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S1-001

Combined IVS contribution to the ITRF2020

Hendrik Hellmers'. Daniela Thaller'. Mathis BloRfeld?>. Manuela Seitz?. John
Gipson3. Sadegh Modiri'
1. Federal Agency for Cartography and Geodesy (BKG)
2. Deutsches Geodatisches Forschungsinstitut at TU Minchen
3. Goddard Space Flight Center - NASA

As the successor of the currently used frame ITRF2014, the ITRF2020
describes the next official solution of the International Terrestrial
Reference Frame. The global ITRF2020 solution is based on an inter-
technique combination of the four space geodetic techniques VLBI,
GNSS, SLR and DORIS. In this context, the Combination Centre of the
IVS (International VLBI Service for Geodesy and Astrometry) operated
by the Federal Agency for Cartography and Geodesy (BKG, Germany) in
close cooperation with the Deutsches Geodatisches Forschungsinstitut
at TUM (DGFI-TUM, Germany) generates the final VLBI contribution of
the IVS. Thereby, an intra-technique combination utilizing the individual
contributions of multiple Analysis Centres (AC) is applied.

For the upcoming ITRF2020 solution, sessions containing 24h VLBI
observations from 1979 until the end of 2020 were (re-)processed by 11
different ACs and submitted to the IVS Combination Centre. Datum-free
normal equations containing station coordinates and source positions as
well as full sets of Earth Orientation Parameters (EOP) are delivered. For
ensuring consistency of the combined solution, time series of EOPs,
source positions and station coordinates as well as a VLBI-only
Terrestrial Reference Frame (VTRF) and a Celestial Reference Frame
(CRF) were generated and further investigated. Finally, the IVS
contribution to the ITRF2020 solution consists of normal equations
including EOPs and station coordinates via SINEX format.

To assess the quality of the data, internal as well as external
comparisons of the estimated EOP are carried out. Thereby, the
determined combined solution as well as external time series (e.g.
Bulletin A) serve as a reference.

Additionally, the scale of the IVS contribution is investigated as VLBI is
one of the space geodetic techniques realizing the scale of the
ITRF2020.The evaluation of the contributions by the ACs, the
combination procedure and the results of the combined solution for

station coordinates, source positions and EOPs will be presented.
Key words ITRF2020, IVS Combination Centre, VLBI
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S1-002

Assessing daily and sub-daily ocean tidal loading displacements
using GPS, Galileo, and GLONASS observations

Hanane Ait-Lakbir'. Alvaro Santamaria’. Félix Perosanz?’
1. CNRS
2. CNES, Toulouse, France

In today’s GNSS precise positioning, station positions are assumed
constant over a period of time, commonly a solar day. Terrestrial
reference frames and precise GNSS orbits/clocks products are built upon
this assumption. For that reason, all the tidal deformations of the crust
near or below the daily period are removed using conventional model
predictions. Among all the tidal phenomena, the ocean tidal loading (OTL)
is probably the one prone to the largest prediction errors. OTL errors at
the diurnal and sub-diurnal ranges can affect not only short-term station
coordinates, and therefore the estimation of precise GNSS products, but
show also long-term effects, which can both perturb the realization and
the stability of the reference frame.

To assess the uncertainties of OTL models and even provide constraints
to improve them, precise point positioning (PPP) is used to estimate the
amplitudes of the residual tidal displacements relatively to an a priori
model. This approach has been widely implemented based on GPS
observations. The estimation for the K1/S1 and K2/S2 tidal constituents,
which are close to the GPS orbital and constellation repetition period, is
limited by GPS-related errors. These could be reduced by using PPP
with integer ambiguity, even if not totally removed. Recently, the
combination with GLONASS, which provides a different constellation
configuration, has been considered to mitigate such GPS-specific errors.
Since late 2018, the Galileo constellation provides PPP performances on
the same level as GPS, in addition to the possibility of integer-ambiguity
fixing, and similarly to GLONASS, a constellation configuration different
from GPS. Here, we propose to analyze how Galileo can contribute to
the estimation of the uncertainties in OTL model predictions. The results
show that the inconsistency between observed and predicted
displacements at solar-driven tidal frequencies is reduced while using

Galileo-only or GPS+Galileo PPP solutions.
Key words Ocean tidal loading, GALILEO, GPS, GLONASS, PPP
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S1-003

The International Laser Ranging Service (ILRS) Contribution to the
Development of the ITRF2020

Erricos Pavlis'. Cinzia Luceri?. Antonio Basoni?. David Sarrocco?. Magda
Kuzmicz-Cieslak®. Keith Evans®. Giuseppe Bianco*
1. JCET, University of Maryland Baltimore County, USA
2. e-GEOS SpA, ASI/CGS-Matera, ltaly
3. University of Maryland Baltimore County
4. Agenzia Spaziale Italiana (ASl), CGS-Matera, Italy

The ILRS contribution to ITRF2020 was submitted in April after a
complete re-analysis of the 1993 to 2020 data. Based on improved
modeling of the data and a novel approach that ensures the results are
free of systematic errors in the underlying data, this contribution resulted
in minimizing the difference in the scale between SLR and VLBI at below
2 mm (in ITRF2014 ~9 mm). This reanalysis incorporates an improved
“target signature” model (CoM) that allows better separation of true
systematic error of each tracking system from the errors in the model
describing the target’s signature. The ILRS Analysis Standing Committee
(ASC) devoted all its efforts on developing the new analysis approach
over the past 5 years. The robust estimation of persistent systematic
errors at the millimeter level, while still considering information provided
by the stations, permitted the adoption of a consistent set of series of
long-term mean corrections for each station’s data set that are now
applied a priori. The reanalysis used these corrections, leading to
improved results for the TRF attributes, reflected in the new time series
of the TRF origin and especially in its scale. Seven official ILRS Analysis
Centers contributed time series of weekly solutions, computed according
to the guidelines defined by the ILRS ASC. These series were combined
by the ILRS Combination Center to obtain the official ILRS product
contribution to ITRF2020. In a second step, the ILRS ASC analyzed the
data spanning the time period 1983 to 1992 to generate an extension of
the SLR contribution to ITRF2020 spanning now 38 years.

The presentation will provide an overview of the analysis procedures and
models, and it will demonstrate the level of improvement with respect to
the previous ILRS product series; the stability and consistency of the
solution are discussed for the individual AC contributions and the

combined SLR time series.
Key words Reference frames, laser ranging, SLR, ILRS, ITRF
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S1-004

Quality Evaluation of the Continental Water Storage models for
correcting the Crustal Movement Observation Network of China
height time series
Zhao Li'. Weiping Jiang'. Liansheng Deng?. Tonie van Dam?

1. Wuhan University
2. Hubei Polytechnic University
3. The University of Utah

The Crustal Movement Observation Network of China (CMONOC) is
an important part of China’s infrastructure with Global Navigation
Satellite System (GNSS) as its main technological element, aiming at
monitoring the crustal movement of the Chinese mainland and providing
basic data for studying the three-dimensional (3-D) characteristics of
structural deformation. Previous researches have already confirmed the
strong correlation between continental water storage (CWS)
and CMONOC GPS height time series. This environmentally driven
displacement adds noise to the GPS data being used for investigating
related geodynamic processes, for example, the plate tectonics. To
remove this environmental signal from the GPS data, the CWS mass
models are required to predict the surface displacements. However,
these CWS model induced vertical surface displacement are often not
consistent with each another and with seasonal variations of the GPS
reference stations, thus it is of great necessity to evaluate the quality of
different CWS models and their impacts on correcting the CMONOC
height.

Under this background, eight different CWS models, including
MERRA-Land, MERRA-2, NCEP-R-1, NCEP-R-2, ERA-Interim, together
with another three GLDAS models with different versions and spatial
resolutions, are used to estimate the surface displacements for the 28
CMONOC fiducial reference stations. Then we reprocess the GPS
observations of these 28 stations spanning years of 2000~2016 based
on state-of-the-art models so as to eliminate or reduce GPS-related
systematic error. Through inter-comparison between different CWS
models, outer-comparison between CWS and the obtained GPS height
time series, we confirm that big discrepancy exists among CWS-derived
CMONOC displacement. Among the 8 models, MERRA-Land performs
the best in correcting CMONOC height (92.6%), which outperforms the
latest MERRA-2 products by about 18.5%, thus we conclude that a new
land-only "MERRA-2-Land" product would be possibly needed in the

future.
Key words CMONOC, GPS height, Continental Water Storage, MERRA-Land, MERRA-2, NCEP,
ERA-Interim, GLDAS
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S1-005

Evaluation of the IGS contribution to ITRF2020

Paul Rebischung
IGN / IPGP

The International GNSS Service (IGS) recently finalized its third
reprocessing campaign (repro3). Ten Analysis Centers (ACs) reanalyzed
the history of GPS, GLONASS and Galileo data collected by a global
tracking network over the period 1994-2020. Combinations of the daily
repro3 AC terrestrial frame solutions constitute the 1GS contribution to
the next release of the International Terrestrial Reference Frame,
ITRF2020.Compared to the previous IGS reprocessing campaign, a
number of new models and strategies have been implemented in repro3,
including the new IERS linear pole model, the new IERS-recommended
sub-daily EOP tide model, and rotations of phase center corrections for
tracking antennas not oriented North. Besides, a new set of satellite
antenna phase center offsets was adopted in repro3, based on the
published pre-flight calibrations of the Galileo satellite antennas. As a
consequence, the IGS contribution to ITRF2020 provides for the first
time an independent Galileo-based realization of the terrestrial scale,
instead of being conventionally aligned in scale to the previous ITRF.In
this presentation, results from the daily repro3 terrestrial frame
combinations will be reviewed, impacts of the newly adopted models will
be discussed, and IGS repro3 station position time series will finally be

confronted to other products.
Key words IGS; GNSS; reprocessing; ITRF
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S1-006

Status of ITRF2020 analysis and early results

Zuheir Altamimi'. Paul Rebischung'. Laurent Métivier'. Xavier Collilieux"2. Kristel
Chanard'
1. IGN-IPGP France
2. ENSG - Chaps sur Marne, France

The ITRF2020 will be the occasion to enhance the modelling of the
nonlinear station motions, including post-seismic deformation (PSD)
models for stations subject to major earthquakes, and periodic signals
embedded in the station position time series. In addition to the classical
annual and semi-annual signals, we foresee to simultaneously adjust
some satellite draconitic harmonics and evaluate their impact on the
estimated frame parameters. The ITRF2020 is expected to be provided
in the form of an augmented reference frame so that in addition to station
positions and velocities, parametric models for both PSD and periodic
signals (expressed in the CM frame of satellite laser ranging) will also be
delivered to the users. We expect to show and discuss some early
results, including the frame parameters (origin, scale and orientation),
the level of agreement of periodic signals between techniques at
colocation sites and give some indications regarding the specifications of

the final ITRF2020 solution.
Key words Reference Frame, ITRF, ITRF2020
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S1-007

Shimosato co-location of the SLR and GNSS stations

Yuto Nakamura'. Shun-ichi Watanabe'. Yusuke Yokota?. Akira Suzuki®. Haruka
Ueshiba3. Noritsune Seo*
1. Japan Coast Guard
2. Institute of Industrial Science, University of Tokyo
3. Geospatial Information Authority of Japan
4. Shimosato Hydrographic Observatory, Japan Coast Guard

The Japan Coast Guard (JCG) has been operating Satellite Laser
Ranging (SLR) since 1982 at the Shimosato Hydrographic Observatory
(SHO) to link the origin of the nautical charts to the global geodetic
reference frame. The SLR observation results are submitted to the
International Laser Ranging Service (ILRS), contributing to the
development of the International Terrestrial Reference Frame (ITRF).
Along with the SLR, SHO also operates a GNSS station that is registered
to the International GNSS Service (IGS). The SHO, operating both SLR
and GNSS, is a co-location site where these space geodetic techniques
can be linked together by precisely measuring the local tie. In November
2020, JCG collaborated with the Geospatial Information Authority of
Japan (GSI) and performed a local tie survey to precisely determine the
local tie between the IGS stone marker and the Azimuth-Elevation (AZ-
EL) intersect of the SLR telescope. In our survey, we conducted
triangulation and levelling between the temporary sites set in the
observatory and the antenna reference point of the IGS station. The AZ-
EL intersect of the SLR telescope was determined by observing the
targets mounted on the telescope from the temporary sites. During the
target observation, the SLR telescope was rotated around the AZ and EL
axes; thus, the observed target positions form arcs around the axes. The
AZ-EL intersect was calculated by determining the AZ and EL axes from
these target arcs. For the calculation of the local tie vector, we used the
software pyaxis, released by Land Information New Zealand. The
calculated local tie SINEX file was submitted to the IERS, to contribute to
the development of the upcoming ITRF2020.

Key words satellite laser ranging, GNSS, co-location, local tie survey, ITRF
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S1-008

Geodetic VLBI data processing of the specific experiments

Anastasiia Girdiuk. Gerald Engelhardt. Dieter Ullrich. Hendrik Hellmers. Daniela
Thaller
Federal Agency for Cartography and Geodesy BKG

The VLBI observations are conducted as sessions of the defined length,
24-h and 1-h duration, in the specific days. The VLBI experiments are
also characterized by the available stations, which detect group delays of
the mutually visible sources. According to these determinants the VLBI
experiments can be divided into the specific programs to improve or
monitor the Earth Orientation Parameters (EOPs), station or source
positions. For instance, R1 and R4 sessions are designed for EOPs
monitoring, T2 and EURO sessions for the station position enhancement
and CRF sessions for the celestial reference system realization. Since
VLBI observations are irregular, especially in 80e and 90e, and include
numerous campaigns, the most recent International VLBI Service for
Astronomy and Geodesy (IVS) contribution to the last International
Terrestrial Reference Frame ITRF2020 incorporates almost all available
VLBI sessions. We have participated in this activity and built the new
BKG2020a solution according with ITRF2020 requirements on the
applied models and parameterization. A broad variety of the regular and
specific VLBI experiments in our contribution are revised in order to
evaluate an impact of the most recent specific experiments, namely 24-h
VGOS broadband observations, mixed mode sessions and Onsala local
sessions. The majority of the new VGOS stations participate only in the
VGOS broadband observations, so that the data processing is focused
on their station position determination. Additionally, the station positions
of the new Onsala twin stations can be improved by the analysis of the

recently released local campaign.
Key words VLBI, data analysis, ITRF2020, station positions, VGOS stations
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S1-009

Local Ties at SLR station Riga

Kalvis Salmins®. Viesturs Sprogis?. Imants Bilinskis?>. Jorge del Pino’
1. University of Latvia
2. Latvian Geospatial Information Agency

The station Riga operates a satellite laser ranging system since 1989
and collocated GPS system is operational since 1995. In 1991 the SLR
system was collocated with the mobile laser ranging system MTLRS.
The first local ties realization, connecting the ITRF points 12302S002
Riga (SLR Riga 1884) and 12302M001 (MTLRS geodetic mark), was
done in 1992. The collocated permanent GNSS station started operation
in December 1995 (ITRF 12302M002). The local ties were determined in
1995 using a six hour GPS session. Later two auxiliary geodetic points
were added. This local network configuration remained unchanged for 25
years. During this period several surveys were done, the results were
used only for monitoring purposes. The transit instrument dome was
removed in 2013 establishing direct line of sight between 12302M002
and 12302M001. In 2018 Latvian Geospatial Information Agency (LGIA)
installed three additional geodetic pillars to improve the local network. In
January, 2021 a survey using tachymetry and GNSS was done by LGIA
and the new local ties vectors were obtained and submitted to ITRF. It is
planned to repeat last measurements of local ties in order to control their

accuracy. In future we plan to do these measurements more regularly.
Key words Local ties, SLR, GNSS
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S1-010

The 2021 Local Ties Campaign at GRAZ

Helmut Titz. Jurgen Fredriksson
Federal Office of Metrology and Surveying (BEV)

GRAZ has a very long tradition and is contributing to the ITRF
continuously since the beginning. The SLR station has been build up in
1982 and GNSS has been operational since 1992. GRAZ contributes to
the ILRS and the IGS as well as the EPN and is one of their oldest pilars.
Absolute gravity measurements and nivellement connections have been
done on regular intervals since 1998 too and the station has been
integrated in the ECGN and will also be part of the upcoming IHRS. In
2018 an additional second laser telescope has been installed which is
mainly used for quantum optics projects like transfers of kryptografic
quantum keys via satellites over optical links and space debris studies.
The new telescope may also be used for routine SLR measurements and
may be a candidate site for future ITRF realisations too. At the moment
the new telescope is not used in the production process but only used for
tests. To include the new telescope into the local coordinate system and
to check and update the old local ties which are from 2005 the BEV
remeasured the local system this year on March 24, 2021. A new
developed measurement strategy and refined calculation methods
brought some differences in the connecting vector between SLR and
GNSS monuments to daylight. Using the newly improved local ties in
ITRF calculations may therefore be a next step for improving the qualitiy
of the ITRF. The poster illustrates the results of the 2021 local tie
campaign.

Key words GRAZ SLR SDSG GNSS IGS EPN ECGN IHRF ISR/AAS BEV GGOS
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S1-011

The impact of the EOT20 global ocean tide model on space
geodetic measurements, satellite orbits and derived geodetic
parameters

Mathis Blossfeld. Mike Hart-Davis. Matthias Glomsda. Denise Dettmering
DGFI-TUM

The modelling of geophysical effects plays a crucial role when analyzing
space geodetic observations. Among them, the accurate modelling of
ocean tides is important for (i) the accurate computation of gravitational
forces acting on near-Earth satellites and (ii) to reliably account for site
displacements at the Earth’s crust. At DGFI-TUM, the latest version of an
empirical ocean tide model, EOT20, has been developed based on the
residual tidal analysis of multi-mission satellite altimetry observations.
EOT20 takes advantage of recent developments made in coastal
altimetry, particularly in the use of the ALES retracker, to produce global
atlas’ of ocean and load tides for 17 tidal constituents. EOT20 shows
significant improvements in the estimation of ocean tides compared to
the previous iteration of the global model, EOT11a, particularly in the
coastal and shelf regions.

In this presentation, the new EOT20 model is briefly introduced.
Afterwards, we evaluate EOT20 by comparison to other state-of-the-art
ocean tide models and to tide gauge records. In addition, the impact of
the new ocean tide corrections on space geodetic measurements such
as Satellite Laser Ranging (SLR) or Very Long Baseline Interferometry
(VLBI) is quantified. Namely, we analyze estimated geodetic parameters
like station coordinates (TRF paramters) and Earth Orientation
Parameters (EOP) together with orbits of near-Earth satellites in order to
judge the quality of the new empirical model for ocean tides for geodetic

applications.
Key words EOT20, ocean tide model, SLR, VLBI, TRF, EOP, geodetic parameter
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S1-012

Densification of the VLBI network in the Southern hemisphere:
advanced simulation for a VLBI antenna on Tahiti

Vladimir Schott Guilmault'. David Coulot'#. Sébastien Lambert?. Arnaud Pollet’.
Jean-Yves Richard?. Christian Bizouard?. Richard Biancale®
1. IPGP, IGN, Université Paris Diderot, Sorbonne Paris Cité, UMR 7154 CNRS, Paris,
France
2. SYRTE, Observatoire de Paris, Université PSL, CNRS, Sorbonne Universités,
UPMC Univ. Paris 06, LNE, Paris, France

3. GFZ, Potsdam, Germany
4. ENSG, Champs-sur-Marne

The current distribution of the VLBI network across the globe is
unbalanced. Most of the antennas are located in the Northern
hemisphere, and, consequently, a majority of VLBI observations is made
on radio-sources in the Northern hemisphere. This situation has an effect
on the determination of the positions of quasars in the Southern
hemisphere, which is generally less accurate than in the Northern one.
Furthermore, it impacts the realization of TRF: any effect on the
propagation delay that is not modeled with enough precision can shift
vertical positions of stations, and the more important weight of the
northern stations can impact the scale factor.

Taking advantage of the project to create a geodetic observatory on
Tahiti island (in the South Pacific), which plan to install a VLBI antenna,
we decided to assess the effect on the TRF and EOP determination
when we add Tahiti to the existing VLBI network. We recreated the
observation schedules on the 2012.0-2017.0 period including Tahiti, and
attempted to simulate uncertainties for all phenomenon affecting VLBI.
Final analysis shows that adding Tahiti to this VLBI network clearly
improves the distribution of observations between quasars in the
Northern and Southern hemispheres, reducing more the residuals on
quasars’ positions in the south, and significantly improving the

determination of the TRF scale factor.
Key words VLBI ; simulations ; TRF ; network
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S1-013

New Developments on the IDS Contribution to the ITRF2020

Guilhem Moreaux'. Frank Lemoine?. Hugues Capdeville'. Petr St&panek3.
Michiel Otten*. Jéréme Saunier®. Pascale Ferrage®
1. Collecte Localisation Satellites
2. NASA, Goddard Space Flight Center
3. Research Institute of Geodesy, Topography and Cartography
4. ESA, European Space Operations Centre
5.IGN
6. CNES

In the context of the realization of the new International Terrestrial
Reference Frame (ITRF2020), the International DORIS Service (IDS)
delivered to the IERS a first version of its contribution (series IDS 15) by
April 10th. This solution is a set of 1456 weekly SINEX files containing
DORIS stations positions and Earth orientation parameters from January
1993 to December 2020 (series IDS 15).

Even if that new IDS combined solution shows better performances in
terms of both stability of the origin and station positioning when
compared to the IDS contribution to the ITRF2014, the IDS Analysis
Centers reviewed their contributions in order to improve the scale
stability between the arrival of Jason-2 (2008.5 - with onboard first
DORIS receiver capable to track up to seven beacons simultaneously)
and of HY-2A (2011.8), leading to a newest IDS combined solution
(series IDS 16)

The primary objective of this study is present the major evolutions
between the two latest IDS combined series and the impact on origin,
scale, station positioning and EOPs.

The second purpose is to evaluate the benefits of including the
estimation of annual, semi-annual and first Jason draconitic signals while
stacking the IDS weekly combined solution from 1993.0 to 2021.0 to get
mean positions and velocities of the 200 stations at the 86 DORIS sites.

Key words ITRF, DORIS
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S1-014

Modelling and prediction of GPS time series with machine learning
approaches

Wenzong Gao. Yanming Feng
Queensland University of Technology

Causes for GPS site vertical motions include the redistribution of
environmental surface masses, such as continental water variations,
atmospheric pressure changes, tidal and non-tidal ocean fluctuations,
redistribution of ice and snow. The coordinate time series of each GNSS
site has been conventionally modeled by least-squares fitting with
harmonic functions. The daily repeatability in vertical components after
least-squares fitting is normally in the order of 4 to 6 millimeters. The
current modeling basically involves two variables: time and location,
despite various underlying physical mechanisms responsible for the site
motion. This work seeks to use a Machine Learning (ML) approach to
reflect the relationships between site motions and physical factors,
including polar motion parameters, the Sun and the Moon ephemerides,
the temperature parameter, the atmospheric pressure parameter, and
the hydrological parameters. These parameters are constructed as the
input vector of each ML training sample, while the height of the GPS
sites is regarded as the output. In the study, the artificial neural networks
algorithm is introduced as the primary ML method for the GPS time
series modeling and predicting process. To verify this method, we
analyzed the time series datasets collected from 6 GPS sites, namely
MOBS, SYDN, PERT, DARW, KARR, KAT1, respectively over the period
of 11 years. The results indicate that the ML modeling repeatability
values from 3 sites are under 4 mm and these from other 3 sites are
under 5 mm. Overall, the precision of the ML-derived vertical GPS site
motion model is improved by 15-20% with respect to the repeatability
results from the traditional least square fitting method. We also analysed
the GNSS time series prediction results for the future 3 months. The
results show that the ML prediction precision is slightly lower than the ML

fitting precision, but still within the range of 4-7mm for the tested stations.
Key words GPS; Time series; Modelling; Prediction; Machine learning; Atrtificial neural networks

16



Scientific Assembly of the International Association of Geodesy (IAG) Abstract Book

Category: Symposium 1: Reference Frames =) 1.2: Advancements and open problems in global
reference frame theory and methodology

161
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Denoising method of elevation time series based on CEEMD
algorithm and time-lapse multi-scale permutation entropy

Peixian Wang. Haoran Li
Liaoning University of technology

The elevation time series of satellite navigation and positioning reference
station is difficult to extract useful signals due to various kinds of
noises. In allusion to this problem, this paper proposes a denoising
method based on CEEMD algorithm and time-lapse multi-scale
permutation entropy (TSMPE). In this method, the noise IMF, signal IMF
and mixed IMF were demodulated by using the difference of time-lapse
multi-scale permutation entropy values of noise and signal components.
Secondly, the soft threshold method was used to denoise the mixed IMF.
Finally, the denoised mixed IMF and signal IMF were reconstructed to
obtain the final denoising result. Besides, the elevation time series of
BJFS station and JOEN station from 2000 to 2020 was taken as the
experimental data. As shown by experimental results, the proposed
method can effectively determine the signal-noise boundary point and
complete noise reduction. Compared with EMD and EEMD denoising
methods, the denoising method in this paper improves the signal-to-
noise ratio of elevation time series by more than 14% and reduces the
root mean square error by more than 13%, which can not only better
realize the denoising of elevation time series but also provide more real

and reliable data support for further research.
Key words CEEMD; elevation time series; time-lapse multi-scale permutation entropy; threshold
denoising; signal-to-noise ratio

17



Scientific Assembly of the International Association of Geodesy (IAG) Abstract Book

Category: Symposium 1: Reference Frames =) 1.2: Advancements and open problems in global
reference frame theory and methodology

287

S1-016

The cross-correlations of the Helmert transformation parameters as
an additional diagnostic tool for Terrestrial Reference Frames
assessment

Dimitrios Ampatzidis. Daniela Thaller. Lin Wang
Federal Agency for Cartography and Geodesy

The accuracy and the consistency of the Terrestrial Reference Frames
(TRFs) are mainly assessed through the well-known Helmert
transformation parameters. The magnitude of the estimated Helmert
parameters which connect e.g. a technique-only and a combined solution
of a global TRF, respectively, can identify possible inconsistencies
or/and deficiencies. Another tool with resprct to the assessment of the
TRFs are the cross-correlations of the different Helmert transformation
parameters. Initially, one can observe the dependency among the
Helmert transformation parameters and therfore revealing some
deficiencies of a particular technique. Additionally, the cross-correlations
comparison between a technique-only and a combined solution of global
TRF, respectively, could crystalize the impact of combined TRF versus a
single technique one for some significant static and dynamical features,
like the origin and the scale (and their associate rates). We compare the
a. Helmert parameters correlations of the SLR-only and VLBI-only and
the fully-combined DTRF2014 TRFs and b. the cumulative International
DORIS Service (IDS) TRF and the official ITRF2014, respectively. The
results reveal some interesting facts regarding the merit of the cross-
correlations of the 14 Helmert transformation parameters as an

additional diagnostic tool for the TRF assessment.
Key words cross-correlations, Helmert parameters, SINEX, TRF assessment, datum effect
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S1-017

Observation density method for selecting independent baselines in
GNSS network

Tong Liu'. Guochang Xu'. Zhiping Lv'3. Yujun Du?. Jian Liu’
1. Harbin Institute of Technology at Shenzhen
2. The University of New South Wales
3. Information Engineering University

The maintenance of the geodetic coordinate system requires the
networked calculation of large GNSS observation data. The generation
of independent baselines is a necessary part of data processing for large
GNSS observation networks.

In a network of n stations, n-1 independent baselines need to be
selected. Different independent baseline selection methods can affect
the final accuracy of GNSS networks. The default operation utilizes the
maximum common observation (OBS-MAX) or the shortest total distance
(SHORTEST). OBS-MAX makes use of maximal number of observations
to participate in the adjustment to improve the final solution accuracy.
The advantage of SHORTEST is that, it uses baselines with the shortest
possible total distance to minimize the effect of ionospheric and
tropospheric errors while ensuring an adequate number of observations.
Recent studies have shown that a weighted treatment normalizing these
two methods (WEIGHT), i.e., when considering both the maximum
observation and the shortest path, yields better accuracy. However, this
weighting model is empirically based. When treating these two methods
with equal weights, it only guarantees better accuracy of the network
solution for about 1/3 of the days in the annual statistical results. When
the posterior accuracy of each net solution is used as the weight,
although the proportion of high-precision net solution days can be
improved, this will greatly increase the computational burden.

With the above discussion, a baseline selection method without a
posteriori or empirical statistics are proposed here. The criterion it uses
to select the independent baseline is the observation density (OBS-DEN).
This criterion is the ratio of the number of common observations to the
distance between every two stations. Its physical meaning is the
consequent change in the number of common satellite observations for
every 1 km increase in the distance between the two stations. If the
distance between these two stations is short enough while the number of
common observations is high enough, then this baseline will be preferred.
We conducted experiments using the globally distributed stations on
January 3, 2012. The results show that the errors in XYZ direction of
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OBS-DEN are 4.63mm, 4.77mm and 5.49mm, and the 3D error is
8.62mm, while in WEIGHT, it is 4.67mm, 5.24mm, 5.28mm, and the 3D
error is 8.78mm. This demonstrates that OBS-DEN can obtain higher
accuracy of the network solution. This method extends the advantages of
maximum observation and shortest path and avoids the shortcomings of
WEIGHT which requires empirical and a posteriori accuracy. OBS-DEN

can be used as a better solution in network solution.
Key words GNSS network; independent baseline; observation-max; shortest
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S1-018

Handling of tropospheric and range biases in Satellite Laser
Ranging

Mateusz Drozdzewski. Krzysztof Sosnica. Dariusz Strugarek
Wroclaw University of Environmental and Life Sciences

Satellite laser ranging (SLR) is the only space geodetic technique that
provides the most reliable information about geocenter motion, as well as
low-degree spherical harmonics of the Earth’s gravity field. SLR is the
only technique in which in-situ meteorological observations are used to
determine the zenith total delays (ZTD) at the epochs of observations
with no estimated corrections. The tropospheric parameters are not
estimated in SLR because of the low number of observations, low
sensitivity of laser measurements to the wet part of the tropospheric
delays, which changes in time and space rapidly, and the high precision
of meteorological data collected together with SLR measurements.
Currently, all errors occurring at SLR stations are typically accumulated
in additional estimated parameters: range biases; however, the source of
biases is typically unknown. Some SLR stations, such as Graz and
Wettzell, recently discovered biases of the barometer readings, which
may introduce a systematic error to the SLR measurements. In this
contribution, we introduce an approach based on the separation of
systematic errors in SLR into two groups. One error type depends on the
elevation angle and is handled by adding a troposphere bias parameter
proportional to the SLR tropospheric delay. The second group includes
errors that are the same for all elevation angles: range biases.

We analyze the contribution of the troposphere bias to the total amount
of systematics errors at SLR stations, as well as the impact on the other
geodetic parameters, such as station coordinates, geocenter coordinates,
and the global scale. We check the correlations between range biases,
tropospheric biases, and the height components of SLR station
coordinates, as well as the repeatability of SLR station coordinates.
Finally, we conduct an additional solution with artificial pressure biases of
5 hPa that correspond to an overestimation of ZTD at the level of 11.4

mm in the zenith direction.
Key words SLR, troposphere biases, range biases

21



Scientific Assembly of the International Association of Geodesy (IAG) Abstract Book

Category: Symposium 1: Reference Frames =) 1.2: Advancements and open problems in global
reference frame theory and methodology

630

S1-019

A Refined Global GNSS Velocity Field Modeling Station Seismic
Deformation based on Constrained Nonlinear Optimization

Yingying Ren'. Hu Wang?. Jiexian Wang'. Yangfei Hou'. Pengyuan Li'
1. tongji university
2. Chinese Academy of Surveying and Mapping

With the rapid development of Global Navigation Satellite System (GNSS)
technology, the long-term accumulated GNSS observations of global
reference stations provide valuable research materials for geodesy and
geodynamics studies since the 1990s. In GNSS time series analysis, we
usually need to model the offset, velocity, and period terms finely.
However, the nearby major seismic activities will seriously damage the
station’s typical motion trajectory. By analyzing the calculated GNSS
coordinate time series with high precision, the single site’s motion
trajectory can be accurately modeled for describing the kinematic
features of the local or global reference frame. Therefore, our research is
motivated to refine a new global GNSS velocity field modeling nonlinear
station motions from the nearly long-term GNSS station observations.
Firstly, we improve the GNSS data processing strategies to obtain GNSS
coordinate time series with mm precision, which provides the necessary
input data for time series analysis. Secondly, an Integrated Time Series
Model (ITSM) adding seismic deformation is proposed to describe the
station’s nonlinear motion trajectory accurately. The ITSM directly
calculates seismic relaxation time by using Constrained Nonlinear
Optimization (CNO), which can overcome the problem of separating
relaxation time from other time series parameters in the existing research,
to improve the accuracy and reliability of velocity parameters significantly.
Furthermore, some case results verify the accuracy and reliability of the
model, which shows that the fitting accuracy of GNSS displacement in
the horizontal direction is better than 5 mm and that in the vertical
direction is better than 1 cm. Finally, the global GNSS station velocity
field is refined using long-term GNSS observations, which helps explain
global plate tectonic motion and establish a Dynamic Terrestrial
Reference Frame (DTRF) for better studying geodynamic processes.
The velocity results further verify the accuracy of the global GNSS
velocity, which shows that the accuracy of global velocity is better than 1
mm/a, and the averages of velocity Root Mean Square Error (RMSE) are
0.19 mm/a, 0.19 mm/a, and 0.33 mm/a in the 3D direction. Compared
with ITRF2014, there is a difference of about 1 mm/a between them due

to data duration, processing model, and geodetic technology.
Key words GNSS; time series analysis; motion trajectory; velocity field; crustal movement
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S1-020

Periods Extraction of GNSS Coordinate Time Series Based on
Significance Level

Yanfeng JIA'. Xinhui ZHU?. Fuping SUN?
1. Information Engineering University
2.

At present, the method for periodic detection and identification in
coordinate time series is easily affected by noise and sidelobes, and is
not conducive to large-scale data processing. In order to solve this
problem, a method based on significance level is proposed. The method
could automatically detect and identify the periods in GNSS coordinate
time series. After the performance is verified by simulation data, this
method is used to extract the periods in the coordinate time series of
1082 stations distributed globally. The result shows that the method can
realize the automatic detection and extraction of potential periods under
the influence of noise and sidelobes, and has good performance. In the
simulation experiment, it still has an accuracy of 70% when the SNR is -
10dB. And by extracting the periods of the measured data in the three
directions of N, E and U, it is found that in addition to the annual and
semi-annual period, there are periods with spans of about 120d, 88d,
71d, 59d, 50d and 14d around the world. It is consistent with the
research results of related scholars, which proves the feasibility of this

method in practical application.
Key words coordinate time series; non-linear variations; periods extraction; Lomb-Scargle
periodogram; significance level
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S1-021

Characteristics and Predictability of Postseismic Deformation in
Reference Frame Models

Jeff Freymueller
Michigan State University

Postseismic deformation is commonly observed after large earthquakes,
in the form of transient non-linear station motions. Afterslip and
viscoelastic relaxation are two of the known physical causes for
postseismic deformation are afterslip. Afterslip is continued fault creep
on the fault plane, often occurring deeper or shallower than the
earthquake rupture area itself. Viscoelastic relaxation occurs within a
viscoelastic medium near or surrounding the fault, and commonly occurs
at greater depth than the earthquake, within the Earth’s mantle. Physical
models can be developed for these processes, but these always contain
some adjustable parameters that describe the fault zone’s frictional
properties or mantle viscosity. Empirical time series models for
deformation can be estimated as well, but again with adjustable
parameters that describe the non-linear relaxation process. Because
both processes are often active at the same time, estimating the
adjustable parameters is prone to problems caused by parameter
tradeoffs.

For use in a reference frame model, it is important to be able to predict
postseismic deformation forward in time, and to predict the uncertainty
as a function of time. Because of the parameter tradeoffs, the predictive
power of postseismic models often has been poor. In particular, in a time
series model, it is critical that the relaxation times of the non-linear
functions be known well; if those are not known accurately, the models
will rapidly diverge from the true values. However, suites of trial forward
models can be used to assess the likely uncertainty range as a function
of time. While determining the “best” postseismic model parameters can
be challenging, a relatively small number of observations (in time) can be
used to weight individual models within a suite of trial models to make
reasonably accurate future predictions. The ensemble of potentially valid
predictions can then give not just an estimate but a measure of
prediction uncertainty.

Key words postseismic, model, uncertainty, deformation
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S1-022

Dilution of Precision (DOP) factors for evaluating observations to
Galileo satellites with VLBI

Helene Wolf'. Johannes Bohm'. Matthias Schartner?. Urs Hugentobler?
1. TU Wien
2. ETH Zurich, Deptartment of Civil, Environmental and Geomatic Engineering,
Space Geodesy, Zurich, Switzerland
3. TU Mdnchen, Institute for Astronomical and Physical Geodesy, Munchen,
Germany

Observing satellites besides natural extra-galactic radio sources
(quasars) with Very Long Baseline Interferometry (VLBI) telescopes
permits the extension of the current research of this interferometric
technique. These observations offer a variety of new applications such
as the direct determination of the absolute orientation of the satellite
constellation with respect to the International Celestial Reference Frame
(ICRF). In addition, observing satellites with VLBI telescopes enables
high precision tying of space geodetic techniques and therefore results in
improvement of long-term reference frames. In order to observe quasars
and geodetic satellites with the same instruments it is necessary that
satellites transmit signals that can be observed by VLBI telescopes.
Therefore, ideas of installing a dedicated VLBI transmitter on board of
future Galileo satellites have been proposed over the last years.

The following contribution provides an evaluation study of observations
to Galileo satellites with VLBI telescopes. Recently, the scheduling
software VieSched++ was equipped with a newly developed satellite
scheduling module, which is used for the determination of possible
observation periods to Galileo satellites from a selected VLBI network.
These possible observations are evaluated through their sensitivity
towards changes of the satellite position concerning the radial, along-
track and cross-track component. The sensitivities of an observation
towards changes in the respective components are indicated by different
Dilution of Precision (DOP) factors, which are the radial DOP, the along-
track DOP and the cross-track DOP. The lower the value of the
respective DOP the more sensitive the observation is towards the
corresponding component.

Key words VLBI, Galileo, VieSched++
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S1-023

Reference frame realization using co-location in space onboard
Galileo satellites

Grzegorz Bury'. Krzysztof Sosnica'. Radostaw Zajdel'. Dariusz Strugarek'. Urs
Hugentobler?
1. Wroclaw University of Environmental and Life Science
2. Institute for Astronomical and Physical Geodesy, Technical University of Munich

Terrestrial reference frames (TRF) constitute the time-space reference
for all phenomena observed in the Earth system. Current TRFs are
solved using observations provided by space geodetic techniques, i.e.,
Global Navigation Satellite System (GNSS), Satellite Laser Ranging
(SLR), Very Long Baseline Interferometry (VLBI), and Doppler
Orbitography and Radiopositioning Integrated by Satellite (DORIS). The
integration of all the space techniques is solved by the so-called local
ties which comprise the local ground measurements at the co-located
stations. Therefore, the space technique integration plays a crucial role
in the realization of TRF. Currently, GNSS satellites of Galileo and
GLONASS are equipped with laser retroreflector arrays for SLR
providing a possibility for co-location of GNSS and SLR techniques in
space onboard navigation satellites.

In this study, we elaborated the methodology of a realization of TRF
using GNSS-SLR co-location onboard Galileo and GLONASS satellites.
We established that the best way to realize common GNSS and SLR
networks is by imposing the no-net-translation and no-net-rotation
minimum constraints to GNSS and SLR core stations. Based on the
estimated GNSS and SLR station coordinates we estimated a linkage
between co-located stations which constitutes an equivalent of the
ground measured local tie. Moreover, we revised the methodology of the
SLR range biases calculation. Now, the calculated range biases consider
the impact of the SLR observations to geodetic satellites, not only to the
GNSS spacecraft. Such a treatment improved the estimated value of the
local tie from 4.4 mm to 2.4 mm for the co-located station in Wettzell,
Germany.

The estimated values of local ties using combined GNSS and SLR-to-
GNSS observations might be used for validating the local ground
measurements or can constitute additional data with full variance-

covariance information as an input for future realization of TRF.
Key words GNSS, SLR, co-location, terrestrial reference frame, Galileo, GLONASS
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S1-024

Large-scale dimensional metrology for geodesy - first results from
the European GeoMetre Project

Florian Pollinger'. Clément Courde3. Cornelia Eschelbach®. Luis Garcia-Asenjo’.
Joffray Guillory®. Per Olof Hedekvist''. Ulla Kallio'3. Thomas Kligel'®>. Pavel
Neyezhmakov?. Damien Pesce*. Marco Pisani®. Jeremias Seppa®. Robin
Underwood™. Kinga Wezka'?. Mariusz Wisniewski'4. for the GeoMetre
Consortium'®
1. Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116
Braunschweig, Germany
2. National Scientific Center “Institute of Metrology”, Mironositskaya Str. 42, 61002
Kharkiv, Ukraine
3. Université Cote d'Azur, CNRS, Observatoire de la Cote d'Azur, IRD, Géoazur,
2130 Route de I'Observatoire, 06460 Caussols, France
4. Institut national de I'information géographique et forestiére (IGN), 94160 Saint-
Mandé, France
5. Laboratory for Industrial Metrology, Faculty of Architecture, Civil Engineering and
Geomatics, Frankfurt University of Applied Sciences, Nibelungenplatz 1, 60318
Frankfurt am Main, Germany
6. Istituto Nazionale di Ricerca Metrologica (INRIM), Strada delle Cacce, 91, 10135
Torino, Italy
7. Departamento de Ingenieria Cartografica, Geodesia y Fotogrametria, Universitat
Politecnica de Valéncia, Camino de Vera s/n, 46022 Valencia, Spain
8. VTT Technical Research Centre of Finland Ltd, Centre for Metrology MIKES, PO
Box 1000, 02044 VTT, Finland
9. Conservatoire National des Arts et Métiers (Cnam), Laboratoire commun de
métrologie LNE-Cnam, 1 rue Gaston Boissier, 75015 Paris, France
10. National Physical Laboratory, Hampton Road, Teddington, TW11 OLW, United
Kingdom
11. RISE Research Institutes of Sweden, Box 857, 501 15 Boras, Sweden
12. Faculty of Geodesy and Cartography, Warsaw University of Technology, Plac
Politechniki 1, 00-661 Warsaw
13. Finnish Geospatial Research Institute, National Land Survey of Finland,
Geodeetinrinne 2, 02430 Masala, Finland
14. Central Office of Measures, ul. Elektoralna 2, 00-139 Warszawa Poland
15. Geodetic Observatory Wettzell, Federal Agency for Cartography and Geodesy,
93444 Bad Kotzting, Germany
16. https://www.ptb.de/empir2018/geometre/home/

Terrestrial reference frames (TRFs) are based on space-geodetic
observations and co-located sites local tie surveys results. Since 2019,
16 European institutions from geodesy as well as length and temperature
metrology have been working together in the joint research project
‘GeoMetre’ to further reduce the TRF uncertainty, tackling two
instrumental challenges:
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(1) We seek for suitable references over several kilometers with an
uncertainty level of 1 mm to support the instrumental development in
SLR, VLBI, or GNSS.

(2) We develop and refine instrumentation, measurement methods and
analysis strategies for the local tie vector determination, aiming at
uncertainties of 1 mm in 3D.

So far, the surveying networks at the GGOS core stations Metsahovi,
Finland, and Wettzell, Germany, have been expanded, e.g. by enabling
seamless GNSS-terrestrial measurements. Two optical ranging systems
are being developed with a targeted range of up to 5 km. Different
strategies for refractive index compensation are being explored and
compared. They will be applied to establish reference values for test
fields, e.g. at the Calern site of the Observatoire de la Céte d’Azur (OCA)
in France or the novel European large-scale reference base at the
Pieniny Kippen Belt in Poland. For local tie metrology, they will reduce
the uncertainty of the ground surveying network. A second focus is on
reference point monitoring: we have explored photogrammetric methods
and develop a complex telescope monitoring setup based on novel
multilateration and temperature compensation systems. We also
investigate the inclusion of the local gravity field to consider the
deviations of the vertical in the data analysis. All those methods will be
combined and evaluated in final joint measurement campaigns in the
remaining project.

This project 18SIB01 GeoMetre has received funding from the EMPIR
programme co-financed by the Participating States and from the

European Union’s Horizon 2020 research and innovation programme.
Key words Local Tie metrology, measurement technologies, terrestrial local tie measurements
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S1-025

Determination of Galileo and GLONASS orbits based on combined
SLR and GNSS data

Grzegorz Bury'. Krzysztof Sosnica’. Radostaw Zajdel’. Dariusz Strugarek'. Urs
Hugentobler?
1. Institute of Geodesy and Geoinformatics, Wroctaw University of Environmental and
Life Sciences
2. Institute for Astronomical and Physical Geodesy, Technical University of Munich

Modern satellites of the Global Navigation Satellites Systems (GNSS)
are equipped with laser retroreflector arrays for Satellite Laser Ranging
(SLR). As a two-way space geodetic technique SLR allows to measure
ranges Thanks to the different wavelengths, SLR observations (optical)
are vulnerable to different systematic errors than GNSS observations
(microwave). As a result, SLR observations to GNSS satellites typically
serve as an independent tool for the validation of the GNSS-based orbit
products. However, SLR observations can be used also for the
determination of the GNSS orbit parameters.

In this study, we present the results for Galileo and GLONASS precise
orbit determination using a combination of the GNSS and SLR-to-GNSS
observations. The addition of the SLR-to-GNSS observations stabilizes
the orbit solution especially for periods when the elevation of the Sun
above the orbital plane is highest. The formal error of the semi-major
axis of the Galileo satellites is diminished by up to 62%. As for the
precision which is assessed based on the SLR residual analysis the STD
of SLR residuals is diminished from 36.1 to 29.6 mm as compared to the
GNSS-only solution. The combined SLR and GNSS orbit solution
provides a promising prerequisite for the co-location onboard the GNSS
satellites for the realization of the terrestrial reference frame and deriving

global geodetic parameters.
Key words SLR, GNSS, co-location, precise orbit determination, Galileo, GLONASS

30



Scientific Assembly of the International Association of Geodesy (IAG) Abstract Book

Category: Symposium 1: Reference Frames =) 1.3: Terrestrial and space geodetic ties for multi-
technique combinations

229

S1-026

Radar Corner Reflector installation at the OCA geodetic
Observatory (France)

Xavier Collilieux"”. Clément Courde?. Bénédicte Fruneau®. Mourad Aimar®.
Guillaume Schmidt’ 8. Isabelle Delprat’8. Damien Pesce®. Guy Woppelmann®
1. Université de Paris, Institut de physique du globe de Paris, CNRS, IGN, Paris,
France
2. Université Cote d'Azur, CNRS, Observatoire de la Céte d'Azur, IRD, Géoazur,
Caussols, France
3. LaSTIG, Univ Gustave Eiffel, F-77454 Marne-la-Vallée
4. Université Cote d'Azur, CNRS, Observatoire de la Céte d'Azur, IRD, Géoazur,
Caussols, France
5. Institut national de l'information géographique et forestiere, Saint-Mandé, France
6. Laboratoire Littoral Environnement et Sociétés, UMR7266 — Univ La Rochelle and
CNRS, La Rochelle, France
7. ENSG-Géomatique, IGN, Marne-la-Vallée, France
8. Enseignement Militaire Supérieur Scientifique et Technique, Ecole militaire, Paris,
France

Geodetic observatories host several geodetic permanent instruments
whose coordinates can be determined at the centimeter level or better.
They comprise Global Navigation Satellite System (GNSS) permanent
antenna/receivers, Satellite Laser Ranging (SLR) stations, Very Long
Baseline Interferometry (VLBI) telescope and Doppler Orbitography
Integrated by Satellite (DORIS) beacons. The Calern site of the
Observatoire de la Cote d’Azur (OCA) is an example of such a multi-
technique site located in the South of France. It hosts a DORIS beacon,
a SLR/LLR station and two GNSS permanent stations.

In the process of determining coordinates of geodetic instruments in a
unified reference frame, the relative positions of the instruments at co-
location sites are integrated in the ITRF combination. Thanks to the
additional measurements obtained from local surveys, it is possible to
determine global biases between coordinates determined by individual
space geodetic techniques, and express them in the same reference
system. An additional fundamental assumption of the combination
process is that stations located on the same site do not move with
respect to each other. Spaceborne Synthetic Aperture Radar
Interferometry (INSAR technique), is an interesting tool to evaluate that
hypothesis as it allows measuring ground displacements in the line of
sight of the satellite, and has been used only occasionally in the past for
this purpose. Notably, the Persistent Scatterer (PS) Interferometry
enables determining time series of ground displacements on particular
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scatterers exhibiting phase stability in a stack of SAR images. To ensure
the presence of such PS, artificial corner reflectors can be installed.

We present the procedure that we adapted from Parker et al. (2007) to
install and validate the installation of a corner reflector at OCA
observatory, close to the currently operating GNSS, SLR and DORIS
stations, specifically designed for Sentinel-1 satellite. An initial local tie

survey was carried out to assess the stability of the reflector through time.
Key words ITRF, local ties, INSAR
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S1-027

Datum problem in terrestrial local ties

Ulla Kallio'. Thomas Kliigel?. Simo Marila'. Swetlana Mahler?. Markku
Poutanen'. Torben Schiiler?. Heli Suurmaki’
1. FGI, National Land Survey of Finland
2. BKG, Geodetic Observatory Wettzell

The datum problem is a fundamental issue in the network adjustment
when connecting a local measurement network to an external reference
frame. Datum elements in 3D networks are scale, translation, and
orientation. We consider here the local tie network at geodetic core
stations, where the external reference frame is the latest ITRF realization
in the mean epoch of terrestrial observations.

Accurate distance measurements are used for the determination of the
network scale. Thus the improvement of its accuracy and the inclusion of
weather measurements to account for refraction errors are essential. For
rotation and translation of the network, we need external information.
Angle observations are related to the coordinate system of the
instrument which is usually aligned to the plumb line. Instruments have
different vertical orientation at every station point and the direction of the
plumb line does not coincide with the normal vector of the reference
ellipsoid. Horizontally the observed set of angles are oriented in arbitrary
or approximately oriented directions.

External information which is needed for solving the orientation are
datum points, providing the link to the global coordinate system, and
correction terms for the vertical orientation (deflection of the vertical),
which can be derived from combined terrestrial/ GNSS observations, from
a gravity based geoid model, or from astronomical observations.

In this article, we present the solutions/options for the datum problem in
the framework of the EMPIR Geometre project using the example of the
ITRF core stations Metsahovi and Wettzell. Beside the classical
transformation, a transformation-free approach is presented. The
inclusion of distant targets is promising, since at small networks even a
millimetre change in the coordinates of a datum point can affect
significantly a local tie vector. When using the vertical deflection or the
dip of the geoid surface, the inclination should be known within 0.2 arc
seconds.

Key words Datum problem, local ties, scale, orientation, network adjustment

33



Scientific Assembly of the International Association of Geodesy (IAG) Abstract Book

Category: Symposium 1: Reference Frames =) 1.3: Terrestrial and space geodetic ties for multi-
technique combinations

341

S1-028

Multi-technique combinations using a closure in time

Jan Kodet'. Ulrich Schreiber'. Thomas Kllgel?
1. Technical University Munchen
2. Federal Agency for Cartography and Geodesy

Space Geodesy is based on accurate distance measurements, which are
performed as signal delay measurements multiplied by the speed of light.
VLBI and GNSS measure these delays with respect to the station clock;
therefore, the pseudo-range must be corrected by a clock
synchronization term in post-processing. In contrast, SLR is based on
time of flight measurement, which does not require this computation step.
To provide highly accurate geodetic products, the measurement can not
be biased by error sources of unknown origin. They are more
pronounced if the techniques are combined, showing correlation with
clock synchronization parameters, as published in several studies. Since
Space Geodesy relies on station clocks and time distribution, we
consider a new measurement concept, probing and reducing systematic
errors. It realizes a common clock for all geodetic space techniques
operated at fundamental stations. In addition state of the art optical
clocks are preferred to be used, which are such stable that no posterior
clock adjustment is theoretically required. Applying this, we can consider
a closure observation through the clock, where all discrepancies in signal
propagation from source to the receiver are explicitly shown as an
inconsistency in time. To enable such a measurement concept, we
established an optical timing system at the Geodetic Observatory
Wettzell. It uses drift-free timing dissemination to distribute timing signals
to all space geodetic techniques. An integral part of the novel timing
system is a calibration target, which combines all the instrumentations
into a single reference point through a geometric tie and a closure
measurement concept in time. In this calibration concept, the delays can
be quantified independently by adding time as an additional quantity to
the calibration procedure. When the closure is not zero, there is a
systematic error in the measurement process. This talk updates on the

concept and discusses the obtained results.
Key words VLBI, SLR, GNSS, Multi-technique combination, common clock, time in geodesy
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Close Range Photogrammetry for High Precise Reference Point
Determination — A proof of concept at Satellite Observing System
Wettzell

Michael Losler'. Cornelia Eschelbach'. Thomas Kllgel?
1. Frankfurt University of Applied Sciences
2. Federal Agency for Cartography and Geodesy

Local tie vectors are a crucial component within the combination of
several space geodetic techniques. The vectors define the geometric
relation between the space geodetic techniques, referring to the invariant
reference points of such techniques. GGOS aims for an accuracy of 1
mm in the position on a global scale. In ITRF2014, about 50% of the
used local ties show discrepancies of more than 5 mm w.r.t. the global
solution. In the framework of the IAG/IERS Working Group on Site
Survey and Co-location or joint research projects like the international
GeoMetre project strategies to improve the reference point determination
and the local ties are developed. Strategies mainly comprise the
development or the recommendation for surveying instruments,
developing approaches for transforming local measurements to the
global frame, and deriving innovative analysis procedures to derive the
reference point of space geodetic techniques.

In this contribution, we focus on the reference point determination. At the
Geodetic Observatory Wettzell, a measurement campaign was carried
out in September 2020 to evaluate the benefit of close range
photogrammetry in the framework of reference point determination. For
this purpose, the invariant reference point of a Satellite Laser Ranging
telescope was derived several times using various configurations. The
estimated reference point and the axis offset vary in a range of £0.1 mm
and £0.02 mm, respectively. The resulting standard deviation of the
coordinate components of the combined solution is 0.1 mm and

impressively demonstrates the potential of the presented method.
Key words Reference point determination, Close range photogrammetry, Bundle adjustment, Satellite
laser ranging, GeoMetre
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S1-030

Combination of SLR observations to LEO, LAGEOS, LARES, and
GNSS satellites

Dariusz Strugarek'. Krzysztof Sosnica'. Daniel Arnold?. Adrian Jaggi’. Grzegorz
Bury'. Radostaw Zajdel
1. Wroctaw University of Environmental and Life Sciences
2. Astronomical Institute, University of Bern

The number of satellites equipped with retroreflectors dedicated to
Satellite Laser Ranging (SLR) increases simultaneously with the
development and invention of the spherical geodetic satellites, low Earth
orbiters (LEOs), Galileo, and other components of the Global
Navigational Satellite System (GNSS). SLR and GNSS techniques
onboard LEO and GNSS satellites create the possibility of widening the
use of SLR observations for deriving SLR station coordinates, which up
to now have been typically based on spherical geodetic satellites.

We determine SLR station coordinates based on integrated SLR
observations to LEOs, spherical geodetic, and GNSS satellites orbiting
the Earth at different altitudes, from 330 to 26,210 km. We discuss the
issues of handling range biases in multi-satellite combinations and the
proper solution constraining and weighting. The weighted combination is
characterized by a reduction of formal error medians of estimated station
coordinates up to 50% and the reduction of station coordinate residuals.
The combination of all satellites with optimum weighting increases the
consistency of station coordinates in terms of interquartile ranges by 10%
of horizontal components for non-core stations w.r.t LAGEOS-only
solutions.

We show the possibility of using SLR observations to GNSS-based orbit
solutions of LEO satellites for deriving station coordinates in SLR Precise
Point Positioning mode, in analogy to GNSS-PPP methodology. The
SLR-PPP solutions show a repeatability of all tested station coordinates
at the level of less than 20, 15, and 12 mm for the Up, East, and North
components, which corresponds well with the solution based on network

constraining.
Key words SLR, GNSS, low Earth orbiters, Galileo, reference frame realization
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S1-031

On DORIS and SLR simulation studies to single-satellite space-ties
to achieve the Global Geodetic Observing System goals

Patrick Schreiner'. Nicat Mammadaliyev?. Susanne Glaser'. Rolf Koenig'. Karl
Hans Neumayer'. Harald Schuh'?
1. Helmholtz Centre Potsdam GFZ German Research Centre for Geosciences
2. Technische Universitat Berlin

In this study, we perform simulations for the techniques DORIS and SLR
towards the co-location in space at a single satellite meeting the goals of
the Global Geodetic Observing System (GGOS). Precise Orbit
Determination (POD) to multiple existing missions starting from LAGEOS
for SLR and TOPEX for DORIS to recent missions such as JASON-3 or
Sentinel-6 is done to estimate individual station and receiver accuracy,
availability, and further technique-specific effects. Realistic simulations of
the existing missions are extended by simulations to six fictional orbit
scenarios over a time span of seven years. For the fictional space-tie
satellite scenarios, we included the formerly proposed NASA and ESA
missions GRASP and E-GRASP, a modified version of E-GRASP with
lower eccentricity, and three circular orbits with different inclinations
reaching from near polar to 30 degrees. We generate terrestrial
reference frame (TRF) solutions for the simulated observations to
existing missions, for the six fictional orbit scenarios, and the
combination of both. The effect on the TRF is quantified in terms of
changes of the origin and scale, in terms of formal errors of adjusted
ground station coordinates, and in terms of solved Earth rotation
parameters. It can be shown that for instance a higher eccentricity of the
orbit seems beneficial to improve the precision of length-of-day (LOD)
from SLR. Based on all the scenarios, we will answer the questions
which orbit is best suited for co-location in space fulfilling the important
GGOS goals.

