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Prof. Dr.-Ing. Dr. h.c. Bernhard Heck

Lehrstuhlinhaber von 1991 bis 2018

Lehrstuhl fiir Physikalische und Satellitengeodésie






Vorwort zur Festschrift fiir Professor Heck

Die Geodisie kann auf ein faszinierendes und sehr erfolgreiches halbes Jahrhundert zuriickblicken. Es entstanden
neuartige, effiziente und sehr genaue Messverfahren. Wie kaum eine andere Disziplin profitierte die Geodisie von
den schnell wachsenden Moglichkeiten elektronischer Rechenanlagen. Noch tiefgreifender war in seinen Auswir-
kungen der Eintritt ins Raumfahrtzeitalter. Erstmals lie} sich die Erde als Ganzes erfassen, Ozeane und Eisschilde
sind keine uniiberwindbaren Hindernisse mehr. Die Messungen aus dem Weltraum sind uniform und dreidimen-
sional. Und, da die Erde schon in wenigen Tagen global mit Messungen tiberdeckt werden kann, entstanden durch
Wiederholung Zeitreihen, aus denen sich die rdumlichen und zeitlichen Verinderungen von Figur und Schwerefeld
ablesen lassen. Die Geodisie entwickelte sich im Rahmen der Erforschung des Erdsystems und des Klimawan-
dels zu einer Schliisseldisziplin. Allerdings legte dieser grundlegende Wandel auch die Unvollkommenheiten und
Liicken des bestehenden methodischen Gebédudes der Geodisie bloB, das in wichtigen Teilen noch auf Helmert

zuriickreichte. Es wurden Defizite sichtbar, die es schnell zu beheben galt.

Professor Bernhard Heck hat zentrale Beitrage zu dieser Erfolgsgeschichte geliefert. Exemplarisch genannt seien
seine Arbeiten zur Losung der Geoditischen Randwertaufgaben, zur Verbindung von Topographie und Schwere-
feld, zur Vereinheitlichung der globalen Hohensysteme und zur Kinematik und Dynamik des Rheingrabens. Aber
auch das Standardwerk zur Landesvermessung ,,Rechenverfahren und Auswertemodelle der Landesvermessung™
(1995) stammt aus Bernhard Hecks Feder. Dieses Lehrbuch war eine gro8e Herausforderung in einer Zeit, in der ei-
nerseits die traditionelle Landesvermessung vermehrt durch die moderne Satellitenpositionierung abgelost wurde,
andererseits aber die klassischen Grundlagen weiter nutzbar bleiben sollten. Mit seinen Arbeiten hat Bernhard
Heck die groBe Tradition der Karlsruher Geodisie erfolgreich fortgesetzt und vertieft. Die enge Zusammenarbeit
mit der Geophysik im Gemeinschaftsobservatorium Schiltach und lehrebezogen mit dem INSA Strasbourg sind
in diesem Zusammenhang ebenso von Bedeutung wie die enge Partnerschaft mit der Geodisie der TU Budapest
oder der Austausch in Wissenschaft und Lehre mit Curitiba (Brasilien). Seine tiefschiirfende, konstruktive und aus-
gleichende Art fiihrte auch dazu, dass Bernhard Heck gebeten wurde, viele bedeutende und verantwortungsvolle
Amter nicht nur in der eigenen Fakultit und Universitit, sondern auch in der Deutschen Geoditischen Kommission

und der Internationalen Assoziation fiir Geodésie zu tibernehmen.

Diese Festschrift ist eine Dankbezeugung an Professor Bernhard Heck. Die Beitrige seiner jetzigen und friihe-
ren Mitarbeiter, Kollegen und Wegbegleiter spiegeln sehr eindrucksvoll die Bandbreite und den Tiefgang seines
wissenschaftlichen und akademischen Wirkens wider. Nun, vollkommen losgelost von den vielfiltigen Pflichten
des aktiven Hochschullehrers, ist Bernhard Heck frei in der Wahl seiner Aktivitiaten. Vielleicht kann ihn der eine
oder andere Beitrag dieses Biindels dazu ermuntern, offene Themen der Geodésie und seiner Nachbardisziplinen

in gewohnter Weitsicht und Tiefe aufzugreifen.

Februar 2018 Reiner Rummel
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Abstract

The availability of time-dependent global gravity field models like EIGEN-6C or EIGEN-6C2 allows the genera-
tion of GRACE-like geopotential Earth models. The paper introduces an approach to generate those GRACE-like

models using time-dependent global gravity field models. Such GRACE-like models can then be used to estimate,

for example, the Terrestrial Water Storage (TWS) for the months where GRACE data are not available. The paper

gives the necessary derivation of such GRACE-like models from the time-dependent global gravity field models.

GRACE-like models, created by using the time-dependent global gravity field models at the same months where
GRACE data are available, are compared to the original GRACE models. The results proved that the GRACE-like

models give comparable values to the original GRACE models and no loss of spectrum power occurs.

1 Introduction

The widely known satellite mission Gravity Recov-
ery and Climate Experiment (GRACE) has collected
global gravity observations since the year 2002. It of-
fers a perfect possibility to monitor the mass redistribu-
tion within the Earth’s system. This is directly related
to the variation in terrestrial water storage (Wahr et al.,
2004; Tapley et al., 2004).

The GRACE mission has been designed for a nominal
mission lifetime of five years, which lasted for 15 years
now. Some months are dropped from the GRACE
data. The GRACE spacecrafts orbit has decayed by
about 150 km, starting in May 2017 (http://www.csr.
utexas.edu/grace/operations/configuration.html). The
GRACE follow-on mission is being designated.
Accordingly, there is a need for filling in the GRACE
data gaps.

The paper presents an approach to create GRACE-like
geopotential models by using time-dependent global

gravity field models. Among other important usages
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of the created GRACE-like models, they can be used
to fill in the gaps of the original GRACE data.

The nowadays available time-dependent global grav-
ity field models are outlined and discussed. The nec-
essary derivation of computing the monthly average
GRACE-like models from the time-dependent global
gravity field models is given. The GRACE-like mod-
els have been created at the same months where origi-
nal GRACE data are available. A comparison between
the original GRACE and the GRACE-like models is

made and widely discussed.

2  Time-dependent gravity
field models

A number of time-dependent global gravity field mod-
els exist nowadays. We will focus here on two models,
namely the EIGEN-6C model (Forste et al., 2011) and
the EIGEN-6C2 (Forste et al., 2012). For these global
gravity field models, the lower-degree harmonic coef-
ficients, up to degree and order 50, are functions of a

few time-dependent parameters.
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2.1 EIGEN-6C gravity field model

The EIGEN-6C global gravity field model (Forste et
al., 2011) combines the following data sets:

e 6.5 years of LAGEOS (SLR) and GRACE (GPS-
SST and K-band range rate) data from the time span
1.1.2003 till 30.6.2009.

e 6.7 months of GOCE data (Satellite gradiometry
only) from the time span 1.11.2009 till 30.6.2010.

e DTU2010 global gravity anomaly data set (Ander-
sen, 2010) obtained from altimetry and gravimetry

as surface data.

The EIGEN-6C model has a set of time-variable pa-
rameters (gfct, trnd, acos, asin) up to degree and or-
der 50. To compute the values of the time variable fully
normalized spherical harmonic coefficients Gec(7) us-
ing the EIGEN-6C model at a certain epoch ¢, one
needs to apply both the drift parameter trnd as well
as the periodic terms acos and asin as follows (Forste
etal., 2011)

Gec(t) =gfct(to) +trnd x (1 — 1)+
2 o 2wt —1)
+i§i {aszn(z) sin [p(i) } T @

+ acos(i) cos {MS(Z)Q)} } ’

where gfct(t,) is the value of the fully normalized
harmonic coefficient Ggc(2,) at the reference epoch 1,
(o = 1.1.2005), and

p(1) = 1.0year,
p(2) =0.5year.

2.2)

2.2 EIGEN-6C2 gravity field model

The EIGEN-6C2 global gravity field model combines
GRACE data for 7.8 years, LAGEOS-1/2 SLR data for
25 years, GOCE data for 350 days and surface data.
The surface data consists of altimetry-derived data in
oceans as well as terrestrial data on land. Three surface
data sets were included in EIGEN-6C2 model. Two of
them are products of the Danish National Space Insti-
tute DTU Space. They are:

e Data set 1: An update of the DTU10 global grav-
ity anomaly data set (Andersen, 2010) which was
obtained from altimetry over the oceans.

e Data set 2: The DTU10 geoid data over the oceans,
obtained from DTU10 MSSH and DOT data.

* Data set 3: Geoid heights over the continents gen-
erated from EGM2008 (Pavlis et al., 2008, 2012).

The EIGEN-6C2 model has also a set of time-variable
parameters (namely, gfct, trnd, acos, asin) up to de-
gree and order 50. To compute the values of the time
variable fully normalized spherical harmonic coeffi-
cients Ggca(t) using the EIGEN-6C2 model at a cer-
tain epoch ¢, one needs to apply both the drift parame-
ter trnd as well as the periodic terms acos and asin as
follows (Forste et al., 2012)

Geca(t) =gfct(to) +trnd x (t —to)+
> . 2wt —10)
—&-I; {asm(l) sin [p(z)} T 23

+ acos(i) cos [2"%”] } ,

where g fct(t.) is the value of the fully normalized har-
monic coefficient Ggco(2,) at the reference epoch 7,
(t- = 1.1.2005), and

p(l) =1.0year,
p(2) =0.5year, (2.4)
p(3) =18.6129 year (only for Cap).

It is worth mentioning that the third period p(3) is the
lunar period, which affects only the C>o harmonic co-
efficient. This means that the summation appearing
in the expression of computing Gec(2), Eq. (2.3), for
all other harmonic coefficients rather Cyg is performed

only up to i = 2.

3  Creating monthly average
GRACE-like models

The monthly average GRACE-like models are cre-
ated by generating the monthly average fully normal-
ized harmonic coefficients for the same months as the
GRACE data. This is achieved by performing the fol-

lowing integration

G(ll,lz) =

1 )
/tl G(r)dt, (3.1

h—n

where #; and #, are the epochs of the starting and end-
ing of each of the original GRACE-months. In the fol-
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lowing sections, we will perform the integration ap-
pearing in Eq. (3.1) for both EIGEN-6C and EIGEN-
6C2 models, generating GRACE-like-EIGEN-6C and
GRACE-like-EIGEN-6C2 models, respectively.

3.1 Creating GRACE-like-EIGEN-6C
model

To generate the GRACE-like-EIGEN-6C model, we
insert Eq. (2.1) into Eq. (3.1) and perform the re-
quired integration analytically. This immediately leads
to the following expression for the monthly average
fully normalized harmonic coefficients Ggc(t1,22) for
the GRACE-like-EIGEN-6C model

= 1
Gec(t1,12) pr— [gfct(ro) X 1+

2 ” 1
trnd x | = —tt, — .
o X<2 ﬂ "ol —n)

n
2

Yy [_asin(i)p(i) cos (MS(T)U) "

i=1
+ acos(i) p(i) sin (Mg(l—)to)ﬂ i .
) 3.2)

The expressions between the square brackets appear-
ing in Eq. (3.2) are numerically computed between the
lower #; and upper 7, integration limits, and p(i) is
given by Eq. (2.2).

To generate the monthly average GRACE-like-
EIGEN-6C model, Eq. (3.2) has been employed using
the EIGEN-6C model for the same months as the orig-
inal GRACE data.

3.2 Creating GRACE-like-EIGEN-6C2
model

To generate the GRACE-like-EIGEN-6C2 model, one
needs to insert Eq. (2.3) into Eq. (3.1) and performs
the required integration analytically. This immediately

leads to the following expression for the monthly aver-

age fully normalized harmonic coefficients Ggc (t1,2)
for the GRACE-like-EIGEN-6C2 model

Geca(t1,12) = [gfct(to) X 1+

h—1

12 2 1
trnd x | = —rtt, L
i <2 )] +2ﬁ(¢2—t1)

i
3

¥ [_asm(n p(i) cos (%) '

i=1
+ acos(i) p(i) sin (an(l—)r)ﬂ ’
' (3.3)

Here the expressions between the square brackets ap-
pearing in Eq. (3.3) are numerically computed between
the lower #; and upper #, integration limits, and p(i) is
given by Eq. (2.4). It should be mentioned again that
the summation appearing in Eq. (3.3) for all monthly
average fully normalized harmonic coefficients except
C» is performed only up to i = 2.

Expression (3.3) has been used to generate the monthly
average GRACE-like-EIGEN-6C2 model using the
EIGEN-6C2 model for the same months as the orig-
inal GRACE data.

4  Comparison with GRACE model

Figure 4.1 shows the comparison between the spheri-
cal harmonic coefficients of the GRACE and GRACE-
like-EIGEN-6C models for March 2009. The ab-
solute differences between GRACE and GRACE-
like-EIGEN-6C models range between zero and
3.95x 1077 with an average of 3.28 x 107! and a
standard deviation of about 7.67 x 107!, The lower-
left panel of Fig. 4.1 shows that the absolute differ-
ences between the GRACE and GRACE-like-EIGEN-
6C models are always significantly small (and range
mainly between 10~!" and 10713 except for the very
low harmonics). The lower-right panel of Fig. 4.1
shows very small relative errors. This indicates that
the GRACE-like-EIGEN-6C model behaves similar to
the original GRACE model.

Figure 4.2 shows the comparison between the GRACE
and GRACE-like-EIGEN-6C2 models for March
2009. Here, the absolute differences between the
GRACE and GRACE-like-EIGEN-6C2 models range
between zero and 4.00 x 10~° with an average of
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339 x 107! and a standard deviation of about
7.77 x 107", The lower-left panel of Fig. 4.2 shows
that the absolute differences between the GRACE and
GRACE-like-EIGEN-6C2 models are always signif-
icantly small (and range mainly between 10~!! and
10~ 13 except for the very low harmonics). The lower-
right panel of Fig. 4.2 shows very small relative er-
rors. This indicates that the GRACE-like-EIGEN-6C2
model also behaves similar to the original GRACE

model.
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Figure 4.1: Comparison between the GRACE and GRACE-like-
EIGEN-6C models for March 2009.
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Figure 4.2: Comparison between the GRACE and GRACE-like-
EIGEN-6C2 models for March 2009.

Comparing Fig. 4.1 and Fig. 4.2 shows that both
GRACE-like-EIGEN-6C and GRACE-like-EIGEN-
6C2 give a good approximation to the original GRACE
model, with nearly the same degree of approximation.
Figure 4.3 shows the degree variances for the
GRACE and GRACE-like-EIGEN-6C2 models for
March 2009.
cide. This means that there is no loss of spec-
trum power between the GRACE and GRACE-like-

It shows that both curves are coin-

EIGEN-6C2 models. The degree variances for both
GRACE and GRACE-like-EIGEN-6C2 models range
between 9.64 x 107'% and 2.34 x 10~7 with an aver-
age of 3.97 x 107 and a standard deviation of about
3.05 x 1078, It should be noted that a similar conclu-
sion has also been drawn for the GRACE-like-EIGEN-
6C model.
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Figure 4.3: Degree variances for the GRACE and GRACE-like-
EIGEN-6C2 models for March 2009.
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Figure 4.4: Difference of the degree variances between GRACE and
GRACE-like-EIGEN-6C2 models for March 2009.

Figure 4.4 shows the differences of the degree vari-
ances between the GRACE and GRACE-like-EIGEN-
6C2 models for March 2009. These differences range
between 7.89 x 10723 and 1.60 x 10~!7 with an av-
erage of 3.28 x 107! and a standard deviation of
about 2.29 x 1078, Comparing the range values for
the degree variance (Fig. 4.3) and the range values
for the degree variance differences (Fig. 4.4) con-
firms again that there is no loss of spectrum power
between the GRACE and GRACE-like-EIGEN-6C2
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models. Again, similar conclusion has been proved for
the GRACE-like-EIGEN-6C model.

Figures 4.5 and 4.6 show the time series of the degree
variances cjg and c¢pg for the GRACE and GRACE-
like-EIGEN-6C2 models, respectively.
again the comparable behaviour of the GRACE-like
models to that of the original GRACE model, also with

They show

respect to time (please note the very small variations
in the degree variance axis in both Figs. 4.5 and 4.6).
Similar graphs have been created for the other degree

variances up to degree 50.
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Figure 4.5: Time series of the degree variance cjo for the GRACE
and GRACE-like-EIGEN-6C2 models.
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Figure 4.6: Time series of the degree variance cpo for the GRACE
and GRACE-like-EIGEN-6C2 models.

5 Conclusion

The paper presents an approach to generate GRACE-
like geopotential models. The developed approach

uses the time-dependent global gravity field models to

generate the GRACE-like models. Two time-depen-
dent global gravity field models have been used in the
current investigation; they are EIGEN-6C and EIGEN-
6C2 models. The paper gave the necessary deriva-
tion of generating the GRACE-like models using these
time-dependent global gravity filed models.

The results proved that the generated GRACE-like
models, either using EIGEN-6C or EIGEN-6C2 time-
dependent global gravity field models, behave simi-
larly as the original GRACE model. It has also been
shown that there is no loss of spectrum power when
using the GRACE-like models instead of the original
GRACE model.
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Abstract

A personal welcome greetings of the Budapest University of Technology and Economics (BME) and the Earth

Sciences Section of the Hungarian Academy of Sciences (HAS) in a commemorative publication book compiled

on the occasion of the retirement of Professor Dr.-Ing. habil. Dr. h.c. Bernhard Heck.

On behalf of the Hungarian geodesists, and represent-
ing the BME and HAS I would like to congratulate and
to express our grateful thanks to Professor Bernhard
Heck, Doctor honoris causa (Dr. h.c.) of our Tech-
nical University (BME) and Honorary Member of our
Academy of Sciences (HAS) on the occasion of his re-
tirement. He is well-known and held in great respect
among geodetic community of Hungary.

The scientific activities of Professor Heck include var-
ious branches of Geodesy and related geosciences,
such as mathematical and physical geodesy, analysis of
geodetic networks, GNSS positioning and GNSS me-
teorology, as well as geodynamics. The most promi-
nent achievements refer to the mathematical and nu-
merical analysis of the geodetic boundary value prob-
lem (GBVP), local and regional gravity field mod-
elling, definition of a global vertical datum, study of
atmospheric effects on GNSS observations and GNSS
remote sensing of the water vapour distribution in the
troposphere. Furthermore, he founded the “Karlsruhe
approach” into deformation analysis of geodetic net-
works, based on rigorous statistical tests, and applied
these theories to data from extended campaigns per-
formed at various natural laboratories, such as the Up-

per Rhine Graben, the Antarctic Peninsula, and the
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Séskiit region of Hungary. He has contributed to the
development of geodetic science with a text book on
geodetic reference systems, numerous scientific pa-
pers published in scientific journals and proceedings
of symposia, and a great number of scientific presenta-
tions at national and international symposia and work-

shops.

International relationships always have been in the fo-
cus of Professor Bernhard Heck. This fact is primar-
ily expressed by various international research projects
jointly performed with colleagues from the University
of Strasbourg (France), Delft Univ.
(The Netherlands), Minia University (Egypt), Curtin

of Technology

University (Perth, Australia), Universidade Federal do
Parana (UFPR; Curitiba, Brasil), National Geodetic
Survey (USA) and others. We are very proud that most
probably, the longest scientific cooperation exists with
the Department of Geodesy (since 1999 Department
of Geodesy and Surveying) at Budapest University of
Technology and Economics (BME, earlier Technical
University of Budapest), extending over 35 years. In
addition, Professor Heck works as Senate Commis-
sioner for the cooperation between University of Karls-
ruhe (since 2009 Karlsruhe Institute of Technology,
KIT) and BME since 2001.
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Adém: Bernhard Heck and Hungary

The first contact between geodesists of our Univer-
sities goes back to the turn of 1960/1970’s. There
was a close cooperation between Professors Heinz
Draheim (University of Karlsruhe) and Lajos Ho-
morddi (TU Budapest). A personal acquaintance de-
veloped between them at the international meetings of
the FIG (Fédération Internationale des Géométres, In-
ternational Federation of Surveyors) because that time
Professor Draheim was the President of the FIG and
Professor Homoré6di was the President of the Hungar-
They
met usually at the different FIG meetings. Professor

ian Society of Surveyors and Cartographers.

Draheim as a FIG President supported the Hungarian
geodesists. The most favourable condition for cooper-
ation is a bilateral cooperation agreement between our
Universities signed on May 8th, 1970. The Univer-
sity Fridericiana of Karlsruhe was the first University
among German Universities to find and make contact
with my TU Budapest (Homorddi, 1974).

