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Abstract

In accordance with recent developments of the International Association of Geodesy
(IAG) and the policies promoted by the Subcommittee on Geodesy of the United Nations
Committee of Experts on Global Geospatial Information Management (UN-GGIM), a main
goal of the Geodetic Reference System for the Americas (SIRGAS) is the procurement of an
integrated regional reference frame. This frame should support the precise determination of
geocentric coordinates and also provide a unified physical reference frame for gravimetry,
physical heights, and a geoid. The geometric reference frame is determined by a network
of about 500 continuously operating GNSS stations, which are routinely processed by
ten analysis centers. The GNSS solutions from the analysis centers are used to generate
weekly station positions aligned to the International Terrestrial Reference Frame (ITRF)
and multi-year (cumulative) reference frame solutions. This processing is also the basis for
the generation of precise tropospheric zenith path delays with an hourly sampling rate over
the Americas. The reference frame for the determination of physical heights is a regional
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densification of the International Height Reference Frame (IHRF). Current efforts focus on
the estimation and evaluation of potential values obtained from high resolution gravity field
modelling, an activity tightly coupled with geoid determination. The gravity reference frame
aims to be a regional densification of the International Terrestrial Gravity Reference Frame
(ITGRF). Thus, SIRGAS activities are focused on evaluating the quality of existing absolute
gravity stations and to identify regional gaps where additional absolute gravity stations are
needed. Another main goal of SIRGAS is to promote the use of its geodetic reference frame
at the national level and to support capacity building activities in the region. This paper
summarizes key milestones in the establishment and maintenance of the SIRGAS reference
frame and discusses current efforts and future challenges.
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1 Introduction

The Geodetic Reference System for the Americas (Sis-
tema de Referencia Geodésico para las Américas, SIRGAS)
was established in 1993 at an international conference in
Asunción, Paraguay, organized by the International Asso-
ciation of Geodesy (IAG), the Pan-American Institute for
Geography and History (PAIGH), the Deutsches Geodätis-
ches Forschungsinstitut (DGFI), and the U.S. Defense Map-
ping Agency (DMA) (see e.g. Drewes 2022). During this
meeting, participants defined the main goal of SIRGAS: the
unification of the South American Datum using the Global
Positioning System (GPS). Two Working Groups (WG) were
formed to achieve this goal, “Reference Frame” (WGI) and
“Geodetic Datum” (WGII, now called “SIRGAS at National
level”). Their charge was to define, realize, and maintain a
geocentric reference system and to support its integration to
the national densifications.

The first frame realization, SIRGAS95, included sta-
tions only in South America (SIRGAS 1997). The second
one, SIRGAS2000, included stations in countries in all the
Americas (Drewes et al. 2005). Some years later, SIRGAS
implemented a reference frame using only continuously
operating GNSS (Global Navigation Satellite Systems) sta-
tions (see e.g. Brunini et al. 2012). In 1997 SIRGAS created
the “Vertical Datum” WGIII for the determination of a verti-
cal reference frame for South America that aimed to connect
the existing levelling networks (Drewes 2022). This WGIII
is currently dedicated to establish regional densifications of
the International Height Reference Frame (IHRF) and the
International Terrestrial Gravity Reference Frame (ITGRF)
as to provide consistency for gravimetry, physical heights,
and geoid.

Over the years, the SIRGAS WGI provided weekly prod-
ucts such as, coordinates, hourly zenith path delays (ZPD),

and long-term products such as velocity models (VEMOS)
and multi-year solutions.

Another important and strategic task carried out by SIR-
GAS is knowledge transfer and capacity building (see https://
sirgas.ipgh.org/eventos-sirgas/cursos/). This paper summa-
rizes activities carried out by the SIRGAS WGs, including
efforts from the IGS Regional Network Associate Analysis
Centre for SIRGAS (IGS RNAAC SIRGAS). Also, the SIR-
GAS executive committee recently joined the Regional Com-
mittee (UN-GGIM:Americas) of the Geodetic Reference
Frame for the Americas WG. We discuss the activities and
new responsibilities of SIRGAS within this WG.