Key words simulations, space-ties, precise orbit determination, ggos, reference frame determination,
doris, slr
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S1-032

Differences in geocenter coordinate estimates delivered from GPS,
GLONASS, and Galileo

Radostaw Zajdel. Krzysztof Sosnica. Grzegorz Bury. Dariusz Strugarek. Mateusz
Drozdzewski
Wroctaw University of Environmental and Life Sciences

All satellites orbiting the Earth are naturally sensitive to the motion of the
center of mass of the whole planet - the so-called geocenter motion.
However, the geocenter coordinate estimates (GCC) based on the
observations of the Global Navigation Satellite System (GNSS) satellites
used to contain more orbital artifacts than the geophysical signals,
especially for the Z component. The major source of the GCC-Z
contamination is attributed to the orbit modeling deficiencies, especially
the direct Solar Radiation Pressure (SRP).

This contribution conveys a discussion on the impact of SRP modeling
on the geocenter motion estimates. To that end, three years of GPS,
GLONASS, and Galileo observations (2017-2019) were processed. All
possible individual system-specific solutions and combinations of the
available constellations are tested in search of characteristic patterns in
GCC. The impact of SRP modeling on GCC has been evaluated based
on the analysis of different test cases applying both a priori box-wing
models for the GNSS satellites and different variations of the Empirical
CODE Orbit Model (ECOM).

Firstly, the analysis of the correlations between the estimated
parameters confirmed the correlations between the GCC-Z and D2C, BC,
and DO terms from the ECOM model, with correlation coefficients
reaching 0.8. Secondly, any system-specific GNSS estimates are
affected by the orbital and draconitic signals. The analysis also revealed
that the geocenter coordinates are best determined using two
constellations: GPS and Galileo, whereas the GLONASS-based
geocenter coordinates are of inferior quality. Finally, the amplitudes of
the annual signal in the GNSS-based GCC-Z series are larger than those
from the Satellite Laser Ranging observations to LAGEOS-1/2 and may

reach up to 10 mm.
Key words GPS, GLONASS, Galileo, Geocenter motion, Network shift approach, Orbit modeling
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S1-033

Towards tropospheric ties in the computation of terrestrial
reference frames

Changyong He'2. Arnaud Pollet'?. David Coulot'?
1. Université de Paris, Institut de physique du globe de Paris, CNRS, IGN, F-75005
Paris, France
2. ENSG-Géomatics, IGN, F-77455 Marne-la-Vallée, France

To compensate for the limitations of the Terrestrial Reference Frames
(TRFs) independently realised by different geodetic techniques (GPS,
DORIS, VLBI and SLR), a multi-technique combination has been carried
out to compute time series of global TRF solutions using the inter-
technique ties. Currently, there are four types of ties, usable for such a
computation of time series: the global ties of the Earth orientation
parameters (EOPs), the local ties, the space ties and the tropospheric
ties. However, the local ties are limited to both the total number and
temporal resolution. The local ties are the links between the reference
points of the instruments for two different techniques or of two stations
for the same technique at the same geodetic site. The space ties are the
global links of ground-based stations provided by some given satellites
equipped with different instruments. As the tropospheric effects are the
same on the microwave techniques (GPS, VLBI and DORIS), the ties of
tropospheric delays and gradients, i.e., the tropospheric ties, can provide
supplementary information to the computation of combined time series of
TRF. In this study, we investigate the influence of tropospheric ties on
the TRF combination using a batch least squares estimation at the
observation level. The measurements of GPS, DORIS and VLBI from
2014-04-27 to 2014-05-31 (covering the continuous VLBI campaign of
CONT14) are processed by the French GINS software developed by
CNES/GRGS using the consistent correction and dynamical models. The
ties of tropospheric delays and gradients are determined using the ERA-
Interim and ERAS reanalysis data provided by ECMWEF. Also examined
is the uncertainty level of tropospheric ties in the determination of station

positions and EOPs.
Key words TRF, GPS, DORIS, VLBI, EOP
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S1-034

Intra- and Inter-Technique Atmospheric Ties: Derivation,
Implementation, and Results

Kyriakos Balidakis'. Daniela Thaller®. Mateusz Drozdzewski’. Claudia Flohrer3.
Changyong He®. Robert Heinkelmann®. Chaiyaporn Kitpracha®'3. Frank
Lemoine''. Lisa Lengert®. Tobias Nilsson'?. Arnaud Pollet®. Victor Puente?.
Marcelo Santos*. Benedikt Soja®. Krzysztof Sosnica’. Jungang Wang®. Xiaoya
Wang®. Dudy Wijaya'®, Florian Zus®. David Coulot®
1. GFZ German Research Centre for Geosciences, Earth System Modelling,
Potsdam, Germany
2. National Geographic Institute of Spain, Madrid, Spain
3. Federal Agency for Cartography and Geodesy, Geodesy, Frankfurt am Main,
Germany
4. University of New Brunswick, Fredericton, Canada
5. IGN Institut Geographique National, Paris, France
6. ETH Zurich, Space Geodesy, Institute of Geodesy and Photogrammetry,
Department of Civil, Environmental and Geomatic Engineering, Zurich
7. Institute of Geodesy and Geoinformatics, Wroctaw University of Environmental and
Life Sciences, Wroctaw, Poland
8. Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai,
China
9. GFZ German Research Centre for Geosciences, Space Geodetic Techniques,
Potsdam, Germany
10. Institut Teknologi Bandung, Bandung, Indonesia
11. NASA Goddard Space Flight Center, Greenbelt, United States
12. Lantmateriet, Geodetic Infrastructure, Gavle, Sweden
13. Technische Universitat Berlin, Chair of Satellite Geodesy, Berlin, Germany

Atmospheric delay coefficients recovered by space geodetic data
analysis at co-located sites differ systematically. These differences
mainly depend upon the frequency of the signals employed, the relative
station positions, and the observing system setup. Introducing external
information regarding these differences, atmospheric ties, is useful in the
intra- and inter-technique combination, especially under poor observation
geometry. In this contribution, we present our progress regarding the
determination of atmospheric ties based on high-resolution weather
models such as ERA5 and ECMWF’s operational model, the weighting
strategy for atmospheric ties, and the multi-technique combination at the
observation and normal equation level. Moreover, we discuss the
organization of a combination benchmark campaign including station

coordinates, Earth rotation parameters, and atmospheric delays.
Key words atmospheric ties, combination, ray-tracing
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S1-035

A Study on Differencing Approaches for SLR Observations

Ivan Herrera Pinzén. Markus Rothacher
ETH Zirich

In this contribution the precise estimation of geodetic parameters using
single- and double-differenced SLR observations is investigated.
Although the differencing of observables is a standard approach in
GNSS data processing, double-differences of simultaneous SLR
observations cannot be obtained due to the basic principle of operation
of SLR. However, by extending the term "simulataneous" to observations
that are further apart in time and with the availability of co-located SLR
telescopes, forming SLR single-and double-differences is feasible. These
differences are expected to be free of both, satellite- and station-specific
error sources, and are shown to be a valuable tool to obtain relative
coordinates and range biases, and to validate local ties. This approach is
tested with the two co-located SLR telescopes at the Geodetic
Observatory Wettzell (Germany) using SLR observations to GLONASS
and LAGEOS. It is shown that it is possible to obtain parameters such as
range biases at the stations and the local baseline vector with a precision
at the millimetre level and an accuracy comparable to traditional
terrestrial survey methods. The presented SLR differences constitute a
valuable alternative for the monitoring of the local baselines and the

estimation of geodetic parameters.
Key words Satellite Laser Ranging, Single and Double Differences, Local Ties
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S1-036

SLR station range bias and coordinate determination using
independent multi-LEO DORIS- and GNSS-based precise orbits

Heike Peter'. Daniel Arnold?. Alexandre Couhert®. Eléonore Saquet*’. Flavien
Mercier®. Oliver Montenbruck®
1. PosiTim UG
2. Astronomical Institute, University of Bern, Bern, Switzerland
3. Centre National d'Etudes Spatiales, Toulouse, France
4. Collecte Localisation Satellites, Toulouse, France
5. Centre National d'Etudes Spatiales, Toulouse, France
6. DLR, Oberpfaffenhofen, Germany
7. Centre National d'Etudes Spatiales, Toulouse, France

Satellite Laser Ranging (SLR) has become an invaluable core technique
in numerous geodetic applications. SLR measurements to spherical
geodetic satellites essentially contribute to the determination of
geocenter coordinates and global scale in the ITRF realizations.

Precise orbits for active satellites in Low Earth Orbit (LEO) are, on the
other hand, mainly determined with microwave observation techniques
based on GNSS or DORIS. SLR measurements to such satellites are in
most cases used for independent validation of orbit solutions. This allows
for the analysis of systematic orbit errors not only in radial direction (key
to satellite altimetry applications), but in three dimensions.

Major error source and an obstacle to reach mm accuracy and stability
goals of 0.1 mm/year are unavoidable SLR station biases and coordinate
errors. Among the International Laser Ranging Service (ILRS) stations a
large diversity of calibration accuracies and measurement qualities exists,
and the calibration of biases and offsets for all stations is key to further
exploit SLR data for geodetic applications.

Using two orbit sets of independent altimeter and gravity missions we
estimate SLR range biases for all involved tracking stations on a yearly
basis. We find that for many of the stations independently estimated sets
of biases agree on a few-mm level and that the inclusion of satellites
from multiple missions allows rendering the bias estimation more robust
and in particular less prone to geographically correlated orbit errors.
Non-negligible station coordinate corrections estimated in common with
the range biases help to separate software-specific and reference frame-
related (GNSS vs. DORIS) contributions from actual bias variations.

This study shows that microwave-derived high quality orbits of active
LEO satellites can serve as interesting sources for SLR station
calibration in demanding geodetic applications like, e.g., future ITRF

realizations.
Key words Satellite Laser Ranging, Low Earth Orbit, range bias, coordinates, calibration
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S1-037

Assessment of Local VLBI Baselines: The Wettzell Case

Ivan Herrera Pinzén. Markus Rothacher
ETH Zirich

This work discusses the analysis of the short baseline between two co-
located VLBI telescopes at the Geodetic Observatory in Wettzell
(Germany). Geodetic VLBl sessions are processed using the VLBI
capabilities of the Bernese GNSS Software to estimate station
coordinates, troposphere zenith delays and clock parameters, where a
strategy to workout the advantages of a short baseline is implemented.
Results from this processing show a sub-millimetre agreement of the
VLBI-derived baseline and the local ties. Zenith tropospheric delays
compared to a co-located GNSS station show an agreement at the
millimetre level, when considering the instrumental heights of the
antennas. Moreover, our approach makes use of the actively stabilised
two-way optical time and frequency distribution system (TWOTT), which
provides a virtual common clock between the two telescopes, to
distribute time and to make the estimation of clock corrections
unnecessary (apart from one clock offset per session). The comparison
between TWOTT-based local baseline length and the local tie shows a
sub-mm agreement, demonstrating its potential to obtain stronger
solutions. In turn, the proposed processing strategies represent a
valuable tool for the continuous monitoring of systematic effects, the
separation of VLBI technique-specific error sources and environmental
effects, and provide an alternative to monitor the behaviour of the local

baseline at the site.
Key words VLBI, Local Ties, Co-Location
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S1-038

Demonstration of 1 mm Precision for Kilometer Co-location Ties at
McDonald Geodetic Observatory

Jullian Rivera'. Srinivas Bettadpur'. John Griffin?
1. The University of Texas at Austin
2. John Giriffin, Surveyors

This work illustrates the procedure in which 1 mme-level precision
metrology surveys of the co-location baseline between the VLBI Global
Observing System (VGOS) site and the Space Geodetic Satellite Laser
Ranging (SGSLR) site at McDonald Geodetic Observatory (MGO) are
conducted. MGO is located in Fort Davis, Texas, USA and spans a
kilometer baseline and a 120 meter elevation change. This is a
continuation of previous metrology work at MGO. We show surveys in
which sub-millimeter post-fit residuals are achieved, demonstrating the
capability for precision with sets of range and angle raw observations
from a total station instrument. “Raw” in this context means that no
internal corrections to the observations are made by the instrument and
are instead modeled and corrected for in the processing of the output
data. The sources of error and their effects on the post-fit residuals of the
solution of the Local Ground Control Network at MGO are explored and
incorporated into an error budget. Error sources include procedural
errors in instrument stability, pointing, and leveling, deflection of the
vertical, atmospheric effects on EDM lasers, and atmospheric angular

refraction of EDM lasers.
Key words co-location ties, VLBI, SLR, GNSS, metrology, survey
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GEODETIC DATUME TRANSFORMATION WITH THE MINIMUM
CURVATURE SURFACE INTERPOLATION APPRROACH in IRAQ

Yasir Ammar Abed Al-husseinawi'. Imzahim Abdul Al-Kareem?. Ghydaa Abdul-
Rehman3
1. State Commission of Survey
2. University of Technology
3. Ministry of water resources

This paper investigates a main and important problem related to the
coordinates systems of Iraq. Maps of Iraq referenced to a local geodetic
coordinate system while at the same time the technique of location
observation and map production use the International Terrestrial
Reference Frame (ITRF) as a base reference datum. Thus, it has
become necessary to find an algorithm to convert between Iraqg’s local
geodetic system (Karbala79) and (ITRF) simply because the (ITRF) is
adopted globally and all GPS and GNSS devices use that datum to
calculate positions.

In this study, we used a mathematical model that relates between the
terrestrial coordinate system (Karbalaa 79) and ITRF08. Minimum
curvature surface interpolation via geodetic coordinates approach is
used to convert between (Karbala79) and (ITRF08).

We utilized 89 points from the old geodetic network (Karbala79) covering
the whole area of Iraq and were observed using GNSS between 2007
and 2013. The observation time is 5 hours where the Static observation
method was used. Computer software (IRAQCON) was developed with
Matlab to achieve this conversion.

Precision of (0.03) meters in AE and (0.02) meters in AN were obtained
when the results evaluated using test points. This approach can be
recommended for the conversion and production of large-scale maps for
Iraq which is necessary for agriculture, and oil production.

Key words minimum curvature interpolation = international terrestrial reference frame (ITRF) =
geodetic datum-
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Recent achievements and current challenges in the maintenance of
the geodetic reference frame of the Americas

José Antonio Tarrio’. Laura Sanchez?. Sonia Alves®. Alberto Silva®. Jesarella
Inzunza'. Gustavo Caubarrere*. Alejandro Martinez5. Oscar Rodriguez®. Emilio
Aleuy’. Hernan Guagni®. Guido Gonzalez®
1. Universidad de Santiago de Chile,Chile
2. Deutsches Geodatisches Forschungsinstitut, Technische Universitat Minchen
(DGFI-TUM), Germany
3. Instituto Brasileiro de Geografia e Estatistica, Brasil
4. Instituto Geografico Militar, Uruguay
5. Instituto Geografico Militar, Ecuador
6. Instituto Geografico Agustin Codazzi, Colombia
7. Instituto Geografico Militar, Chile
8. Instituto Geografico Nacional, Argentina
9. Instituto Nacional de Estadistica y Geografia, Mexico

SIRGAS responds to the acronym of Geocentric Reference System for
the Americas (Slstema de Referencia Geocéntrico para las AméricaS)
and is a non-profit organization based on the contribution at the
American level of organizations, universities, institutes, etc., with a close
relationship with geodetic and geophysical activities. Its objective is to
facilitate the member countries’ access to a unified reference system as
for the geometric component (densifying the ITRF) as for the physical
component (densifying the IHRF). The geometric aspects are
coordinated by the SIRGAS Working Group | (Reference system) at the
continental level and by the SIRGAS Working Group Il (SIRGAS at
national level) at the national level. The physical height standardization is
coordinated by the SIRGAS Working Group III (Vertical Datum). This
contribution exposes the activities related to the Working Group |, whose
main objectives are to maintain and to ensure the long-term stability of
the SIRGAS reference frame. Presently, SIRGAS is realized by a
network of about 440 continuously operating GNSS stations, which are
processed on a weekly basis following the IERS conventions and the
GNSS-specific guidelines released by the IGS. The main SIRGAS
products are weekly station positions, multi-year solutions, surface
deformation models, and tropospheric parameters in hourly intervals.
This contribution summarizes recent achievements and open challenges
in the maintenance and further development of the SIRGAS Reference
Frame. Special care is given to the reprocessing of the SIRGAS
reference network based on the ITRF2014 (IGS14 / IGb14) and the
extension of the SIRGAS network to North America as a fundamental
support for the activities of the GRFA (Geodetic Reference Frame for
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Americas) working group, established in the framework of the Regional
Committee of the United Nations on Global Geospatial Information
Management for the Americas (UN-GGIM: Americas).

Key words Regional reference frames, GNSS permanent networks, frame densification,
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S1-041

Crustal block modelling using a combination of Euler pole and
cluster analysis of GNSS velocities in Greece

Stylianos Bitharis. Christos Pikridas. Aristeidis Fotiou. Dimitrios Rossikopoulos
Aristotle University of Thessaloniki

In this study, we focused on GNSS velocities clustering using the Euler
pole and clustering methodology for block modelling definition. Greece is
characterized by an inhomogeneous geodetic velocity field due to
complex tectonics and high deformation rates that effected to regional
reference frames. We present an updated dense geodetic velocity field
covering the Greek territory and the South Balkans. The velocity field
derived using more than 220 continuously GNSS stations which are
analyzed in a period of 16 years (2001-2016) using the GAMIT/GLOBK
software suite. We identify 10 crustal blocks that appeared to move
independently in Greek area applying the k-means clustering approach,
Euler Pole estimation, and statistical criteria. Clustering technique
contributes only to a pattern identification of GNSS sites that follows
similar horizontal velocity motion without using any apriori information or
assumption. For each n crustal block, we determine the best-fit Euler
pole vectors and then we calculate the predicted residuals relative to n-1
other clusters. If the absolute value of the horizontal predicted residuals
was smaller from the initial cluster, the GNSS station reassigned to
another n-1 cluster. Statistical tests were applied in each Euler pole
estimation of whether the goodness of the fit and the quality of the
derived solution. Finally, the geometrical block boundaries definition
obtained using Voronoi diagram methodology, providing polygons with

the same kinematic behavior, without using any tectonics characteristics.
Key words GNSS, Euler Pole, Block modelling, Clustering
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BEV DC 2.0

David Mayer. Philipp Mitterschiffthaler
Federal Office of Metrology and Surveying (BEV)

An important part of a large GNSS network is the collection and
processing of GNSS data at a central location. This is usually done by
Data Centers (DC). The Federal Office of Metrology and Surveying (BEV)
operates one of these Data Centers for the EUREF network. A Data
Center must be able to process large amounts of data and make it
available to the end user in a short time. The BEV decided to renew the
entire Data Center to meet these requirements.

The new Data Center provides a state of the art REST API interface
which can be accessed via HTTPS. This interface can be used for both
upload and download of GNSS data. Furthermore, a metadata search
has been integrated to facilitate data access. The processing of the data
is done in the backend of the application, where a standardized
messaging queue is utilized to assure parallelization and redundancy.

In order to increase the reliability of the application, a microservice
architecture with redundant components was chosen. The application
was created using new container technology, which increases portability

and allows automatic management of all components.
Key words Data Center, RINEX, HTTPS, GNSS

50



Scientific Assembly of the International Association of Geodesy (IAG) Abstract Book

Category: Symposium 1: Reference Frames =) 1.4: Regional reference frames and networks
503
S1-043

Approaches to time-dependent transformations between reference
frames in deforming regions

Richard Stanaway
Quickclose

Conformal time-dependent transformations such as the 14-parameter
Helmert transformation are widely used in geodetic practice but have
limited application in deforming regions. To overcome this, a number of
diverse approaches have been adopted by different geodetic agencies to
enable coordinate transformation between a kinematic reference frame
and regional or national reference frames within these deforming zones.
The lack of a standardised approach and data format has been a major
impediment to the uptake of precise and useable transfomation models
by many countries, positioning services and GIS vendors. As a
consequence, the benefits of increasing positioning precision by a larger
and wider spectrum of users is not being fully harnessed and in fact may
lead to degradation of spatial data accuracy where deformation of the
reference frame is not modelled or managed correctly.

This paper draws on the very substantial input of IAG Working Group
1.3.1 (Time-dependent transformations between reference frames in
deforming regions) and closely allied working groups within the FIG and
OGC. This collaborative effort is developing both a functional model for
time-dependent transformations in deforming regions and an associated
geodetic gridded data exchange format (GGXF) to enable the functional
model to be used in practice. Highlights of the WG effort to date are
presented.

This paper describes a schema for the implementation of time-
dependent transformations in deforming zones whereby models of
secular interseismic velocities, epsiodic coseisimic displacements and
postseismic decay can be managed and accommodated in the context of
regional and national reference frames. Typical transformation scenarios
are used to show how the schema can be applied within positioning

systems and GIS.
Key words time-dependent transformation deformation GGXF reference frames
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The North American Terrestrial Reference Frame of 2022: Its
Definition and Plans for Adoption

Dru Smith'. Mike Craymer?. Daniel Roman'
1. NOAA/National Geodetic Survey
2. Canadian Geodetic Survey

In the next few years, the United States will be updating its National
Spatial Reference System (NSRS) based on four plate-fixed realizations
of the forthcoming ITRF2020 that will cover four tectonic plates. As part
of this effort and working through the IAG regional subcommission
SC1.3c for North America (NAREF), the U.S. and Canada are
developing the North American Terrestrial Reference Frame of 2022
(NATRF2022) to be suitable for adoption in both countries. The U.S. will
also develop similar reference frames for the Caribbean (CATRF2022),
Pacific (PATRF2022), and Mariana (MATRF2022) plates to cover U.S.
territories in those regions. These models will also be developed
collaboratively with other interests in each region, such as SIRGAS and
APREF, respectively. Initially, all four plate-fixed models will be identical
to ITRF2020 at the adopted reference epoch of 2020.0. The time-
dependent coordinates of points in any of these four plate-fixed frames
will be defined relative to the time-dependent coordinates in ITRF2020.
The relative relationship will rely on a plate rotation model for the tectonic
plate associated with each frame. This relationship will be based on
rotation rates about the three ITRF axes representing the Euler pole
parameters (EPPs) and be codified in a model called EPP2022. Each
regional reference frame has its own unique issues, but NATRF2022
offers more challenge because of the extent of the common border
between the U.S. and Canada (the longest land border in the world) and
the desire for a common reference frame in both countries, the
geophysical activity along the plate boundary deformation zone in the
western portions of the continent, and the horizontal component of
glacial isostatic adjustment (GIA) that affects much of the northern half of
the continent. This presentation will primarily focus on current plans for
development and implementation of NATRF2022 but also discusses the

challenges with the other three regional reference frames.
Key words North America, NATRF2022, ITRF2020
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On the impact of individual PCC errors on regional networks using
different processing strategies

Tobias Kersten'. Grzegorz Krzan?. Karol Dawidowicz?. Steffen Schon'
1. Leibniz University Hannover
2. University of Warmia and Mazury

Various contributions in the past addressed the issue on the required
quality of GNSS receiver antenna calibrations and the assessment of
their effect on GNSS data processing. Thus, networks with and without
individual phase centre corrections (PCC) were analysed at global
and local scale. Together with different test strategies - starting from the
observation domain up to the position domain - many questions arise
regarding the required precision and accuracy of the receiver antenna
PCCs. Comprehensive and fundamental answers to this, however, are
difficult to achieve as complex interactions on the processing strategy
prevent simple estimation.

In this paper, the authors present a closed concept for assessing the
impact of receiver antenna patterns on a GNSS network geometry using
generic patterns. A subset of Polish reference station network ASG-
EUPOS applies as a sample for presenting the strategy in a step-by-step
procedure. Two different approaches to GNSS processing are
considered and investigated in detail, namely a network solution from
Bernese and NAPEOS. We will show that and how specific generic
pattern information - representing typical errors of PCCs - are spread
over the network. The different estimated parameters, including the
position solution, tropospheric parameters, and resolved ambiguities will
be investigated for different GNSS in a heterogeneously equipped
reference station network. The analyses reveal that repeatable offsets in
the coordinate domain have to be expected, but also systematic
deviations in the tropospheric parameters, which lead also to distortions
of the derived meteorological products. In addition, a clear relationship
was found with respect to the orientation of the baselines and to the
density and distribution of the satellite sky distribution.

These analyses will support the quantitative assessment of different
antenna calibration values and lead to a better understanding of their

effects in the context of GNSS networks.
Key words carrier phase center corrections (PCCs); generic patterns; PPP; relative positioning;
regional network
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ADELA :Analysis of DEformation beyond Los Andes(2009-2021).
The urgency to change from static to kinematic in any geodetic
reference frame for Chile

José Antonio Tarrio Mosquera'. Jesarella Inzunza'. Fernando Isla'. Marcelo
Caverlotti'. Catalina Caceres'. Cristian Mardones?
1. University of Santiago de Chile, Chile
2. Servicio Nacional de Geologia y Mineria

The modern reference frames currently used in Chile are static, called
SIRGASChile@2013 (Realization3) and SIRGASChile@2016
(Realization4). They are officially used to realize cadastre in the former
and as an official reference frame for the second case. These reference
frames are densification of the SIRGAS network for a specific fixed
epoch; the time-dependent is not present beyond the moment of
calculation, generating inconsistency in generating geospatial
information from these frames over time. If we take into account that: the
Iquique earthquakes of 2014 (8.4 Mw) and Coquimbo of 2015 (8.2Mw)
produced a displacement in Realization3 of 1-2 m, that the average
annual movement of the earth’s crust in the area is 2 to 4 cm in different
directions, this implies that the use of a static reference frame in Chile
generates plenty of problems for the end-user and cannot be used to
make correct political decisions, in aspects such as climate change.

In this work, from the USC geodetic analysis and processing center
associated with SIRGAS, we propose a solution, through an analysis of
the deformation of the crust over 12 years, using GNSS stations with
information from 2009 to 2021; the study’s name was ADELA: Analysis
of DEformation beyond Los Andes. With the above analysis, we
evidenced several aspects. Firstly, the Helmert transformations of 7 or
14 parameters do not manage to model the change of the different
Chilean reference frames, and grids such as NTv2 are an intermediate
solution that does not include the time-dependent variable. This research
shows the creation of a deformation model based purely on geodetic
observations, which integrate the interseismic, coseismic, and post-
seismic components of the time series for the indicated period using a
piecewise approximation. The advantage of this method lies in the
inclusion of seismic events and the temporal variable, the disadvantage
being, as in others, the dependence on the number of available GNSS

stations.
Key words Regional reference frames, GNSS permanent networks, plate tectonic motion, frame
alignment, time-dependent transformation models.
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Extraction of common mode error of GNSS coordinate time series
in Xinjiang with independent component analysis

Chuanjin Lei'2. Guanjun Wei'?. Maoning Gao'?. Pei Zhang'-?
1. Faculty of Geomatics Lanzhou Jiaotong University
2. National-Local Joint Engineering Research Center of Technologies and
Applications for National Geographic State Monitoring

The common mode error (CME) is one of the major error sources in the
regional GNSS network. Aiming at the problem that GNSS time series is
subject to no-Gaussian signals, and the principal component analysis
(PCA) with second-order is inaccurately employed to separate the CME.
In this contribution, the independent component analysis (ICA)
introduces high-order statistics to extract the CME, the effectiveness of
the method is validated by processing the data of 30 GNSS stations from
2011 to 2018 in Xinjiang, China, we analysis the influence of the CME for
GNSS coordinate time series and the yearly signal of the CME. The
results show that the CME mainly consists of the 6th independent
components and can be attributed to satellite orbit, surface mass loading,
and clock errors. After the ICA filtering, the reduction of mean RMS is
31.83%,32.29%,35.49% for the north, east, and up components,
respectively, and the reduction of velocity uncertainty can achieve
44.14%,38.49%, and 35.49% in three components. In addition, the yearly
and half-yearly amplitude of each GNSS station is more consistent that
before spatiotemporal filtering, indicating that the ICA can effectively
extract the CME and further improve the accuracy of coordinate time

series.
Key words GNSS coordinate time series; Independent component analysis; Common mode error;
Spatiotemporal filtering
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ITRF densification in Cyprus

Chris Danezis'. Miltiadis Chatzinikos'. Christopher Kotsakis?
1. Cyprus University of Technology
2. Aristotle University of Thessaloniki

The aim of this paper is to present the first ITRF (International Terrestrial
Reference Frame) densification in Cyprus and a preliminary estimation of
its velocity field from the analysis of daily GNSS measurements in the
CYPOS network. The CYPOS national network operates since 2008 in
support of the Cyprus Positioning System under the auspices of the
Department of Lands and Surveys, and it consists of seven permanent
GNSS stations equipped with different types of receivers/antennas at an
average distance of about 60 km. The NICO Cypriot station which
belongs to the IGS (International GNSS Service) network is also included
in the data processing, along with 34 additional reference stations from
the EUREF-EPN and IGS networks which are located mostly in the
continental part of Europe.

Daily RINEX files from the aforesaid stations, spanning a total period of
seven years (2012-2019), were processed using the Bernese GNSS
software. A number of auxiliary scripts were applied in the processing
steps to investigate various data/network-quality metrics and the
precision of the GNSS measurements at the Cypriot stations. The daily
solutions obtained from Bernese (SINEX files) were used as input to a
time-series stacking procedure in order to compute the final solution for
the positions and velocities at the CYPOS stations in the latest ITRF
frame realization. The results of our stacking solution are externally
validated through comparisons with the official ITRF positions and
velocities at the used EPN stations, showing an agreement level of 1-2
mm (for the positions) and < 1 mm/yr (for the velocities). This research
was carried out in the framework of the CyCLOPS project
(RIF/INFRASTRUCTURES/1216/0050), which is funded by the
European Regional Development Fund and the Republic of Cyprus

through the Research and Innovation Foundation.
Key words CYPOS, regional GNSS network, frame densification, time-series stacking
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A three-dimensional crustal velocity field in mainland China from
denser permanent GPS networks

Zhicai Li'. Kaihua Ding?. Peng Zhang'
1. Geodesy Department, National Geomatics Center of China
2. School of Geography and Information Engineering, China University of
Geosciences

Using measurements of 438 continuous stations since their installment to
end of 2019 from permanent GPS networks, we derived a high-precision
three-dimensional crustal velocity field in mainland China with a denser
spatial resolution compared with previous studies. Due to the increased
average station spacing of about 150 km, the horizontal velocity field with
relative to stable Eurasia plate shows a clear image of large but complex
crustal motions in western region and relatively small but uniform
motions in eastern region, while the vertical velocity field is very related
to locations that sites in Tien Shan, Junggar, Sichuan-Yunnan and Ordos
regions are uplifting, whereas those in North China plain, Yangtze River
delta are subsiding. In addition, different noise combination models are
compared while solving for the velocity. It shows that the noise model
should be considered because the noise of these continuously operating
reference stations can best be characterized by white noise plus flicker
noise or white noise plus power law noise, rather than white noise only

preassumed in previous studies.
Key words permanent GPS networks; noise combination models; velocity field
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GIANT-REGAIN: A comprehensive analysis of geodetic GNSS
recordings in Antarctica for geodetic and geodynamic applications

Eric Buchta'. Mirko Scheinert’. Peter Busch'. Matt A. King?. Terry Wilson3.
Christoph Knofel'. Eric Kendrick®. Demian Gémez3. Michael Bevis®. Martin
Horwath'

1. Technische Universitat Dresden
2. University of Tasmania, Australia
3. Ohio State University, USA

The IAG Subcommission 1.3f deals with the utilization of geodetic GNSS
measurements in Antarctica to realize and densify the terrestrial
reference frame. Moreover, geodetic GNSS on bedrock allows to directly
observe the solid Earth’s response to past and present ice-mass
changes. Therefore, GNSS derived deformation rates play an integral
role for the modelling of glacial isostatic adjustment (GIA) by providing
boundary conditions and evaluating existing models. The long-term
stability of the adopted terrestrial reference frame is crucial to derive
secular trends of coordinate changes associated with GIA in Antarctica.

To pursue these goals, the “Geodynamics in ANTarctica based on
Reprocessing GNSS dAta INitiative” (GIANT-REGAIN) was initiated in
close collaboration with SCAR (Scientific Committee of Antarctic
Research). This project aims to re-process all available GNSS data
acquired by episodic and permanent recordings at bedrock sites in
Antarctica. These data cover a time span of 1995 to 2017. We will report
on the data acquisition and on the treatment of metadata which are
indispensable for a correct assignment of the hardware setup. For the
processing different scientific software packages and strategies are
applied (PPP and differential GNSS). We will present first results of the
processing which will allow to infer consistent solutions of point
coordinates and coordinate changes. We will assess the processing

noise and the accuracy of the derived solutions.
Key words Terrestial reference frame, GNSS, Antarctica, solid earth deformation
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Towards an European Deformation Model

Elmar Brockmann. Simon Lutz
Federal Office of Topography swisstopo

The presentation highlights the recent developments of the EU Dense
Velocity Working Group. Currently, more than 7200 individual site
velocities are available for the area of Europe (6200 in the previous year)
and more than 3600 sites (2000 sites status last year) are determined at
least by two independent contributions. In addition to results from GNSS
permanent networks, densified solutions stemming from GNSS
campaigns, InSAR or levelling are also included. In some countries, as
e.g. in the Nordic countries, velocity models are already in use. They can
be integrated to indicate possible differences between modeled and
observed velocities.

The web site (http://pnac.swisstopo.admin.ch/divers/dens_vel/index.html)
provides feedback to the contributors and shows differences with
estimates of other contributors. The web page was furthermore
enhanced with dynamical visualizations (velocities as a wind field:
(http://geolabpasaia.org/gnss/agi/maps/EU-
DenseVelocities.ntml#4/50.04/14.99). Whereas the horizontal velocities
are on a level of clearly below 1 mm/yr for the stable part of the
European plate, the velocities reach 3-4 mm/yr in Italy and 3-4 cm/yr in
Greece and Turkey. The polygon covering the Nordic countries Norway,
Sweden and Finland shows the NKG velocity grid. Another enhancement
of the web page are strain calculations
(http://pnac.swisstopo.admin.ch/divers/dens_vel/000.htmI#STRAIN).
Since June 2020 the WG chair participates to an OGC working group
‘Deformation Models” which is focusing on standards and formats. We
hope that these developments will soon lead to a European deformation
model which is available for all European partners.

Key words Velocities, GNSS, Strain rates, Deformation models
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Research on the realization of the regional reference frame

fan wang'. DaNan Dong?
1. National Geomatics Center of China
2. East China Normal University

The surface load caused by non-tidal atmosphere, ocean and waters
were not corrected in the GNSS observation data processing stage,
which makes GPS station coordinate time series include significant
seasonal patterns. A common approach to the analysis of GNSS
observations is to compute a “fiducial-free” network first and then aligned
it with a terrestrial reference frame by computing a HELMERT
transformation. However, the implicit premise of HELMERT transform is
that the networks should be geometrically similar. This means that the
instantaneous station coordinate in the CM frame includes surface load,
while the CF reference frame is usually a linear frame and does not
involve surface load, in this case the un-modeled surface loading signals
would alias into the transformation parameters. Transformations not
done correctly can yield coordinate/velocity errors. This is even worse in
the regional reference frame because of the heterogeneous GNSS
station distribution. We study the effects of loading aliasing errors and
network aliasing errors on the transformation parameters and station
coordinate. Seasonal GNSS loading deformation is simulated by QOCA
software. We used several different selections of global, regional and
local transformation sites in order to assess how the transformation sites
effect the transformation and geocenter motion. Local transformation
sites cannot effetely realize the regional reference frame, and the load
deformation will be absorbed by the geocenter motion. It is reasonable to
use 75 IGS sites located in China’s neighboring regions as the for frame
conversion, which can well separate the geocentric movement and
greatly reduce the workload.

Seven-parameter transformation is usually used in HELMERT
transformation, including the scale factor which represents the expansion
and contraction of the network. The simulation results show that ignoring
the scale factor is more reason for it decreased the RMS 50% in the

horizontal direction and 80% in the vertical direction.
Key words Regional Reference Frame, Helmert, Geocentric movement
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Frame accuracy of daily/weekly combined EPN solutions

Miltiadis Chatzinikos. Christopher Kotsakis
Aristotle University of Thessaloniki

The scope of this paper is to present an experimental quality assessment
of the EPN (EUREF Permanent Network) daily and weekly combined
coordinate solutions in relation to their frame realization accuracy.
Specifically, the daily and weekly SINEX files from the EPN Analysis
Combination Centre are analyzed in order to infer the origin, orientation
and scale accuracy of the respective epoch solutions. Our investigation
covers the entire operational period of EPN, starting from July 1996 up to
present time, and it also extends to the daily/weekly coordinate solutions
obtained from the completed reprocessing campaigns (EPN-repro1,
EPN-repro2). Through the results of this study we shall be able to assess
the effect of different factors and modeling options in GNSS data
processing (e.g. tropospheric model, ionospheric corrections, inclusion of
multi-GNSS measurements, antenna PCVs, choice of fiducial stations
and alignment method) on the frame quality that is inherited by the
daily/weekly combined EPN positions.

Key words EPN, daily/weekly coordinates, frame accuracy
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Scientific goals and strategic actions of EUREF in a changing
landscape

Martin Lidberg'. Carine Bruyninx3. Elmar Brockmann®. Rolf Dach’. Ambrus
Kenyeres®. Karin Kollo'®. Juliette Legrand®. Tomas Liwosz''. Rosa Pacione'?,
Martina Sacher?. Wolfgang Séhne?. Christof Volksen?. Zuheir Altamimi#.
Alessandro Caporali®. Markku Poutanen®
1. Lantmateriet
2. Federal Agency for Cartography and Geodesy (BKG)

3. Royal Observatory Belgium
4. IGN France
5. Swiss Topo
6. University of Padova
7. University of Berne
8. Finnish Geospatial Research Institute
9. Satellite Geodetic Observatory Lechner nonprofit KFT.

10. Estonian Land Board
11. Warsaw University of Technology
12. ASI/CGS-Matera

EUREF’s (IAG sub-commission 1.3a for Europe) primary mission is to
define, realize and maintain the European Terrestrial Reference System
1989 (ETRS89) and the European Vertical Reference System (EVRS)
for scientific and practical purposes in Europe. These systems are the
basis for geo-referencing in Europe and have been endorsed by various
European organizations and directives, e. g. the European Union
INSPIRE directive (Infrastructure for Spatial Information in the European
Community), Eurocontrol and EuroGeographics.

The realization, maintenance and development of the ETRS89 is
primarily done through the EUREF Permanent GNSS Network (EPN),
while the physical height system EVRS is realized through common
adjustment of the Unified European Levelling Network (UELN). All
contributions to EUREF are provided on a voluntary "best effort" basis,
with more than 100 European bodies (agencies/research institutes)
involved.

An overview of recent developments in the densified realizations of the
ETRS89, the new EVRF2019 and the efforts towards the European
velocity model will be given. The work done towards a strategy for
EUREFs further development, including seven identified scientific
challenges in geodesy will also be presented.

While the technical part is well established with infrastructure and
processing chains generating, archiving, processing and analyzing
geodetic observations all over Europe and new developments are under
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discussion, e. g. the development of European geoid model, the future
role of EUREF in the emerging and changing organizational landscape is
challenging. For example, the UN-GGIM sub-committee on Geodesy has
been established in 2016 to implement the road map for the GGRF
(Global Geodetic Reference Frame), it is underpinned with regional
(continental) structures and it is going to establish a Global Geodetic
Center of Excellence this year to strengthen the geodetic infrastructure
and capacity building all over the world. In the scientific part, the
European Plate Observing System (EPOS), which is connecting various
scientific disciplines and communities, and which has a formal and legal
justification, has entered its pilot operational phase in 2020.

This calls for mutual collaborations in order to achieve common goals to

the benefit for the wider user society, which will be discussed at the end.
Key words EUREF, regional reference frames, geodetic infrastructure
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Astronomy VLBA campaign MOJAVE used in geodesy

Hana Krasna'3. Leonid Petrov?
1. TU Wien
2. NASA GSFC
3. Astronomical Institute of the Czech Academy of Sciences

The astronomy VLBA campaign MOJAVE-5 monitors jets in AGN with
VLBA experiments. We investigate the dataset bl229 observed at 15
GHz in terms of its suitability for geodetic analysis in order to evaluate
the MOJAVE-5 experiments to be a testbed for source structure
investigations in geodetic and astrometric VLBI. We show that both
geodetic metrics, i.e. the baseline length scatter and wrms of Earth
orientation parameters are about a factor of 1.5 greater than from the
dedicated geodetic dual-band 2.3/8.6 GHz RV and CN experiments
conducted contemporary over the time span from September 2016 to
July 2020. We isolate three major differences between the two datasets:
a) the scheduling approach, b) treatment of the ionospheric delay, and c)
selection of target radio sources. We show that the major factor that
causes discrepancies between the baseline length repeatability and the
EOP wrms is the more agile schedule of geodetic VLBI experiments that
includes more scans at low elevations at shorter time intervals than the
astronomical experiments. We conclude that MOJAVE-5 providing the
baseline length repeatability under 1 ppb includes very low level of
systematic errors which confirms this dataset to be an excellent testbed
for investigations of source structure on astrometry and geodesy results

in full detail.
Key words VLBA, MOJAVE, TRF, EOP
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S1-056

Estimation of Earth rotation parameter UT from Lunar Laser
Ranging observations

Liliane Biskupek'. Vishwa Vijay Singh'2. Juergen Mueller'. Mingyue Zhang'3#
1. Institute of Geodesy, Leibniz University Hannover
2. Institute for Satellite Geodesy and Inertial Sensing, German Aerospace Center
(DLR)
3. State Key Laboratory of Geodesy and Earth’s Dynamics, Institute of Geodesy and
Geophysics, APM, Chinese Academy of Sciences
4. University of Chinese Academy of Sciences, Beijing

Since 1969, Lunar Laser Ranging (LLR) data have been collected by
different observatories and analysed by different analysis groups. In
recent years, observations have been made with larger telescopes
(APOLLO) and at infrared wavelengths, resulting in a better distribution
of precise LLR data over the lunar orbit and the observed retro-reflectors
on the Moon. In Germany, beginning in the early 1980s, the LUNAR
software package was developed to study the Earth-Moon system and
determine various related model parameters. Our research includes the
physical libration and orbit of the Moon, the coordinates of observatories
and retroreflectors, and, with special modifications, tests of Einstein’s
theory of relativity such as parameters related to the equivalence
principle, the time variation of the gravitational constant, and for a
selection of PPN (Parametrized Post-Newtonian) parameters. Providing
the longest time series of any space geodetic technique for studying the
Earth-Moon dynamics, LLR can also support the estimation of Earth
Orientation Parameters (EOP), such as UT1. The increased number of
high-accuracy LLR observations allows for more accurate determination
of EOP compared to previous years. Here, we focus on AUT results from
different constellations such as single or multi-station results and on
results for a different number of normal points per night. The mean
uncertainty of the determined corrections to the IERS CO04 series are
about 18 pus. The findings are discussed in comparison to results from
VLBI measurements. The AUT results of VLBI can be verified by LLR for
selected nights.

This research was funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) under Germany’s Excellence
Strategy — EXC-2123 QuantumFrontiers — 390837967. Further financial
supports were from the Deutsches Zentrum fur Luft- und Raumfahrt
(DLR) and the Strategic Priority Research Program of the Chinese

Academy of Sciences, the National Natural Science Foundation of China.
Key words Lunar Laser Ranging, Earth rotation, UT
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S1-057

Multi-technique Integrated Processing on the Observation Level for
Consistent Determination of TRF, CRF and EOPs

Jungang Wang'2. Maorong Ge'?. Susanne Glaser?. Robert Heinkelmann?,
Harald Schuh'+?
1. Technische Universitat Berlin, Institut fir Geodasie und Geoinformationstechnik
2. GFZ German Research Centre for Geosciences, Space Geodetic Techniques

The terrestrial and celestial reference frames (TRF and CRF) serve a
foundation role in geodesy, while the Earth Orientation Parameters
(EOPs) link TRF and CRF. The reference frames and EOP are
determined by the space geodetic techniques, namely, Very Long
Baseline Interferometry (VLBI), Satellite Laser Ranging (SLR), Global
Navigation Satellite Systems (GNSS), and DORIS (Doppler Orbitography
and Radiopositioning Integrated by Satellite). The CRF is determined by
VLBI only, while the TRF is obtained by combining the techniques, where
SLR provides the origin, VLBI and SLR provide the scale, and GNSS
and DORIS contribute to the spatial and temporal densification. Although
the current combination is performed on either the parameter or the
normal equation level, the multi-technique integrated processing on the
observation level allows fully consistent modelling and parameterization;
so it can provide the TRF, CRF, and EOP with the best consistency,
precision, and reliability. Aiming on the multi-technique integrated
processing on the observation level, the Positioning And Navigation Data
Analyst (PANDA) software has been upgraded recently to process VLBI
and SLR observations and to combine the techniques.

In this study, we present preliminary results of the consistent TRF, CRF,
and EOP determination with GNSS, VLBI, and SLR observations during
the VLBI CONTO0S to CONT17 campaigns. The ties which describe the
relationship between the relevant parameters for different techniques, for
example, the coordinates of co-located VLBI, SLR, and GNSS stations,
play an important role in the combination. We therefore focus on the
impact of global ties (EOP), local ties, and tropospheric ties on the
precision of the reference frames and EOP. We demonstrate the
improvement of the multi-technique integrated processing on the
observation level in terms of the precision of the TRF, CRF, and the full
set of EOP.

Key words TRF, CRF, EOP, multi-technique integrated processing, observation level
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S1-058

Automatic detection of offsets in GNSS station position time-series
using DIA and multivariate analysis algorithm

Jin Zhang'2. Lizhen Lian?. Chengli Huang'-?3
1. CAS Key Laboratory of Planetary Sciences, Shanghai Astronomical Observatory,
Chinese Academy of Sciences, Shanghai 200030, China.
2. CAS Key Laboratory of Planetary Sciences, Shanghai Astronomical Observatory,
Chinese Academy of Sciences, Shanghai 200030, China.
3. School of Astronomy and Space Science, University of Chinese Academy of
Sciences, Beijing 100049, China.

Offset detection, especially automated offset detection is still a main
challenge in Global Navigation Satellite System (GNSS) station time
series analysis. The Detection Identification Adaptation (DIA) and the
Multivariate Analysis (MA) methods were applied to identify station
position offsets and the detection performance of both were further
investigated here. In addition, the binomial trees theory was adopted in
the detection procedures, to segment the time series at offset moments,
so we can avoid errors which may be injected from offset correction. First,
the position time-series consisting of a linear trend, seasonal signals,
offsets, and white noise were simulated for numerical comparison of DIA
and MA algorithm in terms of efficiency in detecting offsets. The results
showed that 72.2% and 82.71% of the offset detection ratecould be
achieved by the two aforementioned algorithms, respectively. Then the
DIA and MA algorithm were also tested on the position time series of 649
GNSS stations which were used in ITRF2014. The results indicated that
72.73% and 87.54% of the existing offsets could be detected,
respectively. After a combination of DIA and MA, the detection rateis
increased to 89.72%. The detection performance of offsets caused by
earthquake, unknown, antenna change, receiver change and nonlinearity
are different. Most offsets due to earthquake, antenna change and
unknown reasons could be detected; but for the offsets caused by
nonlinearity, which indicates continuous rate changes, the detection

performances of both methods are worse.
Key words ITRF, offset detection, DIA, Multivariate analysis
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$1-059
The NTSC geodetic VLBI system and its application of UT1
measurements
Yuanwei WU

National Time Service Center of CAS

The NTSC geodetic VLBI system is consist of three 13-meter telescopes
located in Jilin, Kashi and Sanya and a data analysis cneter located in
Xi'an. The baseline length ranges from 3215 to 4018 km. The system
has been used to measure the Universal Time UT1 and tracking Beidou
Navigation satellites. Here we preport this domestic geodetic VLBI

system and its progress on determination of UT1.
Key words instrumentation: interferometers, methods: observational --- time --- Earth
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S1-060

Identify the Multi-technology systematic errors: the relations among
reference point determination, telescope pointing calibration and
VLBI observing

Zhang Zhibin'4. Ma Xiaohui?. Sun Zhongmiao?. Zhang Ali*. Yuan Ye®. Sun
Zhengxiong®
1. Shanghai Astronomical Observertory
2. Xi'an Research Institute of Surveying and Mapping
3. Xinjiang Astronomical Observatory, Chinese Academy of Sciences
4. University of Chinese Academy of Sciences, Beijing 100049, China

The systematic errors among different technologies or facilities limit the
accuracy of the multi-technology terrestrial reference frame (TRF).
Identifying, monitoring, and correcting systematic errors are the premises
for obtaining a high-precision TRF. However, the current research or
discussion on multi-technology systematic errors are restricted to the
consistencies of the atmospheric delays or reference point (RP) positions
measured by different facilities at a co-location station. In order to
maximize the methods to monitor and identify the systematic errors, we
unify the models of VLBl RP determination (RPD) and VLBI telescope
pointing calibration (PC). Hence, PC surveying with higher frequency is
introduced as a common technical means to monitoring systematic
errors. The relations among the RPD, PC, and the deviation of the
vertical are also established.

In addition, we design an automatic RPD pipeline to evaluate the RP
position of the Kunming 40-m (KM40) telescope. The result shows that
the RP accuracy of the KM40 maybe reach up to the level of a
centimeter, even though the formal error of the RP is in a sub-millimeter
level.

Key words Systematic errors, Reference point determination, Pointing calibration, VLBI, Deflection of
the vertical
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S1-061

Combination of GNSS and VLBI data for consistent estimation of
Earth Orientation Parameters

Lisa Lengert. Daniela Thaller. Claudia Flohrer. Hendrik Hellmers. Anastasiia
Girdiuk
Federal Agency for Cartography and Geodesy (BKG)

We present the current activities of the Federal Agency for Cartography
and Geodesy (BKG) towards a combined processing of VLBl and GNSS
data. The main goal of the combined analyses of the two different
space-geodetic techniques is the improvement of the consistency
between the techniques through common parameters, i.e., mainly Earth
Orientation Parameters (EOPs), but also station coordinates and
tropospheric parameters through local ties and atmospheric ties,
respectively.

Based on our previous combination studies using GNSS data and VLBI
Intensive sessions on a daily and multi-day level, we generate a
consistent, low-latency EOP time series with a regular daily resolution for
polar motion and dUT1. We achieved in this way a significant accuracy
improvement of the dUT1 time series and a slight improvement of the
pole coordinates time series, comparing EOPs from the combined
processing with the individual technique-specific EOPs.

We extend the combination of GNSS and VLBI Intensive sessions by
adding VLBI 24-hour sessions in order to exploit the benefit of the
combination to its maximum extend. We analyse the impact of the
combination on the global parameters of interest, i.e., mainly dUT1, polar
motion and LOD, but also on station coordinates.

BKG’s primary interest is the combination of GNSS and VLBI data on
the observation level. However, the current combination efforts are
based on the normal equation level using technique-specific SINEX files
as a starting point.

Based on the improved combination method, we generate a new
operational BKG-EOP product. In this way, BKG is the first institution
(according to the current status) which provides a complete and
homogeneous combined EOP product with daily resolution and short

latency (1-2 days) with open access for the international community.
Key words combination, VLBI, GNSS, EOP, consistency
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S1-062

Earth rotation parameters estimation using satellite laser ranging
measurements to multiple LEO satellites

Hongmin Zhang. Yonggiang Yuan. Qian Zhang. Jiagi Wu. Wei Zhang. Yujie Qin.
Xingxing Li
School of Geodesy and Geomatics, Wuhan University

Earth rotation parameters (ERP) are one of the key parameters in
realization of the International Terrestrial Reference Frames (ITRF). At
present, International Laser Ranging Service (ILRS) generates the SLR-
based ERP products only using SLR observations to LAGEOS and
Etalon satellites. Apart from these geodetic satellites, many low Earth
orbit (LEO) satellites of Earth observation missions are also
equipped with the laser retroreflector arrays and produce a large number
of SLR observations, which are only used for orbit validation. In this
study, we focus on the contribution of SLR observations from multiple
LEO satellites to ERP estimation. The SLR observations of current seven
LEO satellites (Swarm-A/B/C, GRACE-C/D, and Sentinel-3A/B) as well
as LAGEOS are used. The impact of the LEO orbit characteristic and the
precision of LEO orbits to ERP estimation is investigated. Meanwhile, we
also discuss the contribution of different number of LEO satellites and
the combination of LEO satellites and LAGEOS to ERP estimation. In
addition, we investigate the feasibility of simultaneous estimation of LEO
satellites and ERP, which named one-step method in this study.

The results show that the ERP estimation can benefit from the
application of the ambiguity-fixed orbit. The accuracy of ERP can be
improved gradually with the increase of LEO satellites included. We also
find the combination of LEO satellites and LAGEOS can achieve best
consistency with the IERS products, with RMS values of 0.4241 mas,
0.3161 mas and 0.0148 ms for X pole, Y pole and LOD. In addition, the
result of one-step method shows an improvement for the precision of
LEO orbits thanks to the inclusion of SLR observations, but lead to a
degraded ERP solution compared to the two-step method.

Key words SLR; LEO; Polar motion; UT1-UTC; Precise orbit determination
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S1-063

Combination of the VLBI, GNSS and LLR station coordinates using
SINCOM software

Svetlana Mironova. Sergei Kurdubov. Iskander Gayazov
Institute of Applied Astronomy of the Russian Academy of Sciences

We constructed series of VLBI, GNSS and LLR station coordinates
("individual series") based on the SINEX files obtained by the number of
analysis centers. We use SINCOM software for combination, the SINEX
files were combined at the normal equation level. Individual series of
different analysis centers were combined with each other in order to
create combined series of coordinates for VLBI, GNSS and LLR stations.
Using local ties connectivity, the combined station coordinates series of
different analysis centers were combined with each other. The
combination results were compared with the ITRF2014 catalog, IGS and

IVS solutions.
Key words combination at the normal equation level, TRF, VLBI, GNSS, LLR
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S1-064

Inter- and intra-technique evaluation of UT1-UTC estimates using
Legacy S/X VLBI, VGOS and their combination with co-located
GNSS. A case study comparing INT1 to VGOS-B sessions

Periklis-Konstantinos Diamantidis'. Rudiger Haas'. Eskil Varenius'. Matthias
Schartner?. Saho Matsumoto®
1. Chalmers University of Technology
2. Institute of Geodesy and Photogrammetry, ETH Zirich
3. Geospatial Information Authority of Japan

The VLBI Global Observing System (VGOS) with its increased temporal
density of observations, improved sky coverage as well as its wideband
capabilities, promises to deliver geodetic products of higher precision
compared to the legacy S/X. We test this hypothesis by analyzing the so-
called VGOS-B sessions. These are 1 h long observing sessions
between the VGOS stations at Ishioka in Japan and the Onsala twin
telescopes in Sweden, which were performed between December 2019
and January 2020 simultaneously to the legacy S/X intensive sessions
(INT1). The derived UT1-UTC results and their agreement to the final
values of the International Earth Rotation and Reference Frame Service
(IERS) are presented for both types of sessions. Previous studies show
that the VGOS-B give lower formal errors and slightly better agreement
to the IERS products than the simultaneous INT1. We follow up this
investigation using the multi-technique space-geodetic software c5++. In
particular, we combine the two types of VLBI sessions with each other,
and with co-located GNSS measurements on the basis of common
tropospheric parameters using the combination on the observation level
(COL) technique. The results of this inter- and intra-technique
combination procedure are compared to single-technique VLBI and the

differences are discussed.
Key words VGOS, Combination on the observation level, EOP, UT1, VLBI, GNSS, co-location

74



Scientific Assembly of the International Association of Geodesy (IAG) Abstract Book

Category: Symposium 1: Reference Frames =) 1.5: Comparison and combination of space geodesy
techniques for improving consistency between TRF, CRF and EOPs

718

S1-065

Weekly Terrestrial Reference Frame realization from a combination
of GNSS/SLR/VLBI/DORIS at the parameter level

Lizhen LIAN'. Chengli HUANG"3, Jin ZHANG?'
1. Shanghai Astronomical Observatory, Chinese Academy of Sciences
2. School of Physical Science and Technology, Shanghai Tech University
3. School of Astronomy and Space Science, University of Chinese Academy of
Sciences

The combination at the parameter level is still a standard approach,
where technique-specific solutions are first estimated and then combined
within a second least squares adjustment process. The terrestrial frame’s
origin and scale is usually realized using space geodetic observations
spanning over two decades and subsequently constrain the time
evolution to a linear model, besides non-linear station motions can reach
a few centimeters. We investigate a new approach, which is based on
weekly estimation of station positions and EOP from a combination of
reprocessed solutions of GNSS, SLR, VLBI and DORIS, which can take
any nonlinear station motion (periodic signals, abrupt position offsets,
nonlinear local deformations, etc.) and nonlinear variation behavior of
physical datum parameters (i.e., origin and scale) into account.
Parameters of a similarity transformation are set up for each input
solution and several necessary reliable local ties with high precision are
introduced as pseudo-observations. The geodetic datum of the combined
solution is realized by internal- constraint and minimal constraint. The
resulting station position time series and consistently estimated EOP
products are studied in detail and are compared with ITRF2014 and EOP
14 CO04 series, respectively. The residual station positions in the weekly
combined reference frame are usually at the millimeter level without any
periodic characteristic, while that by deducting the regularized station
position under ITRF2014 may reach a magnitude of a few centimeters

and seem to have a significant annual signal.
Key words Terrestrial Reference Frame, geodetic datum, local ties, nonlinear motion
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S1-066

Geodetic VLBI observations in single-frequency mode with 30-
meter Warkworth radio telescope

Oleg Titov'. Alexei Melnikov?. Sergey Gulyaev3. Stuart Weston Weston3. Tim
Natusch3. Fengchun Shu*. Bo Xia*. Mikhail Kharinov?
1. Geoscience Australia
2. Institute of Applied Astronomy of the Russian Academy of Sciences
3. Auckland University of Technology
4. Shanghai Astronomical Observatory, Chinese Academy of Sciences

The geodetic VLBI operates in two frequencies (S-band, 2.3 GHz and X-
band, 8.4 GHz) to provide a proper calibration of the ionospheric
disturbance. However, its performance is violated due to a severe radio
frequency interference (RFI) in S-band. We developed a method to
calibrate for the ionosphere with the global total electron content (TEC)
maps and applied it for several single frequency VLBI observations run
by the Institute of Applied Astronomy of the Russian Academy of Science
(IAA RAS). The VLBI array comprised of three radio telescopes of the
“‘Quasar” VLBI network in addition of two other facilities: Seshan25
(China) and Wark30M (New Zealand). It should be noted that the 30-m
telescope in New Zealand operates in single band, and for this
experiment it operated in X-band only. The geodetic and astrometric
results obtained during this short campaign are perfectly consistent with
the results from the standard legacy S/X observations. Our presentation
shows that application of the global TEC maps will help to overcome the
annoying problem of the RFI in S-band.

