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Abstract: The Deutsches Geodatisches Forschungsinstitut
(DGFTI) has been involved in the research activities of the
Latin American Reference Frame SIRGAS since its estab-
lishment in 1993. DGFI coordinated the SIRGAS Global
Positioning System campaigns of 1995 and 2000 and acted
as an analysis centre of both campaigns contributing to
the first two SIRGAS realisations known as SIRGAS95 and
SIRGAS2000. In 1996, DGFI established the Regional
Network Associate Analysis Centre for SIRGAS of the
International GNSS (Global Navigation Satellite System)
Service (IGS RNAAC SIRGAS) and took on responsibility
for processing the SIRGAS continuously operating stations
and generating weekly position solutions. Later followed
the determination of cumulative (multi-year) solutions,
consisting of station positions and constant velocities, pro-
viding accurate solutions for the SIRGAS reference frame.
DGFI was integrated into the Technical University of
Munich (TUM) in 2015, becoming DGFI-TUM, and based
on the SIRGAS operational analyses, it continues investi-
gating strategies to guarantee the reliability of the refer-
ence frame through time. This includes the estimation of
the reference frame kinematics, evaluation, modelling,
and reduction of seismic and post-seismic deformations
on the reference frame, and modelling crustal kinematics
in the SIRGAS region by continuous velocity models. This
article summarises analysis strategies and science data
products developed by DGFI-TUM as a SIRGAS analysis
centre and as the IGS RNAAC SIRGAS. Special care is given
to the determination of the most recent SIRGAS reference
frame solution called SIRGAS2022, which is based on
the second SIRGAS reprocessing campaign performed by
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1 Introduction

In 1993, the Deutsches Geoddtisches Forschungsinstitut
(DGFI) initiated the establishment of a geocentric refer-
ence frame for South America that supports the determi-
nation of coordinates using the Global Positioning System
(GPS); see Drewes (1995), Fortes et al. (1995). A new refer-
ence frame was needed as the existing South American
geodetic datums were not geocentric, valid in certain
regions only (every country used a different geodetic
datum), and their realisations presented uncertainties of
magnitudes larger than the accuracy provided by GPS
(Caddess et al. 1993). Thus, they were not appropriate to
provide the reference for GPS positioning and navigation.
DGFT’s initiative was supported by the International Asso-
ciation of Geodesy (IAG), the Pan-American Institute for
Geography and History (PAIGH), and the US National
Geospatial-Intelligence Agency (NGA), known as NIMA
(National Imagery and Mapping Agency) at that time.
The implementation of a geocentric reference frame in
South America required the previous definition of con-
stants, conventions, models, and parameters through a
geocentric reference system. It was decided to fully adopt
the International Terrestrial Reference System (ITRS; Petit
and Luzum 2010). Accordingly, the realisation of the ITRS
in South America was defined as a regional densification
of the International Terrestrial Reference Frame (ITRF;
Petit and Luzum 2010); see Hoyer et al. (1998). This new
assemblage of reference (definition and realisation) was
named SIRGAS (Sistema de Referencia Geocéntrico para
América del Sur; Geocentric Reference System for South
America); see, e.g., SIRGAS Project Committee (1997),
Drewes et al. (1997). The meaning of this acronym changed
in 2001 to Geocentric Reference System for the Americas
following the recommendation of the 7th United Nations
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Cartographic Conference for the Americas (New York, Jan-
uary 22-27, 2001) to adopt SIRGAS as the conventional
reference system in all American countries. In 2020, the meaning
of the acronym SIRGAS changed once more to Geodetic Refer-
ence System for the Americas, because the objectives of SIRGAS
were extended to the determination of a unified physical refer-
ence system for gravimetry, physical heights, and the geoid (see
SIRGAS Statute adopted in November 2020; https://sirgas.ipgh.
org/docs/SIRGAS_Statutes_%0202020.pdf).

DGFI was established in 1952 as an independent
research institute at the Bavarian Academy of Sciences
and Humanities in Munich, Germany. In 2015, DGFI was
integrated into the Technical University of Munich (TUM)
and became DGFI-TUM. From now on, we refer to as
DGFI-TUM, although the name of the Institute used to
be DGFI until December 2014. DGFI-TUM has been involved
in the SIRGAS research activities since the establishment
of SIRGAS in 1993. DGFI-TUM played a central role in
outlining the conventions adopted for the definition and
realisation of SIRGAS (Fortes et al. 1995). Afterwards,
DGFI-TUM coordinated the SIRGAS GPS campaigns of
1995 and 2000 and acted as an analysis centre of both
campaigns contributing to the final solutions known as
SIRGAS95 (Drewes et al. 1997, SIRGAS Project Committee
1997, Kaniuth et al. 1998) and SIRGAS2000 (Drewes et al.
2000, 2005, Kaniuth et al. 2002). In June 1996, DGFI-TUM
established the Regional Network Associate Analysis
Centre for SIRGAS of the International GNSS (Global
Navigation Satellite System) Service (IGS RNAAC SIRGAS;
Seemiiller and Drewes 1998) and took on responsibility for
processing the SIRGAS continuously operating stations to
generate weekly position solutions and cumulative (multi-
year) solutions for the determination of the SIRGAS reference
frame. DGFI-TUM also supported the computation of national
densifications of SIRGAS in Argentina (Moirano et al. 1998),
Venezuela (Drewes et al. 1998), Colombia (Tremel et al. 2001),
Chile (Baez et al. 2007), El Salvador (Figueroa et al. 2010), and
Bolivia (Echalar and Sanchez 2010).

In the 2000s, most of the Latin American countries
initiated the modernisation of their national reference
frames by installing a rapidly increasing number of continu-
ously operating GPS stations, and some of them were also
capable of tracking GLONASS, and more recently Galileo
and Beidou, i.e., common GNSS stations. To ensure an
appropriate and long-term integration of these national
reference frames into SIRGAS, two main measures were
introduced (Sanchez and Brunini 2009; Brunini et al. 2012):
a) The SIRGAS reference stations were classified into a

SIRGAS core network (SIRGAS-C) with homogenous
continental coverage and SIRGAS national densifica-
tion networks (SIRGAS-N); see Figure 1.
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b) The installation of SIRGAS analysis centres under the
responsibility of Latin American agencies, being a
main goal to have at least one SIRGAS analysis centre
per country.

In this context, since 2008, DGFI-TUM routinely pro-
cesses the SIRGAS-C core network and combines this net-
work with the weekly position solutions delivered by the
Latin American analysis centres for the SIRGAS-N national
densifications (Sanchez and Seitz 2011a). DGFI-TUM’s
weekly combinations are delivered to the IGS for the deter-
mination of the IGS global polyhedron and are the input
data for the computation of cumulative solutions of the
SIRGAS reference frame (see Figure 2). Based on these
operational product series, DGFI-TUM investigates strate-
gies to guarantee the reliability of the reference frame
through time. This includes the estimation of the reference
frame kinematics, evaluation, modelling and reduction of
seismic and post-seismic deformations on the reference
frame, and modelling surface kinematics in the SIRGAS
region by continuous velocity models (VEMOS [Velocity
Model for SIRGAS]); see, e.g., Drewes and Heidbach
(2005, 2012), Sanchez and Drewes (2016a, 2020a); San-
chez et al. (2013, 2016).

