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Abstract

SIRGAS (Sistema de Referencia Geocéntrico para las Américas) is a joint project of South,
Central and North American countries in cooperation with some international institutions for
the establishment and maintenance of a geocentric reference frame for practical and scientific
use. A unique reference frame for the American continent was established by two extremely
successful geodetic observation campaigns, SIRGAS95 and SIRGAS2000. It provides the
basis for the requirements of modern geodesy, and is one of the most important enterprises
within geodetic science. At present, its goals aim at the complete integration of all American
countries, the maintenance and processing of a continuously observing stations network in the
continent, and the adoption of a unified vertical system (height datum). The general outlines
for the future tasks are presented in this paper.

1 SIRGAS history, structure and present situation

SIRGAS was established during an international meeting in Asuncion, Paraguay, in October
1993 by representatives of most of the South American countries, the International
Association of Geodesy (IAG), the Pan American Institute of Geography and History
(PAIGH), and the National Imagery and Mapping Agency (NIMA), now National Geospatial-
Intelligence Agency (NGA), as the “Sistema de Referencia Geocéntrico para América del
Sur” (South American Geocentric Reference System) Project. The main objectives were

- to define and establish a geocentric reference system for the continent,
- to define and establish a geocentric datum,
- to define and establish a unified vertical datum.

The project structure includes an Executive Committee, made up by the representatives of all
participating countries and international institutions, a Directive Board, a Scientific Council,
and three Working Groups: WGI “Reference Systems”, WGII “Geocentric Datum”, WGIII
“Vertical Datum”. The objectives, responsibilities and activities of each of these entities are
established by the Project Statutes, which have been approved in 2003. In 2000 the project
was extended to Central and South America. As a consequence it was renamed “Geocentric
Reference System for the Americas” keeping the acronym SIRGAS. In 2001 the United
Nations Regional Cartographic Conference for the Americas (UNRCC-A) recommended the
countries in the region to adopt SIRGAS2000 as their national geodetic reference frames.

2 Working Group I: Reference System

The objectives of WGI are clearly stated by the SIRGAS statute and encompass the definition
of a tri-dimensional geocentric reference system for the Americas, as well as its realization
and maintenance through a reference frame materialized by a set of stations coordinates and

59



Luiz P. Fortes et al.

velocities. The first SIRGAS observation campaign was performed from May 26™ to June 4™
1995. A total of 58 stations in the South American continent and neighboring areas were
measured simultaneously by GPS observations (Figure 1) establishing one of the most precise
continental geodetic networks all over the world. The observations were processed by two
analysis centers at DGFI, Germany, and DMA, USA and combined for a unique solution in
the International Terrestrial Reference Frame 1994 (ITRF 94), reference epoch 1995.4. The
precision of three-dimensional coordinates is about + 5 mm for each component. The final
results were reported at the IAG Scientific Assembly in Rio de Janeiro, August 1997
(SIRGAS 1997).
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Figure 1: SIRGAS95 stations and GPS receiver types
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The second SIRGAS observation campaign was performed from May 10" to 19" 2000. In
South America 56 points of the first campaign were measured again. The network was
densified in some countries and extended to Central and North American countries by 85 new
stations. In addition 43 points at tide gauges were included in order to connect the existing
height datums to the geocentric reference system. Altogether the network consists thus of 184
stations all over the American continent (Figure 2). The data were processed by three
processing centers at IBGE, DGFI and the Bavarian Commission of Geodesy (BEK),
Germany. The final combined station coordinates refer to ITRF2000, reference epoch 2000.4
(Drewes et al. 2005).
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In the meantime, a network of continuously operating GPS receivers has been installed by
SIRGAS in Central and South America. It is operational since 1996 and nowadays involves
more than 80 stations. The Regional Network Associate Analysis Center (RNAAC) for
SIRGAS - one of the regional analysis centers belonging to the International GNSS Service
(IGS) — computes the network coordinates and velocities (Seemiller 2004). A set of station
coordinates is computed every week. Linear station velocities are derived by accumulating
several years of weekly solutions, the latest including all data up to end of 2005 (Figure 3).
The DGFI is in charge of processing the IGS RNAAC-SIR.
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Figure 3: Velocities of the IGS RNAAC-SIR stations and ITRF2000

A station velocity field was derived by finite element and least squares collocation approaches
(Figure 4, Drewes and Heidbach 2005) from the SIRGAS coordinate changes 1995 to 2000,
the continuously observing GPS stations of the IGS RNAAC-SIR, and the geodynamics
projects Central and South America (CASA), South America — Nazca Plate Motion Project
(SNAPP), Central Andes Project (CAP), and South America Geodynamic Activities (SAGA).
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Figure 4: Deformation of the South American crust estimated from finite element and collocation methods

As a result of the SIRGAS WGI activities, the Americas have got a geocentric reference
system materialized in accordance with the uppermost geodetic standards. SIRGAS satisfies
the highest demands of modern geodesy and provides the fundamental layer for America’s
Spatial Database Infrastructure.

