and 2159 order; c) Tailored , where the model does not have
a global scope and purpose but intends to describe in detail cer-
tain region, and in general are linked to local references. These are
usually associated with local geoids, such as the MAPGEO2010
(IBGE, 2011). The modeling of local geoids has been a central
focus of research, and is operated mainly by the Remove-Restore
technique – RR (Sansó, 1994; Featherstone et al., 2004; Sjöberg,
2005) which are based on a Global Geopotential Model (GGM),
the terrestrial/airborne gravity and topography information. How-
ever, in view of current needs, mainly associated with geodynam-
ics (Perrot et al., 1997; Sun & Sjöberg, 2001) and the necessity to
link Local Positioning Systems (LPS) to the global GNSS (Global
Navigation Satellite System) (Awange et al., 2010), other geopo-
tential functionals have been demanded, such as the vertical de-
flection, abnormal height, indirect effects of anomalous masses,
residual gravity anomalies, among others.

With advances in satellite gravimetry, Rummel et al. (2002)
have predicted the huge impact arising from missions CHAMP,
GRACE and GOCE, on the consistent description of the gravita-
tional potential. In fact, nowadays these missions present signif-
icant contribution to modeling the geoid/quasigeoid with a res-
olution on the order of centimeters and wavelengths at about
83 km, thus encompassing the long wavelengths (classically
associated with the degree and order 70 of spherical harmon-
ics expansion) and even part of the middle wavelengths (Heci-
movic & Bašić, 2005; Flury & Rummel, 2005). Due to the trun-

cation of the expansion in spherical harmonics series, which is
also known as omission errors , the GGMs until today failed to
recover the high-frequency signals or to resolve half-wavelengths
shorter than about 9 km (Torge, 2001). As the topography of the
Earth is the primary source of high-frequency signals (Forsberg,
1984; Flury & Rummel, 2005), it becomes increasingly impor-
tant to reduce the omission errors of the GGMs by the applica-
tion of high-frequency models based on Digital Elevation Models
(DEMs), in order to complete the spectrum of the gravity field
(Denker, 2005).

In spite of the importance of DEMs in many areas of knowl-
edge and applications, there are still deficiencies in local DEMs
with appropriate resolution to model high-frequency gravity fields
in many regions. Great part of the countries generates its own
DEMs from the digitization of topographic maps available in their
databases. Generally, these bases have not an homogeneous
coverage (Vergos et al., 2005). In recent years there has been con-
siderable progress in the development of global DEMs, reaching
horizontal resolutions of about 30 m (Kiamehr & Sjörberg, 2005).
Among the different applications of the DEMs, they reached great
interest in Geodetic Sciences in order to model the external gravity
field. Nowadays the open access digital elevation models Shut-
tle Radar Topography Mission (SRTM30 PLUS) (Becker et al.,
2009), provides an absolute horizontal accuracy of 20 m and
16 m vertical accuracy (Kiamehr & Sjörberg, 2005). In South
America, several global DEMs have been evaluated (Blitzkow et
al., 2005; Tocho et al., 2007). On the other hand, in the south-
ern Andes there is still no regional DEM, and also difficulties
to represent the topography with high resolution are faced. Be-
sides the lack of local DEMs in Chile, there is a lack of gravime-
try, especially in mountainous areas, which makes impossible
the study of short-wavelength anomalous structures in the crust
(Götze & Kirchner, 1997). However, there is a demand to ex-
plore alternatives for modeling the regional/local geoid or to
provide gravimetric informations or functionals associated with
anomalous gravimetric fields.