This article describes analysis strategies and science
data products developed by DGFI-TUM as a SIRGAS
Processing and Combination Centre and as the IGS
RNAAC SIRGAS. After a short description of the SIRGAS
reference frame, Section 2 presents DGFI-TUM’s proces-
sing and combination strategies applied for the weekly
analysis of the reference frame in operational modus.
Section 3 is devoted to the second SIRGAS reprocessing
campaign (hereinafter referred to as SIRGAS-Repro2) per-
formed by DGFI-TUM to obtain homogeneously computed
SIRGAS daily and weekly solutions referring to the IGS
reference frame 1GS14/IGb14 (Rebischung 2016, 2020) since
January 2000. Section 4 details the determination of the
most recent SIRGAS reference frame solution, SIRGAS2022,
which is based on the SIRGAS-Repro2 SINEX product series.
Section 5 concludes the article by giving insights into cur-
rent research and some outlook.

2 Operational computation of the
SIRGAS reference frame

The SIRGAS reference frame (Figure 1) is currently con-
sisting of 480 operational continuously operating GNSS
stations (other 160 stations are decommissioned); 104
operational (and 34 decommissioned) stations belong to
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Figure 1: SIRGAS reference network (as of April 2022).

the IGS global network; and 376 operational (and 130
decommissioned) stations belong to the Latin American
national reference frames. About 40 of the 105 opera-
tional IGS stations are located in North America and
were added to the routine SIRGAS processing in 2021 to
provide support (i.e., common stations) for a future com-
bination of the North American national reference frames
with SIRGAS. Eighty-six percent of the SIRGAS stations
are tracking GLONASS, 31% Galileo, and 20% Beidou.

2.1 GNSS data analysis for SIRGAS at
DGFI-TUM

Ten SIRGAS analysis centres (Table 1) process GPS and
GLONASS observations to generate daily and weekly

position solutions for a certain set of SIRGAS stations.
Three analysis centres use GAMIT/GLOBK (Herring et al.
2015, 2018); the other centres employ the Bernese GNSS
Software, version 5.2 (Dach et al. 2015). The distribution
of the stations among the analysis centres ensures that
each station is included in three individual solutions.
The SIRGAS analysis centres follow unified standards for
the computation of weekly loosely constrained solutions.
These standards are based on the conventions outlined
by the IERS (International Earth Rotation and Reference
Systems Service; Petit and Luzum, 2010) and the GNSS-
specific guidelines defined by the IGS (Johnston et al.
2017). An exception is that in the SIRGAS individual solu-
tions, the satellite orbits and clocks as well as the Earth
orientation parameters (EOPs) are fixed to the final weekly
IGS values (SIRGAS does not compute these parameters),
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Figure 2: Data flow within the weekly analysis of the SIRGAS reference frame (see Table 1 for more details about the SIRGAS analysis

centres).

and positions for all stations are constrained to +1m to
generate loosely constrained solutions in the SINEX
format. Table 2 summarises the procedure presently
applied by DGFI-TUM in the weekly analysis of the
SIRGAS-C network. As mentioned earlier, the other
SIRGAS analysis centres apply similar procedures,
although slight differences may occur, in particular in
the phase ambiguity resolution (more details are presented
in the guidelines compiled by Tarrio et al. 2021). The indi-
vidual solutions are combined weekly to generate a unified
position solution for the entire SIRGAS reference frame
(see Section 2.2). In addition to the loosely constrained
position solutions, the SIRGAS processing centres also
deliver station tropospheric Zenith Path Delays (ZPD) with
an hourly sampling rate. The SIRGAS analysis centre for
the Neutral Atmosphere (CIMA) combines the individual ZPD
estimates to generate consistent troposphere solutions over

the entire SIRGAS region and to provide reliable time series
of troposphere parameters, see Mackern et al. (2020).

2.2 Combination of the SIRGAS individual
weekly solutions

Currently, there are two SIRGAS combination centres,
one hosted by DGFI-TUM (Sanchez and Seitz 2011a, San-
chez et al. 2012) and the other one hosted by IBGE (Costa
et al. 2012b), who also acts as a SIRGAS processing centre
(see Table 1). The combination strategy of DGFI-TUM is
based on three main characteristics (Sanchez and Seitz
2011a, Sanchez et al. 2012):
a) The input data for the combination are the constraint-
free normal equations (including the complete



96 —— Laura Sanchez et al. DE GRUYTER
Table 1: SIRGAS analysis centres
ID Agency/University Software Operative
From To
DGF DGFI-TUM: Deutsches Geoddtisches Forschungsinstitut at the Technical University of BSW522 1996-06-30  Present
Munich, Germany (Sanchez and Seitz 2011a, Sanchez et al. 2012)
CHL IGM-CL: Instituto Geografico Militar, Chile (Rozas et al. 2019) BSW52 2013-01-01 Present
CIM CIMA: Centro de Ingenieria in Mendoza, Argentina® (Mackern et al. 2012) BSW52 2008-08-31 2012-12-31
ECU IGM-EC: Instituto Geografico Militar, Ecuador (Cisneros et al. 2013) BSW52 2010-01-01 Present
GNA IGN-AR: Instituto Geografico Nacional, Argentina (Gomez et al. 2018) GG> 2011-01-01 Present
IBG IBGE: Instituto Brasileiro de Geografia e Estatistica, Brazil ( Costa et al. 2012a) BSW52 2008-08-31 Present
IGA IGAC: Instituto Geografico Agustin Codazzi, Colombia (IGAC 2021) BSW52 2008-08-31 Present
INE INEGI: Instituto Nacional de Estadistica y Geografia, Mexico (Gasca 2018) GG 2011-01-01 Present
LUZ CPAGS-LUZ: Centro de Procesamiento y Analisis GNSS de la Universidad del Zulia, BSW52  2010-01-01 2019-02-09
Venezuela (Cioce et al. 2017)
PER IGN-PE: Instituto Geografico Nacional, Peru (Rodriguez Rocca 2021) GG 2022-01-01 Present
UNA CNPDG-UNA: Centro Nacional de Procesamiento de Datos GNSS, Universidad Nacional, BSW52  2014-01-01 2018-12-31
Costa Rica (Moya Zamora et al. 2018)
URY IGM-UY: Instituto Geografico Militar, Uruguay (Caubarrére 2018) BSW52 2010-01-01 Present
USC USCH: Centro de Procesamiento y Anélisis Geodésico, Universidad de Santiago de Chile BSW52  2019-09-15 Present

(Tarrio et al. 2020)

'CIMA acts as the SIRGAS analysis centre for the Neutral Atmosphere since Nov. 2019 (Mackern et al. 2020).
2BSW52: Bernese GNSS Software, version 5.2 (Dach et al. 2015).
3GG: GAMIT/GLOBK: GNSS at MIT/Global Kalman filter (Herring et al. 2015, 2018).

b)

statistical information) reconstructed from the SINEX
files delivered by the SIRGAS analysis centres, i.e.,
the combination is performed at the normal-equation
level.

Determination of relative weighting (or re-scaling)
factors to compensate possible differences in the sto-
chastic models of the individual solutions. The weighting
factors are inferred from the variances obtained after
solving the individual normal equations with respect to
the IGS reference frame. Previously, the individual solu-
tions are reviewed/corrected for possible format pro-
blems, metadata inconsistency with station log files,
antenna correction model, etc., and outliers are identified
by comparing the station positions obtained from each
individual solution with each other and with the IGS
weekly coordinates. Individual station solutions with
large residuals (more than +10 mm in the north or east
(N/E) components, and more than +20 mm in the height
(h)) are removed from the normal equations before per-
forming the weekly combination.