Later Professor Péter Bir6 had a close scientific coop-
eration with Professor Dr.-Ing. habil Hermann Mélzer
of the Geodetic Institute of Karlsruhe University in
1970’s and 1980’s. In this intensive scientific cooper-
ation Professor Bernhard Heck was gradually involved
which resulted in excellent and important common pa-
pers (Biré and Heck, 1986; Bir¢6 et al., 1986). From
that time Professor Heck is in tight cooperation with
our University, BME. Thus his Chair of Physical and
Satellite Geodesy of the Geodetic Institute and my De-
partment of Geodesy (now Department of Geodesy and
Surveying) in BME has a cooperation in scientific re-
searches as well as in students exchange programmes
for more than 35 years.

Another contact at BME is related to myself where I'm
working since the early 1990°s. Although we first met
at the international scientific symposia in early 1980’s,
we worked together for a longer time at the Geodetic
Institute of Stuttgart University in 1985. Both of us
stayed there for a research work with Professor Erik
W. Grafarend as our host. My stay was supported by
the Alexander von Humboldt Foundation, while Bern-
hard stayed with a Heisenberg Research Fellowship
of the German Research Foundation. Later we spent
overlapping research times together at the Department
of Geodetic Science and Surveying, OSU, Columbus,
Ohio in 1989/1990. I'm in close cooperation with him

personally for more than 30 years (since our Stuttgart

period). We met at numerous international scientific
symposia, just mention a few, as follows: a) Int. Symp.
on Figure of the Earth, the Moon and other Planets
(Prague, 1982), b) 1. Hotine-Marussi Symposium on
Mathematical Geodesy (Rome, 1985), c) Int. Symp.
on Figure and Dynamics of the Earth, Moon and Plan-
ets (Prague, 1986), d) 1st Continental Workshop on the
Geoid in Europe (Prague, 1992), e) 7th Int. Symp. on
Geodesy and Physics of the Earth (Potsdam, 1992),
f) Joint IGC/ICG Symposium on Gravity and Geoid
(Graz, 1994), etc.

Bernhard attended the international symposia orga-
nized in Hungary as well (e.g. at the Third Inter-
national Symposium on Deformation Measurements
by Geodetic Methods, Budapest, 25-27 August, 1982;
Heck et al. (1983)). Early of 1990’s he visited me at
the Satellite Geodetic Observatory (KGO) of the In-
stitute of Geodesy, Cartography and Remote Sensing
(FOMI), Station Penc.

Intensive institutional cooperation between us started
when I started my university career at the BME. In
the frame of the official bilateral cooperation agree-
ment between BME and KIT we actively organized
the collaboration in scientific researches as well as in
student programmes between our institutions. Many
BME staff members (e.g. Kéaroly Dede, Laszl6 Szfics,
Erik Papp, Péter Bona and others) had research stays in
Karlsruhe, his KIT staff members (Hansjorg Kutterer,
Kurt Seitz, Michael Kuhn, Klaus Kaiser and others)
made observations in our geodetic-geodynamic net-
works (at the banks of Danube and in the Séskiit test
network) in Hungary in common research projects and
the observations have been processed commonly in
Budapest as well as in Karlsruhe. The necessary finan-
cial sources for our scientific and educational collab-
oration were given by the Offices of the International
Affairs of our Universities.

An other way for having financial support was to pre-
pare application to DAAD (Deutscher Akademischer
Austausch Dienst). In the past Professor Heck sub-
mitted numerous such applications (“Sonderverein-
barung”). Having a successful application for such a
project, the DAAD usually paid the travel costs for
the German participants into Hungary, and the liv-
ing costs for the Hungarian partners in Karlsruhe.
The following research projects (“Sonderverein-
barung”) were carried out (perhaps the list is not full):
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1) Geoditische Deformationsmessungen und De-
formationsanalyse unter besonderer Beriicksichti-
gung von GPS-Messverfahren (1999-2000 period),
2) Nutzung des GPS zur hochgenauen Bestimmung
von Deformationen (2002-2004 period), 3) Integri-
erte geoditische und geodynamische Untersuchungen
in verschiedenen natiirlichen Labors in Ungarn and
Deutschland (2005-2007 and 2007-2009 period), 4)
Bestimmung des integrierten atmosphérischen Wasser-
GNSS-Beobachtungen (2014-

2016). Some early results on the GPS observations in

dampfgehaltes aus

the Séskiit geodetic-geodynamic network and defor-
mation analysis were published by Adam et al. (2002).
Professor Heck was officially invited to take part in
the lecturing at the Department of Geodesy, Faculty of
Civil Engineering, TU Budapest as “University Guest
Professor” supported by the “Pro Renovanda Cultura
Hungariae”-Foundation in 1996. He gave lecture and
seminar series in our PhD course for the section of
Geodesy, Surveying and Geoinformatics of the BME
on the following topics: a) Error sources and mitiga-
tion in highly precise GPS positioning, b) Geodetic
Reference Frames and Systems, c) Gravity field and
vertical reference frames. These seminars were deliv-
ered in two different weeks, that is: 1) September 30-
October 4, and 2) October 29-31, 1996. In the audi-
ence there were students, graduate students, collabora-
tors of several Hungarian institutions, and colleagues
of the Department.

Mr. Klaus Kaiser from the University of Karlsruhe
spent a period of three months (between September
and December in 1996) at the Department of Geodesy,
BME to prepare his diploma thesis. The subject of his
work was “Measurements and Deformation Analysis
at the Banks of the Danube”. The whole diploma work
was done in close cooperation between our two insti-
tutions. Mr Klaus Kaiser was dealing with the classi-
cal terrestrial measurement techniques, such as precise
levelling, distance and angle measurements. He was
responsible for the checking of the instruments, the or-
ganisation of the work, the measurements itself and for
the data analysis. He had to improve also the GPS-
technology in his work. He measured a large part of the
deformation network, which was used as a first-time
epoch for further control measurements. His advisor,
Dr. Kéroly Dede of my Department was very satisfied
with the way he was dealing things.

Three years later Professor Heck presented an other
lecture at my Department in October 8th, 1999 under
the title “Recent investigations on atmospheric effects
in GPS positioning”.

In 2010 Professor Heck was invited to join the
Advisory Board of Acta Geodaetica et Geophysica
Hungarica, a Quarterly of the Hungarian Academy of
Sciences, jointly published by the Akadémiai Kiad6
(Budapest, Hungary) and by Springer (Dordrecht, The
Netherlands). It is an other possibility for him to col-
laborate with his Hungarian colleagues and friends in
the Advisory as well as the Editorial Board.

In all Professor Bernhard Heck kindly received for
common researches in his Institute and hosted two
BME’s colleagues of my Department; namely Dr. Sz-
abolcs Roézsa (for a research stay of three years: from
September, 2001 to September of 2004), and Mr.
Bence Ambrus (for a half year stay: from September,
2015 to February, 2016). The three-year research stay
in Karlsruhe for Szabolcs was very efficient and use-
ful to make a deepened and high level scientific work
which resulted in two excellent publications (Rézsa
et al., 2005a,b). My colleagues (Szabolcs Rézsa and
Bence Ambrus) were at the Geodetic Institute of the
KIT from 25th to 29th of September, 2017 in order to
prepare the collaboration between our institutions for
the near future. Note that Dr. habil Szabolcs Rézsa is
my successor as Head of the Department of Geodesy
and Surveying, Faculty of Civil Engineering, BME
since 2014.

For several years, that is since 2001 Professor Heck
has been the Senate Commissioner of the Karlsruhe
University for the collaboration with my University,
BME. He coordinates the activities of the faculties in
the common education program in German language
and supports the studies for one semester of about 50
Hungarian students annually in Karlsruhe. He is an-
nually travelling to Budapest in order to attend the
diploma celebration of the German speaking courses
at the BME.

It is a great recognition and pleasure for us that
the Senate of the Karlsruhe Institute of Technology
(KIT) has agreed to presenting the honour of a “Dr.-
Ing.E.h.” to Professor Péter Bir6. The official pre-
sentation and celebration took place on February 13th
of 2003 at the “Fakultat fiir Bauingenieur-, Geo- und

Umweltwissenschaften”, KIT in which frame his sci-



Adém: Bernhard Heck and Hungary

entific presentation was delivered under the title “Mod-
ellbildungen fiir geoditisch-geodynamische Forschun-
gen”. As I know, only Professor Péter Bir6 was
awarded with this honorary doctor (Dr.-Ing.E.h.) de-
gree from Hungary initiated by this KIT Faculty since
1901. (Great honour, indeed!)

In order to express our honour and gratitude in ap-
preciation of Professor Heck’s scientific activities as
well as his intensive cooperation with our Department
and our University (BME) he was awarded with the
Doctor honoris causa (Dr. h.c.) of the Budapest Uni-
versity of Technology and Economics (BME) in 2006.
The corresponding diploma was handed over to him by
the Rector Magnificus Professor Kédroly Molnar in the
frame of an official BME’s Senate meeting in March 4,
2006 (Adém, 2006). From the University of Karlsruhe,
earlier (to my knowledge, as geodesist) only Professor
H. Draheim was awarded by the Doctor honoris causa
(Dr. h.c.) degree in 1973 (Homordédi, 1974).
Furthermore, Professor Bernhard Heck was elected as
Honorary Member of the Hungarian Academy of Sci-
ences in 2013 and kindly asked to present an inaugu-
ral address. His scientific presentation was delivered
at the famous headquarter of the HAS under the title
“Potential of Geodetic Approaches to the Determina-
tion of Recent Crustal Movements and Deformations”
in September 19, 2013, and was published by the HAS
in the series of “Inaugural Lectures at the Hungarian
Academy of Sciences” (Heck, 2014).

All in all, Professor Bernhard Heck’s active connec-

tion with my University, BME, and especially with my
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Department of Geodesy and Surveying has been fruit-
ful for many decades. Dear Bernhard, please accept
our sincere thanks for all your efforts. Hopefully our
young colleagues are ready and willing to continue the
collaboration between our institutions in the future as

well.
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Abstract

Modern computing systems, like Mathematica, are blending numeric and symbolic evaluation of many algorithms

improving their efficiencies (time, accuracy). In this contribution three toy-examples of the application of hybrid

symbolic-numeric computations in geosciences are presented in order to illustrate the features of this advanced

technique, namely: ranging GNSS satellites, computing GNSS cycle ambiguities and employing symbolic

regression for verifying Kepler’s third law.

1 Introduction

Hybrid symbolic-numeric computation (HSNC) is a
large and growing area at the boundary of mathematics
and computer science, devoted to the study and imple-
mentation of methods that mix symbolic with numeric
computation.

The ideal computational systems for hybrid methods
are able to carry out numeric algorithms with any arith-
metic precision as well as algorithms with any sym-
bolic objects (rational numbers, symbolic variables
without assigned numeric values or other mathematical
objects i.e. digital images). Maple and Mathematica
mention only the flagships of such systems.
Mixed-integer programming (wherein some variables
are discrete-valued and others continuous) is also a nat-
ural area for HSNC since it combines aspects of exact
and numeric methods in the handling of both discrete
and continuous variables.

Symbolic Regression, a methodology that blends nu-

merics with evolutionary programming, introduced for
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the purpose of modeling data can be similarly consid-
ered as a natural part of HSNC.

This paper provides three geodetic examples illustrat-
ing the strengths of these techniques. However in our
new book Awange et al. (2018) many other areas of

HSNC are discussed with geodetic applications.

2 Numeric versus symbolic solution

Plainly speaking, a numeric (or numerical) method
is one that could be done with a simple hand-held
calculator, using basic arithmetic, square roots, some
trigonometric functions, and a few other functions that
most people learn about in high school. Depending on
the task, one may have to press the calculator’s buttons
thousands (or even millions) of times, but theoretically
a person with a calculator and some paper could im-
plement a numerical method. When finished, the paper
would be full of arithmetic.

A symbolic method involves algebra. It is a method

that, if implemented by a person, it would involve al-
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gebraic or higher rational thought. A person imple-
menting a symbolic method will rarely need to reach
for a calculator. When finished, there may be some
numbers, but the paper would be full of variables such

as x,y,z.

Numeric computations:

e usually require initial values and iterations. They
are sensitive to round off errors, provide only one
local solution,

e can be employed for complex problems, and the
computation times are short in general because the
steps usually translate directly into computer ma-
chine language.

Symbolic computations:

e do not require initial values and iterations. They
are not sensitive to round-off errors, and provide all
solutions,

 often cannot be employed for complex problems,
and the computation time is long in general because
the steps usually require computer algebra system
software.

3  Hybrid solution

Symbolic methods may be hard to develop, and they
may be difficult for a computer to implement, but they
lead to insight. Fortunately, we are not forced into a
strict either/or dichotomy. There are symbolic-numeric

methods, hybrids using the strengths of both ideas.

Ideally the best strategy is to divide the algorithm into
symbolic and numeric parts in order to utilize the ad-
vantages of both techniques. Inevitably, numeric com-
putations will always be used to a certain extent. So
using symbolic forms, the computation time can be re-
duced considerably. This so-called hybrid computation
has an additional advantage too, namely the symbolic
part of the algorithm does not generate round-off er-

rors.

Another approach of applying the hybrid computation
is to merge symbolic evaluation with numeric algo-
rithm. For example numeric Runge-Kutta algorithms
can be carried out with symbolic variable (s) to solve

boundary value problems without iteration.
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4  Geodetic applications

4.1 Ranging to more than four
GNSS satellites

Throughout history, position determination has been
one of the most important tasks of mountaineers, pi-
lots, sailor, civil engineers etc. In modern times,
Global Navigation Satellite Systems (GNSS; a collec-
tion of the US based GPS, Russian GLONASS, Chi-
nese Beidou and the European Galileo; e.g., Awange
(2012, 2018)) provide an ultimate method to accom-
plish this task. If one has a hand held GNSS receiver,
which measures the travel time of the signal transmit-
ted from the satellites, the distance travelled by the
signal from the satellites to the receiver can be com-
puted by multiplying the measured time by the speed
of light in vacuum. The distance of the receiver from
the i-th GNSS satellite, the pseudo-range observations,
d; is related to the unknown position of the receiver,

{X] 7x2;x3} by

di = \/(xl —a;)? 4 (x2 = bi)? + (x3 — ¢i)> x4, (4.1)

where {a;,b;,c;};i =0,1,2,...,n > 3 are the coordi-
nates of the i-th satellite.

The distance is influenced also by the satellite and re-
ceiver’ clock biases. The satellite clock bias can be
modeled while the receiver’ clock bias has to be con-
sidered as an unknown variable, x4. This means, we
have four unknowns, consequently we need four satel-
lites to provide a minimum observation. The general

form of the equation for the i-th satellite is

fi= (x1—a)?+(x—b)+ (v —c)?

(4.2)
- (X4 - di)z .

The system can be solved in many ways (see Awange
et al., 2010; Awange and Palancz, 2016). However in
general there are two steps of the solution:

1) compute approximate solution using Gauss-Jacobi
method employing Grobner basis for every subset
of size four,

2) then improving the result with local minimization
of the sum of square of errors of the equation.

Employing hybrid numeric symbolic computation one

can improve the efficiency of the algorithm in both

phases. We shall illustrate the hybrid solution with a
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small numeric example based on the data in Awange
and Paldncz (2016, see Table 15.2 on page 293.).

In the first step, to compute an approximate solution,
the Grobner basis with inexact coefficients can be em-
ployed. Computing Grébner bases with inexact coef-
ficients is often desired in industrial applications, but
the computation with floating-point numbers is quite
unstable if performed naively (Sasaki, 2014). The so-
lution methods of the Grobner basis are very sensitive
to round-off error, therefore sometimes in case of sys-
tems that are over-constrained or have roots with mul-
tiplicities, and are given with inexact coefficients, hy-
brid symbolic-numeric methods are required. Recently
Szanto (2011) and Lichtblau (2013) discussed compu-
tation of Grobner bases using approximate arithmetic
for coefficients and showed how certain considerations
of tolerance, corresponding roughly to accuracy and
precision from numeric computation, allow us to ob-
tain good approximate solutions to problems that are

overdetermined.

Let us consider the list of equations eqgs = f; with
the numerical data for f;,i = {0,1,...,5}, and employ
Grobner basis with inexact coefficients, we get the ap-

proximate solution employing Mathematica

AbsoluteTiming[grb = GroebnerBasis[egs,
{X1app, X2app s X3app, X4app }, Tolerance—1073]]
{0.00596268, {1.x4app, 4. 08821><106+1.x3app,
4.84782x10%+1.%Xpapp, ~596925.+1 .X1app} }

This result can be used in the second step, to improve

the result. The error to be minimized is
> 2
R=Y 7. 4.3)
i=0

For local minimization Newton method can be em-
ployed, since it has quadratic convergency. We can
reduce the computation time to half if the gradient
(Grads) and Hessian matrix (Hessian$) are pre-
computed symbolically instead of computing them

numerically in every iteration step

AbsoluteTiming|[

FindMinimum[£f, {{x1, X1app}, {X2, X2app},
{x3,%X3app }, {X4,X4app }},Gradient—Grads,
Method— {"Newton", Hessian—HessianS]]

{0.00330805, {2.21338x10%8,

{x1 — 596929.,x; — -4847845.,
x3 — 408822x10%, x4 —13.4524}}}.

4.2  GNSS cycle ambiguities

Highly accurate static GNSS positioning in surveying
is achieved by the processing of relative phase ranges
observed to the visible GNSS satellites at both the ref-
erence and the rover stations. To eliminate the time-
dependent error sources such as the satellite and re-
ceiver clock error, the double differenced phase obser-
vations are formed and they are adjusted using a least
squares adjustment. An alternative technique is to use
extended Kalman-filtering for this purpose.

The observation equation of the double differenced

phase observations has the following form:
AADY, = ardxp + ardyp +asdzp + ANJ,  (4.4)

where AACIJI{;% is the double differences phase observa-
tions taken to the j-th and k-th satellite, dxp,dyp, 0z
are the relative coordinate differences between the ref-
erence (A) and rover (B) stations, A is the wavelength
of the signal, N i]g is the double differenced phase am-
biguity and j is the so-called pivot satellite, that is used
as a reference for forming the double differences.

Let us assume that five satellites are measured concur-
rently on both the reference and the rover stations in
two consecutive epochs. Since one satellite is used as
a pivot satellite, four double differences are formed in
each epoch. This means that altogether 8 observation
equations are formed, which can be used to evaluate
7 unknowns (3 coordinate differences and 4 double-
differenced phase ambiguities). A usual solution of
the problem is to estimate the unknowns using a least-
squares adjustment, which provides a ‘float” solution
of the integer phase ambiguities. Consequently the
computation of the integer least-squares estimates of
the GNSS cycle ambiguities reduces to a integer least-
squares problem (see Teunissen, 1995, 2012; Gra-
farend, 2003).

The mixed integer programming problem can be for-

mulated as follows,

(y—Ax—Bz)TQ’l(y—Ax—Bz) — min, 4.5)
X,z
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where y,A,B and Q are known real vector and matri-
ces, while x and z are integer unknown vectors, respec-
tively,

xe€Randze Z.

Let us consider the actual values of the input arrays as

2.883 025 020 045
3.020 ~030 042 0.56
2.586 ~034 020 0.78
s | 05| | 022 oSt 033
2.922 028 023 040’
3.121 —031 047 0.60
2.663 ~0.31 —0.22 0.87
4.267 020 048 030
0.19
0.19
0.19
5 0.19
0.19
0.19
0.19
0.19

Q = IdentityMatrix[8];

Now, in order to convert the problem to pure integer
programming, three new integer variables for elimina-
tion of the real unknown will be introduced as,

E_,l = 100X1,E_,2 = 100)62,&_,3 = 100X3 .