Chile is considered by the scientific community as a natural
laboratory of geodynamics, by presenting relevant topographical,
geological and geodynamic characteristics (Kendrick et al., 1999;
Khazaradze & Klotz, 2003). In this context, geopotential infor-
mation could improve the interpretation and permit other stud-
ies such as: relationships between seismic and gravity anoma-
lies in the continental crust (Barton, 1986); viscosity and den-
sity of the 3D structure of the mantle (Richard & Wuming, 1991);
using the vertical component deflection for the analysis of subsur-
face anomalies of density, among other applications dependent or

Revista Brasileira de Geof́ısica, Vol. 30(4), 2012



“main” — 2013/7/11 — 11:49 — page 433 — #3

CASTRO HDM, JAMUR KP & DE FREITAS SRC 433

correlated with the anomalous field, in geodetic, geophysical,
geological and geodynamic applications (Watts & Daly, 1981;
Chase, 1985; Zongjin & Xianglin, 1996; Kiamehr & Sjöberg,
2006; Vermeersen & Schotman, 2008). In the classical approach
of Stoke’s (Torge, 2001), information of global GGMs, local ob-
servations of gravity and digital elevation models are used in the
context of RR technique for modeling local/regional gravity field.

Currently, some alternatives to improve the performance of
GGMs have been addressed in the context of Residual Ter-
rain Model (RTM). Applications of combined GGMs, such as
EGM2008, on the functionals, height anomaly and vertical de-
flection, in regions of ermany have been tried (Hirt, 2009; Hirt et
al., 2010a,b). GGMs employed in those works involved the local
information and are thus contaminated by local references . Other
regional studies related to the impact of horizontal and vertical
resolution in DEMs in the modeling of the topographic effect have
been made in recent years (Gučevic et al., 2010).

The purpose of this article is to explore the effect of topo-
graphy on different functionals of the present residual gravity
field (gravity anomaly, height anomaly and the deviation of the
vertical components) in two regions of Chile. Regions with dif-
ferent topographic characteristics were tested to verify the possi-
ble advantages of combining satellite only data GGM with high-
frequency models generated by the residual topography. Another
explored subject is the effect caused by the variation of the inte-
gration radius in obtaining the potential of residual masses over
different functionals.

DATABASE

Two regions of Chile were chosen as a study area. I – Tarapacá
region, within the limits 20◦S < ϕ < 18◦S and 70◦W < λ <

69◦W, and VIII – Bio-Bio region located between 39◦S < ϕ <

36◦S and 74◦W < λ < 70◦W. These regions were chosen
by their steep topographical character as shown in Figures 1(a)
and (b).

Among the data used, was the global topography DTM2006.0
with harmonic development to degree and order 250. The high
resolution DEM was SRTM30 PLUS, which incorporates the to-
pography model SRTM30 and the ice topography model gener-
ated by ICE Sat (Becker et al., 2009). The SRTM30 PLUS is re-
ferred to the WGS84 reference system in the horizontal component
and to the geoid model EGM96 in the vertical component (Denker,
2005). The model data are available on the site SRTM30 PLUS
<http://topex.ucsd.edu/WWW html/ srtm30 plus.html>, with a
resolution of 900 m.

MODELING THE GRAVITY FIELD

The most common methodology used in the local/regional mod-
eling gravity field is the Remove-Restore (RR). The RR technique
consists in removing both the topography and the low degree har-
monic development gravity signal before calculating the resid-
ual, restoring these effects after application of Stokes integral.
In addition, the Stokes integral is truncated to a bounded region
(Sjöberg, 2005). A brief description of the technique RR is pre-
sented below.

Considering that the observations of terrestrial gravity al-
ready contain the global and local effects corresponding to the
long and short wavelengths respectively, the difference between
the magnitudes (Qi = f (T )) from global and local data, re-
sults in a residual component, as shown in Equation (1):

Qr = Q − QGG M − Q DE M (1)

where Qr is the residual component of any functional of the
gravity field, Q the magnitude observed, QGG M a global com-
ponent extracted from the GGM, and Q DE M the component
recovered from the effect of topography.