Key words Geodetic VLBI observations
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S1-067

Geodetic SAR for Height System Unification and Sea Level
Research - Observation Concept and Results in the Baltic Sea

Thomas Gruber'. Jonas Agren2. Detlef Angermann3. Artu Ellmann 4. Christoph
Gisinger®. Jolanta Nastula®. Markku Poutanen’. Marius Schlaak'. Faramarz
Nilfouroushan 2. Sander Varbla*. Ryszard Zdunek ¢. Simo Marila’. Andreas

Engfeldt 2. Timo Saari’. Anna Swigtek6°. Xanthi Oikonomidou '

1. Technical University of Munich, Institute of Astronomical and Physical Geodesy
2. Lantmateriet, Swedish Mapping, Cadastral and Land Registration Authority
3. Technical University of Munich, German Geodetic Research Institute
4. Tallinn University of Technology, School of Engineering
5. German Aerospace Center, Remote Sensing Technology
6. Centrum Badan Kosmicznych, Polskiej Akademii Nauk
7. Finnish Geospatial Research Institute

Traditionally, sea level is observed at tide gauge stations, which usually
also serve as height reference stations for national leveling networks and
therefore define a height system of a country. Thus, sea level research
across countries is closely linked to height system unification and needs
to be regarded jointly. One of the main deficiencies to use tide gauge
data for geodetic sea level research and height systems unification is
that only a few stations are connected to permanent GNSS receivers
next to the tide gauge in order to systematically observe vertical land
motion. As a new observation technique, absolute positioning by SAR
using active transponders on ground can fill this gap by systematically
observing time series of geometric heights at tide gauge stations. By
additionally knowing the tide gauge geoid heights in a global height
reference frame, one can finally obtain absolute sea level heights at each
tide gauge. With this information the impact of climate change on the sea
level can be quantified in an absolute manner and height systems can be
connected across the oceans. First results from applying this technique
at selected tide gauges at the Baltic coasts are promising but also exhibit
some problems related to the new technique. The paper presents the
concept of using the new observation type in an integrated sea level
observing system and provides results for a test network in the Baltic sea
area by combining geometric and physical heights with tide gauge

readings.
Key words Height Systems Unification, SAR, Sea Level
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S1-068

Estimation of vertical datum parameters of Hong Kong using the
GBVP approach based on combined global geopotential models

Panpan Zhang. Lifeng Bao. Lin Wu. Qiangian Li. Hui Liu
State Key Laboratory of Geodesy and Earth's Dynamics, Innovation Academy for
Precision Measurement Science and Technology, Chinese Academy of Sciences

Unification of the global vertical datum has been a key problem to be
solved for geodesy over a long period, the main challenge for a unified
vertical datum system is to determine the geopotential value of local
vertical datum based on the IHRS. For this purpose, the geodetic
boundary value problem (GBVP) approach based on the remove-
compute-restore (RCR) technique is used to determine the vertical
datum parameters. The satellite missions of the GRACE and GOCE offer
high accuracy medium—long gravity filed information, but GRACE/GOCE-
based GGMs are restricted to medium—long wavelengths because the
maximum degree of their spherical harmonic representation is limited,
which is known as an omission error. To compensate for the omission
error of GRACE/GOCE-based GGM, a weighting method is used to
determine the combined GGM by combining the high-resolution
EGM2008 model and GRACE/GOCE-based GGM to effectively bridge
the spectral gap between satellite and terrestrial data. An additional
consideration for the high-frequency gravity signals is induced by the
topography, and the residual terrain model (RTM) is used to recover the
omission errors effect of the combined GGM. Finally, as a result of the
GBVP solution based on the combined DIR_R6/EGM2008 model, RTM,
and residual gravity, the geopotential values of the Hong Kong Principal
Datum (HKPD) are estimated to be equal to 62636860.55 + 0.29 m?s
with respect to the global geoid W=62,636,853.4 m?s2. The vertical
offsets of HKPD with respect to the global geoid is -0.731 £ 0.030 m,
which means that the HKPD is about 73.1 cm below the global height
datum.

Key words GRACE/GOCE; weighting method; the combined GGM; residual terrain model;
geopotential value
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S1-069

Chronometric Height: a genuine general relativistic definition of
height measures

Dennis Philipp'3. Hu Wu?. Eva Hackmann'3. Claus Laemmerzahl'3. Juergen
Mueller?
1. ZARM, University of Bremen, Germany
2. Institute of Geodesy (IfE), Leibniz University Hannover, Germany
3. Gauss-Olbers Center, c/o ZARM, University of Bremen, Germany

The Newtonian gravity potential is one of the main objects for
conventional geodesy and employed for basic concepts, such as the
definition of heights. A modern height definition in terms of geopotential
numbers can offer a variety of advantages. Moreover, from the
theoretical point of view, such a definition is considered more
fundamental.

We know, however, that relativistic gravity (here General Relativity)
requires to reformulate basic geodetic notions and to develop a
consistent theoretical framework, relativistic geodesy, to yield an
undoubtedly correct interpretation of contemporary and future (high-
precision) measurement results. The new framework of chronometric
geodesy that builds on the comparison of clocks at different positions in
the gravitational field offers fundamental insight into the spacetime
geometry if a solid theoretical formulation of observables is underlying all
observations. For chronometry, high-performance clock networks, i.e.,
optical clocks connected by dedicated frequency transfer techniques, are
capable to observe the mutual redshift with incredible accuracy.

Here we approach a genuine relativistic definition of the concept of
height. Based on the relativistic generalization of geopotential numbers,
a definition of chronometric height is suggested, which reduces to the
well-known notions in the weak-field limit. This height measure is
conceptually based on the so-called time-independent redshift potential,
which describes the gravitoelectric degree of freedom in General
Relativity.

We gratefully acknowledge the financial support by the Deutsche
Forschungsgemein-schaft (DFG, German Research Foundation) under
Germany’s Excellence Strategy EXC-2123 “QuantumFrontiers” (Project-
ID: 390837967). The study is also funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) under
the research program SFB 1464 “TerraQ - Relativistic and Quantum-
based Geodesy” (Project-ID 434617780).

Key words relativistic geodesy, height, relativity, redshift, clock comparison
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S1-070

Using kriging interpolation for local geoid construction: accuracy
evaluation in dependence of point density

Emanuele Alcaras. Pier Paolo Amoroso. Ugo Falchi. Claudio Parente
Parthenope University of Naples

The simplest way to represent a geoid model is given by the variability of
the vertical separation between the ellipsoid and the geoid (geoid
undulation), relative to the location expressed in a coordinate reference
system, i.e. WGS84 ellipsoidal (longitude and latitude) coordinates.
Global geoid models are available for free download, e.g. EGM96 and
EGM2008, resulting in a grid of rows and columns with cell size of a few
minutes, containing float values describing the difference between the
WGS84 ellipsoid and the mean sea level.

National geoid models presenting higher resolution are generally derived
by a combination of different datasets, integrating individual pure
astrogeodetic, gravimetric and GPS/levelling solutions. To define local
geoid, different interpolators may be applied starting from dataset of
geoid undulation values. Several studies demonstrate the high
performance of kriging methods (i. e. Universal kriging and Ordinary
kriging). It is well known that the accuracy of the resulting models
depends not only by interpolation method, but also by points numerosity
and distribution. This article aims to analyse the performance of kriging
approaches in dependence of the density of the dataset. The
experiments are carried out on an already existing local geoid model:
different subset are organized containing an increasing number of points
in the same area and each of them is submitted to kriging interpolations.
The resulting models are compared with the original one and residuals
are calculated to evaluate the accuracy in dependence of point density.
The results demonstrate the efficiency of the kriging methods,
highlighting the possibility to achieve higher accuracy in dependence of
opportune parameter settings; particularly, the choice of the type of semi-
variogram, the mathematical function that graphically represents the
spatial correlation between the input point values, permits to define the

best performing model.
Key words local geoid, geoid undulation, interpolation, kriging, accuracy.
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S2a-001

Determination Of The Vertical Gravity Gradient At A Few Sites Of
The Absolute Gravity Network Of Algeria

Rabah HAMIDI'. Mohamed HAMOUDI?
1. National Institute of Mapping &amp; Remote Sensing/University of Algiers
2. University of Algiers

The gravity value g of an absolute gravimetric station measured by the
new generation of absolute gravimeters with high precision (1uGal) such
as FG5, A-10 and other instruments must be reduced to the ground. In
the case of Algeria, the absolute gravimetric network contains 12
absolute points observed by the NIMA’s absolute gravimeter FG5-111
with accuracy ranging from 0.7 yGal (In Salah) to 2.9 yGal (Oran) [1], the
gravity value g at each absolute gravimetric station is given at 130 cm.
The aim of this work is to reduce a few absolute points to the ground.

The only and unique reduced technique is the one that uses the
calculation of the vertical gradient (VG) between two levels, the ground
level (level 0) and height level of the measurement given by the absolute
gravimeter FG5-111 at 130 cm (level 1). For this purpose, four INCT’s
Lacoste&Romberg (LCR) gravimeters, G model type, G1140, G1152,
G856 and G857, equipped with MVR (Maximum Voltage Retroaction)
electronic system.

In this study and among the twelve (12) absolute gravimetric points, four
(04) absolute points were used, CRAAG, Bechar, Ghardaia and Oran
sites. Including two gravimeters of LCR- G1140-G1152 type with eleven
(11) series of measurements for each gravimeter at the CRAAG, four
gravimeters of LCR- G857-G856-G1140-G1152 type with nine (09)
series of measurements for each gravimeter at Bechar, two gravimeters
of LCR-G1140-G856 type with eleven (11) series of measurements for
each gravimeter at the CRAAG and two gravimeters of type LCR-G856-
G1152 with 11 series of measurements for each gravimeter at Ghardaia
site.

Key words Gravimetry, Gravity, Absolute Gravimetry, Relative Gravimetry, Vertical Gradient.
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Current status and future improvements of digital zenith camera
VESTA

Inese Varna. Ansis Zarins. Augusts Rubans
University of Latvia

The digital zenith camera VESTA (VErtical by STArs) was designed at
the Institute of Geodesy and Geoinformatics (GGI) of the University of
Latvia. By the end of 2020, vertical deflection measurements were
carried out at more than 400 sites on the territory of Latvia. The typical
accuracy of VESTA is ~0.1 arc seconds. Vertical deflections have been
used as additional terrestrial data in combination with GNSS/levelling
data and the EGM2008 global geopotential model for the improvement of
the quasi-geoid of Latvia. Current research is focused on further
improving the accuracy of VESTA, such as:

- testing the digital zenith camera under various conditions to investigate
and mitigate the phenomenon of anomalous refraction at zenith;

- performance accuracy analysis in a permanent test site to estimate the
spatial and temporal properties of the measured DoV values. Various
instrumental settings will be tested during observations and post-
processing.

This research has been supported by the European Regional
Development Fund activity “Post-doctoral Research Aid”, project No.
1.1.1.2/VIAA/4/20/666 .

Key words digital zenith camera, deflections of vertical, anomalous refraction
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S2a-003

Preliminary Results of a Gravity Observing experiment at 848m
under the earth surface

Xiaodong CHEN. Miaomiao ZHANG. Heping SUN. Jiangiao XU. Jiangcun ZHOU,
Xiaoming CUI
Innovation Academy for Precision Measurement Science and Technology, Chinese
Academy of Sciences

Using simultaneous continuous tidal gravity observations from a
Burris spring gravimeter in the -848 m deep tunnel and a LCR-ET20
spring gravimeter, surficial and underground gravity noise levels at the
deep geophysical experimental field are preliminarily analysed. Analysis
results show that the underground gravity noise level is lower than the
surficial noise level below 1.7 mHz (period about 9.8 min); especially in
the gravimeter senstive frequency band (period over 3 h), the
underground gravity noise level is lower by 2 orders of magnititude,
which fully demonstrates the low noise of ungerground environment at
the deep geophysical experimental field in Huainan, China. Our results
further indicate that the -848 m deep tunnel can provide both an ultra
quiet environment for deep multi-physical fields observations and a

perfect condition for the detection of weak geophysical signals.
Key words Deep earth observation; Gravity noise level; Tidal gravity observations; Burris gravimeter;
LCR-ET20 gravimeter.
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S2a-004

Extracting Long - Period Surface Waves Using Ambient Noise Data
Recorded by Superconducting Gravimeters

Hang Li'. Xiaodong Chen'. Jiangiao Xu'. Heping Sun'. Jiangcun Zhou'.
Qingchao Liu'. Miaomiao Zhang'. Lingyun Zhang?
1. State Key Laboratory of Geodesy and Earth's Dynamics, Innovation Academy for
Precision Measurement Science and Technology, Chinese Academy of Sciences
2. North China University of Science and Technology

Surface waves are widely used in study of the deep internal structure of
the Earth nowadays. With the ambient noise data on seismically quiet
days sourced from the gravity tidal observations of 7 superconducting
gravimeters (SGs) and the seismic observations for validation from 3 co-
located STS-1 seismometers, long-period surface waves are
successfully extracted by the phase autocorrelation (PAC) method.
Group velocity dispersion curves at the frequency band of 2-7.5mHz are
extracted and compared with the theoretical values calculated with the
preliminary reference Earth model (PREM). The comparison shows that
the best observed values differ about +2% from the corresponding
theoretical results and the extracted group velocities of the best SG are
consistent with the result of the co-located STS-1 seismometer. The
results indicate that reliable group velocity dispersion curves can be
measured with the ambient noise data from SGs. Results in this study
show that the SG, besides the seismometer, is proved to be another kind
of instrument that can be used to observe long-period surface waves on

seismically quiet days with a high degree of precision.
Key words Superconducting gravimeters; Long-period surface waves; Group velocity dispersion
curves; Phase autocorrelation
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S2a-005

Recent Airborne Gravity Surveys in Denmark with Strapdown
Technology

Tim Jensen. René Forsberg
DTU Space

In the recent years, a number of small-scale airborne gravity surveys
have been carried out in Denmark in order to improve data coverage for
an upcoming new Geoid model. These efforts have allowed for testing
simple and easy-to-use strapdown gravity systems in small fixed-wing
aircrafts flying at low altitude and low ground speed, allowing for an
improved spatial resolution. The dense network of high-quality terrestrial
gravity observations in Denmark allows for unique comparison with
airborne observations and the possibility to constrain the long-
wavelength information, which remains a challenge in strapdown gravity
systems. The results of these new strapdown airborne surveys indicate
that Geoid improvement of up to 5-10 cm are possible, especially in
coastal regions, even in well-surveyed areas like Denmark.

Several airborne gravity surveys conducted over the years from 2018 to
2021 will be presented. The presentation will focus on the use of
temperature stabilized strapdown gravity systems, but other gyro-
stabilized platform systems will also be presented, such as the ZLS
Dynamic Gravity Meter and the AT1A gravimeter from Dynamic Gravity
Systems. The inter-comparison of airborne gravity systems and the
comparison with terrestrial gravity observations allows for an in-depth

analysis of the resulting gravity estimates and their errors
Key words Airborne gravimery; Strapdown IMU
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S2a-006

The Airborne Gravity Measurement for Development of a New
Precise Gravimetric Geoid Model in Japan

MASAHIRO NAKASHIMA. Kento lio. Yasuhiro litsuka. Shinobu Kurihara.
Kumikazu Ochi. Shuichi Omori. Tokuro Kodama. Masato Kuroyanagi. Masami
Handa. Hiroaki Yamamoto. Takashi Toyofuku. Chiaki Kato. Koji Matsuo
Geospatial Information Authority of Japan

We, the Geospatial Information Authority of Japan (GSIl) have made
several attempts to improve the accuracy of the gravimetric geoid model
in Japan, such as integration of additional gravity data of new satellite
and improvement of methods to compute the model. However, due to
lack of land gravity data in mountainous area and low accuracy of marine
gravity data in coastal area, large discrepancies exist between the model
and GNSS/leveling geoid heights. In addition, most of the land gravity
data were obtained more than 30 years ago, and their location
information was read from topographic maps. As a result, the quality of
their location information is poor and this could be one of error sources
in the model.

Therefore, we have started airborne gravity measurement since FY 2019
to tackle these challenges. Airborne gravity measurement is the method
of efficiently acquiring homogenous gravity data over a wide area even
in mountainous or coastal areas. Since the aircraft is equipped with a
GNSS receiver, it is possible to obtain positions of the aircraft with
centimeter accuracy. We are planning to complete the airborne gravity
measurement covering the whole territory except for the outlying islands
by FY 2022 and build a precise gravimetric geoid model with
approximately 3 cm accuracy in FY 2023 by combining the airborne
gravity data with existing land, marine and satellite gravity data.

As of December 2020, approx. 50% of data collection were completed.
Comparison between the airborne gravity data and EGM2008 model
gravity values reveals large differences in gravity values at some
mountainous and coastal areas. In particular, differences of over 10
mGal are shown around Kashimanada Sea, lyonada Sea, and Akaishi
Mountain Range. This result indicates that the airborne gravity
measurement could detect detailed gravity distribution which cannot be
detected by EGM2008. We will report the progress of the measurement,

data processing, and evaluation of the data quality.
Key words Airborne Gravity Measurement, Gravimetric Geoid Model
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S2a-007

Results from a car-based 3D-strapdown gravimetry campaign in the
Bavarian Estergebirge

Peter Schack. Roland Pail. Thomas Gruber
Technical University of Munich

In 2019, a field campaign in the Northern Alps (Bavarian Estergebirge)
was conducted to determine the 3D-gravity disturbance along a 23 km
trajectory. A navigation-grade IMU, a geodetic GNSS receiver, a relative
gravimeter and a zentih camera were applied to record observations in
dynamic and static mode. With RMS errors of 0.2 - 0.5 arcsec for the
vertical deflections and 1.5 mGal for the scalar gravity disturbance at an
approximate spatial resolution of 200 m, it could be shown that high-
quality gravity data can be generated with this measurement concept for
local and regional gravity studies. These results are achieved by
applying the indirect method using an Extended Kalman Filter and by
incorporating  GGMplus information. Apart from the results of the
measurement campaign, this contribution also presents the impact of a
temperature calibration onto the gravity disturbance estimatesand

investigates error components that deteriorate the results’ quality.
Key words gravimetry, terrestrial, strapown, moving-base, 3D-gravity disturbance
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S2a-008

A Magnetic Field Calibration Approach to Mitigate Accelerometer
Errors in Strapdown Gravimetry

Felix Johann'. David Becker?. Matthias Becker'. Matthias Hoss?. Alexander
Lower?. Christoph Forste?
1. Physical and Satellite Geodesy, Technical University of Darmstadt, Germany
2. iIMAR Navigation GmbH, St. Ingbert, Germany
3. GFZ German Research Center for Geosciences, Dept. 1 Geodesy, Potsdam,
Germany

Static experiments showed that the Earth’s magnetic field significantly
affects Q-Flex type accelerometer readings of strapdown gravimeters. In
this study, a calibration function to reduce the resulting errors was
developed and verified in several dynamic experiments.

In the static experiments, a navigation-grade inertial measurement unit
(IMU) of the type iIMAR iNAV-RQH-1003 with Honeywell QA-2000
accelerometers was placed in a 3-D Helmholtz coil, where it was
exposed to various magnetic field directions and intensities. For the IMU
under test, it was found that magnetic field intensities in the order of the
Earth’s magnetic field lead to systematic deviations in the accelerometer
readings of several mGal (1 mGal = 10° m/s?). The evaluation of the
static experiments suggests that the extent of the accelerometer reading
error depends on the intensity and direction of the magnetic field with
respect to the input axis of the sensor. Based on these parameters, a
calibration function was developed. Several shipborne and airborne
strapdown gravimetry campaigns were re-processed applying this this
calibration. The precision of the results improved depending on the local
magnetic field intensity and trajectory characteristics by 7% to 82% in all
campaigns. The bulk of the effect is suspected to be due to the Earth’s
magnetic field. Interfering magnetic fields caused by the carrier vehicles
and their instrumentation were of minor significance and seem to be
negligible.

The results show the importance of magnetic field consideration and the
improvement that can be achieved due to its correction on Q-Flex based
strapdown gravimeters. Analyses of the influence of the magnetic fields

on further types of strapdown gravimeters are suggested.
Key words IMU, magnetic field, accelerometer, gravimetry, strapdown
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S2a-009

An approach to airborne vector gravimetry based on spherical
scaling functions

Vadim Vyazmin
Lomonosov Moscow State University

Traditional airborne gravimeters (based on gyro-stabilized platforms) are
well-suited for measuring the vertical component of the gravity vector. In
contrast, srapdown airborne gravimeters have the potential for
measuring all three components of the gravity vector. However,
estimating the gravity vector from strapdown airborne gravimetry data
remains challenging, since the gravity horizontal components
(deflections of the vertical) are observed only in combination with
systematic errors of the inertial measurement unit (IMU) of strapdown
gravimeter. Postprocessing schemes for strapdown airborne gravimetry
are based on IMU-GNSS integration and using an a priori gravity model.
The traditional approach is based on modelling gravity in time.

This work presents an approach based on spatial gravity modelling. The
primary idea exploited by the approach is that a priori information about
the spatial behaviour of gravity in the survey flight area can improve
observability of the gravity horizontal components. Namely, we
parametrize the disturbing potential locally by the Abel-Poisson spherical
scaling functions. Then the unknown parametrization coefficients are
estimated along with the IMU systematic errors (terms of the error
equations of inertial navigation) using the Kalman filter in the information
form.

We present results of processing real data from a survey flight carried
out by the DTU-Space with their IMAR strapdown gravimetrer over the
southern Kattegat in 2019. The flight data was kindly provided to the
Navigation and Control Laboratory of MSU by prof. R. Forsberg (DTU-
Space). Accuracy of the gravity horizontal component estimation was
evaluated by comparing with EGM2008 and is at the level of 2 mGal

(RMS), which can be considered very promising.
Key words airborne gravimetry, IMU/GNSS, deflections of the vertical, Kalman filtering
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S2a-010
Recent results of strapdown dynamic gravimeter on different
platforms
KAIDONG ZHANG

Hunan INS Technology Co. Ltd

As a new kind of dynamic relative gravimeter, the accuracy and
resolution of strapdown gravimeter developed by Hunan INS Technology
Co., Ltd has improved a lot in recent two years. In this paper, the
gravimeter is introduced in detail, and the results of some recent tests on
different platforms are presented, including the Mount Everest airborne
gravimetry campaign in May 2020. Tests showed that the accuracy of
lake gravimetry is better than 0.1mGal, the accuracy of marine
gravimetry is better than 0.3mGal, the accuracy of terrestrial gravimetry
is better than 0.4mGal, and the accuracy of airborne gravimetry is better
than 0.6mGal.

Key words strapdown dynamic gravimeter, marine gravimetry, terrestrial gravimetry, airborne
gravimetry
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S2a-011

Gravity anomalies of large lakes from ICESAT-2 laser altimetry.

Ole Baltazar Andersen'2. Nielsen Karina'. Forsberg Rene'
1. DTU Space
2.

The data from NASA’s Ice, Cloud, and Land Elevation Satellite-2
(ICESat-2) mission offer a unique opportunity to map rivers and lakes
with an unprecedented number of observations in areas where previous
missions have failed to provide valuable water level estimates. ICESat-2
carries just one instrument, the Advanced Topographic Laser Altimeter
System (ATLAS), which is a green wavelength, photon-counting lidar,
and several data products are available, such as the ATL0O3 product,
which holds the photon data, and the ATL13 product which contains
estimated inland water surface heights and statistics for water bodies
across the world. The along-track resolution of the ATL0O3 product is less
than 1 m, and with the three pairs of beams, i.e. six beams in total, the
mission provides exceptional opportunities for inland water studies in
areas with mountainous topography.

Deriving lake heights using altimetry in mountainous areas has proven to
be a challenge for both conventional Low Resolution Mode (LRM) and
Synthetic Aperture Radar (SAR) altimetry, causing issues not only with
waveforms, but also the position of the range window.

With the un-precedented range precision offered by ICESAT-2 spatial
lake elevation variations can be mapped with cm accuracy. This can be
used to derive a map of the Mean lake elevation which will be a function
of the mean dynamic lake topography (prevailing winds etc) and residual
geoid signal and possible erroneous elevation and topography
corrections.

In this study, we evaluate the first attempt to extract gravity anomalies
over several large lakes and compare with airborne gravity to investigate
if ICESAT-2 gravity anomalies can be used to augment global gravity
data bases.

Key words ICESat2, Lake, Gravity mapping.
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S2a-012

Strapdown airborne gravimetry: postprocessing algorithms and
some results

Vadim Vyazmin. Andrey Golovan. Yuri Bolotin
Lomonosov Moscow State University

Airborne gravimetry based on strapdown gravimetric systems has made
progress over the last decade due to available high accuracy inertial
sensors and thermal stabilization (e.g., strapdown systems by iMAR). A
typical strapdown airborne gravity system includes an inertial
measurement unit (IMU) and GNSS receivers. Processing strapdown
gravimetry data is challenging as gravity estimates are influenced by the
accelerometer systematic errors (bias, linear drift, etc.). Processing
strategies use the inertial navigation approach based on IMU/GNSS
integration. Generally, the horizontal and vertical channels are processed
simultaneously.

We present strapdown airborne gravimetry algorithms that cover all
postprocessing stages: GNSS raw data processing, IMU alignment,
IMU/GNSS integration, and gravity estimation. The processing strategy
has the following specific features. During the IMU alignment (before and
after the survey flight), we determine not only the IMU orientation but
also the values of the vertical accelerometer bias. This allows us to
determine the linear drift of the vertical accelerometer. At the IMU/GNSS
stage, we process only the horizontal channels and use the
representation of inertial navigation errors (position and velocity errors)
as a sum of so-called dynamic and kinematic errors (commonly used by
the Navigation and Control Laboratory of MSU). The result of this stage
are the attitude and inertial sensor bias estimates. Gravity disturbance is
estimated at the last stage via Kalman filtering using the vertical channel
alone and modelling gravity as a stationary process.

The developed algorithms were tested using data from a survey flight
with the IMAR unit carried out in 2019 by the DTU-Space who kindly
provided the data to the Navigation and Control Laboratory. We present
characteristics of the iIMAR unit in-flight accuracy and the results of

gravity estimation and accuracy assessment.
Key words strapdown gravimetry, gravity, IMU/GNSS, Kalman filter
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S2a-013

The convergence of gravity change rates from repeated absolute
gravity measurements

Mirjam Bilker-Koivula. Jaakko Makinen. Hannu Ruotsalainen. Jyri Naranen. Timo
Saari
Finnish Geospatial Research Institute, National Land Survey of Finland

Repeated absolute gravity measurements are used to monitor changes
in gravity, for example due to tectonics, uplift, or subsidence. Due to
noise, caused for example by variations in local hydrology, long time
series of absolute gravity measurements are needed to be able to
determine reliable gravity change rates. How long time series are
needed, depends not only on the noise of the data, but also on the
desired accuracy level.

One way to determine if an obtained absolute gravity trend is reliable, is
to look at the development of the trend in time when more
measurements are added. This is done by calculating a time series of
trends, starting with two measurements, and adding one measurement
for each new trend calculation. In this approach we consider a trend
reliable when its value is stable in time, i.e. it does not change
significantly when adding new observations.

We analysed the convergence of trends of absolute gravity time series in
Finland. Gravity in Finland changes due to the ongoing Fennoscandian
postglacial rebound. Long absolute gravity time series were available.
We used absolute gravity measurements of 7 stations, with time series
lengths between 11 and 43 years. The time series measured with FG5
and FG5X absolute gravimeters generally stabilized within 10 years.
When these data were combined with older measurements made with a
JILAg gravimeter, the trend stabilized between 15 and 20 years, when an
offset was applied for the JILAg gravimeter. At some stations the
stabilization was even faster.

We conclude that looking at the development of a trend in time gives a
good indication if a trend value is reliable or not. It is expected that the
convergence to a stable trend can go faster when absolute gravity time
series are corrected for changes in the local hydrology.

Key words absolute gravity, time series, change rates, trends, postglacial rebound, Finland
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S2a-014

Moving base gravimetry on a land vehicle: The first results from a
short traverse drive in central Turkey

ilyas AKPINAR'. Mehmet SIMAV'. Kamil TEKE2. Yunus Aytag AKDOGAN',
Hasan YILDIZ'. Murat DURMAZ?

1. General Directorate of Mapping
2. Hacettepe University, Department of Geomatics Engineering

Although the traditional static terrestrial gravimetry offers better accuracy
and precision in measuring the Earth’s gravity field, it is very time and
labor consuming to have adequate data coverage even with the most
advanced instrumentation. SINS/GNSS integrated moving base
gravimetric system, which has been extensively studied and successfully
implemented primarily in the airborne gravimetry, appears to be an
efficient option for providing high-resolution gravity data. It is a well-
known fact that the airborne gravimetry is a band-limited technique and it
suffers from relatively high-speed of the aircraft and ill-posed downward
continuation operation. On the other hand, acquiring data on the Earth’s
surface with a ground vehicle having lower velocity may provide
additional benefits. A study group of authors has started to develop a
terrestrial mobile gravimeter prototype that may reveal these potential
advantages. The platform will be a multi-sensor integrated land vehicle
that may potentially improve navigation and gravity solutions. The first
experiment has been performed with a thermally-stabilized iINAT-RQH
navigation-grade strapdown inertial measurement unit aided with a single
GNSS antenna over a 45 km-long traverse in Ankara. The integration
has been achieved by loosely-coupled Extended Kalman Filter (EKF)
having 18 state variables using indirect approach, which includes the
vertical gravity disturbance in the system state vector and model the
inertial sensor errors and gravity disturbance as stochastic processes.
The well-surveyed gravity tie observations and the zero velocities at
some parking positions along the traverse have been introduced as
additional measurements to the EKF. The non-holonomic motion
constraints have also been tested. The RTS-smoothed gravity solutions
have been assessed at the available ground-truth control points to
determine the gravity closure errors and the average long-term drift of
the estimated gravity values.

Key words SIMU, GNSS, Sensor Fusion, EKF, Mobile Gravimetry, Land Vehicle
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Validation of the Hellenic gravity network in the frame of the
ModernGravNet project

Vassilios Grigoriadis'. Vassilios Andritsanos?. Dimitrios Natsiopoulos'
1. Laboratory of Gravity Field Research and Applications, Department of Geodesy
and Surveying, Aristotle University of Thessaloniki
2. Department of Surveying and Geoinformatics Engineering, University of West
Attica

In the frame of the “Modernization of the Hellenic Gravity Network -
ModernGravNet” project, relative and absolute gravity measurements
were carried out at selected 1st and 2nd order benchmarks of the
Hellenic gravity network. These measurements are used first for the
evaluation of the network while problems are identified related to the
benchmark location and construction. Then, as the official network
gravity values are referenced to the Potsdam gravity system,
transformation parameters are determined for converting official values
to the new gravity system as it is defined by the absolute gravity
measurements. For this reason, different parametric models are utilized
in an effort to identify possible biases and tilts. Moreover, global
geopotential models are assessed at the network benchmarks as a first
step towards the development of a new geoid model for Greece and

successively the establishment of a national geoid-based vertical datum.
Key words Gravity network, Greece, gravity measurements
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S2a-016

Evaluation of the Muquans Absolute Quantum Gravimeter AQG-A02
against a precise gravity reference

Julian Glassel. Hartmut Wziontek. Axel Rulke
German Federal Agency for Cartography and Geodesy (BKG)

Quantum gravimeters have been anticipated for decades as an
alternative technology to measure absolute gravity. In recent years they
have progressed from experimental lab setups to commercially available
instruments suitable for routine operation and applications in geodesy
and geosciences. We present an evaluation of the Muquans AQG-A02,
purchased in late 2018, from a user's perspective. We assess the
absolute accuracy, repeatability and stability by comparing the
instrument to the well-established precise absolute reference functions
provided by superconducting gravimeters in combination with repeated
absolute measurements at BKG’s gravimetric stations at Wettzell and
Bad Homburg, Germany. We conclude that, aside from occasional
issues with susceptibility to environmental conditions and system
reliability, the AQG-A02 provides notable advantages, and, with few
exceptions, delivers the specified accuracy of better than 100 nm/s? and

precision of 10 nm/s>.
Key words absolute quantum gravimeter
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S2a-017

Realization of the International Height Reference System in the
region of Mount Qomolangma (Everest)

Tao Jiang'. Yamin Dang’. Chunxi Guo?. Chuanyin Zhang'
1. Chinese Academy of Surveying and Mapping
2. Geodetic Data Processing Centre of Ministry of Natural Resources

On December 8, 2020, China and Nepal jointly announced that the
orthometric height of Mount Qomolangma (Everest) in the International
Height Reference System (IHRS) is 8848.86 m. For the first time, the
IHRS was realized in the region of Mount Qomolangma through the
establishment of a high precision gravimetric geoid model based on the
IHRS standards and conventions. Due to the high altitude and extremely
complex topography, there are lots of terrestrial gravity data gaps in this
area. Airborne gravity survey at the average flight altitude of 10250 m
and ground gravity measurement at the summit of Mount Qomolangma
were carried out, which filled the gravity data gaps and significantly
improved the accuracy of geoid model. Using the spectral combination
approach and selecting EIGEN-6C4 as the reference gravity model, the
local gravimetric quasigeoid was modeled by combing the airborne and
terrestrial gravity data. This quasigeoid model agrees with the GPS
leveling measured height anomalies at 61 benchmarks in £3.8 cm in
terms of the standard deviation of discrepancies, while the standard
deviation for the quasigeoid model computed solely from terrestrial
gravity data is £7.8 cm, which demonstrates the accuracy improvement
of 51.3% after the inclusion of airborne gravity data. Finally, the geoid
height at the summit of Mount Qomolangma in the IHRS was determined
from the interpolated height anomaly by applying the rigorous correction
of geoid-quasigeoid separation (Flury and Rummel in J Geod 83:829—
847, 2009).

Key words Airborne gravity, Gravimetric geoid, International Height Reference System, Mount
Qomolangma
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S2a-018

First attempt to establish connection between the Russian height
system and the International Height Reference System (IHRS)

llya Oshchepkov. Maria Gridchina
Center of Geodesy, Cartography and SDI

The connection betwwen the existing height systems and the
International Height Reference System/Frame (IHRS/IHRF) has recently
become one of the most important and interesting problems of modern
geodesy. We are trying to establish this connection for the Russian
height system which realised by the extremely spatially spreaded
levelling network: it stretches by thousands of kilometres from the Baltic
Sea to the Pacific Ocean and from the Arctic Ocean to the Caspian Sea.
The levelling network is still realizing the Baltic Normal Height System
1977 (BHS77) which by definition has zero at the Kronstadt tide gauge.
In fact, this single tide gauge was the only fixed point in the adjustment
procedure in the 1970s and therefore it is expected for the levelling
network to have an accumulated systematic errors, proportional to the
distance from its zero point. These errors were never actually discovered
and investigated properly before.In this study, we compute the reference
potential value at the beginning of the BHS77 by using GNSS
measurements on more than 800 levelling benchmarks. The height
anomaly is computed from the global gravity field models. The computed
WO values on all points were analyzed and it turned out that the levelling
network has indeed a systematic error of about 0.05-0.07 mm/km which
accumulates along the entire network. It results in the absolute errors of
the normal heights of about 60-80 cm at the farthest east ends of the
country. The systematic effect was also discovered independently by
analyzing observations from several dozens tide gauges in comparison
with Mean Dynamic Topography (MDT) model derived from the satellite
altimetry.The final reference potential value at the beginning of the
BHS77 can be used for the first approximate connection of the Russian
and all other parts of the former USSR levelling network with the
IHRS/IHRF. However, due to the identified errors, this connection cannot

be called completely reliable.
Key words height system, levelling network, IHRS, height systems unification
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S2a-019

Can the Earth Gravitational Model augmented by the Topographic
Gravity Field Model realize the International Height Reference
System accurately?

Jianliang Huang. Marc Véronneau. John W. Crowley. Bianca D'Aoust. Goran
Pavlic
Canadian Geodetic Survey, Surveyor General Branch

Spatial resolution of the Earth Gravitational Model (EGM) has improved
drastically for the last two decades. The highest-degree EGM
augmented by the Topographic Gravity Field Model (TGFM) is up to
spherical harmonic degree 5540, which corresponds to a spatial
resolution of about 4 km. This resolution is close or identical to regional
(quasi-)geoid models. In principle, the International Height Reference
System (IHRS) can be realized by either EGM+TGFM or regional (quasi-
)geoid models. Either of the two approaches has advantages over the
other. On the one hand, the former can ensure a consistent realization of
IHRS by a uniform mathematical representation, but may be subject to
larger commission and omission errors than the latter primarily due to
lack of complete coverage and availability of gravity data over some
regions. On the other hand, the latter can be developed by experts from
national agencies and universities with access to the best available
gravity data, but may cause an uncertainty of several centimetres
originating from methodology. The public availability of gravity data over
Canada removed the data restriction on the former, thus allowing
Canadian gravity data to be included in recent EGMs. In this study, we
evaluate the suitability of EGM+TGFM for realization of IHRS in Canada,

and conclusions drawn are applicable for other regions as well.
Key words EGM, TGFM, IHRS
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S2a-020

An overview of SIRGAS activities towards the IHRF

Gabriel do Nascimento Guimar&es'. Ana Cristina Oliveira Cancoro de Matos?.
Ayelen Pereira®. Ezequiel Dario Antokoletz*®. José Luis Carrién Sanchez®. Laura
Sanchez®. SIRGAS WG Il Team’

1. Federal University of Uberlandia
2. Studies Center for Geodesy
3. National University of Rosario
4. National University of La Plata
5. Ecuadoran Military Geographic Institute
6. Technical University of Munich
7. SIRGAS
8. Federal Agency for Cartography and Geodesy

Since 2015, when the International Association of Geodesy defined the
International Height Reference System, SIRGAS has been focusing
efforts on this topic. SIRGAS Working Group Il “Vertical Datum” has the
aim to establish, maintain and update a unified physical height system
for the Americas and the Caribbean, following the recommendations of
the International Association of Geodesy. For this reason, SIRGAS WG-
[Il is in charge of this task and, since then, some activities related to the
International Height Reference Frame (IHRF) have been carried out.
This presentation has the purpose to show an overview of SIRGAS
activities towards the IHRF, especially in Central and South America.
National leveling networks based on geopotential numbers, international
leveling crossings, and leveling connections with IHRF stations are an
important task for the countries and part of the activities related to the
IHRF. In the last years, SIRGAS has been promoting and supporting
some capacities related to this topic. In terms of gravity data, the
distribution and amount of data around the selected stations, as well as
absolute gravity measurements in each place have been analyzed. To
support the SIRGAS community, technical guides have been developed
as well. These guides are related to strategies for the selection of the
IHRF stations and gravity measurements around them, and also, to
ensure the usability and long-term sustainability of the IHRF. Besides
that, three activities are ongoing in the working group: the evaluation of
the geoid models and GNSS/leveling stations available in Latin America
using high-resolution gravity field models; the investigation related to the
combination of satellite and ground-based data for the computation of
geopotential values at the IHRF stations; and the first estimation of IHRF
values using geoids and quasi geoids models available in the continent.
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In summary, SIRGAS has been contributing to the establishment of the
IHRF in the continent.

Key words IHRF, IHRS, SIRGAS, Vertical System
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GEOPOTENTIAL NUMBER FOR THE IHRF ESTABLISHMENT IN
BRAZIL

Valeria Silva'. Gabriel do Nascimento Guimaraes?. Denizar Blitzkow'#. Ana
Cristina Oliveira Cancoro de Matos*. luri Bjorkstrom?
1. Universidade de Sao Paulo
2. Universidade Federal de Uberlandia
3. Geovertentes
4. Centro de Estudos de Geodesia

The International Association of Geodesy (IAG) issued resolutions to
modernize the gravimetric and altimetric references to establish a
geodetic structure to monitor and to investigate Earth changes. In order
to implement the International Height Reference Frame (IHRF) in Brazil,
the Instituto Brasileiro de Geografia e Estatistica (IBGE) selected 6
stations from the Brazilian Network for Continuous Monitoring of the
GNSS System (RBMC), distributed along the country in the following
cities: Brasilia (BRAZ); Fortaleza (CEFT); Cuiaba (CUIB); Imbituba
(IMBT); Maraba (MABA) and Presidente Prudente (PPTE). There is an
effort to accomplish absolute gravity observations in these sites. At the
moment BRAZ, CUIB and PPTE have been already observed. The
equipment used was A-10/032 gravitymeter, from Instituto Geografico e
Cartografico do Estado de Sao Paulo (IGC) with the efforts for data
collection by Centro de Estudos de Geodesia (CENEGEO). RBMC is
always at the top of a building or a pillar. The geodetic height of the
stations was transferred from the top to the ground where absolute
observations are carried out. The disturbing potential has been
computed by Hotine integral using the numerical integration procedure.
The potential W(P) and the geopotential number C(P) were computed for
each station. The geopotential model XGM2019 (n=m=250) was adopted
as a reference gravitational field. The W(P) and C(P) results were
compared with the values obtained through the geoid heights of the
official geoid models of Brazil: MAPGEO2015, MAPGEO2010 and
MAPGEQO2004.

Key words IGRS, IHRF, height.
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S2a-022

An Investigation on the Geoid-Quasigeoid Separation with the Case
Study in Colorado, U.S.

Mustafa Serkan Isik. Bihter Erol. Muhammed Rasit Cevikalp. Serdar Erol
Istanbul Technical University

The accurate determination of geoid-quasigeoid separation is of great
importance for the realization of international height reference system
(IHRS). The magnitude of the separation is highly dependent on the
mass density variations and topographic roughness. In this study, we
investigated the effects of different approaches for geoid-quasigeoid
separation term on the accuracy of geoid modelling in Colorado, US
where the topographic heights reach up to 4400 meters. Using geoid-
quasigeoid separation terms modeled with the traditional approach
(Heiskanen and Moritz, 1967), the so-called modern approach proposed
by Flury and Rummel (2009) and a strict formulation by Sjoéberg (2010),
the quasi-geoid model, computed using the least squares modification of
Stokes integral with additive corrections (LSMSA) method, is converted
to the geoid model. The validation of the geoid models is carried out
along the Geoid Slope Validation Survey 2017 (GSVS17) line where the
GNSS/levelling measurements, astro-geodetic plump-line measurements
and gravity measurements are available. The terrestrial and airborne
gravity data used in this study is made available by National Geodetic
Survey (NGS) for “The 1 cm Colorado geoid experiment” of IAG Joint
Working Group (JWG) 2.2.2.

Heiskanen, W. A., Moritz, H., & Physical Geodesy, W. H. (1967).
Freeman and Company. San Francisco.

Flury, J., & Rummel, R. (2009). On the geoid—quasigeoid separation in
mountain areas. Journal of Geodesy, 83(9), 829-847.

Sjoberg, L. E. (2010). A strict formula for geoid-to-quasigeoid
separation. Journal of Geodesy, 84(11), 699-702.

Key words Geoid, Quasigeoid, LSMSA, IHRS, GSVS17, Colorado

106



Scientific Assembly of the International Association of Geodesy (IAG) Abstract Book

Category: Symposium 2a: Earth's Static Gravity Field =) 2a.2: Vertical Reference Systems:
methodologies, realization, and new technologies

755

S2a-023

Status of the International Height Reference Frame (IHRF)

Laura Sanchez'. on behalf of the IHRF Computation Team?
1. Deutsches Geodaetisches Forschungsinstitut, Technische Universitaet Muenchen
2. 30 geodesists working on the first solution for the International Height Reference
Frame

The International Height Reference System (IHRS) was introduced by
the International Association of Geodesy (IAG) in 2015 to provide a
global standard for the precise determination of physical heights. The
IHRS is based on the combination of a geometric component given by
coordinates X referring to the International Terrestrial Reference Frame
(ITRF), and a physical component given by the determination of potential
values Wp at the positions P defined by the ITRF coordinates. The
primary vertical coordinate is the geopotential number (- AWp= Cp =
W - We), which may easily be converted to a metric physical height
(orthometric, normal or dynamic height). The IHRS vertical datum is
realised by the equipotential surface of the Earth’s gravity field defined
by the conventional value W = 62 636 853.4 m?s 2. The realisation of the
IHRS is the International Height Reference Frame (IHRF). The IHRF
realises the IHRS in two ways: physically, by a set of globally distributed
reference stations, and mathematically, by the precise determination of
potential values at the reference stations. Thanks to a strong
international cooperation hosted by the IAG, a first proposal for the IHRF
reference network is completed. Present efforts concentrate on the
determination of the potential values at the global IHRF reference
stations. After evaluating different computation approaches, a standard
procedure to determine potential values based on existing regional and
global gravity field models was compiled and applied to release a first
preliminary IHRF solution. This contribution summarises advances and

present challenges in the establishment of the IHRS/IHRF.
Key words IHRS, IHRF, global unified height system, physical height standardisation
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S2a-024

Examining the optimal depth of the condensed topographic masses
for precise geoid determination based on the Stokes-Helmert
scheme — A case study in Colorado

Koji Matsuo
Geospatial Information Authority of Japan

In gravimetric geoid determination based on the Stokes-Helmert scheme,
the topographic masses outside the geoid are condensed to an infinitely
thin layer and stored on or below the geoid. Heck (2003) generalized the
Stokes-Helmert scheme, and showed theoretically that the deeper the
condensed topographic masses, the smoother the gravitational field
becomes, while the larger the indirect effects becomes. The smooth
gravity field alleviates the error in downward continuation process, while
the large indirect effect leads to an unstable result of the geoid
computation. Therefore, it is necessary to store the condensed
topographic masses at the optimal depth for precise geoid computation.

In this study, we examine the optimal depth of the condensed
topographic masses for precise geoid determination based on the
Stokes-Helmert scheme, as a case study in Colorado, USA. The basic
methodology for geoid computation is the remove-compute-restore
technique with the UNB Stokes-Helmert Scheme (Vanicek and Martinec,
1994; Huang and Véronneau, 2013). The evaluation of the computed
geoid is performed by comparing with 222 GNSS/leveling geoid height
data (Westrum et al., 2021). Consequently, the computed geoid heights
are consistent with the GNSS/leveling geoid heights with a standard
deviation of 2.38 cm when the condensation depth is set to 0 km, 2.20
cm when the depth is 25 km, 2.14 cm when the depth is 50 km, 2.37 cm
when the depth is 75 km, and 3.16 cm when the depth is 100 km. In
summary, the condensation depth of 50 km shows the best consistency
with the GNSS/leveling geoid heights in the case of Colorado. In the
most of the current studies using the Stokes-Helmert scheme, Helmert's
second condensation method, which condense the topographic masses
onto the geoid, is widely used. However, as demonstrated in this study,
storing the condensed topographic masses below the geoid could

produce more precise result of the geoid computation.
Key words Geoid, Gravity, Stokes-Helmert scheme
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S2a-025

Local gravity field modelling in spatial domain using the FEM
approach on the discretized Earth's surface: case study in Slovakia

Robert Cunderlik. Marek Macak. Zuzana Minarechova. Karol Mikula
Slovak University of Technology

We present detailed local gravity field modelling in Slovakia using the
finite element method (FEM) and terrestrial gravimetric data. FEM as a
numerical method is applied to solve the fixed gravimetric boundary-
value problem in a spatial domain. The oblique derivative problem is
treated directly at computational nodes that discretize the Earth’s
topography. The high horizontal resolution 100 x 100 m and non-uniform
resolution in the radial direction results in a 3D unstructured mesh of
finite elements with 5,287,500,000 unknowns. Large-scale parallel
computations are performed on a parallel cluster using 1.5 TB of
distributed memory. The obtained local quasigeoid model is tested at
396 GNSS-levelling benchmarks. The standard deviation of residuals
2.54 cm indicates its high precision. However, depicted residuals show
their low-frequency character with amplitudes about + 3 cm. As a by-
product, the first and second derivatives of the obtained disturbing
potential in the radial direction are also evaluated in several altitude

levels as well as on the Earth’s surface.
Key words local gravity field modelling, finite element method (FEM), fixed gravimetric BVP, oblique
derivative problem, large-scale parallel computations
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S2a-026

Iterative refinement of regional marine geoid models by using sea
surface height and dynamic topography datasets

Sander Varbla. Artu Ellmann
Tallinn University of Technology

Regional marine geoid models are needed for many research and
engineering applications. The deficiencies in these models, however,
may reach up to a few decimetres in the shorter wavelength spectrum
due to gravity data void areas and/or inaccurate data. Accuracy of sea
surface heights obtained through various data acquisition methods, such
as satellite altimetry, thus often exceed that of marine geoid models.
Furthermore, dynamic topography can also be accurately estimated
when hydrodynamic model embedded data is used in conjunction with
the tide gauge readings. This first means that the inaccuracies of
hydrodynamic models are reduced by constraining these with the in-situ
ground truth. Assuming that the tide gauges are connected to the geoid-
based height system, then such an approach also eliminates
hydrodynamic models’ concealed biases with respect to the used vertical
datum, which is an often overlooked deficiency of hydrodynamic models.
By removing the estimated dynamic topography from the sea surface
height measurements the geometric marine geoid heights are obtained.
These heights hence represent the marine geoid independently from the
usual gravity-based marine geoid models. This study therefore presents
an iterative data assimilation approach for the refinement of gravity-
based marine geoid models by using geometric marine geoid heights.
Importantly, the approach also provides information on the accuracy of
marine geoid models, which is often unknown as the conventional
precise GNSS-levelling control points cannot be used for the validation
purposes over the marine areas. It is concluded that the proposed
iterative data assimilation approach can significantly improve the
accuracy of marine geoid models, especially in the poor gravity

data/gravity data void areas.
Key words Data assimilation; Dynamic topography; Geoid; Hydrogeodesy; Sea surface height
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S2a-027

Gravimetric Geoid Modeling by Stokes and Second Helmert’s
Condensation Method in Yogyakarta, Indonesia

Brian Bramanto'. Kosasih Prijatna’. Muhammad Syahrullah Fathulhuda'.
Arisauna Maulidyan Pahlevi?
1. Geodesy Research Group, Institut Teknologi Bandung
2. Geospatial Information Agency of Indonesia

Since the last decade, Indonesia has continuously improved the
accuracy of the national geoid model by conducting rapid gravity
acquisition using airborne and terrestrial-based gravimetry. As gravity
data have been collected thoroughly in all regions, the time has come to
carry out Indonesia’s geoid modeling. We started our study by employing
the Stokes and Second Helmert's condensation method to our terrestrial
gravity data in Yogyakarta, Indonesia, with a test area of 1° x 1°. The
computation was based on the commonly applied remove-compute-
restore process. We used the satellite-only geopotential model to remove
and restore the long-wavelength part of the gravity field within the
modeling process. Numerical results show that few cm of geoid model
accuracy was achieved when we compared it to the GNSS/leveling.

Key words Geoid modeling, Stokes, Helmert&#039;s second condensation
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S2a-028

On the Optimum DHM Resolution for the Window Remove-Restore
Technique: Case Study for Africa

Hussein Abd-Elmotaal’. Norbert Kiihtreiber?
1. Minia University, Faculty of Engineering, Civil Engineering Department, Egypt
(hussein.abdelmotaal@gmail.com)
2. Graz University of Technology, Institute of Geodesy, Graz, Austria
(norbert.kuehtreiber@tugraz.at)

In the framework of the activities of the IAG Sub-Commission on the
gravity and geoid in Africa, it is needed to determine the optimum
resolutions of the DHM used within the window remove-restore
technique. The window remove-restore technique has been suggested
by Abd-Elmotaal and Kuhtreiber (2003) to get rid of the double
consideration of the topographic-isostatic masses within the data window.
Within the course of the window technique, one needs to compute the
harmonic coefficients of the topographic-isostatic masses for the data
window. The paper studies the effect of using DHM'’s with different
resolutions on the computed harmonic coefficients of the topographic-
isostatic masses as well as on the computed gravity anomalies and
geoid. The needed precise formulas for computing the topographic-
isostatic harmonic coefficients using the ellipsoid geometry are
summarized with their associated approximations and expected relative
errors. The African DHM of the finest resolution of 3" x 3" is used
representing the topography of the test area. As this DHM covers a fairly
large window (-42°< ¢ < 44°; -22° < A < 62°), the needed CPU time to
compute the topographic-isostatic harmonic coefficients plays an
important role. The objective of the current study is to reduce the needed
CPU time for such computations as much as possible without affecting
the computed reduced anomalies and geoid. The results are presented

and deeply discussed.
Key words window remove-restore technique, African geoid, DHM resolution
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S2a-029

Preliminary results of the spatial distribution of tidal factors
measured by recent continuous gravity stations

jin wei. Chongyang Shen. Mingzhang Hu. Ying Jiang. Ziwei Liu
Institute of Seismology, China Earthquake Administration

The spatial characteristics of tidal variation can be used to study the
influence of earth shape, surface deformation, and the force
characteristics of the different positions in the earth. Based on the data of
51 continuous relative gravimeters from 2015 to 2017, the spatial
distribution of the main tide wave’s tidal factor has been calculated by
international standard tidal processing software and methods. To
discussing the relationship between the spatial feature of tidal factor, the
topography, and geophysics, the East-West and the North-South gravity
tidal profile in China have been analyzed with Global Relief
Model(ETOPO1) of 1’x1” and World Gravity Model(WGM2012) of 2'x2’. It
is shown that (1) More than 90% of the Root Mean Square(RMS) of M2
tidal factor is better than 0.001. The accuracy of CRG is comparable to
that of the superconducting gravimeter(SG) in the 1980s-1990s. (2) The
tidal factors of O1 and K1 waves in coastal stations are larger than those
in inland; (3) The East-West M2 wave tidal profile of Shiquanhe, Yushu,
Songpan, Huangmei, Sheshan in Shanghai shows that, when the
difference of elevation and Bouguer gravity anomaly(BGA) is more and
5km and 600x10°ms, the difference of tidal factor in M2 can be larger
than 2%, moreover the tide factors are positively correlated with the
elevation, especially, in Shiquanhe station, which is in the Tibet Plateau.
However, the feature of positive correlation is not significant in the
Songpan Ganzi plateau and Sichuan Basin, which should be related to
the complex geomorphology and geological structure in the transitional
region from East to West in China. (4) Comparing the elevation and the
tidal factors in all gravity stations, it is found that the elevation of inland
stations has more than 40% positive correlation with the tidal factor in M2
and O1. The discrepancy of the spatial distribution in M2 and O1 which is
comparable to that of coastline is related to the effect of crustal
heterogeneity in China.

