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Abstract

This paper describes a practical implementation of the International Height Reference
System (IHRS) in Argentina. The contribution deals with the determination of potential
values W (P) at five Argentinean stations proposed to be included in the reference network
of the International Height Reference Frame (IHRF). All sites are materialized with
GNSS stations of the Argentine continuous satellite monitoring network and most of them
are included in the SIRGAS Continuously Operating Network. Not all the stations are
connected to the National Vertical Reference System 2016 and most of them are near to
an absolute gravity station measured with an A10 gravimeter.

This paper also discusses the approach for the computation of W ( P) at the IHRF stations
using the Argentinean geoid model GEOIDE-Ar 16 developed by the Instituto Geogréfico
Nacional, Argentina together with the Royal Melbourne Institute of Technology (RMIT)
University, Australia using the remove-compute-restore technique and the GOCOO0S5s
satellite-only Global Gravity Model. Then, geoid undulations (N) were transformed to
height anomalies (&) in order to infer W (P) at the stations located on the Earth’s surface.
The transformation from N to ¢ must be consistent with the hypothesis used for the
geoid determination. Special emphasis is made on the standards, conventions and constants
applied.
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ization of an International Height Reference System (IHRS;
1 Introduction Drewes et al. 2016). The definition is given, cf. Ihde et al.
(2017, Section 5) and cf. Sanchez and Sideris (2017, Section
During the 26th General Assembly of the International Union 1), by:
of Geodesy and Geophysics IUGG) held from June 22 to 1
July 2, 2015 in Prague, Czech Republic, the International
Association of Geodesy (IAG) released the Resolution No.
1 that outlines five conventions for the definition and real-

. The vertical coordinate is given in terms of geopotential
quantities: potential values W (P) or geopotential num-
bers C(P) referred to an equipotential surface of the
Earth’s gravity field realized by the conventional value
Wy = 62636853.40 m?s~2 (Sanchez et al. 2016):
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vector X of the International Terrestrial Reference Frame
(ITRF; Altamimi et al. 2016).

3. The estimation of X (P), W(P) or C(P) includes their
variation with time; i.e., X (P), W (P) or C (P).

4. This resolution also states that parameters, observations
and data shall be related to the mean tidal system/mean
crust.

5. The unit of length is the meter and the unit of time is the
second (SI).

The realization of the IHRS is called International Height
Reference Frame (IHRF) and it corresponds to a set of
physical points (continuously operated stations) with precise
potential values W (P), or geopotential numbers C (P) and
geometrical coordinates X (P), see Ihde et al. (2017).

Five sites have been selected along Argentina to be
included in the IHRF, from north to south: Salta (UNSA),
San Juan (OAFA), La Plata (AGGO), Rio Gallegos (UNPA)
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and Rio Grande (RIO2). Figure 1 illustrates the location of
each station and the space geodetic and gravimetric tech-
niques that are operated in each station. Figure 1 also shows
the topography.

The Argentinean-German Geodetic Observatory (AGGO)
is a fundamental geodetic observatory located in the east-
central part of Argentina, close to the city of La Plata. The
observatory was moved in 2015 from Concepcion, Chile, to
La Plata and is currently operated jointly by the German
Federal Agency for Cartography and Geodesy (BKG) and
the National Scientific and Technical Research Council of
Argentina (CONICET). Very Long Baseline Interferometry
(VLBI) and Satellite Laser Ranging (SLR) techniques are
co-located with Global Navigation Satellite System (GNSS).
A gravity laboratory is established at AGGO where the
superconducting gravimeter (SG) SG038 has been continu-
ously recording gravity changes since December 16th, 2015

Fig. 1 Location of proposed THRF stations in Argentina with the available space geodetic and gravimetric techniques
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(Antokoletz et al. 2017). Moreover, on January 2018, an
absolute gravimeter FG5 was installed to set an absolute
gravity reference for the station. AGGO is a reference station
of the new International Gravity Reference Frame (IGRF).
As precise time keeping is essential, different atomic clocks
are also installed at AGGO.

All GNSS stations with the exception of OAFA contribute
to the continuously operating reference network of the Geo-
centric Reference System for the Americas (SIRGAS-CON;
Sanchez and Brunini 2009) but all the stations are included
in the Argentine Continuous Satellite Monitoring Network
(RAMSAC; Pifién et al. 2018). UNSA, AGGO and RIO2
belong to the global network of the International GNSS
Service (IGS; Johnston et al. 2017).

