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Preface

Preface

The Institute

The Deutsches Geodätisches Forschungsinstitut (DGFI-TUM) is a research institute of the
Technical University of Munich (TUM). It is part of the Chair of Geodetic Geodynamics within the
newly established TUM Department of Aerospace and Geodesy (Fakultät für Luftfahrt, Raum-
fahrt und Geodäsie, LRG).

With a scientific focus on basic research in the field of Space Geodesy, the DGFI-TUM pursues
the goal to provide a comprehensive and long-term valid metric of the Earth system for science
and practice at the highest level of precision and consistency. In strong international and in-
terdisciplinary collaboration, the institute processes, analyzes and combines observations from
all relevant space-geodetic observing systems and complementary data sources.

For almost seven decades, the institute has continuously been involved in a broad variety of
national and international research activities of which many were of high significance for the
scientific advancement of geodesy. A central aspect of the institute’s research has always
been the precise determination of the Earth’s geometrical shape and its temporal changes.
For the solid Earth, this involves in particular the realization of horizontal and vertical terrestrial
reference systems on global and regional scale and of the celestial reference system. With
respect to water surfaces, the DGFI-TUM has a key focus on the precise determination of the
changing sea level, the ocean’s surface dynamics and water stages of inland water bodies
using satellite altimetry.

The strategic direction of the DGFI-TUM is reflected by its organization into the two research
areas Reference Systems and Satellite Altimetry (Fig. 1). The research areas are comple-
mented by three overarching research topics, covering the investigation of the state and dy-
namics of the atmosphere (with a strong focus on ionospheric disturbances and space-weather
impacts), the determination of high resolution regional gravity fields, and the enhancement of
consistency in geodetic data analysis by establishing unique standards and conventions in an
international context.

In the frame of the Research Group Satellite Geodesy (Forschungsgruppe Satellitengeodäsie,
FGS), the institute contributes to the scientific data processing of the Geodetic Observatories
Wettzell (Germany) and AGGO (Argentina). Furthermore, it operates several worldwide dis-
tributed GNSS stations.

Figure 1: Research Areas of the DGFI-TUM
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National and international involvement

The institute was established in 1952 as an independent research facility at the Bavarian Acad-
emy of Sciences and Humanities (BAdW) in Munich, and with effect from January 1, 2015 the
DGFI became part of the TUM. The institute is intensively networked with renowned research
institutions all over the world, and over its history it has been involved in a multitude of inter-
nationally coordinated scientific activities. During the first decades after its foundation, DGFI
achieved outstanding results particularly in the fields of geodetic-astronomical observations and
electro-optical distance measurements for the determination of the German and European tri-
angulation as well as in gravimetric surveys for gravity networks. The DGFI was involved in the
first worldwide network of satellite triangulation and played an important role in the development
of dynamical methods of satellite geodesy for precise orbit determination, point positioning and
gravity field modeling.

The DGFI-TUM collaborates at key positions in international scientific organizations, especially
within the framework of the International Union of Geodesy and Geophysics (IUGG), the In-
ternational Astronomical Union (IAU), and the International Association of Geodesy (IAG) (see
Section 4.2). Since many years, it has been an important pillar of IAG’s Global Geodetic Ob-
serving System (GGOS). GGOS advocates for the implementation of geodetic infrastructure
and analysis capacity necessary for monitoring the Earth system and global change research,
and it coordinates the generation of high-quality science data products under predefined stan-
dards and conventions. The DGFI-TUM provides the current GGOS Vice President, chairs
one of the two GGOS Bureaus (Bureau of Products and Standards) and leads two of the three
GGOS Focus Areas (FA Unified Height System; FA Geodetic Space Weather Research). More-
over, the institute recognizes the outstanding significance of IAG’s Scientific Services which
form the backbone of national and international spatial data infrastructure. In this framework,
the DGFI-TUM operates data centers, analysis centers and research centers. It has been tak-
ing leading roles and supporting functions in IAG’s Commissions, Projects, Working and Study
Groups, and thus contributes to shaping the future direction of international geodetic research.