Key words The spatial characteristics of tidal factor; DDW; World Gravity Model in 2012; Gravity tidal
profile in China; altitude effection
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S2a-030

Improved geoid models in Taiwan and its offshore islands

Huang Wenhsuan. Hwang Cheinway
National Chiao Tung University

The geoid is an important national infrastructure. Most countries invest
many resources in order to create or high-quality geoid models. Taiwan
has also invested resources to collect a large amount of high-resolution
and high-accuracy gravity measurements for geoid modeling. Gravity
data collected in airborne, shipborne and terrestrial surveys and those
derived from satellite altimetry have been used to construct a high-
resolution gravimetric-only geoid model in Taiwan. The gravitmetric-only
geoidal heights were combined with the ellipsoid heights at GPS/leveling
benchmarks (called GPS/leveling data) to form a hybrid geoid model,
which can be used to convert ellipsoid heights to orthometric heights in
the TWVD2001 vertical datum. This conversion reduces the costs of
projects that need orthometric height. This study extends the coverage of
the current hybrid geoid model of Taiwan to its offshore island, including
Kinmen, Matsu, Penghu, Liuqgiu, Lyudao and Lanyu using new gravity
data, new Digital terrain model (DTM) and GPS/leveling orthometric
heights on these islands. The DTM is used to account for the short
wavelength geoidal effects. The Helmert method condensation method is
used to compute the gravimetric-only geoid. The GPS/leveling data are
used to construct a hybrid geoid that covers the entire Taiwan and its
offshore islands. Both the gravimetric-only and hybrid geoids are
assessed by high-quality GPS/leveling data. Achieving cm-level geoid
models in Taiwan and its offshore islands is a continuous effort here. The
hybrid geoid can be used to determine the heights of offshore wind
turbines and cross-sea bridges in the TWVD2001 vertical datum.

Key words geoid; gravity; Digital terrain model; TWVD2001; offshore island

115



Scientific Assembly of the International Association of Geodesy (IAG) Abstract Book

Category: Symposium 2a: Earth's Static Gravity Field =) 2a.3: Local and Regional Geoid and Gravity
Modelling

349

S2a-031

Integrating NGS GRAV-D gravity observations into high-resolution
global models

Philipp Zingerle'. Xiaopeng Li?>. Martin Willberg'. Roland Pail'. Daniel R. Roman?
1. Technical University of Munich
2. NOAA National Geodetic Survey

Within this contribution we present a method that allows a smooth
integration of in-situ ground gravity observations into high-resolution
global models up to d/o 5400 (2’ global resolution). The functionality is
shown on the example of the airborne GRAV-D gravity dataset which is
integrated into a global satellite-topographic spherical harmonic model.
Conceptually, the method is divided into three steps: firstly, since the
processing is based on residuals, a precursor model needs to be
identified which is used for reducing the observations. In the actual
example a combination between a satellite-only model (GOCOQ06s) and
topographic model (EARTH2014) is chosen (named SATOP2) to ensure
independency to the observations. Secondly, the previously reduced
(GRAV-D) observations are gridded onto a regular geographic grid
making use of the recently developed partition-enhanced least squares
collocation approach (PE-LSC). PE-LSC allows an efficient collocation of
virtually arbitrary large datasets using a partitioning technique that is
optimized for computational performance and for minimizing fringe
effects. As a third and last step, the obtained regular grid gets analyzed
and combined with a satellite-only model (GOCOOQ06s) on the normal
equation level up to d/o 5400. This can be achieved efficiently by using a
so-called kite-normal equation system which emerges when combining
dense and block-diagonal normal equation systems (assuming equal
accuracies for the ground gravity grid). The herby obtained global gravity
field model, named SGDT, is dominated by the satellite information in the
lower frequencies (up to d/o 200), by GRAV-D in the mid-frequencies
(d/o 200-2000) and by the topographic information in the high
frequencies (above d/o 2000). The main purpose of the SGDT model is
to validate the method itself and to allow a comparison of GRAV-D
observations to pre-existing ground-gravity data by synthesizing SGDT
to actual observation sites.

Key words Gravity, Global gravity field model, Local gravity field model, GRAV-D, Least squares
collocation (LSC), Covariance function, Data combination
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S2a-032

Gravimetric quasigeoid modelling by the GGl method in the
Colorado mountains area

Marek Trojanowicz'. Magdalena Owczarek-Wesotowska'. Yan Ming Wang?.
Olgierd Jamroz'
1. Wroctaw University of Environmental and Life Sciences, Poland
2. National Geodetic Survey, USA

The study provides results of the development of the first gravimetric
quasigeoid model based on the GGI method. The research was
conducted on the basis of data used in the Colorado experiment, which
included terrestrial and airborne gravity data, as well as the digital
elevation model with a resolution of 3”. In all calculations, the XGM2016
global geopotential model was adopted as the reference. Depending on
the type of gravity data used, three versions of the quasigeoid models
were determined: terrestrial-only (Cr), airborne-only (Ca), and combined
(Cc), based on both terrestrial and airborne data. Calculations were
preliminary provided for a large range of the assumed reference density
model of topographic masses of 0-2670 kg/m®. The results of the
calculations were compared to the mean quasigeoid heights (Cmean)
obtained by the 13 approaches participating in the Colorado experiment
and GNSS/levelling height anomalies ((anssriev) at GSVS17 profile points.
As a result of the research, an explicit dependency of the accuracy of the
GGl model on the reference density model has been found.
The version {rturned out to be the most sensitive, giving the best
results only in a very narrow range of densities of 2100-2200 kg/m?3. The
introduction of the airborne gravity data to the calculations had a positive
effect on the final results. For two versions, i.e. {a and {c, the highest
accuracies have been obtained for large ranges of reference densities
(1500-2400 kg/m® and 2000-2670 kg/m3for laand the {c version
respectively). In addition, the version (c turned out to be the most
accurate. The obtained agreement of the particular versions of
quasigeoid models with (mean and C{onssrev Values, in terms of the
standard deviation of their differences along the GSVS17 profile, were at
the level of £0.9 cm, £1.5 cm and +1.7 cm for {mean values, and £2.6 cm,
+3.2 cm and £2.9 cm for {enssiev Values (the stated standard deviations

refer to the version: {c, {r and (a respectively).
Key words Regional quasigeoid modelling, Terrestrial and airborne gravity data combination
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S2a-033

Regularization parameter determination in case of combining
different types of gravity data for regional gravity field refinement

Qing Liu. Michael Schmidt
Deutsches Geodatisches Forschungsinstitut der Technischen Universitat Minchen
(DGFI-TUM)

Low-resolution global satellite gravity observations can be combined with
high-resolution regional gravity data from airborne, shipborne, or
terrestrial measurements within a parameter estimation process for
regional gravity refinement. In this process, regularization is in most
cases inevitable, and choosing an appropriate value for the
regularization parameter is a crucial issue. In this study, we investigate
two frequently used procedures for determining the regularization
parameter, namely the L-curve method and the variance component
estimation (VCE), and discuss their drawbacks when different types of
gravity data are to be combined.

Furthermore, to overcome the drawbacks, two ‘combined approaches’
are proposed, which combine the L-curve method and VCE. The first
approach (VCE-Lc) starts with the calculation of the relative weights
between the observation techniques by means of VCE. Based on these
weights, the L-curve method is applied to determine the regularization
parameter. In the second approach (Lc-VCE), the L-curve method
determines first the regularization parameter, and it is set to be fixed
during the calculation of the relative weights between the observation
techniques by VCE. Numerical investigations show that these two
proposed approaches deliver lower RMS errors with respect to
validation data than the L-curve method and VCE do in different study
cases.

Key words combination of heterogeneous observations; regularization parameter; the L-curve method:;
VCE
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S2a-034

Application of 3-dimensional least-squares collocation for free-air
vertical gravity gradient modelling

Yunus Aytag Akdogan'. Gonca Okay Ahi?. Hasan Yildiz'
1. General Directorate of Mapping
2. Hacettepe University

Free-air vertical gravity gradients (VGG) are crucial both in geodesy and
geophysics. Generally theoretical VGG (3086 EOtvos) is used in these
studies due to the lack of measured VGG data which is quite challenging.
In this study, the free-air VGG are modelled by 3-dimensional least-
squares collocation using a high-precision satellite-based global
geopotential model, point-wise terrestrial gravity measurements and a
high-resolution digital elevation model. The study area is chosen in
western Turkey where homogeneously scattered data sets of VGG
measurements are previously collected under the frame of “Turkish
Height System Modernization and Gravity Recovery Project (2015-
2020)”. The available free-air VGG measurements are performed using a
Scintrex CGS5 instrument and a three-level platform and vary between
2306 and 4283 EoOtvos. Differences between the measured and the
theoretical VGG range from -25% to +39%, point out the necessity to
consider the measured or the modelled VGG instead of the theoretical
VGG values. The modelled free-air VGG in this study are validated using
the available measurements at 159 benchmarks suggesting a very good
agreement of about 190 E6tvos between the modelled and the measured
VGG values ever obtained. The modelled free-air VGG may be used not
only for the gravity reductions in geodesy but also for geophysical
investigations as free-air VGG are known to be sensitive to density

contrasts in the upper layers of the Earth.
Key words Free Air Vertical Gravity Gradient, Remove-Compute-Restore Method, Least-Squares
Collocation.
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S2a-035

On the computation of the complete geoid-quasigeoid separation
term for the experiential geoid 2020

Yan Ming Wang'. Marc Veronneau?. Jianliang Huang?. Kevin Ahlgren'. Xiaopeng
Li'. Jordan Krcmaric'. Ryan Hardy'. David Avalos?®
1. National Geodetic Survey 1315 East West HYW Silver Spring MD 20910, USA
2. Canadian Geodetic Survey, Surveyor General Branch, Natural Resources Canada,
615 Booth Street, Ottawa, ON K1A OE9, Canada
3. National Institute of Statistics and Geography of Mexico

The simple geoid-quasigeoid separation (GQS) term uses the Bouguer
anomalies to approximate the difference between the mean gravity and
normal gravity along the plumb line. More accurate formulas for
computing the GQS term have been developed and called the complete
GQS term hereafter. The computation starts in the area of the Colorado
geoid computation experiment to show the magnitude of the
improvement. The study shows that the largest error comes from the
topographic potential correction, which reaches a maximum of 19.0 cm
with a standard deviation of 1.8 cm over the area of 730 km by 550 km in
Colorado. The gravity gradient correction is small: the RMS value is
merely 0.3 cm, but varies between -2.5 to 2.0 cm in Colorado. In addition,
the difference between the Bouguer gravity anomaly and disturbance
causes about a cm bias and maximum value of 2 cm. The total
correction ranges from -13.5 to 18.0 cm, with a root mean square of 1.9
cm for the region. The correction is significant for today’s cm-geoid
accuracy requirement. The complete GQS term is then computed for the
experimental geoid xGEOID2020, which covers a region border by
latitude 0° to 85° north, longitude 180° to 350° east.

Key words Geoid-quasigeoid separation, Bouguer disturbance, Bouguer anomaly, height anomaly
and geoid computation
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S2a-036

Modernization of the Danish Gravity Network in Preparation of the
New 5 mm Danish Geoid

Hergeir Teitsson'. René Forsberg'. Gabriel Strykowski'. Tim Enzlberger Jensen'.
Adolfientje Kasenda Olesen'. Kristian Keller?
1. National Space Institute, Technical University of Denmark
2. The Danish Agency for Data Supply and Efficiency

In preparation for the upcoming Danish 5 mm geoid, an on-going nation-
wide survey has been conducted since 2018, consisting both of re-
observation of older gravity data with modern instruments, as well as
new supplementary airborne, marine and land surveys. The purpose is to
validate the quality of the old terrestrial gravity network in the Danish
gravity database, which consists of measurements dating back to the
1940’s with long, and partly unknown, correction history. The
representative data subset from the existing database is re-measured
with the state-of-the-art relative gravimeters and RTK GNSS equipment
in the different regions of Denmark. The results show that the accuracy
of the older gravity data is generally satisfactory for precise geoid
determination. Especially, when correctly transformed from the original
national geodetic datum (map projection) to a modern datum.

The presentation will focus on the method of assessment based on
comparing the Bouguer gravity anomaly of the old gravity data, to the re-
measured gravity values at the original gravity point locations (where
documentation is available), to identify systematic regional
inconsistencies. The survey shows smaller and random inconsistencies
across Denmark, with some smaller islands indicating significant biases.
The overall results make good and clear conditions for a modernisation
of the Danish relative gravity network, as well as for the ongoing
development of a new national 5 mm geoid model.

Key words Quality-control, gravity-network, modernization, 5 mm geoid
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S2a-037

A new model of the quasigeoid for the Baltic Sea area

Adam tyszkowicz'. Adam Lyszkowicz?. Janusz Zielinski®>. Monika Biryto*
1. Military University of Aviation
2. Space Research Centre PAS
3. Space Reseach Centre PAS
4. University of Warmia and Mazury in Olsztym

The Space Research Centre in Warsaw patrticipates in the ESA program
, Geodetic SAR for Height System Unification and Sea Level Research”.
For observing the absolute sea level and enabling unification of height
systems physical heights of the tide gauge stations referring to a
common equipotential surface (geoid) are needed. This paper describes
the new geoid model determination for the area of the Baltic sea.

The quasigeoid calculation was carried out according to the Helmert
method, in which the topography is condensed on a layer lying on the
geoid. Aerial gravimetric anomalies from the Baltic area and terrestrial
anomalies from Sweden, Finland, Denmark, and Poland were used.

The necessary terrain corrections have been computed from a digital
terrain model based on the SRTM30. To calculate the long-wavelength
part of quasigeoid the geopotential models GOCE-DIR6, GOCOO06s and
EIGEN-6C4 were used. All calculations were done in a zero-tide system.
The new quasigeoid models are obtained on a regular 1.5’ x3.0’ grid in
the GRS80 reference system, covering the Baltic Sea and the
surrounding area 520 <) <680 and 110 < | < 300.

These gravimetric quasigeoids were compared to quasigeoid undulations
derived at 29 GPS/leveling points of the ASG-EUPOS permanent
network, located in the study area. Our calculations show that the
accuracy of the calculated quasigeoid is almost the same in all three
cases and is 0.03 meters. Finally, quasigeoid anomalies were
interpolated at the Polish tide gauge stations. The new gravimetric geoid
solution could be very important for height system unification, for
geophysical purposes as well as for engineering purposes.

Key words gravity field, Stokes integral, quasigeoid,
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S2a-038

Seamless Processing for Shipborne Gravity Data

Baogui Ke. Jinzhong Mi. Chuanyin Zhang. Yamin Dang . Hanjiang Wen
Chinese academy of surveying and mapping

The data of shipborne measurement is of great significance for the
exploration of Marine geophysical resources and navigation of
underwater weapons, but the data collection is a hard work that needs a
lot of manpower and material resources, so it is very necessary to
comprehensively utilize the existing gravity data.

The measurement data of the same department are consistent in terms
of measuring equipment, measuring method and operating personnel,
and the technical indexes such as data accuracy and reliability are
consistent. But different department in the same test area, there will be a
certain difference. In the course of the study, it is found that the
discrepancy values of the measured data of different units at the
intersection of the measured lines show systematic deviation, that is, the
existence of gaps. With the accumulation of shipborne data, there are
many situations such as overlapping of survey line data space coverage,
crossing point of survey line, no crossing point of survey line in adjacent
areas, etc. How to solve the inconsistency between different units of data
has important engineering value.

In view of the data of adjacent survey areas without the intersection
points of survey lines, the virtual survey line method is proposed for
seamless Mosaic processing. The main steps include :(1) Set 1~3 virtual
survey lines in the area connected by two survey areas, and give their
longitude and latitude; (2) Gravity anomaly data of two adjacent regions
were used to interpolate the gravity anomaly on the virtual survey line. (3)
Compare the differences of gravity anomalies on the virtual survey line at
the same point, and conduct statistics to determine the mean value of
the differences. The average value is the gap value of data in adjacent
areas; (4) Determine the gap value of each adjacent test area in a
circular manner according to the above steps; (5) Select the data of a
test area as reference, and calculate all gravity data according to the
value of each gap; (6) Based on the reduced gravity anomaly data, the
gravity anomaly grid is established. The experimental results show that
this method can solve the consistency problem of data from different
sources well and realize the seamless connection of data.

Key words Shipborne Gravity Data;Seamless Processing ;Marine ;systematic deviation
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S2a-039

A 3-Dimensional Realization of Molodensky Heights

Robert Kingdon. Ismael Foroughi. Marcelo Santos
University of New Brunswick

The height of a point, P, in the Molodensky system, is the length along
the normal plumbline from an ellipsoid to a point, P’. P’ is above or below
P and such that the normal potential at P’ is equal to the gravity potential
at P. This system has traditionally been realized either: (1) by
determination of the geopotential number at levelling benchmarks in an
area, and division by the mean normal gravity along the normal
plumbline extending from the ellipsoid to P’; or (2) by determination of
the height anomalies at the surface of topography, which can then be
subtracted from observed geodetic heights to determine Molodensky
heights.Both methods are imperfect. In the case of method (1), as with
all levelling-based realizations, users can only access the system at
discrete levelling benchmarks. These must be maintained and may move
over time. Any new height measurements must be connected to the
benchmarks by time-consuming levelling observations, in a way
inconsistent with modern GNSS surveying techniques.Method (2), often
conceived as the production of a “quasigeoid”, poses well-documented
theoretical and computational challenges. Furthermore, the height
anomalies comprising the quasigeoid are only valid for points at the
topographical surface, and will be incorrect for any point not on the
topographical surface, e.g. towers or mine shafts. These errors reach
decimetres in magnitude.We propose that Molodensky heights can only
be realized using height anomalies in a 3-dimensional space, instead of
only at the topographical surface. We suggest a realization using height
anomalies on the equipotential surface provided by a geoid model, that
may be rapidly continued to any point outside of the geoid using Poisson
upward continuation in a computation space where the disturbing
potential is harmonic. In this method, the geodetic height of any point in
space may be transformed accurately into either its normal or

orthometric height.
Key words quasigeoid, geoid, Molodensky heights, height anomaly
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S2a-040

The improvement of global earth’s gravity field model with airborne
gravity data: case study in Maowusu

Wei Liang. Xinyu Xu. Jiancheng Li
Wuhan University

In this paper, we will present a method to improve global Earth’s gravity
field models in regional areas with airborne gravity data. The method is
based on downward continuation with inverse Poisson’s integral and
block-diagonal least squares method. In this method, airborne gravity
data is at first downward continued to the respective regional area on a
sphere, then gravity data derived from a reference global model is used
to fill the rest of the sphere. At last a new model is computed with block-
diagonal least squares method using the global gravity data on the
sphere. This method is also capable of improving global model with
regional terrestrial gravity data. Four regionally improved gravity field
models are computed with regional airborne gravity data and regional
terrestrial gravity data respectively. The models are validated using
regional GNSS/Leveling data in Maowusu and we will present the

detailed analysis of the validation results.
Key words airborne gravity; regionally improvement; downward continuation; global gravity field
model
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S2a-041

Assessments on Terrestrial Gravity Data Grid Densification and Its
Effects on Local Geoid Modeling Accuracy

Muhammed Rasit Cevikalp. Serdar Erol. Bihter Erol
Istanbul Technical University

In gravimetric geoid modeling, various factors have role on the accuracy
of the calculated model. For the computational efficiency and optimal use
of data processors, the gravity data are evaluated in grid form by majority
of the geoid model computation algorithms. In this manner preparation of
the data grids using appropriate type of gravity anomalies effects the
performance of the modeling. In this manner, this study investigates
different gravity reduction approaches and gridding through numerical
experiments carried out with Colorado test dataset of the U.S. In the
tests, the terrestrial gravity observations in a 550 km x 730 km area were
reduced to the complete Bouguer gravity anomalies with conventional
formula in planar approximation as well as the spherical approximation
with using the topographic gravitational corrections from the
SRTM2gravity high-resolution global model, respectively. The obtained
complete Bouguer gravity anomaly datasets were gridded in 3, 1" and 30"
resolutions. The restored free air gravity anomalies were employed in
‘terrestrial-only’ geoid model determination using the least squares
modification of Stokes integral with additive corrections (LSMSA) method.
The performances of the calculated geoid models were assessed and
compared using the geoid undulation differences at the given
GPS/leveling validation benchmarks in the area. Over the differences
between the geoid model solutions, the contribution of the terrestrial
gravity data reduced and gridded with different approaches on the local
geoid model accuracy was clarified. The datasets which were used in
this experimental study was provided by the National Geospatial
Intelligence Agency (NGA) and National Geodetic Survey (NGS) for “1
cm Colorado Geoid Experiment” of IAG JWG 2.2.2.

Key words Terrestrial gravity data, gridding, gravity densification, local geoid accuracy, LSMSA,
Colorado.
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S2a-042

Gravimetric Geoid Modelling Using the Least Squares Modification
of Hotine Integral in Turkey

Mustafa Serkan Isik. Bihter Erol. Fatima Feyza Sakil. Muhammed Rasit Cevikalp.
Serdar Erol
Istanbul Technical University, Department of Geomatics Engineering, 34469 Maslak,
Istanbul, Turkey

With the dominance in the use of Stokes equation in gravimetric geoid
modelling, the use of gravity anomaly is more common than gravity
disturbance. The fact that the height information of most of the archived
gravity measurements comes from the traditional levelling leads to the
computation of gravity anomalies. The use of the GNSS technique
together with the gravity measurements provides the opportunity for
direct computation of the gravity disturbances. Hotine Integral enables
the calculation of the gravimetric geoid model using gravity disturbances
instead of gravity anomalies. Besides, the integral formula needs to be
modified in order to minimize the expected mean square error of the
geoid/quasi-geoid estimator by handling the absence of gravity
measurements outside the geoid modeling area, and considering the
errors introduced by the gravity measurements and the global
geopotential model which is used as a reference for the long-wavelength
gravity signal. In this study, we used the least squares modification of
Hotine integral with additive corrections (LSMHA) method to model the
gravimetric geoid in Turkey. Since the gravity anomaly data set is
already gridded and raw gravity measurements are not available for this
research, the gravity disturbance grid is computed from the gravity
anomaly grid (1¢ spatial resolution) by using an existing geoid/quasi-
geoid model. The best-fitting Hotine geoid is tested at 100 GNSS/leveling
benchmarks and compared with the geoid model computed with the least
squares modification of Stokes integral with Additive Corrections
(LSMSA).

Key words Geoid modelling, Gravity disturbance, Hotine integral, LSMHA, LSMSA, Turkey
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S2a-043

An improved regional gravity field solution for Antarctica for
geodetic and geophysical applications

Mirko Scheinert'. Philipp Zingerle?. Theresa Schaller'. Roland Pail>. Martin
Willberg?
1. Technische Universitat Dresden, Germany
2. Technische Universitat Manchen, Germany

In the frame of the IAG Subcommission 2.4f “Gravity and Geoid in
Antarctica” (AntGG) a first Antarctic-wide grid of ground-based gravity
anomalies was released in 2016 (Scheinert et al. 2016). At that time the
grid space was 10 km, and the coverage reached about 73% of the
Antarctic continent. Since then new data has been made available,
mainly collected by means of airborne gravimetry, especially over the
polar data gap originating from GOCE satellite gravimetry. Thus, to come
up with an updated and enhanced regional gravity field solution we aim
to improve several aspects in comparison to the AntGG 2016 solution:
The grid spacing will be enhanced to 5 km. Instead of providing gravity
anomalies only for parts of Antarctica, now the entire continent will be
covered. In addition to the gravity anomaly further functionals of the
disturbing potential will be provided (such as height anomaly and gravity
disturbance).

The methodology applied in the analysis is based on the remove-
compute-restore technique. Here we utilize the model SATOP1 (Zingerle
et al. 2019) which is based on the global satellite-only model GOCOQ05s
and the high-resolution topographic model EARTH2014. For the
compute step the recently developed partition-enhanced least-squares
collocation (PE-LSC) has been used (Zingerle et al. 2021). This method
allows to treat all available data in one single computation step in an
efficient and fast way. Thus, it becomes feasible to iterate the
computations within short time once any input data or parameters are
changed, and to easily predict the desirable functionals also in regions
void of terrestrial measurements as well as at any height level.

We will discuss the results and give an outlook on the data products
which shall be finally provided to present the new regional gravity field
solution for Antarctica. Furthermore, implications for further applications
will be discussed e.g. with respect to geophysical modelling of the
Earth’s interior.

Key words regional gravity field, Antarctica, terrestrial and airborne gravity surveys, least-squares
collocation
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S2a-044

Indian gravimetric geoid model: IndGG-CUT2021

Ropesh Goyal'2. Will Featherstone?>'. Sten Claessens?. Onkar Dikshit’.
Nagarajan Balasubramanian’
1. Department of Civil Engineering, Indian Institute of Technology Kanpur, Kanpur
208016, India
2. School of Earth and Planetary Sciences, Curtin University of Technology, GPO
Box U1987, Perth WA 6845, Australia

In this study, we present the first nationwide results of Indian gravimetric
geoid and quasigeoid models computed using the freely or commercially
available gravity data and digital elevation models. The computations are
done primarily based on Curtin University’s approach with some minor
modifications. We have computed both geoid and quasigeoid models to
analyse their representativeness of the Indian normal-orthometric heights
from differential levelling. Terrain corrections were found to reach a
maximum of 187 mGal, Faye anomalies 617 mGal, and the geoid-
quasigeoid separation 4.002 m, while the corresponding minimum values
are 0 mGal, -300 mGal and -0.733 m, respectively. A hybrid geoid model
for India has been computed with a standard deviation of £14.4 cm.

Key words Geoid, quasigeoid, India
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S2a-045

Filtering and downward continuation of GOCE SGG data for
regional geoid improvement

Dimitrios Natsiopoulos. Elisavet Mamagiannou. Eleftherios Pitenis. Georgios
Vergos. llias Tziavos
Aristotle University of Thessaloniki

Within the GeoGravGOCE project, funded by the Hellenic Foundation for
Research and Innovation, the overall goal is to utilize the original GOCE
SGG data and combine them with local free-air gravity anomalies
towards geoid determination. The main aim is to assess the
improvement that SGG data can offer to local and regional geoid
modeling, taking full advantage of all GOCE observations. In all related
work, the combination with local data or the utilization of SGG grids is
done either at the original satellite altitude or at a mean orbit (MO)
through dedicated SGG grids. Thus, the novel approach within
GeoGravGOCE refers to the downward continuation of GOCE
observables to the surface of the Earth and the combination with local
data. The original GOCE gravity gradients are filtered at the original
altitude and then combined with a normal gravity field in order to form
filtered second order derivatives of the disturbing potential. Hence, the
determined observations are referred to a spectrally enhanced version of
TIM-R6, so that the medium and long wavelengths of the spectrum are
removed. After transformation from the Gradiometric Reference Frame
(GRF) to the Earth Fixed Reference Frame (EFRF), via the provided
kinematic orbits and quaternions, GOCE data are referred to a MO using
Input Output System Theory (IOST). This is due to the fact that
upward/downward continuation is considered as a convolution of the
data and the Poisson kernel at a reference surface, similar to the Stokes
convolution integral. Finally, after having determined the GOCE filtered
SGG data to a MO, their downward continuation to the Earth’s surface is
carried out employing an iterative Monte Carlo simulated annealing
method. In this process, XGM2019 and EGM2008 are used as ground
truth terrestrial observations, so that through their power spectral density
functions the upward/downward continuation can be carried out. Some
first results from the entire processing chain are presented along with a
first evaluation of the downward continued GOCE observations and their
impact on geoid modeling. The validation is performed against a set of
collocated GNSS/Leveling data over mainland Greece aiming to identify
the impact that GOCE can have at various areas, given also the
complexity of the topography.

Key words GOCE gradients, geoid modeling, IOST, downward continuation,
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S2a-046

An oral rebuttal to “the shape of the quasigeoid”

Marcelo Santos'. Robert Kingdon'. Petr Vani¢ek'. Zdenék Martinec?. Ismael
Foroughi’
1. University of New Brunswick
2. Dublin Institute of Advanced Studies

In this oral presentation we will discuss the aftermath from an
unfortunate affair that followed the IX Hotine — Marussi Symposium on
Mathematical Geodesy, staged in Rome from June 18 to 22, 2018,
involving the publication of a paper in the IAG Symposia Series. It is
customary for either orals or posters presented in a conference to be part
of the proceedings of that conference, as it is the meaning of conference
proceedings: the published record of what happens during a conference.
An oral by the first 3 authors, entitled “The shape of the quasigeoid”, was
properly presented and discussed during the Hotine — Marussi
Symposium but not submitted for publication in the proceedings. To our
surprise, the proceedings possesses a paper (which was not part of the
Hotine — Marussi Symposium), authored by a Mr. Popadyev, written with
the aim of “analyzing the arguments in [our presentation]” and an implicit
aim to create an impression that our thesis is suspect (viz the sub-title of
his paper Once More on the Shape of Quasigeoid). Therefore, an
unsuspecting reader might end up believing that Popadyev’s paper is a
definitive and correct argument against “our questionable thesis
presented at the Symposium”. In this oral presentation, we address
some of Popadyev’'s arguments and contextualize his paper as a
contribution to the ongoing discussion between geodesists who believe
in the validity of Molodensky height system and those who, like ourselves,
believe in the superiority of the classical height system. We also clarify
several apparent misconceptions contained in Popadyev’'s paper. Our
presentation ends highlighting what we consider a very important and
enlightening statement by Popadyev: “A quasigeoid is not a vertical

reference surface”. That is precisely what we have tried to prove.
Key words Molodensky height system, classical height system, quasigeoid
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Reconstruction of mathematical foundations for satellite gravimetry
from tracking: solutions to problems incorrectly solved for 100
years

Peiliang Xu
Kyoto University

Earth’s gravitational products have been routinely made from satellite
tracking measurements of CHAMP and/or GRACE types by major
institutions worldwide, for example, NASA Goddard Space Flight Center
and German Research Center for Geosciences (GFZ). These global
gravitational models have found widest possible multidisciplinary
applications in Earth Sciences. The mathematical foundation used by
these major institutions worldwide is essentially implemented by solving
the differential equations of the partial derivatives of the orbit of a satellite
with respect to the unknown harmonic coefficients under the conditions
of zero initial values, which has been best known as the dynamical
numerical integration method in geodesy and aerospace engineering. |
prove that the method, originating from Gronwall on Ann Math almost
100 years ago and currently implemented and used in statistics,
chemical engineering and satellite gravimetry and many other areas of
science and engineering, is mathematically erroneous and physically not
permitted.

| present three different methods to derive local solutions to the Newton’s
nonlinear differential equations of motion of satellites, given unknown
initial values and unknown force parameters. They are mathematically
correct and can be used to estimate unknown differential equation
parameters, with applications in gravitational modelling from satellite
tracking measurements. These solution methods are generally
applicable to any differential equations with unknown parameters;

| develop the measurement-based perturbation theory and construct
global uniformly convergent solutions to the Newton’s nonlinear
differential equations of motion of satellites, given unknown initial values
and unknown force parameters. From the physical point of view, the
global uniform convergence of the solutions implies that they are able to
exploit the complete/full advantages of unprecedented high accuracy and
continuity of satellite orbits of arbitrary length and thus will automatically
guarantee theoretically the production of a high-precision high-resolution
global standard gravitational models from satellite tracking
measurements of any types; and finally,

| develop an alternative method by reformulating the problem of
estimating unknown differential equation parameters, or the mixed initial-
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boundary value problem of satellite gravimetry with unknown initial
values and unknown force parameters as a standard condition
adjustment model with unknown parameters.

Xu P (2018) Measurement-based perturbation theory and differential
equation parameter estimation with applications to satellite gravimetry.
Commun Nonlinear Sci  Numer Simulat, 59, 515-543. DOI
10.1016/j.cnsns.2017.11.021

Xu P (2008) Position and velocity perturbations for the determination of
geopotential from space geodetic measurements. Celest Mech Dyn Astr,
100, 231-249.

Xu P (2009) Zero initial partial derivatives of satellite orbits with respect
to force parameters violate the physics of motion of celestial bodies. Sci
China Ser D, 52, 562-566.

Xu P (2012) Mathematical challenges arising from earth-space
observation: mixed integer linear models, measurement-based
perturbation theory and data assimilation for ill-posed problems. Invited
talk, joint mathematical meeting of American mathematical society,
Boston, January 4-7.

Key words satellite gravimetry, mathematical foundation, measurement-based perturbation,
perturbation, numerical integration method
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XGM202x: The impact of extending the dense modelling to d/o 1440

Philipp Zingerle. Roland Pail. Thomas Gruber
Technical University of Munich

Due to the improvements made in the scope of high-performance
computing over the last decade, solving dense normal equation systems
of global gravity field models beyond d/o 720 became feasible. Up until
now, all XGM models published are limited to d/o 720 regarding the use
of fully populated normal equations. Overcoming this limit poses one of
the main subjects for future XGM models. Doubling the max. d/o from
720 to 1440 means to increase the computational complexity by a factor
of 64 (~192 cpu-h) and the memory requirements by a factor of 16 (~32
TB). Such a computation is demanding even for modern high-
performance computing systems. However, by now, it is not yet proven
whether extending the dense modelling alters/improves the final solution
at all. Hence, within this contribution, we will tackle this question by
setting up a test-case scenario which targets to be as close as possible
to the original XGM2019 model. Only difference shall be the increased
spatial resolution of the weighed input grid to 7.5’ (instead of 15’) and the
increase of the max. d/o to 1440 (i.e., the Nyquist frequency for 7.5).
The result is then compared to the original XGM2019 model. From this
comparison conclusions are drawn whether and in which cases an
extension of the maximum densely modelled d/o can impact or improve
the obtained solution. Computations are carried out on the SuperMUC-
NG HPC system provided by the Leibniz Supercomputing Centre (LRZ).

Key words Gravity, Combined gravity field model, Spherical harmonics, Full normal equation systems,
High-performance computing
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Analysis of the potential contribution of the Tianwen-1 extended
mission to the solution of Mars' low-order gravity field

Shanhong LIU. Jianguo YAN
Wuhan University

Tianwen-1 is China’s first independent interplanetary exploration, aims to
complete orbiting, landing, and roving in one mission, of which orbing
phase was designed as the polar orbit. This paper analyzed the
possibility of improving the existing Mars gravity field model through the
tracking data from Tianwen-1 extension mission. We simulated two type
orbits, the polar orbit and the near equatorial large eccentricity orbit and
recovered six gravity solutions when considering different error sources.
By analyzing and evaluating the power spectrum of these gravity model,
a month’s tracking data from the polar orbit or the combined polar and
near equatorial orbit can be used to reconstruct the Mars gravity field
model with orders and degrees of 42 under the 0.1 mm/s measurement
noise properly. After considering the influence of comprehensive error, it
is found that the accuracy of gravity field solution of the two types of
orbits is similar, and the orbit with large eccentricity near the equator has
a slightly stronger constraint on more than 35 order and degree
coefficients. This experiment provides a scientific reference for the future

orbit selection of Tianwen-1 extended mission.
Key words Mars gravity field model; GGM-3; power spectrum; Tianwen-1
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DTU21 Global high resolution gravity field - first evaluation

Ole Baltazar Andersen'. Adil Abulaitijiang’. Shengjuin Zhang??
1. DTU Space
2. Northeast University of China
3.

A newest DTU global high resolution global marine free air gravity field
called DTU21 is presented in this presentation and the first evaluation
against marine and airborne gravity performed.

A total of 14 years from geodetic missions including (7 years of Cryosat-
2 (369 days repeat mission) as well as 3 years of Jason-1+2 end-of-life
missions and 4 year of SARA/AItiKa drifting geodetic mission). Older
geodetic missions (ERS-1 and GEOSAT) are now nearly retired.

All Geodetic missions have been fully retracked using the 2-pass
retracker developed by Sandwell et al., (2013) to increase the range
precision. Subsequently we derive 2-Hz altimetric observations from the
20/40 Hz retracked data using the Parks McClellan filter to avoid spectral
leakage degrading the 10-40 km wavelength which is an effect of the box
filter normally used to compute 1 Hz data.

In the Arctic Ocean we will present results from several new
developments in high resolution gravity field modelling. One is a a new
dual-pass retracking of SARAL/AltiKa together with an new physical
retracking system for Cryosat-2 derived at ESA called SAMOSA+. This
was retracked using the ESA GPOD service.

A new medium wavelength correction based on altimetry and GOCE
have been introduced to deal with problems in the older remove restore
technology based on EGM2008. This is particularly important for
Cryosat-2 due to its ability of provide new accurate sea surface height
information for gravity field determination all the way up to 88N where no
altimeters have measured before.

Key words altimetry, marine gravity
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Numerical Algorithm and Realization of Ellipsoidal Harmonic
Expansion of the Earth Gravity Field

Cong Liu. Zhengtao Wang. Yang Xiao. Yonggang Zhang
Wuhan University

The degree of the international mainstream spherical harmonic model is
now higher than 2160, we can predict that in the future gravity field
models will reach a higher degree. However, spherical harmonic
expansion faces divergence problem, which has little influence on 2160
degree models. The degree of gravity field model may be 10800 or
higher in the future, the divergence problem needs to be paid attention,
so the ellipsoidal harmonic expansion is studied. The main work and
research results are as follows: 1) The convergence characteristics of
spherical harmonic model and ellipsoidal harmonic model are compared
on the reference ellipsoid. The results show that high-degree spherical
harmonic model has divergence problem. Its convergence is related to
latitude. And there is no problem in the convergence of high-degree
ellipsoidal harmonic model; 2) Ellipsoidal harmonic analysis is carried out
with the help of SHTOOLS package. The accuracy of the two analysis
methods of SHTOOLS is compared. The results show that the accuracy
of Guass-Legendre quadrature is better than Driscoll/Healy quadrature. 3)
A set of Fortran program is compiled to realize ellipsoidal harmonic
synthesis. Based on OpenMP parallel technology and FFT technology,
the program realizes the fast calculation of regular grid and scattered
point; 4) The accuracy of model B is evaluated by using the measured
vertical deflection DEFLEC96 and the gravity anomaly data NGS99
given by NGS. The results show that the accuracy of the vertical
deflection calculated by model B in Continental United States is generally
good, but there is still a large error in the local area, and the accuracy of
gravity anomaly of model B in America is good on the whole, but the
local error is large; 5) The trial calculation of 10800 degree ellipsoidal
harmonic model of gravity field is carried out. The results show that the
algorithm fully supports the analysis and synthesis of 10800 degree

ellipsoidal harmonic model.
Key words 10800 degree gravity field model; ellipsoidal harmonic analysis; ellipsoidal harmonic
synthesis; quadrature techniques; FFT
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Joint modelling of the lithospheric and deep Earth gravity field to
study the density structure of the lithosphere

Bart Root'. Javier Fullea?. Zdenek Martinec®. Jorg Ebbing*. Sergei Lebedev?
1. Delft University of Technology
2. Universidad Complutense de Madrid
3. Dublin Institute for Advanced Studies
4. Christian Albrecht University

Different multi-data joint inversions are using this dataset together with
other terrestrial geophysical data to determine the physical
characteristics of the lithosphere. The gravitational signal from the deep,
sub-lithospheric Earth is usually removed by high-pass filtering, or by
appropriately selecting gravity field components insensitive to the deep
mantle density distribution. However, any long-wavelength signal
inherent to lithosphere is neglected. An optimal approach to remove the
sub-lithospheric gravity signal is still missing. An alternative approach is
to forward model the gravitational signal of these deep situated mass
anomalies and subtract it from the observed data. Global seismic
tomography provides shear-wave velocity mantle models. These need to
be converted to density anomalies, with uncertain conversion factors
related to temperature and composition. Understanding the sensitivity of
these effects helps in determining the interaction of the deep Earth and
the lithosphere.

In our study, the density anomalies of the mantle as well as the effect of
CMB undulations are forward modelled to determine their gravitational
potential field. Matching the remaining lithospheric related gravity field
signal after subtracting the deep signal requires extreme lithospheric
thermochemical models. A possible explanation is that dynamic
topography associated with mantle convection has a large compensating
that needs to be added to the lithosphere model to appropriately account
for the deep gravity signal. Here, we present different modelling
approaches to add the remaining dynamic topography effect in
lithosphere models. This results in new realistic lithospheric thermal and
compositional (density/seismic velocity) models able to explain both
seismic observations and gravimetric measurements. The introduction of
these dynamic forces is a step forward in understanding how to properly
use global gravity field data in joint inversions of lithosphere models.

Key words Lithosphere modelling, mantle convection, global gravity field, 3D Earth
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On the Fast Computation of Model Gravity Gradient Tensor

Zhibin Xing'. Shanshan Li?>. Yao Meng'. Na Yang'. Qian Li'. Jianchen Shan?
1. Space Engineering University
2. Information Engineering University

When recovering the Earth gravity field model from satellite gravity
gradient data, the gravity gradient of satellite orbits needs calculating.
While point-by-point calculations will take a lot of time, the spherical grid
gravity gradient values of different height layers can be generated and
interpolated the gravity gradient values of satellite orbits. To balance
calculation efficiency and accuracy, the form of vector and matrix of
model gravity gradient expressions as well as the vectorization technique
was studied. The Fast Fourier Transform expressions of model gravity
gradient taking into account the coordinates of the starting calculation
point were deduced. Combined vector operations and FFT technique,
using mixed programming method and cubic spline interpolation method,
fast and accurate calculation of model gravity gradient values of satellite
orbits can be realized. Compared with the traditional method, the
computational efficiency of our method of calculating the global grid
gravity gradient tensor can be increased up to nearly 20 times. The
efficiency of calculating the gravity gradient tensor of 1200,510 points of

satellite orbits can be increased by nearly 600 times.
Key words Gravity gradient tensor, Vector form, Matrix form, Vector operations, FFT, Mixed
programming, Cubic spline interpolation
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Establishment of the global geoid model 2021 (GGM2021)

Wenbin Shen'3. Youchao Xie'. Jiancheng Han?. Jiancheng Li'
1. Time and Frequency Geodesy Center, Department of Geophysics, School of
Geodesy and Geomatics, Wuhan University, Wuhan, China
2. Institute of Geophysics, China Seismological Bureau, Beijing, China
3. State Key Laboratory of Information Engineering in Surveying, Mapping and
Remote Sensing, Wuhan University, Wuhan, China

Abstract: We will release a 5 x 5 ' global geoid model based on the
shallow layer method (Shen 2006). We choose an inner surface S below
the gravity field model EGM2008 global geoid, and the layer bounded by
the inner surface S and the Earth’s geographical surface E is referred to
as the shallow layer. The Earth’s geographical surface E is determined
by the digital topographic model DTM2006.0 combining with the
DNSC2008 mean sea surface. We formulate a 3D 5’ x 5 ' shallow-layer
density model (SLDM) using a refined 5" x 5’ crust density model from
CRUST1.0. Based on the SLDM and the given EGM2008 defined
outside the Earth, we determine a gravity field model EGM2008S defined
outside the inner surface S, the definition domain of the gravity field
being extended. Based on EGM2008S and the definition of the geoid, W
(P) = WO, where WO is the geopotential constant on the geoid and P is
the point on the geoid G, we determined the 5" x 5 ' global geoid model
2021 (GGM2021). Comparisons show that GGM2021 fits the globally
available GPS/leveling points better than the EGM2008 global geoid.
This study is supported by National Natural Science Foundation of China
(NSFC) (grant Nos. 42030105, 41721003, 41631072, 41874023,
41804012), and Space Station Project (Grant No. 2020-228).

Key words Shallow Layer Method, Shallow-Layer Density Model, Gravity Field, Global Geoid Model.
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Performance of Five Satellite Altimetry Observations in Marine
Gravity Inversion over the Gulf of Guinea

Richard Annan. Xiaoyun Wan
School of Land Science and Technology, China University of Geosciences (Beijing)

The geophysical performance of five altimetry missions (HY-2A/GM,
Envisat, Cryosat-2, Jason-1/GM and SARAL/AIltiKa) has been assessed
by constructing a gravity anomaly model over the Gulf of Guinea (15°W
to 5°E, 4°S to 4°N). The gravity anomalies were derived from vertical
deflections computed directly from sea surface heights without the
influence of a global geopotential model. In terms of standard deviation
of errors, the east component’s accuracy was lower than that of the north
component by approximately 3 times. The adopted remove-compute-
restore method allowed for individual assessment of the satellites, which
showed that the north component of vertical deflection can be resolved
by each satellite almost equally. On the other hand, each satellite
resolved the east component differently; with the dominant satellites
Cryosat-2, Jason-1/GM and SARAL/AltiKa respectively establishing
~34%, ~28% and ~24% of the east component. This may be attributed to
the unprecedented spatial resolution of Cryosat-2, the 66° inclination of
Jason-1, and the high range accuracy of SARAL/AIltiKa’'s Ka-band signal.
The impact of accuracy disparity of the vertical deflection components on
the gravity anomalies were minimized through weigh assignment, where
the north and east components were assigned weights of 0.687 and
0.313 respectively. The gravity anomaly model compares well with
DTU13 and SIOv28 models used as references. Also, it compares well

with shipborne gravimetry in deep ocean areas.
Key words Sea surface heights, Vertical deflection, Gravity anomaly, Remove-restore technique, Gulf
of Guinea
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Altimeter-derived marine gravity variations reveal the magma mass
motions within the subaqueous volcano

Qiangian Li'2. Lifeng Bao'2. Lin Wu'2, Panpan Zhang"?. Hui Liu'?
1. Innovation Academy for Precision Measurement and Technology, CAS
2. University of the Chinese Academy of Sciences

Volcanic activity is one of the important factors affecting global climate
change and how to investigate and study it is a hot topic. Many
techniques have been used to detect and study evolutions of magma
mass motions only for land volcanoes, just like absolute gravimeters. For
the submarine volcanic activities, the correlative research is grossly
insufficient. Variations of marine gravity reflect mass changes in Earth’s
interior, including magma motions during volcanic eruption, which
manifest in submarine mass transports. Here for the first time, we used
radar altimeter-derived time-varying marine gravity fields, corresponding
to before, during and after the Nishinoshima volcanic eruption, Izu—Bonin
arcs near Japan, to quantify the evolution of undersea volcanic magma
mass motions. The magma depths were observed to become shallower
and <2 km, which are almost in exact accordance with seismic results.
We find that the magma volume decreased beneath the Nishinoshima
volcano, while increased or being fed by deeper reservoirs to the east
and northeast of Nishinoshima. We conclude that the magmas of
Nishinoshima volcanic eruption may derived from the subduction of the
Pacific Plate westwards beneath the Philippine Sea Plate and the
Nishinoshima volcano may continue to be active in the future. This study
highlights the use of satellite radar altimetry as an innovative and viable
tool to study subaqueous volcanism.

Key words Satellite altimetry;Gravity anomaly; Subaqueous Volcano; mass motion;
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Optimal gravity anomaly and vertical gravity gradient in the South
China Sea from multi-altimeter data

Daocheng Yu. Cheinway Hwang
National Yang Ming Chiao Tung University

The South China Sea (SCS) is a semi-closed sea with a complex gravity
field and bathymetry, receiving intensive studies in oceanography and
marine geophysics. Gravity anomalies have been widely used in
examining the lithospheric structures of the SCS. The marine gravity field
of the SCS has been steadily improved thanks to the advancement of
satellite altimetry. Vertical gravity gradient (VGG), which can also be
derived from satellite altimetry, is the vertical component of gravity
gradient and is useful for detecting seafloor linear features and the
continent-ocean boundaries (COB) in the South China Sea. We produce
an optimal gravity field and a VGG filed in the SCS from multi-altimeter
data. Different satellites use different orbit positioning techniques and
different radar altimeters, resulting in different footprint sizes, ranging
accuracies, and along-track spatial resolutions of seas surface heights
(SSH). Ideally, the best marine gravity field from multi-mission is one that
combines all data by optimally calibrating weights across these missions
and by reducing systematic and random errors in the altimeter data. We
test for outliers of the along-track geoid gradients iteratively to locate
blunders and select qualified gradients. Using the estimation of variance
components, we calibrate cross-satellite error variances of geoid
gradients to form the north and east geoid gradients. The gridded geoid
gradients are used to compute gravity anomalies and vertical gravity
gradients by the methods of inverse Vening-Meinesz (IVM) and
numerical differentiation of gradients. The assessment using the
shipborne gravity data indicates that altimeter-derived gravity anomalies
are improved.

Key words gravity anomaly; vertical gravity gradient; inverse Vening-Meinesz; South China Sea;
satellite altimeter
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Estimating Snow Depth in Arctic Using the Sea Ice Surface Height
from Heterologous Altimeter Satellites

Wenxuan Liu. Taoyong Jin. Hailan Huang
Wuhan University

The combination of Heterologous altimeters operating at two frequencies
is a useful attempt to obtain large-scale snow depth on the Arctic sea ice.
We estimate snow depth on the Arctic sea ice from October 2018 to April
2021 by differencing the sea ice freeboard and sea ice surface height
from the laser altimetry ICESat-2 and the radar altimetry CryoSat-2
respectively. Comparison with in-situ measurements from Operation Ice
Bridge mission, the snow depths retrieved by differencing the sea ice
surface height show a better consistency with a RMSE of 4 cm. And
affected by the monsoon and water vapor, the snow depth in northern
Greenland and the Beaufort Sea is deeper (about 40 cm), and the snow
spreads outward and extends to the vicinity of the Bering Strait and
gradually becomes thinner. The results also show that the retrieved snow
depth suggests a thinner snow cover (~54%) than the Warren
climatology dataset. Combined with meteorological data, it is found that
temperature changes and wind force changes play an important role in
snow depth. The atmospheric temperature anomaly of the Arctic sea
surface is negatively correlated with snow depth and sea ice thickness.
Furthermore, the retrieved snow depths are used to estimate the sea ice
thickness, and which is also closer to in-situ measurements from
Operation Ice Bridge mission than that retrieved by Warren99 dataset.
So the way to estimate snow depth in Arctic by combining two
Heterologous altimeters operating at different frequencies or by dual-
frequency altimeter in the future (e.g. CRISTAL) will obtain more

accurate observations than earlier sea ice monitoring altimeters.
Key words ICESat-2; Arctic snow depth; CryoSat-2; Sea ice thickness
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DTU21 Mean Sea Surface for Vertical Offshore Reference Frame

Ole Baltazar Andersen’. Adil Abulatijiang’. Shengjuin Zhang?. Stine Kildegaard
Rose'
1. DTU Space
2. Northeastern University China

A new Mean Sea Surface (DTU21MSS) for referencing sea level
anomalies from satellite altimetry is presented. The major new advance
leading up to the release of this MSS the use of 5 years of Sentinel-3A
and an improved 10 years Cryosat-2 LRM+SAR+SARIn record including
retracked altimetry in Polar regions using the SAMOSA+ physical
retracker via the ESA GPOD facility.

A new processing chain with updated editing and data filtering has been
implemented. The filtering implies, that the 20Hz sea surface height data
are filtered using the Parks-McClellan filter to derive 1Hz. This has a
clear advantage over the 1 Hz boxcar filter in not introducing sidelobes
degrading the MSS in the 10-40 km wavelength band. Similarly, the use
of consistent ocean tide model for the Mean sea surface improves the
usage of sun-syncronous satellites in high latitudes.

The presentation will also focus on the difficult issues to consolidating
Cryosat-2 and Sentinel-3 onto a past 20 year mean sea surface. This is
implemented using simultaneous estimation of the mean, sea level trend
and annual and semi-annual variations in sea level.

Key words Satellite Altimetry, Mean Sea Surface
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The mean dynamic topography and geostrophic current estimation
based on a Least-square method

Hongkai Shi'3, Yihao Wu?. Ole Andersen®. Xiufeng He?
1. School of Earth Sciences and Engineering, Hohai University, Nanjing, China
2. Hohai University
3. DTU Space, Technical University of Denmark, 2800 Lyngby, Denmark

The mean dynamic topography (MDT) can be derived based on from the
combination of the mean sea surface (MSS) and geoid. The traditional
modelling method would require a filtering procedure for a smooth
solution in this combination due to the spectral inconsistency, which
leads to a distortion of the MDT and signal attenuation in the geostrophic
current. This study introduces a Least-square-based (LS) algorithm to
assimilate heterogeneous altimetry and gravimetry data for MDT and
associated geostrophic current estimation. The algorithm parameterizes
the MDT by Lagrange basis functions (LBFs) and geoid height using
spherical harmonics (SHs) from global geopotential models (GGMs). The
design matrix and the error models are rigorously constructed. In
addition, the performance of LBFs consisting of 4 parameters in the MDT
modelling is investigated, and the deduced geostrophic current is
validated based on the in-situ data.

The numerical experiment shows that the LS-based algorithm separate
the MDT signals better, especially near the current region. The misfits
between the estimate and a Gaussian filtered MDT solution against the
comparison data show comparable standard deviation. The GOCE-
based satellite-only GGM contributes more geoid signals when the
spatial resolution of the MDT increases from 1° to 0.5°. More importantly,
the signals of the deduced geostrophic current are significantly enhanced

compared with the Gaussian filtered solution.
Key words Mean dynamic topography; GOCE; Signal reconstruction; Geostrophic current; Gulf
stream
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Inversion of gravity anomalies in the South China Sea and Hawaii
area derived from ICESat-2 ocean products

Hang Li. Shengjun Zhang
Northeastern University

The Ice, Cloud, and land Elevation Satellite-2 (ICESat-2) satellite uses a
synchronized multi-beam photon-counting method to collect data from
three pairs of synchronous ground tracks. The sampling rate along the
ground tracks is designed to be ~0.7 m, much smaller than that used in
conventional radar altimeters. Hence, it is reasonable to expect an
improvement in marine gravity recovery over coastal zones using
ICESat-2 data. ICESat-2 provides valid sea surface height (SSH)
measurements and standard ocean products (ATL12). This led us to
consider the possibility of investigating its ability to calculate the
deflection of vertical (DOV) and marine gravity anomalies in coastal and
open ocean areas.

We process ATL12 data about 24 months over the South China Sea (0°-
23°N, 103°-120°E) and the Hawaii area (15°-30°N, 188°-208 °E). The
results show that the ICESat-2 SSHs have a similar centimeter-
magnitude accuracy level with Jason-2 data. Furthermore, the accuracy
of both cross-track deflection of vertical (CTDOV) and along-track
deflection of vertical (ATDOV) calculated between synchronized beams
is valid. Accordingly, the accuracy of calculated prime components is
significantly improved by combining CTDOV and ATDOV at along-track
points, while the enhancement is weak for the meridional components.
After that, we calculated DOV components at 2'x2’ gridding points and
recovered ICESat-2 single-mission derived marine gravity anomalies
based on the inverse Vening-Meinesz formula and Remove-Restore
procedure. Verifications with shipborne measurements and XGM2019
model show that the standard deviations (STD) are ~1.35 mGal and
~2.47 mGal in South China Sea, and ~0.87 mGal and ~1.23 mGal in
Hawaii area. To sum up, ICESat-2 deserves the attention of the altimetry
community, and its advantages are expected to make it an alternative
data source for multi-mission fusion inversion of the ocean gravity field in
the future.

Key words ICESat-2; cross-track; deflection of vertical; gravity anomaly
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Radar Altimeter-Based Water Level and Wind Speed Monitoring
Over the Laurentian Great Lakes

Yuanyuan Jia'. Philip Chu?. C.K. Shum'’
1. The Ohio State University
2. NOAA/GLERL

The Laurentian Great Lakes is the world’s largest freshwater lakes,
consisting of Lakes Superior, Michigan, Huron, Erie, and Ontario, located
on the Canada-United States border and shared by these two countries.
They provide drinking water, recreations, to over 35 million people and
billions of dollars in economic benefits to the people around them. The
Great Lakes have a significant influence on regional climate and weather
patterns that sensitive to a number of climate variable or indicators,
including lake surface height, wave and wind speed, ice coverage and
thickness change, and temperature, etc. In addition, more severe and
extreme weather events arguably intensified in the Great Lakes region,
such as storm surges, meteotsunamis and lake-effect snowstorms. In
order to provide long-term protection of the Great Lakes’ ecology and
environment, many observing and forecasting systems are developed.
Some novel passive and active remote sensing techniques have been
used in recent research for in land water observing and forecasting. In
this study, we used observables acquired from multi-mission satellite
radar altimetry, including ERS-1/-2, Envisat, GFO, TOPEX/Poseidon,
Jason-1/-2/-3, SARAL/Altika, CryoSat-2, Sentinel-3A/B, for water level
and wind speed monitoring over the entire Great Lakes. These altimeters
continuously measuring the Great Lakes, and provide about three
decades records, from 1991 to present. Here, we also estimated the
Great Lakes mean lake surface, and detected storm signals from radar
altimetry. These results could complement existing NOAA CoastWatch
satellite products and be used to improve Great Lakes environmental
monitoring and forecasting models, possible monitoring of abrupt

weather events.
Key words Great Lakes, radar altimetry, water level, wind speed
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Correlation between gravitational and magnetic anomalies and
crustal susceptibility in the Three Gorges area, China

Yi Zhang'*. Yunlong Wu'4. Chao Chen?. Kai Sun3. Jiapei Wang'
1. Institute of Seismology, China Earthquake Administration
2. China University of Geosciences
3. Taiyuan University of Technology
4. Institute of Disaster Prevention

In this study, four major magnetic anomalies in the Three Gorges area
were identified from RTP aeromagnetic anomalies: Shaanxi Zhenping-
Chongging Wuxi-Hubei Badong, Hubei Zhongxian, Shishou-Jili, and
Zigui-Yichang. The former two are mainly caused by uplift of the
magnetic basement, while the latter two result from the intrusion of
magmatic rocks.