So the real solutions for x; will be considered to two
decimal digits accuracy (cm). Let us rationalize the
input arrays

{yR,QOR,AR,BR} = Rationalize[{y,Q,A,B}]

2883 151 1293 881
H 1000(") 50 (") 500 (") 200("

1461 3121 2663 4267

500 (") 1000(" ) 1000(") 1000 b

{ {1,0,0,0,0,0,0,0},{0,1,0,0,0,0,0,0}
{0,0,1,0,0,0,0,0},{0,0,0,1,0,0,0,0}
{0,0,0,0,1,0,0,0},{0,0,0,0,0,1,0,0}
{0,0,0,0,0,0,1,0},{0,0,0,0,0,0,0,1}},

11 9 3 21 14
{ 2520(') 1050 25( °
17 1 39 11 27 33
50 5'50(') 5050100 ("’

14

7 23 2 31 47 3
25'100'5(’] 100°100°5(’
31 11 87 112 3
“100 50100525 10( !
19 19
{ 7701010 ) 0771070 4
100 100
19 19
0707770 ) 07070>7 ’
100 100
19 19
7707070 ) 0777070 ’
100 100
19 19
0,0,—.0 0,0,0,— 5,
100 ’ 77777100 b

Then the objective function to be minimized on the

integer field is

objective = ((yR — AR.{§;1072,£1072,E10 2}~
BR.{z|,22,23,24}) / /Flatten) .Inverse[QR];

objective =

objective. ((yR - AR.{§; 107261072102}~
BR.{z|,22,23,24}) / /Simplify / /First;
(1/100000000) (8710109300+722000027+7220000z3-
1994620002z3+722000023-32953600024+7220000z3+
4337408,-24700023E,+159600245,+6271E2-
146154608,-159600235,+38760024E,+3874E,Ex+
1100657-3800z, (61410+61E;-895,-11683)—
26195180E3+6270002353+23940024E3-106368, 53+
134805,63+26003E3+38002; (-58050+53&,+43E,+858;3))

First we solve the problem on the real field. The global
minimum is
NMinimize [objective, {z|,22,23,24,&1,8,83,84}1]
{3.11759x107°%, {z| — 10.1427,2z, — 11.7696,

z3 — 13.8032,z4 — 16.0825,& — 109.707,

& — 154.713,& — 82.8285

Now we are looking for the integer solution via ex-
tending the region of the constraints step by step until
no further decreasing in the objective value occurs and
while the solutions are inside the constrain regions.
The first iteration is,
constraints =

Apply[And, {9 < 2z < 11,11 < =z < 12,

13 < z3< 14,16 < z4< 17,109 <& < 110,

154 <& < 155,82 <& < 83,

Element[{z{, z2,23,24,&1,&,8&3}, Integers] }]
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9 < z;<1lles 11 <z; <12&& 13 < z3<14 &&
16 < z4 <17 && 109 <& <110 &&

154 <& <155 && 82 < &3 <83 &&
(z11221231241&1182183) € Integers]

AbsoluteTiming[Minimize[objective,
constraints, {z, 2,23, 24,&1,&,&}1//N]
{0.471928, {0.070728,
{z; —10., z,—12.,z3—14., z4,—17.,
& —110.,& —155.,&3 —83.}}}

After six iterations,

constraints =

Apply[And, {6 < z;< 14,8 < z; < 15,

10 < z3< 17,13 < z4< 20,118 <§; < 125,
151 <& < 158,79 <& < 86,

Element[{z(, z2,23,24,&1,&,8&}, Integers] }]
6 < z|<l4&& 8 <z) <1l5&& 10 < z3<17 &&
13 < z4 <20 && 118 <& <125 &&

151 <&, <158 && 79 <&3<86 &&

(z11221231241E11&2183) € Integers]

AbsoluteTiming[Minimize[objective,
constraints, {z1, 22,23, 24,51,8&2,83}1//N]
{17.7336, {0.0005213,
{z; —+10., z, —12.,z3—14., z4,—16.,
& —122.,& —153.,& —83.}}}

In the last two iteration steps we have got the same
objective value therefore x;=1.22, x,=1.53 and
x3=0.83. Blindly rounding of the real solution, we
got incorrect solution for the first two coordinates
x1=1.10, xp=1.55.

objective/.{z; —+10., z, —»12.,z3—14.,
z, —16., & —122.,& —153.,8; »83.}
0.00844597

Remarks

Employing 3 decimal digits approximation, namely

& =1000x;, & =1000x;, &3 =1000x;

we can see better results, see Palancz (2018).

constraints =

Apply[And, {6 < z;< 14,8 < z; < 15,

10 < z3< 17,13 < z4< 20,118 <& < 125,
151 <& < 158,79 <& < 86,

Element [{z(, 2z, 23,24,&1,&,&}, Integers] }]
6 < z| <l4&& 8 <zp <15&& 10 < z3<17 &&
13 < 24 <20 && 118 <& <125 &&

151 <& <158 && 79 <&3<86 &&

(zi 122123124181 1&,1&3) € Integers]

AbsoluteTiming[Minimize[objective,
constraints, {z|, 22, 23,24,&1,&,&}1//N]
{544.533, {0.0000191054,
{zy —+10., =z, —12.,z3—14., z4—16.,
& —1213.,& —1533.,&; —+825.}}}

Since the objective function is a second order polyno-
mial and the constraints are linear, the method will al-

ways find the global minimum.

4.3 Kepler’s third law

Symbolic regression is a type of regression analysis
that searches the space of mathematical expressions to
find the model that best fits a given dataset, both in
terms of accuracy and simplicity. No particular model
is provided as a starting point to the algorithm. Instead,
initial expressions are formed by randomly combin-
ing mathematical building blocks such as mathemat-
ical operators, analytic functions, constants, and state
variables. (Usually, a subset of these primitives will
be specified by the person operating it, but that is not
a requirement of the technique.) New equations are
then formed by recombining previous equations. To
select the optimal set of basic functions, Koza (1992)
suggested employment of genetic programming (GP).
GP is a biologically inspired machine learning method
that evolves computer programs to perform a task. In
order to carry out genetic programming, the individu-
als (competing functions) should be represented by a
binary tree. In standard GP, the leaves of the binary
tree are called terminal nodes represented by variables
and constants, while the other nodes, the so called non-
terminal nodes are represented by functions. Since the
candidate models can be computed independently, par-
allel computation is utilized. Complexity and fitness
are conflicting features leading to a multi-objective
problem. A useful expression is both predictive and

parsimonious. Some expressions may be more accu-
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rate but over-fit the data, whereas others may be more
parsimonious but oversimplify. The prediction error
versus complexity or 1 — f (fitness) versus complexity
of the Pareto front represent the optimal solutions as
they vary over expression complexity and maximum
prediction error. As Fig. 4.1 shows, functions repre-

senting the Pareto front have the following features:

i
1-f

O -
ideal point complexity

Figure 4.1: The Pareto front

As an illustration let us consider the Kepler problem.
The third law of Kepler states: ,,The square of the or-
bital period of a planet is directly proportional to the
cube of the semi-major axis of its orbit (average dis-

tance from the Sun).*
P’ < d’® (4.6)

where P is the orbital period of the planet and a is the
semi-major axis of the orbit. For example, suppose
planet A is 4 times as far from the Sun as planet B.
Then planet A must traverse 4 times the distance of
planet B for each orbit, and moreover it turns out that
planet A travels at half the speed of planet B, in order
to maintain equilibrium with the reduced gravitational
centripetal force due to being 4 times further from the
Sun. In total it takes 4 x 2 = 8 times as long for planet A
to travel an orbit, in agreement with the law (8 = 4%).
The third law currently receives additional attention as
it can be used to estimate the distance from an exo-
planet to its central star, and help to decide if this dis-
tance is inside the habitable zone of that star.

The exact relation, which is the same for both el-
liptical and circular orbits, is given by the formula
above. This third law used to be known as the har-
monic law, because Kepler enunciated it in a laborious
attempt to determine what he viewed as the ,,music of

the sphere‘‘according to precise laws, and express it in
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terms of musical notation. His result is based on the
Rudolphine table containing the observations of Tycho
Brache 1605, see Table 4.1 where a is given in units
of Earth’s semi-major axis. Let us assume that Kepler
could have employed one of the function approxima-
tion techniques like polynomial regression, artificial
neural networks, support vector machine, thin plate
spline. Could he find this simple relation with these
sophisticated methods? Surprisingly the answer is no.
But symbolic regression will work. Fig. 4.2 shows the
Pareto-front of the generated models via DataModeler
(2018). The points represent the generated models.
The red points stand for the models belonging to the
Pareto-front. In Table 4.2 some of the models of the

Pareto front can be seen.

Table 4.1: Normalized observation planetary data

Planet Period P (yr)  Semimajor axis a
Mercury 0.24 0.39
Venus 0.61 0.72
Earth 1.00 1.00
Mars 1.88 1.52
Jupiter 11.86 5.20
Saturn 29.46 9.54
Uranus 84.01 19.19
Neptune 164.79 30.06
Pluto 284.54 39.53

It goes without saying that our candidate is the 4-th
model, since it has a small error and at the same time
its complexity is low. In Table 4.3 we can see the statis-
tics of relative errors of the different techniques in per-
centage units.

It is inevitable, that statistically the best model is pro-
vided by the symbolic regression. Even though its
mean error is higher than that of the Kepler solution,

it is simple in practice.

5 Conclusion

The term Hybrid Symbolic-Numeric Computation
(HSNC) has been with us for over two decades now.
We anticipate the day when it falls into disuse, not
because the technology goes out of style, but rather,
since it is just an integral part of the plumbing of math-
ematical computation. Further geodetic solutions us-
ing HSNC are presented in the book of Awange et al.
(2018).



5 Conclusion

Pareto Front Log Plot

11—
B
ND: .l.
-l L]
°
[ 10H
0.01—@ és 2
I O:'.
H
2 neee
et &
1074} ~ 2
an
L]
1076}

- 4".'. m.‘*“onnb‘-owcno. R

250
Complexity

Figure 4.2: The Pareto front (red points) and the evaluated models in case of the Kepler’s problem

Table 4.2: Model selection report

Model Complexity 1 —R? Function
1 11 0.022 -12.550 + 6.116x
2 15 0.012 7.168 + 0.162x2
3 22 0.004 3.174 + 0.135-(-8.024 - x)x
4 25 4.284-1078 -0.006 + 1.000,/x
5 55 1.927-1078 0.009 + 0.0006-(-x + 157.399x3/2)
6 60 1.243.1078 0.005 + 2.64910-104(3768.96x>/2 + 2x2)
7 71 1.242-10~8 0.004 + 1.25410-104(7960.56x>/2 + 2x2)
8 75 1.236:1078 0.004 + 1.25410-104(x + 7960.56x3/2 + 2x2)
9 80 1.001-1078 -0.002 + 0.007 (1/x + 140.884x%/2 + 0.049x2)
10 113 9.624-107%  0.028 - 0.002-(5.674/x + 5x - 478.651x3/% + 1/(-9.892 + 1/x + x))
11 136 8.632:107° -0.020 + 0.009-(-x + 115.915x \/x +/x/ (12 + 2x +x2))
Table 4.3: Statistics of the relative error (%) of the different approximation methods
Method Mean error (%) Max Error (%) Standard deviation (%)
Polynomial Regression 25.14 177.49 59.96
Neural Network 26.80 191.34 64.22
Support Vector Machine 8.89 47.47 16.14
Thin Plate spline 29.10 149.87 49.59
Kepler solution 0.23 1.48 0.51
Symbolic Regression 0.32 0.84 0.37
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Environmental Geodesy: state of the art
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Abstract

With ever increasing global population, intense pressure is being exerted on the Earth’s resources leading to severe
changes in its land cover (e. g., deforestation), diminishing biodiversity and natural habitats, dwindling freshwater
supplies, and changing weather and climatic patterns (e. g., global warming, changing sea level). Environmental
monitoring techniques that provide such information are under scrutiny from an increasingly environmentally con-
scious society that demands the efficient delivery of such information at a minimal cost. Environmental changes
vary both spatially and temporally, thereby putting pressure on traditional methods of data acquisition, some of
which are very labour intensive, such as animal tracking for conservation purposes. With these challenges, conven-
tional monitoring techniques, particularly those that record spatial changes call for more sophisticated approaches
that deliver the necessary information at an affordable cost. One direction being followed in the development of
such techniques involves Environmental Geodesy, which can act as stand-alone method, or to complement tradi-
tional methods. This contribution looks at its current state of the art.

1 Introduction

Although the environment has remained at the fore-
front of scientific interest for well over four decades,
see, e.g. Lein (2012), it was not until the last two
decades that remote sensing of the environment using
geodetic methods started gaining momentum. This has
largely been fuelled by the launching of modernized
satellites that enable the environment to be measured,
mapped, and modelled. The advent of these satellites
have given birth to ,,Environmental Geodesy*, which
can be viewed as the branch of geodesy that applies
geodetic techniques to sense the environment and pro-
vide information that contribute towards its effective
management by supporting appropriate policies and
decision making (e. g. Awange, 2012, 2018; Awange
and Kiema, 2013).

Geodetic techniques that are useful in sensing the

environmental include: Satellite laser ranging (SLR)
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that are useful in monitoring mass redistribution, e. g.,
postglacial and also in calibrating altimetry satellites;
interferometric synthetic aperture radar (InSAR) that
are finding use in monitoring land subsidence and
oil leaks; satellite altimetry, used in monitoring the
melting polar ice; very long baseline interferometry
(VLBI), that are useful in plate tectonic studies, etc.
Of these methods, perhaps the most revolutionary tech-
niques that have pushed geodesy to the forefront of
sensing the environment are the satellites gravity mea-
surements from CHAMP (CHAllenging Mini-satellite
Payload), GRACE (Gravity Recovery And Climate
Experiment) and GOCE (Gravity field and the steady

state-of-the ocean circulation explorer (see Fig. 1.1).

Apart from the gravimetric sensing satellites, GNSS
(Global Navigation Satellite System) satellites such
as GPS (Global Positioning System) are playing an

increasingly crucial role in tracking low earth orbit-
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ing (LEO) remote sensing satellites at altitudes below
3000 km with accuracies of better than 10 cm, see
e. g., Yunck et al. (1990).

GNSS tracking a low satellite, e.g,, CHAMP. | GNSS tracking 2-low satellites, which are
tracking each other, e.g., GRACE.

$ST-hl (CHAMP)

Figure 1.1: Left: SST-hl realized with CHAMP (©GFZ Potsdam
([2.2]). Right: A combination of 1I-SST and hl-SST real-
ized with GRACE and GNSS satellites (OGRACE - CSR
Texas ([2.2]). Figures modified by D. Rieser (Rieser,
2008)).

2  Environmental sensing

2.1 GNSS-environmental sensing

Never before has there been a tool that in its appli-
cation spans all the four dimensions of relevance to
mankind (position, navigation, timing and the environ-
ment). Global Navigation Satellite Systems (GNSS), a
satellite microwave (L-band) technique, is such a tool
that has widely been used for positioning (both by mil-
itary and civilians), navigation, timing, and is now rev-
olutionizing the art of monitoring our environment in
ways never fathomed before (Awange, 2018).

Over the years, research efforts have been dedicated to
modelling atmospheric refraction in order to improve
on GNSS positioning accuracy by accounting for the
excess path delay (see, e.g. Awange, 2018). In the
last two decades, however, GNSS space and ground
based remote sensing methods have increasingly be-
come essential tools for measuring atmospheric param-
eters. Geodetic remote sensing satellites employ a pre-
cise global network of GNSS ground receivers operat-
ing in concert with receivers onboard the LEO (Low
Earth Orbiting) satellites, with all estimating the satel-
lites” orbits, GPS orbits, and selected ground locations
simultaneously (Yunck et al., 1990). GNSS radio oc-
cultation (GNSS-RO) takes place when a transmitting
satellite, setting or rising behind the Earth’s limb, is
viewed by a LEO satellite as illustrated in Fig. 2.1.
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Figure 2.1: GNSS radio occultation. Use is made of (i) an occult-
ing satellite, (ii) a non-occulting GNSS satellite and (iii)
a ground-based GNSS station to determine the bending
angle o from which the vertical profiles of temperature
and pressure are determined. Source: Wickert (2002).

GNSS satellites send radio signals that pass through
successively deeper layer of the Earth’s atmosphere
and are received by LEO satellites. These signals are
bent and retarded, causing a delay in their arrival at the
LEO. Figure 2.1 shows the occultation geometry where
the signal transmitted from a GNSS to a LEO satellite
passes through dispersive layers of the ionosphere and
atmosphere, and in so doing senses them. As the signal
is bent, the total bending angle, o, an impact parame-
ter, a, and a tangent radius, r;, define the ray passing
through the atmosphere. The refraction angle is ac-
curately measured and related to the atmospheric pa-
rameters; temperature, pressure and water vapour via
the refractive index i (see Awange, 2018, for more de-
tails). A visual examination of Fig. 2.2 indicates that
the COSMIC RO temperature profile agrees very well
with its corresponding radiosonde profile with almost

no deviation from the radiosonde data.

In a sister approach, also known as the GNSS-
reflection (GNSS-R) remote sensing, the microwave
signals reflected from various surfaces are received
and processed to extract useful environmental infor-
mation about those surfaces. The possibility of us-
ing GNSS reflected signals for sensing sea surface
heights was proposed by Martin-Neira (1993), who
used fixed-platform experiments to demonstrate that
GNSS-reflection altimetry performed to an accuracy of
~20 m over the ocean, 450 m above Crater Lake, and
10 m over a pond (see e. g. Lowe et al., 2002, and the
references therein). According to Lowe et al. (2002),
such GNSS altimetry would involve an orbiting re-
ceiver that obtains position and timing information
from the GNSS constellation as usual, but measures
ocean height using the arrival time of GNSS signals
reflected from the surface. The advantage over mono-

static radar altimeters is that the receiver could pro-
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duce about 10 simultaneous measurements (~ 20 when
Galileo becomes fully operational), distributed over an
area thousands of km across-track (Lowe et al., 2002).
Studies of GNSS-reflections from space include (e. g.
Lowe et al., 2002). Applications of GNSS-R remote
sensing include water reservoir level and ocean mon-
itoring, soil moisture monitoring, where the observa-
tions relating to the flux of water to- and from- the land
surface can be gleaned from GNSS multipath measure-
ments of, e. g., snow depth and soil moisture (Larson et
al., 2008, 2009; Yang et al., 2009). The advantages of
GNSS-R remote sensing over traditional satellite scat-
terometry and radar altimetry together with their use
in sensing vegetation changes are discussed in Awange
(2018).

2.2 Geodetic sensing of gravity variations

Two types of gravity field variation exists. The first is
the long-term, also known as mean gravity field, which
is due to the static part of the gravity field. The vari-
ation is constant over a very long time interval. Its
study is useful in understanding the solid structure of
the Earth, ocean circulation, and in achieving a univer-
sal height measuring system. In this respect, GOCE
satellite products are used to map changes in gravity
using state-of-the-art gradiometer with improved ac-
curacy, see e. g., Hirt et al. (2011). GOCE data is ex-
pected to benefit other studies such as those concerned
with earthquakes, changes in sea level, and volcanoes!.
The second type of variation of the Earth’s grav-

ity field is associated with those processes that occur

over shorter time scales, such as atmospheric circula-
tion or the hydrological cycle. This is known as the
time-varying gravity field and is the component which
enables the monitoring of, for example, variations in
water resources and the melting of the polar ice. By
removing the effects of the other processes that cause
changes in the gravity field, changes in terrestrial wa-
ter storage can thus be inferred from the observed tem-
poral changes in the terrestrial gravity field.
At the broadest conceptual level, LEO satellites’ grav-
ity field missions observe (either directly or indirectly)
gradients in the Earth’s external gravitational field.
This is essentially done through differential measure-
ments between two or more points, thus largely elim-
inating spatially correlated errors. When done from
space, two approaches can be used, e. g., Awange et al.
(2009) and Rummel et al. (2002):
1) Satellite-to-satellite tracking (SST), or
2) A dedicated gravity gradiometer on board a satel-
lite, coupled with SST.

The SST methods can use either low-low inter-satellite
tracking (1I-SST, see Fig. 1.1, right), where two LEO
satellites track one another and additional observations
in terms of high precision ranges and range rates be-
tween the two satellites are taken, or high-low inter-
satellite tracking (hl-SST, see Fig. 1.1, left), where
high-Earth orbiting satellites (notably GPS) track a
LEO satellite. The low-low mode, compared to the
high-low mode, has the advantage of signal amplifica-
tion leading to a higher resolution of the obtained grav-

ity variations, up to the medium wavelength spectrum

30 e 30 e 30 I 30
—— Radiosonde —— Radiosonde —— Radiosonde
25 - e COSMIC | 25 | o CHAMP | 251 e GRACE | 25
§20- - 20 4 r 20 A -20§
S 151 - 15 1 - 15 1 - 159
2 2
101 - 10 - F 10 - F 102
5 - 5 - 51 . -5
0 a Hobart Airport 0 b Learmonth Airport 0 ¢ Weipa Aerodrome 0
-80 -60 -40 -20 0O 20-80 -60 -40 -20 O 20-80 -60 -40 -20 0O 20

Temperature®(C)

Temperature®C)

Temperature®(C)

Figure 2.2: GNSS-RO soundings observed on (a) 20 December 2006 over Hobart Airport [42.84°S, 147.50°E] using COSMIC RO data, (b) 14
June 2005 over Learmonth Airport in Western Australia [22.24°S, 114.09°E] using CHAMP RO data and (c) on 8 September 2006
over Weipa Aero using GRACE data [12.68°S, 141.92°E]. Source: Khandu et al. (2010).

Isee, e. g., http://www.esa.int/esaCP/SEMV3FO4KKF_Germany_0.html
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of a few hundred km in spatial extent (Awange et al.,
2009). Taking this further, a combination of 1I-SST and
hl-SST is conceptually better still, as is demonstrated
by the GRACE mission (Fig. 1.1, right) with a baseline
length between the two satellites of about 220 km.