In the restoration stage, each part referring to the spectral divi-
sion of the functional associated with the disturbing potential has
to be transformed into a corresponding portion of the formula via
Bruns, to finally restore the disturbing potential (Moritz, 1980):

T = Tl + Tm + Tc (2)

where Tl , Tm and Tc represent information linked to long,
medium and short wavelengths respectively.

An alternative technique used for high-frequencies model-
ing is the RTM (Hirt, 2010a). The technique was introduced by
Forsberg & Tscherning (1981), where they describe some meth-
ods for calculating the terrain gravitational effects by a minimum
squares approximation technique. The RTM technique consists
in calculating the effects of small wavelengths generated by the
topography/bathymetry on the different functionals of the grav-
ity field. In this method a surface average height (closely linked
with the reference GGM) is considered as a long wavelength filter,
and later this effect is restored. The technique RTM, can be un-
derstood as a method for the spectral improvement of the GGM,
reducing mainly the error of omission (Torge, 2001).

The formulas used to calculate the effect in terms of RTM
prisms, over the main gravimetric functionals, are also shown in
Forsberg & Tscherning (1981). Below are some of the formulas
presented.
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(Fig.1a and Fig.1b)

(Fig.2a and Fig.2b)

Figure 1 – Test area for Regions I a) and VIII b) in Chile. The scale bar indicates the altitude of the terrain from the SRTM30 PLUS.

It should be noted that the residual potential VRT M , has several annotations in the literature, among these: V, Tm, VRT M , u(P).
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Being r(x, y, z) =
√

x2 + y2 + z2, the radius of integration between the integration point and station, G is the gravitational
constant, ρ the average density of the continental crust (2.67 g/cm3).

Once the potential generated by the effect RTM is calculated, Bruns equation can be applied to recover the height anomaly (geoidal
height) (Heiskanen & Moritz, 1967):

ζ prisma =
VRT M

γQ
(5)

ζ RT M =
k∑

i=1

ζ
prisma

i (6)
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Due to the complexity and time consumption for this calculation, an approximate formula for the potential VRT M was proposed by
Forsberg (1984), to calculate the geoidal height based on the condensation of the mass of the prisms as a layer of mass located on a
xy plan through the center of the prism.

VRT M ∼= Gρ(z2 − z1)

∫

x
y
∫

1

r
dxdy (7)

VRT M = Gρ(z2 − z1)
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∣
∣
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(8)

where

zm =
(z2 + z1)

2
, r =

√
x2 + y2 + z2

m .

The contribution of the RTM in terms of the vertical deflection is obtained by the sum of the horizontal derivatives of the gravitational
potential of all prisms from the RTM grid, divided by the normal gravity (Nagy et al., 2000).
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1
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Vx , Vy : Horizontal derivatives of the gravitational potential.

METHODOLOGY

With the objective to get the residual terrain provided by the high frequency of MDE SRTM30 PLUS in relation to DTM2006.0 one
high-pass filter was applied. The harmonic development model degree used for reference DTM2006.0 was 250.

The development in the harmonic expansion for DTM2006.0 in mathematical terms is shown in the following equation (EGM2008-
Team, 2008):

H DT M 2006.0(θ, λ) =
nDT M

max∑

n=0

n∑

m=0

(
HCnm cos(mλ) + H Snm sin(mλ)

)
Pnm cos θ (13)

where HCnm and H Snm are completely normalized altitude coefficients, nDT M
max is the maximum degree of evaluation (250), (θ, λ)

are the geocentric co-latitude and geodetic longitude P̄nm cos θ the associated Legendre function completely normalized, and
H DT M 2006.0(θ, λ) is the altitude at the point of coordinates (θ, λ).

The choice of the development degree of DTM2006.0 must have a close relationship with the development degree of GGMs used,
when the objective is to minimize the omission error. In other words the GGM (data from the GOCE mission) used a development to
the degree and order 250, however, the effects of the terrain below this resolution are already contained in GGM.