Combining the Bouguer gravity anomaly and its gradient, gravity and
magnetic correspondence analysis was performed. The results show that
the main magnetic anomaly in the Three Gorges area is caused by
intrusive rocks in the core of Huangling Anticline, and its magnetic and
gravity anomaly have the same source. We also inversed the magnetic
susceptibility in the region using the inversion results of crustal density
as a constraint. The results reveal the magnetic susceptibility
distributions of four rock masses (Sandouping, Huanglingmiao, Dalaoling,
and Xiaofeng) in the core of the Huangling Anticline. The bottom depth of
the Sandouping rock mass is basically the same as the emplacement
depth estimated from amphibole barometry. In comparison, the
Huanglingmiao rock mass is deeper, the Dalaoling rock mass is
shallower, and the Xiaofeng rock mass depth is significantly greater than
the original estimated emplacement depth. In addition, we suggest that
the abnormally low magnetism and high density of the Huanglingmiao
rock mass results from the combined effects of weathering and erosion
of the top of the magnetic body and tectonic activity in a ductile shear

zone at the bottom.
Key words Three Gorges; Huangling Anticline; Aeromagnetic anomaly; Correspondence analysis;
Susceptibility inversion
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Possible Deep Structure and Composition of Venus with Respect to
the Current Knowledge from Geodetic Data

Chi Xiao'. Fei Li?. Jianguo Yan?. Michel Gregoire®. Weifeng Hao*. Harada Yuiji®.
Mao Ye?. Jean-Pierre Barriot®
1. Hubei Earthquake Agency
2. State Key Laboratory of Information Engineering in Surveying, Mapping and
Remote Sensing, Wuhan University
3. Géosciences Environnement Toulouse, Observatoire Midi-Pyrénées Université
Paul Sabatier Toulouse IlII-CNRS-CNES-IRD
4. Chinese Antarctic Center of Surveying and Mapping, Wuhan University
5. Space Science Institute, Macau University of Science and Technology
6. Geodesy Observatory of Tahiti

Almost no in situ seismic data are available for Venus; therefore, we can
constrain the deep structure of this planet only from the geodetic data
obtained by spacecraft. Of particular interest is Venus’s core-mantle
boundary, which holds clues about the origin and evolution of this
celestial body. In this study, we build a series of different mantle/core
models of Venus based on several mantle composition models and
compare their associated Love numbers ko with the observed values.
Due to the large uncertainty in the observed values of k2, the state of
Venus’s core cannot be reliably constrained. However, the expected
precision of ko obtained by the EnVision mission will sufficiently reduce
the acceptable model space and contribute to estimating the mantle
viscosity structure. Based on current geodetic data, we find that the
bottom of Venus’'s mantle may not feature a phase transition from
perovskite to post-perovskite if the FeO content of the mantle is less than
8.1 wt%; this region may be different from Earth’s D" layer. Furthermore,
we find that the combination of observed k2 and Q can be used to
distinguish whether the lowermost part of Venus’s mantle is a high-
temperature basalt layer or a thin thermal boundary layer if observations
of Q can be obtained.

Key words interior structure, equation of state, tidal Lover number, tidal dissipation factor, Venus
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Research on the basement depth of Sichuan basin with real gravity
data

Menglong Xu'?3, Yabin Yang'?3. Chengye Sun'?3. Liang Chen'?3, Gengen
Qiu1,2,3
1. Institute of Geophysical and Geochemical Exploration, Chinese Academy of
Geological Science
2. National Research Center of Geo-Exploration Technology
3. Key Laboratory of Geophysical Electromagnetic Probing Technologies of Ministry
of Natural Resources

The research of the basement tectonic morphology of the southern
margin of the Sichuan Basin is of great significance to the deep structure,
the distribution and delineation of the paleo-uplift, the evolution of
regional tectonic changes, and the relationship between the late
evolution of the basin. However, the lack of geophysical data in the
southern margin of the Sichuan Basin has already limit the deepgoing
understanding. In this paper, we achieve 1:250 000 measured gravity
data, and 7 MT profiles and seismic profiles are collected to construct
the initial basement depth model. The interface inversion method
proposed by Granser (1987) and Cordell (1968) was used to fit the
regional isostatic gravity anomaly, and the inversion basement depth is
obtained. The result shows that the sedimentary thickness is up to 10km,
and that in the outside of Sichuan Basin, the sedimentary thickness is
less than 5km. Basement uplift belt existed around Gongxian, Wenxing
and Gulin, and there are large sedimentary sags on the south side of the
uplift belt. There is a basement uplift zone (Xishui - Gulin) in the basin-
mountain transition zone between Sichuan Basin and the northern
Guizhou. The thin sedimentary thickness in Dafang-Jinsha-Zunyi area
reflects the lack of some strata in the central Guizhou paleo-uplift.The
preliminary result of the basement can provide geophysical basis for
further understanding of the tectonic framework, deep dynamics process
and deep potential resource prospects.

This research is supported by the National Key R&D Program of China
(No. 2018YFE0208300), the China Geological Survey Program (No.
DD20190032) .
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Crustal geological provinces seen by gravity field data: an
automatic Bayesian approach applied to the Central Eastern
Mediterranean area

Martina Capponi. Daniele Sampietro
Geomatics Research & Development srl

The indirect investigation of the Earth’s interior, with methods based on
the analysis of gravity field data, is quite common nowadays. This is
because dedicated satellite gravity missions provided observations
spread worldwide that, combined with terrestrial data, have been used to
realize high resolution models from global to regional scales. One of the
applications of gravity field data, regards the use of interpretation
algorithms to unveil information about the Earth crust classification. The
classical approach is qualitative and strongly affected by the expertise of
the operator. In fact, it generally consists in the application of a filter to
the gravity data (to reduce short/long wavelengths due to sedimentary
layers and mantle respectively) on which, then, a visual matching with
the known geological crustal features is performed.

Within this work, we present the application on a real case study of an
automatic method, based on a Bayesian probabilistic approach, that
starting from a set of a-priori information infers the boundaries of the
main geological crustal provinces. It has been developed in the
framework of the Gravity forllthosphere Architecture Determination and
Analysis (GIADA) project, funded in 2020 by the European Space
Agency. One of the advantages of this method is that it does not only
retrieve the most probable classification but also an estimate of the
predicted accuracy as well as of the average density of each crustal
province. It has been tested over the Central Eastern Mediterranean
area to delineate the boundaries of the principal basins. To apply the
algorithm it was necessary to define an a-priori geological model in terms
of main horizons and a rough basins classification. The algorithm then
modified the shape of the initial crustal provinces in order to be coherent
with the gravity observations, namely the second radial derivatives of the
anomalous potential. The results, here summarized, are a valuable
starting point to understand the geological evolution history of the area.

Key words gravity interpretation, Bayesian probabilistic approach, automatic method, crustal
geological provinces, Central Eastern Mediterranean case study
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The contribution of gravity to crust and upper mantle structure
modeling — an example in Tibet Plateau

Jiakuan Wan. Zhicai Luo
Huazhong University of Science and Technology

Seismic tomography in Tibet Plateau suffers from the poor and uneven
distribution of seismic stations, resulting in low resolution and unreliable
models of crust and upper mantle. While current gravity models (e.g.
EIGENGC4) are of high resolution and precision and may lead to better
understanding of subsurface structure of Tibet Plateau. In this work, we
conduct the joint inversion of gravity and surface dispersion data for crust
and upper mantle structure modeling. The results of simulation
experiments demonstrate remarkable lateral resolution improvement in
join inversion comparing to the inversion of seismic data only. And
constrains of the gravity data contribute more to the modeling of density
structure than to the seismic wave velocity when the bias in the empirical
formula of velocity and density is taken into consideration. Then, we
present a density model of crust and upper mantle in Tibet Plateau from
the joint inversion. The density model, combined with the velocity models
from seismic tomography, may shed light on the tectonic debates in Tibet

Plateau.
Key words crust and upper mantle, joint inversion, Tibet Plateau
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Mapping the upper mantle thermochemical heterogeneity from
coupled geophysical-petrological inversion of seismic waveforms,
heat flow, surface elevation and gravity satellite data
Javier Fullea'?. Sergei Lebedev?. Zdenek Martinec?. Nicolas Celli?

1. Facultad de Fisica, Universidad Complutense de Madrid (UCM)
2. Dublin Institute for Advanced Studies (DIAS) Ireland

Here we present a new global thermochemical model of the lithosphere-
upper mantle (WINTERC-grav) constrained by state-of-the-art waveform
tomography, satellite gravity, surface elevation and heat flow data.
WINTERC-grav is based upon an integrated geophysical-petrological
approach where seismic velocities and density are computed within a
thermodynamically self-consistent framework. The complementary
sensitivity of our input data sets allow us constraining the geometry of
the lithosphere-asthenosphere boundary, separating temperature and
composition mantle anomalies, and estimating dynamic vs isostatic
surface elevation contributions. Our model shows that the thickest
lithosphere is mostly associated with cratons but also some active areas.
We identify considerable differences in cratonic temperatures and
compositions. The N. American and Siberian cratons appear to be thick
(>260 km) and compositionally refractory, whereas the Sino-Korean,
Aldan and Tanzanian cratons are defined by a thinner and averagely
fertile lithosphere similar to younger continental lithosphere elsewhere.
WINTERC-grav shows a progressive thickening of oceanic lithosphere
with age, with significant lateral differences: the mantle beneath the
Atlantic and Indian oceans is, on average, colder, more fertile and
denser than that in the Pacific Ocean. Our results also suggest that
mantle composition, temperature and density are correlated to spreading
rates up to values < 50-60 mm/yr. The 1D average of WINTERC-grav
corresponds to a mantle geothermal gradient of 0.55-0.6 C/km and a
potential temperature of 1300-1320 C for depths>200 km. Our predicted
isostatic residual topography values, a proxy for dynamic topography,
are large (>1 km) mostly in active subduction settings. The residual
isostatic bathymetry from WINTERC-grav is remarkably similar to the
lateral pattern independently determined based on extensive oceanic
crustal data compilations. The amplitude of our predicted continental
residual topography is relatively large (>500m) in the East European
Craton, Greenland, and the Andes and Himalaya cordilleras. Our results
show that part of the topography signal that has been previously
identified as residual (or dynamic) can be explained isostatically by

lithospheric density variations.
Key words Composition and structure of the mantle; Gravity anomalies and Earth structure; Joint
inversion; Seismic tomography; Cratons; Mid-ocean ridge processes
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A Method of Determining Moho Topography from On-orbit GOCE
Gravity Gradients: A Case Study in Tibetan Plateau

Chuang Xu
Department of Surveying Engineering, Guangdong University of Technology,
Guangzhou 510006, China
State Key Laboratory of Geodesy and Earth’s Dynamics, Innovation Academy for
Precision Measurement Science and Technology, CAS,Wuhan 430077, China

Gravity data is widely applied to determine Moho topography due to
global dense and homogeneous gravity observations. Gravity gradients,
which can reveal more details of Moho structure in both horizontal and
vertical directions, are more competitive. However, during the inversion
gravity gradients must be transformed into gravity data, which causes
loss of some high-frequency signals. Thus, an improved method by
constructing direct function relation between Moho topography and
gravity gradients is proposed in this paper. Subsequently, a simulation
test is designed to verify our improved method. Without consideration of
errors, the improvement is at least 31.8% for inverted precision and 33.3%
for spatial resolution. After considering errors from uncertainty of crustal
density, improvements for precision and spatial resolution are still at
least 18.3% and 17.3%, respectively. At last, a case study in Tibetan
Plateau is conducted using this improved method, and a new Moho
topography with higher spatial resolution and precision is determined.
More refined tectonic implications can be also revealed from this new
Moho topography: (1) the prevailing wavelengths of detected Moho folds
are approximately 578 km - 722 km in the east-west direction and
approximately 540 km - 708 km in the north-south direction, which are
close to Jin et al. (1994) of 500 km - 700 km; (2) two lower crustal mass
flow channels can be identified clearly according to the traces leaving on
Moho topography in the southeastern Tibetan Plateau, which are in good
agreement with previous seismic results; (3) clearer Moho subsidence,
approximately 5 km, can be observed in the central Tarim Basin.

This study is supported by the National Natural Science Foundation of
China (Grant no. 41974014) and
State Key Laboratory of Geodesy and Earth’s Dynamics, Innovation Aca
demy for Precision Measurement Science and Technology, CAS,Wuhan

430077, China.
Key words Moho topography; GOCE; Gravity gradient; Tibetan Plateau
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Improving the GEMMA inversion algorithm towards a new release
of the GOCE-based crustal model

Lorenzo Rossi'. Mirko Reguzzoni'. Biao Lu?. Islam Fadel?>. Daniele Sampietro®.
Mark van der Meijde?
1. Politecnico di Milano
2. University of Twente
3. Geomatics Research & Development srl

Since its discovery in 1909, the Moho was routinely studied by the
seismological method. However, from the fifties, a possible alternative
was introduced by gravimetric inversion. Thanks to the satellite gravity
missions launched from the beginning of the 215 century, a global
inversion became feasible, e.g. leading to the computation of the
GEMMA model in 2012. Here, the GOCE gravity gradients were inverted
in spherical harmonic domain by a Wiener filter, linearizing the forward of
the anomalous signal produced by a two-layer model with lateral and
vertical density variations. Moreover, seismic information was introduced
in the inversion to deal with the joint estimation/correction of both density
and geometry. This study aims at revising the GEMMA algorithm from
the theorical point of view, also introducing a cleaner formalization, and
studying the used approximations more thoroughly. The updates are on:
1) the forward operator, directly computing the gravitational signal of the
different layers in terms of spherical harmonics; 2) the management of
the approximations due to the forward linearization required for the
inversion; 3) the regularization of spherical harmonic coefficient in the
inversion by proper modelling the Moho signal and the gravity error
covariances; 4) the regularization in the least-squares adjustment when
introducing seismic information to correct the density model. Thanks to
these updates, a significant improvement from the computational point of
view is achieved too, thus the convergence of the iterative solution by
closed-loop tests can be assessed, showing the algorithm performance
in retrieving the simulated “true” Moho. Finally, the algorithm is applied
on the last release of the GOCE global gravity model by using the same
geophysical/geological information of the original GEMMA model. Those
tests are performed in view of producing an updated version of this
model, where also new geophysical/geological information will be

integrated.
Key words global inversion, GOCE, global gravity model, GEMMA, Wiener Filter, Moho discontinuity
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Crustal configuration of the West and Central African Rift System
from gravity and seismic data analysis

Franck Eitel Kemgang Ghomsi'. Robert Tenzer?. Rebekka Steffen®. Emmanuel
Njinju*
1. National Institute of Cartography, P.O. Box 157, Yaoundé, Cameroon
2. Department of Land Surveying and Geo-Informatics, Hong Kong Polytechnic
University, Hong Kong
3. Lantmateriet, Lantmaterigatan 2, 80182 Gavle, Sweden
4. Department of Geosciences, Virginia Tech, Blacksburg, VA, USA

The West and Central African Rift System is the only stable continental
geological structure on Earth that is formed by large - scale topographic
massifs (swells). The scarcity of high - resolution geodynamical studies
of the lithospheric structure beneath this atypical region is liable for the
ongoing discussion about the crustal architectonics of Cenozoic
volcanism and the mechanism behind the formation of the African
hotspot. Since active seismic experiments are rare in this part of Africa,
we use the gravity information from satellite gravity missions to
interpolate the Moho depth information where seismic data are sparse or
absent. In particular, we use the XGM2016 global gravitational model for
a determination of the Moho depth constrained by seismic Moho depth
estimates at only 41 seismological stations. Our result reveals a regional
Moho deepening to ~40 km beneath the Hoggar, Air and Tibesti Massifs.
In addition, a regional Moho deepening is detected beneath the Congo
Craton and the Adamawa Plateau. The Moho geometry beneath the
Chad basin, the Chad Shear Zone and the Termit basin is relatively
smooth with Moho depth variations between 24 and 26 km only. The
significant Moho deepening as well as the large Moho depth variations
mostly within 32-45 km beneath the Saharan Metacraton and the Congo
Craton (especially under its northern margin) reflect the
metacratonization processes which occurred during the Neoproterozoic.
The Niger delta and the Benue Through are characterized by a very thin
continental crust with Moho depth varying from ~20 km in the south
along the Atlantic coastline to about 24 km in the northeast branch of the
Cretaceous Benue Through around the Garoua-Yola Rift.

Key words West and Central African Rift System; gravity; inversion; Moho; seismic data
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S2a-072

Marine Gravimetry, Ship Sounding and Ocean Bottom Topography
Estimation in the South-western Coastal Area of the Baltic Sea

Biao Lu'. Chuang Xu?. Jinbo Li?. Bo Zhong®. Mark van der Meijde’
1. Department of Earth Systems Analysis, Faculty of Geo-Information Science and
Earth Observation (ITC), University of Twente
2. Department of Surveying Engineering, School of Civil and Transportation,
Guangdong University of Technology
3. School of Geodesy and Geomatics, Wuhan University

Marine gravimetry provides high-accuracy and high-resolution gravity
measurements in the Baltic Sea, especially in coastal areas. After the
updating of new sensors in GFZ’s air-marine gravimeter Chekan-AM, the
gravimetry measurements showed a significant improvement from the
first new campaign on-board the research vessel DENEB in 2017. The
RMS of the gravity differences at crossover points is 0.3 mGal in this
campaign. The corresponding accuracy (standard deviation of a single
measurement) is about 0.21 mGal @ 1 km (approximately spatial
resolution, half-wavelength) according to the law of error propagation
which reaches the highest accuracy level of marine gravimetry at current.
Together with the gravimeter, a sonar system on-board the research
vessels measured the ship-sounding data at a high-accuracy level of
0.15 m with a high-spatial resolution of several meters. Then, these
measurements are used in the geodetic and geophysical studies, e.g.,
combined gravity anomalies from satellite altimetry and marine
gravimetry together with sounding data are used to estimate the ocean
bottom topography by using the gravity-geologic method in the south-
western part of the Baltic Sea. Our estimated model is more accurate
than existing digital elevation datasets like EMODnet, SRTM and SIO
models and furthermore shows some more detailed and accurate ocean
bottom topography information, e.g., the RMS of depth differences of our
estimated model at checking points is 0.64~m while that of other existing
models (EMODnet, SRTM and SIO) are 0.73~m, 1.90~m and 2.06~m,
respectively. The marine gravimetry and sounding measurements as well
as the estimated ocean bottom topography are crucial for future geoid
determination, 3 D-navigation and resource exploration in the Baltic
Sea.

This research is supported by the Dutch Research Council (Grant No.
ALWGO.2017.030) and also supported by the National Natural Science
Foundation of China (Grant No. 41974014, 41974015, 42061134007).

Key words Marine Gravimetry; Ocean Bottom Topography Estimation, Baltic Sea
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S2a-073

The omission error modelling of global gravity field models using
different digital terrain models

Martin Pitonak'. Matej Varga?. Michal Sprlak’
1. NTIS — New Technologies for the Information Society, Faculty of Applied Sciences,
University of West Bohemia
2. Institute of Geodesy and Photogrammetry, GSEG, ETH Zurich, Switzerland

The launch of gravity field dedicated satellite missions such as CHAMP,
GRACE and GOCE at the beginning of the new millennium led to a
significant improvement of global gravity field models resolution and
accuracy. Theoretically, the gravity potential can be expressed by an
infinite series of spherical harmonic coefficients. Practically, such series
has to be truncated at a certain degree and order. The newest high-
frequency global gravity field models (GGMs), e.g., SGG-UGM-2 (Liang
et al. 2020), XGM2019e 2159 (Zingerle et al. 2019) or GECO (Gilardoni
et al. 2016) represent Earth’s gravity field with a relatively high spatial
resolution of 5 arc-minutes (~9 km). Each GGM contains two types of
errors, the commission error and the omission error. The commission
error is caused by the inaccurate input data used in development of
GGM, whereas the omission error comes from the loss of high
frequencies due to the finite maximum degree and order.

The main goal of this contribution is to compare different approaches of
spectral- and spatial-domain forward gravity field modelling of omission
error, which is known to be one of the error sources in global and
regional geoid determination. To do so gravity disturbances are
employed over three study areas, namely, Czechia, Slovakia and
southern Colorado (USA). Firstly we subtract the high-frequency part of
the gravity field generated from the XGM2019e 2159 model up to the
degree 2190 terrestrial datasets. Then the omitted signal is modelling in
XGM2019e 2159 by: (i) the topographic gravity field model
dV_ELL Earth_5480 (Rexer et al. 2017), (ii) the Earth’s short-scale
gravity field model ERTM2160 (Hirt et al., 2014) and (iii) the forward
modelling of residual topographic masses in the spatial domain. Residual
gravity disturbances will be represented as differences between selected
global (or near-global) digital elevation models such as AW3D30
(Tadano et al. 2014), SRTM 4.1 (Jarvis et al. 2008) or MERIT DEM
(Yamazaki et al. 2017) and EARTH2014 (Hirt and Rexer 2015). Finally,
residual gravity disturbances will be statistically compared and discussed.

Key words Forward modelling, omission error, RTM effect
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S2a-074

Topographic gravity field modelling for improving high resolution
global gravity field models

E. Sinem Ince. Christoph Foerste. Oleh Abrykosov. Frank Flechtner
GFZ-Potsdam

Topographic gravity field models represent the gravitational potential
generated by the attraction of the Earth’s topographic masses. The
gravity is computed based on the shape of the topography (e.g., digital
elevation model) and the mass-density knowledge. Assuming that the
high-frequency gravity field components are mainly caused by the
topography, such models can then be used to complement high-
resolution combined static gravity field models for the very high-
frequency components of the gravity field.

The performance of our preliminary model (ROLI_EIllApprox_SphN_3660)
expanded up to spherical harmonic degree 3660 developed in a previous
contribution (Abrykosov et al. 2019) has been assessed w.r.t. other
similar models and independent ground truth data (Ince et al. 2020). The
mass-source information used is provided by the 1 arcmin resolution
Earth2014 relief model (Hirt and Rexer 2015). The calculation of the
potential is performed outside of all the masses on the bounding ellipsoid
and the integration is computed for every single shell that are arranged 5
m distance apart starting from the lower boundary ellipsoid (e.g. Mariana
trench). The gravitational potential is expanded for each shell and then
summed up to represent the complete gravitational potential of the
topography.

In this contribution we will present the impact of different shell
thicknesses to the numerical stability and computation time and we will
expand the model representation up to d/o 5400. Different lower
boundaries will be investigated based on the needs of different
disciplines. For geoid calculation, topography above the mean sea level
will be considered. Finally, EIGEN-6C4 model will be enhanced with the
high frequency components retrieved from the topographic model and
differences w.r.t. EIGEN-6C4 will be presented.

Our preliminary model is available on the ICGEM Service
(http:/licgem.gfz-potsdam.de/tom_reltopo) and can be freely downloaded
from http:// doi.org/10.5880/ICGEM.2019.011.

Key words Topographic gravity field modelling, high resolution gravity field models, ellipsoidal
approximation, enhanced high resolution gravity field models, new generation gravity field model,
ICGEM
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Bathymetry of northeast Greenland revealed by Oceans Melting
Greenland (OMG) airborne gravity

Junjun Yang'. Zhicai Luo'. Liangcheng Tu?'
1. Huazhong University of Science and Technology
2. Sun Yat-sen University

Seafloor topography shapes the pathways of ocean currents transporting
ocean heat and thus is a fundamental boundary condition for modeling
ocean-ice interactions. However, few ship bathymetric data are available
on the inner continental shelf of northeast Greenland due to the year-
round presence of sea ice. We infer seafloor topography of this region
from airborne gravity anomaly measured by National Aeronautics and
Space Administration’s Oceans Melting Greenland mission through a
nonlinear inversion method called simulated annealing, and results in a
model with 1.95~3.9 km resolution and 52 m accuracy. The model
provides a view of the seafloor near Zachariee Isstrem, and reveals new
topographic features which have never been measured by traditional
ship-based echo sounders, such as a 370~560 m deep trough that is
well below the range of observed warm water depths and provides

potential access of warm Atlantic water to Zacharize Isstrgm.
Key words Bathymetry, Airborne Gravity, Greenland, Gravity Inversion
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Harmonic Correction for Residual Terrain Modelling (RTM)
Technique in Physical Geodesy Applications
Meng Yang'. Xiao-Le Deng?. Wei Feng'3. Chang-Qing Wang®. Min Zhong"?3
1. School of Geospatial Engineering and Science, Sun Yat-Sen University, Zhuhai,
519082, China
2. Department of Earth and Space Sciences, Southern University of Science and
Technology, Shenzhen, 518055, China
3. State Key Laboratory of Geodesy and Earth’s Dynamics, Institute of Geodesy and
Geophysics, Innovation Academy for Precision Measurement Science and
Technology, Chinese Academy of Sciences

The harmonic correction (HC) is one of the key parameters when using
residual terrain modelling (RTM) for high-frequency gravity field
modelling. As one classical approach, the condensation method has
been widely used for HC computation over the past decades. However,
the classical condensation method based on an unlimited Bouguer plate
approximation suffers from various approximations, e.g., mass
inconsistency and planar assumption. In this study, we derive
expressions of HC terms for RTM geoid height, RTM gravity anomaly,
and RTM radial tensor component under three different assumptions
separately: residual masses approximated by an unlimited Bouguer plate
(named HC-UBP), residual masses approximated by a limited Bouguer
plate which overcomes the mass inconsistency effect (named HC-LBP),
and residual masses approximated by a Bouguer shell which overcomes
the effect of planar approximation (named HC-BS). The errors due to
various approximations in HC terms are investigated through a
comparison between HC-UBP, HC-LBP, and HC-BS; HC terms are
computed by means of an expansion up to degree and order 2,159,
defining a reference surface evaluation. Besides HC for RTM gravity
anomaly with values up to 303 mGal, our results outline the significance
of HC for RTM geoid height, with values up to 10 cm, in cm- and mm-
level geoid determination. The HC for RTM radial tensor component is of
a constant value of 2239 E. With integration masses extending up to a
distance of 1° from the computation point for the determination of RTM
geoid height and gravity anomaly, and 0.5° for RTM gradient, the errors
due to an unlimited Bouguer plate approximation are negligible. The
validation through comparison with terrestrial measurements and a
baseline solution of RTM technique proves that the HC terms provided in
this study can improve the accuracy of RTM-derived gravitational
functionals and are expected to be useful for applications of the RTM

technique in regional and global gravity field modelling.
Key words Harmonic correction (HC), Residual Terrain Modelling (RTM), RTM Geoid Height, RTM
Gravity Anomaly/Disturbance, Radial Tensor Component
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Monthly low-degree gravity field models from Swarm GPS data for
the last 7 years

Joao Encarnacao'’’. Daniel Arnold?. Ales Bezdek®. Christoph Dahle*. Junyi Guo®.
Jose van den IJssel’. Adrian Jaeggi?. Jaroslav Klokocnik®. Sandro Krauss®.
Torsten Mayer-Guerr®. Ulrich Meyer?. Josef Sebera®. CK Shum®. Pieter Visser'.
Yu Zhang®
1. Delft University of Technology
2. Astronomical Institute of the University of Bern
3. Astronomical Institute of the Czech Academy of Sciences
4. GFZ German Research Centre for Geosciences
5. School of Earth Science of the Ohio State University
6. Institute of Geodesy of the Graz University of Technology
7. Center for Space Research, University of Texas at Austin

Since the end of 2013, the GPS data collected by the Swarm
constellation, consisting of a lower pair of satellites flying information and
one higher flying satellite, makes it possible to estimate monthly Earth
gravity field models that represent large-scale mass transport processes,
relevant also for improving our understanding of Earth’s climate. With the
support of the European Space Agency and
the International Combination Service for Time-variable Gravity

Fields (COST-G), a team from the Astronomical Institute of the University
of Bern, the Astronomical Institute of the Czech Academy of Sciences,
the Delft University of Technology, the Institute of Geodesy of the Graz
University of Technology and the School of Earth Sciences of the Ohio
State University publishes these models on a quarterly basis. The
models are independent of any other source of gravimetric data and are
free of a priori temporal and spatial correlations. The models are
produced from different gravity inversion strategies, combined into a final
model at the solution level, and they have been demonstrated to be
consistently of higher quality.

These models represent land surface mass changes with a ~30-50%
better agreement than in ocean areas, when compared to a
GRACE/GRACE-FO-derived parametric model. We present the time
series of large water storage basins and illustrate the good agreement
with dedicated gravimetric data, showing crucial continued monitoring
across the gap between GRACE and GRACE-FO. Moreover, the Swarm
monthly gravity field solutions help validating the accuracy of the initial
GRACE-FO data with transplanted onboard accelerometer modeling

over various regions of the world.
Key words Swarm, gravity, mass transport, hl-sst
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Status of temporal gravity field modeling at HUST

Hao Zhou. Zhicai Luo. Lijun Zheng. Yaozong Li. Kang Wang
Huazhong University of Science and Technology

The way to reach the prelaunch baseline accuracy is still one of crucial
issues for GRACE temporal gravity field model determination. In this
work, we will present the current progress of GRACE temporal gravity
field modeling at Huazhong University of Science and Technology
(HUST). Based on the previous work related to HUST-Grace2019, we
update our software via the new background force models (mainly
include the AOD RLO6 and linear mean pole model) and the new L1B
V03 dataset. The updated force models have passed the so-called
benchmark test, i.e., our force models agree with those packages in the
COST-G service at a level of less than 10-11 ms-2. Using the updated
force models and dataset, the new developed model HUST-Grace2020
shows superior performance than our HUST-Grace2019 model, and
comparable performance of the official RLO6 model developed by SDS.

Acknowledgement: This research was funded by the National Key
Research and Development Program of China (No. 2018YFC1503503,
2018YFC1503504) and the National Natural Science Foundation of
China (No. 41931074, 42074018, 42061134007, 41704012)

Key words GRACE; Temporal gravity field model; HUST; new force model; new dataset
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Angular velocity recovery method based on satellite gravity
gradient measurement based on quaternion joint of astrometry

Yunlong Wu
Institute of seismology, China Earthquake Administration

In the preprocessing of L1b data in satellte gravity gradient
measurement, the satellite inertial angular rate needs to be accurately
measured to recover the high-precision gravity gradient component. The
traditional method calculates the angular velocity noise of a single star
tracker’s attitude data is relatively large and will be transmitted to other
angular velocity components, thereby affecting the calculation accuracy
of the entire gravity gradient component. Based on the noise
characteristics of the star tracker, this paper constructs the noise
distribution weighting matrix of each axis of the star tracker, and jointly
solves the best attitude quaternion of the attitude quaternions of two or
more star trackers, and provides precise attitude control for the
subsequent angular velocity recovery. The calculation results show that
the angular rate of the star tracker calculated by the implementation of
the multi-star tracker joint method has achieved a significant
improvement in the entire power spectral density. Compared with the
single star tracker calculation method, multiple star tracker in joint
optimal attitude angular rate data component wy, wz accuracy reached
10-5 orders of magnitude, and will not be single star tracker visual axis
component measurement accuracy is low, the influence of can effectively
restrain the error caused by the coordinate transformation of variable
transmission, at the same time, based on the star tracker joint method to
calculate the gravity gradient tracing value, compared with the single star

tracker method, shows more significant improvements.
Key words Star trackers; Attitude quaternion calibration; Attitude quaternion combination; Satellite
gravity gradiometry
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Time-variable Gravity Signals in Reprocessed GOCE Gradient Data

Betty Heller'. Frank Siegismund'. Roland Pail’. Thomas Gruber'. Roger
Haagmans?
1. Technical University of Munich
2. European Space Agency

The 2018/2019 reprocessing of the satellite gravitational gradiometry
(SGG) data from the Gravity field and steady-state Ocean Circulation
Explorer (GOCE) satellite mission reduced the low-frequency noise in
the data. This resulted in a noise reduction in derived gravity field models
at spatial scales of several 100 km, at which the temporal variations of
the Earth’s gravity field have their largest amplitudes. In this contribution,
the reprocessed GOCE SGG data are tested for their ability to resolve
temporal gravity signals such as glacier melting and earthquake-induced
mass displacement signals. For the gravity field processing, we apply
and compare a conventional spherical harmonics (SH) approach using
the time-wise processing method, and a mass concentration (mascon)
approach that uses point masses as base elements, which are grouped
to land or ocean mascons by taking into account the coastlines. Although
their global signal-to-noise ratio is smaller than 1, SH GOCE SGG-only
models resolve the strong regional signals due to the deglaciation in
Greenland and Antarctica and the 2011 moment magnitude 9.0
earthquake in Japan, thereby providing an estimation of these gravity
signals that is independent of Gravity Recovery and Climate Experiment
(GRACE) data. Based on the ice mass trend signals in Greenland and
Antarctica, the benefit of combined GRACE/GOCE SGG models is
tested. We show that the incorporation of GOCE SGG data does not
provide a signal contribution additional to the GRACE models, but a

numerical stabilization of the related normal equation systems.
Key words GOCE; time-variable gravity; combination; mascon; spherical harmonics; satellite
gravitational gradiometry
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HUST-ERAS: A new 1-hourly atmosphere de-aliasing product for
satellite gravity mission

Fan Yang. Zhicai Luo
Huazhong University of Science and Technology

The current state-of-the-art of satellite gravity data processing makes
use of de-aliasing products to reduce high-frequency mass anomalies.
For example, the most recent official Atmosphere and Ocean De-aliasing
products (AOD1B-RL06) are applied for the Gravity Recovery and
Climate Experiment (GRACE) and GRACE-Follow On (GRACE-FO)
missions. The temporal resolution of AOD1B-RL06 is 3 hours, and
spectrally, they are computed up to degree and order 180. In this study,
we explore a refined, i.e., geometrically, physically, and numerically
improved, mass integration approach that is important for computing the
atmosphere part of these products. Besides, the newly available ERA-5
climate data are used to produce a new set of non-tidal atmosphere de-
aliasing product (HUST-ERADS) that is computed hourly up to degree and
order 100, covering 2002 onwards. Despite an overall agreement with
AOD1B-RL0O6 (correlation>0.99), considerable discrepancies still exist
between HUST-ERA5 and AOD1B-RL06. The possible reasons are
therefore analyzed, and we find the input climate data, sampling rate and
integration method may result in a product difference of ~0.3, ~0.15 and
~0.05 millimeter geoid height, respectively. The total differences between
HUST-ERA5 and AOD1B-RL06 can lead to a mean variation of ~7.34
nm/s on the LRI (Laser Ranging Interferometry) range-rate residuals, for
example during January 2019, which is already close to the LRI precision.
This impact is invisible for the GRACE(-FO) gravity inversion because of
the less accurate on-board KBR (K-band ranging) instrument, however, it
will be non-negligible and should be considered when the LRI completely
replaces the KBR in the future gravity missions.

Acknowledgement: The authors acknowledge financial supports through
the National Natural Science Foundation of China (Grant No.41804016
and Grant No0.41931074), and National Key Research Development
Program of China with project No.2018YFC1503503.

Key words AOD, ERAS5, Gravity mission, GRACE(-FO)
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S2b-006

Treatment of ocean tide background model errors in
GRACE/GRACE-FO data processing

Petro Abrykosov'. Roman Sulzbach?3. Roland Pail’
1. Institut fur Astronomische und Physikalische Geodasie, Technische Univesitat
Muanchen, Arcisstrale 21, 80333 Munchen
2. Deutsches GeoForschungsZentrum (GFZ), Telegrafenberg, 14473 Potsdam
3. Institut fur Meteorologie, Freie Universitat Berlin (FUB), Carl-Heinrich-Becker-Weg
6-10, 12165 Berlin

Due to its high-frequency, high-amplitude nature the ocean tide (OT)
signal poses a core limitation within the GRACE/GARCE-FO data
processing, as its temporal undersampling ultimately results in the typical
striping pattern. To some degree this issue can be resolved by
employing a-priori de-aliasing based on an OT background model.
However, due to model errors and imperfections some residual effects
inevitably remain within the resulting gravity product.

So far, the background models have been assumed as error-free within
the data processing. Since ocean tide models feature distinct, time-
invariant spatial error patterns (low uncertainties in open oceans, high
uncertainties in coastal and high-latitude regions), it is reasonable to
assume that weighting the observations based on the underlying spatial
error shall result in a more homogenous gravity solution.

Thus, error co-variance matrices are derived for the spherical harmonic
coefficients representing the eight principal tides based on a set of five
modern-day OT models and propagated onto the level of observations.
This error information is then employed within the least-squares
parameter estimation for the final gravity product. The functionality of this
approach is verified through closed-loop simulations and its limitations

are discussed.
Key words GRACE, GRACE-FO, de-aliasing, ocean tides, background models
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S2b-007

Combination Service for Time-variable Gravity fields (COST-G):
operations and new developments

Ulrich Meyer'. Martin Lasser'. Adrian Jaggi'. Frank Flechtner*. Christoph Dahle*.
Eva Boergens*. Christoph Forste*. Torsten Mayer-Giirr’. Andreas Kvas’. Saniya
Behzadpour’. Jean-Michel Lemoine®. Stephane Bourgogne'®. Igor Koch'?. Jakob
Flury'?, Andreas Groh'#. Annette Eicker'®. Benoit Meyssignac?. Ingo Sasgen®.
Jodo de Teixeira da Encarnagéo®'®. Heike Peter''. Hao Zhou'3. Zhengwen Yan's,
Qiujie Chen'”, Xiang Guo®. Wei Feng®. Changqing Wang®
1. University of Bern
2. Laboratoire d’Etudes en Geophysique et Oceanographie Spatiales
3. Wuhan University
4. GFZ German Research Centre for Geosciences
5. Alfred-Wegener-Institute Bremerhaven
6. Chinese Academy of Sciences
7. Graz University of Technology
8. Center for Space Research, University of Texas at Austin
9. Centre National d’Etudes Spatiales
10. Stellar Space Studies
11. PosiTim UG
12. Leibniz University Hannover
13. Huazhong University of Science and Technology
14. Technical University of Dresden
15. Southern University of Science and Technology
16. HafenCity University Hamburg
17. Tongji University Shanghai
18. Delft University of Technology

Since its start of operations in July 2019, IAG’s Combination Service for
Time-variable Gravity fields (COST-G) has been providing a complete
time-series of combined monthly gravity fields from GRACE, as well as
regularly updated time-series of monthly gravity fields derived from
kinematic Swarm orbits. Starting November 2020, the COST-G product
line has been extended by a time-series of operationally combined,
monthly updated GRACE-FO gravity fields. All these combinations are
performed by variance component estimation at solution level.

We report on new developments, such as a planned extension of COST-
G to include GRACE and GRACE-FO analysis centres from China, a re-
visit of the combination strategy to better focus on the range of spherical
harmonic coefficients most relevant for the users, and the potential
application of COST-G products for orbit determination of altimeter
satellites.

Key words GRACE, GRACE-FO, Swarm, satellite gravimetry, gravity field combination
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On the combination of gravity field time series derived from
kinematic positions of Low Earth Orbiting satellites

Thomas Grombein. Martin Lasser. Daniel Arnold. Ulrich Meyer. Adrian Jaggi
Astronomical Institute, University of Bern

The Earth’s time-variable gravity field provides important information for
the monitoring of changes in the Earth’s system. Dedicated satellite
missions like GRACE and GRACE-FO use ultra-precise inter-satellite
ranging observations to derive time series of monthly gravity field
solutions. Alternative gravity field information can be obtained from the
analysis of GPS-based kinematic orbit positions of Low Earth Orbiting
(LEO) satellites. Although this technique is less sensitive, it can provide
mostly uninterrupted time series, which is particularly valuable for those
months where no inter-satellite ranging measurements are available from
GRACE or GRACE-FO. Furthermore, the increasing number of
operational LEO satellites makes it attractive to produce combined Multi-
LEO gravity field solutions that will take advantage of a large number of
observations and the variety of complementary orbital configurations.At
the Astronomical Institute of the University of Bern (AlUB) GPS-based
kinematic orbits have been generate for various LEO satellites like
GRACE and GOCE or are routinely processed for operational missions
like GRACE-FO, SWARM, Sentinel or Jason. In this contribution, we will
use these kinematic LEO positions to perform gravity field recovery with
the Celestial Mechanics Approach and to derive monthly gravity field
times series. By evaluating mass trends and changes in Greenland,
Antarctica and the Amazon river basin, the time series of different LEOs
are compared with respect to superior solutions based on inter-satellite
ranging. Finally, we will combine the gravity field solutions of different
LEO satellites either on solution level using variance component
estimation or on normal equation level and investigate their individual

contribution and the additional value of the combination.
Key words time-variable gravity field, combination, Low Earth Orbiting satellites, GRACE/-FO,
Celestial Mechanics Approach
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Combined gravity solution from SLR and GRACE/GRACE-FO

Zhigui Kang. John Ries. Srinivas Bettadpur. Himanshu Save
Center of Space Research, The University of Texas at Austin

The recovery of Earth’s time variable gravity field from satellite data
relied heavily on Satellite Laser Ranging (SLR) before missions like the
Gravity Recovery and Climate Experiment (GRACE) and GRACE
Follow-On (FO). Currently, the monthly gravity solutions from
GRACE/GRACE-FO provide amazing information about the temporal
variations of gravity field. However, there are some low-degree
coefficients derived from GRACE/GRACE-FO that are unreliable,
primarily due to various issues with the accelerometer data. These low-
degree coefficients, on the other hand, can be reasonably well
determined using SLR data and can be used to replace the unreliable
values from GRACE/GRACE-FO. Currently, the coefficients C20 and
C30 from GRACE-FO monthly gravity solution, are replaced by SLR-
based estimates, but a more rigorous and consistent approach is to
combine SLR and GRACE/GRACE-FO directly. This study presents
some combination strategies for gravity field recovery from SLR and
GRACE-FO combined at the information equation level with optimal
weighting. Preliminary results show that the combined products are
improved in comparison with the nominal GRACE-FO solutions.

Key words GRACE , GRACE-FO, SLR, Time-variable Gravity Field
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Determination of Terrestrial Water Storage without Stripes using
Grace-Like Geopotential Models

Hussein Abd-Elmotaal. Ayman Hassan. Mostafa Abd-Elbaky
Minia University, Faculty of Engineering, Civil Engineering Department

GRACE and GRACE-FO are considered highly valuable tools to monitor
mass redistribution within the Earth’s system with a spatial resolution of
~300 km (half wavelength). This can be used to estimate water storage
changes over an entire region or basin, with higher accuracy at larger
spatial scales. GRACE-like geopotential models have been developed by
employing time-dependent harmonic coefficients of the global gravity
field models. The GRACE-like models can also be used to estimate the
water storage changes. The advantage of using the GRACE-like
coefficients to estimate water storage changes is that no smoothing is
needed. Therefore, no signal attenuation will take place. The
GRACE/GRACE-FO and GRACE-like models are compared at the
frequency domain as well as at the space domain (TWS). The results are
shown and widely discussed.

Key words GRACE, GRACE-FO, time-dependent harmonic coefficients, GRACE-like, Terrestrial
Water Storage (TWS)
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Data-Driven Self-De-Aliasing approach for monthly GRACE and
GRACE-FO gravity retrieval

Michael Murbock'. Petro Abrykosov?. Christoph Dahle3. Frank Flechtner®3,
Roland Pail?
1. TU Berlin
2. Technical University of Munich
3. GFZ German Research Center for Geosciences

The NASA-GFZ GRACE-FO mission is successfully continuing the
GRACE time series of mass transport measurements. In addition to
continuity, the international Earth system science community is seeking
for improved accuracy as well as improved spatial and temporal
resolutions of mass transport data. Therefore the research unit
NEROGRAV (New Refined Observations of Climate Change from
Spaceborne  Gravity Missions), funded by the Deutsche
Forschungsgemeinschaft, is currently investigating the capability of
improving mass transport data from GRACE, GRACE-FO and the Next
Generation Gravity Mission.

In this talk, we present the main outcome of the real data analyses on
improving the spatio-temporal parameterization, which is one of the main
objectives of NEROGRAV. Based on promising simulation results, a
data-driven self-dealiasing approach for monthly GRACE and GRACE-
FO gravity retrieval is investigated. In contrast to an earlier published
method by Wiese et al. (2011), where gravity field parameters of high
temporal and low spatial resolution are co-estimated, we assess the use
of daily GRACE/GRACE-FO gravity fields as additional de-aliasing
products. This additional de-aliasing product is then used in the standard
GFZ GRACE/GRACE-FO Level-2 processing scheme to reduce
temporal aliasing errors.

We show results based on different daily solutions with different
weighting and filtering schemes in terms of the signal content of the daily
solutions themselves and of the effects on the monthly solution. The
results are discussed in the spectral and spatial domain for time series of
monthly GRACE and GRACE-FO solutions in comparison with the
standard GFZ RLO6 solutions. Using this new approach, the noise in
high spherical harmonic degrees and orders is significantly reduced.
Wiese D, Visser P, Nerem R (2011) Estimating low resolution gravity
fields at short time intervals to reduce temporal aliasing errors, Advances

in Space Research, 48 (6), p1094-1107, DOI 10.1016/j.asr.2011.05.027
Key words GRACE/GRACE-FO gravity retrieval; data-driven de-aliasing; daily solutions
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S2b-012

LOW-DEGREE GRAVITY FIELD ESTIMATION FROM THE SLR DATA
PROCESSING OF SPHERICAL SATELLITES

Linda Geisser. Ulrich Meyer. Thomas Grombein. Daniel Arnold. Adrian Jaggi
Astronomical Institute Of The University Of Bern, Switzerland

Nowadays, the determination of the time-variable Earth’s gravity field is
mostly based on dedicated gravimetry satellite missions, i.e., Gravity
Recovery And Climate Experiment (GRACE) and GRACE Follow-on.
Nevertheless, some of the low-degree gravity field coefficients,
especially the zonal harmonic coefficient C2o, and Czo in case of GRACE
Follow-On, can be better determined by the geodetic technique of
Satellite Laser Ranging (SLR). In this study, multi-satellite SLR solutions
are analyzed, where the orbits are determined in 7-day arcs together
with spherical harmonic (SH) coefficients of the Earth’s gravity field up to
d/o 4/4. We investigate the optimal orbit parametrization to
simultaneously estimate the SH coefficients with station coordinates and
other geodetic parameters as the Earth Rotation Parameters (ERPs),
namely the polar motion and length-of-day. Hence, these solutions cover
all ‘three pillars’ of geodesy, i.e., geokinematics, Earth rotation and the
Earth’s gravity field, and ensure a highest possible level of consistency.
We analyze the quality of all parameters by internal and external quality
metrics, e.g., by comparing the co-estimated SH coefficients with the
COST-G Level-2 products and GPS-only gravity field solutions from
Swarm, GRACE/GRACE-FO and their combination.

Key words low-degree gravity field coefficients, Satellite Laser Ranging
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On Validating the Swarm Data to Fill-in the GRACE/GRACE-FO Gap
Employing Artificial Neural Networks Applied to Africa

Hussein Mohasseb'. WenBin Shen?. Mostafa Ashry'. Hussein Abd-Elmotaal 3
1. State Key Laboratory of Information Engineering in Surveying, Mapping and
Remote Sensing (LIESMARS), Wuhan University, Wuhan, China
2. School of Geodesy and Geomatics, Wuhan University, Wuhan, China
3. Civil Engineering Department, Faculty of Engineering, Minia University, Minia,
Egypt

The missions Gravity Recovery and Climate Experiment (GRACE) and
the GRACE Follow-On (GRACE-FO) and the mission Swarm play an
important rule for study of the Earth’s gravity field with unprecedented
high-precision and high-resolution measurements. The aim of our study
is to use Swarm data to fill-in the data-gap between GRACE and
GRACE-FO missions from July 2017 to May 2018 employing the artificial
Neural Networks. The artificial Neural networks are used to fit the Swarm
data to GRACE/GRACE-FO data, and hence to fill-in the GRACE data
gaps. An artificial model is created using the GRACE data. Four hidden
layers are used in the fitting process. Africa has been chosen as the area
of study. We used the available data from the triple GRACE processing
centers CSR, GFZ and JPL, in addition to the Swarm TVGF data
provided by the Czech Academy of Sciences (ASU) and the International
Combination Service for Time-variable Gravity (COST-G). The GRCAE
and Swarm data are tested in the frequency and space domains. For the
frequency domain, the data were assessed in two different levels: the
potential degree variances and the harmonic coefficients themselves. To
evaluate the adopted fitting process, an artificial gap - simulating the gap
between GRACE and GRACE-FO - has been made in the GRACE data
from July 2015 to May 2016, and the Swarm-detrended model has been
compared versus the GRACE data at that period. The results are
presented and deeply discussed. This study is supported by the National
Natural Science Foundations of China (NSFC) under Grants 42030105,
41721003, 41804012, 41631072, 41874023, Space Station Project

(2020)228.
Key words GRACE, GRACE-FO, Swarm, Artificial Neural Network, TWS
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High-precision Light Time Correction Model in GRACE and GRACE
Follow-On Mission

Yihao Yan'3, Vitali Miller?. Changging Wang®. Min Zhong®#. Wei Feng®*. Lei
Liang?®
1. School of Physics, Huazhong University of Science and Technology, Wuhan,
430074, China
2. Max-Planck-Institut fir Gravitationsphysik (Albert-Einstein-Institut) and Institut fur
Gravitationsphysik of Leibniz Universitat Hannover, 30167 Hannover, Germany
3. Innovation Academy for precision Measurement Science and Technology,
CAS,Wuhan, 430077, China
4. School of Geospatial Engineering and Science, Sun Yat-Sen University, Zhuhai,
519082, China

The GRACE/GRACE-FO mission is a revolutionary advancement in
gravity field measurement. It provides for the first time high-precision, all-
weather global, mid-to-long space-scale and monthly resolution time-
varying gravity field information. The key observation is the biased inter-
satellite range, which is measured primarily by a K-Band Ranging system
(KBR) in GRACE and GRACE Follow-On. The GRACE Follow-On
satellites are additionally equipped with a Laser Ranging Interferometer
(LRI), which provides measurements with lower noise compared to the
KBR. The true propagation time of microwaves or lasers between
satellites is delayed by the high-speed movement of satellites, the
residual atmosphere in the space, and path curvature caused by the
effect of general relativity, the differences between the true propagation
time and the instantaneous propagation time is called light time
correction (LTC). We revisit the calculation of the LTC from the photon
motion equation considering general relativistic effects and state-of-the-
art models of Earth’s potential field. The novel analytical expressions for
the LTC of KBR and LRI can circumvent numerical limitations of the
classical approach. The dependency of the LTC on geopotential models
and on the parameterization is studied, and afterwards the results are
compared against the LTC provided in the official datasets of GRACE
and GRACE Follow-On. It is shown that the new approach has a
significantly lower noise, well below the instrument noise of current
instruments, especially relevant for the LRI, and even if used with
kinematic orbit products. This allows calculating the LTC accurate
enough even for the next generation of gravimetric missions and even
other space missions.

Key words GRACE, GRACE-FO, Light time correction, general relativity
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Evaluating the regional reanalysis COSMO REAG6 vs ERA Interim for
dealiasing analysis of the GRACE/GRACE-FO Datasets

Shashi Dixit. Petra Freidrichs. Andreas Hense
MIUB, Institute of Geosciences, University of Bonn

This work is a part of German Research Foundation (DFG) Research
Group (RG) “New Refined Observations of Climate Change from
Spaceborne Gravity Missions (NEROGRAV)”. The RG develops new
analysis methods and modeling approaches to improve the observations
of the GRACE and GRACE-FO mission. The RG central hypothesis is:
by Improvement and better understanding of -sensor data, - background
dealiasing models, - processing strategies of satellite gravimetry, the
mass transport and mass variations time series obtained from satellite
gravimetry can be significantly increased.

The aim of the presentation is (1).Transform the idealised COSMO-
REAG6 simulations to the realistic world representation for a better
comparability with the satellite observations (2). To evaluate and assess
scale effects of the all processes being simulated in a regional, high
resolution, non-hydrostatic model with respect to its representation of the
atmospheric mass. The analysis puts an emphasis on the contributions
of the atmospheric hydrological cycle and the non-hydrostatic effects in
two views: the systematic mass effects based on the differences of
means of a full year and on variability mass effects based on an EOF
analysis of hourly data. The region considered is the CORDEX (North
Atlantic, European region) domain. It is interesting to see non-hydrostatic
case because very few studies are available in this context. We also
expect that GRACE-FO could be sensitive to the water mass variability
because high resolution atmospheric modelling intensifies the water
cycle components. This can lead to more localised mass variability of the
water component which can have a systematic as well as a variability
effect.

Key words GRACE-FO, Background Daalising models
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S2b-016

Sub-regional groundwater storage recovery in North China Plain
after the South-to-North water diversion project

Chong Zhang'. Qingyun Duan?. Pat J.-F. Yeh3. Yun Pan*
1. Beijing Normal University
2. Hohai University
3. Monash University (Malaysia Campus)
4. Capital Normal University

The South-to-North water diversion Middle Route Project (MRP) is
expected to alleviate the long-term groundwater storage (GWS)
depletion in North China Plain (NCP) after the beginning of its operation
in December 2014. This study aims to investigate the effect of MRP on
GWS by comparing GWS changes before (2003—2014) and after (2015—
2018) the MRP operation. The analysis was conducted by using
groundwater level data from 617 wells in NCP, and then evaluated
against satellite-based water storage data from Gravity Recovery and
Climate Experiment (GRACE) and its Follow-On missions. On average in
NCP, a decreasing trend of —=19.1£5.1 mm/yr was seen in GWS based
on well observations during 2003-2014, but a recovery trend of +1.8+0.7
mm/yr was found during 2015-2018. The GWS recovery was most
prominent in subregions where groundwater over-utilization had occurred
in NCP. GRACE exhibited the capacity to detect the regional GWS
depletion during 2003-2014, but diffcult to distinguish the sub-regional
GWS recovery during 2015-2018. The potential causes for GWS
recovery were found to be complicated, not only caused by the reduction
of groundwater pumping as accelerated by MRP-diverted water, but also
the increasing precipitation recharge of aquifers and the enhanced
management of groundwater system. The fndings highlight that GWS in
NCP has started a gradual transition from unsustainable depletion to

sub-regional recovery as beneft from the MRP water diversion.
Key words Groundwater recovery, Groundwater depletion, GRACE, South-to-North water diversion,
North China Plain
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S2b-017

Gravity response to a monsoonal rain event in the Pingtung Plain,
southern Taiwan

KUAN-HUNG CHEN. Cheinway Hwang
National Yang Ming Chiao Tung University

We installed an absolute gravity site to monitor gravity changes due to
groundwater changes in an aquifer system in Pingtung, a county in
southern Taiwan, for 1.5 years since May 2019. The annual peak-to-
peak gravity change here was 135 ugal as recorded by the absolute
gravimeter. A monsoonal rain in May 2020 introduced large gravity
changes from our hourly gravity measurements during this rain event. In
the first 30 hours of this event, the total rainfall was 397 mm, followed by
a rainfall of 178 mm in 10 hours. The gravity changes finally reached 45
Mgal and the groundwater level increased by 5 m after 10 days since the
event started. Unlike the steady increase of groundwater level, the
gravity values underwent three stages of changes: a rapid rise, followed
by nearly zero changes for 2 days, and finally a gentle rise consistent
with the groundwater level. The rapid gravity rise in the first-stage gravity
was caused by the fast and steady accumulated infiltrated water held in
the unsaturated zone at the end of the dry season. Thus, our gravity
experiment demonstrates that absolute gravity observations can verify
the progress of surface water infiltrated into an unsaturated zone to
recharge the saturated zone in the aquifer system below the gravity site.
Soil water change in a 30-m thickness in the unsaturated zone induced
18 pgal of gravity change during this rain event. A gravity-based aquifer
storage coefficient can be overestimated due to varying rates of gravity

changes and groundwater level changes right after heavy rains.
Key words gravity, groundwater, rain, recharge, unsaturated zone
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S2b-018

Retrieving daily terrestrial water storage changes based on an
independent component analysis-based inversion method

Zhongshan Jiang. Dingfa Huang
Southwest Jiaotong University

Based on the elastic response of the solid Earth to hydrological loads,
the Global Navigation Satellite System (GNSS) provides a powerful tool
for retrieving temporal and spatial changes of terrestrial water storage on
a regional scale. Here, we implement the inversion method based on
independent component analysis to examine the changes in water
storage and hydrological extremes in Yunnan. Our time-varying inversion
can reproduce the temporal and spatial evolutionary history of terrestrial
water storage changes. Three independent components (ICs) are
selected in the time-varying inversion model. The first two ICs contribute
to 93.3% and 5.8% of the data variance, respectively, and they both
reveal the annual water storage changes at different temporal scales.
The third IC slightly explains the network time series and shows the
spatial signals related to latitude. The multi-annual seasonal average
water storage changes based on GNSS, GRACE, and GLDAS have
good consistency in the spatial pattern. All the data show that from the
northeast to the southwest, seasonal water storage changes show a
gradually increasing trend. The annual peak amplitude in the water
thickness inferred by GNSS is larger than the annual peak amplitude of
the GLDAS and GRACE models. The GNSS results also indicate that
the drought event in 2019 is most serious according to the lowest
amplitude of terrestrial water storage. Daily water estimates under both
wet and dry conditions have a good correlation between GNSS- and
GLDAS-based results, which also agree with rainfall anomalies. Our
research results confirm that a GNSS network can remotely monitor the
daily evolution of water storage associated with extreme weather. These
findings can further broaden the applications in operational hydrological

monitoring and contribute to understanding climate extremes.
Key words GNSS; Hydrologic loading; Terrestrial water storage; Hydrometeorological extremes;
Drought characterization
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S2b-019

Quantifying water storage change over Lake Baikal using GRACE
and GRACE Follow-On

Min Wei. Hao Zhou. Zhicai Luo. Min Dai. Siyou Xu
Huazhong University of Science and Technology

As the largest and deepest freshwater lake in the world, the changes of
water storage over Lake Baikal have significant impacts on its
surrounding ecological environment. In this study, GRACE and GRACE
Follow-On (GRACE-FO) products are used to quantify the terrestrial
water storage (TWS) variations over Lake Baikal during 2003-2020. To
improve the accuracy of the TWS estimates over Lake Baikal, a modified
forward-modeling method is introduced, and the simulation results
demonstrate the reliability of our method in retrieving TWS variations
over this region. Based on the RL0O6 products of GRACE and GRACE-
FO, the TWS in Lake Baikal shows completely opposite trend between
2014-2016 and 2017-2020. The driving factors of this unique
characteristic are then discussed.

