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Abstract: This paper summarizes the contribution of Polish scientific units to the devel-
opment of the Global Geodetic Observing System (GGOS) in recent years. We discuss
the issues related to the integration of space geodetic techniques and co-location in space
onboard Global Navigation Satellites Systems (GNSS) and Low Earth Orbiters (LEO), as
well as perspectives introduced by the new European Space Agency’s (ESA) mission GEN-
ESIS. We summarize recent developments in terms of the European Galileo system and
its contribution to satellite geodesy and general relativity, as well as ESA’s recent initiative
— Moonlight to establish a satellite navigation and communication system for the Moon.
Recent progress in troposphere delay modeling in Satellite Laser Ranging (SLR) allowed
for better handling of systematic errors in SLR, such as range biases and tropospheric bi-
ases. We discuss enhanced tropospheric delay models for SLR based on numerical weather
models with empirical corrections, which improve the consistency between space geodetic
parameters derived using di [erent techniques, such as SLR, GNSS, and Very Long Baseline
Interferometry (VLBI). Finally, we review recent progress in the development of Polish
GGOS scientific infrastructure in the framework of the European Plate Observing System
project EPOS-PL,.
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1. Introduction

The Global Geodetic Observing System (GGOS) introduced a challenge to space geodesy
requiring the accuracy of the realization of the terrestrial reference frame of 1 mmand 0.1
mm per year for its stability (Plug and Pearlman, 2009). These requirements are dictated by
the need of moving the boundaries of knowledge about subtle phenomena occurring in the
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Earth system, such as sea level rise, as well as changes in the cryosphere, land hydrology,
and lithosphere. The current accuracy of the terrestrial reference frame realization exceeds
about four times the GGOS requirements (Altamimi et al., 2022). Therefore, many
e [arks have been undertaken to accomplish the GGOS criteria by improving the global
infrastructure in terms of the distribution of the stations, performance and accuracy,
mitigation of systematic errors included in observations, modeling of geophysical and
geodynamic background models, proposing new satellite missions and observation types
to improve the space segment and orbit determination, as well as enhancing the connection
of various space geodetic techniques by space ties, tropospheric ties, and global ties.

2. Co-location in space onboard GNSS satellites

Currently, local ties are used for the realization of the international terrestrial reference
frames, e.g., ITRF2020 (Altamimi et al., 2022). Local ties are measured at the GGOS
stations equipped with more than one space geodetic technique: VLBI, GNSS, SLR, and
DORIS (Kallio et al., 2022). The measurements require a very high accuracy because all
potential errors in local tie measurements may directly leak into the ITRF realization as
an inconsistency between space geodetic techniques and a ['eck the accuracy of the ITRF
realization. Local ties are typically measured once over several years at GGOS stations
because of the high costs and e [arls required for the measurement process.

Instead of conducting laborious local tie measurements, the space ties onboard satel-
lites can be used for the ITRF realization (see Fig. 1). A space tie link is possible whenever
more than one space geodetic technique is targeted toward a common object. Bury et
al. (2021a) showed that the space ties onboard Galileo and GLONASS can be used for
the connection between SLR and GNSS techniques because all Galileo and GLONASS
satellites are equipped with laser retroreflectors for SLR. The independent space tie is

Fig. 1. SLR-GNSS co-location in space onboard GNSS satellites, after Bury et al. (2021a)
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available whenever an SLR station tracks GNSS satellites and the GNSS receiver at the
station provides observations to the same satellites. The quality of space ties on-board
GNSS satellites in terms of the standard deviation of di [erences between GNSS and
SLR solutions is about 40-50 mm in 1-day solutions for individual stations. However, the
long-term mean of space ties agrees to 3-4 mm with local tie measurements (Bury et al.,
2021a). The co-location in space requires proper handling of SLR range biases because
biases and detector-specific signature e [ecks constitute the major factors that limit the
accuracy of SLR data processing. For flat laser retroreflectors installed onboard GNSS,
only the correction between the satellite center-of-mass and the retroreflector centroid is
considered when processing SLR data. The single-shot laser pulse can be reflected by any
corner cube of the retroreflector array. Detectors installed at SLR stations may operate in
single-photon, few-photon, or multi-photon regimes which results in di Lerent mapping
of the GNSS retroreflector array depending on the incidence angle of the incoming laser
pulse. Dilerent SLR detectors’ regimes result in systematic e [ecks observed at SLR
stations, which are called the signature e Leck (Strugarek et al., 2021b).

