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GRAVIMETRIC DENSIFICATION IN THE STATE OF SAQ PAULO AIMING A GEOID MODEL

Gabriel do Nascimento Guimardes', Ana Cristina Oliveira Cancoro de Matos? and Denizar Blitzkow?

ABSTRACT. Gravity data coverage is quite complete in Sdo Paulo state for a5’ resolution. In addition, field works have been conducted to fill in gaps around the state.
These efforts are the results of the Fundagdo de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP) Thematic Project that seeks to achieve the establishment of a geoid
model, a height system, and the study of mean sea level. This paper presents a comparison between two geoidal height models; the first with information available up to
2008 (beginning of the project) and the second including all data collected. Both models have been derived using the modified Stokes integral through the FFT technique.
The SHGEQ package was used to derive the Helmert gravity anomalies, while the EGM2008 model was selected as a reference geopotential field restricted to degree and
order 150, to obtain the long and medium wavelength components. The model was validated using the geoidal heights from 170 GPS observations on Bench Marks
of the spirit leveling network. The corresponding height anomalies derived from recent geopotential models (GO-CONS_GCF-2_TIM_R2, GOCO02S and EIGEN-6C)
were also compared with the same quantities at the points of leveling, besides the official Brazilian model, MAPGE02010. The findings showed that GEOIDSP2011
displayed better consistency with respect for the GPS/leveling than GEOIDSP2008 and the geopotential models.

Keywords: geodesy, geoid, geopotential model.

RESUMO. 0 estado de Sdo Paulo possui uma cobertura bastante completa de dados gravimétricos para uma resolugdo de 5°. Além disso, trabalhos de campo estdo
sendo realizados com o objetivo de preencher os vazios no entorno do estado. Os recentes esforgos nos levantamentos sdo devido ao Projeto Tematico da FAPESP que
tem, entre outras finalidades o estabelecimento de um modelo geoidal, além do estudo sobre sistemas de altitude e monitoramento do nivel médio dos mares. Este artigo
apresentaa comparacdo entre dois modelos de alturas geoidais; o primeiro com informag des disponiveis até 2008 (fase inicial do projeto) e 0 segundo incluindo os dados
coletados até 0 momento. Ambos os modelos foram calculados utilizando a integral modificada de Stokes por meio da técnica FFT. O pacote computacional SHGEO foi
empregado para determinar as anomalias de gravidade de Helmert, enquanto o modelo do geopotencial EGM2008 restrito até grau e ordem 150 foi selecionado para obter
as componentes de longo e médio comprimento de onda. Os modelos foram validados a partir da comparagdo das alturas geoidais em 170 marcos da rede de nivelamento
onde observacdes GPS foram conduzidas. As anomalias de altura dos modelos mais recentes do geopotencial (GO-CONS_GCF_2_TIM_R2, GOCO02S e EIGEN-6C)
também foram comparadas com as mesmas grandezas nos pontos de nivelamento, além do modelo oficial brasileiro, o MAPGE02010. Os resultados mostraram melhor
consisténcia na comparagdo com os pontos GPS/nivelamento do modelo GEOIDSP2011 em relagdo ao GEOIDSP2008 e os modelos do geopotencial.
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INTRODUCTION

Gravimetric information plays a fundamental role in certain areas
of the sciences, such as, for instance, in Geology in studies of
geological structures, in Geophysics in mineral prospection and
models of the crust, and in Geodesy. In this latter, gravimetry is
determinant for calculating the geoidal model, which means the
shape of the Earth. On the other hand, the global models of geopo-
tential, the set of coefficients of the gravitational potential function
of the Earth, developed in a series of spherical harmonic func-
tions, contribute decisively with the gravimetric data. As a matter
of fact, the geopotential models provide knowledge of the long
wavelengths of the gravitational field, whereas gravimetry allows
us to detail the short wavelengths.

Brazil has a gravimetric network linked to the Brazilian
Geodesic System (“SGB”) under the responsibility of the IBGE
(Brazilian Institute of Geography and Statistics). However, this
network lacks gravimetric measurements in various regions.
Added to this context is the SBG altimetric network, and recently
the new adjustment of the normal-orthometric altitudes was
made available (IBGE, 2011). The High Precision Altimetric Net-
work is connected to the Imbituba tide gauge. Given the impossi-
bility of performing geometric levelling to the north of the Amazon
river, one portion of the network in the state of Amapa is linked to
the Santana tide gauge. It is worth stressing that many levelling
lines do not have values of acceleration of gravity associated to
the normal-orthometric altitudes. If, together with the levelling, the
value of acceleration of gravity is obtained, we obtain the geopo-
tential figure, a uniform magnitude that has real physical signifi-
cance in the definition of altitudes.