Acknowledgement: This research was funded by the National Key
Research and Development Program of China (No. 2018YFC1503503,
2018YFC1503504) and the National Natural Science Foundation of
China (No. 41931074, 42074018, 42061134007, 41704012)

Key words GRACE and GRACE Follow-On, Lake Baikal, forward-modeling method, terrestrial water
storage
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S2b-020

Reconstructing Climate-driven Water Storage Anomalies using
GRACE Satellite Data

Bingshi Liu'2. Xiancai Zou'. Shuang Yi?. Nico Sneeuw?. Jianqing Cai?.
Jiancheng Li'
1. School of Geodesy and Geomatics, Wuhan University, Wuhan, China
2. Institute of Geodesy, University of Stuttgart, Stuttgart, Germany

Hydrological changes, which are affected by climate variability and
human activities, pose challenges to the sustainable management and
conservation of water resources. As such, it is important to improve our
understanding of how climate and anthropogenic activities impact land
water storage. Previous studies using Gravity Recovery and Climate
Experiment (GRACE) satellite data have struggled to effectively separate
the impacts of climate variability and human activities on water storage.
Here, we propose a statistical model that simulates natural dynamically
driven changes in water storage to reconstruct climate-driven water
storage anomalies (CWSASs) at basin scales. The proposed model shows
a good performance for both predicting and reconstructing CWSAs.
Compared with water storage anomalies calculated using land surface
models, our reconstruction results are closer to GRACE observations,
especially in humid basins with few human interventions. The median of
correlation coefficient and Nash-Sutcliffe efficiency of reconstructed
CWSAs in 55 basins are 0.89 and 0.71, respectively. And these results
are similar to the results based on machine learning-based methods. Our
method presents a viable alternative to machine learning-based methods
for bridging the data gap between GRACE and GRACE-Follow on
missions and for extrapolating water storage anomaly outside of the
GRACE period in basins where water storage changes are dominated by
climate variability. The results of this study provide a method to
effectively reconstruct and monitor CWSAs, thereby providing

information for better protection and utilization of water resources.
Key words GRACE; Reconstruction; Water storage anomaly; Climate variability;
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S2b-021

Reconstruction of Water Storage Change and Drought Monitoring in
the Yangtze River Basin Combining Satellite Gravity and
Hydrological Data

Xiaolong Li. Taoyong Jin
Wuhan University

Terrestrial Water Storage Change is one of the most important part of
global water cycle. Compared with traditional approach, the method
based on GRACE and GRACE-FO satellites provides a new idea for
obtaining large-scale water storage change series. However, there is an
11-months interval between GRACE and GRACE-FO missions, which
affects the continuity analysis of water storage changes. So, we propose
a simple algorithm to complete this gap period based on the
characteristics of water balance in the basin combining with multi-source
hydrometeorological data. Validation results show that the reconstruction
method has high stability and accuracy. The reconstructed time series
not only accurately reflected the long-term water storage change of the
Yangtze River basin, but also monitored the drought event in the
southern part of the Jinshajiang River basin in the spring of 2018. Further
research shows that not only the reconstruction method has strong
predictive potential for TWSC, but when the input month is more than
90, the prediction accuracy will converge to a very high level (the
correlation coefficient is about 0.92).

Based on reconstructed TWSC series, the GRACE drought index
(GRACE-DSI) was obtained, and used to identified the drought events in
the Yangtze River basin using the run theory effectively. Results show
that from GRACE-DSI, there were 17 severe drought events in the
Yangtze River basin from 2002 to 2020, among which the most severe
drought occurred in the middle-lower Yangtze River basin and part of the
upper reaches during the winter of 2010 to the winter of 2011. This
drought lasted 13 months, and the intensities of GRACE-DSI and SPI
reached 18.23 and 6.63, respectively. The drought reached the vertices
in April and May 2011, that 56.25% and 58.23% regions of the Yangtze
River basin reached the standard of extreme drought, respectively, and
the proportions were reached to 96.31% and 94.64% in the middle-low

Yangtze River basin.
Key words the Yangtze River basin; GRACE; GRACE-FO; Terrestrial Water Storage Change;
reconstruction; drought monitoring
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S2b-022

Inversion of Regional Surface Mass Anomalies using GRACE
Geopotential Differences Based on Slepian Basis Functions

Jiangtao Tan'. Bo Zhong'?. Xianpao Li'. Tao Liu’
1. School of Geodesy and Geomatics, Wuhan University, 129 Luoyu Road, Wuhan
430079, China
2. Key Laboratory of Geospace Environment and Geodesy, Ministry of Education,
Wuhan University, 129 Luoyu Road, Wuhan 430079, China

Surface mass anomalies estimated by mascon approach using GRACE
Level-1B data generally present higher spatial resolution than the
spherical harmonic solutions, due to the longitudinal stripes and high-
frequency noise are suppressed by applying constraints. However, it is a
great challenge to mascon approach in regional surface mass
anomalies inversion that the process of downward continuation from
satellite altitude to the Earth’s surface will amplify the noises of gravity
signal and cause serious ill-posed problem. Hence, we present an
improved mascon approach based on the Slepian basis functions to
invert regional surface mass anomalies by using GRACE intersatellite
geopotential differences. Firstly, the surface mass anomalies are
expressed as the Slepian coefficients and corresponding Slepian basis
functions. With the concentration of gravity signals in the region of
interest, the advantage of Slepian localization is that it can fully express
regional surface mass anomalies with less Slepian coefficient. Secondly,
the Slepian coefficients are estimated as intermediates through the linear
relationship between GRACE geopotential differences and surface mass
anomalies by using constraints. Finally, surface mass anomalies can be
recovered from the estimated Slepian coefficients and corresponding
Slepian basis functions. Because fewer Slepian coefficients were
estimated during the inversion, the ill-posed problem would be weaker
and the recovered surface mass anomalies were more stable and
reliable. To demonstrate the effectiveness of our improved method, we
carried out a closed-loop simulation experiment on the inversion
of surface mass  anomalies over  South  America by using
GRACE intersatellite geopotential differences simulated from GLDAS
hydrological model. The simulation results show that our regional
solutions based on Slepian basis functions are closer to the true GLDAS-
derived surface mass anomalies, compared to the tradition spherical

harmonic solutions.
Key words regional surface mass anomaly; Slepian basis function; geopotential difference; mascon
solution; GRACE
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S2b-023

Drought Events over the Amazon River Basin (1993-2019) as
Detected by the Climate-driven Total Water Storage Change

Kunjun Tian. Zhengtao Wang. Fupeng Li. Yu Gao. Yang Xiao. Cong Liu
Wuhan University

The Gravity Recovery and Climate Experiment (GRACE) mission has
measured total water storage change (TWSC) and interpreted drought
patterns in an unparalleled way since 2002. Nevertheless, there are few
sources that can be used to understand drought patterns prior to the
GRACE era. In this study, we extended the gridded GRACE TWSC to
1993 by combining principal component analysis (PCA), least square (LS)
fitting, and multiple linear regression (MLR) methods using climate
variables as input drivers. We used the extended (climate-driven) TWSC
to interpret drought patterns (1993-2019) over the Amazon basin.
Results showed that, in the Amazon area with the resolution of 0.5°,
GRACE, GRACE follow on, and Swarm had correlation coefficients of
0.95, 0.92, and 0.77 compared with climate-driven TWSCS, respectively.
The drought patterns as-sessed by the climate-driven TWSC were
consistent with those interpreted by the Palmer Drought Severity Index
and GRACE TWSC. We also found that the 1998 and 2016 drought
events in the Amazon, both induced by strong El Nifio events, showed
similar drought patterns. This study provides a new perspective for

interpreting long-term drought patterns prior to the GRACE pe-riod.
Key words Amazon river basin; climate-driven; drought; GRACE; GRACE follow on; TWSC
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S2b-024

Using Swarm to Detect Total Water Storage Changes in 26 Global
Basins (Taking the Amazon Basin, Volga Basin and Zambezi Basin
as Examples)

Zhengtao Wang. Kunjun Tian. Fupeng Li. Si Xiong. Yu Gao. Lingxuan Wang.
Bingbing Zhang
Wuhan University

The Gravity Recovery and Climate Experiment (GRACE) satellite
provides time-varying gravity field models that can detect total water
storage change (TWSC) from April 2002 to June 2017, and its second-
generation satellite, GRACE Follow-On (GRACE-FO,
https://gracefo.jpl.nasa.gov/), provides models from June 2018, so there
is a one-year gap. Swarm satellites are equipped with Global Positioning
System (GPS) receivers, which can be used to recover the Earth’s time-
varying gravitational field. Swarm’s time-varying gravitational field
models (from December 2013 to June 2018) have been solved by the
International Combination Service for Time-variable Gravity Field
Solutions (COST-G, https://www.issibern.ch/teams/gravityfieldsolution/)
and the Astronomical Institute of the Czech Academy of Sciences (AUS).
on a timely scale, Swarm has the potential to fill the gap between the two
generations of GRACE satellites. In this paper, using 26 global
watersheds as the study area, first we explored the optimal data
processing strategy for Swarm and then obtained the Swarm-TWSC of
each watershed based on the optimal results. Second, we evaluated
Swarm’s accuracy in detecting regional water storage variations,
analyzed the reasons for its superior and inferior performance in different
regions, and systematically explored its potential in detecting terrestrial
water storage changes in land areas. Finally, we constructed the time
series of terrestrial water storage changes from 2002 to 2019 by
combining GRACE, Swarm, and GRACE-FO for the Amazon, Volga, and
Zambezi Basins. The results show that the optimal data processing
strategy of Swarm is different from that of GRACE. The optimal results of
Swarm-TWSC were explored in 26 watersheds worldwide; its accuracy is
related to the area size, runoff volume, total annual mass change, and
instantaneous mass change of the watershed itself, among which the
latter is the main factor affecting Swarm-TWSC. Knowledge of the
Swarm-TWSC of 26 basins constructed in this paper is important to

study long-term water storage changes in basins.
Key words GRACE; Swarm; GRACE follow on; gap; TWSC; global basins
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S2b-025

Method for GRACE/GRACE-FO data de-stripe based on image
processing perspective

Peng-Hui Wang. Hao Zhou. Zhi-Cai Luo. Lu Tang
Huazhong University of Science and Technology

The unavoidable stripe noise limits the geoscience application scope of
GRACE and GRACE Follow-On (GRACE-FO) time-variable gravity field
models. How to reduce the stripe noise is still one of the crucial issues
for GRACE and GRACE-FO data processing. Heuristic observation
shows that the distributions of these stripes have roughly the same
pattern, which reminds us that de-stripe processing may draw on the
experience of texture removal problem in computer vision or image
processing. In the perspective of image processing, all images can be
regarded as the superposition of different modal signals. Taking the
above considerations, this study attempts to use VMD (Variational Mode
Decomposition), CEEMDAN (Complete Ensemble Empirical Mode
Decomposition with Adaptive Noise) and other signal decomposition
algorithms to decompose the equivalent water height image of GRACE
monthly solution to several modal signals. Each signal after
decomposition contains different features and meanings. Therefore,
deducting the specific modal signals may help eliminate stripe errors.
The preliminary results show the potential of this method in removing
stripes.

Acknowledgement: This research was funded by the National Key
Research and Development Program of China (No. 2018YFC1503503,
2018YFC1503504) and the National Natural Science Foundation of

China (No. 41931074, 42074018, 42061134007, 41704012).
Key words GRACE, GRACE Follow-On, Image Processing, De-stripe
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S2b-026

Detect Songhua River Basin Groundwater Spatiotemporal Variation
Characteristics by GRACE and Multi-source Hydrological Data

Zhiming XU. Zhengtao WANG
School of geodesy and geomatics, Wuhan University

Songhua River Basin is located in high latitude area, as one of the most
important food-producing areas in China. Exploring and analyzing
groundwater reserve changes in this region is of great significance to
reveal the characteristics of regional groundwater change, to ensure the
sustainable development of the social economy and to protect the
regional ecological environment. In this paper, we use GRACE satellite
data released by CSR, combined with GLDAS hydrological model and
GPM precipitation data to retrieve the groundwater change of Songhua
River Basin in the period of 2002-2017. The sustainability index Sl is also
introduced to detect the spatial and temporal sustainability of
groundwater quantitatively before being compared with precipitation,
temperature and measured well data. The results show that: In the study
period, groundwater of Songhua River Basin increases continuously with
the rate of 0.34cm/a, besides the recovery rate of groundwater increases
from south to north; Groundwater system of Songhua River Basin shows
poor sustainability throughout the period; A significant time lag could be
found when the groundwater is compared with precipitation and
temperature data; satellite inverse result appears to show the same trend

with the in-situ well data and appears to have a time lag between them.
Key words GRACE; Songhua River Basin; groundwater storage; sustainability
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S2b-027

Hydrological Load Effect in the Tibetan Plateau: from GRACE or
Hydrological data?

Weilong Rao. Wenke Sun
University of Chinese Academy of Sciences

The uplift state of the Tibetan Plateau (TP) is determined by tectonic
deformation and hydrological load deformation. However, it is unknown
how much the load effect contributes to the uplift of the plateau. In this
study, we used hydrological data to calculate the vertical deformation of
the hydrological loading. The results show that the average hydrological
load deformation rate is 0.23+0.10 mm/yr. Furthermore, the average
uplift rate of the TP estimated from the Global Positioning System (GPS)
velocities is 0.90£0.22 mm/yr, so the contribution of the loading to the
TP’s uplift is 26%. In addition, we used the Gravity Recovery and Climate
Experiment (GRACE) spherical harmonic coefficients (SHs) data to
estimate the load contribution, and we obtained average load
deformation rate of -0.08+0.02 mm/yr. We found that the large difference
between the loading values calculated using GRACE data and
hydrological data is mainly due to the effect of the tectonic signals.
Because the mass changes recovered using GRACE data are not
entirely due to the hydrological mass change, and the mass change
caused by tectonic movement is obvious on the TP.

Key words the Tibetan Plateau, hydrological load, tectonic deformation, GRACE
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S2b-028

Monitoring groundwater storage change in China by satellite
gravimetry

Xiaotao Chang. Guang Zhu. Wei Liu. Miao Zhou. Haozhe Zhang. Qingliang Que
Land Satellite Remote Sensing Application Center, Ministry of Nature Resources

Groundwater is an important nature resource. Being the primary source
of fresh water, groundwater storage change and its spatial distribution
are vital to its rational utilization. In this study, the groundwater storage
change of nine typical regions in China are studied using GRACE and
GRACE Follow-On data from 2003 to 2019. Moreover, correlation
between meteorological dataand groundwater storage change
is investigated. Results show that groundwater reserves in most parts of
southeastern China has an upward trend, which is recharged mostly by
precipitation. In  comparison, the loss of groundwater in densely
populated areas such as the North China Plain is serious during the
study period, for which precipitation can only alleviate the rate. Glacier
areas such as the Tianshan Mountains and Nyaingentanglha Mountains
have good correlations with temperature anomalies, therefore, glacier

melting may be the main reason for mass loss in these areas.
Key words groundwater, storage change, satellite gravimetry
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S2b-029

Recent Changes in Surface and Groundwater in Large Arctic River
Basins

Hong Lin. Xiao Cheng. Lei Zheng
Sun Yat-sen University

Surface and groundwater in large Arctic river basins are changing to
varying degrees due to significant climate warming and permafrost
thawing in Arctic region. Given that Arctic surface and groundwater have
major implications for terrestrial hydrology, ocean, ecosystem and
economy, it is imperative to assess Arctic surface and groundwater
changes. GRACE satellite data has been widely used to evaluate
groundwater storage (GWS) changes at large scale. However,
groundwater evaluation at basin scale in Arctic are limited. In this study,
we derived GWS changes over 15 years (2002-2017) from combining
multi-source remote sensing data: GRACE, GlobSnow v3.0 SWE and
updated ground-based monitoring runoff data in five large Arctic river
basins (Lena, Ob, Yenisei, Mackenzie and Yukon) and calculated the
proportion of the main surface water (SW) transition area between 1984
and 2019 in each basin by using JRC Global Surface Water Transition
data. Results show decreasing GWS trends of 16 km? in Lena, 92.6 km?®
in Mackenzie and 163.8 km? in Yukon over 15 years while the increasing
GWS trends of 80.1 km315 yr and 108.6 km3*15 yr are detected
respectively in Ob and Yenisei. Transition proportion results suggest new
seasonal and permanent SW are the primary contributors to SW
transition in most basins, accounting for more than or near 50% in area
of the main transition categories in each basin. Moreover, significant
seasonal SW losses of 18.4% in area of the main transition categories
and 7.5% in area of basin are discovered in Ob. We infer that these
surface and groundwater changes are closely related to Arctic lake and
river dynamics, permafrost thawing and development of talik and
thermokarst. By using the latest SWE with bias-correction and extending
the evaluation period, we also anticipate the groundwater evaluation in

this study should be more accurate and insightful.
Key words Arctic, basin, surface water, groundwater, permafrost, GRACE
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S2b-030

Machine Learning approach to study groundwater depletion in
Central Valley, California using GRACE and other hydrological data

VIBHOR AGARWAL'3, Orhan Akyilmaz?. CK Shum®8, Wei Feng®. Ehsan
Forootan®. Umesh Haritashya'. Tajdarul Syed*
1. Department of Geology and Environmental Geosciences, University of Dayton,
Dayton OH, USA
2. Department of Geomatics Engineering, Istanbul Technical University, Istanbul,
Turkey
3. Geodesy and Earth Observation Group, Department of Planning, Aalborg
University, Aalborg, Denmark
4. Department of Earth Sciences, Indian Institute of Technology Kanpur, Kanpur,
India
5. Division of Geodetic Science, School of Earth Sciences, The Ohio State University,
Columbus, OH, USA
6. State Key Laboratory of Geodesy and Earth’s Dynamics, Innovation Academy for
Precision Measurement Science and Technology, Chinese Academy of Sciences,
Wuhan, China

California’s Central Valley (CV) watershed, covering an area of
160,000 km?, is one of the most agriculturally productive regions in the
world. CV’s aquifers are affected considerably by climate change and
anthropogenic stresses. Gravity Recovery and Climate Experiment
(GRACE) and its follow-on GRACE-FO satellite satellite missions
represent a novel technology from space capable of sensing shallow and
deep global groundwater storage (GWS) change at a large-scale,
provided that the signals due to surface water and other storage
components are separated suitably from GRACE derived total terrestrial
water storage (TWS). We use Random Forest (RF) and Artificial Neural
Network (ANN) Machine Learning (ML) models to establish an empirical
relationship between GRACE-derived TWS along with other hydrological
variables, and GW level (GWL) for the period Oct 2002 - Sep 2016. The
objective is to downscale GWS at 5 km resolution for practical water
resource management. Both RF and ANN models achieved good
accuracy for modeling in CV, however, we chose the RF model which is
able to identify some important predictor variables for the
modeling/reconstructions of GWS and GWL. Modeled GWL changes
were also compared with independent vertical deformation data from
Global Positioning System (GPS), Interferometric Synthetic Aperture
Radar (InSAR), and Cryosat-2 (CS2), which can help compute the
inelastic storage coefficient (Skv), an important aquifer mechanical
property. We assessed the temporal variations in GWS during the study
period and noted that CV lost up to 25 km® GWS which is consistent with
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past studies. Maximum GWS losses are obtained during the drought
periods of Jan 2007 - Dec 2009 and Oct 2011 - Sep 2015 respectively,
while other time periods experienced GWS gains. The downscaled GWS
trend maps show that the GW depletion is mostly concentrated in
southern San Joaquin Valley in the CV, which is also the region

experiencing severe land subsidence due to GW over-withdrawal.
Key words GRACE, Machine Learning, Groundwater Storage Changes, INSAR, GPS, altimetry,
downscaling
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S2b-031

Monitoring fast water storage variations in Karst through
gravimetry: a study case from the Classical Karst

Tommaso Pivetta’. Carla Braitenberg’. Franci Gabroviek?. Bruno Meurers3,
Gerald Gabriel*®
1. Department of Mathematics and Geosciences, University of Trieste, Via Weiss 2,
34128 Trieste, Italy
2. Karst Research Institute ZRC SAZU, Titov trg 2, 6230 Postojna, Slovenia
3. Department of Meteorology and Geophysics, University of Vienna, Althanstralle 14,
UZA Il, 1090 Wien, Austria

4. Leibniz Institute for Applied Geophysics (LIAG), Stilleweg 2, 30655 Hannover,
Germany

5. Institute of Geology, University of Hannover, Callinstral3e 30, 30167 Hannover,
Germany

The Classical Karst is an almost 600 km? karstic region shared between
Italy and Slovenia. The aquifer consists of a complex network of conduits
and voids fed by both autogenic and allogenic components. The
allogenic contribution is provided by the Reka river which enters the
karstic system in the Skocjan caves and then continues its underground
flow for over 30 km, finally reaching the Adriatic Sea. Variations in the
discharge of the Reka river cause fast water level fluctuations in several
caves along the underground water path, with water level excursions
exceeding 100 m which lead to temporary accumulation of huge water
volumes in the voids. The hydrodynamics of the system has been mostly
depicted relying on classical hydrologic prospections, taking advantage
of a network of pressure sensors deployed in some of the known and
accessible cave systems.

Since July 2018 a continuous recording gravimeter has been installed
nearby the Skocjan caves in order to get more insights into the water
mass balance of this cave system, which is prone to accumulate >10% m?3
of water during the flood events of the Reka river. In order to obtain
quantitative estimates of the water mass fluxes in the system we
integrate all the available hydrologic and gravity observations into a
unified 4D hydrodynamic model that simulates the response of the cave
system to the Reka discharge variations. The model is able to explain
both the gravity transients as well as the water levels observed in the
cave system and improves the previous mass estimates which were
based relying only on hydrologic data. Our joint hydraulic gravimetric
model confirms the dominant role of the allogenic contribution in Skocjan
in comparison to the autogenic recharge.
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Our innovative integrated approach can be extended to less known
areas of the Classical Karst as well as more generally to other karstic
contexts where the allogenic contribution is similarly dominating.

Key words Classical Karst, hydrogravimetry, hydraulic models, karst
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S2b-032

Bridging the gap between GRACE and GRACE-FO by simulating
GRACE-like terrestrial water storage anomalies using deep machine
learning tools

Merve Keles'. Tugce Ay'. Bihter Tandogdu'. Metehan Uz'. Yu Zhang?. Orhan
Akyilmaz'., C.K. Shum?. Kazim Gokhan Atman?3
1. Dept. of Geomatics, Istanbul Technical University, Istanbul, Turkey
2. School of Earth Sciences,The Ohio State University, Columbus, Ohio, USA
3. Dept. of Physics, Faculty of Science, Ege University, Izmir, Turkey

GRACE and its successor GRACE-FO have provided invaluable
information on the spatio-temporal variation of total (surface and
groundwater) terrestrial water storage (TWS) for various geophysical and
hydrological applications, including assimilative hydrological modelling
where the large-scale GRACE/-FO observed TWS anomaly (TWSA) are
used to constrain the water balance equation. GRACE/-FO derived
TWSA data set is available at global scale with monthly sampling.
However, there is 11-months of data gap between GRACE/-FO periods.
The lack of such TWSA data during this period may degrade the
assimilation studies and the resulting hydrological models may include
large uncertainties as well as biases. Thus, it is crucial to fill this gap with
realistic simulations of GRACE-like TWSA. Recent studies have shown
that there are strong, though nonlinear, relationships between hydro-
/climatic observations (e.g. precipitation, temperature, evapotranspiration,
surface runoff, soil moisture etc.) and the TWSA. In this study, we use
state-of-the-art deep machine learning (DML) algorithms to retrieve the
complicated transformation parameters from the input hydro-/climatic
observations (from ECMWF reanalysis data product, ERA-5) to
reconstruct the global TWSA maps. In addition to the hydro-/climatic
observations, we include the coarse resolution Swarm temporal gravity
field solutions as additional input data in order to capture the long
wavelength component of the TWS variations. The monthly TWSA
solutions have served as the target TWSA to be approximated by the
DML. In contrast to previous studies, we applied neither de-trending nor
de-seasoning process to the input-output data series in order to avoid
biasing the simulations considering the temporal variability of the climate-
induced extreme weather episodes. The simulation results of different
DML models are compared to each other as well as to the hydrological
model outputs both at global and basin scales for selected major
basins.Acknowledgements: This research is partially supported by the
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Key words GRACE, GRACE-Follow on, Swarm, deep machine learning, terrestrial water storage
anomaly
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S2b-033

Regional inversion of GRACE/-FO KBRR/-LRI observations to
estimate high resolution total water storage changes

Metehan Uz'. Yu Zhang?. Orhan Akyilmaz'. Junyi Guo?. C.K. Shum?
1. Dept. of Geomatics, Istanbul Technical University, Istanbul, Turkey
2. School of Earth Sciences, The Ohio State University, Columbus, Ohio, USA

Since April 2002, with an ~ 11 months of interruption in-between,
GRACEand its successor GRACE-FO missions have provided unique
observations of Earth’s temporal gravity field. Their most commonly used
data set are the so-called Level-2 (L2) and Level-3 (L3) which include the
monthly spherical harmonic coefficients (SHC) of the global gravity field
and the total water storage changes (TWSC) retrieved from post-
processing of L2 data, respectively. However, the spatial and temporal
resolutions of the L3 TWSC solutions are usually limited due to the
truncation of SHC at certain degree/order as well as the applied filtering
to remove/reduce the errors in high degree SHC. In this study, we
directly estimate the TWSC over selected basins represented by 2°x2°
(~ 200 km ground resolution) grids using the in situ potential difference
observations between the twin satellites estimated by improved energy
balance approach. The ill-posed downward continuation problem has
been solved (i) by iterative least quares (LS) estimation with internal
calibration of the initial covariance matrix of unknowns assuming first
order Gaussian process and (ii) by single step regularized LS estimation
using a covariance matrix retrieved from land hydrology models as light
constraints. In order to reduce the edge effects, we tested several
weighting strategies of the in situ observations depending on the relative
positions of the ground tracks within the study regions. The numerical
experiments are performed at regions which are selected such that to
include both high (e.g. Amazon, Greenland) and low (e.g. Anatolia)
hydrological variability. The regional solutions are compared to the latest
release of official L3 solutions as well as to CSR (Center for Space
Research) mascons both in spatial and time domain. Finally, some
practical hints are given in particular for the initialization of the regional
inversion process considering the approximate TWSC signal power
within and outside the regions.

Acknowledgements: This research is partially supported by the Scientific
and Technological Research Council of Turkey (TUBITAK) under Grant
No. 119Y176

Key words GRACE, GRACE-Follow on, total water storage anomaly, regional gravity inversion,
downward continuation, energy balance approach
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S2b-034

Inter-annual terrestrial water storage changes over the Lake
Victoria region from GRACE/GFO and satellite altimetry
observations

Jin Li'. Song-Yun Wang'. Jianli Chen?. Xiaogong Hu'
1. Shanghai Astronomical Observatory, Chinese Academy of Sciences
2. Center for Space Research, University of Texas at Austin

As the largest lake in Africa, the terrestrial water storage (TWS) changes
of the Lake Victoria region are observable by satellite gravimetry,
including the Gravity Recovery and Climate Experiment (GRACE) and
GRACE Follow-On (GFO) missions. Affected by regional extreme
climate events, the TWS of Lake Victoria region exhibits strong inter-
annual changes in recent years. Using the GRACE and GFO RLO6
monthly solutions, we retrieve the TWS change signals over the Lake
Victoria region from 2002 to 2020. The GRACE/GFO results from both
the SH (Spherical Harmonic) and Mascon (Mass concentration) products
show some dramatic decreases and increases in the recent ten plus
years, which agrees with the estimation based on satellite altimetry
observations, land surface models and precipitation data. Comparison
with global climate index series suggests that the inter-annual TWS
changes over this region are correlated with the EI Nifio and La Nina
events in recent years. In addition, we find that the differences between
GRACE/GFO and satellite altimetry observations become distinctly
larger and systematic during the late stage of GRACE mission and into
the GFO era, which is consistent with the latest finding by estimating

the global mean ocean mass change in a recent study.
Key words GRACE; GRACE Follow-On; satellite altimetry; terrestrial water storage; Lake Victoria
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S2b-035

Flood monitoring over the Yangtze River basin using GLDAS daily
data products based on GRACE data assimilation

Xiao Yan. Bao Zhang. Yibin Yao
Wuhan University

A severe flood occurred around the middle and lower reaches of the
Yangtze River (MLYR) in 2020 and caused great terrestrial water storage
(TWS) surpluses. It is important to understand this flood process and
assess its impacts. We combine the Gravity Recovery and Climate
Experiment (GRACE) observations and Global Land Data Assimilation
System (GLDAS) -2.2 daily outputs based on GRACE data assimilation
to thoroughly investigate this flood event. Evaluation using ground-based
measurements shows the TWS data from GLDAS agree well with that
from GRACE and the water budget estimate in the MLYR basin and its
sub-basins at the monthly or daily scales, which provides confidence in
the use of GLDAS-simulated TWS for monitoring floods around the
MLYR at the daily scale. TWS results from GLDAS suggest that this
flood event started in early July in the northern MLYR, peaked in the end
of July with TWS surplus of ~223 mm in the MLYR, and then decline
rapidly until early September, influencing a vast area of ~3.0x10° km?
around the MLYR. The flood center first appeared in the MLYR
mainstream, then moved northward to the north of the MLYR, and finally
stayed to the south of the MLYR mainstream. GRACE results exhibit
similar spatiotemporal characteristics to the GLDAS results but with
larger magnitudes. These two TWS results together identify and assess
this severe flood event, providing us a quantitative understanding of it.
The water budget analysis demonstrates that above-normal precipitation
around the MLYR during June-July 2020 is generally the main drivers of
this flood. Using the ERA5 atmospheric reanalysis, we show that the
precipitation increase is mainly due to anomalies in low-latitude
atmospheric circulation, including the anomalous extensions of the
Western Pacific subtropical high and South Asia high, anomalous low-
level southwesterlies, and upper-level westerlies. And the precipitation
increase is also closely associated with the anomalous blocking high and

cold air activities in the extra-tropical latitudes.
Key words Yangtze flood; Terrestrial water storage; Global Land Data Assimilation System; GRACE;
Precipitation
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S2b-036

Satellite Gravimetry-based Monitoring System for Natural Hazards
and Water Resources Management

C K Shum 2" | Yu Zhang ', Orhan Akyilmaz 3 , Ehsan Forootan 4 , Metehan Uz 3
1. School of Earth Sciences, The Ohio State University, Columbus, Ohio, USA
2. . Innovation Academy for Precision Measurement Science and Technology,

Chinese Academy of Sciences, Wuhan, China
3. Dept. of Geomatics, Istanbul Technical University, Istanbul, Turkey
4. Geodesy and Earth Observation Group, Dept of Planning, Aalborg University,
Denmark

The advent of dedicated Earth gravity satellite missions during the
Decade of the Geopotential, in to 2000, revolutionized measurements of
gravity signals and mass transports within the Earth system, with
pioneering satellite missions, CHAMP, GRACE, and GOCE. Temporal
satellite gravimetry missions, Gravity Recovery And Climate Experiment
(GRACE), 2002-2017, and GRACE-Followon (GRACE-FO) twin-satellite
missions, 2018—, are innovative sensors cable of observing global mass
transport signals within the Earth system at monthly sampling and spatial
scale longer than 333 km (half wavelength). The onset of climate
change and its ensuing effects exacerbate adverse impacts on global
environmental and ecological regimes, and natural or anthropogenic
hazards such as abrupt climate/weather episodes, surface and
groundwater depletion, storms, cyclones, large floods, and prolonged
droughts. Timely monitoring of climate or hazardous weather variables
governing these complex processes at an adequately downscaled
spatio-temporal resolutions provide a means for applications to improve
water resources management and hazards response. GRACE/GRACE-
FO temporal gravity fields augmented by a high-resolution GOCE static
gravity field model enabled novel characterizations of Earth’s mass
transports by accurately measuring minute changes of gravity from
space. Here we postulate the plausible spatio-temporal downscaling of
GRACE/GRACE-FO data inverted Earth’s mass change would enable
accurate monitoring of the aforementioned natural hazards and
surface/groundwater sensing for improved water resources management
and disaster response, and present preliminary results.
Acknowledgements. This research is supported by the National Science
Foundation Division of Industrial Innovation and Partnerships under
Grant No. AWD-109695.

Key words Satellite gravimetry, GRACE/GRACE-FO, Natural hazards, Water resources
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S2b-037

Advanced estimation of regional ice mass losses in Greenland from
GRACE data

Linyang XIN. Jiangjun RAN
Southern University of Science and Technology

Mascon products derived from GRACE satellite gravimetry data are
widely used to study the Greenland ice sheet (GrlS) mass balance.
However, the products released by different research groups — JPL, CSR
and GSFC - show noticeable discrepancies. To understand them, we
compare those mascon products with mascon solutions computed in-
house using a varying regularization parameter. We show that the
observed discrepancies are likely dominated by differences in the
applied regularization. Furthermore, we present a numerical study aimed
at an in-depth analysis of regularization-driven biases in the solutions.
We demonstrate the ability of our simulations to reproduce 60-80% of
biases observed in real data, which proves that our simulations are
sufficiently realistic. After that, we demonstrate that the quality of
mascon-based estimates can be increased by a proper modification of
the applied regularization: no correlation between mascons is assumed
when they belong to different drainage systems. Using both simulations
and real data analysis, we show that the improved regularization
mitigates signal leakage between drainage systems by 11-56%. Finally,
we validate various mascon solutions over the SW drainage system,
using the RACMO model as the source of independent information, since
mass variations in SW are mostly explained by surface mass balance
(the contribution of ice discharge is small). In general, our trend
estimates obtained with the improved regularization are as consistent
with RACMO-based ones as the estimates based on the CSR and JPL
solutions. Over the time intervals 2003-2014 and 2003-2006, our
solutions yield the estimates that are the closest to the RACMO-based

ones.
Key words Greenland ice sheet; surface mass balance; GRACE; mascon products
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S2b-038

Performance of Tongji-RegGrace2019 Solution over Major Mountain
Glaciers

Wei Wang. Yunzhong Shen. Qiujie Chen
Tongji University

The new high spatial resolution monthly gravity field solution Tongji-
RegGrace2019 is with spherical harmonic coefficients up to degrees and
orders 180, spanning from April 2002 to December 2016. The
performance of the Tongji-RegGrace2019 solution over major mountain
glaciers is evaluated and compared to the CSR and JPL mascon
solutions. At first, the mass change trends and amplitudes of Tongji-
RegGrace2019 and CSR mascon solutions are shown in terms of
equivalent water height at the continental scale. Then the spatiotemporal
characteristics of mass changes over major mountain glaciers are
analyzed in detail with the Tongji-RegGrace2019 solution compared to
the CSR and JPL mascon solutions. The results show that the mass
changes derived from Tongji-RegGrace2019 have good consistency with
mascon solutions in the studied area. Moreover, compared to the two
mascon solutions, Tongji-RegGrace2019 demonstrates a relatively
higher spatial resolution and stronger signal, which have the potential to

retrieve signals at the studied mountain glaciers.
Key words satellite gravimetry; mountain glaciers; high-resolution monthly harmonic solutions
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S2b-039

New Constrains on Glacier Mass Balance on High Mountain Asia

Qiuyu Wang. Shuang Yi. Wenke Sun
University of Chinese Academy of Sciences

Glacier melt in High Mountain Asia (HMA) is an indicator of climate
change and has a major impact on the regional hydrology and freshwater
supply. We determined the recent status of HMA glaciers based on the
analysis of Ice, Cloud, and Land Elevation Satellite-2 (ICESat-2) data.
We used the Gravity Recovery and Climate Experiment (GRACE) and
GRACE Follow-On (FO) data to complement ICESat-1,2 data and
validate them independently. We find a good agreement between
ICESat-1,2 and GRACE/GRACE-FO data, which demonstrates the high
reliability of results. Based on our results, the continuous glacier mass
change from 2003-2019 is -28 + 6 Gt yr', which is more negative than
stereo imagery-based studies. The regional variability of the glaciers
ranges from -1.07 = 0.10 m yr' in southeastern Nyaingentanglha to
+0.16 = 0.10 m yr'' in West Kunlun. ICESat-2 data enable new insight
into the continuous measurement of HMA glacier elevation change.

Key words GRACE; mass balance; High Mountain Asia
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S2b-040

An Investigation on the Ice Mass Loss in Antarctica Using Different
Geosensors Data

Bilal Mutlu. Serdar Erol. Bihter Erol
Istanbul Technical University, Geomatics Engineering Department, 34469, Maslak,
Istanbul, Turkey.

In the last decades, a severe decrease of the glacial masses is observed
in the Polar Regions due to the increasing effect of global warming.
Continuous observations in these regions are required for quantifying the
loss in the glacier mass and monitoring the increase in mean sea level.
Besides, as a consequence of the glaciers mass loss, an uplift occurs
(the post-glacial rebound (PGR) effect) in the affected areas and should
be monitored as well. In this context, the geosensors including GNSS
(Global Navigation Satellite System), satellite radar altimetry, Earth
gravity satellite missions as well as the tide-gauges are widely used and
contribute to studies of these dynamic phenomena. Within the scope of
this study, the variations of the glacial mass within a time period in the
Antarctic region are investigated using the geosensors data. Regarding
this, the GNSS stations of the UNAVCO (University NAVSTAR
Consortium) and IGS (International GNSS Service) networks data, the
GRACE/GRACE-FO (The Gravity Recovery and Climate Experiment)
solutions, CryoSat-2 and ICESat-2 (Ice, Cloud, and Land Elevation
Satellite) satellite radar altimetry data in addition to the tide-gauge
observations are used to carry out the analyzes through the generated
time series. Thus, the mass loss in the study area is clarified from a
broad perspective relying on the comparative results of different

geosensors’ data.
Key words Mass Loss Monitoring; Geosensors; GNSS; GRACE; Satellite Altimeter; Tide-Gauge;
PGR.
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S2b-041

Inter-annual variability in the Antarctic ice sheets using multi-
technique geodesy and modeling

Athul Kaitheri'. Anthony Mémin'. Frédérique Rémy?
1. Université Cote d’Azur, CNRS, Observatoire de la Cote d’Azur, IRD, Géoazur, 250
rue Albert Einstein, 06560 Valbonne, France
2. Laboratoire d’Etude en Géophysique et Océanographie Spatiales, Observatoire
Midi-Pyrénées, 14 avenue Edouard Belin, 31400, Toulouse cedex 9, France

Quantifying the mass balance of the Antarctic Ice Sheet (AIS), and the
resulting sea-level rise, requires an understanding of the inter-annual
variability and associated causal mechanisms. The Gravity Recovery
and Climate Experiment (GRACE) and its follow-on mission have been
monitoring changes in the AIS since 2002. Alongside gravity change
estimates from GRACE missions, we have elevation change
measurements from altimetry Envisat (2002 — 2010). Similar estimates of
the changes are made using weather variables (surface mass balance
(SMB) and temperature) from a regional climate model (RACMOZ2.3p2)
using a firn compaction model. For the period 2002 — 2010, we then
extract inter-annual height change patterns using for the first time an
empirical mode decomposition followed by a principal component
analysis to investigate for influences of climate anomalies on the AlS.
Investigating the inter-annual signals in these regions revealed a 4 to 6
year periodic signal in the height change patterns especially along the
coasts in East Antarctica. This is likely due to the influence of El Nifo
Southern Oscillation, a climate anomaly that alters, among other
parameters, moisture transport, sea surface temperature, precipitation, in
and around the AIS at a similar frequency by alternating between warm
and cold conditions. This periodic behavior in the height change patterns
is altered in the Antarctic Pacific sector possibly by the influence of
multiple climate drivers like the Amundsen Sea Low and the Southern
Annular Mode. We also observe height change anomaly propagating
eastwards from Coats Land to Pine Island Glacier regions passing
through Dronning Maud Land and Wilkes Land in 6 to 8 years. This is
representative of climate anomaly propagation due to the Antarctic
Circumpolar Wave. Altogether, inter-annual variability in the SMB of the

AIS is found to be modulated by multiple competing climate anomalies.
Key words Mass balance, GRACE, Envisat, RACMO2.3p2,El Nifio Southern Oscillation, Antarctic
Circumpolar Wave
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S2b-042

Antarctica Ice-Mass Variations on Intraseasonal-Interannual
Timescale: East-West Coastal Dipole and Eastward Circumpolar
Wave

Zhen Li'. Benjamin Fong Chao?. Hansheng Wang'
1. Innovation Academy of Precision Measurement of Science and Technology, CAS
2. Institute of Earth Sciences, Academia Sinica

Constituting by-far the largest body of freshwater on Earth and sensitive
to climatic changes, the Antarctica ice has been undergoing accelerated
melting. The target is the non-secular, non-seasonal, intraseasonal-
interannual ice-mass redistribution over the Antarctica continent, as
observed by the satellite mission GRACE (Gravity Recovery and Climate
Experiment) for the period from 2003 to 2015. We employ the empirical
orthogonal function (EOF) and complex EOF (CEOF) methods on the
GRACE monthly time-variable gravity in the form of the mascon data.
We find two separate phenomena on different timescales: (1) EOF Mode
1 represents an interannual standing “seesaw” pattern of some 70
gigatons of ice-mass redistribution largely concentrates alone the coast,
which we refer to as the Antarctica East-West Coastal Dipole (EWCD),
reversed its polarity twice during 2003-2015, coincident with ENSO
events caused by precipitation anomaly, relative to atmospheric pressure
and sea surface temperature over Antarctica surrounding oceans,
whereas Mode 2 correlates with the Antarctica Oscillation (AAO),
suggesting AAO connects ice-mass variations by Amundsen Sea
blocking. (2) CEOF Mode 1, referred to as the Eastward Circumpolar
Wave (ECW), strongest in West Antarctica, represents a propagating
pattern at intraseasonal periodicity of ~5 months (that cycles around the
Antarctica in ~3 years) with a clear semi-annual modulation in amplitude,
two 1-2-year hiatuses in the phase cycling of ECW happened around
2007 and 2011, again in close proximity to the timing of the ENSO
events. ECW may induced by a coupling mechanism of surface net
radiation and Antarctica Circumpolar Wave.

Key words Antarctica, GRACE, Empirical Orthogonal Function, East-West Coastal Dipole,Eastward
Circumpolar Wave
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S2b-043

Two decades of Antarctic surface elevation changes from multi-
mission satellite altimetry and gravimetry

Lianzhe Yue. Nengfang Chao. Shuai Wang. Ying Hu. Yanze Zhang
China University of Geosciences

The Antarctic ice sheet (AIS) plays a role in the current rising of the
global sea level. Precise measurements of surface height changes (SEC)
can improve estimates of the mass balance of AIS and global sea-level
changes. We developed a multi-mission satellite altimetry analysis over
the AIS which include ICESat, CryoSat-2, and ICESat-2. The monthly
grids of multi-mission SEC were obtained using the crossover and
repeat-track methods during 2003-2020. We also examine mass change
estimates from the Gravity Recovery and Climate Experiment (GRACE),
GRACE Follow-On (GFO) data, SECs and densities. The result showed
that (1) there was a large SEC decline on the Antarctic Peninsula and
the coastal regions of the East Antarctic; (2) the Amundsen Sea
Embayment was the largest mass losses of the AlS, and the maximum
annual variation rate was larger than -10 m/yr; (3) the AIS increased
mass loss after 2006 and accelerated after 2010. The multi-mission
satellite altimetry and gravimetry can enhance mass balance estimates
in the AIS, and coincident results of altimeter and gravimetry are
important for research of the contributions of snow and ice to mass
balance in the AlS.

Key words Antarctic Ice Sheet; Surface Elevation Change; crossover and repeat-track;
ICESat/Cryosat-2/ICESat-2; GRACE/GRACE-FO
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S2b-044

Mass Variations of the Greenland Ice Sheet based on
GRACE/GARCE Follow-On Satellite Gravimetry and Mass Budget
Method

Peisi Shang. Xiaoli Su. Zhicai Luo
Huazhong University of Science and Technology

In recent years, the melting of glaciers and ice sheets associated with
global warming contributes a lot to global mean sea level rise and has
posed a serious threat to the environment over coastal regions. As the
second largest ice sheet on the Earth, the Greenland ice sheet is
experiencing melting heavily. Based on GRACE/GRACE Follow-On
Satellite Gravimetry and Mass Budget Method, we find that the monthly
mass variations are in good agreement with each other by comparing the
consistency over the Greenland Ice Sheet. Here we examine further the
melting of Greenland Ice Sheet, by analyzing gravity satellite data. We
find that the melting was the most serious in 2012 and 2019 approaching
to 470 Gt year' and 490 Gt year'. Moreover, the melting amounts are
close to nearly 330 Gt mon™ and 280 Gt mon™ and the melting area
covered almost the entire Greenland ice sheet in August of 2012 and
2019 alone.

Acknowledgement: This research is funded by the National Natural
Science Foundation of China, grant number 41804014, and also
supported by the National Key R&D Program of China, grant number
2018YFC1503503.

Key words GRACE and GRACE Follow-On, Mass Budget Method, Greenland Ice Sheet, Mass
variations.
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S2b-045

Low Degree Spherical Harmonic Influences on Polar Ice Sheet Mass
Change Derived from GRACE/GRACE-FO Gravimetry

Xiaoli Su’. Junyi Guo?. C.K. Shum?. Zhicai Luo'. Lin Liu’
1. Institute of Geophysics, Huazhong University of Science and Technology
2. Division of Geodetic Science, School of Earth Sciences, The Ohio State University

The accuracy of low degree spherical harmonic coefficients is vital to
accurately estimate polar ice sheet mass variations using monthly gravity
field solutions from the Gravity Recovery and Climate Experiment
(GRACE) and GRACE-Follow-On (GRACE-FO) data. Currently, there
are estimates of these low degree spherical harmonic coefficients such
as degree one terms, degree two zonal term and in different versions
available for proper science application in satellite gravimetry
community. Here we assess the impact of degree one terms, SLR-
based and estimates on GRACE- and GRACE-FO-derived polar ice
sheet mass variations. We report that degree one terms recommended
for GRACE Release 06 (RLO6) data have an impact of 2.5 times more
than those for GRACE RLO5 data on the mass trend estimates over the
Greenland and the Antarctic ice sheets. The Iatest
recommended solutions in GRACE Technical Note 14 (TN14) affect the
mass trend estimates of ice sheets in absolute value by exceeding 50%
larger, as compared to those in TN11 and TNO7. The SLR-
based replacement has some impact on the Antarctic ice sheet mass
variations, mainly depending on the length of the study period. This study
emphasizes that reliable solutions of low degree spherical harmonics are
crucial for accurately deriving ice sheet mass balance from satellite
gravimetry.

Acknowledgments: This research is funded by the National Key R&D
Program of China, grant number 2018YFC1503503, and also supported
by the National Natural Science Foundation of China, grant number
41804014.

Key words Satellite Gravimetry; Polar ice sheets; Mass change; Low degree spherical harmonic
coefficients
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S2b-046

Bridging the data gap between GRACE and GRACE-FO using
artificial neural network in Greenland

Bao Zhang. Yulin He. Yibin Yao
Wuhan University

Gravity Recovery and Climate Experiment (GRACE) has provided an
entirely new way to measure mass changes on the Earth with
unprecedented accuracy and resolution. However, the delayed launch of
GRACE Follow On (FO) mission led to an approximately 1-year data gap
between GRACE and GRACE-FO, breaking the continuity of the
observations and limiting its further application. Excellent efforts have
been made to bridge this data gap in major river basins, but few was
done on ice sheets. To address this limitation, we use three artificial
neural networks (ANN) to reconstruct the GRACE-like mass change at
basin scales in Greenland with precipitation, runoff, evapotranspiration,
and ice discharge as input data. The optimal settings of the ANNs are
automatically determined by minimizing the posterior Root Mean Square
(RMS) error. To test the reconstruction performance, we propose a
sliding window testing method for this particular case. The testing results
show that the Back Propagation Neural Network (BPNN) outperforms the
Deep Belief Network (DBN) and Multiple Linear Regression (MLR) by
having a predicting RMS error of 1.4 cm in term of equivalent water
height for the pan Greenland and 1.5-3.4 cm (2.3 cm in average) for the
six basins of Greenland. All the correlation coefficients (CC) between the
predicted mass change and GRACE-inferred ones exceed 0.98. Given
the fact that GRACE has an uncertainty of ~2 cm in measuring mass
change, the reconstruction accuracy is rather impressive. The relatively
poor accuracy in basins of SW (3.2 cm) and SE (3.4 cm) is mainly due to
the mass leakage problem between adjacent basins and can be
improved by simply merging basins. This work bridges the data gap
between GRACE and GRACE-FO and thus provides continuous

GRACE-like ice mass change data at basin scales for Greenland studies.
Key words Greenland; GRACE; Gap filling; Artificial neural network
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S2b-047

Filling the data gaps within GRACE missions using Singular
Spectrum Analysis

Shuang Yi'. Nico Sneeuw?
1. Institute of Geodesy, University of Stuttgart
2. University of Stuttgart

Dozens of missing epochs in the monthly gravity product of the satellite
mission Gravity Recovery and Climate Experiment (GRACE) and its
follow-on (GRACE-FO) mission greatly inhibit the complete analysis and
full utilization of the data. Despite previous attempts to handle this
problem, a general all-purpose gap-filling solution is still lacking. Here we
propose a non-parametric, data-adaptive and easy-to-implement
approach—composed of the Singular Spectrum Analysis (SSA) gap-
filling technique, cross-validation, and spectral testing for significant
components—to produce reasonable gap-filling results in the form of
spherical harmonic coefficients (SHCs). We demonstrate that this
approach is adept at inferring missing data from long-term and oscillatory
changes extracted from available observations. A comparison in the
spectral domain reveals that the gap-filling result in the same signal
intensity as the product of GRACE missions for spherical harmonic
degrees below 30. As the degree increases above 30, the degree
variance of the gap-filling result decreases more rapidly than that of
GRACE/GRACE-FO SHCs, demonstrating effective suppression of noise.
As a result, our approach can reduce noise in the oceans without
sacrificing resolutions on land. The quality of the gap-filling product is
evaluated through comparison with a surface-mass-balance-based
estimate in Greenland, Swarm gravity solutions and a climate-driven
water storage model, all of which confirm the good performance of our
results. This study makes a ready-to-use gap-filling product in the form of
SHCs together with proper error estimates available. Nonetheless, our

method is also applicable to smoothed gridded observations.
Key words GRACE; data gap; gap filling; singular spectrum analysis;
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S2b-048

Extraction of GRACE/GRACE-FO Observed Mass Change Patterns
across Antarctica via Independent Component Analysis (ICA)

Tianyan Shi'. Yoichi Fukuda?. Koichiro Doi?'. Jun'ichi Okuno?’
1. Graduate University for Advanced Studies, SOKENDAI
2. National Institute of Polar Research

Here we qualitatively analyze the mass change patterns across
Antarctica via independent component analysis (ICA), a statistics-based
blind source separation method to extract signals from complex datasets,
in an attempt to reduce uncertainties in the glacial isostatic adjustment
(GlIA) effects and improve understanding of Antarctic Ice Sheet (AlS)
mass-balance. We extract the six leading independent components from
gravimetric data acquired during the Gravity Recovery and Climate
Experiment (GRACE) and GRACE Follow-On (GRACE-FO) missions.
The results reveal that the observed continental-scale mass changes can
be effectively separated into several spatial patterns that may be
dominated by different physical processes. Although the hidden
independent physical processes cannot be completely isolated, some
significant signals, such as glacier melt, snow accumulation, periodic
climatic signals, and GIA effects, can be determined without introducing
any external information. We also observe that the time period of the
analyzed dataset has a direct impact on the ICA results, as the impacts
of extreme events, such as the anomalously large snowfall events in the
late 2000s, may cause dramatic spatial and temporal changes in the ICA
results. ICA provides a unique and informative approach to obtain a
better understanding of both AlS-scale mass changes and specific

regional-scale spatiotemporal signal variations.
Key words GRACE; GRACE-FO; ICA; Antarctica; GIA
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S2b-049

Quantitative Analysis of Global Sea-Level Budget Based on GRACE,
Satellite Altimetry and Argo Observations

Fengwei Wang. Yunzhong Shen. Qiujie Chen
Tongji University

The global sea-level budget is theoretically closed between the Gravity
Recovery and Climate Experiment (GRACE) solution, Satellite Altimetry
and Argo observations. Five GRACE solutions (CSR RL06, GFZ RLOG,
JPL RLOG6, ITSG-Grace2018 and Tongji-grace2018) are used to estimate
the Global Mean Ocean Mass (GMOM) change and demonstrate the
sea-level budget relative to Altimetry-Argo. The results show that the
GMOM change from the new Tongji-Grace2018 solution can reduce the
misclosure by 0.10~0.16 mm/year compared to the other four GRACE
solutions over the period January 2005 to December 2016. When the
same missing months as the GRACE solution are deleted from altimetry
and Argo data, the resulted misclosure will be reduced by 0.06 mm/year.
Once retained the GRACE C20 term, the linear trends from Tongji-
Grace2018 and ITSG-Grace2018 are 2.62+0.16 and 2.64+0.16 mm/year,
closer to the linear trend of 2.62+0.14 mm/year from Altimetry-Argo than
the three RLOG official solutions. We further analyze the contribution of
low Spherical Harmonic (SH) coefficients to GMOM change by truncating
different Degrees and Orders (d/o), and find that the linear trends from
the SH coefficients truncated to d/o 15 and 20 are very close to those of
using all d/o 60 SH coefficients with the contribution over 90%. The
averaged square root of accumulated geoid degree variances of Tongji-
Grace2018 solution from January 2005 to December 2016 are 8.44, 7.90
and 6.92 mm when the SH coefficients are truncated to d/o 20, 15 and
10, respectively, larger than those of the other four GRACE solutions,
indicating that the low SH coefficients of Tongji-Grace2018 solution
contain more GMOM change signals. Therefore, Tongji-Grace2018 can
reduce the misclosure between Altimetry, Argo and GRACE data,
regardless of whether the C20 term is replaced or not, since the low
coefficients of Tongji-Grace2018 can capture more signals.

Key words GRACE; Global ocean mass change; Sea level budget; Altimetry; Argo
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S2b-050

The ways to improve the accuracy of determining the height of the
geoid using GNSS signals reflected from the ocean surface

Vladislav Lopatin. Vyacheslav Fateev
VNIIFTRI

A geoid is a surface of equal gravitational potential on the Earth's figure,
containing a point, taken as the beginning of counting heights. The
surface of the geoid coincides with the surface of the World Ocean in the
absence of disturbing forces.

Currently, measurements of the ocean surface height are carried out
using active satellite altimetry methods. Satellite altimetry based on
monolocators has a high accuracy (1-2 cm) and will allow to avoid
expensive gravimetric surveys in all parts of the World Ocean. At the
same time, satellite active altimetry has the following disadvantages:

- the on-board altimeter requires a high-power power supply
device and large dimensions of a spacecraft (SC);

— limited coverage area, since only one observation track of
the current altitude profile is realized in one pass of the SC.