Alignment to the ITRF or IGS reference frame ensuring
a minimum deformation of the SIRGAS network and the
highest possible consistency with the IGS weekly posi-
tions. The SIRGAS weekly position solutions computed
at DGFI-TUM used to be aligned to the ITRF version

valid at the time of the computation. This was changed
when absolute correction values for antenna phase
centre offsets and variations (PCC) were adopted by
the IGS in November 2006. The ITRF valid at that
time was the ITRF2005 (Altamimi et al. 2007), which
was based on relative PCC. Therefore, we decided to
align the SIRGAS solutions to the IGSO5 reference
frame (Ferland 2006a, 2006b), which was consistent
with absolute PCC values (Gendt 2006; Schmid et al.
2007). Since that time, the SIRGAS weekly position
solutions computed at DGFI-TUM refer to the IGS
reference frame and not directly to the ITRF. This
does not pose any problem because according to
Kouba (2015), the ITRF and the corresponding IGS
reference frame (i.e., ITRF2008 (Altamimi et al. 2011)
and IGS08/IGb08 (Ferland 2006a, 2006b), or ITRF2014
(Altamimi et al. 2016) and 1GS14/IGb14 (Rebischung
2016, 2020)) are nominally identical. Another impor-
tant feature of our solutions is the method to align
the regional network to the global reference frame.
Usually, no-net-rotation (NNR) and (or) no-net-transla-
tion (NNT) conditions are introduced with respect to
the reference station positions propagated by means
of constant velocities to the epoch of the respective
solution. However, when the Maule Earthquake occurred
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Table 2: GNSS data processing standards applied at DGFT-TUM for the analysis of the SIRGAS reference frame

Software:

Observables:

Satellite data:

Phase Centre Corrections (PCC) and
antenna eccentricities:

Phase ambiguities solution:

Troposphere modelling:

Tidal and non-tidal effects:

Daily and weekly troposphere and station
position solutions:

— Bernese GNSS Software v.5.2, Dach et al. (2015)

— GPS and GLONASS

- lonosphere-free linear combination

— Sampling rate 30 s

— Elevation cut-off angle 3°

— Elevation-dependent weighting: 1/cos?z, with z being the zenith distance

— Satellite orbits, satellite clock offsets, and EOPs are fixed to the combined 1GS weekly
solutions, https://igs.org/products/, Johnston et al. (2017)

- Satellite antenna to centre of mass spacecraft-specific z-offsets and block-specific x-
and y-offsets from the model igs14.atx, Rebischung and Schmid (2016), https://files.igs.
org/pub/station/general/

- PCC absolute calibration model for receiver and satellite antennas, model igs14.atx,
Rebischung and Schmid (2016), https://files.igs.org/pub/station/general/

- Antenna radome calibrations applied, if given in igsl4.atx. Otherwise, radome effects
are neglected, and the standard antenna model (radome NONE) is used.

- Marker to antenna eccentricities (dN, dE, dU) according to the site logs (ftp://ftp.
sirgas.org/pub/gps/DGF/station/log/)

— Direct L1 and L2 ambiguity solution for baselines from 0 to 20 km

- L3 and L5 ambiguity solution for baselines from 18 to 200 km

— Wideline strategy for baselines from 180 to 9,000 km

- Quasi ionosphere free strategy for baselines from 18 to 5,600 km

- In the ambiguity solution, the ionosphere models of CODE (Centre for Orbit
Determination in Europe) are provided as input to increase the number of ambiguities
solved, http://ftp.aiub.unibe.ch/CODE/, Dach et al. (2020).

- The a priori zenith delay is modelled using the Vienna Mapping Function (VMF1; Boehm
et al. 2006), and further atmospheric parameters are estimated in a 1-hour interval within
the network adjustment using also the VMF1.

— Horizontal gradient parameters are estimated to model azimuthal asymmetries (model
described in Chen and Herring 1997)

- The gridded VMF1 coefficients are provided by J. Boehm, TU Vienna, at https://vmf.geo.
tuwien.ac.at/trop_products/GRID/

- Tidal corrections for solid Earth tide, permanent tide, and solid Earth pole tide are
handled as described in the IERS Conventions 2010 (Petit and Luzum 2010).

— Ocean tide loading is removed with the FES2014b model (Lyard et al. 2021).

— Atmospheric tidal loading caused by the semidiurnal constituents S1and S2 is removed
with the model of van Dam and Ray (2010) (https://geophy.uni.lu/atmosphere/tide-
loading-calculator/).

— The reduction coefficients for the ocean tide loading are provided by M.S. Bos and H.-G.
Scherneck at http://holt.oso.chalmers.se/loading/

— The reduction coefficients for the atmospheric tide loading are provided by T. van Dam
at https://geophy.uni.lu/atmosphere/tide-loading-calculator/ATM10nlineCalculator/

- Ocean tide geocentre coefficients are not applied since this correction is already
contained in the final IGS products.

- Non-tidal loading induced by atmospheric pressure, ocean bottom pressure, or surface
hydrology is not removed.

- Daily free normal equations are computed by applying the double difference strategy.
The baselines are created by taking into account the maximum number of common
observations for the associated stations.

(Continued)
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- Daily free normal equations are aligned to the IGS reference frame to generate hourly
ZPD estimates. Then, troposphere parameters are reduced from the normal equations.
- Daily free normal equations are combined for computing a loosely constrained weekly
solution for station positions (all station coordinates are loosely constrained to +1 m).
— Station single daily solutions with residuals larger than £15 mm in the north or east (N/
E) components and that more than +30 mm in the height (h) are removed from the daily
normal equations. RMS values of the residuals in the weekly combination should not be
larger than £10 mm in N/E and £20 mm in h.

Results:

- DGFI-TUM’s ZPD estimates and loosely constrained position solutions are made
available to be combined with the corresponding solutions delivered by the other SIRGAS
analysis centres. They are provided in the SINEX format and are identified with the file
names DGFwwww/[0...6].TRO and DGFwwww?7.SNX, respectively. wwww represents the

GPS week.

on February 27, 2010, most of the reference stations in
the Southern part of South America were affected by
strong co-seismic displacements and post-seismic defor-
mations (e.g., Sanchez et al. 2013, Sanchez and Drewes
2016a). Therefore, it was not possible to continue using
these (pre-seismic) coordinates as fiducial values; i.e.,
the SIRGAS weekly solutions suffered a loss of the frame
of reference. To ensure a reliable datum realisation
despite not having an updated (post-seismic) version of
the ITRF or the IGS reference frame, different strategies

| Individual solutions
in SINEX format

—

removing
constraints

station
removal if
necessary

=

Quality control of weekly positions

- evaluation of formal errors

- time series analysis

- comparison with IGS weekly
positions of non-fiducial stations
and with IBGE weekly combinations

nstraint-free normal
equations (NEQ)

—

Accumulation of NEQ
- outliers removed
- relative weights

were evaluated (Brunini et al. 2012), and it was decided
to align the SIRGAS weekly solutions to the IGS reference
frame using the coordinates determined within the
IGS weekly combinations (files igsyyPwwww.snx, see
https://igs.org/products/). For the weekly solutions,
the SIRGAS network is constrained to the respective
IGS weekly positions of the reference stations with a
weight equivalent to the inverse of the square of their
mean standard deviation. Figure 3 summarises DGFI-
TUM’s combination strategy to obtain weekly station