The grid spacing of the DEMs used for the generation of residual topography were 80 km to DTM2006.0 and 90 m for the
SRTM30 PLUS. Statistics of Residual Topography for the two regions are shown in Table 1.
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Table 1 – Statistics of residual topography in Regions VIII and I.

Statistics
Residual topography Residual topography

Region I [m] Region VIII [m]

Minimum –2382 –5381

Maximum 2500 5035

Average 15 –430

Standard deviation 470 2283

After calculating the residual topographies for the two re-
gions, the residual terrain effect was calculated for the following
functionals: height anomaly (ζ ); gravity anomaly (1g); and the
deflexion of the vertical components (η, ξ ).

A number of approaches can be used to calculate the ef-
fect on the different RTM functionals. Among these we have the
tesseroids, prisms and mass points (Heck & Seitz, 2007). How-
ever, in this study the prisms approach was applied. The calcu-
lations were made using the TC application (Forsberg, 1984). In
TC three grids must be inserted. These are: a detailed grid, a grid
of lower resolution than the detailed one, and a reference grid.
The first is used to calculate the effect in the region nearest to
the point of calculation, the second to estimate the effect of the
most remote regions of the station and the grid of reference acts
as a kind of filter. The constant continental crust density value
applied was 2670 kg.m-3 since there is no density model available
for this study.

RESULTS AND DISCUSSION

The residual effect of topography was calculated in different mag-
nitudes for the two regions, considering an integration radius of
220 km. The results are shown in Tables 2 and 3.

From Figure 1 we infer the strong topographic contrast in
this Region I, where more than 50% of the area has elevations
between 4000 and 6000 m. On the other hand, the Region VIII
has a less rugged topography, with the majority of the area
between 0 and 2000 m.

A first analysis was made regarding the behavior of the dif-
ferent functionals in the two regions also considering a radius of
integration of 220 km.

Regarding the functional anomaly height , higher values were
found in Region I with an average and standard deviation of 32 cm
and 53 cm, respectively (Fig. 2a). However, in Region VIII an
average of –9 cm and a standard deviation of 34 cm were ob-
tained (Fig. 2b).

With regard to the gravity anomalies the effect was less ex-
pressive in comparison with the anomaly height . While Region I
(Fig. 3a) shows a more pronounced topography, the Region VIII

(Fig. 3b) presented higher values of maximum gravity anomaly
than Region I. The average and standard deviation values obtained
for Region I were 0.10 and 34 mGal, respectively, and values for
Region VIII were –2.93 mGal for the average, and 26.46 mGal for
the standard deviation.

In the statistics of the deflexion of the vertical components,
the residual effect of the terrain resulted in approximately ±0.1′′

and 5′′ for the average and standard deviation, respectively.
The average and standard deviation, values of the deflexion
of the vertical components show the same tendency shown in
Tables 2 and 3.

The second analysis was performed to evaluate the incident
effect on the variation of the the radius of integration over the
functionals height anomaly , gravity anomaly and the deflexion
of the vertical components. The radius of integration used were
100, 220 and 300 km.

The behavior of the functional height anomaly for Region I
was strongly distinguished by varying the radius of integration.
For the radius 100, 220 and 300 km, the values were 18, 32 and
30 cm respectively. The largest change was for the radius from
100 to 220 km, showing almost twice the effect. The residual ef-
fect calculated with different radius of integration on the gravity
anomalies can be seen in Table 6.

Regarding the behavior of the residual effect on the deflexion
of the vertical components, differences smaller than one second
were noticed. However, different tendencies were noticed in the
different radius of integration. The average values obtained for
the integration radius 100, 220 and 300 km were –0.085, 0.080
and 0.09 respectively (Table 4).

The results, once changing the radius of integration in func-
tional height anomaly for Region VIII, showed a similar behavior
in magnitude (proportional), as well as the same tendency as in
Region I.