The institute participates in research programs of the European Union (EU) and the European
Space Agency (ESA), and it cooperates in activities of the United Nations (UN). In this regard,
the DGFI-TUM is involved in the implementation of a UN Resolution for a Global Geodetic
Reference Frame (GGRF) and provides an IAG representative to the UN Committee of Experts
on Global Geospatial Information Management (UN-GGIM) Working Group for the GGRF.

Research highlights of particular scientific and public interest

During the year 2019, several scientific results gained broad attention in the scientific commu-
nity and in the public. The following activities and publications can be highlighted:

� DGFI-TUM staff member elected GGOS Vice President: Effective from November 2019,
DGFI-TUM scientist Laura Sánchez was elected new Vice President of the Global Geodetic
Observing System (GGOS) of the International Association of Geodesy (IAG). For the pe-
riod 2019-2023, the new GGOS Coordinating Board will promote the advancement of the
global geodetic infrastructure and organize the generation of high-quality geodetic prod-
ucts as backbone for studying the Earth system and for many other scientific and societal
applications.

� Long-term measurements document sea level rise in the Arctic (title page): A collab-
orative study of scientists from the Technical University of Denmark (DTU) and the DGFI-
TUM (Arctic Ocean Sea Level Record from the Complete Radar Altimetry Era: 1991-2018,

2 DGFI-TUM Annual Report 2019



Preface

Remote Sensing, 2019, doi:10.3390/rs11141672) attained broad media coverage in 2019.
The effort resulted in the most complete and precise view of the sea level changes in the
Arctic Ocean to date, documenting the climate-related regional differences of sea level
trends in this sensitive area. Further details on the study can be found in Section 2.2.

� Surface currents in Polar Oceans: In a joint study of DGFI-TUM and the Alfred We-
gener Institute (AWI), a novel dataset of geostrophic ocean surface currents in the north-
ern Nordic Seas has been created from a combination of satellite altimetry and ocean
model data (Geostrophic currents in the northern Nordic Seas from a combination of
multi-mission satellite altimetry and ocean modeling, Earth System Science Data, 2019,
doi:10.5194/essd-11-1765-2019). The dataset (doi:10.1594/PANGAEA.900691) provides
surface circulation information within the sea ice area between 1995 and 2012 to support
a deeper comprehension of ocean dynamics in a region characterized by rapidly changing
environmental conditions. See Section 2.2 for details.

� River levels tracked from space: Flood forecasting and protection along rivers relies
on monitoring data of water stages. At the example of the Mekong, TUM scientists from
geodesy and mathematics developed an approach enabling the extensive assessment of
water level changes within complex river systems under the influence of extreme weather
events solely from satellite data. Flow patterns of the river network are modeled using the
statistical method known as Universal Kriging. The model links data from different altime-
try missions and makes it possible to extrapolate water levels observed at certain points
to determine the levels at almost any location in the river system. It was demonstrated
that including the precise and densely distributed SAR measurements of Cryosat-2 in the
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model greatly improves the quality of the results. A TUM press release of January 2019 ad-
dressed the potential of satellite data for comprehensive monitoring of large river systems.
Further details can be found in the article Observing water level extremes in the Mekong
River Basin: The benefit of long-repeat orbit missions in a multi-mission satellite altimetry
approach (Journal of Hydrology, 2019, doi:10.1016/j.jhydrol.2018.12.041) and in previous
DGFI-TUM annual reports.

� DGFI-TUM is a new Associate Analysis Centre (AAC) of the International DORIS Ser-
vice (IDS): In 2019, the Governing Board of the IDS accepted DGFI-TUM as an AAC,
recognizing DGFI-TUM’s specialized DORIS products. Among them are precise orbits of
DORIS-tracked altimetry and other Earth observation satellites, as well as 3D-positions of
DORIS ground stations.

� High-resolution Global Ionosphere Maps (GIM): A new approach enables to determine
almost concurrently global maps of the Vertical Total Electron Content (VTEC). It is based
on algorithms, specifically tailored to the globally inhomogeneous distribution of GNSS
observations. In comparison with the VTEC products of the International GNSS Service
(IGS), the maps are of comparable quality, but they are available with a latency of only 2-3
hours instead of 2 weeks. The IGS Ionosphere Working Group recommended to add DGFI-
TUM’s VTEC GIMs as a new product contributing to the IGS combined VTEC solution; for
details see Section 3.1.