2 Main SIRGAS Objectives
and International Networking

SIRGAS mainly interacts with four international bodies:
IAG, which provides guidance for the scientific and tech-
nical SIRGAS activities; the International GNSS Service
(IGS), which provides support for the proper analysis of the
SIRGAS reference frame; PAIGH, which provides a direct
link to the national agencies responsible for the geodetic
reference frames; and the chapter Americas of the United
Nations Committee of Experts on Global Geospatial Infor-
mation Management (UN-GGIM: Americas), which pro-
vides a policy framework for geodetic capacity building
at the regional level. Based on this networking, the main
objectives of SIRGAS are:

– To establish and maintain a continental geocentric
reference frame that is a regional densification of the
International Terrestrial Reference Frame (ITRF);

– To define and maintain a unified vertical reference system
by means of physical and geometric heights consistent
with IHRF;

https://sirgas.ipgh.org/eventos-sirgas/cursos/
https://sirgas.ipgh.org/eventos-sirgas/cursos/
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– To develop and maintain updated a gravimetric geoid
model of continental coverage; and

– To establish and maintain a continental absolute gravity
reference network consistent with the ITGRF.

These goals are faced by the WGI and WGIII, whose chairs
are also responsible for the IAG Sub-Commissions 1.3.b
(Regional Reference Frames – South and Central America)
and 2.4b (Gravity and Geoid in South America), respectively.
The capacity building and knowledge transfer activities are
coordinated by the WGII. The interaction with the IGS is
done by the IGS Regional Associate Analysis Centre for
SIRGAS (IGS RNAAC SIR). Efforts and results of these
WGs are also reported to the PAIGH Cartography Com-
mission. The interaction between SIRGAS and UN-GGIM:
Americas is founded in the WG Geodetic Reference Frame
for the Americas (GRFA-WG), which promotes and provides
mechanisms for capacity development and knowledge trans-
fer in the field of Geodesy among the Nations of the Ameri-
cas. The main goal is to cooperate in the implementation of
the UN Resolution about a “Global Geodetic Reference
Frame for sustainable development” (A/RES/69/2663)
adopted in 2015. To optimise resources and harmonise the
SIRGAS and GRFA-WG activities, the president and vice-
president of SIRGAS are the co-chairs of the GRFA-WG.
Thus, SIRGAS is the meeting point for policy, science, tech-
nology, and capacity building in geodesy in the Americas.

3 Advances in the Physical Reference
Frame

As mentioned, one of the main goals of SIRGAS is to
establish a unified physical reference frame that ensures
consistency between gravity observations, geoid model, and
physical heights. Surface (terrestrial, airborne, shipborne)
gravity values are the main input for the computation of
levelling-based geopotential numbers (i.e., physical heights)
and the high-frequency signals of the geoid. In turn, the
disturbing potential determined for the geoid modelling is
also needed for the calculation of geopotential numbers in
the IHRF (see e.g., Sánchez et al. 2021). For this reason,
SIRGAS seeks to ensure consistency between the gravity
reference (Sect. 3.1), the geoid model (Sect. 3.2), and the
IHRF coordinates (Sect. 3.3).

3.1 Reference Frame for Terrestrial
Gravimetry

The gravimetric reference frame within SIRGAS is mostly
based on local absolute gravity networks determined mainly
by Micro-g LaCoste A10 gravity meter measurements

(Blitzkow et al. 2018). Today, most of the countries have
absolute gravity networks (Fig. 1), which are usually
densified by relative gravimeter measurements. Current goals
are to identify areas with few observations and to distribute
and set new stations more homogeneously in order to support
the establishment of the IHRF (Sánchez et al. 2021) and the
precise determination of the geoid.