The current terrestrial reference frame of Argentina is
Posiciones Geodesicas Argentina 2007 (POSGARO7), based
on ITRF2005 with epoch 2006.632 (Cimbaro et al. 2009).

At present, only AGGO is connected to the National
Vertical Reference System 2016 (SRVN16) (Pifién et al.
2016) for vertical datum unification.

2 Computation of Potential Values W(P)

This contribution presents the calculation of potential val-
ues recovered from the existing Argentinean geoid model
GEOIDE-Ar 16 (Pifiéon 2016), described in the next section
and also shows the computation of potential values based on
Global Gravity Models (GGMs) of high-degree.

2.1 Potential Values W(P) Recovered from

an Existing Geoid Model

The potential value W (P) can be understood as the sum of
the disturbing potential 7 (P) determined as a solution of
a geodetic boundary value problem (GBVP) at the known
position P (X)) on the Earth’s surface plus the normal gravity
potential U (P) at the same point using the formula (2-224)
from Hofmann-Wellenhof and Moritz (2005):

W(P)=U(P)+T(P), 2)

with:

AU
U(P)=U,+ OhP=Uo—)/PhP,

oh )

where U is the normal potential at the reference ellipsoid,

hp is the ellipsoidal height and the gradient of the normal

potential aauh" is the normal gravity value (yp) at P.
Equation (2) can be written as:

W(P)=T(P)+ Uy—yphp. 4

In Argentina, the disturbing potential and geoid were
solved applying the classical Stokes approach (Pifién 2016).
The disturbing potential was determined at a point Py on
the geoid. Spherical harmonics of degrees zero and one were
not considered in the geoid heights derived from the GBVP
solution (Ngpyp). The zero-degree term (Eq. (5)) was added
to Ngpyp. Then, geoid heights (N = Ngpyp + No) were
converted to height anomalies (). The zero-degree term
takes into account the difference between the Earth’s and
reference ellipsoid’s geocentric gravitational constant (GM')
and also the difference between the reference potential W}
value adopted by the IHRS and the normal potential Uy on
the reference ellipsoid.

The zero-degree term can be derived with:

No — (GMgom — GMgrsso)  Wo— Uy
0= - ,
Y0Py Y00

5)

where the GM )y is the geocentric gravitational constant of
the GGM, GMrsso is the geocentric gravitational constant
of the Geodetic Reference System 1980 (GRS80; Moritz
2000), yg, is the normal gravity on the reference ellipsoid
and rp, is the geocentric radial distance of the point Py. See
Fig. 2 for the position of Py, Qp, P and Q.

The basic relation for the geoid—quasigeoid separation is
obtained using the formula (8-113) of Hofmann-Wellenhof
and Moritz (2005):

“VHaN-
y y

r=N-% ©)

where y is the mean normal gravity between a point Qg
on the ellipsoid and the corresponding point Q on the
telluroid; g is the mean gravity along the real plumbline
between Py on the geoid and P on the Earth’s surface,
H the orthometric height and Agp is the Bouguer gravity
anomaly.

The transformation from N to { must be consistent with
the hypothesis of masses applied for the geoid computation
(Sanchez et al. 2018), that in the case of Argentina, it was the
Helmert’s second method of condensation: the topographic
masses are shifted and condensed to a surface layer on the
geoid (Hofmann-Wellenhof and Moritz 2005).

Once the geoid is transformed to quasigeoid, the potential
values W (P) can be inferred using Eq. (4) as:

W(P) =yl + Uy —yprhp. 7

Since the TAG resolution No. 1 has also stated that
parameters, observations, and data should be related to the
mean tidal system/mean crust, the ITRF ellipsoidal heights



Fig. 2 Heights and reference
surfaces (modified from Sanchez
et al. 2018)
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were transformed from tide-free system (TF) to mean-tide
system (MT) following Petit and Luzum (2010) and Sanchez
and Sideris (2017):

hyr = hrr +0.0602 — 0.1790 sin? ¢ — 0.0018 sin* ¢, (8)

where g is the ellipsoidal latitude.