� Regional geoid contribution to IAG’s “1 cm Geoid Experiment”: The IAG Joint Study
Group 2.2.2 initiated an experiment to compare different methodologies for the computation
of geoid heights, height anomalies, and geopotential values from the combination of gravity
data from different sources. DGFI-TUM’s solution showed the smallest misfit of height
anomaly and geoid height results at the benchmarks with respect to the mean values of all
fourteen participants; see Sections 1.4 (Vertical Reference Systems) and 3.2 for details.

� P.M. Wissen magazine reports on geodetic model of the Alps: The creation of a com-
prehensive model of the present-day surface-kinematics in the Alpine-Adriatic region based
on high-level data analysis of more than 300 continuously operating GNSS stations was
subject of a study led by DGFI-TUM in 2018 (see last year’s annual report). The related
TUM press release informing about the Alpine motions obtained considerable attention. In
October 2019, the study was also subject of a TV report of the P.M. Wissen magazine on
Servus TV (see www.dgfi.tum.de/en/dgfi-tum-in-the-media/).
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1. Reference Systems

1 Research Area Reference Systems

Theoretical and practical aspects of the realization of global and regional reference systems
on Earth and in space at highest precision has been a key topic of the institute since decades.
The computation of reference frames relies on the space geodetic observation techniques Very
Long Baseline Interferometry (VLBI), Satellite and Lunar Laser Ranging (SLR/LLR), Global
Navigation Satellite Systems (GNSS), and Doppler Orbitography and Radiopositioning Inte-
grated by Satellite (DORIS). The work in this research area involves a refined modeling and
analysis of these observation techniques and the development of advanced combination meth-
ods. As a backbone for its investigations, DGFI-TUM employs the proprietary software package
DOGS (DGFI Orbit and Geodetic parameter estimation Software) with the components DOGS-
OC for SLR and DORIS data processing and precise orbit determination, DOGS-RI for the
analysis of VLBI observations, and DOGS-CS for the combination of the different observations
on the normal equation level (Table 1.1). GNSS data are analyzed with the Bernese software.

Table 1.1: Components of the DGFI Orbit and Geodetic parameter estimation Software (DOGS).

Component Purpose

DOGS-OC SLR and DORIS data processing and precise orbit determination
DOGS-RI VLBI data processing
DOGS-CS Combination of space-geodetic observations on the normal equation level

All DOGS software packages are continuously updated to incorporate the latest developments
and the state-of-the-art models for the data processing. In 2019, the institute further enhanced
the DOGS-OC software for the analysis of DORIS observations.

The research benefits from DGFI-TUM’s engagement in international scientific organizations, in
particular in the frame of the International Association of Geodesy (IAG) and the International
Astronomical Union (IAU). Mostly by virtue of long-term commitments, DGFI-TUM operates
data centers, analysis centers, and research centers (Table 1.2).

Table 1.2: Long-term commitments of DGFI-TUM in international organizations related to the Research Area
Reference Systems.

IAG Service DGFI-TUM Commitments

International Earth Rotation and Reference International Terrestrial Reference System (ITRS)
Systems Service (IERS) ITRS Combination Center

International GNSS Service (IGS) Regional Network Associate Analysis Center
for SIRGAS (RNAAC-SIR),

International Laser Ranging Service (ILRS) Global Data and Operation Center (EDC),
Analysis Center

International VLBI Service for Geodesy and Analysis Center,
Astrometry (IVS) Combination Center (together with BKG)

International DORIS Service (IDS) Associate Analysis Center

DGFI-TUM Annual Report 2019 5



1.1 Analysis of Space-Based Microwave Observations 1. Reference Systems

1.1 Analysis of Space-Based Microwave Observations

VLBI data analysis

Very Long Baseline Interferometry (VLBI) data analysis has been part of DGFI-TUM’s research
since many years. The institute has been an operational Analysis Center (AC) of the IVS since
2008. The IVS organizes the world-wide collaboration in performing VLBI observations and
analysis. According to our corresponding duties, we continued to provide solutions (in the
form of datum-free normal equations) for the twice-weekly rapid turnaround VLBI sessions in
2019. For the processing, we used our proprietary VLBI analysis software DOGS-RI, the Radio
Interferometry component of the DOGS software package.