SIRGAS is also involved in establishing the International
Terrestrial Gravity Reference System (ITGRS) and Frame
(ITGRF; Wziontek et al. 2021) on a regional level. One of the
key aspects of the ITGRF is the demand for reference stations
that provide a precise gravity reference supporting frame
accessibility at any time. In this regard, the Argentinean-
German Geodetic Observatory (AGGO) located close to La
Plata, Argentina (Fig. 1), plays a fundamental role as it
provides continuous gravity measurements using a supercon-
ducting gravimeter (SG). These measurements were com-
plemented with absolute gravity measurements performed
with a FG5 gravity meter between 2019 and 2022. The
combination of both allowed for the computation of a gravity
reference function for the station (Antokoletz et al. 2020).
According to Wziontek et al. (2021), these characteristics,
and the available infrastructure, allow AGGO to be a core
station of the ITGRF.

Fig. 1 Distribution of absolute gravity stations along Latin America (as
of Sep, 2022). Different colours correspond to the network belonging to
different countries. In yellow the station AGGO
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In this context, one of SIRGAS’ challenges is to eval-
uate the quality of the existing absolute gravity measure-
ments in order to ensure its compatibility with the standards
and recommendations given for the ITGRF (Wziontek et
al. 2021). Regional comparisons at reference stations like
AGGO will play a key role, since all gravity meters in
the region must participate in these comparison campaigns.
Other activities include (a) training and capacity building in
gravimetry with the aim of homogenising field procedures
and processing standards of absolute and relative gravity
measurements; (b) constant support to the national agencies
in charge of the gravimetric reference frames; and (c) compi-
lation of detailed documentation and metadata of the existing
absolute gravity data.

3.2 Recent Improvements in the Modelling
of the Geoid

The most recent geoid and quasi-geoid models for South
America, called GEOID2021 and QGEOID2021 (de Matos
et al. 2021a, b) respectively, were calculated thanks to the
collaboration of several South American organizations,
especially national mapping agencies, private companies
and universities. These models cover the area between
15ıN and 60ıS latitude and 100ıW and 30ıW longitude,
with a 50 grid resolution. The comparison between the
estimated geoid heights and the GPS/levelling data at 4,464
points in Argentina (2,931), Chile (176), Colombia (464),
Ecuador (703) and Venezuela (190) shows differences with
RMS values ranging from 34 cm for Argentina to 92 cm
for Ecuador. The comparison between height anomalies
and GPS/levelling data at 1,108 points in Brazil shows
differences with a RMS of about 41 cm. Looking at the
RMS it is possible to verify the convergence of the geoid and
quasi-geoid models in relation to the GPS/levelling points.
While levelling points are linked to the local vertical data of
the different countries, the geoid and quasi-geoid models are
linked to the equipotential surface of the Earth’s gravity field
with geopotential value W0 D 62,636,853.4 m2 s�2. This
can explain the differences in the comparison. Besides that,
the zero degree term added to the geoid model was equal to
�17 cm, where it was considered that the normal potential
U0 was different from W0. The grids for both models are
available on the website of the International Service for the
Geoid (ISG; Reguzzoni et al. 2021; de Matos et al. 2021a,
b).

3.3 Standardisation of Physical Heights

In the last 25 years, SIRGAS has been actively working
on the unification of vertical datums and the determina-
tion of a unified height system for the region. Since 2015,

when the IAG defined the International Height Reference
System (IHRS, see Drewes et al. 2016; Ihde et al. 2017),
SIRGAS focused efforts to establish a regional densification
of the IHRF and supported member states through work-
shops, schools, and webinars. In the region, 19 stations
distributed over 10 countries were selected to compose the
IHRF network. These stations are materialised by continu-
ously operating GNSS stations and are integrated into the
SIRGAS reference frame. Besides that, some of them are
co-located with space geodesy and gravimetric techniques
(Fig. 2).