; Solution of individual NEQ |
wrt IGS fiducial stations

v

station ( i i h
removal if Residual analysis

necessary - Outlier detection
- Thresholds: £10 mm in N/E
+20 mmin h

Evaluation of stochastic 6
models for relative weighting

)

Weekly position solution aligned to
IGS reference frame

- IGS weekly positions of fiducials
- Constraints to reference positions for datum realisation

Weekly loosely constrained solution

(all positions constrained to +1 m)

- delivered to IGS for global polyhedron

- stored for cumulative (multi-year) solutions

Figure 3: DGFI-TUM’s strategy for the combination of the SIRGAS weekly individual solutions.
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Table 3: Station distribution among the SIRGAS analysis centres (as of April 2022)

Core Networks covering the Networks covering the Networks covering the Networks covering Mexico,
network three Americas (from southern part of South middle part of South Central America and the
Argentina in the South to  America (Argentina, Chile, America (Brazil, northern part of South America
Canada in the North)* Uruguay, Paraguay, southern Ecuador, Peru) (Colombia, Venezuela,
part of Brazil) Surinam, Guyana, French
Guyana)
DGF GNA usc CHL URY IBG ECU PER IGA INE
DGF 244 115 105 32 26 65 32 38 43 32
GNA 248 121 46 58 76 23 19 25 13
usc 223 23 40 69 24 20 27 17
CHL 93 36 45 1 3 — —
URY 108 55 - 1 - -
IBG 204 43 28 26 1
ECU 102 30 43 8
PER 81 19 4
IGA 106 29
INE 52

The networks processed by GNA (Argentina) and USC (Chile) were extended to North America to ensure that the North American
stations added to SIRGAS in March 2021 are contained in three solutions. These stations are also processed by DGFI-TUM, but not all
of them are included in the SIRGAS-C core network. Bold values indicate the total number of stations processed by each analysis

centre.

positions for the SIRGAS reference frame. The SIRGAS
weekly loosely constrained combinations computed by
DGFI-TUM are called SIRwwww7.SNX, while the SIRGAS
weekly station positions aligned to the IGS reference
frame are named siryyPwwww.crd/snx, where wwww
represents the GPS week and yy represents the last two
digits of the year.

2.3 Quality assessment of SIRGAS weekly
solutions

The weekly analysis of the SIRGAS reference frame at
DGFI-TUM includes a quality control at two levels: firstly,
the individual solutions delivered by the SIRGAS proces-
sing centres are analysed to establish their quality and
consistency and secondly, we ascertain accuracy and
reliability of the station positions obtained after com-
bining the individual solutions.

2.3.1 Evaluation of individual solutions

Table 3 summarises the station distribution among the
presently active SIRGAS analysis centres. The redun-
dancy of having each station in three solutions allows
an effective identification of possible inconsistencies in

the individual solutions. This identification is carried out
by transforming the individual solutions to identical a
priori values and generating time series for station posi-
tions. The individual normal equations are aligned to the
IGS reference frame by constraining the positions of the
IGS reference stations to the values determined within
the IGS weekly solutions. Then, station position time
series are generated for each station included in the indi-
vidual solutions. In this way, three different time series
for the same station are available. By comparing the time
series among each other, it is easier to identify outliers
and their possible causes: if outliers, discontinuities, or
interruptions are identifiable in the three series, the pro-
blems may be individually associated with the station
(tracking failures, unreported equipment changes, earth-
quakes, etc.). If outliers, jumps, or interruptions are not
present in all the time series, the deficiencies may be
associated with administrative issues in a particular ana-
lysis centre (neglecting of stations, incomplete download
of RINEX files, disagreement with the log files, etc.).
Figure 4 shows the mean repeatability RMS values of
the weekly station positions after comparing the indivi-
dual solutions with each other. These RMS values are
understood as a measure of the consistency between the
individual solutions. In the N/E component, the mean
repeatability RMS values are around +1.6 mm, while in
the height, they vary between +2.8 and +4.2 mm.
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Figure 4: Mean RMS values of the station position repeatability between the SIRGAS individual solutions. The upper panel shows the

number of processed stations.

The weekly individual solutions are also evaluated
against the weekly combined solutions by means of a
seven-parameter transformation. Figure 5 presents the
RMS values of the weekly transformation parameters.
These time series make evident the sensitivity of the indi-
vidual solutions to changes in the configuration (geo-
metry) of the individually processed networks. Always
when a new SIRGAS analysis centre is installed or an
operating one is decommissioned, there is a redistribu-
tion of the stations among the analysis centres (to ensure
the rule of having each station in three solutions). The
effects of this redistribution can be observed, for instance,
in January 2014: UNA (Costa Rica) started to deliver
solutions for a network covering Central America and
the northern part of South America. Simultaneously,
IGA (Colombia) and LUZ (Venezuela) stopped working
for 1 year and ECU (Ecuador) took responsibility for the
stations under IGA’s and LUZ’s care. To not overload
ECU, some of the stations originally assigned to this
analysis centre were transferred to URY (Uruguay). By
doing so, ECU’s and URY’s networks became larger in
terms of geographic coverage and the RMS values of
transformation parameters with respect to the combined
solution become smaller. Another example may be seen
in January 2018. When LUZ and UNA were decommis-
sioned, most of the stations under their care were given
to IGA, who started to process a network very similar to
that it was processed before UNA initiated activities in
January 2014. In this way, the RMS values of IGA after
2018 are very similar to the RMS values before 2013. The
change in USC’s RMS time series observed in March 2021
is explainable due to the fact that USC’s network was
extended from the southern part of South America to
North America, as USC (Chile) is one of the analysis
centres processing the North American stations added
to SIRGAS recently. The network processed by GNA
(Argentina) was extended in a similar way like USC’s

network; however, no associated effect is detected in
GNA’s RMS time series. Indeed, the RMS values of INE
(Mexico) and GNA (Argentina) are twice larger than the
values of the other analysis centres (see Figure 5). The
reason for this behaviour is not clear nor is it clear why
from March 2020 onwards, the INE RMS values are larger
and show a more erratic behaviour than before.

As mentioned in Section 2.2, the individual solutions
are relatively weighted in the combination by means of
re-scaling factors to compensate possible differences in
the individual stochastic models. The re-scaling factors
are inferred from the a posteriori variance obtained after
solving the individual normal equations with respect to
the IGS reference frame. These values represent the formal
errors of the individual solutions. In this way, the worse
the variance, the lower the weighting factor. Figure 6 com-
pares the variance obtained for the individual solutions
with the variance of the combined solution. In most cases,
the variance values of the individual and combined solu-
tions are quite consistent, except for GNA and INE. The
behaviour of these values for these two analysis centres is
very similar to that shown in Figure 5. The improvement of
GNA’s variance in mid-2019 seems to be a consequence of
some software configuration changes carried out by this
analysis centre (see Gomez et al. 2018).