A WGI action plan for the coming years was discussed during the SIRGAS meeting, held in
Aguascalientes, Mexico, December 2004. The general consensus was to drive WGI efforts
toward the consolidation of the SIRGAS network of continuously operational GPS stations as
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the cornerstone for the reference frame maintenance. The following issues were appointed as
WGI priority:

to improve the performance of presently operational stations,

to improve data transfer to data centers,

to encourage and to support the installation of new stations, and

to install processing centers in American countries.

In addition, the SIRGAS executive committee encouraged WGI for conducting a pilot project
on ionospheric mapping in South America, based on dual-frequency GPS observations
belonging to the continuously operational SIRGAS network. A cooperative project between
Brazilian and Argentinean universities, aimed to regional ionosphere mapping, is currently
being discussed.

The first assignment for accomplishing the action plan was to identify the main problems that
affect the network performance. These problems may be summarized as follows:

- Difficulties for data accessing on time (within three weeks after observation),

- Lack of information about changes in the observing configuration (receiver, antenna,
antenna height, etc.),

- Lack of information about the reason for no data,

- Lack of information about new stations in the IGS RNAAC-SIR region,

- Bad or very slow internet connections, and

- No data transfer during the South American vacation period (December and January).

Actions for mitigating these problems are currently being discussed by WGI.

WGl is conducting a pilot project to establish processing centers in the region, to carry out a
task analogous to that currently performed by the IGS RNAAC-SIR. Preliminary, the UNLP,
Argentina, the IBGE, Brazil, and INEGI, Mexico, were identified as potential candidates to
carry out this task. These institutions agreed to compute different parts of the network and to
deliver normal equations from their weekly solutions to DGFI. During a test period of two
years DGFI will continue to be in charge of the IGS RNAAC-SIR.

3 Working Group I1: Geocentric Datum

The objectives of the WGII are

- to define, realize and maintain the geodetic datum in the member countries consistent
with the SIRGAS reference frame (see WGI),

- to promote the connection and transformation of the national geodetic networks to the
geocentric datum,

- to support the definition, realization and adoption of a unified vertical reference
system in the member countries (see WGIII),

The realization of the objectives is done using the SIRGAS stations in each country as a
national reference frame. These are the stations included in the GPS campaigns 1995 and
2000 as well as the continuously observing GPS receivers of the IGS RNAAC-SIR. The
present status of those sites is given in Table 1.
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Table 1: SIRGAS stations in the member countries
Country (Island) SIRGAS1995 | SIRGAS2000 | IGS RNAAC-SIR
Antarctic 1 1 3
Argentina 10 20 14
Barbados - - 1
Bermuda - 1 1
Bolivia 6 9 -
Brazil 11 21 21
Canada - 13 -
Chile 7 20 8
Colombia 5 8 15
Cuba - - 1
Ecuador 3 7 2
El Salvador - - 1
Fr. Guiana 1 1 1
Guatemala - 4 1
Guyana - 2 -
Honduras - 1 3
Jamaica - 1 1
Mexico - 15 17
Nicaragua - 2 2
Paraguay 2 1 -
Puerto Rico - 1 1
Saint Croix - 1 1
Peru 4 10 1
Trinidad & Tobago |- 2 -
Uruguay 3 8 -
USA - 24 4
Venezuela 5 11
Total 58 184 100

Some countries adopted officially the SIRGAS reference system soon after the first campaign
in 1995 and derived transformation parameters from the old geodetic datums to SIRGAS.
Others are still in the procedure of adoption. The reference epoch is different due to the
adopted coordinates of SIRGAS95 or SIRGAS2000, respectively. Table 2 shows the status in
December 2005.
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Table 2: Adoption of the SIRGAS reference frame by the South American countries