It is recommended that regional unified height systems are
based on geopotential numbers as different physical heights
(orthometric or normal heights) are in use and they may
introduce artificial errors in the connection of levelling net-
works at the borders between neighbouring countries. In this
sense, SIRGAS provides training and capacity building to
the national agencies responsible for the geodetic reference
frames. To date, three member states have completed this
task and three others are close to finish (Fig. 2). Furthermore,
SIRGAS has emphasized the importance of international
levelling connections (Fig. 2), gravity measurements and

Fig. 2 Distribution of IHRF stations in Latin America (as of Sep,
2022), co-located with space techniques, gravity, and levelling. Trian-
gles indicate the international levelling connections. Countries with ver-
tical networks adjusted in terms of geopotential numbers are depicted
in green and in yellow those in process
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levelling connections at the IHRF stations. Two technical
guides were developed: “Guidelines to select IHRF stations”
and “Guidelines for gravimetric measurements around IHRF
stations”, both available at https://sirgas.ipgh.org/. Addi-
tional ongoing activities are (a) station selection for national
densifications of the IHRF, and (b) the determination of
geopotential numbers at the Latin American IHRF stations
(more details in Tocho et al. 2020; Guimarães et al. 2022a, b;
Silva et al. 2022). The present challenges in this regard are
the evaluation of discrepancies between different computa-
tion methods and the quality assessment in the determination
of geopotential numbers.

4 Status of the Geometric Reference
Frame

The current realization of SIRGAS is a network of 500
continuously operating GNSS stations (Fig. 3). From these
stations, 109 belong to the IGS global network; the rest
belong to the national reference frames. All SIRGAS stations
track GPS, 89% of them track GLONASS, 39% Galileo, and
30% Beidou.

The SIRGAS reference stations are classified in core sta-
tions (core network, SIRGAS-C) and national densification
stations (national networks, SIRGAS-N). All stations follow
the same operational criteria and are analysed on a weekly
basis in agreement with the standards of the International
Earth Rotation and Reference Systems Service (IERS, Petit
and Luzum 2010) and the IGS (Johnston et al. 2017). Cur-
rently, 10 SIRGAS analysis centres (SIRGAS-AC) process
the GNSS data. Each station is included in at least three indi-
vidual solutions. The SIRGAS-ACs generate weekly loosely
constrained solutions (LCS) for station positions and Zenith
Path Delays (ZPD) hourly estimates. The station positions’
LCS are combined by the SIRGAS combination centres to
generate a unified solution of the reference frame (Sect. 4.1).
The ZPD estimates are combined by the SIRGAS analysis
centre for the neutral atmosphere (Sect. 4.2). The weekly
combinations are the input for the determination of reference
frame multi-year solutions (Sect. 4.3), which are the basis for
the calculation of SIRGAS velocity models (Sect. 4.4). Table
1 summarizes present and former SIRGAS analysis centres.
Figure 4 depicts the data flow within the SIRGAS reference
frame analysis.

Fig. 3 SIRGAS reference
network (as of Sep, 2022)

https://sirgas.ipgh.org/
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Fig. 4 Data flow in the analysis of the SIRGAS reference frame (adapted from Sánchez et al. 2022). Please see Table 1 for the SIRGAS-AC
acronyms

4.1 Operational and Reprocessed SIRGAS
Weekly Station Positions

In the weekly analysis of the SIRGAS reference frame,
the IGS final satellite orbits, satellite clocks, and Earth
orientation parameters (Johnston et al. 2017) are included as
known parameters (see Tarrío et al. 2021). Thus, the SIRGAS
weekly solutions are based on the models and standards valid
at the time of computation and refer to the IGS reference
frame in use during that specific time. Updated models,
better processing standards or improved IGS reference frame
solutions are directly reflected in the quality of the SIRGAS
coordinates. As an example, Table 2 summarises the weekly
station position repeatability and the consistency with the
IGS weekly solutions of the SIRGAS positions referring to
different IGS reference frames.