A promising method of expanding the coverage area is to use the bistatic
method of satellite altimetry, based on GNSS-reflectometry. This method
is based on the principle of detecting GNSS signals reflected from the
Earth's surface and processing them in order to determine the properties
of the surface. In one pass of the SC with the onboard GNSS-
reflectometry system, it is possible to simultaneously obtain up to 20-30
tracks of the geoid height profile - according to the number of visible
navigation satellites GLONASS/GPS/Galileo/BeiDou. With this method of
height measurement, the onboard transmitter with all its disadvantages is
completely excluded.

The errors of the code, interferometric and phase methods of GNSS
altimetry were analyzed. Ways to improve the accuracy of determining
the height of the ocean surface by choosing the optimal integration time
and using all frequency channels in processing are proposed.
Experiments were carried out to measure height using a GNSS-altimeter
from the roof of a building, from a bridge over the river, and also in an
anechoic shielded chamber.

Key words GNSS-R, altimetry, geoid
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S2b-051

Leading Edge Identification with Prior Information (LEIPI): a new
approach to retracking inland altimetry waveforms

Nico Sneeuw. Sajedeh Behnia. Mohammad Tourian
University of Stuttgart, Institute of Geodesy

Almost in parallel to the decline of in situ gauging stations over the past
few decades, satellite altimetry has proven effective in filling in for this
gap to a meaningful extent. Despite both theoretical and methodological
developments, however, inland altimetry is still hindered by many factors,
an important one being land contamination. Inland waveforms in general,
and the more contaminated ones especially, do not follow a typical
shape. This effect complicates the retracking process, and plays usually
a degrading role in the final accuracy and precision of the altimetry
retrieved water heights.

To tackle the problem, a wide range of retracking algorithms have been
developed so far. What is noticeable, however, is that the claimed
precision of satellite altimetry (~2 cm) has never been achieved over
inland waters. In effect, none of the existing methods can deal with all
complexities caused by inland processes. In what may be termed as a
classic approach, waveform retracking is a case-independent problem
with a universal solution. Any such approach implicitly ignores the
defining role of the morphological properties and seasonal regime of the
water body of interest.

We argue that the aforementioned factors affect the inland water level
time series oftentimes in a systematic manner; meaning that a prior time
series analysis should let us infer the common types of contamination
during the radar acquisition, and hence, the way they are translated into
the waveform properties. As opposed to what has been done so far, we
believe that retracking of inland waters yields the most precise results
only if it is performed with reliable prior information. Our proposed
method, therefore, relies on the outputs of an iterative outlier
identification procedure, where at each iteration i) a model of the input
time series is generated, ii) the greatest outlier is rejected and iii)
replaced with the model value. The algorithm eventually outputs both
outlier flags and the ensemble of models. The deviation of the outlying
measurement from the model value is then translated into radar bin units.
As long as this deviation falls into the covered range spectrum of the
waveform, it is possible to reconsider the retracking results. The rationale
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here is that an expected value coming from a time series analysis is
reliable enough to bound the searching area where the leading edge can
be located.

LEIPI is expected to not only retrieve true height values from the so-
called outliers, but also to provide more reliable estimations for trivially
contaminated measurements. From a theoretical point of view, the latter
potentially alters our understanding of both accuracy and precision of
altimetry missions over inland waters. On the practical side, it yields

denser and more reliable inland time series.
Key words satellite altimetry, lakes and reservoirs, retracking, outlier rejection, time series
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S2b-052

Data quality analysis of Argo float observations from 2016 to 2020

Lu Tang'. Jin Li?. Hao Zhou'. Zhicai Luo'. Penghui Wang'
1. Huazhong University of Science And Technology
2. Shanghai Astronomical Observatory, Chinese Academy of Sciences

The steric sea level change caused by thermohaline effects is one of the
main results for the ocean response to climate change process. Based
on the Argo (Array for Real-Time Geostrophic Oceanography)
observations, many researchers have made efforts to quantify the
contribution of temperature and salinity to the steric sea level change, as
well as the contribution of steric sea level change to the global sea level
change in past decades. However, there are obvious discrepancies
among different Argo gridded products, which inevitably enlarge the
uncertainties of steric sea level change estimation. In this study, we carry
out comprehensive analysis on the uncertainties of the JAMSTEC. SIO
and IPRC Argo gridded data from 2016 to 2020. Moreover, we compare
the Argo estimates with the observations from Satellite Altimetry and
Satellite Gravimetry (including GARCE and GRACE Follow-On). Results
indicate that the steric sea level change estimation uncertainties paly an
important role in the closure of global sea level budget during the period
2016 - 2020.Acknowledgement: This research was funded by the
National Key Research and Development Program of China (No.
2018YFC1503503, 2018YFC1503504) and the National Natural Science
Foundation of China (No. 41931074, 42074018, 42061134007,
41704012)

Key words Argo float; Steric sea level change; Error analysis; Satellite Altimetry; Satellite Gravimetry
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S2b-053

Quantifying the precision of retracked Jason-2 sea level data in the
0-5 km Australian coastal zone

FUKAI PENG'. Xiaoli Deng?. Xiao Cheng’
1. Sun Yat-Sen University
2. The University of Newcastle, Australia

This paper aims to quantify the precision of retracked Jason-2 altimeter
sea level data (2008-2016) in the 0-5 km Australian coastal zone. A new
retracking strategy has been developed to achieve the highest possible
precision of coastal sea-level data. Coastal waveforms were classified
into four groups according to the adaptability of dedicated coastal
retrackers, from which each group was reprocessed using an optimal
retracker. A modified Brown model was introduced to reprocess the
quasi-specular waveforms over calm waters. A seamless transition of
sea surface heights from different retrackers was achieved by estimating
and removing the significant wave height dependent height differences.
In order to generate the 20-Hz sea level anomaly (SLA) and total water
level envelope (TWLE) at the coast, the regional along-track mean sea
surface (MSS) with a high spatial resolution (~300 m) was estimated.
Compared to the global MSS model, the use of the along-track MSS has
dramatically reduced the SLA variance by 140 cm2 in the 0-15 km
coastal strip.

The results from the evaluation of data precision for Jason-2 ground
tracks and the validation against tide gauges show that this new
retracking strategy can retrieve more reliable sea level data nearshore.
The precision of 20-Hz sea level data in the 0-5 km Australian coastal
strip ranges typically from 5 cm to 6 cm in most coastal areas, which is
only ~1 cm lower than that beyond 5 km off the coastline. However, in
Northwest Australian and some coastal regions, the data precision drops
to 37 cm due partly to the specific coastal sea states and topography. In
addition, it is found that the altimeter and tide gauge TWLE time series
have a high correlation (>0.8) in the 0-5 km distance band, indicating that
coastal sea-level data are useful for applications such as estimation of
river plumes, long-term variation of water level in lakes and rivers, and
the analysis of storm surges.

Key words Satellite altimetry, sea level anomaly, total water level envelope, Jason-2, Australian
coastal zone, data precision, validation
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S2b-054

Global Ocean Mass Change Estimates in 1993~2004 from LEO
Gravity Field Models Determined at Tongji University

Qiujie Chen'. Xingfu Zhang?. Fengwei Wang'. Yunzhong Shen’
1. Tongji University
2. Guangdong University of Technology

Due to the lack of gravity field models like GRACE/GRACE Follow-on
which can directly estimate the global ocean mass change (GOMC)
during the period January 1993 to March 2002, one only can estimate
GOMC in terms of its components such as polar ice sheets, mountain
glaciers and variations of Terrestrial water storage (TWS), and close the
sea level budget with the estimated results using Altimetry and Steric
observations (Altimetry-Steric). In this work, a preliminary time series of
gravity field models named Tongji-LEO up to degree and order 40 for the
period 1993 to 2004 are derived from observations of LEO satellites
including SPOT2, SPOT3, SPOT4, ERS1, ERS2 and TP. Using the LEO
gravity field models, we estimate the GOMC over the period from 1993 to
2004, and investigate the closure of global sea level budget with respect
to Altimetry-Steric. During our analysis, DDK and Gaussian smoothing
with different filtering strength are used for noise suppression. In addition,
a 500km buffer zone is applied to reducing signal leakage from lands to
oceans. The GIA effects are accounted for by the ICE6G - D model. Our
results show that the linear trend of global Mean Ocean Mass (GMOM)
change ranges 0.83+0.22 mm/yr to 1.06£0.21 mm/yr when using
different filtering strategies. To further study the global sea level budget
from 1993 to 2004, Altimetry and steric observations are used to
estimate the GMOM change indirectly. After deducted the ensemble
mean steric sea level change rate 1.55+0.15 mm/year from the
ensemble mean GMSL rate 2.66+0.15 mm/year (after correcting
TOPEX-A drift), we derive the GMOM linear trend of 1.11+0.15 mm/year,
which is consistent with the estimates from Tongji-LEO solutions.
Therefore, Tongji-LEO gravity field solutions are useful for both providing
an independent measure for directly quantitatively estimating GMOM

change and understanding the global sea level change.
Key words LEO Satellites, Gravity field solution, Global ocean mass change, Altimetry, Steric
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S2b-055

Spatial-temporal prediction of regional sea level changes from the
ocean Climate Data Records

Ruiyang Cai. Jian Zhao
China University of Petroleum (East China)

The first global ocean Climate Data Records (CDRs) of China were used
to analyze and predict the sea level changes in the Yellow Sea with
obvious seasonal variability. Based on the singular spectrum analysis
(SSA) method, the spatiotemporal series of sea level anomaly (SLA)
from the CDRs data of the Yellow Sea are de-noised and decomposed to
obtain the empirical orthogonal functions (EOFs) and the corresponding
principal components (PCs). Then the PCs were modeled by the long
short-term memory (LSTM) neural network to predict the future trends.
The prediction results of PCs were then reconstructed to obtain the final
nonlinear sea level variability in the Yellow Sea from the gridded SLA
spatiotemporal series. Compared with the conventional methods, the
prediction accuracy of SSA-LSTM combined model is significantly
improved with a minimum RMSE of 40.74 mm. The sea level trends in
the Yellow Sea are highly consistent and significantly related to the
season and latitude. The rate of sea level rise in the Yellow Sea will
reach up to about 3.65+0.79 mm/year in the next decade. The results
suggest that, more accurate sea level trend estimates in coastal area
can be obtained using the SSA-LSTM combined model, and the ocean
CDRs data can be devoted to the studies of regional sea level change
and associated coastal impacts.

Key words Climate Data Records; sea level anomaly; spatiotemporal series; singular spectrum
analysis (SSA); long short-term memory (LSTM); Yellow Sea
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S2b-056

Mechanism of Interannual Variability of Ocean Bottom Pressure in
the South Indian Ocean

Yuting Niu. Jianhuang Qin. Xuhua Cheng
Hohai University

The study of ocean bottom pressure (OBP) helps to understand the
barotropic processes that contribute to sea level rise, and it is of great
significance to the study of sea level change and the prediction of climate
change. In this study, the characteristic and mechanism of interannual
OBP in the South Indian Ocean are examined using GRACE satellite
data from 2003 to 2016. The result shows that there are two energetic
OBP centers (45~60°S, 80~120°E and 50~60°S, 30~60°E) in the South
Indian Ocean on seasonal to interannual time scales. It is found that the
atmospheric forcing plays an important role in local OBP variability, that
is high (low) sea level pressure (SLP) benefits to positive (negative) OBP
anomalies, via the convergence (divergence) of Ekman transport driven
by local wind stress curl. Such SLP anomalies are related to Indian
Ocean dipole (IOD) and El NiAo—Southern Oscillation (ENSO). The
positive SLP anomalies occur over the South Indian Ocean during the
positive 10D, leading to convergence Ekman transport and positive OBP
there. Moreover, ENSO has a positive relationship with SLP and OBP
anomalies in the South Indian Ocean only during austral winter, when
ENSO is strongest. These results are validated by a mass conservation
(non-Boussinesq) ocean model, which is expected to not only better
understanding of OBP mechanisms in a longer time, but also predict

OBP variation on the global scale.
Key words GRACE; ocean bottom pressure; the South Indian Ocean; Ekman transport
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S2b-057

High-resolution water level changes in coastal and estuarine
regions in North Sea and Baltic

Luciana Fenoglio'. Joanna Staneva?. Salvatore Dinardo3. Jirgen Kusche'.
Jerome Benveniste*. Matthias Gartner'. Bernd Uebbing’
1. University of Bonn, Germany
2. Helmholz Zentrum Geesthacht, Germany
3. CLS (Collect Localisation Satellites), Toulouse, France
4. ESA

Estuaries are the natural transition from rivers to the coastal ocean and,
together with coastal zone, are threatened by erosion due to rising sea
level, long-term change in river discharge and extreme events. The
monitoring of water level change in estuaries and at the coast is today
not optimal due to the limitations of current satellite altimetry near land.
These limitations are exacerbated in the estuaries, where ocean
modelling is difficult due to tides and to complex hydrodynamics.

We use satellite SAR altimetry and simulated SWOT observations to
study small scale processes in the river-to-ocean continuum, together
with in-situ and model data along the North Sea and Baltic German
coast.

We have first investigated the quality of coastal water level height.
Coastal sea level is recovered with up to 2-3 cm accuracy at 3-4 km from
coast from the satellite altimetry in SAR mode. However, in estuaries and
in coastal zone with high tidal regimes the accuracy of height
deteriorates and is 30 cm in the Elbe estuary at Otterndorf. Ocean
models, the BSHcmod and the Geestacht COAstal model SysTem
GCOAST have comparable accuracy.

The future SWOT mission will provide observations of higher spatial and
temporal resolution (HR). Time sampling is up to 4 in 21-day at our
latitudes during the science phase and once a day in the calval phase.
Short-scale spatial processes will be monitored with these HR data in
coastal zone.

In this study we simulate the SWOT observations of both mission phases
using an HR ocean model and attempt to separate the ocean tide and
the discharge contributions. Further work will consider upwelling,
mesoscale circulation and extreme events.

Key words sea level change, short scale processes, SAR altimetry
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S2b-058

Detecting regional deep ocean warming below 2000m based on
altimetry, GRACE, Argo, and CTD data

Yuanyuan Yang'. Min Zhong'3. Wei Feng'3. Dapeng MU?
1. Innovation Academy for Precision Measurement Science and Technology,
Chinese Academy of Sciences
2. Institute of Space Sciences, Shandong University
3. School of Geospatial Engineering and Science, Sun Yat-sen University

The deep ocean below 2000m is a large water body with the sparse data
coverage, challenging the closure of sea level budget and the estimation
of the Earth’s energy imbalance. Whether the deep ocean below 2000m
is warming globally has been debated in the recent decade, since the
global warming signal is not significant due to its large uncertainty.
Considering the regional warming signals are generally larger than global
average, here we adopt an indirect method that combines altimetry,
GRACE, and Argo data to examine the regional deep ocean temperature
changes below 2000m. Assuming that the deep steric change is
dominated by the temperature change, significant deep ocean warming
in Middle East Indian Ocean, subtropical North Pacific, subtropical
Southwest Pacific, and Northwest Atlantic, and deep ocean cooling in
Northwest Atlantic are detected by “Altimetry—Argo—GRACE” from 2005
to 2015. The high-quality conductivity-temperature-depth (CTD) data
from repeated hydrographic sections also confirmed the validity of the
indirect method.

Although the indirect method has the potential to detect regional deep
ocean warming, it is difficult to accurately estimate deep ocean warming
or cooling quantitatively. Due to the significant difference in spatial and
temporal resolution between the two methods, the amplitude of steric
trend estimated indirectly is quite larger than that calculated from CTD
observations. Therefore, we recommend using independent methods
and multiple data to estimate and confirm deep ocean warming.

The significant-signal regions detected by multi-source data can also be
used as the basis for the Deep Argo deployment. More multi-source
geodetic and oceanographic datasets with higher precision and
spatiotemporal resolutions in the near future can further deepen our
understanding of changes in ocean heat content and steric sea-level in
deep oceans.

Key words Deep ocean warming, GRACE, Argo, GO-SHIP, Altimetry
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S2b-059

Retracking of radar altimetry waveforms over inland water bodies

Xiaoli Deng'. Andrew Marshall?>. Fukai Peng?
1. The University of Newcastle, Australia
2. The University of Newcastle
3. Sun Yat-Sen University, China

This paper estimates water surface level variations over inland water
bodies, including lakes in the Tibetan plateau (TP) and Dianchi Lake in
China, as well as the middle Fly River floodplain and Lake Murray in
Papua New Guinea, using waveform data from multi-satellite altimetry
missions (e.g., Envisat, Saral/Altika and CryoSat-2). Different retrackers
and the dedicated data editing procedure have been developed that
enable routine, accurate and reliable extraction of water surface
elevations from LRM, SAR and SARIn modes of radar altimeters over
heterogeneous inland waters. The lake level estimations are indirectly
validated against those from Jason-2 in TP and from in-situ data in
Dianchi Lake, both showing good agreement with strong correlation
coefficients >0.74. The results suggest that the official ICE retracker for
LRM data and APD-PPT retracker for SARIn-mode waveforms are the
most appropriate retrackers over Dianchi Lake and TP lakes,
respectively. The trend estimates of the time series derived by both
retrackers are 61.0£10.8 mm/yr for lakes in TP, and 30.9+64.9 mm/yr for
Dianchi Lake, indicating that the lake levels over three plateau lakes
were continuously rising over the study period. In Papua New Guinea,
the derived water surface elevation (WSE) from retracking has been
validated against an external reference, both in-situ gauge WSE time
series and discrete survey WSE measurements. The validation results
show that the standard deviation for Envisat RA-2 has consistently been
in the range +5 to 6 cm for both river WSE and lake WSE investigations,
although extended to £8 cm for the narrow river site in the upper reaches
of the middle Fly River. The results of this study show that our dedicated
retracking methodologies have the capabilities of estimating the precise

WSE and water level variations over heterogenous inland water bodies.
Key words Waveform retracking, altimetry, water surface elevation, lakes and rivers
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S2b-060

Impact of hydrological loading signals on the tide gauge
observations of sea level

Balaji Devaraju. Milaa Murshan
Indian Institute of Technology Kanpur

It is well known that many tide gauge stations around the world undergo
vertical land motion and that they have to be corrected to estimate the
rise/decline in sea-level. It is also well known that the Earth’s crust
responds elastically to mass changes, especially hydrological, ocean and
atmospheric mass changes. Therefore, the tide gauge locations can also
respond to hydrological loading. In this study, we compare the seasonal
signals obtained from satellite altimetry with tide-gauge observations
after removing the vertical land motion signal at four locations in the
Indian coast - Chennai, Haldia, Cochin and Okha. We find significant
discrepancies between the frequencies of the seasonal signals sensed
by the tide gauge and the satellite altimeters. To this extent we
investigate the influence of hydrological loading signals at the tide
gauges to see if they can explain the discrepancies. We use data from
hydrological models and the Gravity Recovery and Climate Experiment
(GRACE) and its GRACE Follow On to conduct the investigation.

Key words Tide gauges, Satellite altimetry, Hydrological loading, Elastic deformation,
GRACE/GRACE-FO
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S2b-061

Spatio-temporal variations of the steric sea level in the seas around
India during the GRACE era

Balaji Devaraju. Gaurav Jiwan. Shivam Chaudhary. Yasir Malik
Indian Institute of Technology Kanpur

Sea-level rise is confirmed by satellite altimeter measurements, and with
the advent of Gravity Recovery and Climate Experiment (GRACE)
satellite mission we have been able to separate the sea-level variations
into steric and mass components. On an average, globally, the steric sea
level changes dominate the mass changes, but they can vary regionally.
In recent studies it has been indicated that in the seas around the Indian
coast the steric sea level dominate the ocean mass changes. In this
study, we investigate the spatio-temporal variations of the steric sea level
changes in the Arabian sea, Bay of Bengal and the northern Indian
Ocean adjoining the south Indian coast and Srilanka. We use monthly
sea surface height data derived from satellite altimetry, monthly gravity
variations from GRACE/GRACE-FO missions and steric sea level
changes from Argo float network data. We use empirical orthogonal
function analysis to identify the dominant spatial patterns of the steric
sea level changes. In addition we also look at the closure of the sea level

budget in the study area.
Key words SSH, Steric sea level, GRACE, Satellite altimetry, Argo floats
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S2b-062

Vertical Deformation Analysis with GNSS and GRACE Data in North
China Using Independent Component Analysis

Tengfei Feng. Yunzhong Shen. Qiujie Chen
Tongji University

Vertical deformations of the GNSS permanent sites are composed
of tectonic and non-tectonic deformations, which can be estimated from
the vertical coordinate time series of the GNSS daily solutions. The non-
tectonic deformation is induced by various mass loading variations,
mainly including atmospheric pressure, terrestrial water storage, and
non-tidal ocean loading, these mass loading variations can be detected
with time-variable gravity field solutions from the satellite mission of
Gravity Recovery and Climate Experiment (GRACE). In this contribution,
the modified Independent Component Analysis (ICA) approach is
employed to analyze the Independent Components (ICs) of vertical
deformation from the GNSS coordinate time series of 24 stations in
North China. The ICs of mass loading deformation components are then
extracted from the time series of GRACE spherical harmonic solutions
of Tongji-Grace2018 and CSR RLO6 also by using the ICA approach.
The ICs derived from two GRACE solutions show similar spatial/temporal
characteristics, however different for different stations. By Comparing the
results from GNSS with that from GRACE, the ICs of GNSS vertical
deformations are partly related to the ICs of mass loading deformation in
North China, which is mainly caused by groundwater
depletion, including the groundwater pumping by human activities, such

as agricultural irrigation.
Key words Vertical deformation; GNSS regional networks; ICA; GRACE
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S2b-063

Comparison of GRACE and GNSS seasonal load displacements
considering regional averages and discrete points

Lan Zhang. He Tang. Wenke Sun
University of Chinese Academy of Sciences

The global navigation satellite system (GNSS) and gravity recovery and
climate experiment (GRACE) are two independent geodetic technologies
that can detect geometric and gravity deformations, respectively. The
signals observed by the two technologies mainly include the internal
tectonic movement and surface mass loading effects. The former
generally exhibits a long-term stable linear trend, whereas the latter
exhibits strong seasonality. Many studies have compared seasonal
deformations between GRACE and GNSS or combined them to study
the water cycle or tectonic signals. However, whether GRACE and
GNSS are comparable and what the magnitude of their differences is still
remains unclear. In this study, we present simulations and a case study
to address this ambiguity. The loading deformations were simulated in
response to load masses with varying resolutions and distributions. We
tested the simulation in the Amazon basin and found that the
displacements that typically deviated from GRACE data underestimated
the load displacement response to a single load mass of approximately
30%-50% on a spatial average, and this underestimation could be
increased by several times at individual stations. For more complex and
detailed mass distributions, the discrepancies might become smaller but
still cannot be ignored (5%—-20%). The vertical and horizontal
deformations exhibited the same performance on the whole spatial
average, while the latter performed worse in the loaded area of a single
mass or as a result of a more complex mass distribution. We
demonstrate that the difference between GRACE and GNSS s
significant for both regional average and single-point analyses. Moreover,
we found that inconsistent resolution was not the reason for the different

vertical and horizontal deformation behaviors.
Key words GRACE, GNSS, seasonal loading, Amazon basin
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S2b-064

Data-driven separation of past and present-day surface loading
from GRACE and GNSS observations

Yann Ziegler'. Bramha Dutt Vishwakarma'. Aoibheann Brady'. Stephen Chuter'.
Sam Royston'. Jonathan Rougier?. Richard Westaway'. Jonathan Bamber’
1. School of Geographical Sciences, University of Bristol
2. Rougier Consulting Ltd.

Both past and present loading of the Earth surface induce changes in the
Earth shape, gravity field and rotation. Therefore, to better understand
the Earth system’s response to ongoing climate change, we must
separate geodetic signals from the past and the present, which is one of
the biggest challenges in wusing geodetic data for climate
research. Fortunately, these signals have distinct physical and
spatiotemporal characteristics that may help us achieve source
separation. Present-day surface loading induces instantaneous vertical
land motion (VLM) that results from the elastic response of the solid
Earth, whereas loading and unloading from past glacial cycles result in a
VLM due to the long-term response of the visco-elastic Earth mantle, the
Glacial Isostatic Adjustment (GIA). The total signal from both processes
is recorded by different geodetic observation systems such as GNSS
(VLM) and GRACE (mass change), and to separate them we usually rely
on forward models that suffer from large uncertainties. This has led to a
few attempts at data-driven signal separation that does not rely on poorly
known ice loading history and approximate Earth rheology. In this work,
we describe two new data-driven approaches, a least-
squares framework that relies on geophysical relations between
observations and variables of interest, and a Bayesian hierarchical
modelling framework that takes advantage of the differences in the
spatiotemporal characteristics of the GIA and present-day mass change
fields. We compare these two approaches and highlight their merits and
limitations. Overall, we obtain a good agreement between these methods,

but some differences remain that require further investigations.
Key words GRACE, GNSS, surface loading, VLM, GIA, hydrology
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S2b-065

Coseismic gravity changes of the Wenchuan earthquake observed
by surface gravimetry

Hongtao Hao. Minzhang Hu
Key Laboratory of Earthquake Geodesy, Institute of Seismology, China Earthquake
Administration

Coseismic gravity changes have important reference significance for
studying the mechanisms of great earthquakes and deepening the fault
model study. In this paper, the coseismic gravity changes were obtained
with the data of Chengdu Gravimetric network and the absolute gravity
results at the Pixianstation before and after the Wenchuan earthquake;
Simulation of coseismic gravity changeswas conductedbased on the
half-space dislocation theory using the fault model obtained by Wang et
al. through inversion with multiple types of geodetic survey data, and the
results were compared with the observed results. The results show that
the observed results and thesimulation results are basically consistent,
the significant changes are mainly concentrated in the near rupture zone
in the hanging wall of the Yingxiu-Beichuanfault, and the changes
decrease rapidly away from the rupture zone. The changes exhibit a
positive to negative trend from east to west in the footwall of the Yingxiu-
Beichuanfault and have a distribution characteristic of alternate positive
and negative changes in the hanging wall of the fault. The result
demonstrates the reliability of the observed results in this paper and the
reasonableness of the fault model used.

In the near rupture zone on the west and east sides of the Yingxiu-
Beichuan fault, there are still some differences between observed and
simulation results. The spatial distribution trends of differences exhibit a
deviation similar to “phase delay”, in other words, a observed result has
a deviation with corresponding simulation result in respect of spatial
position, which is speculated to be caused by the errors of the geometric
parameters and slipp distribution of the fault model. After the slip
distributionof Pengguan fault model was modified based on the actual
surface  rupture distribution, the simulation result at the
Hongjiawanstation near the eastern boundary of the fault model is more
consistent with the observed result.

Key words Wenchuan earthquake, coseismic gravity change, fault model
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S2b-066

Horizontal deformation of GNSS on the improvement of mass load
inversion

Song-Yun Wang'. Jin Li'3. Jianli Chen?. Pengfei Wang'
1. Shanghai Astronomical Observatory, Chinese Academy of Sciences
2. Center for Space Research, University of Texas at Austin
3. University of Chinese Academy of Sciences

The Global Navigation Satellite System (GNSS) three dimensional time
series include the elastic response of the Earth to surface mass
redistribution signals. We carry out the synthetic experiment of regional
mass load inversion using GNSS vertical and horizontal deformation.
The gridded checkerboard mass model and the model based on Gravity
Recovery and Climate Experiment (GRACE) data are used individually.
Our experiments show that using horizontal displacements can
significantly improve the quality of inversion results when number of sites
larger than one third of the number of grids, especially for the region with
insufficient GNSS sites. We also analyze three cases of site’s location in
each grid, and quantify their differences. Through comparison between
experiments using two synthetic models, we conclude that the selection
of roughness factor defined in the mass inversion theory is related to the
spatial resolution of the mass model, and will affect the quality of

inversion results.
Key words Mass inversion, GNSS, GRACE, Load deformation
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S2b-067

Time-Space Characteristics of Viscoelastic Post-Seismic
Deformations Corresponding to Different Rheology Models

He Tang. Wenke Sun
University of Chinese Academy of Sciences

On a long time (> 1 yr) scale, the viscoelastic properties of mantle media
significantly affect post-seismic deformation. The stress field disturbance
in viscoelastic medium caused by fault slip gradually relax, and the
relaxation process and its temporal-spatial characteristics are
determined by the viscoelastic model. In this paper, we assume that the
mantle media are types of common linear rheological models, i.e., the
Burgers body, the standard linear solid, and the Maxell body, and we
calculate the dislocation Love number and Green function for a
spherically symmetric, non-rotating, viscoelastic, and isotropic (SNRVEI)
Earth model. The characteristics of the post-seismic relaxation
deformations corresponding to the different models are compared. Our
results show that for a short time period, the Burgers body and standard
linear solid are similar; while for the long time period, the Burgers body
and Maxwell body are similar. This suggests that the observations of
post-seismic deformation on the surface have a great potential for the
inversion of underground viscoelastic structures. However, the potential
of using surface displacement to distinguish between different
rheological models is limited when the observation period is not long

enough.
Key words Post-seismic deformation; Dislocation Love numbers; Viscoelasticity
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S2b-068

The expected performance of the inclined satellite formation
mission for temporal gravity field determination

Hao Zhou. Zhicai Luo
Huazhong University of Science and Technology

The prerequisite of implementing a Bender-type mission by two
institutions is to ensure the combination as well as the independency of
the missions in the PSF (polar satellite formation) scenario as well as in
the ISF (inclined satellite formation) scenario. In this work, we will
present the performance of the stand-alone ISF mission via a close-loop
simulation. The ISF mission presents its superior capability in detecting
the Earth’s mass variations within its observational areas than the PSF
mission. In addition, the general better performance of gravity
estimations via ISF may promote the potential geoscience applications
over the small river basins, the coastal ice sheet and the earthquake
areas with better accuracy and finer resolution. The simulation results
demonstrate the feasibility of implementing a stand-alone mission in the
inclined orbits, and the further possibility of promoting a Bender-type
mission via a profound cooperation by two institutions.

Acknowledgement: This research was funded by the National Key
Research and Development Program of China (No. 2018YFC1503504,
2018YFC1503503) and the National Natural Science Foundation of
China (No. 42061134007, 42074018, 41931074)

Key words Inclined satellite formation, Temporal gravity field, Future gravity mission
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S2b-069

Simulation studies for a Mass change And Geosciences
International Constellation (MAGIC) — An ESA/NASA joint mission
concept in preparation

Roland Pail'. Frank Flechtner?. Sean Bruinsma3. Pieter Visser*. Andreas
Guntner?. The MAGIC Science Team®
1. Technical University of Munich, Chair of Astronomical and Physical Geodesy
2. GFZ German Research Centre for Geosciences
3. Centre national d'études spatiales, Space Geodesy Office
4. Delft University of Technology, Astrodynamics and Space Missions

In November 2020 it was decided at ESA’s Ministerial Conference to
investigate a European next-generation gravity mission (NGGM) in
Phase A as first Mission of Opportunity in the FutureEO Programme. The
Mass-change And Geoscience International Constellation (acronym:
MAGIC) is a joint investigation with NASA’s MCDO study resulting in a
jointly accorded Mission Requirements Document (MRD) responding to
global user community needs. On NASA side, a pre-Phase A study to
address these needs is expected to start in summer 2021. On ESA side,
the MAGIC concept will be investigated in two parallel industry Phase A
studies, complemented by a science support study.

In the frame of this science study, several potential mission
constellations will be investigated and numerically simulated in great
depth. This includes Bender-type double pair mission concepts and
single/multiple pendulum configurations, with realistic error assumptions
regarding the key payload products, in close interaction with the parallel
industry studies. Methodological improvements of processing strategies,
for example the co-estimation of short-term gravity field models with
various resolution, and the optimum treatment of long-term signals and
tailored post-processing techniques, will be investigated. Further aspects
such as the benefit of including DORIS for improving satellite orbits to
support accelerometer calibration and contributing to gravity retrieval,
and advanced methods for accelerometer calibration, shall be studied.
The results of these studies will be evaluated by an associated science
expert panel, leading to potential modifications of the MRD.

In this contribution, we will outline the motivation and set-up of this study,
present first results of full-fledged numerical simulations of potential
MAGIC constellations, and evaluate them against the results of a
multitude of previous studies such as the ESA ADDCON project.

Key words next-generation gravity missions; MAGIC; constellation; double pair; gravity field
applications
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S2b-070

Laser space gravity gradiometer with free test mass

Ruslan Davlatov'2. Vyacheslav Fateev'
1. VNIIFTRI
2. MIIGAIK

The second gradient of the potential of the Earth’s gravitational field in
the space is calculated by measurements of the changing distance
between the test masses (TMs). Spacecrafts (projects: CHAMP, GRACE,
GRACE-FO) or masses inside a spacecraft (SC) can be used as TMs.

In this report we will consider the laser space gravity gradiometer with
free TMs moving inside the spacecraft. The idea of a gradiometer was
first proposed in this article [1]. The gradiometer uses the principle of a
ballistic gravimeter. Two TMs are located along each axis of the orbital
coordinate system. They are go into the state of a free movement and
return to their original state after a set time interval with the help of
special devices - arretire. Due to the action of gravitational gradients, the
PM will approach (or move away) along the corresponding spacecraft
axis. PM, which located on the OZ axis, passing through the spacecraft
and the center of the Earth, move away from the spacecraft’'s center of
mass with an acceleration proportional to the distance from the center of
mass. Test masses placed on the other two axes - converge. The
magnitude of the mutual displacement is recorded by laser
interferometers.

A mathematical model and its software realization was developed to
study the characteristics of a new type of gradiometer. The paper
presents the results of the study of the main parameters of the
gradiometer and formulates the requirements for its elements:
parameters of the orbit of the spacecraft carrier, discreteness of data,
accuracy of the onboard laser interferometer. A data processing
technique is proposed to refine the model of the Earth’s gravitational field.
1. V.F. Fateev. Space measuring instrument of the gravitational field
parameters// Almanac of modern metrology, 2015, No. 3, pp. 32-62.

Key words Gravity gradiometer, free test mass, laser interferometer.
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S2b-071

Multi-satellite formations and constellations of CubeSats and their
potential in NGGMs

Nikolas Pfaffenzeller. Roland Pail
Technical University of Munich

In the context of an increased public interest in climate-relevant
processes, a number of studies on Next Generation Gravity Missions
(NGGMs) have been commissioned to better map mass transport
processes on Earth. On the basis of the successfully completed gravity
field missions CHAMP, GOCE and GRACE as well as the current
satellite mission GRACE-FO, different concepts were examined for their
feasibility and economic efficiency. The focus is on increasing the
spatiotemporal resolution while simultaneously reducing the known error
effects such as the aliasing of temporal gravity fields due to under-
sampling of signals and uncertainties in ocean tide models. An additional
inclined pair to a GRACE-like satellite pair (Bender constellation) is the
most promising solution.

This contribution focuses on alternative concepts for the medium-term
future in the form of different constellations and formations of CubeSats,
making benefit of the ongoing miniaturization of satellites and relevant
sensors. In the frame of the DFG-project CubeGrav, such concepts of
CubeSats are investigated in a feasibility study regarding their potential
for gravity field retrieval. Among others this includes the evaluation of
different aspects like orbit parameters, the amount of satellites including
link strategies for pairs or pearl-of-strings configurations as well as
instrument performance.

With numerical closed loop simulations and based on realistic error
assumptions for current or near-future miniaturized payload, optimal
solutions are assessed and compared to state-of-the-art of other NGGM
concepts. Especially the impact of higher temporal resolutions obtained
from a constellation of multiple satellites is analysed. Furthermore, the
resulting gravity field solutions are further evaluated based on different
solutions approaches in which short-term temporal gravity fields or ocean
tides parameters are co-parametrized.

Key words NGGM, CubeSats, simulation study, time-variable gravity field
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GRACE-I mission for gapless observation of mass transport and
biodiversity

Frank Flechtner'. Christoph Dahle'. Markus Hauk?. Josefine Wilms'. Michael
Murbdck?®
1. GFZ German Research Centre for Geosciences, Potsdam, Germany
2. Max-Planck-Institute for Gravitational Physics, Hannover, Germany
3. TU Berlin, Institute for Geodesy and Geoinformation Science, Germany

The actual NASA Earth Science Decadal Survey Report highlights mass
transport monitoring as one of five top priorities in earth observation for
the next decade. To realize such a Mass Change Mission, NASA is
seeking international partnership.

In November 2020 it was decided at ESA’s ministerial conference to
investigate a next generation gravity mission as first mission of
opportunity as defined in the FutureEO program. This Mass-change And
Geoscience International Constellation (MAGIC) will be investigated
jointly with NASA. On ESA’s side, two parallel industry Phase A studies
and a science support study have recently kicked-off. In the initial part
the complete design space will be explored, including two pairs in
Bender configuration or hybrid configurations with two pairs at different
altitude and possibly deployed in a staggered manner.

In March 2021 a Phase-0 study was kicked-off by the DLR to investigate
a “GRACE-I" mission based on a GRACE-like concept combined with an
optional ICARUS (International Cooperation for Animal Research Using
Space) payload. The study will be closely discussed with JPL/NASA as a
future continuation of the very successful GRACE/GRACE-FO
technological and scientific partnership is in the involved partners’
interest. GRACE-I will be a single pair mission based on a fully
redundant Laser Ranging Interferometer at 490 km or, preferably, at 420
km altitude and drag compensation with a launch not later than 2027 to
guarantee data continuity and moderate accuracy improvements w.r.t.
GRACE-FO. GRACE-I could then be a component of a hybrid Bender
constellation if combined with a second pair.

We will present the GRACE-I mission architecture and first simulation
results performed at GFZ which are based on realistic assumptions of
background models and errors as well as instrument noise
characteristics. These assumptions are conform with MAGIC’s mission
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requirements in order to be comparable with results obtained in the

science support study.
Key words GRACE-FO, GRACE-I, MCM, MAGIC, mass transport
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S2b-073

Mass change And Geosciences International Constellation (MAGIC)
— An ESA/NASA joint mission in preparation

lias Daras'. Lucia Tsaoussi?>. Charley Dunn3, Roger Haagmans'. Guinther
March'. Luca Massotti'. Bernardo Carnicero’. Charles Webb?. Pierluigi Silvestrin'
1. ESA, ESTEC, Noordwijk, the Netherlands
2. NASA, HQ, Washington DC, USA
3. NASA, JPL, Pasadena, CA, USA

ESA and NASA are currently intensifying their long-term efforts on a
collaborative implementation of a next generation mass change and
gravity monitoring satellite mission. The NASA-ESA Joint Programme
Planning Group initiated an activity to investigate ideas for observing
mass transport from space in the future. An Interagency Gravity Science
Working Group (IGSWG) with experts from US and ESA member states
was established in 2013, which delivered a report in 2016 "Towards a
sustained observing system for mass transport to understand global
change and to benefit society". The global user community document of
the International Union of Geodesy and Geophysics (IUGG) served as a
basis for the report. In the meantime, the most recent Decadal Survey
was released in 2017 in the US and identified Mass Change (MC) as one
of the five Designated Observables (DO) recommended for
implementation. The MCDO study was issued by NASA at the end of
2018 to answer to Decadal Survey science questions, whilst ESA
completed Phase 0 of Next Generation Gravity Mission (NGGM). In
order to bring both activities together ESA and NASA established a
science expert group with 5 US and 5 ESA member state scientists to
consolidate science questions and user needs for the Mass-change And
Geosciences International Constellation (MAGIC) incorporating elements
from NGGM and MCDO. This resulted in the Mission Requirements
Document (MRD) for MAGIC which summarizes the requirements of the
global scientific community (which include requirements from the IGWSG
report, IUGG, MCDO, etc.) and serves as the starting point for mission
design in both agencies. The target and threshold user requirements
consolidated by science expert group are provided in form of spatio-
temporal resolution and accuracy for the individual disciplines of
hydrology, cryosphere, oceanography, solid Earth and climate. Currently,
ESA starts a Phase A and NASA pre-Phase A which are coordinated
and aim at designing a constellation which provides on one hand
enhanced continuity towards a climate series and on the other hand a
better space-time resolution with homogeneous quality to serve the
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community needs for science and applications. In this presentation the
science questions and requirements of MAGIC will be explained and the
status of the studies will be reviewed.

Key words MAGIC, Gravity Mission, ESA, NASA, NGGM, MCDO
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S2b-074

Climatological, tectonic and volcanic gravity signals compared to
the sensitivity of the proposed MOCAST+ gravity mission

Carla Braitenberg. Alberto Pastorutti. Tommaso Pivetta
University of Trieste

The significance of an innovative satellite gravity mission depends on the
enhancement in the detection of mass variations in the earth system. In
our study we calculate the expected gravity field for glaciers, lakes,
earthquakes for the High Mountains of Asia and Andes, with the aim to
obtain a realistic estimate of the gravity field changes in time to be
compared with the noise level of an innovative gravity mission.

In particular, we consider MOCAST+ (MOnitoring mass variations by
Cold Atom Sensors and Time measures) which proposes the integration
of a payload of atomic interferometry gravity sensors with the
measurement of time/frequency with optical clocks. The study is funded
by the Italian Space Agency (ASI) and will be presented in Migliaccio et
al. (2021).

The simulations in the hydro-glacio-tectono and volcanic sphere aim to
define the sensitivity of an innovative gravity mission, by considering the
noise spectral curves or more generally the noise budget. The research
relates to the evaluation of a proposed satellite mission, where it is
central to define the trade-off based on the noise spectral curves of the
payload depending on the instrumental choice and on the satellite
constellation. We create a database of relevant geophysical signals and
assess what is the optimal method to evaluate the instrumental
performance in relation to the simulated signals. A first approach to this
endeavor is described in Pivetta et al. (2021). The realistic performance
obtained from mission simulations requires an accurate investigation of
the method used in comparing the spectral curves of the localized field in
space and time, with the error characteristics of the satellite. The
assessment of a satellite constellation and the instrument will take into
account the impact of the observations, measured in terms of the
completeness level of the detected geophysical phenomenon. The
results define the parameters needed to give a thoughtful choice of
instrumental payload and satellite constellation. Our simulations could be
the basis for a flexible software: an end-to end simulation tool, aimed at
evaluating the geophysical performance of different satellite
constellations and payloads of the next generation gravity mission.
References
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Sorrentino F., Tino G.M., Batsukh K., Ko¢ O., Rossi L., Pivetta T.,
Pastorutti A. (2021) The MOCAST+ study: proposal of a quantum
gravimetry mission integrating atomic clocks and cold atom gradiometers.
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S2b-075

Simulations of the Next Generation Gravity Field Missions Based on
Multi-Pair Constellations and Status of Chinese TianQin Mission

Wei Feng'2. Changqging Wang'. Yihao Yan'. Min Zhong'?. Hou-Tse Hsu'. Meng
Yang?. Hsien-Chi Yeh?
1. Innovation Academy for Precision Measurement Science and Technology (APM),
Chinese Academy of Sciences (CAS)
2. Sun Yat-sen University

GRACE satellites have revolutionized our understanding of the Earth’s
temporal gravity fields and the inferred mass transport and redistribution.
Large-scale terrestrial water storage variations and co-/post-seismic
gravity changes have been successfully observed by GRACE and
advanced the respective scientific disciplines, but spatio-temporal
resolutions are limited to hinder further advances. In the future, Next
Generation Gravity Missions (NGGMs) are expected to enhance our
knowledge of mass transport processes in the Earth system, including
hydrological signals and solid Earth signals. In a joint initiative of Chinese
and European study teams, full-fledged robust numerical simulation
studies on NGGMs based on double-pair and multi-pair constellations of
GRACE-type satelltes but also equipped with laser-ranging
interferometers (LRIs) are performed. The Chinese space gravitational-
wave project “TianQin” contains a pathfinder LEO mission with LRI, and
high-precision drag-free control, which is proposed to be one pair of the
NGGM constellation. The added value compared to double-pair
scenarios from the Chinese TianQin-II mission with various inclined
orbits is investigated. Hydrological signals with various spatial and
temporal resolutions, and gravity changes due to earthquakes with
different fault types and magnitudes are simulated, and used to assess
the accuracy along with the spatio-temporal resolutions of the retrieved
gravity fields for NGGMs.

Key words NGGM, TianQin, hydrology, LRI
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S2b-076

Simulations on gravity field recovery from potential differences and
gravity gradients for the MOCAST+ quantum mission proposal

Oyki Kog. Khulan Batsukh. Lorenzo Rossi. Mirko Reguzzoni. Federica Migliaccio
Politecnico di Milano

The goal of the MOCAST+ project is to investigate the performance of a
gravity field mission based on a spacecraft having both an atomic clock
and a single-axis cold atom gradiometer onboard. The former, in
combination with the clock on board another spacecraft, provides
measurements of potential differences; the latter provides gravity
gradient observations, assuming that gradiometers onboard different
spacecrafts can be oriented along different directions. Several mission
scenarios, e.g., considering different noise levels, orbit altitudes, inter-
satellite distances, and sampling rates, have been processed by
exploiting the so-called space-wise approach. In the framework of
MOCAST+, this approach consists of estimating the long wavelengths of
the field from the potential differences and then using this estimation to
reduce the already filtered gravity gradients. These residuals are
processed by a local collocation gridding procedure with the aim of
retrieving the shorter wavelengths. The conversion from gridded values
to spherical harmonic coefficients is finally performed by discretization of
the quadrature formula. For each scenario, the error budget is evaluated
by Monte Carlo simulations.

The results of this analysis show that a Bender-like configuration with
two pairs of satellites with a long baseline is required to get results
comparable or better than GRACE performances at low harmonic
degrees, and therefore to address time-variable gravity field
investigations. As for the high harmonic degrees, the lower noise level of
the cold atom gradiometer with respect to the electrostatic one gives the
possibility of improving the GOCE performances in static gravity field
determination, if the orbit altitude is not too high. A further comparison
against the expected performance of the NGGM mission has been
performed with the aim of investigating if and in which degree range
MOCAST+ might provide additional information.

Key words Earth gravity field, Cold atom interferometry, Atomic clock, Space-wise approach
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S3-001

Influence of core-mantle topographic coupling on the frequency of
the free core nutation

Huifeng Zhang'. Wenbin Shen?
1. School of Geodesy and Geomatics, Wuhan University
2. State Key Laboratory of Information Engineering in Surveying, Mapping and
Remote Sensing, Wuhan University

Free core nutation (FCN) is one of the free rotational modes of the Earth
and associated with the dynamic ellipticity of the Earth’s fluid core and
core-mantle coupling. Considering the core-mantle topographic coupling,
we further improve the theory of triaxial three-layered Earth rotation and
find that different core-mantle boundary (CMB) topography models
mainly affect the frequency of the FCN. Based on four models of the
CMB topography, we obtain the corresponding periods of the FCN as —
(329.83 £ 28.12), —(457.54 £ ~), —(428.23 £ 1.09) and —(470.76 + 12.07)
mean solar days, respectively. Taking into account the normal modes of
the triaxial three-layered Earth rotation, the results of the CMB
topography obtained by seismic tomography can be constrained in the
future to a certain extent. In this study, considering the topographic
coupling with the appropriate CMB topography model and by fitting the
theoretical and observational values of the FCN, the estimates for the
dynamic ellipticity of the fluid core lie between 0.0026340 and 0.0026430,
values that are 3.56 % higher than the hydrostatic equilibrium value,
while the previous result is 3.8 % higher than that value. This study was
supported by the National Natural Science Foundation of China (NSFC)
(Grant Nos. 41631072, 41721003, 41874023, 41574007 and 41429401).

Key words core-mantle boundary; free core nutation; topographic coupling
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S3-002

Why the Earth accelerates its rotation since 2016?

Leonid Zotov'. Olesya Marchukova?. Christian Bizouard®. Nikolay Sidorenkov*
1. National Research University Higher School of Economics
2. Institute of natural and technical systems, RAS
3. SYRTE, Paris observatory
4. Hydrometcenter of Russia

Year 2020 has been recognized by the scientific climate community as
one of the hottest year on record in the last decades. At the same time
the anomalous velocity of the Earth rotation has been observed. The
length of day LOD reached its minima, which can force to subtract
second from the Universal Time Coordinated UTC. It would be
interesting to know, why since 2016 the Erath rotation started to
accelerate.The processes in the atmosphere, ocean and Earth’s interior,
leading to the exchange of angular momentum between the planet
systems, as well as tides, changing the figure of the Earth, influence
Earth rotation velocity. If tidal and atmospheric processes are mostly
related to the annual and subannual variations, interdecadal LOD
changes are mostly caused by the processes in the ocean and Earth’s
interiors.It was found out that oscillations in the ocean and atmosphere,
such as El Nino Southern Oscillation (ENSO), Atlantic Multidecadal
Oscillation (AMO) etc. put their fingerprints on the Earth rotation. They
are also related with climate. We would like to attract attention to ENSO
and alternations of El Nino and La Nina. Strong El Nino of 1972-73,
1997-98, 2015-16 happened almost on the maxima of LOD, after which
the transition to acceleration happened. La Nina are often related to the
minima of LOD. Large decadal variations of LOD happen with quasi 20
and 60-year periods, which could be not only related to magnetic field
changes, but also with 18-year precession of the Moon, AMO and
variations of the Chandler wobble amplitude. In our talk we will compare
climatic factors, multidecadal processes and angular momentum of the
atmosphere and ocean, trying to uncover some regularity of the events
mentioned above.

Key words Earth rotation, LOD, Climate oscillations
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S3-003

Preparations for a Second Earth Orientation Parameters Prediction
Comparison Campaign

Jolanta Nastula'. Henryk Dobslaw?. Justyna Sliwinska’. Tomasz Kur'.
Matgorzata Winska3. Aleksander Partyka'
1. Space Research Centre, Polish Academy of Sciences, Warsaw, Poland
2. GFZ German Research Centre for Geosciences, Potsdam, Germany
3. Faculty of Civil Engineering, Warsaw University of Technology, Warsaw, Poland

The precise transformation between the celestial and terrestrial
reference frames, which is needed for many advanced geodetic and
astronomical tasks, requires precise Earth Orientation Parameters (EOP)
data and their predictions. Various institutions worldwide therefore
maintain capacities to rapidly process space geodetic observations to
obtain estimates for the EOPs with short latencies as a basis for the
subsequent prediction.

Between 2006 and 2008, the first EOP Prediction Comparison
Campaign provided a comprehensive assessment of the capabilities of
different EOP prediction methods. However, since that time, much
progress has been made in terms of improved geodetic data processing,
reduced VLBI latency, and routine availability of model-based forecasts
of effective angular momentum functions for geophysical fluids. In light of
those developments, a re-assessment of the various EOP prediction
capabilities will be pursued in the frame of the 2nd Earth Orientation
Parameters Prediction Comparison Campaign (2nd EOP PCC), which
will start under the auspices of the IERS (International Earth Rotation
and Reference Systems Service) in summer 2021. The campaign will be
supervised and led by the office maintained by the Space Research
Centre of the Polish Academy of Sciences (CBK PAN) in Warsaw in
cooperation with GeoForschungsZentrum (GFZ) in Potsdam.

This presentation provides information on the 2nd EOP PCC technical
preparations and comparison methods. The main idea of the campaign is
to compare the various methods, models and strategies that can be used
to predict EOP. Each predicted time series will be evaluated by the same
statistical methods concerning mean prediction error, correlation, mean
value, standard deviation, and other, to indicate the most appropriate
and trusted prediction methods. The campaign is open to all participants

and predictions of each EOP are welcome.
Key words EOP, Prediction
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S3-004

Oceanic mass-related excitation of polar motion: an assessment
based on GRACE and multi-mission satellite altimetry

Franziska Gottl'. Dharani Jyothi Nandagopalakrishnan?. Sam Royston®. Michael
Schmidt'. Christian Schwatke'. Florian Seitz’
1. DGFI-TUM
2. TUM
3. University of Bristol

Mass redistributions in the oceans affect the orientation of the Earth’s
spin axis with respect to an Earth-fixed reference system (polar motion).
Mass changes in the oceans can be derived from both time variable
gravity field solutions from GRACE (Gravity Recovery And Climate
Experiment) and sea level anomalies (SLA) observed from satellite
altimeter missions. While the accuracy of GRACE oceanic mass change
estimates is limited by signal noise (meridional error stripes), leakage
effects and uncertainties of the glacial isostatic adjustment (GIA) models,
the accuracy of satellite altimetry derived oceanic mass changes is
limited by waveform retracking, adjustment method and the reduction of
the volume changes (steric effect) from the sea level anomalies.

In this study we use different spherical harmonic (CSR RL06, JPL RLOG,
GFZ RLOG6, ITSG-Grace2018, GRGS RL05) and mascon GRACE gravity
field models (CSR RLO6M, JPL RLO6M) as well as satellite altimetry data
(from AVISO and DGFI-TUM) to assess the accuracy of the gravimetry
and altimetry derived polar motion excitation functions for the oceans.
We compare these geodetic results with oceanic mass-related
excitations from geophysical ocean models (ECCO and MPIOM).
Furthermore we show that due to a combination of gravimetry and
altimetry solutions systematic and random errors of the individual
solutions can be reduced and the robustness of the geodetic derived
oceanic mass-related polar motion excitation functions can be increased.

Key words Oceanic polar motion excitation, GRACE, satellite altimetry
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S3-005

Characterization of a noise level of hydrological and cryospheric
angular momentum determined from GRACE and GRACE Follow-
On data

Justyna Sliwinska'. Matgorzata Winska2. Jolanta Nastula'. Aleksander Partyka'.
Tomasz Kur?
1. Space Research Centre, Polish Academy of Sciences, Warsaw, Poland
2. Faculty of Civil Engineering, Warsaw University of Technology, Warsaw, Poland

The pole coordinates, as one of the Earth Orientation Parameters, are
needed to define the relationship between the celestial and terrestrial
reference frames. Therefore, the variations in polar motion (PM) should
be monitored regularly and interpreted in order to assess the role of
geophysical processes in this phenomenon.

In the contemporary geodesy, quantifying and interpreting the role of
continental hydrosphere and cryosphere in PM excitation is an important
but also challenging task. This can be done by analysing time series of
hydrological angular momentum (HAM) and cryospheric angular
momentum (CAM), commonly treated together as HAM/CAM. HAM/CAM
can be obtained from variations of the gravity field resulting from
changes in global mass redistribution provided by the Gravity Recovery
and Climate Experiment (GRACE) and GRACE Follow-On (GRACE-FO)
missions. A number of institutes around the world process and deliver
GRACE/GRACE-FO datasets, which involve both spherical harmonic
coefficients of geopotential (Level-2 data) and terrestrial water storage
(TWS) maps (Level-3 data). However, the non-negligible differences
between HAM/CAM estimates derived from various GRACE/GRACE-FO
solutions exist.