2.3.2 Evaluation of weekly combined solutions

The quality assessment of the SIRGAS weekly combina-
tions carried out by DGFI-TUM bases on the following
criteria:

a) The mean standard deviation value obtained by aligning
the SIRGAS network to the IGS reference frame indicates
the formal error of the final combination (see blue lines
in Figure 6). These values vary between +*1.5 and
+1.7mm. They describe a slight periodic signature,
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Figure 5: RMS values of a seven-parameter transformation between the individual solutions delivered by the SIRGAS analysis centres and
the SIRGAS weekly combination (see Table 1 for more details about the SIRGAS analysis centres).
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which may be associated with seasonal signals present
in the GNSS orbits, the EOPs, and the IGS reference
coordinates.

b) Mean repeatability RMS values after combining the
weekly individual solutions provide information about the
internal consistency of the combined network (Figure 4).
These values are around +1.6 and +3.5mm in the N/E
component and the height, respectively.

c¢) Comparison with the IGS weekly coordinates
(igsyyPwwww.snx) indicates the consistency with the
IGS global network (Figures 7 and 8). The station posi-
tion residuals vary between +2.8 mm in N/E and +6.0 mm
in h in 2000 and +0.8 mm in N/E and +2.6 mm in h in 2021
(see more details later).

d) Comparison with previous weekly solutions to deter-
mine the compatibility of the station positions from
week to week (Figure 9). Station position residuals
indicate a consistency around +1.2mm in N/E and
+3.0 mm in the height (see more details later).

e) Comparison with the IBGE weekly combination
(ibgyyPwwww.snx, Costa et al. 2012b). In this case,
differences are less than +1mm and are not further
discussed here.

The SIRGAS weekly station positions refer to the

IGS reference frame valid at the time when the GNSS

data are routinely processed. When the IGS adopted

absolute PCC values in November 2006 (together with

the IGSO5 reference frame), DGFI-TUM performed a

first reprocessing campaign of the SIRGAS GNSS data

between January 2000 and November 2006 (SIRGAS-

Reprol; Sanchez and Seitz 2011a) to refer the weekly

normal equations to the IGS05 (and absolute PCC).

These reprocessed normal equations replaced the ori-

ginal ones, which referred to ITRF97 (Boucher et al.

1999) and ITRF2000 (Altamimi et al. 2002). In this

way, the SIRGAS weekly operational solutions pre-

sently refer to:

— IGSO05: from 2000-01-02 (GPS week 1042) to 2011-04-
16 (GPS week 1631)

— IGS08: from 2011-04-17 (GPS week 1632) to 2012-10-
06 (GPS week 1708)

— IGbO08: from 2012-10-07 (GPS week 1709) to 2017-01-
28 (GPS week 1933)

— IGS14: from 2017-01-29 (GPS week 1934) to 2020-05-
16 (GPS week 2105)

— IGb14: from 2020-05-17 (GPS week 2106) to the present.

Updated releases of reference frames (i.e., ITRF, IGS
reference frame, SIRGAS) are needed to take into account
more observational data (larger time series), new stations,
improved background models, refined analysis standards,

SIRGAS reference frame analysis at DGFI-TUM =— 103

etc. In general, it is valid to say the more recent a solution

of a reference frame, the higher the accuracy of the refer-

ence frame. In this context, the consistency of the SIRGAS
weekly combined solutions with the IGS reference frame is

evaluated by means of transformation parameters (Figure 7)

and the corresponding station position residuals (Figure 8).

We perform this procedure in two ways: using only the

fiducial stations considered for the alignment of the

regional network to the IGS reference frame (red lines
in Figure 7 and grey lines in Figure 8) and using all

SIRGAS/IGS common stations (blue lines in Figure 7

and coloured lines in Figure 8). The chronological pat-

terns shown in Figures 7 and 8 reveal the gradual
improvement of the input data for the geodetic datum
realisation (GNSS orbits, ITRS or IGS reference frame
solutions, PCC models, etc.) as well as the configuration

(station distribution) and analysis of the SIRGAS refer-

ence frame. A remarkable change occurs in October

2012. From this date onwards, the datum parameters

(Figure 7) stabilise, and the strong seasonal signals

and the extreme changes observed since 2000 are sig-

nificantly reduced. At this time, three important modifi-
cations were implemented:

a) In agreement with the IGS working group “Reference
Frame” (https://igs.org/wg/reference-frame/), about
40 SIRGAS stations are added to the IGS routine pro-
cessing (Sanchez et al. 2012) and are also included in
the second IGS reprocessing camping (IGS-Repro2, http://
acc.igs.org/reprocess2.html), which is the basis for the
GNSS contribution to the ITRF2014 (i.e., IGS14/IGb14).

b) Due to the unexplained erratic behaviour of the trans-
formation parameters since the middle of 2009 (see
Figure 7), it becomes necessary to increase the number
of fiducial stations to investigate if the causes of such
behaviour rely on a sparse distribution or poor quality of
reference stations in the region. With this purpose, the
SIRGAS network is extended beyond the SIRGAS region
with the addition of IGS stations in Africa, Europe, North
America, and Oceania (see Figure 1).

¢) The IGbhO8 reference frame is introduced as the basis
for the generation of the IGS products in replace-
ment of IGS08 (Rebischung 2011, 2012). According
to Rebischung (2012), the main reason for this repla-
cement is the large number of IGS08 stations unu-
sable for operational reference frame alignments because
they either were decommissioned or were affected
by strong earthquakes since 2009.5 (the same time
when the strange behaviour observed in Figure 7
becomes evident). In particular, the IGSO8 core net-
work strongly deteriorated in South America, Africa,
and Eastern Asia.


https://igs.org/wg/reference-frame/
http://acc.igs.org/reprocess2.html
http://acc.igs.org/reprocess2.html
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The residuals shown in Figure 8 mirror a combined of GNSS stations, station redistributions between the
effect of reference frame changes, processing strategy SIRGAS analysis centres, and different sets of fiducial
refinements, software upgrades, addition or decommission stations. In general, one can see that the compatibility
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Figure 8: Mean RMS values of the station position residuals obtained after comparing the SIRGAS and IGS weekly position solutions. Grey
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of the SIRGAS weekly reference frame solutions with the - +1.8 mm in N/E and +3.5 mm in h for the IGS08/IGb08

IGS reference frame is about (April 2011 to January 2017); and
— +2.8mm in N/E and +6.0mm in h for the IGS05 - +0.8 mm in N/E and +2.6 mm in h for the IGS14/IGb14
(January 2000 to April 2011); (since January 2017).
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Figure 9: Mean RMS values of the station position residuals obtained after comparing the SIRGAS combined solutions between consecutive
weeks. Background colours indicate the IGS reference frame in use.
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An additional quality control of the weekly combina-
tions is based on the comparison of station positions
between consecutive weeks (Figure 9) to determine the
consistency of the stations positions from week to week.
The largest residuals are observed in the height (around
+6mm) and in the East component (around +2.5mm)
before 2008. Afterwards, the residuals are quite homoge-
neous: about 1.2 mm in N/E and +3.0 mm in the height.

If we define accuracy as the measure of a solution dif-
ference with respect to the IGS global network and precision
as the solution repeatability over time, we can say that
— the comparison of the SIRGAS weekly combination

with the IGS weekly coordinates (Figure 8) represents
the accuracy of the SIRGAS weekly station positions, and
— the comparison of the SIRGAS weekly combination
between consecutive weeks (Figure 9) represents the
precision of the SIRGAS weekly station positions.

RMS values obtained for both criteria are very similar
(about +1.0 mm in N/E and +3.0 in h since the introduction
of the 1GS14/IGb14); this indicates that the SIRGAS weekly
station positions are homogeneously precise and accurate.