In order to detect temporal gravity field variations at
smaller spatial scales, the satellite(s) being tracked
must be in as-low-as-possible orbits (close to the mass
source), with the satellites being as free as possi-
ble from the perturbing effects of atmospheric drag
(Awange et al., 2009).
aliasing models (for correcting short-term - 6 hours -

In addition, so-called de-

variations due to atmosphere and ocean mass varia-
tions) have to be used to mitigate the propagation of
unwanted signals (e. g., leakage from the oceans) into
the derived gravity solutions (e. g. Schrama and Visser,
2007).

The GRACE mission, launched on 17th of March
2002, consisted of two near-identical satellites fol-
lowing one another in nearly the same orbital plane
(about 400 km altitude) separated by a distance of
220 km; the so-called tandem formation (see Fig. 1.1,
right). The II-SST was measured using K-band rang-
ing, coupled with hl-SST tracking of both satellites by
GNSS (GPS; Fig. 1.1, right). GNSS receivers were
placed on GRACE satellites to measure occulted sig-
nals, and also to determine the orbital parameters of
GRACE satellites required in order to determine grav-
ity changes. On-board accelerometers monitored or-
bital perturbations of non-gravitational origin.

The Earth’s gravity field is mapped by making accurate
measurements of changes in the distance between the
satellites, using GNSS and a microwave ranging sys-
tem. These changes in the distances between the two
satellites occur due to the effect of the gravity (mass
concentration) of the Earth. As the lead satellite passes
through a region of mass concentration, it is pulled
away from the trailing satellite (Fig. 1.1, right). As
the trailing satellite passes over the same point, it is
pulled towards the lead satellite thus changing the dis-
tance between the satellites.

Time-variable gravity field solutions are obtained by
the exploitation of GRACE observation data over cer-
tain time intervals, i.e., every month or less. There
are a number of institutions delivering GRACE prod-
ucts, each applying their own processing methodolo-

gies and, often, different background models. The pro-
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cess causing gravity variations that are being studied
by GRACE include (Ramillien et al., 2004);

e changes due to surface and deep currents in the
ocean leading to more information about ocean cir-
culation (e.g. Chambers et al., 2005; Wahr et al.,
2002),

* changes in groundwater storage on land masses,
relevant to water resource managers (e.g. Rodell
and Famiglietti, 1999),

* exchanges between ice sheets or glaciers and the
oceans, needed for constraining the mass balance
of the global ice regime and sea level change, e. g.,
Baur et al. (2009) and Velicogna (2009), see also
Sect. 3.4.

* air and water vapour mass change within the atmo-
sphere, vital for atmospheric studies, e. g., Boy and
Chao (2005) and Swenson and Wahr (2002), and

* variations of mass distribution within the Earth aris-
ing from, e.g., on-going glacial-isostatic adjust-
ments and earthquakes, e. g., Barletta et al. (2008)
and Tregoning et al. (2009).

The GRACE satellites have now been deactivated.
However, plans are underway to launch a GRACE
follow-on mission given the excellent results that have
been delivered so far. The follow up mission may use
lasers to measure inter-satellite distances, instead of
the traditional microwave, and thus improve the mea-

suring accuracy.

2.3  Satellite altimetric sensing of the
environmental

Satellites altimetry (Fig. 2.3) operates in two steps:

* First, the precise orbit of the satellite, i.e., its posi-
tion, is determined. Through this, its height above
the Earth is obtained.

* Second, range measurements are made by obtaining
the time an emitted signal (radar or laser) travels to
the Earth’s surface and reflected back to the satel-
lite.

GNSS contributes to the first step where height is de-
termined. This is achieved through GNSS receiver on-
board the space satellites that enables monitoring of

ranges and timing signals from GNSS satellites. The
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observed GNSS ranges provide precise and continu-
ous tracking of the spacecraft, thereby delivering its
position {0,A,h} at any time. The height component
h is useful in determining the measured height (see
Fig. 2.3).

In the second step, the Earth’s surface heights (e.g.,
ocean surface, glaciers, and ice sheets) are measured
using ranges from the space altimetry satellite to the
surface of interest. Satellite altimeters send microwave
signals to the Earth’s surface and measures the time
taken by the reflected signals to travel back upon which
the distance from the satellite to the Earth’s surface is
derived. Since the signals pass through the atmosphere
from and to the satellites, they are affected by the at-
mosphere and as such, atmospheric corrections have
to be made. The sea surface height is then obtained
by subtracting the measured ranges in step 2 from the
GNSS-derived satellite heights in step 1 (Fig. 2.3).

GNSS
monitoring
of altimetry

satellite Satellite orbit

Sea surface height = h-H

<+—Sea surface
“\... topography

Ellipsoid, e.g., WGS 84
Satellite laser

ranging tracking of
the altimetry satellite

Figure 2.3: GNSS in support of monitoring changes in sea level
through the determination of the altimetry satellites’ pre-
cise orbit. From the precise orbital parameters, the height
component £ is useful in determining changes in sea level
through the difference {h — H}, where H is measured by
multiplying the speed of light with the time taken by the
signals to travel from and to the satellite divided by 2,
since the same distance is covered twice.

3 State of the art

The last two decades has seen the widening application
of Environmental Geodesy. This section highlights a

few examples.

3.1 Weather and climate change monitoring

Global Navigation Satellite Systems (GNSS), a gen-
eral term for the US-based Global Positioning System
(GPS), Russian’s GLObal NAvigation Satellite System
(GLONASS), China’s Beidou or Compass, and the Eu-

ropean Galileo satellite systems is a satellite tool cur-

rently providing location (spatial) data, remote sens-
ing of the Earth’s atmosphere (temperature and pres-
sure) and surface (see Sect. 2.1), assisting in precise or-
bit determination of low earth orbiting environmental
satellites (see Sect. 2.3), and supporting the tracking
of elusive fresh underground and surface waters (see
Sect. 2.2), among many other uses.

Its spatial data are also integrable with other remote
sensing, socio-economic, and field survey data through
geographical information systems (GIS) to provide
highly continuous real-time spatio-temporal dataset
that are of enormous benefit to the emerging field
of geosensor-network environmental monitoring (e. g.
Awange, 2012, 2018; Awange and Kiema, 2013).

The last two decades has seen the emergence of GNSS
remote sensing techniques that are capable of monitor-
ing changes in the global tropopause height and in so
doing, contribute to monitoring global warming (see
Fig. 3.1).

With all GNSS satellites (GPS, Galileo, GLONASS
and Beidou) becoming operational, multi-signals are
now available that are capable of remotely sensing the
Earth’s atmosphere and surface providing highly pre-
cise, continuous, all-weather and near real time en-
vironmental monitoring data. In this regard, the re-
fracted GNSS signals (i.e., occulted GNSS signals or
GNSS-meteorology) are now emerging as sensors of
climate variability while the reflected signals (GNSS-
Reflectrometry or GNSS-R) are increasingly finding
applications in determining, e.g., soil moisture con-
tent, ice and snow thickness, ocean heights, and wind
speed and direction of ocean surface among others.
More recently, GNSS-meteorology is finding use in
monitoring climate variability and the associated im-
pacts of global teleconnections across most devel-
oping countries in the southern hemisphere where
poor reliability of radiosonde records imposes seri-
ous challenges in understanding the structure of upper-
tropospheric and lower-stratospheric (UTLS) region,
i.e., the tropopause (see Fig. 3.2). The Constellation
Observing System for Meteorology, Ionosphere, and
Climate (COSMIC) mission launched in April 2006
has overcome many observational limitations inherent
in conventional atmospheric sounding instruments to
provide millions of RO signals.

A recent study by Khandu et al. (2016a) examined

the interannual variability of UTLS temperature over
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the Ganges-Brahmaputra-Meghna (GBM) River Basin
in South Asia using monthly averaged COSMIC ra-
dio occultation (RO) data, together with two global
reanalyses. Comparisons between August 2006 and
December 2013 indicated that MERRA (Modern-Era
Retrospective Analysis for Research Application) and
ERA-Interim (European Centre for Medium-Range
Weather Forecasts reanalysis) were warmer than COS-
MIC RO data by 2°C between 200 hPa and 50 hPa
levels but these warm biases with respect to COS-
MIC RO data were found to be consistent over
time. The UTLS temperature showed considerable
inter-annual variability from 2006-2013 in addition to
warming (cooling) trends in the troposphere (strato-
sphere). The cold (warm) anomalies in the upper tro-
posphere (tropopause region) were found to be as-
sociated with warm ENSO (El Nifio Southern Oscil-
lation) phase, while quasi-biennial oscillation (QBO)
was negatively (positively) correlated with temperature
anomalies at 70 hPa (50 hPa) level. PCA (Principal
Component Analysis) decomposition of tropopause
temperatures and heights over the GBM basin in-
dicated that ENSO accounts for 73% of the inter-
annual variability with a correlation of 0.77 with
Nifio3.4 index whereas the quasi-biennial oscillation
(QBO) explained about 10% of the variability. The
largest tropopause anomaly associated with ENSO oc-
curs during the winter, when ENSO reaches its peak.

The tropopause temperature (height) increased (de-
creased) by about 1.5°C (300 m) during the last major
El Nifio event of 2009/2010. In general, a decreasing
(increasing) trend in tropopause temperature (height)
between 2006 and 2013 was found.

3.2 Agriculture and animal telemetry

Increasing recognition and application of GNSS-
supported unmanned aircraft vehicles (UAV)/drones in
agriculture (e. g., through the determination of water
holding capacity of soil) highlights the new challenges
facing GNSS. Frank Veroustraete (2015) puts it can-
didly:

A lot is happening lately on the subject of drone
applications in agriculture and precision farm-
ing. From the ability to image, recreate and
analyze individual leaves on a corn plant from
120 meters height, to getting information on the
water-holding capacity of soils to variable-rate
water applications, agricultural practices are
changing due to drones delivering agricultural
intelligence for both farmers and agricultural

consultants“.

For example, GNSS-based radio telemetry is a mod-
ern method for observing animal movements, thereby

moving the burden of making observations from the
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Figure 3.1: Rate of change in (a) the tropopause heights and (b) tropopause temperatures between September 2001 and April 2008. Source:

Khandu et al. (2010).
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observer (i.e., researcher) to the observed (i.e., ani-
mal), and in so doing alleviating the difficulties asso-
ciated with personal bias, animal reactions to human
presence, and animal habits that make most of them
This
method provides large, continuous, high-frequency

secretive and unseen (Cagnacci et al., 2010).

data about animal movement, data which, if com-
plemented by other information dealing with animal
behaviour, physiology, and the environment itself,
contributes significantly to our knowledge of the be-
haviour and ecological effects of animals, allowing
the promotion of quantitative and mechanistic analy-
sis (Cagnacci et al., 2010).

3.3 Monitoring water storage changes and
impacts of agricultural drought

The GRACE satellites had been recognized as having
the potential to provide the first space-based estimate
of changes in terrestrial water storage. In essence, it

is a tool that now assist water managers in conserving

and controlling the utilization of dwindling water re-
sources in a sustainable way. Water is arguably one
of the most precious resource in the world, therefore,
it is logical to try to monitor its distribution as effi-
ciently as possible, and GRACE offers one such oppor-
tunity, see e. g., Awange et al. (2008) and Khandu et al.
(2016b). This is because one of the environmentally
important signals detected by GRACE is the temporal
gravity field variation induced by changes in the distri-
bution of water on and below the Earth’s surface, i.e.,
hydrology, e. g., Awange et al. (2009). Satellite altime-
try provides the possibility of monitoring sea or lake
surface heights as was demonstrated for Lake Naivasha
(Awange et al., 2013). GNSS also plays a major role
in providing location-based information for monitor-
ing groundwater wells, and source of water pollutants
as discussed in Awange (2018). Recent applications
to drought monitoring are reported e. g., in Chen et al.
(2009) and Agutu et al. (2017) while its use in char-
acterizing geological properties that influence hydro-

logical patterns are discussed in Awange et al. (2014)
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2013 based on COSMIC RO, MERRA, and ERA-Interim. (e) Ocean-atmospheric indices: Nifio3.4, DMI, and QBO are also plotted
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and Hu et al. (2017). Forootan et al. (2016) pushed the
boundary by employing GRACE to study rainfall and
teleconnection linkage over Australia, Ndehedehe et
al. (2017) looked at the influence of global teleconnec-
tions on West Africa’s total water storage while Khaki
and Awange (2018) used of remotely sensed GRACE,
TRMM and soil moisture products to enhance hydro-
logical model’s study of climate induced water storage
changes over South America.

3.4 Monitoring cryospheric changes

The cyrosphere, the subsystem of the Earth character-
ized by the presence of snow, ice, and permafrost, is
fundamental to changes occurring in the Earth’s en-
vironment, e.g., global warming as a result of the
melting snow cover, glaciers, and sea ice that pro-
duces more warming due to decreased albedo associ-
ated with the greater extent and duration of the dark
surface (Slaymaker and Kelly, 2007). Some of the oc-
currences in the Earth’s polar region (Greenland and
Antarctic) could have far reaching consequences on the
environment and as such, require constant monitoring,
which can be achieved through remote sensing using
of satellite altimetry such as NASA’s ICESat-2 (ice,
cloud, and land elevation satellite) and GRACE satel-
lites, e. g., Baur et al. (2009) and Velicogna (2009).
For instance, the Greenland and Antarctic ice sheets
are reported to be losing mass at an increasing rate.
Fast flowing outlet glaciers and ice streams carrying
most of the mass flux from the interiors of the vast
Greenland and Antarctic ice sheets toward the ocean
have accelerated dramatically, the sea ice that covers
the Arctic Ocean has decreased in areal extent far more
rapidly than climate models have predicted and has
thinned substantially, some of the thick and ancient
ice shelves that fringe the Antarctic Peninsula have
disintegrated, triggering the acceleration of the outlet
glaciers that feed them, see Abdalati et al. (2010, and
the references therein).

Abdalati et al. (2010) list the following consequences
as the possible likely outcome of the behavior of ice

sheets and sea ice changes to society:

* The melting ice sheets from Greenland and Antarc-
tic are thought to contain enough ice to raise sea
level by about 7 and 60 m, respectively.
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e Sea ice exhibits a major influence on the
Earth’s planetary energy budget, influencing global
weather and climate; and the Arctic ice cover is es-
pecially sensitive to and a strong driver of climate
change, in large part due to the positive albedo feed-

backs associated with melting ice.

GNSS contributes to glaciology measurements as ev-
idenced by the performance of GPS where it has had
a remarkable impact on the study of glacier volume,
flow, and history in the last few years, leading to
improvements in measurements of gross flow veloci-
ties, rates of surface snowfall, and isostatic adjustment
associated with glacial mass change. In particular, RT-
GPS (real-time GPS) can contribute to a better under-
standing of the dynamics of glaciers by allowing re-
searchers to collect and analyze glacier flow data along
with the ocean and atmospheric data (Hammond et al.,
2010).

4  Concluding remarks

Geodetic sensing of the environment is a new and ac-
tive area of research. The data that has been col-
lected so far has provided several environmental (at-
mospheric) properties that were hitherto difficult to
fathom. The new technique clearly promises to con-
tribute significantly to environmental studies. When
the life span of the various missions (e.g., GRACE)
is reached, thousands of data sets will have been col-
lected that will help to unravel some of the com-
plex nature of atmospheric and environmental phe-
nomenon. From the analysis of water vapour trapped
in the atmosphere and tropopause temperature, climate
change studies will be significantly enhanced. These
are discussed in detail in Awange (2012, 2018) and
Awange and Kiema (2013, 2018) leading to the ques-
tion; should it ideally not be called ,,Environmental
Geoinformatics (see e.g. Awange et al., 2016, where
the techniques have been used for drought analysis in
Brazil)“?
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Kataster fiir Brasilien
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Zusammenfassung

Kataster, gleich welcher Art, miissen in Abstimmung mit den gesellschaftlichen Bedingungen eines Landes de-

finiert und betrieben werden. Allein schon aus diesem Grunde verbietet sich eine direkte Ubertragung deutscher

Kataster auf Brasilien. Gleichzeitig dient ein Kataster der Eigentumssicherung und der Steuergerechtigkeit und

gehort damit zur Grundausstattung eines Rechtsstaates. Ein modernes Mehrzweckkataster erlaubt heute auch die

Vernetzung mit weiteren Informationen der 6ffentlichen Verwaltungen und kann so Geobasisdaten fiir viele ak-

tuelle Anwendungen abrufbar machen, gerade auch fiir die Privatwirtschaft. Ohne Anspruch auf Vollstindigkeit

werden im Folgenden einige Aspekte fiir Einrichtung und Betrieb von Kataster in Brasilien zusammengestellt.

Personliche Vorbemerkung

Bernhard Heck hat die geoditische Kooperation von
Karlsruhe und Curitiba aufgegriffen und fortgefiihrt. In
Anerkennung seiner erfolgreichen Arbeiten widme ich
ihm den vorliegenden Aufsatz. Entstanden ist er aus
drei unverdffentlichten eingeladenen Vortrigen (Cada-
stro satisfaz a demanda da sociedade; Multifinalidade
do Cadastro e Integracdo dos Municipios; Cultura Ca-
dastral na Comunidade Europeia), die ich im Jahre
2016 auf dem COBRAC-Kongress (12° Congresso de
Cadastro Técnico Multifinalitario e Gestao Territorial)
in Floriandpolis gehalten habe.

1  Einfithrung

-Ein Kataster erfiillt gesellschaftliche Grundbediirf-
nisse und dient der Daseinsvorsorge® (Bihr, 1972).
Dieser These, so meint der Geodét, wird jedermann
spontan zustimmen konnen. Doch in der Praxis vieler
Liénder sieht das anders aus. Gerade auch in Brasilien
muss diese Behauptung mit einem Fragezeichen verse-

hen werden. Viele Brasilianer erkennen nicht den Zu-
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sammenhang zwischen geordneten Eigentumsverhilt-
nissen und allgemeinem Wohlstand oder zwischen zu-
verldssigen Geodaten und Planungssicherheit in ihrem
dynamischen Land. Aus diesem Grunde muss um die
Einsicht in die Notwendigkeit fiir ein Kataster in Bra-
silien ,,geworben* werden. Die drei zitierten Vortrige
hatten u. a. den Zweck Aufkliarung iiber und Werbung
fiir den Aufbau von Katastersystemen. Dabei muss
klar sein, dass sich von den historisch hochst komplex
entwickelten deutschen Katastern kaum etwas auf die
gegenwartigen brasilianischen Verhiltnisse iibertragen
lasst, jedenfalls keine Details. Aber in gleicher Weise
wie anderswo bedeutet Kataster auch in Brasilien ein
Geriist fiir ein gerechtes, geordnetes und gut funktio-
nierendes Staatswesen (good governance).
Die urspriingliche Herkunft des Wortes ,,Kataster* ist
nicht eindeutig. Es gibt mehrere Erkldrungsversuche
(Béhr, 1982):

 Liste von Personen: lat. capitum registrum,

» Kopfsteuer: lat. capitatio, capitastrum,

e Liste, Agenda: gr. catdstichon.
In allen Sprachen wird das Wort ,,Kataster” in sehr

unterschiedlichen Zusammensetzungen gebraucht und

- Dieses Werk ist lizenziert unter einer
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mit unterschiedlicher Semantik. Tabelle 1.1 zeigt die
Vielzahl im Deutschen. Fiir ein System konnen gleich-
zeitig mehrere Bezeichnungen gelten. Béhr u. a. (2005)
sowie Lucas u.a. (2008) machen Vorschlidge, wie ver-
bales brasilianisches Kataster in ein graphisches umge-
setzt werden kann. Ziel ist die rechnergestiitzte, mog-
lichst automatische Uberfithrung der alten verbalen

Grenzbeschreibungen in Kartenform.

Tabelle 1.1: Ordnen des Begriffswirrwarrs. Die Reihenfolge in den
Spalten entspricht etwa der Reihenfolge der Entstehung

Bezeichnungen Bezeichnungen Bezeichnungen
nach Inhalt nach Aufgabe nach technischen
Eigenschaften
Lindliches Steuerkataster Verbales Kataster
Kataster
Personenkataster | Eigentumskataster | Graphisches
Kataster
Gebidudekataster | Wertkataster Koordinatenkataster
Bodenschitzung | Mehrzweckkataster | 3D-Kataster

Dies ist eine wissenschaftliche Herausforderung fiir
Fusion von Sprache und Graphik. In Florianépolis
laufen Vorbereitungen fiir die Erstellung eines 3D-
Katasters fiir Gebdaude zum Zwecke der Steuererhe-
bung. Grundlagen dazu lieferte u. a. Rosenfeldt (2016).
Der Grad der Notwendigkeit einerseits und der Mog-
lichkeit andererseits Kataster aufzubauen und zu unter-
halten, ist abhingig von verschiedenen Faktoren. Eine

grobe Klassifizierung der Verhiltnisse soll Abb. 1.1

verdeutlichen.
Méglichkeit: i // o
Elmvor:fral < pre Kanada / Deutschland \"l
Saudi Arabien | Singapur |
[Klassa 1) ) \ (Kasses) | /
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—
\\ —
Brasilien Mesike
( Russland J Bangladesh
. (Klasse 2) " (Klasse 4) !
] -~/

Lt

Bedarf: Einwohner pro km?