In 2019, we worked on two major topics with respect to VLBI. First, we investigated the impact
of non-tidal loading, a geophysical effect that is only partly considered in VLBI analysis yet.
Next to the non-tidal atmospheric loading, which is already included for the IVS solutions, we
also applied non-tidal oceanic and hydrological loading, both individually and as a whole. Fur-
thermore, we examined two application levels: the observation and the normal equation level.
We found that the correction for non-tidal loading can mitigate various systematic effects in
the VLBI analysis, mostly independent of the application level. For example, the weighted root
mean square (WRMS) values of the estimated station heights are improved (i.e. decreased;
Fig. 1.1).

Second, we prepared DOGS-RI for the upcoming 2020 realization of the International Terrestrial
Reference System. The most important modifications were the implementation of

� the secular pole function as agreed upon at the Unified Analysis Workshop (UAW) 2017,

� the Desai and Sibois [2016] model for sub-daily EOP variation due to ocean tides,

� the latest realization of the International Celestial Reference System (ICRF3, including
Galactic Aberration), and

� the empirical model for the gravitational deformation of selected VLBI antennas.

All these new models also have to be considered for the official IVS solutions starting from
January 2020.

Figure 1.1: Change in the WRMS values of VLBI station heights when different non-tidal loading corrections
are applied at observation level. Loading data was obtained from the GeoForschungsZentrum (GFZ) Potsdam.
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1. Reference Systems 1.1 Analysis of Space-Based Microwave Observations

DORIS data analysis

Precise orbits of altimetry satellites are fundamental for altimetry investigations since they pro-
vide positions of altimetry satellites in a well-defined reference frame. In the recent years,
macro-models and satellite specific information of non-spherical satellites Jason-1, Jason-2
and Jason-3 have been implemented in DOGS-OC used for precise orbit determination (POD;
Zeitlhöfler 2019, Bloßfeld et al., 2020). In 2018, the processing of DORIS observations in the
IDS 2.2 format was implemented in this software. To reach a better orbit quality, processing of
observation-based attitude data in the quaternion form for satellite main body and solar panel
angles has been implemented and tested.

Using DOGS-OC, orbits of Jason satellites were computed based on DORIS 2 GHz measure-
ments in the IDS 2.2 format available from IDS at the time intervals 13 January 2002 to 30 June
2013 for Jason-1 and 20 July 2008 to 7 January 2018 for Jason-2. The information about the
satellite mass and its center of mass, the DORIS phase center coordinates, and the satellite
macro-model were used according to Cerri et al. (2019)1. The force models and the back-
ground models used for the computation of station coordinates are described in Bloßfeld et al.
(2020). For each pass, a station-dependent frequency bias was estimated. The average RMS
fits of DORIS observations are 0.495 mm/s for Jason-1 and 0.467 mm/s for Jason-2 (Fig. 1.2).

2002 2004 2006 2008 2010 2012

Time (year)

0.3

0.4

0.5

0.6

0.7

0.8

D
O

R
IS

 R
M

S
 f
it
 [
m

m
/s

]

Jason-1 DORIS RMS fit: mean = 0.4951 mm/s

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Time (year)

0.3

0.4

0.5

0.6

0.7

0.8

D
O

R
IS

 R
M

S
 f
it
 [
m

m
/s

]

Jason-2 DORIS RMS fit: mean = 0.4673 mm/s

Figure 1.2: RMS values of the DORIS observation fits obtained for Jason-1 (left) and Jason-2 (right).