The purpose of this work is to build an objective criterion that justifies
the use of one GRACE/GRACE-FO solution to estimate HAM/CAM. To
do that, we determine the quality of HAM/CAM obtained from different
GRACE/GRACE-FO solutions by making an estimation of their noise
level, using a generalized formulation of the “three-cornered hat method”.
We show the correlation between the noise of the each GRACE/GRACE-
FO-based HAM/CAM time series and series of hydrological plus
cryospheric signal in observed (geodetic) excitation called geodetic
residuals. After that, we construct a combined HAM/CAM series for
which the noise level will be minimal. We then determine the influence a
minimal noise level on the correlation between HAM/CAM and geodetic

residuals.
Key words GRACE, GRACE Follow-On, polar motion excitation
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S3-006
Long-Range Predictability of the Length of Day and Extratropical
Climate.
Adam Scaife

Met Office / University of Exeter

Angular momentum is fundamental to the structure and variability of the
atmosphere and hence regional weather and climate. Total atmospheric
angular momentum (AAM) is also directly related to the rotation rate of
the Earth and hence the length of day. However, the long-range
predictability of fluctuations in the length of day, atmospheric angular
momentum and the implications for climate prediction are unknown. Here
we show that fluctuations in AAM and the length of day are predictable
out to more than a year ahead and that this provides an atmospheric
source of long-range predictability of surface climate. Using ensemble
forecasts from a dynamical climate model we demonstrate predictable
signals in the atmospheric angular momentum field that propagate slowly
and coherently polewards into the northern and southern hemisphere
due to wave-mean flow interaction within the atmosphere. These
predictable signals are also shown to precede changes in extratropical
surface climate via the North Atlantic Oscillation. These results provide a
novel source of long-range predictability of climate from within the
atmosphere, greatly extend the lead time for length of day predictions

and link geodesy with climate variability.
Key words Atmospheric angular momentum, predictability, length of day, eddy feedback, climate
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S3-007

The Earth and Mars’ Variable Rotations Excited by Surficial Fluids

Yonghong Zhou'. Xueging Xu'. Cancan Xu'. Zhaoyang Kong'. Xianran An'.
Xinhao Liao'. Jianli Chen?. David Salstein®
1. Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai
200030, China
2. Center for Space Research, University of Texas at Austin, Austin, TX 78759, USA
3. Atmospheric and Environmental Research, Lexington, MA 02421, USA

The dynamic interactions that occur between the solid Earth and surficial
fluids are related globally by conservation of angular momentum in the
Earth system. Owing to this condition, the surficial fluids have shown to
be main excitation sources of the Earth’s variable rotation on time scales
between a few days and several years. Likewise, the Mars’ rotation
changes dueto variations of atmospheric circulation and surface
pressure, and the variable Martian polar ice caps associated with the
CO:2 sublimation/condensation effects. Here, we present our recent
progresses on excitations of the Earth and Mars’ rotational variations on
multiple time scales: (1) analyses among the LOD change, AAM and
ENSO, and the 2020~2021 La Nina event, and (2) the Mars’ LOD
change/Polar motion with relation to the dust cycles during the Martian
Years 24-33. Investigations of the Earth and Mars’rotations by surficial
fluids will further our understandings of the Earth and planetary global

dynamics.
Key words Earth rotation; Mars&#039; rotation; Surficial fluids.
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S3-008

On improved precession-nutation models

Jose M. Ferrandiz'. Miguel A. Juarez'. Santiago Belda?. Tomas Baenas?®.
Sadegh Modiri*. Robert Heinkelmann®. Alberto Escapa®'. Harald Schuh®’
1. University of Alicante
2. Image Processing Laboratory (IPL) - Laboratory of Earth Observation (LEO),
University of Valencia, Spain
3. University Centre of Defense, MDE-UPCT, Murcia, Spain
4. Federal Agency for Cartography and Geodesy (BKG), Department Geodesy,
Frankfurt am Main, Germany
5. Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences,
Potsdam, Germany
6. Department of Aerospace Engineering, University of Leon, Spain
7. Technische Universitat Berlin (TU Berlin), Germany

In the last two years a few research groups have developed new
estimations of nutation amplitudes or precession parameters, corrections
to some of the inconsistencies existing between the nutation and
precession theories 1AU2000 and IAU2006, and new empirical models
for the free core nutation (FCN) as well. A part of their results has been
already published in journals, whereas another has been presented at
main meetings. Research on those subjects was encouraged by
Resolution 5 of the 2019 General Assembly of the International
Association of Geodesy (IAG). Besides, the GGOS/IERS Unified
Analysis Workshop held in October 2019 recommended that effort to be
prioritized among the tasks of the current IAU/IAG Joint Working Group
on Improving Theories and Models of the Earth’s rotation (JWG ITMER).
This presentation includes an assessment of the last semi-empirical and
semi-analytical precession-nutation models developed by the authors,

together with comparisons with the alternative models proposed so far.
Key words Earth rotation - precession and nutation - analytical and empirical models - free core
nutation
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S3-009

Effects of the observed Earth’s oblateness variation on precession-
nutation: A first assessment

Jose M. Ferrandiz'. Alberto Escapa®'. Tomas Baenas®. Ahmed Z. Zerifi'. Isabel
Vigo'
1. University of Alicante
2. Dept. of Aerospace Engineering, University of Ledn, Spain
3. University Centre of Defense, MDE-UPCT, Murcia, Spain

The current IAU2000 nutation theory considers the Earth’s dynamical
ellipticity as a constant, whereas the IAU2006 precession theory uses a
linear model for it. Apart from the problems of consistency between the
two theories, whose full solution was proposed recently although is not
yet implemented in the conventional standards, the fundamental issue,
namely whether the observed time variation of the Earth’s gravity field
can affect the Earth’s rotation to a non-negligible extent, remains
untreated. This is one of the topics that should be considered in the
investigation of future Earth rotation models as encouraged by
Resolution 5 of the 2019 General Assembly of the International
Association of Geodesy (IAG).

This presentation is intended to share some preliminary results
concerning precession and nutation. The variation of the Earth’s
dynamical ellipticity is modelled from observed time-varying Stokes
coefficients, and its effects on the longitude are computed following a
new method introduced by the authors to that purpose. The found
variations are above the accuracy goals of GGOS, the Global Geodetic
Observing System of the IAG, adopted by the IAG Working Group 3.1 on
Improving theories and models of the Earth rotation (JWG ITMER), joint

with the International Astronomical Union.
Key words Earth rotation - precession and nutation - time-varying gravity
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S3-010

Chandler wobble excitation by external geophysical fluids
estimated from GRACE gravity data

Aleksander Brzezinski'2. Justyna Sliwinska?
1. Warsaw University of Technology
2. Space Research Centre, Polish Academy of Sciences

We investigate the excitation of the free Chandler wobble by the large-
scale processes taking place in the external fluid layers of the Earth,
including the atmosphere, the oceans and the land hydrology. The mass
term of excitation is expressed by the so-called gravimetric excitation
function estimated from time variation of degree-2, order-1 harmonics of
the Earth gravity field, derived from Gravity Recovery and Climate
Experiment (GRACE) data. We compare the excitation results based on
the geodetic observations of polar motion and the most recent GRACE
solutions. In addition, we estimate to which extent the Chandler wobble
excitation balance can be improved when adding the motion term of
excitation derived from the output fields of the global circulation models

of external geophysical fluids.
Key words polar motion, Chandler wobble, geophysical excitation, GRACE data
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S3-011

Internal co-seismic displacement and strain changes inside a
homogeneous spherical Earth

Jie Dong'. Pengfei Cheng'. Hanjiang Wen'. Wenke Sun?
1. Chinese Academy of Surveying &amp; Mapping
2. University of Chinese Academy of Sciences

In this study, we devised a new set of analytical foundation solutions to
compute the internal co-seismic displacement and strain changes
caused by four independent point sources (strike-slip, dip-slip, horizontal
tensile, and vertical tensile) inside a homogeneous spherical Earth model.
Our model provides constraints on the deformation properties at depth,
and reveals that the internal co-seismic deformation is larger than that on
the surface. The deformation near the source is convergent with our
formulae. For the internal deformation at radial section plane, the
patterns of horizontal displacements ue, up and strain changes er, €es,
€od, €6 Caused by strike-slip and tensile sources appear symmetric at
the equidistance above and below the source. Their amplitudes are not
identical but with a small discrepancy actually. Unlike these, the patterns
of radial displacements for strike-slip and tensile sources exhibit point
symmetry with the equidistance from the source. Also, the corresponding
amplitudes are slightly different. The displacements u6, ug and strain
changes err, €60, e, eBd caused by dip-slip also appear the same
properties as ur of strike-slip source. The magnitudes of the
displacements and strain changes depend on the source types. The
curvature effect on the near-field surface deformations is small, and it
increases with the studied depth. But for the far-field deformation caused
by the strike-slip source (ds = 20 km), the curvature effect can be as

large as 77% when the epicentral distance approximates to 1778 km.
Key words analytical foundation solutions; internal deformation; spherical Earth model
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S3-012

Spatiotemporal glacial isostatic model resolution testing for small
ice loads: Input parameter recommendations and examples for
mountain galciers in southcentral and southeast Alaska

Kimberly DeGrandpre. Jeffrey Freymueller
Michigan State University

Small glaciers (surface areas <30,000 km2) are rarely included in global
or regional models for glacial isostatic adjustment because their
individual signals are considered to be insignificant. When such glaciers
are included, they are often smoothed to an arbitrary resolution in both
time and space over a generally glaciated region. While these small
glaciers are individually not voluminous, they frequently exhibit rapid and
dynamic accumulation and loss that can have a significant effect on local
glacial isostatic adjustment model predictions when totaled across many
such loads. Detailed ice histories for these glaciers are generally
unavailable as their remote nature prohibits direct measurement and
small spatial extents limit spaceborne observations, but sparse
measurements does not necessarily mean that their influence is
negligible.

We address these questions: How much ice is missing from current
models and what effect does this missing ice have on rate and
displacement predictions? How precisely does the space-time load
history need to be known to make accurate predictions of geodetic
observables? We conducted a series of synthetic tests for disk loads of
various sizes using the TABOO postglacial rebound calculator. Results
will be summarized for several test loads representative of glaciers of
varying sizes in southcentral and southeastern Alaska, including
Columbia Glacier, the Bering Malaspina glacier system, the Juneau Ice
Field, and a generic glacially filled fjord. Loading histories are evaluated
for up to 3000 years after the complete removal of a volume of ice to
identify the temporal extent of signals from these smaller loads, with
particular interest in changes over the past 200 years, simulating
volumes related to the Little lce Age. Recommendations for model input
parameter values and the most appropriate use and resolution of various

datasets concerning these small, densely distributed loads are provided.
Key words glacial isostatic adjustment, ice loads, TABOO, Alaska, benchmarking, little ice age
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S3-013

GNSS observations and GIA modelling of vertical crustal motion in
the Lutzow-Holm Bay region, East Antarctica

Junichi Okuno'2. Akihisa Hattori>. Takeshige Ishiwa'. Yoshiya Irie'. Yuichi
Aoyama'-2, Koichiro Doi'2. Yoichi Fukuda'

1. National Institute of Polar Research
2. SOKENDAI

Geodetic and geomorphological observations in the Antarctic coastal
area generally indicate the uplift movement of the crust associated with
the Antarctic lce Sheet (AIS) change since the Last Glacial Maximum
(LGM). This trend is called the glacial isostatic adjustment (GlA), the
Earth’s viscoelastic response due to the surface load changes. The
current crustal motion, which the GNSS observation indicates, includes
the elastic component due to the present-day surface mass balance of
AlS in addition to the viscoelastic response. To reveal the secular crustal
movement associated with the GIA, the separation of both
components due to the current mass balance and last deglaciation is
essential.

Recently geomorphological study in the Lutzow-Holm Bay region, East
Antarctica, reported that the rapid ice thinning of about 400 m for 3000
years has occurred in the early-to-mid Holocene. This melting may
influence the crustal deformation through the viscoelastic response due
to rapid ice load change. Therefore, we examine the GIA component due
to this melting on the current crustal deformation rate using numerical
modeling. Results indicate that the viscoelastic relaxation due to the
abrupt ice thinning depends significantly on the upper mantle viscosity
profile. This presentation will discuss the dependence of the AIS retreat
history and mantle viscosity structure on the GlA-induced crustal
movement based on the numerical experiments.

Key words GIA, GNSS, Antarctic Ice Sheet, Holocene rapid melting
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S3-014

Dependence of upper mantle viscosity profile on GlA-induced
gravity change in Antarctica

Yoshiya Irie'. Jun'ichi Okuno'?. Takeshige Ishiwa'. Koichiro Doi'2. Yoichi
Fukuda’
1. National Institute of Polar Research
2. The Graduate University for Advanced Studies, SOKENDAI

The Antarctic ice mass loss is accelerating due to recent global warming.
Changes in Antarctic ice mass have been observed as the gravity
change by GRACE (Gravity Recovery and Climate Experiment) satellites.
However, the gravity signal includes both the component of the ice mass
change and the component of the solid Earth response to surface mass
change (Glacial Isostatic Adjustment, GIA). Namely, to constrain the ice
mass change from the gravity observation, viscosity structure of the
Earth’s mantle and ice history from the last deglaciation are required with
sufficient accuracy. Here we examine spatial and temporal patterns of
gravity field changes in Antarctica using GIA modeling. We also explore
the sensitivities of the gravity field change to mantle viscosity structure
and ice history. Results indicate that the gravity field change mainly
depends on the upper mantle viscosity profile. In particular, the long -

wavelength gravity field changes in the adoption of viscosity models with
a low viscosity layer beneath the elastic lithosphere become dominant.
On the other hand, short - wavelength components become dominant for
models with a low viscosity layer above the 670 km phase boundary.
Moreover, results indicate that the gravity field change significantly
depends on the end of Holocene deglaciation. In particular, the gravity
field change for W12 is less sensitive to the low viscosity layer than that
for ICE-6G. This is because the postglacial period for W12, which is
shorter than that for ICE-6G, is not enough time to reflect the viscous
relaxation process related to the low viscosity layer. In this presentation,
we intend to discuss the verification of whether GRACE data can detect

the impacts of low viscosity layer on the gravity field change.
Key words GIA, GRACE
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S3-015

The mid-Holocene sea-level highstand and Glacial Isostatic
Adjustment modelling

Tanghua Li'. Hansheng Wang?. Stephen Chua'. Nicole Khan®. Patrick Wu*.
Benjamin Horton'%
1. Earth Observatory of Singapore, Nanyang Technological University
2. State Key Laboratory of Geodesy and Earth’s Dynamics, Innovation Academy for
Precision Measurement Science and Technology, Chinese Academy of Science
3. Department of Earth Sciences and Swire Marine Institute, University of Hong Kong
4. Department of Geoscience, University of Calgary
5. Asian School of the Environment, Nanyang Technological University

Holocene relative sea-level (RSL) records from regions distal from ice
sheets (far-field) are commonly characterized by a mid-Holocene
highstand, when RSL was higher than present level. Both the magnitude
and timing of the mid-Holocene highstand vary spatially due to hydro-
isostatic processes (e.g., ocean syphoning and continental levering).
However, the timing, magnitude and source of ice-equivalent sea level in
the middle to late Holocene are not well determined.

Here, we compare Glacial Isostatic Adjustment (GIA) model predictions
to a standardized database of sea-level index points (SLIPs) from
Southeast Asia where we have near-complete Holocene records. The
database has more than 130 SLIPs that span the time period from ~9.5
ka BP to present. We investigate the sensitivity of mid-Holocene RSL
predictions to variations in GIA parameters, including the lateral
lithospheric thickness variation, mantle viscosity (both 1D and 3D), and
deglaciation history from different ice sheets (e.g., Laurentide,
Fennoscandia, Antarctica).

We compute gravitationally self-consistent RSL histories from the GIA
model with time dependent coastlines and rotational feedback using the
Coupled Laplace-Finite Element Method. The preliminary results show
that the timing of the highstand is mainly controlled by the deglaciation
history (ice-equivalent sea level), while the magnitude is dominated by
Earth parameters (e.g., lithospheric thickness, mantle viscosity). We
further investigate whether there is meltwater input during the middle to
late Holocene and whether the RSL records from Southeast Asia can
reveal the meltwater source (e.g., Antarctica).

Key words Sea-level change; Glacial Isostatic Adjustment; mid-Holocene highstand.
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S3-016

Vertical Land Motion From Present - Day Deglaciation in the Wider
Arctic

Carsten Bjerre Ludwigsen. Ole Baltazar Andersen
DTU Space

A high-resolution ice model (2x2 km) for Arctic glaciers and Greenland
Ice Sheet has been constructed from 2003-2015 to calculate yearly
elastic VLM-rates in the wider Artic region (roughly north of 30N). The
high resolution makes it possible to use the elastic VLM in both in the
proximity of glacial ice change and in the far field (e.g. Northern
Europe).

The elastic VLM-model is combined with a GIA-model and is corrected
for non-secular geocenter motion effects, as well as rotational feedback,
to construct a complete VLM-model that is comparable with yearly
GNSS-measured VLM-rates. Furthermore, are far field elastic VLM-
estimates from Antarctica added to the model (about -0.1 mm/y in the
Arctic area).

Averaged over time, does the VLM-model correlate well with GNSS-sites
- in particular in the far field and clearly outperforms a GlA-only model.
Residuals between GNSS and the combined VLM-model is used to
quantify the effect of ongoing seismic activity (Alaska), low-viscosity
areas (Ilceland) or ongoing rebound from Little lce Age (Svalbard) on
VLM.

Generally, it shows that VLM from present-day ice melt of in particular
Greenland, is far-reaching and even in the North Sea region or along the
North American coast show uplift rates in the order of 0.4-0.7 mmly.
Interestingly, this is comparable to Greenland’s sea level contribution for
the same period, thereby is elastic VLM, in parts, ‘neutralizing’ the
barystatic sea level contribution of Greenland and glaciers. As Arctic ice
mass loss continues to accelerate, the elastic uplift will have increased
importance for coastal regions and future relative sea level projections.

Key words Vertical Land Movement,
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S3-017

Bedrock uplift in response to recent ice-mass variability on
northern Marguerite Bay, Antarctic Peninsula

Nahidul Hoque Samrat'3. Matt King'. Christopher Watson'. Andrea Hay'.
Valentina Barletta?. Andrea Bordoni?
1. University of Tasmania
2. Technical University of Denmark
3. Central Queensland University

Glaciers in the Antarctic Peninsula have been thinning and retreating
over the 20th and 21st centuries due to surface and ocean warming and
ice shelf collapse. This results in a solid Earth deformation measurable
by GPS fixed to bedrock, which provides insight into solid Earth rheology
when combined with models. We investigate ice-mass change and
bedrock deformation in the northern Marguerite Bay (NMB) region of the
Antarctic Peninsula from ~2002 to 2015 in order to provide new
constraints on Earth rheology. The mass balance estimation over this
region suggests that the ice mass loss reduced around the Rothera
research station (ROTH) since ~2012 and the Muller Ice Shelf since
~2009 compared to 2004-2012 and 2002-2009, respectively. GPS time
series recorded at nearby ROTH station reveals bedrock uplift of
~1.620.8 mm/year (1999.1-2005.0) increasing to ~5.9+0.9 mm/year
(2006.0-2010.0) before reducing to ~4.6+0.6 mm/year (2010.0-2016.0)
and now ~1.8+1.3 mm/year (2016.0-2020.0). This cannot be explained
by purely elastic deformation. A comparison between ROTH and
modeled viscoelastic deformation up to 2015 suggests the change can
be explained by a model with an upper mantle viscosity of ~0.1-9x1018
Pa s with ~10-95 km of effective elastic lithosphere thickness for NMB.
Analysis of a nearby site at San Martin (SMRT) over 1999.3-2009.2
permits a wider range of lithosphere thickness (~10-130 km) and upper-
mantle viscosity(~0.1-20x1018 Pa s) but in agreement with the ROTH
analysis. This viscosity estimate is consistent with a north-south gradient
in viscosity suggested by previous studies focused on specific regions
within the Antarctic Peninsula and adds further evidence of low viscosity

upper mantle in the northern Antarctic Peninsula.
Key words Dynamics of lithosphere and mantle, Rheology: crust and lithosphere, Rheology: mantle,
Antarctica, Space geodetic surveys

275



Scientific Assembly of the International Association of Geodesy (IAG) Abstract Book

Category: Symposium 3: Earth Rotation and Geodynamics =) 3.2: Observations and modeling of
deformation related to changing ice loads

555

S3-018

A study of sea level change around Greenland based on multi-
source data

Jiachun An. Baojun Zhang. Zemin Wang. Songtao Ai. Yu Feng. Hong Geng
Wuhan University

In this study, we analyzed the sea level changes in Greenland by using
observations of GPS stations, tide guages, gravity satellite and altimetry
satellite, as well as glacier isostatic adjustment models, and revealed the
profound impact of Greenland ice sheet melting under global warming.
We dealed with the observations of more than 50 GPS stations in and
around Greenland from 2007 to 2018, and used principal component
analysis to eliminate common mode errors. The results show that all the
stations in Greenland have an upward trend, and the stations in the
southern region rise faster. The GPS-derived vertical velocities corrected
by the glacier isostatic adjustment model fit well with the GRACE-derived
vertical velocities caused by the mass changes of the Greenland ice
sheet. At the same time, the absolute sea level change around
Greenland is analyzed in combination with the relative sea level obtained
from tide stations and the crustal rise rate obtained from GPS stations,
and verified by the altimetry satellite observations. The results show that
the sea level around Greenland has decreased significantly and there

are large spatial differences in different regions.
Key words sea level change, Greenland, GPS, tide guage

276



Scientific Assembly of the International Association of Geodesy (IAG) Abstract Book

Category: Symposium 3: Earth Rotation and Geodynamics =) 3.2: Observations and modeling of

deformation related to changing ice loads
707
S3-019

Quantitative Analysis of Arctic Ice Flow Acceleration with
Increasing Temperature

Zemin Wang'#. Boya Yan'#. Songtao Ai'#. Kim Holmén?. Jiachun An'4,
Hongmei Ma3
1. Wuhan University
2. Norwegian Polar Institute
3. Polar Research Institute of China
4. Chinese Antarctic Center of Surveying and Mapping

This study explores the ice flow acceleration (21.1%) of Pedersenbreen
during 2016—-2017 after the extremely warm winter throughout the whole
Arctic in 2015/2016 using in situ data and quantitatively analyses the
factors contributing to this acceleration. Several data sets, including
2008-2018 air temperature data from Ny-Alesund, ten-year in situ GPS
measurements and Elmer/lce ice flow modelling under different ice
temperature scenarios, suggest that the following factors contributed to
the ice flow acceleration: the softened glacier ice caused by an increase
in the air temperature (1.5°C) contributed 2.7%-30.5%, while basal
lubrication contributed 69.5%-97.3%. The enhanced basal sliding was
mostly due to the increased surface meltwater penetrating to the bedrock
under the rising air temperature conditions; consequently, the glacier ice
flow acceleration was caused mainly by an increase in subglacial water.
For Pedersenbreen, there was an approximately one-year time lag
between the change in air temperature and the change in glacier ice flow
velocity.

Key words ice flow velocity, Arctic temperature rising, Pedersenbreen, Elmer/Ice, meltwater
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S3-020

Surface mass balance loading displacement as a dominant source
of error in GPS estimates of Antarctic glacial isostatic adjustment
and its relevance to a critical sector of East Antarctica

Matt King. Christopher Watson
University of Tasmania

We show that varying surface mass balance (SMB) induces a dominant
source of noise in Antarctic bedrock GPS time series, an effect more
widespread than the effects of dynamic ice mass change concentrated
within some regions of fast ice flow. Using models of SMB anomalies
and an elastic Earth model, we show that SMB loading displacement
power spectra are approximated by a random walk process with the
greatest power at lowest frequencies. The power at the lowest
frequencies easily exceeds that of atmospheric loading displacements. If
SMB loading displacement is not considered at GPS bedrock sites in
Antarctica, biases can reach >+-2 mm/yr over periods up to 11 years
with the largest biases in the Antarctic Peninsula and Marie Byrd Land.
We explore the impact of SMB loading on new GPS time series of
bedrock uplift from the Totten-Denman glacier region of East Antarctica
where GIA models disagree, glaciers appear to be losing mass, and few
GIA model data constraints exist. SMB loading induces uplift rate bias of
up to 2.2 mm/yr over 2014-2019 in this region which, after correcting for
it and common mode error, shows that the bedrock in this region is likely
subsiding or near zero. The exception is the Totten Glacier region where
residual uplift of ~1-2 mml/yr is evident when correcting for either SMB
loading displacements or those derived from ice altimetry that also
include a dynamic ice mass change component. The results suggest
closest agreement with the W12a GIA model in this region and
disagreement with some empirical solutions of bedrock uplift which
suggest strong uplift.

Key words glacial isostatic adjustment (GIA), GPS, bedrock uplift, surface mass balance
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S$3-021

Monitoring glacier mass balance of the West Kunlun Mountains
over the past 20 years by ICESat-2 altimetry and bistatic INSAR

Tao Li. Liming Jiang
State Key Laboratory of Geodesy and Earth’s Dynamics, Innovation Academy for
Precision Measurement Science and Technology, Chinese Academy of Sciences

Mass balance of mountain glaciers is an important parameter of glacier
changes, which is of great significance to climate change research,
ecological environment protection and water resources management. In
recent years, ice melting of mountain glaciers in the Qinghai-Tibet
Plateau has accelerated response to atmospheric warming, but the
glaciers in West Kunlun Mountains have shown a stable or even
increasing ice volume during the early 21st century,and is considered as
the center of the "Karakoram anomaly", however, the recent changes in
the glacier mass balance of this region are still unclear.

During the past decade, space-borne geodesy technologies (e.g.
gravimetry, altimetry and InSAR ) have been widely used to estimate
regional-scale mass balance in High Mountain Asia (HMA). In this study,
we combined ICESat-2 satellite laser altimetry and bistatic InSAR
observation to monitor the changes of glacier thickness and mass
balance in the West Kunlun Mountains from 2000 to 2018/19, and
analyzed its temporal and spatial characteristics. Glacier surges were
also analyzed.

The results show that: (1) From 2013 to 2018/19, the average annual
increase rate of glacier thickness in the West Kunlun Mountains was
0.274%£0.061 m/a, and the mass balance was 0.233+0.054 m w.e./a; (2)
During 2000-2018/19, the glacier presented a positive trend, and the
mass accumulation rate during 2013-2018/19 was higher than that
during 2000-2013 (0.173+£0.029 m w.e./a);(3) Glacier surges in the West
Kunlun Mountains were still widely distributed during 2013-2018/19. The
5Y641F0073 glacier and West Kunlun glacier were active. A new surge-
type glacier (5Y641F0046) was found, which elevation change presents
anomalous spatial characteristics and the ice flow velocity changes
sharply.

The results preliminarily verified the feasibility and reliability of TanDEM-
X global DEMs and ICESat-2 laser altimeter measurements for
estimating the mass balance of mountain glaciers.

Key words ICESat-2; Satellite altimetry; Bistatic INSAR; West Kunlun Mountains; Glacier mass
balance
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S3-022

Spatio-temporal evolution of the Greenland ice sheet and
associated deformation of the Earth: a multi-technique geodetic
approach

Ana Sanchez'#. Laurent Métivier*S. Luce Fleitout?>. Marianne Greff*. Kristel
Chanard*®. Romain Hugonnet®87. Etienne Berthier?
1. Centre national d'études spatiales (CNES), France.
2. Laboratoire de Géologie de I'Ecole Normale Supérieure, PSL Research University,
UMR CNRS 8538, 75231 Paris, France
3. LEGOS, Université de Toulouse, CNES, CNRS, IRD, UPS, Toulouse, France.
4. Université de Paris, Institut de physique du globe de Paris, CNRS, IGN, F-75005
Paris, France.
5. ENSG-Géomatique, IGN, F-77455 Marne-la-Vallée, France.
6. Laboratory of Hydraulics, Hydrology and Glaciology (VAW), ETH Zurich, Zurich,
Switzerland.
7. Swiss Federal Institute for Forest, Snow and Landscape Research (WSL),
Birmensdorf, Switzerland.

The evolution of the Greenland Ice Sheet (GIS) is an important indicator
of climate change and driver of sea level rise. However, providing
accurate GIS ice mass balance remains a challenge today. Here, we
propose to combine geodetic measurements to improve our knowledge
of the GIS spatial and temporal evolution. We attempt to reconcile
satellite altimetry observations of ice volume variations with regional
GNSS velocities estimates and time variable space gravity
measurements over the 2003-2009 and 2011-2015 periods. The GIS
mass variations are inferred from satellite altimetry for large ice sheets
(ICESat-1 and CryoSat-2) and digital elevation models generated from
multiple satellite archives for peripheral glaciers, associated with IMAU-
FDM firn model. The spatial and temporal variations of the gravity field
are measured by the GRACE mission for which we use an improved
solution, based on a combination of solutions from various analysis
centers, where smaller wavelength signals are preserved.

To resolve short wavelength load variations affecting the displacement of
nearby GNSS stations, we use Green’s functions for vertical crustal
displacements assuming purely elastic Earth properties. We show that
vertical elastic displacements are in good agreement with observations in
some regions, but models disagree in the South-eastern and the
Northern parts of Greenland. We show that shorter wavelengths load
variations of peripheral glaciers are essential to compute deformation
close to GNSS stations but are not sufficient to fully explain GNSS
observations.
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We also compare a mass variation model combining altimetry with a firn
model (FDM) to one using a constant density with gravity field variations
observed by the GRACE mission. We show that the model with FDM
underestimates ice mass loss by a large factor.

We then explore the potential viscoelastic response of the
asthenosphere to recent ice and little ice age mass loss to further explain
observed GNSS displacements.

Key words Greenland Ice Sheet,ice mass balance,GNSS,GRACE,satellite altimetry,peripheral
glaciers
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S3-023

Glacier velocity monitoring and the potential points of geological
hazards monitoring in A’nyemaqgen Glacier

Zhaoxia Miao'?. Lin Bai'?. Zhenhong Li"?. Longyan Wang'?. Chenglong
Zhang'?
1. College of Geological Engineering and Geomatics, Chang'an University, Xi‘an
710054, China.
2. Key Laboratory of Western China’s Mineral Resource and Geological Engineering,
Ministry of Education, Xi'an 710054, China

Glaciers is the important freshwater resource, and may lead to geological
disasters due to glaciers melting caused by global warming. In this paper,
we use the Sentinel-1A datato monitorthe surface velocity of
A’nyemagqen glacier during 2016~2020 with offset tracking method. The
results show that the maximum velocity reaches 6 m/a, with a higher
velocity in the warm season (May to September) and a lower velocity in
the cold season (October to April of the next year). Then, the potential
points of geological hazards around A'nyemaqen glacier are identified by
ground deformation derived by SBAS-InSAR and optical image. Most of
the potential points of geological hazards are located in the surrounding
areas of the A’nyemagen glacier. The most likely reason is that the
sustained glacier melting increases the soil moisture, and reduces the
strength of the rock and soil, resulting in the geological hazards such as
landslides and collapses. The study is meaningful for the prevention and

reduction of geological disasters caused by glaciers melting.

Key words Glacier velocity; SAR offset tracking; geological hazards; SBAS-INSAR; A'nyemaqgen
glacier
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S3-024

Horizontal and vertical deformation rates linked to the Magallanes-
Fagnano Fault System, Tierra del Fuego: interpretation of the
geodetic observations in the context of geological evidence and the
current seismic cycle

Luciano Pedro Oscar Mendoza'3. Andreas Richter®4', Eric Rodolfo Marderwald®".
José Luis Hormaechea?®3. Gerardo Connon?3. Mirko Scheinert*. Reinhard
Dietrich*. Raul Anibal Perdomo®?3
1. MAGGIA, FCAG, Universidad Nacional de La Plata (UNLP), La Plata, Argentina
2. Estacion Astronomica Rio Grande (EARG), Rio Grande, Argentina
3. Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET), Buenos
Aires, Argentina
4. Institut fur Planetare Geodasie (IPG), Technische Universitat Dresden (TUD),
Dresden, Germany
5. Facultad de Ciencias Astrondmicas y Geofisicas (FCAG), Universidad Nacional de
La Plata (UNLP), La Plata, Argentina

We present results which are based on 24 years of GNSS observations
at Tierra del Fuego, since 1994. The data analysis is based on a
reprocessing of all data with up-to-date models and satellite products.
We apply a precise point positioning (PPP) processing strategy, made
possible by the recent availability of highly accurate and consistent
GNSS satellite orbits and clocks. The 54 stations included in the analysis
allow a detailed investigation of horizontal and vertical velocity rates
which provide a sound basis to study the deformation associated with the
Magellanes-Fagnano Fault System, i. e. the transform boundary between
the South American and Scotia plates at the southern tip of Patagonia. A
deeper geophysical modelling has been performed which points to a
seismogenic layer thickness of 15 £+ 3 km and to fault planes inclined 64
+ 4 deg at the uppermost ends of the fault segments. Furthermore, we
model the current seismic cycle from the great 1949 My 7.7 earthquake
to the present, including the ongoing postseismic viscoelastic relaxation
process. We identify a seismic moment deficit rate and a cumulative
seismic moment which is at present equivalent to an earthquake of
magnitude My ~ 7.

Key words Tierra del Fuego, GNSS, seismic cycle, Magellanes-Fagnano Fault System
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S3-025

Crustal rheology and heterogeneity impact on tectonic stress
characteristics of North China revealed by GNSS observations

Yuan Gao'. Wei Qu'2, Qin Zhang'. Hailu Chen'. Shichuan Liang'
1. Chang’an University
2. State Key Laboratory of Geohazard Prevention and Geoenvironment Protection,
Chengdu University of Technology

North China is characterized by significant lithosphere heterogeneity and
numerous faults due to continuous Indo-Asia collision and subduction
from the Pacific plate, with the occurrence of many historical devastating
earthquakes. To further understand the mechanisms of seismicity and
fault activity in this domain, a three-dimensional viscoelastic finite
element model based on the lithospheric lateral heterogeneity of physical
properties across the north—south gravitational lineament (NSGL), spatial
distribution of tectonic faults, and interseismic global navigation satellite
system (GNSS) velocities (1999-2018) was established. Then the stress
accumulation characteristics across the NSGL and its relationship with
seismicity were analyzed. Finally, the temporal and spatial variations of
stress along major faults were explored and potential relationships
between the stress components and rupture mechanisms of typical faults
were further analyzed. The results showed that high maximum shear
stress corresponded well to the focal depth in eastern North China (ENC)
and western North China (WNC), which suggests that the different brittle
crustal thicknesses across the NSGL may be one of the major factors
that dominates earthquake depth in North China. Maximum shear stress
is significantly accommodated on faults around the Ordos Block in WNC
and northern faults in ENC, which is consistent with frequent seismic
activity in these domains. The relationship between stress components
and rupture mechanisms of typical faults imply that the differential
tectonic loading from neighboring blocks may be one of the major

dynamic factors for seismogenic processes in North China.
Key words North China; GNSS observation; Viscoelastic finite element model; North—south
gravitational lineament; Stress characteristic; Tectonic fault
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S3-026

Spatiotemporal functional modeling of postseismic deformation
after the 2011 Tohoku-Oki earthquake

Satoshi Fujiwara. Mikio Tobita. Shinzaburo Ozawa
Geospatial Information Authority of Japan

Postseismic deformation continues for a long duration after major
earthquakes. A previous study has shown that temporal changes in
postseismic deformation can be approximated through simple functions.
Almost 10 years have passed since the 2011 M9 Tohoku-Oki earthquake,
and data at continuously operating GNSS stations have accumulated.
We performed statistical processing of the data on postseismic
deformations of this earthquake and obtained and verified their
spatiotemporal distribution. We were able to approximate the
postseismic deformations over a wide area with a standard deviation of 1
cm for approximately 10 years using two logarithmic and one exponential
functions. However, the residuals from the functional model showed a
sharp deviation from 2015. Although the pattern of postseismic
deformation did not change after the earthquake, a change in steady-
state velocity occurred from 2015 and continues till date. By improving
the functional model to incorporate this steady-state velocity, we can
reduce the overall standard deviation of the residuals of more than 200
stations distributed over more than 1000 km to less than 0.4 cm in the
horizontal component. Furthermore, the spatial distributions of the
coefficients of each time constant are not random and have a natural
spread, which makes it possible to grid model them in terms of a spatial
function. The spatial distributions of the short- and long-period
components of the functional model and the afterslip and viscoelastic
relaxation calculated by a physical model are similar to each other,
respectively. Each time function has a meaning related to the physical
processes in the underground, which provides an understanding of the
physical phenomena involved in seismogenesis. Additionally, there are
the other purposes of using the spatiotemporal functional model
developed in this study: discerning small variations other than those of
the postseismic deformation, and modeling for precise positioning such
as ITRF.

Key words 2011 Tohoku-Oki earthquake, crustal deformation, postseismic deformation, slip, global
navigation satellite system time series, predicting model

286



Scientific Assembly of the International Association of Geodesy (IAG) Abstract Book

Category: Symposium 3: Earth Rotation and Geodynamics =) 3.3: Geodetic observations in volcanic
and tectonically active areas

230

S3-027

On the detection of structural breaks in GNSS station coordinate
time series caused by earthquakes using machine learning

Laura Crocetti. Matthias Schartner. Benedikt Soja
ETH Zurich

The Global Navigation Satellite System (GNSS) continuously monitors
station positions all around the world with a high accuracy. This high
accuracy, together with the dense global coverage, makes GNSS
observations sensitive to geophysical phenomena such as earthquakes.
Earthquakes are geohazards that are characterized by an abrupt
occurrence and cause deformations of the Earth’s surface. These
deformations are reflected in the GNSS station coordinate times series
as structural breaks. For various applications, such as the estimation of
velocity fields, a precise knowledge of the time an earthquake, and thus
a structural break, occurred in the time series is crucial for achieving
highest accuracy.

In this study, we tried to detect structural breaks caused by earthquakes
using novel machine learning (ML) algorithms. We used big data GNSS
station coordinate time series from the Nevada Geodetic Laboratory
database to build a supervised machine learning model. After a
sophisticated data preparation process, several ML algorithms were
applied and compared based on their performance. The results revealed
that by using Random Forest, up to 80% of all earthquakes causing
significant displacements could be detected. This confirms that ML is a
capable technique to inspect GNSS station coordinate time series.
Extracting reliable information from GNSS signals could be of great

benefit to geosciences and society.
Key words GNSS, earthquakes, machine learning
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S3-028

Grey Wolf Optimal Combination Algorithm for Inversion of Seismic
Source Parameters: A Case Study of the Bodrum-Kos earthquake in
2017

Longxiang Sun. Leyang Wang
Faculty of Geomatics, East China University of Technology

The determination of the seismic source parameters is an essential
component of earthquake investigations. Due to the high precision of
modern geodetic technologies, it leads to the higher requirements for the
inversion algorithm of seismic source parameters. In view of this problem,
we successfully develop a novel Grey Wolf Optimization (GWO)
algorithm to invert the seismic source parameters. The GWO algorithm
with the strategy of the nonlinear decreasing convergence factor based
on the cosine law is proposed to instead that of the original linear
decreasing. Subsequently, a combination approach with the improved
weighted GWO algorithm and the Simplex algorithm is configured and
the introduction of the latter algorithm is to stabilize the performance of
the proposed GWO algorithm. Thus, the combination algorithm has
better advantages for both convergence and stability. Finally, we achieve
synthetic tests to evaluate the performance of the basic weighted
distance GWO algorithm, the genetic algorithm and the combination
algorithm. The simulated experimental results show that the estimation of
seismic source parameters via the proposed algorithm is superior to the
weighted distance GWO algorithm, which expresses excellent stability
and accuracy. On the other hand, the stability of seismic source
parameters is validated between the combination algorithm and the
genetic algorithm, and we find the superiority of the combination
algorithm. Furthermore, the availability of the combination algorithm is
tested by the 2017 Bodrum-Kos earthquake. The results show that the
combination algorithm can not only achieve the inversion precision of
genetic algorithm, but also exhibit better parameters stability.
Considering that the accurate determination of seismic source
parameters is conducive to earthquake investigations, our algorithm has

potential applications in the inversion of seismic source parameters.
Key words Global Positioning System; Seismic source parameter inversion; Grey Wolf Optimization
algorithm; Simplex algorithm; Bodrum-Kos earthquake.
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S3-029

Retrieving 3D coseismic deformation of the 2016 Mw 7.8 Kaikoura
earthquake using different combinations of SAR and optical data

Ajian Zou. Leyang Wang
East China University of Technology

Co-seismic deformation monitoring is of great significance for the
interpretation of Co-seismic deformation characteristics and intuitive
understanding of fault geometric characteristics. For large earthquakes
with surface rupture, GPS technique has a low spatial resolution, and
INSAR technology will cause phase decorrelation due to large
deformation gradients, it is impossible to obtain specific fault near-field
deformation. Optical image correlation(OIC) and pixel offset
tracking(POT) based on sub-pixel cross-correlation can solve these
problems well. This paper takes the 2016 Kaikoura Mw 7.8 earthquake
as an example. We first obtained the EW and NS directions deformation
using Sentinel 2 data, and obtained the range and azimuth directions
deformation using Sentinel 1 data. Both results can provide the specific
deformation near the fault and the geometric characteristics of the fault.
In addition, in order to determine the most reliable combination of
Sentinel 1 SAR data and Sentinel 2 optical data to obtain the 3D
deformation field, these deformation types are divided into different
combinations, and the least square method is used to compute the 3D
deformation. The results show that weighting various kinds of data can
enhance the accuracy of some combination results, especially the
accuracy of the NS deformation. The vertical deformation obtained by
combining the optical data with the SAR data of ascending or
descending orbit is not in good agreement with the actual situation. The
NS deformation obtained by the SAR data is quite different from that
obtained by the optical data, but the EW deformation has a good
consistency. The combination of optical data and SAR data, the
combination of optical data and range deformation of SAR data can
obtain better 3D deformation. Combined with the different kinds of
observation data, the effect and precision of 3D deformation can be
controlled well, which can provide a reference for the study of 3D surface

deformation.
Key words Optical images correlate; SAR pixel offset tracking; kaikoura earthquake; Three-
dimensional deformations
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S3-030

Coeruptive and posteruptive crustal deformation associated with
the 2018 Kusatsu-Shirane phreatic eruption based on PALSAR-2
time series analysis

Yuji Himematsu'. Taku Ozawa'. Yosuke Aoki?
1. National Research Institute for Earth Science and Disaster Resilience
2. The University of Tokyo

We report coeruptive crustal deformation associated with the 2018
Kusatsu-Shirane phreatic eruption detected by time series analyses of L-
band satellite SAR (ALOS-2/PALSAR-2) data. Cumulative deformation
maps derived from SAR time series analyses show that subsidence and
eastward displacement dominate the southwestern side of an eruptive
crater with a spatial extent of approximately 2 km in diameter. Although
we were unable to identify any significant deformation signals before the
2018 eruption, posteruptive deformation on the southwestern side of the
crater has been ongoing until the end of 2019. This prolonged
deformation implies the progression of posteruptive physical processes
within a confined hydrothermal system, such as volcanic fluid discharge,
similar to the processes observed during the 2014 Ontake eruption.
Although accumulated snow and dense vegetation hinder the detection
of deformation signals on Kusatsu-Shirane volcano using conventional
INSAR data, L-band SAR with various temporal baselines allowed us to
successfully extract both coeruptive and posteruptive deformation
signals. The extracted cumulative deformation is well explained by a
combination of normal faulting with a left-lateral slip component along a
southwest-dipping fault plane and an isotropic deflation. Based on the
geological background in which the shallow hydrothermal system
develops across Kusatsu-Shirane volcano, the inferred dislocation plane
can be considered as a degassing pathway from the shallow
hydrothermal system to the surface due to the phreatic eruption. We
reconfirmed that SAR data are a robust tool for detecting coeruptive and
posteruptive deformations, which are helpful for understanding shallow
physical processes associated with phreatic eruptions at active

volcanoes.
Key words Satellite SAR, Phreatic eruption, Crustal deformation, Volcano, Hydrothermal system
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S3-031

Measuring the Recent Status of Land Subsidence in Bandung Basin,
Indonesia, by INSAR and GPS methods

Irwan Gumilar'. Teguh Purnama Sidiq'. Gigih Pambudi'. Brian Bramanto?'.
Hasanuddin Zainal Abidin’
1. Geodesy Research Group, Institut Teknologi Bandung
2. Faculty of Science and Technology, Norwegian University of Life Sciences

Land Subsidence in Bandung Basin has been historically detected and
possibly caused by several factors, including groundwater withdrawal. It
is presumed that the land subsidence is still occurring and causing broad
impacts to several aspects, e.g., infrastructures and building damaged.
This study aims to determine the current status of the land subsidence in
Bandung Basin using the Interferometric Synthetic Aperture Radar
(INSAR) and Global Positioning System (GPS).

The Synthetic Aperture Radar (SAR) imageries used in this study are
Sentinel-1 imagery in 2016, 2017, 2018, and 2019. The land subsidence
was then estimated using the Interferometric Synthetic Aperture Radar
(INSAR) method and validated with the GPS results. The largest land
subsidence in Bandung Basin occurred in the Gedebage, Kopo, and
Dayeuhkolot districts, as interpreted from the InSAR results. The
average annual land subsidence in these districts was estimated to 15
cm, and a number of considerable damages due to land subsidence
were also found. InSAR-derived land subsidence showed a good
agreement with the GPS-derived land subsidence. In conclusion, the
land subsidence is still occurring and tends to be more severe in
Bandung Basin.

Key words SAR Imagery, validation, land subsidence impact, Sentinel
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S3-032

Earthquake Risk Analysis of Angiu-Juxian Section of Yishu Fault
Zone

Cunpeng Du'. Haitao Yin?
1. Shandong university of Science and Technology
2. Shandong Earthquake Agency

The Yishu fault zone is the boundary structure of the western Shandong
fault block and eastern Shandong fault block, the Anqgiu-Juxian fault is
the main active fault in the Yishu fault zone. In this paper, we collected
the earthquake catalog data from 1970 to 2018 and used the maximum
likelihood method to scan the three-dimensional b value along the Yishu
belt, and calculated the b value at different depths. By using the velocity
data of each station of 2011~2019 and a dislocation model, we inverted
the distribution of fault locking degree and slip rate deficit on the Yishu
fault. The results show that 262 earthquakes with ML > 2.0 have
occurred in the Juxian-Tancheng segment since 1970, and 66
earthquakes have occurred in the Anqgiu segment, which only accounts
for one-fourth of the Juxian-Tancheng segment. Moreover, the small
earthquake activity in the Angiu segment of the Angiu-Juxian fault
presents an abnormally sparse trend, which has similar characteristics of
the seismicity gap, reflecting that the fault is in a locked state of elastic
strain energy accumulation. There is an area with an abnormally low b-
value north of the Anqgiu-Juxian fault, about 0.6, and a depth of about
30km, reflecting the relatively high-stress level in this area. The south of
Zhucheng County of Angiu-Juxian fault is basically in creep state, and
there is no accumulation of slipping rate deficit; the fault north of
Zhucheng county has a relatively high locking degree, with a locking
depth of about 26km. The extrusion deficit rate is large, manifested as a
right-lateral slip deficit, with a deficit rate of 0.6mm/a~0.84mm/a. From
north of the Zhucheng to Changyi segment, the coupling rate is higher,
which is the unruptured section of the Tancheng earthquake. More
importantly, the seismic hazard should pay more attention to the sparse

micro-seismicity, which is beneficial to accumulate the stress.

Key words Angiu-Juxian fault, b-value, slip deficit, locking fault
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S3-033

Research on Integrating Multi-track INSAR Deformation Maps

Jun Hua'*. Xinjian Shan’. Wenyu Gong'. Zhenjie Wang'. Lingyun Ji?. Chuanjin
Liu?2. Yongsheng Li®. Dezheng Zhao'
1. Institute of Geology, China Earthquake Administration
2. Second Monitoring and Application Center, China Earthquake Administration
3. National Institute of Natural Hazards, Ministry of Emergency Management
4. College of Marine and Space Information in China University of Petroleum

With the rapid development of Interferometric Synthetic Aperture Radar
(INSAR), massive high-quality Synthetic Aperture Radar (SAR) imagery
makes the surface deformation monitoring over a larger area become
available. It is necessary to process and integrate SAR acquisitions from
different tracks. While for many geophysical applications, the
deformation sources combined from lateral or 3D directions rather than
simple subsidence, the side looking and limited swath length introduces
inconsistencies in multi-track measurements. In this research, we first
generated the simulated dataset and quantitatively analyzed the error
sources in integrating the multi-track INSAR deformation products into
large scale deformation maps. We investigated optimal strategies to
reduce impacts from incidence angle variation and also from the
inconsistent local geo-reference frame of the side looking INSAR system.
Taking the south-east Tibetan Plateau as an experimental region, we
integrated the three-track INSAR deformation rate fields reconstructed by
Sentinel 1 satellite to verify our result. The GPS velocity was used as
ground control points to correct the geo-reference and evaluate accuracy.
This research presented solutions to reduce incidence angle and other
error impacts to refine the multi-track deformation maps. Our result
proved the reliability of development methods in integration when the

region is dominated by lateral displacement.
Key words Multi-temporal INSAR; GPS; Integration; Multi-track; Errors analysis; Incidence angle

293



Scientific Assembly of the International Association of Geodesy (IAG) Abstract Book

Category: Symposium 3: Earth Rotation and Geodynamics =) 3.3: Geodetic observations in volcanic
and tectonically active areas

459

S3-034

INSAR observation and inversion of the seismogenic fault for The
2009 Yao’an Ms6.0 earthquake in China

Bing Zhang'. Yongchao Ma '. Guochang Xu '. Zhiping Lv 12
1. Institute of Space Science and Applied Technology,Harbin Institute of
Technology(Shenzhen)
2. Information Engineering University

An earthquake with Ms6.0 occurred in Yao’an County, Yunnan Province
on June 9, 2009. In this paper, two L-band ALOS PALSAR ascending
images are used, combined with the aftershock precision positioning
results, and the coseismic deformation field of this earthquake is
obtained using InSAR technology. The coseismic slip distribution was
inverted and the static Coulomb stress changes in the aftershock
distribution area and surrounding faults were calculated. Finally, the
seismogenic structure was analyzed and discussed. The results show
that: 1) The rupture direction of the earthquake is basically a straight line,
and the length of the rupture exceeds 10km; 2) The coseismic
dislocations are dominated by right-handed strike-slip, aftershocks are
concentrated in 3-12km, and the maximum slip is about 75cm at a depth
of 7km; 3) Most of the aftershocks occurred in the area where the
Coulomb stress increased. The earthquake increased the Coulomb
stress of some faults in the surrounding area of the epicenter, such as
the Chuxiong-Nanhua fault, the Huajiaoyuan fault and the Mouding fault.
The future seismic risk of the Huajiaoyuan fault is worthy of attention; 4)
This earthquake is an extension of the 2000 Yao’an Ms6.5 earthquake in
the NW direction.

Key words Yao&#039;an; InSAR; Coseismic sliding distribution; Coulomb stress change; Maweijing
fault
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S3-035

Complementary afterslip process following the 2016 Mw 7.8
Kaikoura earthquake from ~4 years GPS observations and its
implication for seismic hazard

Lupeng Zhang'2. Dingfa Huang'. CK Shum?
1. Faculty of Geosciences and Environmental Engineering, Southwest Jiaotong
University, Chengdu 611756, China
2. Division of Geodetic Science, School of Earth Science, Ohio State University,
Columbus, OH 43210, USA

Large subduction earthquakes always lead to significant postseismic
deformation during the months and years thereafter, and it is commonly
assumed that afterslip plays the dominant role for the postseismic
transients. Yet knowledge of the characteristics of space-time evolution
of afterslip is still insufficient. Here, we investigate the postseismic
afterslip process following the 2016 Kaikoura earthquake using the ~4
years Global Positioning System (GPS) observations. Results show that
afterslip mainly occurs around the coseismic high-slip regions appearing
a complementary pattern. The seismic moment of afterslip is ~2.87 x
10721 N-m, equivalent to an Mw ~7.60 earthquake event, whose peak
slip is ~0.70 m. The time-dependent afterslip evolution suggests that the
afterslip rate rapidly decreases with time, consistent with the state- and
rate-strengthening frictional law. Nearly 64.4% of the afterslip occurs in
the first six months with a seismic moment of ~7.44. Cumulative positive
Coulomb stress changes induced by co- and postseismic slips of the
2016 Kaikoura event indicate that the Wairarapa fault and Kekerengu
fault have been brought closer to failure. Ongoing postseismic afterslip
further increases the seismic hazard on the Willington region. It
highlights the importance of understanding the afterslip for early

postseismic disaster relief and future seismic hazard assessment.
Key words GPS; Kaikoura earthquake; Postseismic deformation; Complementary pattern; Seismic
hazard
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S3-036

Preliminary forecast model of crustal earthquakes in southwest
Japan based on GNSS data

Takuya Nishimura
Kyoto University

The present model for crustal earthquakes in Japan relies on geological
and geomorphological data of active faults and never use geodetic data,
whereas contemporary deformation of the Japanese Islands has been
monitored by a dense GNSS network. Here, we attempt to develop a
preliminary forecast model of crustal earthquakes using GNSS data.

We follow the procedure of Shen et al.(2007) to calculate the forecast
model. The GNSS velocities from April 2005 to December 2009 are used
in southwest Japan. Smoothed strain rate field is calculated from the
velocity corrected for elastic deformation due to interplate coupling along
the subduction zone. The strain rates are converted to geodetic moment
rates by a formula proposed in Savage and Simpson (1997). The
thickness of a seismogenic layer, rigidity, b value of the Gutenberg-
Richter law, and magnitude of the maximum earthquake are assumed to
be 12 km, 30 GPa, 0.9, and 7.5, respectively. They are uniform in the
modeled region. Previous studies revealed that geodetic strain rates
were larger than seismological ones in Japan because geodetic strain
includes both elastic and inelastic strain. Elastic strain rates presumably
equal to seismological ones on a long-term average. We estimated a
ratio of seismic moment rates released by shallow historical earthquakes
since AD1586 to the geodetic moment rates and it was 0.16 in southwest
Japan. Applying 0.16 for calculating elastic rates and the stationary
Poisson process of the earthquake occurrence, the maximum probability
of M=6 earthquakes for 30 years is 5.1 % in a 0.2° cell. We verify this
probability model by using shallow (Depth< 20 km) M=5 earthquakes
occurred in 2010-2019, which is a period after the used GNSS data.
About 58 % of the earthquakes occurred with 25 % of the area with the
highest strain rates, which suggests many crustal earthquakes occur in
high strain-rate regions. The verification suggests the preliminary
forecast model has predictive power.

Key words GNSS, probabilistic hazard assessment earthquake
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S3-037

INSAR-derived earthquake catalog: Source locations and focal
mechanisms of 30+ earthquakes (Mw4.1-6.6) in west China from
time-series Sentinel-1 SAR images

Teng Wang'. Heng Luo?. Shengji Wei®. Mingsheng Liao?
1. Peking University
2. Wuhan University
3. Nanyang Technological University

Small-to-moderate size earthquakes occur much more frequently than
large ones but are general less studied by INSAR, despite that they also
provide critical information about the physics of faulting and earthquake
mechanisms. The weak coseismic deformations contaminated by severe
atmosphere turbulences make them difficult to be studied by single
interferogram. The high-temporal sampling rate of Sentinel-1 data
produce sufficient images for the stacking process to greatly reduce the
local atmospheric turbulence. This procedure allows the extraction of
very weak coseismic deformation (i.e. sub-centimeter) for small-to-
moderate size earthquakes and systematical static slip inversions of the
earthquakes.

Here we report this stacking method and a new downsampling strategy
based on quadtree mesh obtained from preliminary slip model to
efficiently reduce the number of unwanted data points. Applying the
proposed methods, we successfully retrieve coseismic deformations for
33 earthquakes (Mw4.1-Mw6.6) occurred in west China from Nov, 2014
to Jul 2020. Among these earthquakes, the smallest peak Line-of-Sight
coseismic deformation is only ~6 mm. These InSAR-based earthquake
catalogs show robust and precise absolute location (latitude, longitude
and depth), therefore can be used as benchmark events to calibrate
seismic based catalogues. However, strong trade-offs between
earthquake source parameters (e.g. fault size vs slip) exist when the
earthquake magnitude is small (in general smaller than Mw5.5). Such
trade-offs are rooted due to the smaller deformation gradient in
comparison with larger earthquakes. We suggest to combine geodetic
and seismic datasets for more comprehensive and accurate earthquake
source parameter inversions.

Key words InSAR coseismic deformation stacking
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S3-038

Monitoring The Activity of Changbaishan Tianchi Volcano with Time
Series INSAR and Geophysical Modeling

Jiagi Zhang'. Lianhuan Wei'. Guoming Liu?. Cristiano Tolomei®. Guido Ventura3.
Elisa Trasatti3. Christian Bignami®. Stefano Salvi3. Tiejun Gao'. Francesca
Romana Cinti®
1. Northeastern University
2. Changbaishan Volcano Observatory
3. Istituto Nazionale di Geofisica e Vulcanologia

Changbaishan Tianchi volcano is located at the border of China and
North Korea, which is the most active volcano with eruption potential in
China. During the period from 2002to 2005, the frequency and
magnitude of seismicity in  Tianchi volcano area increased
significantly, indicating the volcanic activity entered an active period.
After the active period, volcanic activity has returned to previous level.
However, a volcanic swarm suddenly appeared on December 22, 2020,
with 38 volcanic seismicity events of various types occurred. On March 5,
2021, another earthquake with magnitude of ML3.1 occurred, which is
the largest VT (Volcanic-tectonic) type earthquake event after
active volcanic disturbance period. These phenomena show that the
volcanic seismic activity after December 2020 is beyond the background
level, and monitoring of Tianchi volcano should be conducted
continuously.

In this study, 19 ALOS-2 images from November 2018 to October 2020
were processed to estimate the surface deformation of Tianchi
volcano area based on SBAS-INSAR technology. Due tothe Ilarge
topographic inequality in the volcanic area, obvious vertical stratified
atmospheric phase and topographic residual are detected and removed
from the interferometric phase. The results show that the ground surface
of Tianchi volcano is uplifting slightly during this period, and the closer to
the crater, the more obvious the uplift. Geophysical modeling based on
Mogi point source was also conducted using the SBAS-InNSAR results,
indicating a point source at the depth of approximately 3km. The
modeled depth is in agreement with the depth of seismic events, which is
possibly where hydrothermal activity is happening in the shallow
magma chamber. Generally, this study provides data support for the
monitoring of volcanic activity and future disaster assessmentin
Changbaishan Tianchi volcano, and verifies the feasibility of time series

INSAR and geophysical modeling in applications of active volcanoes.
Key words Tianchi volcano, SBAS-InSAR, deformation, Mogi point source

298



Scientific Assembly of the International Association of Geodesy (IAG) Abstract Book

Category: Symposium 3: Earth Rotation and Geodynamics =) 3.3: Geodetic observations in volcanic
and tectonically active areas

584

S3-039

Estimation and correction of error sources in MTINSAR

Hongyu LIANG. Lei ZHANG
College of Surveying and Geo-Informatics, Tongji University

INSAR technique has been widely used in mapping and quantifying
crustal deformation on the solid Earth. However, INSAR observations
suffer from several error sources, which should be carefully treated to
avoid unreliable deformation results. In this study, we propose a step-by-
step approach to model and esti