Abbildung 1.1: Bedarf und Moglichkeit fiir Aufbau eines Katasters
(grobe Unterscheidung in vier Klassen; nach Bihr,
1982)

Darin wird die Notwendigkeit eines Katasters in Re-
lation gesetzt zur Bevolkerungsdichte, die Moglich-
keit zu dessen Realisierung zum erwirtschafteten Brut-
tosozialprodukt (BSP) pro Einwohner. Dies fiihrt auf
vier typische Klassen. Brasilien fillt (immer noch) in

die Gruppe der Linder mit relativ geringer Bevolke-
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rungsdichte und geringem Bruttosozialprodukt und er-
scheint daher im Quadranten links unten (Klasse 2).
Deutschland oder Singapur sind rechts oben (Klasse 3)
zu finden. Dieses stark vereinfachte und hier nicht
weiter quantifizierte Modell zeigt seine Grenzen z. B.
am Beispiel Brasiliens: Die Klassenverteilungen fiir
Bevolkerungsdichte und BSP variieren innerhalb des
Landes extrem stark von Nord nach Siid und von West
nach Ost.

Grund und Boden stellen in allen Liandern sehr grofle
Werte dar, und schon deswegen sollte er mit groB3-
ter Sorgfalt registriert und verwaltet werden. Nach der
klassischen Wertetheorie von David Ricardo (Anfang
des 19. Jh.) schaffen Arbeit, Boden und Kapital Werte.
Und - verkiirzt gesagt — nach marxistischer Arbeits-
wertlehre ist es in erster Linie die Arbeit, welche Werte
schafft, und im Kapitalismus vornehmlich das Kapital
(Theimer, 1950). Heute sind Grund und Boden sowie
Arbeit Kapital.

2 Katasterinhalt

Ein Kataster ist zunéchst ein georeferenziertes Regis-
ter. Es kann in seiner Gesamtheit aus Elementen sehr
unterschiedlicher Art zusammengesetzt sein, z. B. ju-
ristische, verwaltungstechnische oder statistische Ele-
mente. Wichtiger als der formale Rahmen eines Ka-
tasters ist jedoch sein eigentlicher Inhalt. Dieser wird
beim Aufbau eines Katasters hdufig vernachldssigt; da-
bei sind es die Katasterdaten, welche die gesellschaft-
lichen Bediirfnisse erfiillen und den groflen zeitlichen
und finanziellen Aufwand rechtfertigen miissen.
Flurstiicke mit ihren Attributen sind Basiselemente ei-
nes Katasters. Die Attribute kann man nach ihrer Be-
deutung folgendermallen kategorisieren:

* Attribute 1. Ordnung: Eigentiimer, Lage, Geome-
trie, Topologie, ... .,

 Attribute 2. Ordnung: Gebiudebestand, Wert, Nut-
zung, Nutzungsbeschriankungen, ...,

* Attribute 3. Ordnung: Verbindung zu anderen Re-
gistern, Hoheninformation, 3D-Objektmodelle, Ge-
schichte, ...

Die Erfassung und zeitnahe Laufendhaltung aller ge-
nannten Attribute ist eine praktisch unlosbare Aufgabe.
Daher wird man in der Praxis hier ausdiinnen miis-
sen. Andererseits sind auch gerade die Attribute der

zweiten und dritten Ordnung fiir ein modernes Staats-



3 Administrative Voraussetzungen

wesen heute unerldsslich. Daraus folgt die Forderung,
Kataster in einen grofleren, verteilten Verbund staatli-
cher Geoinformationssysteme zu integrieren und Zu-
griff sowie Kompatibilitiit zu garantieren.

In Deutschland existiert, auch bedingt durch seine
foderale Geschichte, eine unglaublich komplizierte
Struktur des Katasters. Sie ist heute noch gekennzeich-
net durch jeweilige Zustindigkeit der 16 Linder, durch
Trennung zwischen Flurstiick und Grundstiick (Katas-
ter und Grundbuch) und durch die historische Tren-
nung zwischen Kataster und topographischem Dienst.
Dies alles kann — trotz Bestrebungen nach Verein-
heitlichung durch die ,,Arbeitsgemeinschaft der Ver-
messungsverwaltungen der Lidnder der Bundesrepu-
blik Deutschland (AdV)“ —in den 16 Lindern zudem
noch jeweils unterschiedlich geregelt sein.

Die Ubernahme dieser Struktur ist anderen Nationen
nicht zu empfehlen. Wohl aber resultiert in Deutsch-
land eine 200-jahrige umfassende Erfahrung mit Ka-
tastersystemen, auf der heute mit Einsatz moderner
Technologie und biirgernaher Verwaltung aufgebaut
werden kann. Versuche wurden mehrfach unternom-
men, zumal sich zwischen Deutschland und Brasi-
lien im Vermessungswesen nachhaltig starke Verbin-
dungen entwickelt hatten (Erwes und Bihr, 2004),
die bis heute lebendig sind. Speziell zu Kataster sei
auf die Kooperation zwischen den Lindern Baden-
Wiirttemberg und Parand verwiesen (Heissler, 1989).
Innovativ war dabei der Ansatz, Orthophotos zu inte-

grieren.

3  Administrative Voraussetzungen

Ganz allgemein gibt es folgende Randbedingungen als
Voraussetzung fiir funktionierende Verwaltungen:

e Bedarf der Gesellschaft (des Marktes??),

 Verfiigbare Mittel,

» Verfiigbare Werkzeuge und Experten,

* Kulturelles Umfeld.
Im Folgenden wird auf ,,Werkzeuge und Experten®
sowie ,,Kulturelles Umfeld* niher eingegangen, zu-
nichst ausgehend von den Erfahrungen in Deutsch-
land.
Kataster ist in Deutschland Teil einer technischen,
offentlichen Verwaltung. Eigentumssicherung ist eine
hoheitliche Aufgabe, die grundsitzlich nur von staat-
lichen Stellen und Beamten durchgefiihrt werden darf.

Dies ist eine politische, durch die deutsche Verfassung
(Grundgesetz) geschiitzte Regelung. In anderen Lin-
dern muss das jedoch nicht notwendigerweise so sein.
Auch den Beamten gibt es in dieser Form in ande-
ren Landern nicht. Ein Beamter hat besondere Rechte
und Pflichten und steht in einem gegenseitigen Dienst-
und Treueverhiltnis zum Staat und zu der durch den
Staat reprisentierten (Kataster-)Verwaltung. Voraus-
setzung fiir Ernennung zum Beamten ist eine umfang-
reiche Fach- und Verwaltungspriifung nach einer etwa
zwei Jahre dauernden Vorbereitungszeit. Beamte ha-
ben einen sicheren Arbeitsplatz (,,auf Lebenszeit®),
sie diirfen aber nicht streiken. Sie erhalten zwar eine
angemessene Besoldung, diese ist aber in der Re-
gel groflenordnungsmifig nur halb so hoch wie die
Vergiitungen in Wirtschaft und Industrie. Obwohl in
Deutschland das Beamtentum immer starker offentli-
cher Kritik ausgesetzt war und ist, so bildet das System
doch das Riickgrat der im Allgemeinen gut funktionie-
renden Verwaltungen. Dazu ein Wort von Otto von Bis-
marck (Abb. 3.1).

“Mit schlechten Gesetzen und guten
Beamten laft sich immer noch regieren.
Bei schlechten Beamten aber

helfen die besten Gesetze nichts.”

Otto von Bismarck

Abbildung 3.1: Magnetsticker

Das Prinzip des Beamtentums trdgt in Deutschland mit
bei zur Qualitit und Seriositidt der Katasterverwaltung.
Denn Kataster ist ein Feld, welches in hohem Malfle
anfillig ist fiir Korruption, weil dabei grole Werte ver-
waltet werden (vgl. Kap. 1). Ausgewihlte potenzielle
Ansitze fiir Korruption sind:

* Illegaler Grundstiickserwerb,

* Gefilschte Unterlagen,

* Tolerierung illegal genutzter Flichen,

e Verletzung von Bauvorschriften,

e Manipulation von Grundstiicks- und Gebdudewer-

ten.

Das Bonmot von Otto von Bismarck darf aber nicht
absolut gesetzt werden. Voraussetzung dafiir, dass Ka-
taster funktionieren konnen, sind allemal Gesetze. Sie
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sind eine Voraussetzung fiir die Einrichtung von Ka-
taster und miissen daher vorliegen, wenn mit der
Arbeit begonnen wird. Bei Versuchen, in Brasilien
Eigentumskataster aufzubauen, niitzten auch fachlich
kompetente und engagierte ,,Beamte* nichts, weil die
gesetzlichen Grundlagen fehlten (Heissler, 1989). Sol-
che Grundlagen dienen nicht etwa nur administrati-
ven Zwecken. Thr Vorhandensein manifestiert auch den
politischen Willen zur Realisierung gesellschaftlicher
Vorhaben wie die Einrichtung von Katastern.
Ingenieure sind schnell mit technisch iiberzeugenden
Losungen zur Hand und vergessen oft in ihrer ,,Be-
geisterung® die Randbedingungen des jeweiligen Pro-
blems, wie z. B. dessen juristische, okologische oder
Okonomische Aspekte.

4  Herausforderungen durch
neue Werkzeuge

Kataster als administrative Aufgabe hat eine konserva-
tive Grundlage und ist daher fiir Neuerungen naturge-
mil weniger offen. Im krassen Gegensatz dazu zeigt
Kataster als Teil des mathematisch gepréigten Vermes-
sungswesens jederzeit einen sehr hohen technischen
Stand, jedenfalls in Deutschland. Hier wurden bereits
in den 1960er Jahren Digitalrechner in rechnergesteu-
erten Gerdten und bei photogrammetrischen Anwen-
dungen eingesetzt.
Neue Werkzeuge miissen notwendigerweise zu neuen
Produkten fiihren. Dies ist ein allgemeines technologi-
sches Gesetz (Bihr, 2014). Der Weg dahin erfolgt er-
fahrungsgemal in zwei Schritten: Zunichst wird ver-
sucht, die alten Produkte mit den neuen Werkzeugen
herzustellen, ohne die ihnen innewohnenden Mdoglich-
keiten wirklich auszuschopfen. Dies stellt eine Sack-
gasse dar. Die eigentliche Innovation erfolgt in der Re-
gel erst in einem zweiten Schritt.
Zwei Beispiele aus dem Bereich des Katasters belegen
diese These:
 Digitale Katasterkarten liegen original als Datei im
Rechnerarchiv. Ein analoger Ausdruck ist lediglich
ein ,,Quick Look* fiir den menschlichen Betrachter.
Eine Verkniipfung mit anderen GIS-Dateien erfolgt
digital und heute auch mehr und mehr rechnerge-
stiitzt. Dies ist die eigentliche Innovation.
e Die Trennung von Lage und Ho6he im klassi-

schen Vermessungswesen hat meist zu Kataster-
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systemen in lediglich 2D gefiihrt. Fiir die nume-
rischen Digitalen Geldndemodelle (DGMs) war in
diesem Zusammenhang der erste Schritt unwesent-
lich, ndmlich dass Hohenlinien automatisch ableit-
bar wurden. Die Innovation durch DGMs fiir das
Kataster bestand darin, dass zunichst die Ortho-
photoherstellung vereinfacht wurde; vor allem aber
spater der Schritt zu einer echten gromafBstibigen
3D-Modellierung der Erdoberfliche erfolgte. Heute
sind laserscanningbasierte 3D-Stadtmodelle das in-
novative Produkt. Dessen Moglichkeiten, auch im
Zusammengehen mit Informationen aus dem Ka-
taster, sind bis heute bei Weitem noch nicht ausge-
schopft.
Mit dem Einsatz von Drohnen (UAVs) steht der kon-
ventionelle photogrammetrische Bildflug in gleicher
Weise vor gro3en Herausforderungen und Verdnderun-
gen, die weit iiber einen bloBen Ersatz von Bildflug-
zeugen durch UAVs hinausgehen miissen. Oder wird
in Zukunft Google weltweit alle gewiinschten Bildda-

ten in der Cloud anbieten?

5  Eigentumsgrenzen und
Grundstiicksgrenzen

Wenn ein ,.klassisches” Eigentumskataster aufgebaut
werden soll, dann ist die zentrale Aufgabe die Fest-
legung von Eigentumsgrenzen. Fiir die 8,5 Mio. km?
des Landes Brasilien erscheint eine rein terrestrische
Aufnahme undurchfiihrbar. Welche Alternativen bie-
ten Luftbilder?

Diese Frage fiihrt weit tiber ,technische” Antwor-
ten hinaus. Luftbilder zeigen mdoglicherweise Grund-
stiicksgrenzen, also durch Bebauung und Nutzungen
gekennzeichnete Fldchen, nicht aber Eigentumsgren-
zen im juristischen Sinne. Diese konnen in Deutsch-
land durch die dokumentierte Historie von Katas-
ter und Grundbuch rekonstruiert werden. Bei einer
Neueinrichtung in Brasilien muss die Kongruenz von
Grundstiicksgrenzen (die reale Nutzung bezeichnen-
den Grenzen) und Eigentumsgrenzen (die juristisch
giiltigen Grenzen) von den jeweiligen Nachbarn aner-
kannt werden. Ein solcher in Deutschland Grenzver-
handlung genannter Prozess erfordert im Prinzip eine
Vereinbarung der Nachbarn vor Ort, also ein in der Pra-
xis fiir Brasilien nur schwer durchfiihrbares Verfahren.



6 Mogliche Aufgaben von Kataster in brasilianischen Gemeinden

Abbildung 5.1 zeigt den hiufigen Fall eines Wider-
spruchs zwischen Katasternachweis und Nutzung in
der Realitit. Die dicke schwarze Linie markiert eine
Mauer, welche auch die tatsichliche Nutzung der
Grundstiicke 1 und 2 trennt. Die rot markierte Fliche
wird vom Eigentiimer des Grundstiicks 2 genutzt, ob-
wohl er nicht Eigentiimer dieser Fléche ist. In Deutsch-
land ist in einem solchen Fall der Katasternachweis
fir das Eigentum mafigebend, auch wenn die ortli-
chen Verhiltnisse (z. B. Mauer) schon sehr lange so
bestehen. Eine ,,Ersitzung® ist dann ausgeschlossen.
In anderen Léndern ist dagegen eine ,,Ersitzung®™ un-
ter bestimmten Voraussetzungen moglich. So wird in
Frankreich eine topographische Grenze (z. B. Mauer in
Abb. 5.1) nach 20 Jahren als Eigentumsgrenze recht-
lich anerkannt, wenn sie in der Zeit nicht strittig war.
Eine Bemerkung am Rande: Im franzosischen Elsass
wurde unter preulischer Verwaltung ab 1871 das preu-
Bische Kataster eingefiihrt. Bis heute ist dort, anders
als im restlichen Frankreich, eine Ersitzung ausge-
schlossen. Maf3gebend fiir das Eigentum sind wie in
Deutschland die Katasterunterlagen, unabhiingig von
den Verhiltnissen in der Ortlichkeit.

Strittige Flache: im Eigentum zu Grundstiick 1,
\ genutzt von Grundstiick 2

— |

Grundstiick 2

“ Grundstiick 1

Haus

Mauer

Abbildung 5.1: Widerspruch zwischen Ortlichkeit und Kataster

In Brasilien, wo Kataster nicht existieren oder juris-
tisch und technisch nur sehr unvollkommen funktio-
nieren, ist ein Eigentumsnachweis in der Regel sehr
schwierig. Aus diesem Grund ist eine Ersitzung eine
nicht uniibliche Form des Eigentumserwerbs. Weil dort
,Ersitzung® aber in der Praxis haufig eine ,,Besetzung*
ist (Phd@nomen der ,,posseiros‘), fiihrt das vor allem in
landlichen Gebieten zu immensen sozialen Spannun-

gen. Hier geht es dann ja nicht um eine strittige Grenze

wegen eines falsch gesetzten Miuerchens wie im Bei-
spiel von Abb. 5.1, sondern um ganze Parzellen bis hin
zu ganzen Lindereien. Es gibt auch Gesetze im Land
Brasilien, wo Eigentum an Grundstiicken durch Nicht-
Nutzung verloren gehen kann. So kann z. B. ein Bauer
Eigentum an seinem Land verlieren, wenn er es viele
Jahre hindurch nicht bebaut.

6  Mogliche Aufgaben von Kataster
in brasilianischen Gemeinden

Auch wegen der kurz skizzierten Probleme mit Eigen-
tum an Grund und Boden, bedeutet Kataster in Bra-
silien immer ,,Mehrzweckkataster (Cadastro Técnico
Multifinalitario, CTM). Es kann und sollte nicht auf
ein Eigentumskataster reduziert werden. Denn ein rei-
nes Eigentumskataster hat in Brasilien viele Gegner,
die kein Interesse daran haben konnen, dass Eigentum
oder Besitz von Grund und Boden offengelegt wird.
Das gilt gleichermaBen fiir sehr Reiche und fiir sehr
Arme. Die Forderung nach einer ,,Landreform® spal-
tet das Land Brasilien bis heute.

Aber auch ohne den Nachweis und die Sicherung von
Eigentum in das Zentrum vom Kataster zu stellen, blei-
ben noch geniigend direkte und indirekte Aufgaben
fiir welche die Gemeinden CTMs bendtigen wiirden.
Zu den direkten zidhlen darunter Herstellung gromal-
stabiger digitaler Karten und Orthophotos sowie di-
gitale 3D-Objektmodelle fiir Planung, Transport, Na-
vigation, Telekommunikation und zur Erfassung von
Landnutzung sowie zum Management von Ver- und
Entsorgungsleitungen. Zur mehr indirekten Nutzung
von Katasterdaten zidhlen Katastrophenmanagement,
der Gesundheitssektor, die Suche optimaler Industrie-
standorte, Abfallbeseitigung und Wahlforschung. Lei-
der erfolgt von den brasilianischen Gemeinden der Ruf
nach einem CTM meist erst dann, wenn es offensicht-
lich dringend gebraucht wird, wie etwa im Zusammen-
hang mit Flutkatastrophen in Santa Catarina.

Ein zentrales Hindernis fiir die Verwendung solcher
Werkzeuge in brasilianischen Verwaltungen ist auch
durch den Umstand bedingt, dass viele Entscheidungs-
trager fiir den Gebrauch rechnergestiitzter Verfahren
nicht ausgebildet sind oder selbst das Lesen von Pli-
nen und die Analyse von Karten und Diagrammen hiu-
fig Schwierigkeiten bereitet. Das Fehlen dieser Werk-
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zeuge fiihrt naturgemél zur fehlenden Erfahrung, da-
mit richtig umzugehen.

Andererseits gibt es in Brasilien erstaunlicherweise all-
gemein weniger Ressentiments gegeniiber Digitalisie-
rung als z.B. in Deutschland. Smartphones und In-
ternet verbreiteten sich dort schneller als hier, und
darauf lédsst sich beim Aufbau von CTMs aufbauen.
Fiir umfassende Akzeptanz miissten Geo-Basisdaten
als App auf Smartphones verfiigbar sein. Inhaltlich
wiren 3D-Stadtmodelle denkbar als geometrische Ba-
sis wie in analoger Zeit Karten und Pline. Die Ge-
meinden konnten diese Daten fiir ihre Zwecke nutzen,
also als Grundlage fiir Eigentumsnachweis, Steuerer-
hebung fiir Grundstiicke und Gebdude sowie Stand-
ortsuche fiir Wirtschaft und Industrie. Parallel dazu
konnten Privatleute iiber ihre Smartphones die 3D-
Stadtmodelle fiir attraktive neue Angebote einsetzen
(z.B. Suche nach Warenangeboten unter Einschluss
von Navigation zum Anbieter).

Als Beispiel fiir die vielseitige Verwendung eines
Mehrzweckkatasters sei auf die Ergebnisse der For-
schungsarbeiten von Renuncio und Béhr (2000) ver-
wiesen (Abb. 6.1).

& 2

Snap-shots of the current graphic user interface, that enables the control
of the 3D environment.