To ensure the long-term reliability of the SIRGAS
reference frame, the complete GNSS data series are

homogeneously reprocessed to refer all weekly normal
equations to a unified set of standards and to the same
reference frame. The first SIRGAS reprocessing, Repro1,
comprised GNSS data from 2000-01-02 to 2008-08-30 and
its main goals were to consider absolute corrections for the
phase centre variations of the GNSS antennae and to refer
positions and velocities to the IGS05 reference frame (see
Sánchez and Seitz 2011).

The DGFI-TUM recently reprocessed all the GNSS data
from de SIRGAS Reference Network and a set of globally
distributed IGS stations, covering the time span between
January 2000 and December 2021 (see Sánchez et al. 2022).
This Repro2 refers to the IGS14/IGb14 reference frame
(Rebischung and Schmid 2016; Griffiths 2019). In total, 537
SIRGAS and 128 IGS stations (with 88 in the IGS14/IGb14
reference frame) were reanalysed (Fig. 5). The normal equa-
tions obtained in Repro2 were the input for the computa-
tion of a new DGFI-TUM reference frame solution called
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Table 2 Mean RMS values of the weekly SIRGAS station position repeatability and after comparing the SIRGAS station positions with the
weekly coordinates of the IGS stations. The last row presents the values obtained from Repro2 (more details in Sánchez et al. 2022)

Weekly station position repeatability
[mm]

Compatibility of weekly SIRGAS reference
frame solutions with the IGS reference frame
[mm]

IGS reference frame From To N/E Up N/E Up

IGS05 2000-01-02 2011-04-16 2.3 4.5 2.8 6.0

IGS08/IGb08 2011-04-17 2017-01-28 1.8 3.2 1.8 3.5

IGS14/IGb14 2020-05-17 2022-11-26 1.0 3.2 0.8 2.6

IGS14/IGb14 2000-01-02 2022-11-26 1.0 3.0 0.8 2.6

Fig. 5 GNSS network included in the latest SIRGAS data reprocessing. Labels identify the reference stations utilised for the geodetic datum
realisation (adapted from Sánchez et al. 2022)

SIRGAS2022 (see Sect. 4.3). The Repro2 normal equations
are available for combination with solutions from other
SIRGAS-ACs to realize a SIRGAS-wide reference frame.

4.2 Combined Tropospheric Zenith Path
Delays

The ZPDs estimated by the SIRGAS-ACs (see Table 1) are
combined to generate the ZPDSIR values in hourly sam-
pling rates. This combination is performed on a weekly
basis by CIMA, since Nov. 2019 (Mackern et al. 2020).
The methodology is described in Mackern et al. (2022).
Three or more individual solutions are needed to obtain

statistical controls over the combined values of ZPDSIR.
Figure 6 shows significant progress towards this goal, mainly
since 2019.

The ZPDSIR precision was calculated using the mean
annual Standard Deviation (SD) for each station. Table 3
summarises the results of the last precision analysis carried
out for 2021.

The final ZPDSIR have been validated (Mackern et al.
2020) with respect to final IGS’ ZTD products (at 15 IGS
stations) and with respect to computed ZTD at radiosonde
stations (10 sites). This study shows that the ZPDSIR agree
with the corresponding values obtained by the IGS (mean
RMSE 6.8 mm; mean bias �1.5 mm) as well as those from
radiosondes (mean RMSE 7.5 mm; mean bias �2 mm).
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Fig. 6 Number of stations with 1, 2, 3 or more individual ZPD solutions before combination

Table 3 Precision ZPD analysis carried out for 2021 (Mackern et al. 2022)

Mean RMS < 1 mm 1.1 mm < Mean RMS <3 mm 3.1 mm < Mean RMS <6 mm

Number of stations 309 113 150

Percent of stations 54 20 26

4.3 SIRGAS2022: The Latest DGFI-TUM
Reference Frame Solution for SIRGAS

Due to the occurrence of seismic events in the SIRGAS
region, the SIRGAS reference frame cumulative solutions
require frequent updates (e.g., Seemüller et al. 2011; Sánchez
and Seitz 2011; Sánchez and Drewes 2016, 2020). The latest
DGFI-TUM reference frame cumulative solution, called
SIRGAS2022, is based on the Repro2 normal equation
series up to December 2021. The normal equations from
January 2022 to April 2022 were obtained from the weekly
combination of individual solutions from the SIRGAS-ACs
and are all based on the weekly IGS14/IGb14 normal
equations (Fig. 7). A description of the processing and
analysis methodology can be found in Sánchez et al. (2022).