Country System Name Datum Reference epoch | Status
Argentina POSGAR94 WGS84 1993.8 Will adopt
Bolivia SIRGAS SIRGAS95 19954 Will adopt
Brazil SIRGAS2000 SIRGAS2000 | 2000.4 Adopted
Chile SIRGAS-CHILE SIRGAS2000 | 2002.0 Adopted
Colombia MAGNA-SIRGAS | SIRGAS95 1995.4 Adopted
Ecuador SIRGAS SIRGAS95 1995.4 Adopted
Peru PERU’96 SIRGAS95 1995.4 Adopted
Uruguay SIRGAS ROU 98 | SIRGAS95 19954 Adopted
Venezuela SIRGAS-REGVEN | SIRGAS95 1995.4 Adopted

4 Working Group I11: Vertical Datum

The classical height systems in South America were established using the mean sea level as a
reference level. Their realization was carried out by 10 to 20-year observations at individual
tide gauges over different periods. The vertical control was extended over each country using
mainly spirit levelling methods, but in general the levelled heights have not been corrected by
the gravity effects. Therefore, these systems present large discrepancies between
neighbouring countries (Figure 5), they do not permit data exchange neither in continental nor
in global scale, and they are not able to support practical height determination with GNSS
techniques. The unique alternative is to define a new vertical reference system that solves the
mentioned problems, allows its continuous improvement and serves as a complement to the
geometrical SIRGAS system. With this purpose, during the IAG Scientific Assembly held in
Rio de Janeiro in 1997, the Working Group I11 "Vertical Datum" was created.

The main objectives of WGIII are to define a modern unified vertical reference system for
South America, to establish the corresponding reference frame, and to transform the existing
classical height datums to the new system. According to its recommendations the new vertical
system is composed by (Drewes et al. 2002):

- Two types of heights: normal heights as a physical component, and ellipsoidal heights
as a geometrical component,

- the corresponding reference surfaces: the quasigeoid for the normal heights, and the
ellipsoid for the ellipsoidal heights,

- areference frame, i.e., a set of fundamental stations to realize it, and

- its maintenance through time to control its possible deformations.

The realization of this new vertical system was carried out by the SIRGAS2000 campaign
(Figure 2). It covered the stations of SIRGAS95, the principal tide gauges of the participating
countries, including those serving as reference for the classical height datums, some stations
at the borders to connect the levelling networks between neighbouring countries and
additional primary vertical control points (Luz et al. 2002). The stations shall be connected by
spirit levelling with the reference tide gauges and their geopotential numbers shall be known.
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Figure 5: Discrepancies between neighbouring vertical networks obtained from spirit levelling in South America

The geometrical component of the new vertical system has been accomplished by adopting
the SIRGAS system as the official geodetic reference frame in the South American countries.
The ellipsoidal heights refer to the SIRGAS datum, i.e., the GRS80 ellipsoid (SIRGAS 1997).
The realisation of the physical component (normal heights and quasigeoid) implies, among
others, the computation of geopotential numbers in a continental adjustment, the
determination of a unified quasigeoid model for the region, and the transformation of the
existing height systems to the new one. Regarding the first task, the countries have been
requested to control their first order levelling networks, to check the existing gravity data, and
to calculate geopotential numbers. The second task, the quasigeoid computation, must be
performed jointly by all countries using global gravity data from the satellite missions
(CHAMP, GRACE) and terrestrial (aerial and marine) gravity measurements.

The new adjustment of the first order levelling networks in terms of geopotential numbers is to
remove the existing inconsistencies due to omitting the Earth’s gravity field effects and the
constraints of the vertical networks by forcing more than one tide gauge to zero height. To get a
minimum constraint solution only one geopotential value (/) shall be used as reference level for
the adjustment of the entire continental levelling network. Although W, can be arbitrarily selected
(e. g., the -actual or theoretical- equipotential surface passing through a specified tide gauge mark,
or the average of the potential values at different tide gauges, or along the coast line) WGIII
recommends the adoption of a globally defined reference level. It should follow the Gauss-Listing
definition, i.e., W, shall be the geopotential averaged over the global (ideal) ocean surface in a
totally undisturbed state: the geoid (Mather 1978). Since geoid and quasigeoid are identical in
oceanic regions, it is not necessary to distinguish between these two surfaces to determine 7.
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According to above, ¥, has been calculated using different mean sea surface (MSS) models and
diverse global gravity models (GGM) (Sanchez 2005) by means of (e.g. Torge 2001):

W= % @?r? cos?(90°-6) + GM{H i(aj i (c,, cosmA+S,, sinmA)P, (cos6) 1)

r n=t \ V' m=0 "
and satisfying the condition:

[w —w, ) ds, =min ()

So

So represents the global ocean surface, (r,6 A1) are the spherical coordinates of each point
describing the mean sea surface, GM is the geocentric gravitational constant, « is the angular
velocity of the Earth’s rotation, C,,,, S, are the GGM’s spherical harmonic coefficients and P,,,
are the fully normalized polynoms of Legendre.