At present, in S3o Paulo State, some engineering works are
being carried out: the duplication of highways, large-scale road-
building projects, such as the Rodanel ring road, expansion of
the Sdo Paulo subway, and a study for construction of a high-
speed railway linking the cities of Campinas, S3o Paulo and Rio
de Janeiro. In the area of Cartography, the mapping of the State
done by EMPLASA (Empresa Paulista de Planejamento Metro-
politano S.A.) on a scale of 1:10,000 for the metropolitan re-
gions of S3o Paulo, Campinas, Baixada Santista and Sdo José
dos Campos and 1:25,000 for other regions, is worthy of no-
tice. Moreover, there is a special project, denominated Thematic
and stimulated by the Sdo Paulo State Foundation to Support
Research — FAPESP, with the final aim of contributing to the
GNSS infrastructure (Global Navigation Satellite System), for
geodesic positioning and integration to science and technology.
This project also seeks to collaborate with the investigations re-
lated to assessment of the geoidal model, systems of altitude

and vertical monitoring of the earth’s crust for an estimate of this
component at mean sea level.

The aim of this work is to verify the contribution of gravimet-
ric densification in the state of Sdo Paulo, seeking the calculation
of a geoidal model, and also its validation with the recent models
of geopotential and the official Brazilian model (MAPGE02010)
(Matos et al., 2011). Figure 1 shows the position of Sdo Paulo
State in relation to South America, and also the polygon that
represents the area of calculating the geoidal model.

-90° -85° -80° -75" -70" -65° -60" -55° -50° -45° -40° -35° -30°

Figure 1 — Selected area for the geoidal model calculation.

THE EARTH’S GRAVIMETRY

The technique used to measure the acceleration of gravity (g), in
an absolute or relative manner over the entire surface of the earth
is denominated gravimetry. In the absolute mode, the value g is
obtained directly at a station, whereas in the relative determina-
tion, the difference in ¢ is obtained from two stations (Gemael,
1999; Torge, 2001).

Before the advent of gravimeters, relative determinations were
performed making use of pendulums. Spring gravimeters ap-
peared in the first half of the last century. An elastic system holds
insuspension a mass which is attracted with more or less intensity
depending on the force of gravity at the location. A compensat-
ing bolt reestablishes the position of balance, which is defined
by construction. Reestablishment of position is expressed by a
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reading which is subsequently transformed into units of acceler-
ation (Blitzkow, 1996).

Technological progress has allowed the development of
highly-sensitive apparatus, however, it has not been possible to
attain great stability. With the passage of time gravimeters un-
dergo variations in their elastic conditions, which is called drift,
and must be corrected. Moreover, other factors must be exam-
ined with a certain frequency: sensitivity, correction of levels and
calibration (e.g. Gemael, 1999; Blitzkow, 2003; Castro Junior,
2005). The development of electronic gravimeters was another
technological contribution. In these, the operator does no more
than level the equipment, while the other stages are performed
automatically by means of internal software. Attention must be
given to defining the initial parameters (coordinates, time zones,
tide calculation) and if wrong these may compromise the survey.
One disadvantage is that, like any other electronic equipment, it
is subject to faults in its system. Starting from measurements of
acceleration of gravity we can obtain gravity anomalies, reduce
them to the geoid or to another surface and, applying the due
transformation, arrive at the geoidal heights (Guimaraes, 2010).
Given the difficulty of obtaining gravimetric measurments over
the entire surface of the earth, modifications were proposed the
Stokes integral functions. Representation of the geoidal height in
abbreviated form is expressed in the following manner (Blitzkow,
1996):

N(O,)) = NL(0,\) + N (6,)) (1)

where the term NV, expresses the long wavelength component of
the geoidal height and the term 6V, the component of the short-
estwavelength. The first term of the second member of expression
1 symbolizes geometrically the separation between the ellipsoid
and the reference spheroid represented by the model of geopoten-
tial; the second term is the separation between the spheroid and
the geoid, obtained from the gravimetric data (Fig. 2).
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Figure 2 — Components of geoidal height.