2.4 SIRGAS reference frame cumulative
solutions

According to the data flow diagram presented in Figure 2,
the next level in the SIRGAS reference frame analysis is
the determination of a cumulative solution based on the
normal equations obtained after the weekly combination
of the individual solutions. These cumulative solutions

DE GRUYTER

(Table 4) are based on those models, standards, and ana-
lysis strategies widely applied at the time when they were
computed and cover different time spans depending on
the availability of the weekly solutions. Due to the fre-
quent occurrence of strong earthquakes in the SIRGAS
region as well as the use of different reference frames
over time, the cumulative solutions are limited in time,
and no one covers the complete time span backwards to
2000. For instance, the latest solution SIR17P01 considers
the time span between April 2011 and January 2017. If we
want to release a new cumulative solution based on the
operational SIRGAS analysis products, we would have to
limit the time span between January 2017 and the present.
Instead of doing this, we have decided to reprocess all
historical SIRGAS GNSS data from January 2000 to
December 2021 using the same reference frame and ana-
lysis standards to obtain homogeneously computed normal
equations (see Section 3). On the basis of this reprocessing,
we then calculated a new SIRGAS reference frame cumula-
tive solution (see Section 4).

3 SIRGAS-Repro2: homogeneous
and consistent reanalysis of the
SIRGAS GNSS historical data

To ensure reliability and long-term stability of geodetic
reference frames, it is necessary to reanalyse the histor-
ical geodetic data from time to time using a unified set of
newest standards and conventions over the complete

Table 4: SIRGAS reference frame cumulative solutions determined by DGFI-TUM

Solution No. Stations  ITRF PCC*  Data start Data end Reference

DGFOOPO1 31 ITRF97, 2000.4 Rel 1996-06-30 2000-02-27 Seemiller et al. (2002)
DGFO1PO1 48 ITRF2000, 2000.0  Rel 1996-06-30 2001-04-14 Seemiiller et al. (2002)
DGFO1P02 49 ITRF2000, 1998.4 Rel 1996-06-30 2001-10-20 Seemiiller and Drewes (2004)
DGFO2P01 53 ITRF2000, 2000.0  Rel 1996-06-30 2002-07-31 DGFI (2002)

DGFO4P01 69 ITRF2000, 2003.0 Rel 1996-06-30 2004-07-31 Seemiiller et al. (2004)
DGFO5P01 95 ITRF2000, 2004.0  Rel 1996-06-30 2005-09-17 Seemiiller (2005)

DGFO6P0O1 94 ITRF2000, 2004.0  Rel 1996-06-30 2006-06-17 Seemiiller (2009)

DGFO7P01 106 1GS05, 2004.5 Abs 2002, 01/05-2005, 2006, 01/08-2007 Seemiiller et al. (2007)
DGFO8PO1 126 1GS05, 2004.5 Abs 2002-01-02 2006-11-04 Seemiiller et al. (2008)
SIRO9PO1 128 1GS05, 2005.0 Abs 2000-01-02 2009-01-03 Seemiiller et al. (2009, 2011)
SIR10P01 183 ITRF2008, 2005.0 Abs 2000-01-02 2010-06-05 Seemiiller et al. (2010)
SIR11P0O1 230 ITRF2008, 2005.0  Abs 2000-01-02 2011-04-16 Sanchez and Seitz (2011b)
SIR13PO1 108 IGb08, 2012.0 Abs 2010-04-18 2013-06-15 Sanchez et al. (2016)
SIR14P01 242 IGb08, 2013.0 Abs 2010-04-18 2014-07-26 Sanchez (2015)

SIR15P01 303 IGb08, 2013.0 Abs 2010-04-18 2015-04-11 Sanchez and Drewes (2016b)
SIR17P01 345 1GS14, 2015.0 Abs 2011-04-17 2017-01-28 Sanchez and Drewes (2020b)

*Antenna phase centre corrections.
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time span. As mentioned in Section 2.3, the first SIRGAS
reprocessing campaign (SIRGAS-Reprol) was performed
with the objective of determining normal equations refer-
ring to the IGS05, including absolute PCC. A reprocessing
campaign referring to the IGS08/IGb08 frame was not
undertaken. To eliminate spurious artefacts and systematics
in the SIRGAS normal equation series, DGFI-TUM started
the second SIRGAS reprocessing campaign SIRGAS-Repro2
in mid-2019. With the support of the SIRGAS Working
Group I “Reference System” (https://sirgas.ipgh.org/en/
organization/working-groups/working-group-i/), it was
possible to complete a detailed inventory of the availability
and quality of the existing RINEX files since 2000 and to
update/correct the station log files according to the latest
IGS standards for old GPS antennas and receivers. Based
on the operational SIRGAS time series, the performance
of each station was evaluated to decide if it should be
included in the new reprocessing. Since the establishment
of SIRGAS in 1993, about 640 continuously operating
GNSS stations have been used for the realisation of
SIRGAS, being more than 160 of them presently decom-
missioned. From the decommissioned stations, about 45
offer less than 2 years of observations or present very large
data gaps. These stations were removed from the reference
frame and are not included in SIRGAS-Repro2. Although
the IGS RNAAC SIRGAS is in operation since June 1996, we
decided to reprocess SIRGAS GNSS data since January
2000, as most of the oldest stations are IGS (and not

-180° -120°

SIRGAS reference frame analysis at DGFI-TUM =— 107

regional) stations. Thus, their coordinates are included
in the ITRF solutions. In SIRGAS-Repro2, we consider not
only SIRGAS regional stations but also a set of IGS stations
globally distributed (Figure 10) to have a larger number of
stable fiducial stations.

As SIRGAS-Repro2 is based on a global GNSS net-
work, we incorporated the simultaneous determination
of GNSS satellite orbits, satellite clock offsets, EOPs,
and station positions within the GNSS data processing.
However, including all the SIRGAS regional stations reduces
the reliability of the EOPs and GNSS orhits due to the dense
station distribution in one particular region (see Figure 10).
Consequently, we followed a two-step procedure: (a) orhit,
satellite clock synchronisation, and EOP determination
based on a global network, and (b) processing of the
regional GNSS data fixing the previous determined orbits,
satellite clocks, and EOPs. As this procedure is currently
applied in the analysis of the regional reference frame (see
Table 2), we concluded that, even though with a global
station distribution, the SIRGAS-Repro2 computations can
continue to be based on the IGS final products.

For the complete time span covered by SIRGAS-
Repro2 (January 2000 to December 2021), 537 SIRGAS
regional stations plus 128 IGS global stations (88 of them
belonging to the IGS14/IGb14 reference frame) were rea-
nalysed. Almost 2.6 million daily RINEX files were pro-
cessed. The rejection rate for low-quality RINEX files is
only 0.2%. Figure 11 shows the number of years processed
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Figure 11: Time span of GNSS data included in SIRGAS-Repro2 per station.

per station. The GNSS observations were analysed fol-
lowing the standards summarised in Table 2, except that
for the weeks before January 29, 2017 (when the IGS14 was
adopted as the reference frame), the orbits, satellite clocks,
and EOPs based on the IGS-Repro2 (in the following called
IG2 products) were used (Griffiths 2019). From January 30,
2017, the operational and SIRGAS-Repro2 solutions are vir-
tually the same, as both series are based on the IGS14/1Gb14
and the IGS operational products.