GNSS data analysis

In the frame of different international cooperation projects, DGFI-TUM has installed 21 con-
tinuously observing GNSS stations since 1998 in Europe and South America. The operation
of these stations is supported by local partner institutions, which take care of the functioning
of the equipment and the opportune data delivery to the processing centers. The DGFI-TUM
permanent stations are integrated in different international initiatives such as the IGS Multi-
GNSS Experiment (MGEX), the IGS Tide Gauge Benchmark Monitoring (TIGA), assessment
of surface deformations in mountainous areas (especially in the Alps and the Andes), and the
ITRF densification in Latin America by SIRGAS. In the particular case of SIRGAS, DGFI-TUM
acts as the IGS Regional Network Associate Analysis Center for SIRGAS (IGS RNAAC SIR)
since June 1996, and its main objective is the development of analysis strategies to ensure the
long-term reliability and stability of the regional reference frame (see SIRGAS and DIGERATI,
Section 1.4). In this context, DGFI-TUM’s research is focused on:

� Computation of multi-year solutions to estimate the kinematics of the reference frame
and to model the station velocity field as a basis for the determination of regional surface
deformations;

1Cerri L., et al.: DORIS satellites models implemented in POE processing. 1st ed.; 14th review; Ref.: SALP-NT-
BORD-OP-16137-CN. Available online: ftp://ftp.ids-doris.org/pub/ids/satellites/DORISSatelliteModels.pdf, 2019.

DGFI-TUM Annual Report 2019 7



1.1 Analysis of Space-Based Microwave Observations 1. Reference Systems
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Figure 1.3: SIRGAS station selection to be included in the IGS reprocessing campaign for the ITRF2020. The
selection is based on the performance analysis carried out by DGFI-TUM as IGS RNAAC SIR; see Section 1.4.
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1. Reference Systems 1.2 Analysis of Satellite Laser Ranging Observations

� Estimation of co-seismic deformation models derived from discrete station positions to
incorporate seismic discontinuities in the computation of the reference frame and to sup-
port the precise transformation of coordinates referring to pre-seismic and post-seismic
reference frame realizations;
� Modeling of seasonal movements at the combination level of the weekly solutions.

Additionally, DGFI-TUM supports IERS and IGS on the selection of regional stations of high
performance to be included in new releases of the ITRF. As an example, Fig. 1.3 shows the
SIRGAS stations added to the IGS reprocessing campaign for the ITRS realization 2020. DGFI-
TUM makes the SIRGAS science data products available via www.sirgas.org and ftp.sirgas.org.

1.2 Analysis of Satellite Laser Ranging Observations

SLR data analysis

Since many years, DGFI-TUM has been an active Analysis Center (AC) of the International
Laser Ranging Service Analysis Standing Committee (ILRS-ASC). Beside the daily routine
analysis of SLR observations to multiple satellites, DGFI-TUM focuses on the consistent repro-
cessing of all available SLR observations since the beginning of this geodetic tracking technique
in the 1980s.

DGFI-TUMs routinely computed products for the ILRS are summarized in Table 1.3. The “v170”
and “v70” solutions are routinely processed on a daily and weekly basis and contain station
coordinate (TRF) and Earth Orientation Parameter (EOP) solutions based on observations to
the spherical near-Earth satellites LAGEOS-1 and -2 (LA-1/-2) and Etalon-1 and -2 (ET-1/-2).
The weekly processing chain is also used to submit orbit solutions of these four satellites to the
ILRS Combination Center in the so called “SP3c” data format.

For the new ITRS realization 2020, preprocessed SLR observations to the four above men-
tioned satellites and LARES will be applied. Therefore, DGFI-TUM currently analyzes all avail-
able LARES observations. Fig. 1.4 shows the arc-wise SLR orbit fits (RMS over observation
residuals) for the spherical satellites LAGEOS-1/-2, Etalon-1/-2 and LARES.

It is clearly visible from Fig. 1.4 that before 1993.0, only LAGEOS-1 observations are analyzed.
After 1993, LAGEOS-2 and both Etalon satellites contribute to the solution. Finally, in early
2012, LARES was launched and continuously tracked since then.