The residual terrain effect over the gravity anomalies and the
deflexion of the vertical components to Region VIII after varying
the radius of integration were slightly noticed, with differences
in values smaller than 1 mGal and a second of arc respectively
(Table 5).
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Table 2 – Statistics on the RTM functionals in Region I.

Statistics ζRT M [m] 1gRT M [mGal] ηRT M [′′] ζRT M [′′]

Minimum –1.02 –137.70 –22.40 –21.48

Maximum 1.72 120.66 17.11 17.40

Average 0.32 0.10 –0.07 0.09

Standard deviation 0.53 34.65 4.69 5.93

Table 3 – Statistics on the RTM functionals in Region VIII.

Statistics ζRT M [m] 1gRT M [mGal] ηRT M [′′] ζRT M [′′]

Minimum –1.04 –105.59 –17.85 –17.90

Maximum 1.27 149.59 18.89 17.70

Average –0.09 –2.93 –0.06 –0.17

Standard deviation 0.34 26.46 3.40 4.45

(Fig.3a and Fig.3b)

Figure 2 – Altitude anomalies at Regions I a) and VIII b).
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(Fig.4a and Fig.4b)

Figure 3 – Gravity anomalies at Regions I a) and VIII b).

Table 4 – Statistics on the RTM functional in Region I Radius 100 km.

Statistics ζRT M [m] 1gRT M [mGal] ηRT M [′′] ζRT M [′′]

Radius 100 km

Average 0.183 0.130 –0.085 –0.085

Standard deviation 0.392 34.660 4.690 4.690

Radius 220 km

Average 0.32 0.10 –0.07 0.09

Standard deviation 0.53 34.65 4.69 5.93

Radius 300 km

Average 0.300 0.090 –0.060 0.080

Standard deviation 0.370 34.650 4.680 5.910

Comparing the residual terrain effect for four functionals in
the two study regions, opposite trends were found. For exam-
ple: average values for the height anomaly presented a pos-

itive signal for the Region I, while for the Region VIII the values
were negative. This opposite behavior was noticed in the four
functionals (Tables 6 and 7).
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(Fig.5a and Fig.5b)

Figure 4 – Deflexion of the vertical components at Region I η a) and ξ b) [′′].

From the analysis of the variables in the two regions, we can
infer the different behavior of the anomalous field in regions with
different topographic characteristics, and possibly different den-
sities of the topographical masses.

After analyzing the four functionals in the two regions, it is
inferred that the functional that reached higher values from the
residual terrain effect is the height anomaly . The other function-
als are slightly affected. Although the values obtained for the
deflexion of the vertical components are small, these are signifi-
cant, once the current methods for calculating the deviation of the
vertical are able to measure the vertical deflection with a precision
between 0.2” and 0.4” (Boyarsky et al., 2010).

A study by Jekeli (1999) based on the analysis of the deflexion
of the vertical components derived from a GGM, presents com-
parisons in relation to those obtained in astronomy, indicating a
M.S.E. around 4′′, which raises the possibility of completing this
information with the RTM technique.

On the other hand, the integration of GNSS (Global Navigation
Satellite System ) with a geoid/quasigeoid model is crucial in a
series of applications where one seeks to recover the orthometric
height/standard height e.g. upgrading the systems of altitudes),
RTM effect offers a possibility to improve GGMs.

With the evolution of GGMs, the long and medium wave-
lengths are best resolved. This allows methods to recover the

Brazilian Journal of Geophysics, Vol. 30(4), 2012
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Figure 5 – Deflexion of the vertical components at Region VIII η a) and ξ b) [′′].

Table 5 – Statistics on the RTM functional in Region VIII radius 100 km.