Regarding geoid undulations, they were transformed
from the tide-free system to the mean-tide system following
(Ekman 1989):

Nyt = Nrr + (1 +k)(9.9 —29.6sin” ) x 1072, (9)

where k = 0.30190, being consistent with the Love numbers
proposed in Petit and Luzum (2010).

2.2 Estimation of Potential Values W(P)

with Global Gravity Models

Potential values W (P) can be estimated by the combination
of ITRF positions with global gravity models in terms of
Stokes spherical harmonics coefficients (Cy,;, Sy,) of high
degree, where n is the degree, n,,, the maximum degree
and m the order (Eq. (10); Hofmann-Wellenhof and Moritz
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2005):

W(P) = Gj”[;) §<i)x

(10)
P, (sing) (Cpppy cosmA + Sy, sinmA) j|

+ O(r,¢p,A),

where P, (sin ¢) represents the first class Legendre associ-
ated functions evaluated in sin ¢, a is the semi-major axis of
the Earth and @ is the centrifugal potential at point P. (r, A,
¢) are the spherical geocentric coordinates of the computa-
tion point (P) transformed from ellipsoidal coordinates (%,
A, @) using the transformation formulas found in Hofmann-
Wellenhof and Moritz (2005).

3 Data Used

3.1 Geoid Model GEOIDE-Ar 16

GEOIDE-Ar 16 is the current official geoid model for
Argentina (Pifion 2016). It is the result of a gravimetric
geoid model with a spatial resolution of 1’ x 1, fitted to
the Argentinean vertical datum though the determination
of a corrective trend surface, which was computed using
the co-located GPS/Levelling benchmarks. GEOIDE-Ar 16
was developed by the Instituto Geografico Nacional (IGN),
Argentina together with the Royal Melbourne Institute of
Technology (RMIT) University, Australia using the remove-
compute-restore technique (Schwarz et al. 1990) and the
GOCO05s GGM (Mayer-Giirr et al. 2015) up to degree
280, together with 671,547 gravity measurements referred
to the International Gravity Standardization Net 1971
(IGSN71; Morelli et al. 1972), on the Argentine continental
territory, its neighboring countries, Islas Malvinas and the
coastal (marine) areas. For the regions with lack of gravity
observations, the DTU13 world gravity model (Andersen
et al. 2013) was applied to fill in the gravity voids.

For the determination of the potential values in this
contribution, the “pure gravimetric geoid” before fitting it
to the Argentinean vertical datum is used. The zero-degree
term previously computed with Eq. (5) has been added to the
“pure gravimetric geoid” since it was not taken into account
for the geoid computation (Pifién 2016).

3.2 Gravity Data Around the Proposed IHRF

Stations

The distribution of relative terrestrial and shipborne gravity
data used for the determination of the gravimetric geoid

around each IHRF station can be seen in Fig. 3 (blue points).
Figure 3 also shows the nearest absolute gravity stations that
belong to the Red Argentina de Gravedad Absoluta (RAGA,
Laurfa et al. 2017), which were measured with a Micro-g
LaCoste A10 (red points). The absolute gravity measurement
made at AGGO with a Micro-g LaCoste FGS5 is also included
(yellow point).

Different buffer radius of 10, 50, 110 and 200km are
depicted in Fig. 3. Following Sanchez et al. (2017), the mini-
mum amount of gravity points required is 5 inside the radius
of 10km, 15 inside the 50 km, 30 inside the 110 km and 45
inside the 210km. Each circle is divided into 1, 4, 7 and
11 compartments, respectively. From Fig. 3, we can observe
that the gravity data do not fulfill the requirements of density
and distribution around each IHRF station. Approximately,
one hundred stations homogeneously distributed around the
IHRF stations up to a distance of 200km are required
(Sanchez et al. 2017). Since UNSA and OAFA are located
in a rough area in the Andes, more stations homogeneously
distributed are needed.

3.3 Standards

Some standards used for the computation of the “pure gravi-
metric geoid” were examined, following some agreements
for the computation of the station potential values as IHRF
coordinates, geoid undulations and height anomalies within
the Colorado 1 cm geoid experiment (Sdnchez et al. 2018).
The numerical values for the constant of gravitation (G), the
geocentric gravitational constant (GM ), the mean angular
velocity of the Earth (w), the average density of the topo-
graphic masses (p) used to apply gravity reductions for geoid
computation were the same as those proposed in Sdnchez
et al. (2018).