In the framework of the reprocessing for the ITRS realization 2020, DGFI-TUM also contributes
to the ILRS-ASC pilot project (PP) on the systematic error monitoring of all stations (“v230”
solution, see Tab. 1.3). For this PP, several model updates have been implemented in DGFI-
TUM’s orbit computation software DOGS-OC, such as a new SLRF2014 TRF model, a new
Center of Mass model, an updated ILRS site eccentricity file, the new ILRS secular pole model
and the new ILRS high-frequency EOP model. As a result, individual range biases for LA-1/-2
and combined range biases for ET-1/-2 were estimated for all SLR stations on a weekly basis.

Table 1.3: DGFI-TUM routine solutions and pilot project contributions.

ILRS solution Description

v170 Daily LA-1/-2 and ET-1/-2 TRF and EOP solutions
v70 Weekly LA-1/-2 and ET-1/-2 TRF and EOP solutions
v70-sp3c Weekly LA-1/-2 and ET-1/-2 orbit solutions
v230 Contribution to the ILRS ASC pilot project on systematic error monitoring

DGFI-TUM Annual Report 2019 9



1.2 Analysis of Satellite Laser Ranging Observations 1. Reference Systems

Figure 1.4: Arc-wise SLR orbit fits for the spherical satellites LAGEOS-1/-2, Etalon-1/-2 and LARES.

This time series of range biases is currently being combined with estimates from the other ILRS
ACs at the ILRS Combination Center in order to obtain station- and satellite-specific long-term
mean range biases to be applied in the final reprocessing run.

DGFI-TUM also investigates the quality of the current SLR tracking network which suffers from
an insufficient network geometry due to a lack of stations especially in the southern hemisphere.
Previous simulation studies have shown that the extension of the global SLR tracking network is
indispensable for reaching the target accuracy of future TRFs in accordance with user require-
ments and the ambitious goals of the Global Geodetic Observing System (GGOS). A study
performed in 2019 addressed the question where additional SLR stations would be most ben-
eficial for an improved estimation of geodetic key parameters. Kehm et al. (2019) performed a
simulation of a set of stations distributed homogeneously over the globe and compared different
solutions, always adding one of the simulated stations to the existing SLR station network (see
also Fig. 1.5). This approach has been chosen in order to be able to investigate the deficien-
cies of the existing SLR network and to judge in which regions an additional SLR station would
be most valuable for the improvement of certain geodetic datum parameters of SLR-derived
reference frames. For the determination of Earth Rotation Parameters (ERP), significant im-
provement could be reached through additional stations in polar regions (improvement of polar
motion in y-direction up to 7%) and through stations along the equator (improvement for the
Length of Day up to 1.5%). TRF parameters (see Fig. 1.6) would benefit from an additional sta-
tion around the pierce points of the axes of the terrestrial reference frame (improvement for ty up
to 4%), in Arctic and the Pacific Ocean regions (tz improved by up to 4.5%), and in the Antarctic
and the Indian Ocean region (improved of the scale by up to 2.2%). Overall it was concluded
that an additional SLR site in Antarctica should be of first priority, enabling improvements in the
pole coordinates and the scale of the TRF; potential further sites are recommended close to
the equator, especially beneficial for the origin of the realized TRF as well as for LOD.

DGFI-TUM will finish its reprocessing of SLR observations to other spherical satellites such as
Starlette, Stella, Ajisai, Larets, BLITS and Westpac shortly. Moreover, in 2020, DGFI-TUM’s
ILRS AC staff will strongly be engaged in the final processing of the input data for the ITRS
realization 2020 to be delivered to the ILRS Combination Center in early 2021.
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Figure 1.5: Global SLR network and locations of simulated SLR stations. Colors indicate the simulated
performance; for existing stations, these were taken from Kehm et al. (2017), for each additional station, a
performance of 20% has been assumed. The station marked with AE (Antarctica East) is the station for which
an additional scenario with lower performance has been simulated.

Figure 1.6: Improvement of the WRMS of estimated datum parameters by one additional station (for visual-
ization a triangulation-based natural neighbor interpolation between grid points was applied).