Long wavelengths are calculated based on a model of geo-
potential, which means extending the series up to a degree and

Brazilian Journal of Geophysics, Vol. 31(4), 2013

order L. The short wavelengths may be calculated by a modifi-
cation to the Stokes integral, allowing it to be restricted to a cap,
with radius .

September 2008 saw the start of the Thematic project, and
since then gravimetric campaigns have been carried out. Fig-
ure 3a illustrates the distribution of the gravimetric stations in
the state of Sdo Paulo and surroundings until 2008. It is im-
portant to mention that several institutions collaborated with the
data: the National Observatory, PETROBRAS, National Petroleum
Agency and the IBGE. Figure 3b portrays the data incorporated
since the beginning of 2009. Making gravimetric measures in
the surroundings of the state was decided on, going beyond it,
given that calculating the geoidal heights using the modified in-
tegral entails having information on the acceleration of gravity
at an average distance of 150 km from the point of calculation.
In regions where the gradient of the geoidal height is greater, this
called for spacing between the stations of 5 km and in the others,
8 km.

The geoidal model of the state of Sdo Paulo displays a res-
olution of 5'. Figure 4 depicts a grid of the same resolution, in
which each square shaded in gray contains at least one gravimet-
ric observation, which represents a coverage greater than 90%.
In the South of the state some gaps are found. In this case, den-
sification proves unviable, as it is a hilly region, difficult to ap-
proach. In the surroundings of the state it is possible to affirm
that the striping encompassing Parand state displays total cover-
age, except in the mountainous region. The states of Mato Grosso
do Suland Minas Gerais display some empty spaces. Sao Paulo
University (USP), in cooperation with the IBGE, intends to make
efforts to fill in these gaps in the coming years.

CALCULATION OF THE GEOIDAL MODEL
The scheme for determination of the geoidal model (Fig. 5) may
be assembled in five stages (Blitzkow et al., 2007):

1. Calculation of the free-air anomalies from the earth gravi-
metric data (geodesic coordinates, orthometric altitude
and acceleration of gravity);

2. Calculating of the individual complete Bouguer anoma-
lies, obtained from the free-air anomalies and correction
for the spherical terrain effect, calculating these with mean
values within 5" resolution. From the mean values we
obtain the mean free-air anomalies;

3. Calculation of the Helmert gravity anomalies on the sur-
face of the Earth. These are obtained from the sum total of
the free-air anomaly, the direct topographical effect (DTE),
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Figure 3 — (a) Gravimetric stations in 2008; (b) Gravimetric stations in 2011.
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Figure 4 — 5’ squares of the gravimetric measurements.

the direct atmospheric effect (DAE) and the secondary
indirect topographic effect (SITE) (Ellmann & Vanicek,
2007);

4. Performing the modified Stokes integral, making use of
the technique “remove-calculate-replace”;

5. Addition of the primary indirect topographic effect (PITE)
at the geoidal heights referred to a “fictitious geoid” de-
nominated co-geoid (Martinec & Vanicek, 1994; Martinec,
1998), to obtain the geoidal heights referred as the new
geoid.

The SHGEQ software, developed by the University of New
Brunswick, Canada, was used to calculate the Helmert gravity
anomalies (Ellmann, 2005a, 2005b). The Bouguer anomaly was
calculated & prior/ for a digital model of 1" using a method of