3. Co-location in space onboard LEO satellites

Due to the recent progress in GNSS data modeling, the accuracy of GNSS-based LEO
orbits has essentially improved (Arnold et al., 2019). The largest improvement of LEO
orbits emerges from 1) using satellite macromodels to account for the solar radiation
pressure, albedo, and atmospheric drag, 2) resolving phase ambiguities, 3) enhanced
LEO antenna calibrations, 4) and proper satellite attitude modeling (Strugarek 2019b;
Montenbruck et al., 2022). Many LEO satellites requiring the highest quality of deter-
mined orbits are equipped with laser retroreflectors for SLR, GNSS receivers, and DORIS
receivers. Therefore, LEO can be used as the platform for co-location in space. Strugarek
et al. (2019a) used the SLR observations to GNSS-based Sentinel 3A and 3B orbits to
derive global geodetic parameters. Such an approach allows for the deriving of global
geodetic parameters and SLR station coordinates with comparable quality to that derived
from LAGEOS observations. Strugarek et al. (2019a) tested di Cerent network constraints
and di Lerknt lengths of the solutions. However, 3-day and 5-day solutions turned out
to be insu Lcieht to derive global parameters due to missing observations from at least
four continents, thus, 7-day solutions are optimum for SLR. Strugarek et al. (2019a) also
proposed an SLR-based precise point positioning (PPP) solution, in which no network
constraints are required because only station coordinates are estimated, whereas satellite
orbits and Earth rotation parameters are derived from GNSS. Such a solution allows for
deriving SLR station coordinates individually for each site. The concept of the SLR-PPP
technique was further employed using the SWARM-A/B/C constellation (Strugarek et
al., 2021b).

Sosnica et al. (2019) used integrated SLR observation to Galileo, GLONASS, Bei-
Dou, GPS, and QZSS for deriving global geodetic parameters. Strugarek et al. (2021a)
extended the possibilities of deriving SLR station coordinates and geodetic parameters
by integrating SLR observations to active satellites at di Cerent heights: LEO and Galileo,
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as well as passive geodetic satellites: LARES and LAGEOS (see Fig. 2). Such a solu-
tion, allowed for deriving SLR station coordinates of superior quality when compared
to LAGEOS-based products provided that proper weighting is employed. Using equal
weights for all SLR targets may result in solution deterioration (Strugarek et al. 2021a).

Fig. 2. Satellite missions allowing for the co-location in space as described in the paper
by Strugarek et al. (2021a)

One of the errors a [ecking the SLR observations is the blue-sky e [ect caused by the
atmospheric pressure loading because the dominating SLR observations are collected
during cloudless weather conditions when the Earth’s crust is deformed by high atmo-
spheric pressure. Bury et al. (2019c) assessed the impact of the blue-sky e [ect based
on SLR observations to GNSS satellites. The missing loading corrections can be recon-
structed a posteriori by translating the SLR network. However, a considerable part of the
loading e [eck a [ecks not only the network origin but also all estimated parameters, such as
orbits, pole coordinates, and length of day; thus, loading corrections should be applied a
priori at the observation level to ensure the highest solution accuracy (Bury et al., 2019c).

The Synthetic Aperture Radar (SAR) satellites together with active transponders
have been tested in terms of the height system unification and sea level research for
the countries near the Baltic Sea (Gruber et al., 2020). The SAR transponders were
co-located with GNSS receivers and the tide gauges, resulting in the agreement at the
several-centimeter level between di Lerent techniques (Czikhardt et al., 2021; Gruber et
al., 2022). Hence, the SAR technique introduces a novel opportunity for co-location in
space geodesy, however, the SAR applicability for the reference frame realization requires
further studies.

4. Co-location in space onboard GENESIS
So far, VLBI was the only technique missing for the successful co-location onboard

artificial Earth satellites. Some tests of tracking CubeSat LEO using VLBI have been
conducted (Hellerschmied et al., 2018), but the results remained unsatisfactory for geode-
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