Statistics ζRT M [m] 1gRT M [mGal] ηRT M [′′] ζRT M [′′]

Radius 100 km

Average –0.040 –2.890 –0.050 –0.080

Standard deviation 0.270 26.460 3.410 4.470

Radius 220 km

Average –0.09 –2.93 –0.06 –0.17

Standard deviation 0.34 26.46 3.40 4.45

Radius 300 km

Average –0.140 –2.930 –0.070 –0.180

Standard deviation 0.330 26.460 3.400 4.450

short wavelengths and minimize the error of omission of the
GGMs with information from DEMs and the density models be-
come more important.

Due to the deficiency in quantity and distribution of data
from terrestrial/aerial gravimetry and GNSS data available in the
Chilean territory, limitations arise for the modeling of a regional
geoid. The classical approach (Stokes) and the current one (Molo-
denskii) require data from terrestrial/aerial gravimetry, what in
rugged and inaccessible territories, as a part of the study regions,
raise difficulties to the surveys, or even prevents its acquisi-

tion. Therefore the refinement of a GGM from the RTM effect can
contribute with information to the gravity field and to get the func-
tionals with the appropriate precision to the desired applications.
This approach can be summarized by the following expressions
for the different functionals studied:

1gGG M/RT M = 1gGG M + 1gRT M

ζ GG M/RT M = ζGG M + ζRT M

ηGG M/RT M = ηGG M + ηRT M

ξGG M/RT M = ξGG M + ξRT M

(14)
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Table 6 – Statistics estimation of functional with radius 100, 220 and 300 km in Region I.

Statistics ζRT M [m] 1gRT M [mGal] ηRT M [′′] ζRT M [′′]

Difference Radius 100 km – R220 km

Average –0.138 0.035 –0.018 –0.171

Standard deviation –0.134 0.015 0.001 –1.244

Difference Radius 220 km – R300 km

Average 0.021 0.005 –0.007 0.006

Standard deviation 0.155 –0.005 0.009 0.024

Difference Radius 100 km – R300 km

Average –0.117 0.040 –0.025 –0.165

Standard deviation 0.022 0.010 0.010 –1.220

Table 7 – Statistics estimation of functional with radius 100, 220 and 300 km in Region VIII.

Statistics ζRT M [m] 1gRT M [mGal] ηRT M [′′] ζRT M [′′]

Difference Radius 100 km – R220 km

Average 0.047 0.040 0.009 0.087

Standard deviation –0.065 0.000 0.009 0.015

Difference Radius 220 km – R300 km

Average 0.053 0.000 0.011 0.013

Standard deviation 0.005 0.000 0.001 0.005

Difference Radius 100 km – R300 km

Average 0.100 0.040 0.020 0.100

Standard deviation –0.060 0.000 0.010 0.020

where the index GGM/RTM represents the fulfillment of the func-
tional effect of the geopotential by RTM. Should be emphasized
that the deflexion of the vertical components obtained from GGMs
are in agreement with the Theory of Molodenskii, but for compar-
isons with the same obtained by astro-geodetic methods, correc-
tions should be applied (Jekeli, 1999).

It should be emphasized that currently a series of evaluations
of GGMs present M.S.E. values around 30 cm and 40 mGal in
terms of geoidal height and gravity anomalies respectively (Huang
& Véronneau, 2004; Sadiq & Ahmad, 2009; Hirt et al., 2010a),
which raises the possibility to obtain satisfactory results through
the integration of a GGM plus RTM effect.

CONCLUSION

The RTM effect was explored starting from four magnitudes of the
gravity field, in two areas(Regions I and VIII) in Chile. The func-
tionals studied were; height anomaly , gravity anomaly and the
deflexion of the vertical components η and ξ .

The values obtained through the residual effect of the terrain
show a greater contribution as a part of the functional anomaly
height , however, in other functionals they manifest slightly. The
effect of the RTM on the deflexion of the vertical components was
small, but considerable from the point of view of current require-
ments. Furthermore, the opposite sign of the values obtained for
the different functionals in both regions allow us to infer the local
possible behavior of the anomalous field.