Abbildung 6.1: Beispiel fiir ein Mehrzweckkataster (CTM) in der

Gemeinde Laguna, SC. (Renuncio und Bihr, 2000)
Fir die denkmalgeschiitzte Innenstadt von Laguna
im Staat Santa Catarina/Brasilien werden Gebidude-
kataster, 3D-Stadtmodell, Register von Kulturgiitern,
kommerzielle Angebote und Navigationsoptionen in-
tegriert. Dieser bereits fast 20 Jahre zuriickliegende
Vorschlag bekommt heute neue Aktualitit durch Nut-

zung von Smartphones.
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Viele der moglichen Anwendungen fiir Mehrzweckka-
taster sind Aufgaben fiir die Privatwirtschaft. Es ist be-
zeichnend, dass groBle Softwarehduser, wie die Firma
ESRI, in ihrer Werbung Eigentumskataster in aller Re-
gel ausblendet und sich auf aktuelle, sehr attraktive
GIS-Themen beschriankt, von Parkraumbewirtschaf-
tung tiber Bekdmpfung von Zika-Virus und Drogen-
sucht bis hin zur Anwerbung von Industrieunterneh-
men (vgl. z. B. Esri, 2017).

Die in diesem Kapitel diskutierten moglichen Aufga-
ben von Kataster in brasilianischen Gemeinden wer-
den detailliert in Rosenfeldt (2016) behandelt. Diese
Dissertation kann somit einen Ausgangspunkt fiir einen

vertieften Diskurs darstellen.

7 Politische und kulturelle
Elemente eines Katasters

Kataster als Idee und Konzept ist ein Produkt der Auf-
klarung des 18. Jahrhunderts und der ihr folgenden
franzosischen Revolution. Im Kern soll es Gerechtig-
keit fiir freie und gleiche Staatsbiirger schaffen: Garan-
tiertes Recht auf Eigentum und auf gerechte Besteue-
rung.

So versuchte Napoleon ein Steuerkataster aufzubauen
(napoleonisches Kataster; 1803—1808), was aber vor
allem wegen fehlender Kartierungen scheiterte. Spéter
(1816, St. Helena) hat Napoleon auch die Funktion des
Eigentumskatasters erkannt:

»[...] ein Kataster erlaubt jedem Biirger, seine ge-
schiftlichen Angelegenheiten selbst zu regeln, ohne
Despotismus der Miéchtigen fiirchten zu miissen. Es ist
daher die sicherste Methode, um die Unterstiitzung der
Biirger zu gewinnen.“ (nach Hampel, 1979).

Dieser Satz zeigt eine liberale Sicht (wenn auch nicht
ohne einen niitzlichen Hintergedanken), und man ver-
steht, dass in vielen Teilen Europas Napoleon als Be-
freier vom feudalen System gefeiert wurde.

Aber selbst im traditionell konservativen Preuflen
wurde die Idee der Steuergerechtigkeit aufgegriffen,
obwohl sich die adeligen GroB3grundbesitzer in den Ost-
lichen Landesteilen vehement gegen die Abschaffung
ihrer Privilegien (Steuerfreiheit auf Grund und Boden)
wehrten. Nach dem Gesetz von 1861 sollte die Be-
steuerung 10 Millionen Goldtaler einbringen, gerecht
umgelegt auf alle Grundstiicke. Grundsteuer hatte da-

mals eine erheblich groflere Bedeutung als aktuell.
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In Deutschland sind sich die Menschen heute dieser
offensichtlichen Errungenschaften, welche ihnen das
Kataster bringt, nicht mehr bewusst, weil es selbstver-
standlich geworden ist und gut funktioniert. ,,Eigen-
tumssicherung® und ,,Steuergerechtigkeit™ spielen bis
heute eine zentrale Rolle, um willkiirliche Ubergriffe
von Staat und Verwaltung auf den Biirger zu verhin-
dern und Korruption so weit wie moglich auszuschlie-
Ben. Auch wenn die Verhiltnisse jetzt mit Blick auf
~EFigentum* und ,,Steuer viel komplizierter liegen als
vor 200 Jahren, so sind beides doch auch heute noch
Priifstein jeder Demokratie. Das erkennt man vor allem
in Lindern, wo Rechtsstaatlichkeit gefdhrdet ist oder
nicht existiert. Fundament einer Rechtsstaatlichkeit ist
Gewaltenteilung. Im deutschen Kataster ist diese er-
fiillt durch Aufgaben der Exekutive (Einrichtung und
Fiithrung des Katasters durch Beamte) und getrennt da-
von durch Aufgaben der Judikative (Verleihung von
Eigentumstiteln und Fiihrung des Grundbuchs durch
unabhingige Richter). Es stellen sich enorm hohe Si-
cherheitshiirden entgegen, wollte jemand dies politi-
sche Konstrukt etwa durch Korruption oder politische
Einflussnahme unterlaufen.

Es darf jedoch nicht der Eindruck entstehen, alles sei
gut im deutschen Kataster und auf Dauer gesichert.
Es ist zwar nicht wie in Brasilien, dass viele Biir-
ger dem Kataster kritisch oder sogar feindlich gegen-
tiber stehen. Gefahren entstehen heute in Deutschland
aber etwa durch Trends hin zu einer Privatisierung.
Der Staat versucht heute, sich finanzieller Verpflich-
tungen durch Privatisierungen zu entledigen. Von der
Wirtschaft wird das in der Regel begriifit, konnte man
doch neue Geschiftsfelder eroffnen. Ein privater Tra-
ger ist jedoch gegen Angriffe auf Rechtsgiiter von au-
en und innen weit weniger gefeit als staatlich kontrol-
lierte Verwaltungen. Das Kataster gehort daher auch zu
den ,,hoheitlichen Aufgaben® eines Staates.

Es gibt noch einen weiteren Trend, welcher das Staats-
wesen heute insgesamt schwicht. Es ist die weltweit
feststellbare wachsende Unzufriedenheit der Nationen
mit ihren Regierungen. Das ist ,traditionell“ etwa in
Brasilien der Fall (,,todos ladrdes e corruptos®), aber,
etwa seit der ,,Wende*, auch zunehmend in Deutsch-
land spiirbar. Verbunden damit ist ein Vertrauensver-
lust gegeniiber staatlichen Einrichtungen. Ein Grund
dafiir konnte sein, dass Regierungen ein Kerngeschift,

niamlich die Grundbediirfnisse der Biirger zu garantie-

ren, mehr oder weniger aufgeben. Dabei ist unerheb-
lich, ob das objektiv so ist oder ob die Biirger das le-
diglich so empfinden.

Die romische Metapher des Gemeinwesens als ein le-
bendiger Korper mit seinen verschiedenen spezialisier-
ten Gliedern, die aufeinander angewiesen sind und die
einander zuarbeiten, wird heute mehr und mehr ver-
dringt von einer egoismusgesteuerten Leistungs- und
Ellenbogengesellschaft, in der Biirger ihre Meinung an
Rankingtabellen orientieren.

Kataster als eine politische und soziologische Aufgabe
ist unmittelbarer eingebettet in die gesellschaftlichen
Verhiltnisse eines Landes als andere Teile des Ver-
messungswesens. Wenn es um ,,Kataster fiir Brasilien*
geht, dann sind die dortigen Verhiltnisse mal3gebend,
was einen Transfer aus anderen Lédndern zu groflen
Teilen ausschlie3t. In Brasilien wird von Experten im-
mer wieder eine fehlende ,,Katasterkultur beméngelt
(,,cultura cadastral®, Loch, 2007). Speziell eine solche
Kultur gibt es zwar auch nicht in Deutschland, wohl
aber — bisher immer noch! — einen gesellschaftlichen
Konsens fiir biirgernahe, unabhingige, effektive und
transparente Verwaltungen zur Erfiillung gesellschaft-
licher Grundbediirfnisse.
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Abstract

Geophysical models are more and more complex and can describe, in a very careful way, the geodynamical pro-

cesses. These models depend on several geometrical and physical parameters, which characterize the models

behaviour. These parameters are not errorless since they are known with some uncertainties. Thus, model predic-

tions are affected by these parameter uncertainties. Usually, the model errors are not taken into account and are not

propagated to the estimated quantities. This can cause improper hypothesis testing when geodetic data and model

predictions are compared. In this paper, a method is presented which allows considering the model errors through

the definition of the spatial covariance function of the model. A simulation is set up to prove the method feasibility.

1 Introduction

The availability of precise observations is nowadays
rapidly increasing. This demands for a more care-
ful comparison between models (geometrical, physical
and so on) and observations in order to have a better
validation of these models. In geodesy, GNSS pre-
cise measurements are an invaluable tool for improv-
ing the geophysical models which are used to anal-
yse the geodynamic of the crust at different spatial and
time scales. The present day distribution of permanent
GNSS stations allows defining in some details the ac-
tual crustal deformation either at global and continen-
tal level (Drewes and Heidbach, 2012). Also, in par-
ticular cases, these analyses can be performed at the
level of a single fault (or of a fault system) (Riva et
al., 2007). These observations, further implemented
with non-permanent GNSS campaigns, give precise es-
timates of the velocities of the observed stations, based
on a daily coordinates repeatability of 1 —2 mm. Sim-
ilarly, considering another geodetic example, radar-
altimetry data can estimate the sea surface heights with

respect to the ellipsoid at centimetre level precision.
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These observations, coupled with a geoid estimate of
the same precision, allow defining the Dynamic Ocean
Topography (DOT), which is functionally related to
the geostrophic currents (Rummel, 1993). Also in this
case, the comparison between this kind of data and the
oceanographic circulation models allows their refine-

ments.

Commonly, the comparison between data and model
predictions is performed considering the observation
error of the data without considering any model er-
ror. These comparisons are usually carried out using
the Chi-square random variable (Mood et al., 1983)
in the hypothesis that the discrepancies between ob-
served values and model predictions divided for their
standard deviations are independent standard normal

random variables.

The observed values x,; are supposed to be a sam-
ple from a normal random variable having mean value
Xmod- Thus, one can write

Xobs — Xmod

Zobs = — _ >
obs Gobs (11)

(6,ps = standard deviation of x,;)

Dieses Werk ist lizenziert unter einer
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gungen 4.0 International Lizenz (CC BY-SA 4.0): https://
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37


https://creativecommons.org/licenses/by-sa/4.0/deed.en
https://creativecommons.org/licenses/by-sa/4.0/deed.en

Barzaghi: A method for describing the uncertainty in geophysical models

where z is a standard normal random variable. Since
we usually consider more than one observation, we can
define the Chi-square random variable as

n (o, ok

)2
2 _ obs mod
Xn= Y o2 ’ (1.2)

obs
(n = number of observations)

which can be used to test the coherence between ob-

served values and model predictions.
Following this approach, no error model is considered.

In case the model error can be estimated, the more cor-

rect Chi-square quantity could be defined as

7xm0d) )
(1.3)
which implies that by hypothesis we assume that the

X2 = (xobs - xmod)t (Cobs + Cmod)_1 (xobs

model predictions and the observations have the same
mean. C,ps can be straightforwardly derived from least
squares, which are usually applied for adjusting the
data. On the other hand, the C,,,; cannot be easily es-

timated.

In case the model outcomes x,,,; are assumed to be
linearly depended by a set of parameters x,,;, i.€., it
holds that

Xmod = AXpar (1.4)

one can apply the covariance propagation law (Sanso,
2000) which gives Cyoq as

Cinoa = A CparAl . (1.5)

The Cp,, matrix can be estimated based on, e. g., phys-

ical information on the model parameters.

As an example, if one is considering a geophysical
model which depends on parameters such as crustal
density and viscoelasticity, suitable mean and range
values of these quantities can be defined, based on geo-
physical assumptions. This will allow a proper defini-
tion of the Cp,-. However, in many cases, this can-
not be done. In most of the cases, the model is not
described in the explicit form (1.4), being it a multi-
step complex procedure. Thus, for most of the mod-
els, the direct formula (1.5) cannot be applied. An
alternative way to estimate C,,, is to define the co-
variance function of x,,,s, which in turn can be used
to compute C,,nq. Furthermore, by following this ap-

proach, one can derive also information on the covari-
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ance structure of the model signal, such as its spatial
correlation. This information can be used to design in a
proper way geodetic monitoring networks (as an exam-
ple, one can consider to compare a geophysical model
predicting crustal deformations in a geodynamical ac-
tive area and the benchmark distribution of a GNSS
permanent network designed for monitoring this phys-
ical phenomenon). In the next paragraph, the numeri-
cal procedure, which allows estimating the model co-
variance function based on assumptions on the model

parameters variability, will be described.

2 The model covariance
function estimate

We assume that a linear (or linearized) relationship
holds between the model signal and the model param-

eters
Xmod = L (&7 xpar) ) 2.1

where & are other possible parameters defining the
model, such as the point position where to estimate the
model value x,,,4: these parameters will not be consid-
ered in the error propagation.

We further assume that x,,, is a normal random vari-
able having m independent components. Based on
some feasible assumptions, the values of the mean
VG
rameters can be defined. By samphng the x°

and of the variances ( .,m) of the pa-

par Values
by means of a random number generator, the corre-
sponding xgw 4 values can be obtained and then used to
estimate the covariance function of x,,,4.

In order to give an example of the devised procedure,
let us assume that x,,,,4 iS a two components signal in
the plane. Based on r field estimates computed fol-
lowing this approach, the two auto-covariances and the
cross-covariance between the two components of x4

can be derived as

10 1 N ; Nj
Cik(dn) = " S:ZI N l:ZI 8 (Xmod); , N; ]:21 8 (Xmod)k r
22)
with .
5 (med)k (xmod) ;{ (fmod)k (2 3)
17
xmod - . m()d (2 4)



3 A simulated test

The index i =1, ..., N runs on the points P; in the plane
where the signal is estimated, the index j=1,...,N;
runs on all the N; points P; having distance d;; from
P; such that d, < d;j < d, + Ad with a proper given
value Ad and (I,k) label the two components of x4
(I=1,2k=1,2).

In case | = k, the auto-covariances of the two model
components are estimated, while for [/ = k the cross-
covariances between the two components are derived.
These empirical estimates must be then interpolated
with suitable model covariances, i.e., with positive
definite functions (Barzaghi and Sanso, 1984).

The auto-covariance and the cross-covariance func-
tions of x;,,,4 can be in turn used for estimating the C,,,4
that can be used in the testing the model predictions
versus the observed data.

The devised procedure is of Bayesian kind since
the parameters x,, are considered as random vari-
ables. Furthermore, assuming that x,, is normally
distributed allows defining in a proper way the for-
mula (1.3), if we assume that also x,,s is normally dis-
tributed and independent from x,,,4. In this hypoth-
esis, being x,,,4 linearly dependent on x4, one can
prove that x,,,4 is normally distributed too (Mood et al.,
1983), with teq = L (&, tpar) and covariance Cyoq.
Finally, it has to be mentioned that this procedure, de-
veloped here for a two-dimensional process, can be

generalized to multi-dimensional process.

3 A simulated test

In order to test the feasibility of the proposed ap-
proach, a simulation has been devised. Starting from
a given covariance function, a covariance matrix on a
given set of points in the plane and the signal on these
points having this covariance structure can be com-
puted (Barzaghi et al., 1992).

This procedure has been carried out starting from the

following covariance function
C(d)=AJ(ad), 3.1

where Jy is the zero order Bessel function (Watson,
1948) and d is the standard Cartesian distance in the
plane.

The values A = 50 and oo = 0,15 km™~! have been set

and the related covariance matrix C has been computed

over points in the plane placed on a regular square
grid having a grid step of 5 km and linear dimension
of 100 km (the covariance matrix has thus dimension
n =400).

The simulated signal in the plane is then estimated ac-

cording to the formula
s(P)=T'v (3.2)

with
C=T'T (3.3)

following the Cholesky decomposition method (Benci-
olini and Mussio, 1984). v is a sample from a random

variable having
Cyw=1. (3.4)

As it can be easily proved, the covariance matrix of the

simulated signal (3.2) is exactly equal to C since

Cy=FE [ss[] =E [(Tt U) (TID)I} - (3.5)

=T'EW|T=T'CnT=T'T=C.

This procedure has been repeated 100 times, based on
different v samples, so that 100 different realization of
the signal s have been computed. Given the simulated
values, the formula (2.2) has been applied: in this case
r=100and [/ =k=1.

The values of the empirical covariance and the model
covariance (3.1), using the values of A and o previ-
ously defined, are presented in Figure 3.1.

As one can see, the estimated empirical values are re-
markably close to the model function. Thus, this sim-
ulation proves that formula (2.2) can give a correct es-
timate of the signal covariance.

Furthermore, in the presented simulation, every sin-
gle realization has, by definition, the given covariance
structure that can be estimated according to the ap-
proach described in Mussio (1984). In Figure 3.2, the
empirical covariances estimated with the signals sy,
s50 and s9, selected among the 100 computed simula-
tions of the signal, and the model (3.1) are plotted.
Contrary to the previous case, the empirical covari-
ance values are not so close to the model covariance,
particularly for large d values. This is quite obvious
since formula (2.2) is the mean of the empirical co-
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variances of the different signal realizations. Thus, the
values in (2.2) are more reliable than those computed

on a single realization.

20 50 100 150

distance

Figure 3.1: The empirical covariance (formula (2.2) - black dots) and
the model covariance (solid red line).

distance

Figure 3.2: The empirical covariances of the three signals and the
model function (solid line).

4 Conclusions

The proposed procedure can be efficiently applied for
the estimation of the covariance function of the sig-
nal implied by an arbitrary model, which depends on
a given set of parameters. If each parameter is con-
sidered as a normal random variable, having mean and
variance that can be derived from physical assumptions
on the model, one can estimate the covariance func-
tion of the signal derived from the model. In turn, this
allows having a testing procedure between model and

observed values that takes into account not only the
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covariance of the observation but also the model co-
variance. In a recent application of this method to a
geophysical model describing the crustal deformation
in the Calabrian Arc region, interesting results were
obtained that allowed a clearer definition of this geody-
namical process (Barzaghi et al., 2014). In the future,
the same procedure will be applied to other geodynam-
ical areas in the Italian region and to oceanographic cir-
culation models in the comparison with altimetry data.
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Zusammenfassung

Die Stadt Darmstadt liegt am Rande des Oberrheingrabens und das Kongresszentrum ,,darmstadtium‘ wurde direkt

auf der Randstorung errichtet. Der dabei freigelegte Anschnitt der Verwerfung wurde zugénglich gemacht und zur

Einrichtung einer Messstation genutzt. Hier beschreiben wir den Neuaufbau der Station ab dem Jahre 2016 mit

dem jetzt verfiigbaren Instrumentarium zur Uberwachung der Kriechvorginge an der Storung.

1  Einleitung

Das darmstadtium, das Wissenschafts- und Kon-
gresszentrum in Darmstadt, wurde im Januar 2008
erdffnet. Benannt nach dem chemischen Element
Darmstadtium, das 1994 bei der Gesellschaft fiir
Schwerionenforschung in Darmstadt erzeugt wurde,
dient es als Veranstaltungshaus der Wissenschaftsstadt
Darmstadt zum Austausch von Gesellschaft, Wissen-
schaft und Wirtschaft. Neben einer avantgardistischen
Architektur und einem innovativen und mehrfach aus-
gezeichneten Nachhaltigkeitskonzept wurde auch Wert
auf die Verbindung zur Wissenschaft gelegt.

Die im Zuge des Baugrubenaushubs freigelegte Ost-
randstorung des Oberrheingrabens wurde zugédnglich
gemacht und mit einer Messstation fiir geowissen-
schaftliche Untersuchungen vorbereitet (Hoppe u.a.,
2015).

Die o6stliche Hauptrandverwerfung des Oberrheingra-
bens, siehe Abbildung 1.1, gehort zu einem ganz
Europa durchziehenden Bruchsystem und ist eine der

bedeutendsten strukturgeologischen Elemente in Mit-
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teleuropa. Mit dem Bruchsystem verbunden sind seis-
mische Aktivititen, sieche Abbildung 1.2, entnommen
aus dem Hessischen Umweltatlas (http://atlas.um
welt.hessen.de/ - Geologie und Boden), wobei ins-
besondere die im Raum Darmstadt auftretenden Erd-

bebenschwirme von besonderem Interesse sind.

Abbildung 1.1: Ostrandstorung des Oberrheingrabens um Darmstadt
(Bild Hoppe u. a., 2015).
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In Zusammenarbeit von TU Darmstadt, darmstadium
und Hessischem Landesamt fiir Naturschutz, Umwelt
und Geologie (HLNUG) wurde im Jahre 2016 ein
neues Observatorium an der Verwerfung eingerichtet,
in dem Bewegungen an der Verwerfung direkt gemes-
sen werden konnen.
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Abbildung 1.2: Erdbeben in Oberrheingraben und Siidhessen. Die
GroBe der Kreise zeigt die Stirke der Erdbeben an
(Bild: Hessisches Landesamt fiir Naturschutz, Um-
welt und Geologie).