interpolation by the inverse of distance. Then, a 5" grid was cre-
ated from the simple mean of the 1" values. The digital model of
the terrain used was the SAM3_v2, with 3” resolution (Matos &
Blitzkow, 2008). This consists of using SRTM3 (Shuttle Radar
Topography Mission) (Farr et al., 2007), although the geoidal
heights of EGM96 (Earth Gravitational Model 1996) (Lemoine et
al., 1998a; 1998b) used in this were replaced by EIGENGLOAC
(Forste et al., 2006). The void values were filled in from digital
maps and from DTM2002 (Saleh & Pavlis, 2002; Blitzkow et al.,
2007). The mean free-air gravity anomalies in a grid of 5’ over
the continent were calculated using the mean Bouguer anomalies,
the altitudes from the digital model of terrain with 5" resolution
and mean correction of terrain. Over the ocean, mean anoma-
lies were obtained using the FNSC08-GRA model from the Dan-
ish National Space Center with resolution of 1" (Andersen et al.,
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2009). The technique of “remove-calculate-replace” consisted of
removing from the mean gravity anomalies and the long wave-
length component provided by EGM2008 (Pavlis et al., 2008),
degree and order of 150. This model is complete up to degree
and order 2159 and contains additional spherical harmonic co-
efficients up to degree 2190 and order 2159. The Stokes inte-
gral was calculated, extending to a neighborhood ¢ = 1.5°.
Then, the long wavelength component from EGMO8 was restored
at geoidal height, using the same degree and order. Calculation
of the integral was accomplished using the FTT technique (Fast
Fourier Transform), with assistance from the FFTMOD program
(Li & Sideris, 1993), where modification of the Stokes nucleus
is proposed by Featherstone et al. (1998). This modification
(Meissl, 1971) proposes a simple subtraction of the value of the
Stokes nucleus function in relation to the truncation distance al-
lowing that the Fourier series of the truncation error converges to
zero more quickly (Featherstone et al., 1998).

The expression of the modified Stokes integral for obtaining
the geoidal heights (Ellmann & Vanicek, 2007) is given by:

R M /
N(Q) = W//% SM (1, $(2, )

x Ag(rg, Q)dQY

R &L 2 2)
* T(@ 2y w1000 Y

Vi(ry, Q)
Yo(9)

oVe(ry, Q)
Y0(9)

where,

M
Ag(rg, Q) = (Aghm, Q) -3 Agh(ry, Q)) 3

The geocentric position (r, £2) of any point is represented by
the geocentric radius r and by the pair of geocentric coordinates
Q= (¢, \); R isthe meanradius of the Earth. On the right-hand
side of the equality of expression 2, the first term is the Helmert
residual co-geoid and the residual anomalies; Ag(rg, £2) is cal-
culated by expression 3 where Ag™ (1, §2) is the Helmert gravity
anomaly referred to the surface of the earth (Vanicek et al., 1999).

As the reference field, with low degree and order, is removed
prior to the Stokes integration (second term of expression 3), the
contribution of the long wavelength must be added to the residual
component of the geoidal height (the second term of the right-
hand side of expression 2). The sum total of the first two terms
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results in the Helmert co-geoid. The third term is the primary in-
direct topographical effect (Martinec, 1993) and the last term is
the primary indirect atmospheric effect (Novak, 2000). Taking into
account the indirect effects of the geoidal heights we obtain the
quasi geoid.

Field
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air Anomalies

Individual Bouguer
Anomalies

DAE, DTE, SITE

Mean Bouguer
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Figure 5 — Stages for the geoidal model calculation.

VALIDATION OF THE GEOIDAL MODEL
With a view to appraising the quality of the geoidal model of
Sdo Paulo state (Fig. 6) and analyzing the contribution of gravi-
metric densification, four validations were performed, and will be
presented in this topic.

GEOIDSP 2011

-44°

e e ————
-12-1+-10-9-8-7-6-5-4-3-2-10 1 2 3 4 5 6 7 8 9 101112
Geoid Heights (m)

Figure 6 — Geoidal model of the State of Sdo Paulo.
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Figure 7 — Standard deviation of the orthometric and geodesic altitudes.

The geoidal model was compared with 170 level reference
stations where GPS observations were conducted, hereinafter
denominated GPS/RN. The orthometric altitudes were obtained
by means of geometric levelling and the geoidal altitudes deter-
mined with geodesic GPS. Of this total, 133 stations belong to the
USP Laboratory of Topography and Geodesy (LTG-USP) and
they were provided by the following institutions: USP Institute
of Astronomy, Geophysics and Atmospheric Sciences, SABESP
(Sanitation Utility) and Companhia do Metropolitano de S@o
Paulo (Sdo Paulo subway). The accuracy of the geodesic altitude
of these stations is in the order of 0.06 m (S& & Vieira, 2006);
regarding the orthometric altitude there is no information on ac-
curacy. The remaining 37 stations were provided by the IBGE, of
which 26 are included in the most recent adjustment to the SGB
altimetric network (IBGE, 2011). Figure 7 illustrates the standard
deviations of the orthometric and geodesic altitudes of the IBGE
stations. In terms of orthometric altitude, we find an accuracy of
0.06-0.07 m, while the accuracy of the geodesic altitudes ranges
from some millimeters to slightly over 0.10 m.