With respect to the incident variation of the radius of integra-
tion in the calculation of different functionals, it was found that
the functional which has a greater dependence (in the lengths an-
alyzed) with the length of the radius of integration is the height
anomaly . However, the vertical deflection components show
effects from hundredths of second to one second for the west-
east, η, and south-north, ξ , components. The gravity anomalies
values vary around hundredths of mGal.

The possible improvements in a GGM from the residual ef-
fect on height anomaly , gravity anomaly and the deflexion of the
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vertical components are considerable, due to the fact that in the
regions analyzed this effect reached 2 m, 120 mGal and 25′′,
respectively, which is normally around the M.S.E. obtained
from some evaluations of GGMs.
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Algebraic Geodesy and Geoinformatics. 2nd ed., Springer-Verlag Berlin

Heidelberg. 378 p.

BARTON PJ. 1986. The relationship between seismic velocity and den-

sity in the continental crust – a useful constraint. Geophysical Journal of

the Royal Astronomical Society, 87: 195–208.

BECKER JJ, SANDWELL DT, SMITH WHF, BRAUD J, BINDER B,

DEPNER J, FABRE D, FACTOR J, INGALLS S, KIM S-H, LADNER R,

MARKS K, NELSON S, PHARAOH A, TRIMMER R, VON ROSENBERG J,

WALLACE G & WEATHERALL P. 2009. Global Bathymetry and Elevation

Data at 30 Arc Seconds Resolution: SRTM30 PLUS. Marine Geodesy,

32(4): 355–371.

BLITZKOW D, DE MATOS ACOC & CINTRA JP. 2005. SRTM evalua-

tion in Brazil and Argentina with emphasis on the Amazon region. In:

TREGONING P & RIZOS C (Eds.). Dynamic Planet: Monitoring and Un-

derstanding a Dynamic Planet with Geodetic and Oceanographic Tools.

IAG Symposia, 128: 266–271. Springer.

BOYARSKY EA, AFANASYEVA VL, KONESHOV VN & ROZHKOV YE.

2010. On Calculation of the Vertical Deflection and Geoid Undulation

from Gravity Anomalies. Physics of the Solid Earth, 46: 538–543.

CHASE CG. 1985. The geological significance of the geoid. Ann. Rev.

Earth Planet. Sci., 13: 97–117.

DENKER H. 2005. Evaluation of SRTM3 and GTOPO30 terrain data in

Germany. IAG Symposia, 129: 218–223. Springer Verlag.

EGM2008 – Team 2008. Description of files related to the EGM2008

Global Gravitational Model. U.S. National Geospatial-Intelligence Agency

(NGA) EGM2008 Development Team.

FEATHERSTONE WE. 2002. Expected contributions of dedicated satellite

gravity field missions to regional geoid determination with some exam-

ples from Australia. Journal of Geospatial Engineering, 4(1): 1–19.

FEATHERSTONE WE, HOLMES SA, KIRBYJF & KUHN M. 2004. Com-

parison of Remove-Compute-Restore and University of New Brunswick

Techniques to Geoid Determination over Australia, and Inclusion of

Wiener-Type Filters in Reference Field Contribution. Journal of Survey-

ing Engineering, 130: 40–47.

FLURY J & RUMMEL R. 2005. Future Satellite Gravimetry for Geodesy.

Earth, Moon, and Planets, 94: 13–29.

FORSBERG R. 1984. A study of terrain reductions, density anomalies

and gravity field modelling. 129. Report n. 355. Department of Geodetic

Science and Surveying, The Ohio State University. Columbus.

FORSBERG R & TSCHERNING CC. 1981. The use of Height Data in

Gravity Field Approximation by Collocation. Journal of Geophysical

Research, 86: 7843–7854.
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SJÖBERG LE. 2005. A discussion on the approximations made in the

practical implementation of the remove-compute-restore technique in

regional geoid modelling. Journal of Geodesy, 78: 645–653.
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