The quality of the SIRGAS-Repro2 weekly solutions
was evaluated in the same way as the operational weekly
solutions are evaluated (see Section 2.3), i.e., considera-
tion of the a posteriori mean standard deviation values
and comparison with the IGS-Repro2 weekly solutions
and with solutions of consecutive weeks. Figures 12 and
13 depict transformation parameters as well as RMS
values of the differences between the SIRGAS-Repro2
weekly positions and the weekly coordinates of the IGS
stations in IGS14/IGbl4. The rotation and translation
parameters are practically negligible; they are less than
0.01 mas and 1 mm, respectively, when using all SIRGAS/
IGS common stations (blue lines in Figure 12), and they
are around zero, when comparing only the fiducial sta-
tions (red lines in Figure 12). The scale parameter based
on all SIRGAS/IGS common stations presents fluctuations
between -0.2 ppb in 2000 and 0.0 ppb in 2017. The jump

evident at the end of January 2017 is due to the fact that
the IG2 products (generated within the second IGS repro-
cessing campaign and used for the SIRGAS-Repro2 ana-
lysis) are computed using a different PCC model than the
operational IGS products based on the 1GS14/IGb14. This
change mainly affects the network scale and the height of
the GNSS stations. Indeed, the scale values estimated
using the fiducial stations only (red line in the uppermost
panel in Figure 12) present a bias of about —0.02 ppb
between 2000 and 2017 (when the 1GS14/IGb14 was offi-
cially adopted by IGS). Then, these values are close to
zero until the end of 2020. Afterwards, they describe a
negative drift. Given that the current IGS reference frame
solution (i.e., IGb14) contains GNSS data until February
2020, it is possible that this drift is produced by the extra-
polation of the IGb14 station positions and velocities for
operational reference frame alignments in the IGS pro-
ducts generation. This effect has to be further investi-
gated as a similar behaviour is also observed in the trans-
lation parameters (Figure 12) and the station position
residuals (Figure 13). Despite this, the improvement com-
pared to SIRGAS operational solutions (Figures 7 and 8)
is considerable.

According to Figure 13, the consistency of the SIRGAS-
Repro2 station positions with the 1GS14/IGb14 reference
frame is about +1.0 mm in N/E and +3.0 in h before January
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Figure 12: Differences in scale, translation, and rotation parameters between the SIRGAS-Repro2 station positions and the weekly coor-
dinates of the IGS stations in 1GS14/1Gb14. Red lines represent parameters determined using fiducial stations only, while blue lines
represent the values obtained when using all SIRGAS/IGS common stations.

2017. Afterwards, this consistency improves reaching values & SIRGAS2022: the newest SIRGAS
around +0.8 mm in N/E and +2.6 in h. Similarly, the compar- refe rence fram es oluti on

ison of the SIRGAS-Repro2 weekly station positions between
consecutive weeks (Figure 14) indicates a precision about

In this section, we describe the computation of a cumula-
+1.0mm in N/E and 3.0 in h.

tive solution based on the SIRGAS-Repro2 normal equation
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Figure 13: Mean RMS values of the station position residuals obtained after comparing the SIRGAS-Repro2 station positions and the weekly
coordinates of the IGS stations in 1GS14/IGb14. Grey lines represent the values obtained when comparing SIRGAS with the IGS fiducial
stations only; coloured lines represent the values obtained when comparing all SIRGAS/IGS common stations.
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Figure 14: Mean RMS values of the station position residuals obtained after comparing the SIRGAS-Repro2 station positions between
consecutive weeks.

series, hereinafter referred to as SIRGAS2022. SIRGAS2022 months by adding those normal equations computed after
relies on all weekly IGS14/IGb14-based normal equations the last date considered in the latest solution release.

between January 2000 (GPS week 1043) and April 2022 Figure 15 summarises the procedure followed for the
(GPS week 2207), and it is planned to be updated every 6 determination of SIRGAS2022. The first step is the outlier
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Figure 15: SIRGAS reference frame determination procedure.

and discontinuity detection by means of time series ana-
lysis. For this objective, the weekly normal equations are
separately solved by applying NNR + NNT conditions
with respect to selected IGS reference stations, and the
weekly station positions are transformed to the IGb14.snx
solution by means of a seven-parameter transformation.
The station position residuals after the transformation are
the input data for the time series analysis. Residuals
larger than +15 mm in N/E and +30 mm in h are marked
as outliers. Isolated outliers are reduced from the corre-
sponding weekly normal equations, while successive
outliers are assumed as a discontinuity. After each dis-
continuity, a new position is set up for the station. Resi-
dual time series are computed again considering the new
station positions, and the procedure is repeated until no
more discontinuities are found. The outlier and disconti-
nuity detection is supported/verified by a visual screening
of the time series.

Once all discontinuities are identified, their dates are
correlated with the dates of equipment changes (retrieved
from site logs) and dates of earthquakes to explain the
causes of discontinuity. As we are working with weekly
normal equations, this correlation helps us to identify the
exact day on which the discontinuity occurred. Dates of
unexplained discontinuities are compared with site log
modifications and with the ITRF and IGS discontinuity
tables. IGS stations with many discontinuities or strong

co- and post-seismic signals located outside Latin America
were excluded from the cumulative solution (38 stations in
total). For the remaining IGS stations, in a few cases, we
cannot detect some discontinuities considered in the ITRF
or IGS solutions, and in other few cases, we detect discon-
tinuities that are not included in the ITRF or IGS solutions.
In any way, we strictly consider the discontinuities
included in IGb14.snx for the 35 stations used as fiducial
sites. These sites were selected according to the fol-
lowing criteria (see labelled stations in Figure 10):
— A more or less homogeneous global geographic distribution,
— Without co- or post-seismic effects (i.e., stations with
post-seismic deformation model in the IGb14.snx solu-
tion are not considered as fiducials),
— No discontinuities in their time series after the end
date covered by IGb14.snx (February 15, 2020), and
— Complete data coverage of the SIRGAS2022 time span
(i.e., from January 2, 2000, to April 30, 2022).

Once outliers are removed and discontinuities detected,
the weekly normal equations are combined and solved to
compute the SIRGAS reference frame using the Bernese
GNSS Software V.5.2 (Dach et al. 2015). The weekly normal
equations are combined to a multi-year solution setting up
station velocities, i.e., linear station position variations. The
geodetic datum is realised by applying NNR and NNT con-
ditions with respect to the IGb14 positions and velocities of
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the selected fiducial stations. If the discontinuities are
caused by equipment replacements, a new station position
is estimated after the discontinuity and constraints are
applied to ensure that the station velocity before and after
the discontinuity is the same. In a first run, stations with
unexplained and co-seismic discontinuities are allowed to
change the velocity. If the difference between the obtained
velocities is less than the 0.6 mm/year (a-posteriori mean
standard deviation of the velocities, see later), the velocities
before and after the discontinuity are constrained to be
equal and the solution is recomputed. In the case of a co-
seismic displacement, the residual time series after the
earthquake are approximated by means of logarithmic or
exponential functions (following Savage and Prescott (1978)
and Pollitz and Dixon (1998), respectively) to determine
amplitude and time span of the post-seismic decay. Time
series segments in which the decay amplitude of a station
exceeds 2cm are removed from the weekly normal equa-
tions, and the remaining segments with smooth decay are
approximated linearly. Once the strong relaxation segments
have been removed from the time series, a new cumulative
solution is computed, new residual time series is gener-
ated, and the time-series analysis is repeated to identify
remaining outliers, discontinuities, or post-seismic decays
with amplitudes larger than 2cm. This process is itera-
tively conducted until none of these anomalies remains.