2 Messstation

Die Messstation befindet sich an der Ostseite des darm-
stadtiums zwischen GebdudeauBenwand und der mit
einem Eisenverbau bergminnisch gegen Einsturz und
Nachrutschung von Lockergestein befestigten Wand
der ehemaligen Baugrube. In Abbildung 2.1 und 2.2
sind der Verlauf der Stérung auf dem Boden der Bau-
grube und die heutige Messstation zu sehen. Hier
trennt die Storung die Kristallingesteine des Odenwal-
des von den Sedimenten des nordlichen Oberrheingra-
bens.

Die Storung wurde 2007 mit einem optomechani-
schen Messgerit instrumentiert, das die Relativbewe-
gungen zwischen den beiden Schollen erfasst. Nach-
dem Teile der Messstation aufgrund Verwitterung des
urspriinglich holzernen Baugrubenverbaus verschiittet
wurden, wurde sie mit Mitteln der TU Darmstadt, des
Hessischen Landesamtes fiir Naturschutz, Umwelt und
Geologie (HLNUG) und des Wissenschafts- und Kon-
gresszentrums Darmstadt GmbH & Co. KG aufwindig
saniert und wesentlich erweitert.
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Abbildung 2.1: Baugrube des darmstadtiums mit Verwerfungslinie
der Randstorung, die deutlich durch die Farbunter-
schiede des Bodens gekennzeichnet ist.

Abbildung 2.2: Blick in die Messstation, links die Ausschnitte in der
Verbauung mit direkter Sicht auf die Storung.

Abbildung 2.2 zeigt die Verbauung mit zwei Fens-
tern auf die Stérung zur photogrammetrischen Ver-
messung der Deformationen. An der Auflenwand des
darmstadtiums befindet sich ein betonierter Sims zur
Aufnahme der Messinstrumente und der Datenerfas-
sung mit Anschluss an das Internet zum Online Zugriff
auf die Messdaten.

Da die Station nicht 6ffentlich zugénglich ist, werden
die Daten iiber ein Web-Interface auf einem speziell fiir
die Information der Offentlichkeit eingerichteten Web-
Server im Foyer des darmstadtiums abrufbar sein. Dort
sind auch Hintergrundinformationen zu Station, Geo-
logie und geoditischer Messstation interaktiv zu erfah-
ren.



3 Sensorik

3 Sensorik

Im Zuge der Renovierung der Messstation wurde ein
erweitertes interdisziplinidres Konzept zur Nutzung als
Natur-Labor in der Lehre und Forschung der beteilig-
ten Institute entwickelt. Die spektakulire geologische
Struktur wird nun mit einer erweiterten Instrumentie-
rung und mit neuen Messverfahren und Parametern
kontinuierlich iiberwacht. Das Instrumentarium be-
steht aus einem optomechanischen 3D Extensometer,
einem Seismometer, einem Radon-Messgerit, einer
Kamera zur Deformationsmessung und meteorologi-

schen Sensoren (siehe Abbildung 3.1).

Geodétische Messstation
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Abbildung 3.1: Skizze der Station mit Anordnung der Messinstru-
mente.
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Das Seismometer, ein TitanSMA ,,Strong Motion Ac-
celerograph®, beinhaltet einen Beschleunigungssensor,
der die Gebdudebewegungen in allen drei Raumrich-
tungen aufzeichnet. Er ist eingebunden in das seismi-
sche Stationsnetz des beim HLNUG betriebenen Hes-
sischen Erdbebendienstes (HED) zur Uberwachung
der Erdbebenaktivitit in Hessen. Die aktuellen Daten
und Analysen der Erdbebenherde mit den entsprechen-
den Magnituden stehen online unter www.hlnug.de/1i
ndex.php?id=425 zur Verfiigung.

Das optomechanische Extensometer TM-71 nach
Kostak (Kostdk und Avramova-Taceva, 1988) misst
seit 2007 die Relativbewegungen zwischen den beiden
Schollen. Die seitdem gewonnenen Messreihen haben
iberraschend hohe Relativgeschwindigkeiten von ca.
1 mm pro Jahr in horizontaler Richtung und 0,6 mm
pro Jahr in vertikaler Richtung ergeben. Das Instru-

ment wurde modernisiert und mit einer elektronischen

Ableseeinrichtung ausgestattet (Rowberry u. a., 2016),
so dass die Messungen automatisch erfasst und gespei-
chert werden konnen.

Das Extensometer in der Messstation ,,darmstadtium*
ist damit einer von nur dreien in Siiddeutschland. Alle
Instrumente und Ergebnisse sind im Internet abrufbar
(tecnet.cz/index_en.php).

Ein AlphaGUARD-Radon Monitor PQ 2000 misst die
Radonkonzentration mit einer Ionisationskammer. Mit
den Messungen soll untersucht werden, ob in Zusam-
menhang mit tektonischen Bewegungen entlang von
Schwichezonen im Untergrund bzw. bei Erdbeben
zeitliche Verdnderungen im Radongehalt der Raumluft
der Messstation auftreten.

Im Rahmen von studentischen Projekten wird ein Ka-
merasystem entwickelt, das in regelméBigen Interval-
len ein Bild der freigelegten Verwerfungsspur regis-
triert. Das Fenster auf die Verwerfung ist mit einem
Raster von tief im Fels verankerten Stahlstdben verse-
hen. Aus der Serie von Bildern konnen mit der Zeit mit
photogrammetrischen Verfahren kleinste Anderungen
der relativen Positionen der Stibe abgeleitet werden.
In Ergiinzung zum Extensometer TM-71 sollen so die
Bewegungsraten erfasst werden.

Basierend auf den Hohenfestpunkten der Landesver-
messung und den hier seit mehr als 100 Jahren vorlie-
genden Wiederholungnivellements des Haupthohen-
netzes werden in studentischen Projekten die lokalen
Hohendnderungen in Darmstadt in Wiederholungsni-
vellements erfasst. Seit etwa 10 Jahren konnen auch
Messungen mit GPS und mit Erdbeobachtungssatelli-
ten Hohendnderungen im sub-cm Bereich detektieren
und so effizient als Ergidnzung eingesetzt werden.
Dazu werden die permanenten GNSS Stationen auf
den Gebduden der TU in der Stadtmitte (d.h. im
Rheingraben) und auf dem Campus Lichtwiese im
festen Granodiorit des Odenwaldes genutzt. Die Sta-
tionen sind in das SAPOS-Netz der Hessischen Ver-
waltung fiir Bodenmanagement und Geoinforma-
tion (http://sapos.hvbg.hessen.de) eingebunden.
Aus den langjidhrigen Zeitreihen der Koordinatenin-
derungen lassen sich die Bewegungsraten in Lage
und Hohe sehr genau ableiten. Eine erste Analyse
der gegenwirtigen Stationsbewegungen in Siid-West
Deutschland wurde in Kooperation mit dem Institut
fiir Geodisie des KIT und dessen GURN-GNSS Net-
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zes 2014 begonnen. Ziel ist die Erstellung eines regio-
nalen Geschwindigkeitsfeldes fiir das gesamte Gebiet
des Oberrheingrabens.

Gegenwirtig laufen die Vorbereitungen zur Installation
von Corner-Reflektoren, um die satellitenbasierten In-
terferometrischen SAR-Techniken zur Uberwachung
von Bodenbewegungen auch fiir die Gebdude der TU
Darmstadt besser nutzen zu konnen. Mit diesem ein-
maligen Multi-Sensoransatz und der interdisziplini-
ren Zusammenarbeit soll ein wesentlicher Beitrag zu
Lehre und Forschung an einer exemplarischen Typlo-
kalitidt mit direktem Zugang zu einem kontinentalen

Riftsystem geschaffen werden.
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Zusammenfassung

Prisident des Landesamtes fiir Geoinformation und Landentwicklung Baden-Wiirttemberg
Referatsleiter Kartographie beim Landesamt fiir Geoinformation und Landentwicklung Baden-Wiirttemberg

Vizeprisident des Bundes Deutscher Baumeister, Architekten und Ingenieure Baden-Wiirttemberg e.V.

Wer konnte besser einen Vorgeschmack auf die Berufspraxis aulerhalb der Universitit vermitteln als diejenigen,

die diese Situationen schon seit vielen Jahren erleben: die Lehrbeauftragten. Im Studiengang ,,Geodésie und Geo-

informatik (GuG)*“ des KIT obliegt es ihnen, konkrete Aufgabenstellungen und dafiir geeignete Losungsansitze

aus Flurneuordnung, Landentwicklung, Stadtplanung und Stadtentwicklung, Baulandumlegung, Liegenschafts-

kataster, Ingenieurvermessung, Landesvermessung oder Kartographie zu vermitteln. Gleichzeitig verkorpern sie

mogliche spitere Arbeitgeber und zeigen, welche Aufgaben und Herausforderungen nach einem erfolgreich absol-

vierten Bachelor- und Masterstudium in der freien Wirtschaft und in der Verwaltung warten.

1 Aus der Praxis fiir die Lehre

Lehrbeauftragte machen darauf aufmerksam, wie fa-
cettenreich das kiinftige Berufsbild von Geodédten und
Geoinformatikern sein kann. Sie zeigen, wie vielseitig
Geobasisdaten und Geodaten erzeugt und im téglichen
Leben verwendet werden und wie einfache aber auch
sehr umfangreiche Verdnderungen von Grundstiicken
geplant und umgesetzt werden konnen. Dabei spielt
der Bezug zu Biirgerinnen und Biirgern, zu Verwal-
tungsmitarbeiterinnen und -mitarbeitern und zu Inter-
essenvertretern jeglicher Art eine zentrale Rolle. Die
wissenschaftliche Theorie erfiahrt Wirklichkeit, verkor-
pert durch die Lehrbeauftragten, die sich ihr tdglich zu
stellen haben.

Die zu vermittelnden Themen sind dabei so systema-
tisch aufzuarbeiten, zu strukturieren und so vereinfacht
darzustellen, dass junge Menschen auf ihren bishe-
rigen Lebenserfahrungen aufbauend Zusammenhénge

erkennen und lernen, wie komplexe Formeln und wis-
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senschaftliche Ansédtze im geoditischen Berufsalltag
Anwendung finden. Dass Studierende dieser Praxis-
vermittlung durchaus zugeneigt sind und sich fiir ent-
sprechende Titigkeiten begeistern lassen, zeigen die

durchweg sehr guten Evaluierungen der Vorlesungen.

Diese Tatigkeit bringt fiir die Lehrbeauftragten den po-
sitiven Effekt mit sich, in anderen beruflichen Situa-
tionen, zum Beispiel in Presseinterviews oder telefoni-
schen Biirgeranfragen, aus dem Stand auf eine plaka-

tive Darstellung zuriickgreifen zu konnen.

Derzeit sind am Geoditischen Institut (GIK) des KIT
im GuG-Studiengang fiinf Lehrbeauftragte titig. Sie
geben denjenigen Studierenden, die Interesse an einer
Laufbahn in der Verwaltung, d.h. zum Beispiel beim
Land, den Landkreisen und den Stiddten oder an der
Titigkeit als Offentlich bestellter Vermessungsinge-
nieur haben, auch Einblicke aus erster Hand in den da-
fur erforderlichen Vorbereitungsdienst bzw. Referen-

dariat. Dessen Inhalte sind als Ergiinzung zum Studium

Dieses Werk ist lizenziert unter einer
0 @ Creative Commons Namensnennung

BY _SA - Weitergabe unter gleichen Bedin-

gungen 4.0 International Lizenz (CC BY-SA 4.0): https://
creativecommons.org/licenses/by-sa/4.0/deed.en

45


https://creativecommons.org/licenses/by-sa/4.0/deed.en
https://creativecommons.org/licenses/by-sa/4.0/deed.en

Berendt et al.: AuBeruniversitirer Berufsalltag im Studium

ganz bewusst so gewihlt, dass all das, was die Lehr-
beauftragten an der Universitdt nur thematisch anrei-
Ben konnen, tiber Monate hinweg vertieft wird. Mit der
2. Staatspriifung verfiigen die Master- und Bachelor-
absolventen dann zusétzlich iiber ein solides verwal-
tungstechnisches Hintergrund- und Praxiswissen, mit
dem sie von Anfang an auch als Fiithrungskraft be-

stehen konnen.

2 Zusammenarbeit zwischen
dem GIK und ...

2.1 ... dem Landesamt fiir Geoinformation
und Landentwicklung (LGL)

Das LGL begleitet studentische Abschlussarbeiten, un-
terstiitzt aktiv und engagiert Forschungs- sowie stu-
dentische Projekte des GIK mit Know-how, Personal,
Instrumentarium und amtlichen Geobasisdaten. Zahl-
reiche Ergebnisse fritherer Studien- und Diplomarbei-
ten beziehungsweise der heutigen Bachelor- und Mas-
terarbeiten fanden und finden direkten Eingang in die
Anwendung, fiir jeden Studierenden sicherlich eine
ganz besondere Bestitigung der Sinnhaftigkeit des ei-
genen Studiums.

Mit Herrn Professor Bernhard Heck an der Spitze sei-
nes Lehrstuhls entwickelten sich zwischen Universi-
tat und LGL gemeinsame Forschungsprojekte, oft iiber
die Landesgrenzen hinaus.

Beispielsweise werden im Forschungsprojekt GURN
(GNSS Upper Rhine Graben Network), das vom
GIK und der Universitdt Strasbourg 2008 initiiert
wurde, rezente Krustenbewegungen des Oberrheingra-
bens detektiert. Statt bisheriger Kampagnenmessun-
gen, bei denen wenige Punkte fiir einzelne Tage mittels
GPS-Ausriistungen besetzt und die Daten ausgewertet
wurden, werden hier erstmals die Daten aller verfiig-
baren permanent betriebenen GNSS-Stationen dieser
Region konsistent ausgewertet. Die Datenbasis fiir die
Untersuchungen sind die Beobachtungsdaten von rund
75 permanent betriebenen GNSS-Stationen der Koope-
rationspartner, nimlich der Vermessungsverwaltungen
aus Baden-Wiirttemberg, Rheinland-Pfalz, Frankreich
und der Schweiz sowie privaten Partnern.

Die Kooperation zwischen GIK und LGL zeigt sich
beispielsweise auch bei der seit 2008 durchgefiihr-

ten Berechnung des Multipath-Indexes zur Quantifizie-
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rung der Signalqualitit von baden-wiirttembergischen
SAPOS® Stationen. Als Konsequenz dieser Index-
Bestimmungen verlegte das LGL im Jahr 2013
die SAPOS®-Station Heidelberg nach Mannheim
und steigerte dadurch nachweislich die Qualitit der
SAPOS®-Produke.

Das LGL profitiert insofern aus den gemeinsa-
men Forschungsprojekten, dass Messanordnungen und
Messabldufe wissenschaftlich gepriift und unterlegt
werden. Fiir die Studentinnen und Studenten verkor-
pern die Projekte ein selbstindiges Arbeiten mit Pra-
xisrelevanz. So wurden zum Beispiel die Hohenlinien
aus der tachymetrischen Geldndeaufnahme, die im
Rahmen der Hauptvermessungsiibungen im Schwarz-
wald durchgefiihrt wird, in die amtlichen Grundkarten
iibernommen.

Im Besonderen diese Hauptvermessungsiibungen, die
das LGL personell unterstiitzt, belegen, wie intensiv
sich die Kooperation zwischen GIK und LGL zwi-
schenzeitlich entwickeln konnte.

Langjdhrige Tradition ist inzwischen, dass Referentin-
nen und Referenten aus dem LGL aktuelle Themen der
baden-wiirttembergischen Vermessungs- und Flurneu-
ordnungsverwaltung in geoditischen Kolloquien des
GIK und des Instituts fiir Photogrammetrie und Fern-
erkundung présentieren und diskutieren.

Die Vorlesung ,,Neuordnung der Léndlichen Rdume*
zeigt den Geodisie-Studierenden, warum und wie
gerade sie und nicht andere Studienginge gefragt
sind, wenn es in Flurneuordnungen in einem Guss
um die Neugestaltung in Lage, Form und Grofle
von wenigen bis hin zu Tausenden von Grundstii-
cken von bis zu Hunderten von Grundeigentiimern
geht. Die Interessen einer Vielzahl von Behorden, Or-
ganisationen und Vereinen aufgreifend ermoglichen
solche (GroB-)Projekte eine deutlich bessere Nut-
zung der Grundstiicke, sei es durch bzw. fiir die
Land- und Forstwirtschaft, die Gemeinden, den Natur-,

Landschafts- und Umweltschutz oder den Tourismus.

2.2 ... dem Landkreis Rastatt

Der Lehrauftrag ,,Einfithrung in das Liegenschaftska-
taster* bietet sich als die ideale Gelegenheit an, die
Studierenden auf die vielseitigen Tétigkeiten und Auf-
gaben in einer Vermessungsbehorde oder im freien Be-

ruf aufmerksam und neugierig machen zu konnen.



2 Zusammenarbeit zwischen dem GIK und ...

Als ehemaliger Geodisie-Student der Universitit
Karlsruhe (TH) und nun Leiter einer unteren Vermes-
sungsbehorde hat sich nach rund 25 Jahren der Kreis
geschlossen. Jetzt, aber auf der anderen Seite stehend,
ist es moglich, den Studierenden aus der Praxis her-
aus Einblick in das amtliche Vermessungswesen, ins-
besondere in das Liegenschaftskataster zu geben. Zum
besseren Gesamtverstindnis wird zunichst ein Uber-
blick vermittelt, und zwar von den Anfingen der Lan-
desvermessung und des Katasters bis in die heutige
Zeit mit SAPOS® und dem neuen ETRS89/UTM-
Koordinatensystem. Dazu gehort auch die Bedeutung
des Liegenschaftskataster fiir die Gesellschaft und die
enge Verbindung zu Grundbuch sowie Bodenschét-
zung bzw. der Datenaustausch mit dem zustindigen
Amtsgericht und Finanzamt.

Auch die Neuheiten und aktuellen Entwicklungen
kommen nicht zu kurz, so werden z. B. der ,,Integrierte
geoddtische Raumbezug®” mit dem Lagebezugsrah-
men ETRS89/DREF91 (R2016), Hohenbezugsrahmen
DHHN2016 und Schwerebezugsrahmen DHSN2016
sowie dem Quasigeoid GCG2016 erldutert oder die
Uberlegungen zur Nutzung der hochaktuellen Daten
des Erdbeobachtungsprogramms Copernicus vorge-
stellt. Dabei wird stets auf die Zusammenhinge zwi-
schen den anderen Studieninhalten bzw. Vorlesungen
und der Praxis hingewiesen.

Das Amtliche Vermessungswesen ist tatsdchlich ange-
wandte Geodisie!

Die Absolventen des Studiengangs GuG sind im be-
nachbarten Rastatt immer willkommen, denn in der
Verwaltung und dem freien Beruf werden derzeit viele

Nachwuchskrifte gesucht, die es auszubilden gilt!

2.3 ... der Stadt Offenburg

Stadte wachsen, Einwohnerzahlen steigen, Wohn-
raum, vor allem bezahlbarer Wohnraum, wird knapp.
Zudem fordert die Nationale Nachhaltigkeitsstrate-
gie eine deutliche Reduzierung der Flichenneuinan-
spruchnahme unter dem Grundsatz ,,Innenentwicklung
vor Auflenentwicklung®. Damit fiihrt kein Weg an der
Entwicklung und Aktivierung von Brachflichen, Bau-
liicken und leerstehenden Gebduden vorbei.

Mit der Losung dieser Aufgabe sind die Kommunen
bundesweit befasst. Was es braucht, sind grundlegende

Datenerhebungen und Analysen sowie darauf aufbau-

end die Entwicklung von umsetzbaren Konzepten. Al-
leine konnen die Kommunen dies kaum losen. Eine
wissenschaftliche Unterstiitzung wird benotigt. Dies
kann vielschichtig sein. Und hier beweist sich der Vor-
teil der Lehrbeauftragten, die ihre alltdglichen praxis-
relevanten Fragestellungen in die Universitdt einbrin-
gen und im wissenschaftlichen Umfeld diskutieren, um

so gemeinsam Antworten zu finden.

Am Beispiel der Stadt Offenburg ist dies u.a. durch
mehrere studentische Abschlussarbeiten erfolgt. Uber
bundesweite Vergleichsstudien konnte so beispiels-
weise ermittelt werden, welches ein fiir Offenburg effi-
zienter Weg ist, das iiber das gesamte Stadtgebiet hin-
weg vorhandene Baufldchenpotential aufzufinden und
darzustellen. Im Ergebnis wurde ein vom Gemeinderat
beschlossenes GIS-gestiitztes Baulandkataster erstellt
und verdffentlicht. Damit ist es moglich, tagesaktu-
ell abzurufen, wo in Offenburg welche Baumafnahme
realisierbar ist.