In the applied procedure, Equation 1 is evaluated by introducing (, 8 A) for all the open ocean
surface (MSS heights) in 1° x 1° block values. Then, ¥, (Equation 2) is determined by averaging
the individual W block values using cos¢e as a weight. The reference value recommended by
WGIII is W, = 62 636 853,4 ms™. The corresponding specifications are (Sanchez 2005):

MSS model:  T/P derived MSS heights at the epoch 2000.0,
Extension: ¢ =60° N ... ¢ =60° S,
Spatial resolution: 1° x 1°

GGM: EIGEN-CGO03C (Forste et al. 2005), n = 120, reference epoch 2000.0

Constants:  GM =398 600,4415 x 10° m%s
®w=7292115x 10 rad s

The proposed 1, value differs from previous computations (e.g., Bursa et al. 2004) by ~3 m’s™.
The reasons for this disagreement are being studied.

The unification of classical height datums into a global system is feasible by combining high
resolution gravity field models, precise geometrical coordinates, and physical heights derived
from levelling and terrestrial gravity data. The relationship between the global reference level 7,
and the local height datums W; (Figure 6) is given by (e.g., Rapp 1994, Heck 2004):

oW, =W,-W, or 5Hi=%=h—H,.N—g’ (3)

4

being » the normal gravity of the evaluation point on the Earth’s surface, " its normal height
referred to the datum ;, % the ellipsoidal height, and £ the height anomaly.

Similarly, the discrepancies between two vertical datums z,/ would be:
w,_w,

é'VI/ly.:VV,.—VVJ or éH,.j,:——
Y y

=H"-H) (4)
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Figure 6: Relationship between classical height datums and a global vertical reference system

According to this, the proposed methodology to unify the South American classical height datums
into the new vertical system is:

a) Determination of oW, (sH“)at the main tide gauges (including reference gauge

site) in each country (or datum zone).
b) Determination of 6w ' (sH**'*)at the marine areas surrounding the tide gauges

included in ).
c) Determination of sw,*" (sH ") at the reference frame stations (SIRGAS2000 points).

d) Determination of 5/, (5H ;) by connecting precisely neighbouring levelling networks.

e) Combination of the different solutions given by a), b), ¢), and d) by least squares
adjustment.

The procedure has to be iterated until the required reliability (I mm-level) is achieved. It implies
also the adoption of a reference epoch (#) and the determination of changes to 4, A", £ and
SSTop over time, i.e.:

S (t,)=h""(6,) ~ H[*(6,) = <(t,) 3 SHT™ (6,) = ™" (1,) = ¢ t,)
éHiRF(tk):hRF(t/()_HiRF(tk)_é/(tk); 5H;‘j(tk):Hj(tk)_Hi (tk) (5)
with:
_ Oy _ OH (o Vi) = oc, _
W) = ht) + S0~ 1) H (1) = H(1) + S50, = 1)1 () = Clo) + (0 —15) - (6)

Once each country had readjusted its levelling networks, s, sw*" and oW, can be

determined and the continental adjustment of the geopotential numbers will be feasible. The time
dependence of heights (4, H") and SSTop is being estimated by analysing tide gauge records,
satellite altimetry data and continuous GNSS positioning.

As a first approximation, the discrepanciesoH[¢ from the existing South American height
datums with respect to the proposed vertical system ¥, are estimated by means of Equation 3
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(Figure 7). The actual gravity potential 7; at each tide gauge is computed using Equation 1 at [¢,
A, h-H"] and the EIGEN-CG03C model, n = 360 (Férste et al. 2005). Since the geometrical
coordinates refer to the SIRGAS datum (i.e. GRS80), yis derived from the GRS80 ellipsoid, and
¢ takes into account the degree zero terms arising from the different GM values and the
difference between U, and ;. All height coordinates are in a tide-free system.
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Figure 7: Discrepancies between the individual classical height datums in South America
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