-30"-120" -90°
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In the determination of SIRAGS2022, 800 discontinu-
ities were detected (Figure 16): 68.7% are caused by
antenna changes, 20.9% correspond to co-seismic displa-
cements, and 10.4% have unexplained causes. In addi-
tion, 75% of the co-seismic displacements are followed
by strong post-seismic decays. In many cases (especially
in Argentina, Chile, Ecuador, and Costa Rica), the post-
seismic effects of different earthquakes overlap, making
it difficult to approximate these effects by a single
logarithmic or exponential function. This situation is
further complicated by lack of data, malfunctioning, or
dismantling of earthquake-damaged stations, as these
factors decrease the reliability of the station position
time series.

SIRGAS2022 (Figures 17 and 18) contains 587 stations
with 1389 occupations. The SIRGAS2022 station positions
refer to the IGb14 reference frame and are given at the
epoch 2015.0. Their accuracy is estimated to be +0.8 mm
in N/E and +1.4mm in h 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 h. To evaluate the consis-
tency of the SIRGAS2022 solution with IGb14.snx, the
positions and velocities of those stations that were not
used as fiducials were compared. Table 5 summarises the
main statistical data. The largest differences occur at the
South American IGS stations affected by earthquakes.
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Figure 16: Time series discontinuities detected in SIRGAS2022: 68.7% are caused by antenna changes (left), 20.9% correspond to co-
seismic displacements (centre), and 10.4% have unexplained causes (right).
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Figure 17: SIRGAS2022 horizontal velocities.

5 Summary and outlook

Since the establishment of SIRGAS in 1993, a huge pro-
gress has been made. The reference frame is currently
realised by more than 400 continuously operating GNSS
stations, and the Latin American countries have deployed
a strong infrastructure for the measurement and analysis
of the GNSS data, ensuring redundancy (10 processing
centres and two combination centres) in the determina-
tion of weekly position solutions. The routine processing
of SIRGAS is frequently affected by the occurrence of
strong earthquakes, which disable the use of station
coordinates obtained before the earthquakes. For this
reason, cumulative reference frame solutions (ITRF,
IGS, or SIRGAS) can become outdated at any time,

meaning that they can no longer serve as a reference
frame in a region affected by a major earthquake.

The SIRGAS weekly position solutions provide national
geodetic and cartographic agencies (as well as other stake-
holders) with up-to-date reference coordinates for their daily
surveying activities. In general, these solutions are accurate
enough to support navigation and positioning at any
scale of precision. However, for scientific applications
aimed at studying the effects of global change or under-
standing the phenomena inherent to the Earth system, it
is necessary for the reference frame to have long-term
stability, so that phenomena with signals of different
amplitudes can be detected, modelled, and correlated
over time. For this reason, DGFI-TUM has completed a
reprocessing of all existing SIRGAS historical GNSS data
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Figure 18: SIRGAS2022 vertical velocities.

Table 5: Differences between the 1Gb14 and SIRGAS2022 coordi-
nates at IGS stations not used as fiducial stations, stations AREQ
(Arequipa, Peru), and SANT (Santiago de Chile, Chile) are excluded
from this comparison

Dif. Dif. Dif. Dif. vX  Dif. v¥  Dif. vZ

X(mm) Y(mm) Z (mm/ (mm/ (mm/

(mm) year) year) year)

Mean 0.11 -0.08 0.27 0.00 -0.18 -0.17
STD 0.60 0.60 0.60 0.24 0.29 0.32
Min -2.25 -1.82 -1.33 -0.96 -1.00 -1.26
Max 1.48 1.44 3.44 1.16 1.16 0.80

since 2000. By using a unified set of standards in the
reanalysis of GNSS data over 22 years, we are minimising
possible systematic signals in the time series, resulting

in a set of high-quality and consistent normal equations
at our disposal.

Having extended the GNSS network to a global scale
(including all co-locations with SLR (Satellite Laser Ranging)
and VLBI (Very Long Baseline Interferometry)), the SIRGAS-
Repro2 normal equations are now the starting point for
developing specialised research towards improved strate-
gies. This includes the reliable realisation of the datum,
the compilation of regional epoch reference frames, and
the detection, modelling, and interpretation of Earth
system-associated signals in GNSS data time series.
The central idea is to realise the datum of the regional
geocentric reference frame directly and epoch-wise (i.e.,
instantaneously for each solution), without the align-
ment to a global reference frame, but by combining
normal equations of global GNSS (regionally densified),
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Table 6: Surface kinematics models VEMOS

SIRGAS reference frame analysis at DGFI-TUM = 115

Model Reference frame Input station velocities Start End Reference

VEM0S2003 ITRF2000 333 1995-05-01 2001-04-14 Drewes and Heidbach (2005)
VEM0S2009 ITRF2005 496 2000-01-02 2009-06-30 Drewes and Heidbach (2012)
VEMO0S2015 IGb08 456 2010-03-14 2015-04-11 Sanchez and Drewes (2016¢)
VEMO0S2017 1GS14 515 2014-01-01 2017-01-28 Drewes and Sanchez (2020)

SLR, and VLBI networks using a minimum network con-
figuration on a weekly basis. Thereby, the geocentric
origin of the combined network should be realised from
SLR, the scale should be realised from both SLR and VLBI,
and the orientation should be kept consistent with that of
the ITRF via an NNR constraint. Kehm et al. (2019, 2022)
demonstrated that the main advantage of determining
weekly position solutions of regional frames by combining
GNSS, SLR, and VLBI normal equations is the direct geo-
centric realisation of the geodetic datum. The station posi-
tion time series are related to the geocentre at any epoch,
and they are not affected by the dislocation between the
origin of coordinates and the centre of Earth masses as it is
inherent to GNSS-only-based epoch reference frames with
a datum aligned to a multiyear solution via NNT + NNR
constraints. The approach turns out to be especially useful
to detect, analyse, and interpret non-tidal loading signals
in station-specific displacement time series with respect to
geophysical processes in the Earth system. In this regard,
our next objective is to study how this strategy can be
implemented in the routine analysis of the SIRGAS refer-
ence frame at DGFI-TUM.

The constant velocities determined within the SIRGAS2022
cumulative solution are now the basis for the computation of a
new model in the sequence of the VEMOS surface deformation
models for Latin America. These models represent the mean
horizontal surface motions within a certain period of time
(Table 6). The latest one (VEMOS2017, Drewes and Sanchez
2020) covered the time until January 29, 2017 (when the
IGS14 frame was adopted). Our next goal is to model the sur-
face kinematics between 2017 and 2022. Besides horizontal
deformations, this new model shall also cover vertical motions.

In the multiyear solutions before SIRGAS2022 (see
Table 4), it was customary to approximate post-seismic
motions with a sequence of constant velocities. In SIRGAS2022,
periods with extensive seismic decay were removed from the
analysis to determine reliable constant velocities valid for long
periods. With these reliable constant velocities available, the
weekly position estimates of stations affected by post-seismic
decay are compared with the SIRGAS2022 linearly modelled
positions, and the residuals are approximated by exponential
or logarithmic functions. A forthcoming goal is to validate

these models by correlation with geophysical models of earth-
quake response.
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