SLR data management

DGFI(-TUM) has been the operating the EUROLAS Data Center (EDC) since the foundation
of the ILRS in 1998. It is one of worldwide two ILRS Data Centers (the second one is the
Crustal Dynamics Data Information System, CDDIS, operated by NASA). The EDC, as an ILRS
Operation Center (OC) and ILRS Data Center (DC), has to ensure the quality of submitted data
sets by checking their format. Furthermore, a daily and hourly data exchange with the NASA
OC and CDDIS is performed. All data sets and products are publicly available for the ILRS
community via ftp (ftp://edc.dgfi.tum.de) and the dedicated website http://edc.dgfi.tum.de; see
Section 4.6.

The EDC is running different mailing lists for the exchange of information, data and results.
In 2019, 58243 Consolidated Prediction Format (CPF) files of 113 satellites were sent auto-
matically to SLR stations. Besides, EDC distributed SLR-Mails (71 messages in 2019), SLR-
Reports (1492 in 2019), SLR-Urgent (42 in 2019) and Rapid-Service-Mails (6 in 2019).
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In 2019, 43 SLR stations observed 121 different satellites. There were 5 new satellite mis-
sions tracked by SLR stations, namely Astrocast-0.1, Astrocast-0.2, Glonass-139, Glonass-140
and Lightsail-2. ILRS stations, prediction providers and Analysis Centers were working on the
implementation of the new format 2.0 for Consolidated Laser Ranging Data (CRD) and the
Consolidated Prediction Format (CPF). This task shall be finished in December 2021.

1.3 Computation of Satellite Orbits

Observation-based attitude realization for Jason altimetry satellites

The altimetry satellite family Jason-1/-2/-3 has been providing continuous, precise measure-
ments of the global and regional sea level since December 2001. The satellites have a non-
spherical and complex shape, comprising two solar panel arrays and the main satellite body on
which numerous measurement and positioning instruments are mounted. Precise investigation
of the sea level and its changes requires the determination of satellite orbits at an accuracy level
of sub-centimeters. Consequently, gravitational and non-gravitational perturbations need to be
computed with high precision. Since the non-gravitational forces such as atmospheric drag,
solar radiation pressure and Earth albedo depend on the satellite’s effective cross-sectional
area and the incidence angle of the perturbing force, the knowledge of the satellite’s orienta-
tion in space is essential. Furthermore, the vector between the reference point of the tracking
station and the spacecraft’s center of mass is required. This vector depends on the position
of the reference point of the tracking system mounted on the spacecraft which continuously
changes its orientation with respect to the tracking station. These conditions require an accu-
rate modeling of the satellite-body attitude and the solar panel orientation during the precise
orbit determination (POD).

Attitude information for the satellites can be obtained in two ways: It can be modeled by a
nominal yaw steering algorithm, or it can be determined from star tracking camera observations,
for example in the form of quaternions, and rotation angles of the solar panels. The nominal
yaw steering model consists of four regimes: sinusoidal and fixed yaw as well as the events
ramp-up/ramp-down and yaw flip (Fig. 1.7).

Figure 1.7: Principle of nominal yaw steering model for Jason satellites (top) depending on the angle (bottom);
from Zeitlhöfler (2019).
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DGFI-TUM has developed a preprocessing algorithm for satellite attitude information (attitude
quaternions and solar panel rotation angles). It comprises a detailed analysis of the original
data, detection and elimination of outliers, temporal resampling and the optimal interpolation of
missing data. To accurately model the satellites’ attitudes, a set of six parameters (four quater-
nion elements, two rotation angles) must be available at each epoch. As this requirement is not
fulfilled in the original data, missing rotation angles are obtained by linear interpolation, missing
quaternions are calculated using optimal spherical linear interpolation (Zeitlhöfler 2019).

Based on the analysis of SLR-only orbits of the Jason satellites over 25 years of operation, the
benefit of using preprocessed observation-based attitude in contrast to a nominal yaw steering
model for the POD was investigated by Bloßfeld et al. (2020). It was shown that using prepro-
cessed observation-based attitude reduces (improves) the RMS of SLR observation residuals
by 5.9% (Jason-1), 8.3% (Jason-2) and 4.5% (Jason-3). Parameters estimated within the orbit
computation, e.g. the solar radiation scaling coefficient and empirical accelerations, are closer
to the intended values for orbits with observed attitude. Furthermore, the station coordinate
repeatability clearly improves at the draconitic period. Altimetry data analysis (see Section
2) indicates a clear improvement of the single-satellite crossover differences (6%, 15% and
16% reduction of the mean of absolute differences and 1.2%, 2.7% and 1.3% of their standard
deviations for Jason-1/-2/-3 (Fig. 1.8) when using observation-based satellite attitude).