The GRSS80 that provides the numerical value for the
parameters of the geodetic Earth model was used. GOCOO05s
was the GGM taken into account for the remove-compute-
restore technique in the geoid computation of Argentina.
First-degree Stokes coefficients were assumed to be zero
(Earth’s center of masses aligned with the ITRF coordi-
nates).

In Sect. 2.1, the parameters involved in the equations are
listed below:

- Wy = 62636853.40m?s™2, is the reference potential
value adopted by the IHRS.

— Uy = 62636860.85 m?s™2, is the normal potential on the
GRS80 reference ellipsoid.

- GMggu = 3.986004415 x 10" m3s72.

— GMggrsso = 3.986005 x 10'* m?s=2.

Atmospheric correction was applied to the terrestrial grav-
ity data (Pifién 2016).
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Fig. 3 Distribution of relative gravity data around the proposed IHRF stations for Argentina (blue), RAGA stations (red) and the absolute and
superconducting gravity station at AGGO (yellow) over topography. (a) UNSA, (b) OAFA, (c) AGGO, (d) UNPA, (e) RIO2
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4 Results and Discussion

To determine the potential values W (P), the “pure gravimet-
ric” geoid (see Sect. 3.1) was used and the zero-degree term
of the geoid (Eq. (5)) was added. The resulted geoid was then
transformed from tide-free system to mean-tide system using
Eq. (9).

Geoid undulations were converted into height anomalies
taking into account the N-¢ transformation according to
Eq. (6), using the refined Bouguer gravity anomalies com-
puted with SRTMv4.1 and SRTM30_plus_v10 (Jarvis et al.
2008; Becker et al. 2009).

Table 1 shows N and ¢ for each IHRF station in Argentina
and the potential value W (P) computed applying Eq. (7). It
can be seen that for those stations located near the coast, N
and ¢ are practically identical while for those stations located
near the Andes the differences reach 10cm for OAFA and
20 cm for UNSA.

For AGGO, IGN has provided a geopotential number
C(P) = 230.284m?s2 from gravity and levelling survey
(Pifién et al. 2016). Then, the potential value can be estimated
with W(P) = Wy — C(P) = 62636623.12m>s2. The
difference of 0.67m?>s™2 (~6cm) with the potential value
estimated in this contribution can be attributed to the fact
that C (P) was obtained from levelling survey referred to a
local vertical datum (long-term mean sea level measured at a
selected tide-gauge).

Table 1 Unfitted geoid undulation (N), height anomaly (¢) and poten-
tial values (W (P)) for each proposed station applying Eq. (7)

N ¢ W(P)
Station [m] [m] [m2s™2]
AGGO 15.353 15.352 62636622.44
UNSA 33.189 33.413 62624879.30
OAFA 24.430 24.535 62629978.70
UNPA 9.022 9.022 62636607.04
RIO2 11.751 11.751 62636662.28

Potential values from several high-degree (up to n,,,x =
2190) GGMs were obtained in order to compare them
with those computed in this contribution. EGM2008 model
(Pavlis et al. 2012), EIGEN-6C4 model (Forste et al. 2014)
and the experimental gravity field model XGM2019e_2159
(Zingerle et al. 2019), were evaluated. The computations
were done using the International Centre for Global Earth
Models computation service (ICGEM; http://icgem.gfz-
potsdam.de/; Ince et al. 2019). The tidal system and
reference ellipsoid were selected being consistent with
what is previously discussed. Table 2 and Fig.4 shows the
differences between the obtained potential values and those
derived from the GGMs. Differences are consistent between
models: those stations located near the coast (AGGO, UNPA
and RIO2) present differences between 1 to 2m?s™2, while
for stations located near the Andes (UNSA and OAFA),
differences are larger. These results become more clear
analyzing the differences between potential values computed
from the selected GGMs (see also Table 2). Regarding
the expected accuracy of the potential values derived from
GGMs, Rummel et al. (2014) and Sanchez and Sideris (2017)
proposed that the mean accuracy applying one GGM is £0.4
to +£0.6m?s2 in well-surveyed areas, and about £2 to
+4m?s™2 with extreme cases of 10m?s™2 in sparsely
surveyed regions. In this sense, the results shown in Table 2
allow to conclude that: more terrestrial gravity data should
be included to improve the accuracy of the potential values,
especially in regions with rough heights; and, at present,
GGMs of high-degree are not accurate enough to derive
potential values of the IHRF stations in Argentina.