Two geoidal models, GEOIDSP2008 and GEQIDSP2011, were
determined with the same methodology, differing only the distri-
bution of the gravimetric data presented in Figures 3a and 3b,
respectively. The geoidal heights for both models were compared
in absolute manner to the 170 GPS/RN points. The statistical
summary is shown in Table 1.

In Table 1 we see that, after gravimetric densification,
GEOIDSP2011 proves to be more consistent with the GPS/RN
points than for the GEOIDSP2008 model. Figures 8a and 8b il-
lustrate the statistic comparison in terms of histograms. In Fig-

ure 8b we see that the graph of normal distribution has a lower
standard difference in relation to Figure 8a and that the greater
concentration of points is in the interval of —0.2 to 0.2 m.

Table 1 — Comparison between the geoidal heights and GPS/RN
stations (meters).

Standard .
Mean Max. | Min.
Difference
GEOIDSP2008 | 0.16 0.22 064 | -0.36
GEOIDSP2011 | 0.10 0.19 061 | -0.42

Figures 9a and 9b set out the differences between the GPS/
RN points and the two models in graphic terms. Based on the
individual differences, a grid was generated with resolution of 30
using the method of bi-linear interpolation. The lighter colors rep-
resent the smallest differences. The largest differences between
the 2008 and 2011 models are presented in the region of the Serra
do Mar mountains (to the East and South of the State). It was
found that the addition of data in this region helped in attaining
the 2001 model showing greater consistency over the GPS/BM
model than the 2008 model.

The second comparison refers to the geoidal heights from
MAPGEO02010 with those of the models obtained in this study.
It should be stressed that the data collected in the gravimet-
ric campaigns of 2009, used in the model GEQIDSP2011, were
also employed in the calculation of MAPGEO02010. Figures 10a
and 10b illustrate the differences, while the statistics are shown
in Table 2.
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Figure 8 — (a) Histogram of GPS/RN and GEOIDSP2008; (b) Histogram of GPS/RN and GEOIDSP2011.
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Figure 9 — (a) Difference, GPS/RN and GEQIDSP2008; (b) Difference, GPS/RN and GEOIDSP2011.

Table 2 — Difference in the geoidal heights between MAPGE02010 and the models

GEOIDSP2008 and GEOIDSP2011 (meters).

Mean S.tandard Max. | Min.

Difference
MAPGEQ02010— GEOIDSP2008 | 0.057 0.07 0.31 | -0.11
MAPGEQ02010— GEOIDSP2011 | 0.004 0.04 0.19 | -0.11

Once again it is possible to note the benefits of the gravi-
metric measurements in the mountainous regions. The geoidal
heights of the 2011 model prove to be more consistent with
those of MAPGEQ2010 than the 2008 model. The standard differ-
ence of the more recent model is 0.04 m, whereas in the previous
model it was 0.07 m.
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The third validation consisted of comparing the geoidal
heights derived from the GPS/RN stations with the anomalies of
height of the most recent models of geopotential. The models
used were: EIGEN-6C (Forste et al., 2011), GOCO02S (Goiginger
et al,, 2011), GO_CONS_GCF_2_TIM_R2) (Pail et al., 2010) and
EGM2008. MAPGEO02010 was also used in the comparison.
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Figure 10 — (a) Difference of the geoidal heights (MAPGE02010 x GEQIDSP2008); (b) Difference of the geoidal heights (MAPGE2010 x GEOIDSP2011).

Table 3 — Statistical analysis of the absolute comparison of the GPS/RN points (meters).

Mean standard Max. Min.

Difference
GEOIDSP2011 0.10 0.19 061 | -0.42
EIGEN-6C 017 0.18 067 | -0.41
G0C002S 0.16 0.32 099 | -056
GO_CONS_GCF_2_TIM_R2 0.16 0.32 1.03 | -0.59
MAPGE02010 0.10 0.19 061 | -045
EGM2008 0.18 0.18 059 | -0.49

EIGEN-6C contains the cogfficients in series of spherical har-
monic functions up to degree and order 1420. The model is a
combination of data from the satellites GOCE (Gravity field and
steady-state Ocean Circulation Explorer), GRACE (Gravity Recov-
ery and Climate Experiment) and LAGEOS (Laser GEOdynamics
Satellite), along with earth gravimetric data and altimetry by satel-
lite. GOCO02S is a combined solution of the satellites GOCE,
GRACE and CHAMP (Challenging Minisatellite Payload) and SLR
(Satellite Laser Ranging) and has a degree and order of 250. The
geopotential model GO_CONS_GCF_TIM_R2, degree and order
250, used data from the GOCE satellite and the TIM solution
(Time-Wise Approach). EGM2008 similarly employed the com-
bination of satellite (GRACE) data, satellite altimetry earth gravi-
metry. It has coefficients up to degree and order 2160.