Figure 1.8: Single-satellite crossover differences (standard deviations per 10-day cycle) for the nominal orbit
phases of the three Jason missions. Differences between the solutions using quaternion-based orbits and
nominal orbits are shown. Negative differences mean improvements by observation-based attitude modeling
(Bloßfeld et al. 2020).

Impact of TRF realizations on precise orbit determination (POD)

The precise orbit determination of Earth-orbiting satellites requires as an indispensable fun-
dament an accurate terrestrial reference frame (TRF). The TRF provides the positions and
motions of tracking stations from which the satellites are observed. In cooperation with the
Deutsches Geoforschungszentrum Potsdam (GFZ), the DGFI-TUM investigated the impact of
different TRF solutions on the quality of orbits of three altimetry satellites (TOPEX/Poseidon,
Jason-1, and Jason-2) in the time interval from August 1992 to April 2015 and on altimetry
products computed using these orbits (Rudenko et al., 2019). In particular, the International
Terrestrial Reference Frame solutions ITRF2014 and its predecessor ITRF2008 have been
compared. It was found that using ITRF2014 generally improves the orbit quality as compared
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to using ITRF2008. The mean values of the RMS fits of SLR observations decreased (im-
proved) by 2.4% and 8.8% for Jason-1 and Jason-2, respectively, but are almost not impacted
for TOPEX/Poseidon when using ITRF2014 instead of ITRF2008. The internal orbit consis-
tency in the radial direction (as derived from arc overlaps) is reduced (improved) by 6.6%,
2.3%, and 5.9% for TOPEX/Poseidon, Jason-1, and Jason-2, respectively. Single-satellite al-
timetry crossover analyses indicate reduction (improvement) in the absolute mean crossover
differences by 0.2 mm (8.1%) for TOPEX, 0.4 mm (17.7%) for Jason-1, and 0.6 mm (30.9%) for
Jason-2 with ITRF2014 instead of ITRF2008. The major improvement of the mean values of
the RMS of crossover differences (0.13 mm; 0.3%) has been found for Jason-2. Multi-mission
crossover analysis shows slight improvements in the standard deviations of radial errors: 0.1%,
0.2%, and 1.6% for TOPEX, Jason-1, and Jason-2, respectively. The standard deviations of
geographically correlated mean Sea Surface Height (SSH) errors improved by 1.1% for Jason-
1 and 5.4% for Jason-2 and degraded by 1.3% for TOPEX. The use of ITRF2014 instead of
ITRF2008 causes changes in regional sea level trends of up to 0.4 mm/year between April
1993 and July 2008, and up to 1.0 mm/year between July 2008 and April 2015 (Figure 1.9).

Figure 1.9: Impact of the use of ITRF2014 instead of ITRF2008 on the regional sea level trend for four periods.
TOPEX I: April 1993–May 1997; TOPEX II: June 1997–September 2005; Jason-1 II: October 2007–February
2012; Jason-2 II: March 2012–April 2015. Regions with formal errors larger than the fitted value are masked
out (white). From Rudenko et al., 2019.

Refined modeling of thermospheric density

DGFI-TUM performs studies to improve models of thermospheric density. The thermospheric
density is, among others, an important information required to determine precise orbits of low
Earth orbiting satellites, for mission planning, to predict satellite re-entries, and to avoid col-
lisions of space objects. The investigations are predominantly based on the analysis of SLR
observations to the spherical satellites ANDE-Pollux, ANDE-Castor and SpinSat. Resulting
density information has been compared with results from different empirical and physical mod-
els at different altitudes. These investigations were part of the DFG Project TIPOD on which
further details and results can be found in Section 3.1 (Research Topic Atmosphere).
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