Finally, the certainty of the potential values presented in
this paper is mainly limited by three aspects:

1. The accuracy of the geoid model taken into account. In
order to improve it, more terrestrial gravity data should
be included in the geoid computation, especially in the
vicinity of the selected IHRF stations;

2. the approximation used in Eq.(6) to transform from N
to ¢, which could cause errors of several cm in mountain

Table 2 Comparison between computed W (P) and those obtained from GGMs

Computed W (P) vs.

Station EGM2008 EIGEN-6C4 XGM2019e_2159
AGGO —1.92 —1.92 —1.33
UNSA 4.82 3.12 3.07
OAFA 5.59 0.17 2.37
UNPA —1.55 —2.07 —1.03
RIO2 —1.57 —0.96 —1.34
Max. 5.59 3.12 3.07
Min. —1.92 —2.07 —1.34
Mean 1.08 —0.33 0.35
Std. Dev. 3.78 2.13 2.18

Units in [m? s 2]

Differences between GGMs

EIGEN-6C4 XGM2019e_2159 EIGEN-6C4 vs.
vs. EGM2008 vs. EGM2008 XGM2019e_2159
0.01 —0.59 0.59
1.71 1.75 —0.04
5.42 3.22 2.20
0.52 —0.51 1.03
—0.61 —0.23 —0.38
5.42 3.22 2.20
—0.61 —0.59 —0.38
1.41 0.73 0.68
2.40 1.69 1.01
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Fig. 4 Differences between computed W (P) and those obtained from  EIGEN-6C4 vs. EGM2008. (e) EIGEN-6C4 vs. XGM2019¢_2159. (f)
GGMs. (a) Computed W (P) vs. EGM2008. (b) Computed W(P) XGM2019¢e_2159 vs. EGM2008
vs. EIGEN-6C4. (¢) Computed W (P) vs. XGM2019e_2159. (d)

areas (Flury and Rummel 2009). An extensive approach 3. the transformation from N to ¢ itself. More reliable
(e.g. Flury and Rummel 2009; Sjoberg 2010) for the W (P) could be obtain by computing a local quasigeoid
transformation should be evaluated in the future; and, model for each station.
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5 Conclusions and Future Work

This contribution presents the five Argentinean stations that
were selected to belong to the global reference network of
the IHRF. These stations are named UNSA, OAFA, AGGO,
UNPA and RIO2.

All these stations are continuously monitored to detect
deformations of the reference frame and they are referred to
the ITRS/ITRF to know with high-precision the geometric
coordinates. It is desirable that OAFA would be included
in the SIRGAS-CON network (Sdanchez and Brunini 2009).
Currently, UNSA, UNPA, OAFA and RIO2 are not con-
nected to the local vertical datum (SRVN16; Pifi6n et al.
2016). The connection will be done in the future.

AGGO is a fundamental geodetic observatory where sev-
eral geodetic techniques are co-located with absolute and
superconducting gravity meters, enabling the connection
between X, W and gravity.

Preliminary potential values were obtained for the stations
selected. They were recovered from the existing geoid
model for Argentina GEOIDE-Ar 16 without fitting it to
GPS/Levelling benchmarks. Potential values were also
derived from high-degree GGMs. Differences between
models show that present GGMs are not accurate enough
for the estimation of potential values of the selected stations
in Argentina to integrate the IHRF.

For a precise transformation from geoid values to height
anomalies, orthometric heights and gravity observations
should be available for all stations. Moreover, two aspects
should be evaluated in the future: (a) the transformation
applied from geoid undulations to height anomalies, which
could be not accurate enough; and (b) the gravity data around
the stations. In this sense, homogeneously gravity data
should be distributed around the IHRF reference stations
up to 210 km (~2°) with a minimum accuracy of the gravity
values of £20 pGal, especially for those stations located in
the Andes region (OAFA and UNSA).

As a consistent comparison of the obtained potential
values, geopotential numbers should also be available from
gravity and levelling surveys connected to the national verti-
cal reference system (SRVN16).
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