The statistics (Table 3), indicate that models EIGEN-6C and
GO_CONS_GCF_TIM_R2, calculated only with data from the space
missions, display values in terms of standard difference in the
order of 0.32 m. In the other models, including MAPGE02010
and GEOIDSP2011, the difference was less than 0.20 m. In terms

of the mean, the results expressed by the geopotential models are
inthe order of 0.16 to 0.18 m, whereas the values from GEQIDSP
and MAPGEQ2010 did not exceed 0.10 m. The histograms of the
comparisons between the geoidal height and the height anomaly
are illustrated in Figure 11,

The relative comparison was one more validation performed.
In total, 61 pairs of points spaced between 20 and 50 km were
selected. This interval allows an evaluation of the influence of
short wavelengths. From the following expressions, it is possi-
ble to calculate the relative difference:

Ngps1 — Ngps2 = ANgps (4)
Nerorper — Nerorpez = ANgrorpe  (9)

which is given by:
difrel = (ANGEOIDE — ANGPS)/Dist (6)

The graphic analysis of GEQIDSP2011 is seen in Figure 12, and
the statistical summary involving the used models is presented in
Table 4.
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Figure 11 — Histograms of the comparisons of geoidal heights and height anomalies.
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Figure 12 — Relative difference between GPS/RN and GEOIDSP2011.

Table 4 — Statistical analysis of the relative comparison of the GPS/RN points.

Mean ?tandard Max. | Min.
Models Difference
(cm) (cm) | (cm)
(cm/km)

GEOIDSP2011 0.15 0.59 137 | -1.97
EIGEN-6C 0.19 0.58 144 | —1.82
G0C002S 0.11 117 3.06 | -2.56

GO_CONS_GCF2_TIM_R2 | 0.10 118 3.09 | —2.61

MAPGE02010 0.16 0.59 140 | -1.82

EGM2008 0.21 057 144 | —153

Brazilian Journal of Geophysics, Vol. 31(4), 2013

Figure 12 shows 63.9% of the pairs with a difference be-
tween 0.00 and £0.50 cm/km, 29.5% with values between +0.50
=+1.00 cm/kmand 6.60% above +1.00 cm/km. We note in Table
4 that the standard differences obtained for both the Sdo Paulo
model and also MAPGEO2010 are close. The combined geopo-
tential models (EIGEN-6C and EGMO08) proved to be more con-
sistent in relation to the GPS/RN points than the models that use
only data derived from space missions.

CONCLUSION

The efforts of the gravimetric surveys addressing densification in
the state of Sdo Paulo and its surroundings have contributed to a
better consistency of the geoidal model in relation to the GPS/RN
points. This fact may be observed in Figures 9a and 9b where
the main contribution is in the mountainous region of the state
(east-south axis), where there was a shortfall in the gravimetric
information. It is considered that the consistencies of the geoidal
heights from the model GEOIDSP2011 with those from the GPS
observations on the level reference stations is in the order of
0.19m.

Model GEOIDSP2011 showed better accuracy in relation to
the geopotential models in the absolute and relative compari-
son. When compared to MAPGEQ2010, the results are practi-
cally equal. It should be stressed that 75% of the stations used
in calculating the state model are also contained in the Brazilian
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model. The geopotential models EIGEN-6C and EGM2008 dis-
play consistency very close to that of the Sdo Paulo geoid. This
fact may be explained by the use of not only satellite data, but
also by gravimetric data (earth, aerial and ocean) and by satellite
altimetry. The same conclusion may be presented in relation to
the relative comparison. In this latter, the Sdo Paulo model dis-
plays better consistency than the geopotential models and results
close to the MAPGEQ2010.

Field works will continue until the remaining gaps are filled, in
particular in the state of Minas Gerais. At the end of densification,
it is expected to calculate another geoidal model and compare it
with those presented in this article.
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