SIRGAS2022 (Fig. 8) contains 587 stations with 1,389
occupations. The station positions refer to the IGb14 and are
given at the epoch 2,015.0. Their accuracy is estimated to be
˙0.8 mm in N/E and ˙ 1.4 mm in U at the reference epoch.
The accuracy of the velocities is assessed to ˙0.6 mm/year
in N/E and˙ 1.0 mm/year in U.

Fig. 7 Analysis steps in the determination of SIRGAS2022 (adapted
from Sánchez et al. 2022)
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Fig. 8 SIRGAS2022 horizontal
velocities

4.4 VEMOS: Overall Velocity Models for
the Entire SIRGAS Region

The constant velocities determined in the computation of
the SIRGAS reference frame cumulative solutions are the
input for the prediction of velocity grids over the entire
SIRGAS region (Fig. 9). They are needed to interpolate
station motions in regions where no SIRGAS stations are in
operation and serve as the basis for the analysis of regional
surface deformations. The VEMOS models represent mean
yearly horizontal surface displacements for a period of data
used for the model (Table 4). A new updated version of
VEMOS, including the latest processing results, is in prepa-
ration.

5 Final Remarks

SIRGAS is a well-established comprehensive regional
geodetic reference frame and widely used in practical and
scientific applications. The routine analysis of the SIRGAS
reference frame is in accordance with the new models,
standards, and procedures defined by the IERS and the IGS.
The accuracy of the weekly SIRGAS station positions is
1.0 mm in N/E and about 3.0 mm in the vertical component.
The accuracy of the latest DGFI-TUM reference frame
solution SIRGAS2022 is estimated to be ˙0.8 mm in N/E
and ˙ 1.4 mm in U for the station positions at the reference
epoch and ˙ 0.6 mm/year in N/E and ˙ 1.0 mm/year in
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Fig. 9 VEMOS2017 (adapted
from Drewes and Sánchez 2020)

Table 4 SIRGAS velocity models (more details in https://sirgas.ipgh.org/en/products/vemos/)

Observation period included

VEMOS Reference frame From To Reference

VEMOS2003 ITRF2000 May 1995 April 2001 Drewes and Heidbach (2005)

VEMOS2009 ITRF2005 January 2000 June 2009 Drewes and Heidbach (2012)

VEMOS2015 IGb08 March 2010 April 2015 Sánchez and Drewes (2016)

VEMOS2017 IGS14 January 2014 January 2017 Drewes and Sánchez (2020)

U for the velocities. Main challenges in the determination
of the reference frame are the modelling of seismic and
post-seismic effects and strong seasonal signals observed in
the Amazon basin. A strategic priority of SIRGAS is the
advancement in the establishment of a physical reference
frame to support gravimetry, physical heights and geoid
determination with an accuracy similar to that of the
geometric reference frame. This is yet a difficult challenge to
overcome. Current SIRGAS efforts are aimed at collecting
the necessary data and linking the different national agencies
through training and knowledge transfer. The joint work

between SIRGAS and UN-GGIM: Americas highlights the
importance of geodetic reference frames as a strategic tool
for sustainable development. Yet, governmental support is
needed to obtain human, technical, and financial resources
to continue the development of SIRGAS. This governmental
support can only be achieved by each of the members of
SIRGAS, and we strive to provide the mechanisms to support
raising the necessary awareness.
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