In weiteren Arbeiten wurden auf der Grundlage des
Geoinformationssystems der Stadt Offenburg Realex-
perimente zur Reduzierung der Fldcheninanspruch-
nahme durchgefiihrt. Wie konnen nicht ausgenutzte
Kapazititen im Siedlungsbestand ermittelt werden?
Wie ldsst sich eine automatisierte Klassifizierung der
aufgefundenen Fldchen durchfiihren? Diese Arbeiten
flossen in das neue Siedlungsinnenentwicklungskon-
zept der Stadt Offenburg ein. Dieses Konzept stellt
heute einen wichtigen Baustein der stidtebaulichen
Entwicklung von Offenburg dar. Das damit verbun-
dene Ziel ,,Bauland flichenschonend zur richtigen Zeit
der richtigen Bevolkerungsgruppe bereit zu stellen*

konnte so weitgehend realisiert werden.

Diese wenigen Beispiele zeigen, wie wertvoll der Aus-
tausch zwischen kommunaler Praxis und wissenschaft-
lichem Studium sein kann. Dies ist dabei keineswegs
eine Einbahnstrafle, bei der lediglich die Kommunen
durch wissenschaftlichen Input profitieren. Vielmehr
erleben auch die Studierenden, welche Bedeutung die
kommunale Vermessung fiir das alltdgliche Leben be-
sitzt. Dazu dienen neben den oben exemplarisch auf-
gefiihrten Arbeiten vielfiltige Exkursionen und vor al-
lem auch Vorlesungen der Lehrbeauftragten, die durch
zahlreiche tagesaktuelle Praxisbeispiele angereichert
sind.
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2.4 ... den freien Vermessungsberufen

Es ist schon etwas auflergewohnlich, dass eine
Universitit im Binnenland, d.h. weit weg vom
Meer und groBlen Seen, in der Ingenieurvermes-
Modul

gen/Meeresgeodisie” anbietet. Zeigt es doch das Be-

sung das ,.Hydrographische Vermessun-
streben, GuG-Studierenden im Masterstudiengang ein
breites Basiswissen zu vermitteln und auf alle anste-
henden Aufgaben im spiteren Berufsleben vorzuberei-
ten.

In der Hydrographie werden die Topographie, die Dy-
namik und die morphologische Struktur von Gewis-
sersohlen sowie die Lage und Beschaffenheit von Ob-
jekten in und am Gewisser raumbezogen erfasst. Die
Ergebnisse werden in Informationssystemen verbrei-
tet oder in Karten und Detailplinen aufbereitet. Die
Daten sind Grundlage fiir die Planungen im Wasser-,
Briicken- und Kraftwerksbau aber auch von okologi-
schen Projekten.

Die Untersuchung kritischer Unterwassergeologie von
Seeboschungen, der FlieBdynamik von Fliissen, der
Gefahrenortung im Schiffsverkehr sowie Massen-
ermittlungen von Anlandungen und Auskolkungen
sind nur ein kleiner Auszug weiterer interessanter In-
genieurleistungen.

Gelehrt wird z.B. der Einsatz modernster Sensorik,

physikalisches Grundwissen in der Schallausbreitung

48

im Meer- und SiiBwasser, Gezeiten, Beschickung so-
wie unterschiedliche Ortungs-und Positionierungssys-
teme.

Die Studierenden nehmen insbesondere die Aufarbei-
tung vieler Praxisbeispiele sowie die Fahrten mit dem
Messboot und die Nutzung eines Ficherecholotsys-
tems auf einem regionalen See sehr interessiert an.
Auch die Einfiihrung in die Kostenkalkulation und An-
gebotsausarbeitung von Projektbeispielen stellt eine
gute Grundlage fiir eventuelle spitere freiberufliche
Tatigkeiten dar.
Das Modul

gen/Meeresgeodisie “ fiigt sich deshalb gut in weitere

,,Hydrographische Vermessun-
hochinteressante Aufgaben der Geoddsie ein, welche

in der Ingenieurvermessung gelehrt werden.

3 Dank

Wir fiinf Lehrbeauftragten sind Herrn Professor Bern-
hard Heck dankbar, dass er uns in der Gestaltung
der Vorlesungen und Ubungen freie Hand lieB. Das
vertrauensvolle, kollegiale und unkomplizierte Mitein-
ander auf Augenhohe ermdglichte den Aufbau eines
Netzwerks auf allen Ebenen. Dies brachte den beson-
deren Erfolg, dass sich GIK und LGL in einer intakten
und intensiven Kooperation um den beruflichen Nach-

wuchs kiimmern.
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Abstract

In geodesy, two-point functions appear as covariance functions, convolution kernels like the Green functions,

transfer functions of the gravity field functionals and filter kernels. Knowledge of their structure both in the spatial

and the spectral domains opens vistas not only for understanding their behaviour, but also enabling their design.

Here, we develop the two-point functions in terms of spherical harmonic functions and discuss their structure. We

identify homogeneity and isotropy as the two key structural properties of the two-point functions that provide a

solid basis for their classification.

1 Introduction

A two-point function b(0,A,0’,1') is one which takes
two positions as its input, one a calculation point
(0,M), also known as evaluation point and the other
a data point (8',), also known as source point.
Geodesy is replete with such functions, for exam-
ple, the Stokes and Vening Meinesz kernels (Heiska-
nen and Moritz, 1967), filters (Pellinen, 1966; Jekeli,
1981), covariance functions (Rummel and Schwarz,
1977), Green functions (Farrell, 1972), Meissl scheme
(Meissl, 1971), upward and downward continuation
operators (Heiskanen and Moritz, 1967). Many of
these functions are similar in their mathematical form
in that the function values depend only on the dis-
tance between the calculation and data points, and such
functions are commonly referred to as (homogeneous)
isotropic functions. The spectral structure and utility

of other types of two-point functions were explored
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by Rummel and Schwarz (1977) in the context of co-
variance functions for collocation. Later, Jekeli (1981)
introduced ideas of filtering with the use of isotropic
and anisotropic two-point weight functions. It is only
the advent of the Gravity Recovery and Climate Ex-
periment (GRACE) mission and the need for filtering
its data has brought to the fore a variety of two-point
functions (Han et al., 2005; Swenson and Wahr, 2006;
Kusche, 2007; Klees et al., 2008). Given the impor-
tance of the GRACE mission for climate research, and
the absolute necessity for filtering GRACE data, pro-
vided the right impetus to explore the characteristics
of two-point functions. In this contribution, we will
discuss the structural characteristics of the two-point
functions as they directly influence their spherical har-

monic spectrum.

Dieses Werk ist lizenziert unter einer
Creative Commons Namensnennung

BY _SA - Weitergabe unter gleichen Bedin-

gungen 4.0 International Lizenz (CC BY-SA 4.0): https://
creativecommons.org/licenses/by-sa/4.0/deed.en

49


https://creativecommons.org/licenses/by-sa/4.0/deed.en
https://creativecommons.org/licenses/by-sa/4.0/deed.en

Devaraju and Sneeuw: The role of two-point functions in geodesy and their classification

2 Two-point functions

A general two-point function b(-,-) in terms of a spher-
ical harmonic transform pair is given as (e.g., Var-
shalovich et al. 1988)

b(0,A,0",)) = Z Y,,,,(@,k)): B?,’;l o (0,0),
l,m n.k
(2.12)

1 1 .
Blllrcl = @//b(e77\'79/77\’/) Ylm(e7>\')><

Q.

Y (6,1)dQdQ’.  (2.1b)

Nlm le(COS e) eim?» , m > 0

Yim(8,1) =
(1" ¥, (00), m<0
Nlm—(—l) (2[+1) (l—|—m)!

oo 1
Y =2 L
l,m 1=0 m=—1

dQ = sin6d6dA

where Y,,(-) are the 4m-normalized complex surface
spherical harmonics of degree [ and order m; (6,1) € Q
and (0/,1) € Q' are the coordinates of the calcula-
tion and data points, respectively; B;‘fl are the spherical
harmonic coefficients of the two-point function b(,-);
Pyy(cos®) are the associated Legendre functions nor-

malized using the factor Ny,,.

An alternative representation of (2.1a) can be obtained
by taking the calculation point as the pole of the sphere
Q' (cf. Figure 2.1). This accounts for a rotation of
the coordinate system of the sphere Q' and thereby
allowing for the data points on the rotated sphere to
be viewed as points at certain spherical distances and

azimuths from the calculation point. The rotation of
the coordinate system also corresponds to the rotation
of the spherical harmonics, which is accomplished by
the use of Wigner-D functions, for example (Edmonds,
1960).

an(lll,ﬂ', —A) = ZankO\., 9,0) Ynk(el,k/)
k

(2.2a)

Y (6,0 = Zanq(O, —0,—A) Yy (W, m—A)
q

(2.2b)

=Y D, (0,6,1) Yoy (w,m—A) (22¢)
q

where Dy, (0,—6, —A) are the 4n-normalized Wigner-
D symbols with the three Euler rotation angles (o0 = 0,
B = -0, y=—A\), y is the spherical distance and A is
the azimuth between (0, A) and (0’,1"). The Wigner-D
symbol is defined as

D”kQ(a" BaY) = e*ik’Y dnkq(B) e*iq(x (23)

For a complete overview on different normalization
conventions and the methods of computation used for
the Wigner-D functions, consult (Sneeuw, 1991).
Inserting (2.2b) into (2.1a) gives

b W,A) =Y Yiu(0.0) Y Bl x
lm nk

D3 0.6, 1% 5 )
q
(2.42)

:ZYlm(eax)ZY:q(an_A) X
Im n,g

ZBll/ll’];L :kq(O) _ea _7\')
k

(2.4b)

Such an expression was already presented to the

geodetic community by Rummel and Schwarz (1977),

Figure 2.1: Alternative representation of the two-point function.
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3 Structural properties of two-point functions

where they use expression (2.4a) to compute inhomo-
geneous covariance functions for use in collocation
studies. Also, Martinec and P&¢ (1985) provide two
more expressions for representing the two-point func-
tion, which arise by the use of bipolar spherical har-
monics and Clebsch-Gordan coefficients as used in the
quantum mechanics and astronomy communities. In
this document the expressions and methods of (Rum-
mel and Schwarz, 1977) will be followed.

3  Structural properties of
two-point functions

The convenience of the representation shown in (2.4a)
is that all the points on the sphere can be referred
and/or visualized as points at certain spherical dis-
tances and azimuths. This representation also allows
an intuitive understanding of the behaviour of the two-
point function in terms of the distribution of the func-
tion values over the whole sphere.

The values of the two-point function depends on the
four arguments — the coordinates of the calculation
point and the (spherical) distance and direction (az-
imuth) of the data point with respect to the calcula-
tion point. In the most general case the function value
changes with every calculation point given the same
values for the y and A. In the other extreme, the
two-point function only depends on only one argu-
ment. For example, the Stokes function depends only
on the spherical distance between the calculation and
data points, but not on the calculation point and the az-
imuth.

The independence of the two-point function with re-
spect to its calculation point gives rise to an important
property called homogeneity. A two-point function is
homogeneous if the distribution of the function values
over the domain of the data points (y,A) remain the
same for all the calculation points (6,). For example,
a homogeneous covariance function would mean that
all the calculation points on the sphere have the same
covariance function. Homogeneous functions are also
referred to as translation invariant functions.

Another important property of the two-point functions
comes from the directional invariance of the function
values. Here, the functions values are independent of
the azimuth, and therefore, they depend only on the

spherical distance. Thus, they are axially symmetric

around the calculation point, and this property is called
isotropy.

It must be evident from the description of the structural
properties that homogeneity/inhomogeneity is a global
property as it concerns all the calculation points, while
isotropy/anisotropy is a local property since it con-

cerns the axial symmetry at a given calculation point.

4  Classifying two-point functions

The properties homogeneity and isotropy can be used
to classify the two-point functions in terms of their spa-
tial structure. It needs to be ascertained whether such
specific spatial structures also correspond to specific
spectral structures. One way of identifying the spec-
tral structures is by taking the average of the two-point
functions with respect to specific arguments that make

them homogeneous and/or isotropic.
1
Homogeneity = e /b(&hw,A)dQ = b(y,A)
Q
4.1)
1
Isotropy = o /b(B,%,W,A)dA = b(6,\,y)
A
4.2)

It must be mentioned here that although in the homo-
geneous case (4.1) there is no explicit reference to the
calculation point (0, A), it is embedded in the spheri-
cal distance (y) and the azimuth (A) values. Hence, it
is still a two-point function. In the following sections,
we will use these two integrals to identify the spec-
tra of the various two-point functions (cf. Table 3.1).
Also, we will only show the important results. For
a complete discussion and detailed derivations of the
different classes of the two-point functions, the reader
is referred to (Rummel and Schwarz, 1977; Devaraju,
2015).
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Table 3.1: The different classes of two-point functions, their spherical harmonic expansion and spectral structure.

Notice that only the

anisotropic filters are dependent on the spherical harmonic order, while the isotropic filters are all degree dependent. Also, in
the anisotropic case the inhomogeneity is manifest in the structural changes of the spectrum, while in the isotropic case it is manifest

in the change of coefficient values depending on the location.

Anisotropic Isotropic
5 b(OAWA) = Y Yim(8,0) Y Vi (8' 1) Bk b(6,A,y) =Y (21+1)Pi(cosy)B;(6,1)
% lm nk ]
% nk n
<
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v 5 -
s S
S
en
)
5
= E, b(6,y,A) = Y Yin(0,) ) By Yo (6, 1) b(0,y) = ) (20 +1) Pi(cosy)B;(6)
5 l,m n ]
Qu n
Q
<
o 0
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2 g -
2= 5
—
b(y,A) = YV (. m—A) By, b(w) = ¥ (21 +1)Pi(cosy) By
% bim n ! n
g
= ®N
=}
T ~ -
4.1 Homogeneous functions tween the calculation and the data points. They are

Convolution (in the classical sense) is a standard oper-
ation in signal processing, and homogeneous functions
are at the heart of convolution. Convolution can be per-
formed either using an isotropic or an anisotropic ker-
nel. Jekeli (1981) refers to the convolutions with ho-
mogeneous isotropic kernels as convolution of the first
kind and those with homogeneous anisotropic kernels
as convolution of the second kind. Apart from convo-
lution, homogeneous functions have implications for
covariance functions. In the sequel, the general form of
the isotropic and anisotropic homogeneous functions

will be described and their implications discussed.

Isotropic
The two-point homogeneous isotropic functions on the
sphere depend only on the spherical distance y be-
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the simplest class of two-point functions defined on
the sphere, also the most ubiquitous form. Rummel
and Schwarz (1977) provide a detailed derivation of
the homogeneous isotropic two-point function derived
from the general two-point function. Here, only the fi-

nal formulae of the spherical harmonic transform pair

are given.
b(q;)nglc2 / / b0y, A) QA (4.3a)
Q A
) 1
=Y P(cosy) Y B (4.3b)
=0 m=—1
=) P(cosy)(2l+1)B, (4.3¢)
=0
1 T
Bi=3 / b(y)Py(cos ) sinydy (4.3d)
0



4 Classifying two-point functions

where b(y) is the homogeneous isotropic function,
P;(cosy) are the unnormalized Legendre polynomials
One of

the most important use of the homogeneous isotropic

of degree / and B; is the spectrum of b(y).

functions is in the description of the power spectrum
of the gravity field as devised by Kaula (1967).

= Z 012 Pi(cosy) (4.4a)
1

where o7 =Y [Kjul’ (4.4b)
m
in which Kj,, are the 4m-normalized complex spherical
harmonic coefficients of a given gravity field model.
Comparing (4.3a) and (4.4a), it is evident that the
power spectrum that is routinely computed is indeed a
global average of the covariance function. It tells us
about the average behaviour of the signal covariance

of the given gravity field model.

Anisotropic

The two-point homogeneous anisotropic functions de-
pend both on the spherical distance y and the azimuth
A. The values of the function can be derived by aver-
aging the general two-point function over all the calcu-

lation points as follows:

_ in / b(6, )y, A) dQ
Q

=Y Bin Yin(y,m—A) (4.5)

l,m

Since co-latitude and longitude are the spherical dis-
tance and direction from the pole to any other point
on the sphere, the spectrum of the homogeneous
anisotropic function resembles that of a function de-
fined on the sphere. This function has very limited (so

far) use in geodesy.

4.2 Inhomogeneous functions

Inhomogeneity in its strict sense results in a two-point
function that at every calculation point has a unique
field of values b(-,y,A). In a less restricted sense the
two-point function is inhomogeneous only with respect
to either the latitude or the longitude. In the following
we will discuss only the strict and latitude dependent

inhomogeneities.

Isotropic
Inhomogeneous isotropic functions are generated by

integrating the general two-point kernel over the az-

imuth.
b(6,A, ) = /bekw, (4.6a)
—ZYlm e 7‘ ZBlm nk (COSW)
nk
(4.6b)
= ZB" (8,1) P,(cosy) (4.6¢)

Equation (4.6¢) is the spectrum for a location depen-
dent isotropic function. The inhomogeneity of the two-
point function in (4.6a) can be restricted only to the

latitude and this results in

2w
1
DoY) = o / b(6, 1, ) dA (4.72)
0
= Z m(cos0) Bl Py (cos0) Py(cosy)
l,m;n
(4.7b)
=Y B"(6) Py(cosy) 4.7¢)

Although such functions, to the best of our knowledge,
have not been used in geodesy, they can be employed

for describing location dependent Green functions.

Anisotropic

The general two-point function is a completely in-
homogeneous and completely anisotropic kernel (i.e.,
asymmetric). Such a function can be imagined to have
a unique field f(y,A) defined at each calculation point
(6,A). Although Rummel and Schwarz (1977) indicate
that the most general of such inhomogeneous func-
tions will not be physically meaningful, Klees et al.
(2008) describe an optimal filter for the GRACE data
that is completely inhomogeneous and anisotropic (and
asymmetric). This is an example of the general two-
point function. As in the isotropic case, anisotropic
two-point functions can also be made only latitude de-

pendent. Again, it is accomplished by averaging the
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general two-point function over the longitudes of the

calculation points.

2w

b(6,y,A) = in /b(e,x,w,A)dx (4.82)
0

=Y Piu(cos®) By Y (6/,AL)  (4.8b)
l,m.n

= ZY,m (8,1) ZB (0 \)  (4.8¢)
The spectrum of the latitude dependent two-point func-
tion (4.8c) has a clear order-leading block-diagonal
structure, because it depends on only one order m in-
stead of two m and k (cf. Table 3.1). The latitude
dependent anisotropic two-point functions are an im-
portant class of functions for satellite gravimetry, since
the covariance derived from the satellite data have
an order-leading block diagonal structure (Colombo,
1986; Sneeuw, 2000). For this reason, the most effec-
tive filters for the noisy GRACE data have block diag-
onal structures (Han et al., 2005; Swenson and Wabhr,
2006; Kusche, 2007) (cf. Figure 4.1).

A peculiarity of the latitude dependent two-point

Mathematically, it means that the spherical harmonics
become order independent at the poles, and hence, the

coefficients become degree dependent.

l,n,m

=Y V2I+18,u0e™ Bl Vum(8',\)

L,n,m

_Z\/ZH— V2n+ 1B Py(cos®)

b(0,v, i Yam (8, 1)

An interesting case develops when the off-diagonal el-
ements of each of the m blocks of the spectrum of the
two-point function become zero. Then the spectrum of

the two-point function takes the following form:

A) = Z Ylm(e7}") Bf% Yl)rkn(elvk/)

I,m

b(97W5 (49&)

and the area under the function at each calculation

point is
/b (6,,4) dQ' = Zy,m (6,1) BI” /Ylm (6,1 deY

=4n Z Ylm 97}") Blm 8lO 8mO

functions is that they are all isotropic at the poles Lm
(6 ={0,m}) due to convergence (cf. Figure 4.1). = 4n BY) (4.9b)
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Figure 4.1: Spatial plots of the two of the most commonly used filter kernels in GRACE community —

the destriping filter cascaded with a

Gaussian filter and the regularization filter — shown here for three different latitudes. Both the filter kernels are anisotropic, but

inhomogeneous only in the latitude-direction.
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5 Summary

which implies that the area under the two-point func-
tion is independent of the latitude. The underlying
meaning is that no matter which latitude the function
is located, the area under the function must be a con-
stant. This is an important criterion for designing such

latitude dependent anisotropic two-point functions.

S  Summary

The two-point function on the sphere is a ubiquitous
function in geodesy. It manifests as a transfer func-
tion of gravity functionals, as a filter kernel, as a Green
function and also as a covariance function. Here, we
identified two structural properties of the two-point
functions, namely, homogeneity and isotropy, which
allowed us to devise a classification scheme. The clas-
sification turned out to be meaningful as each struc-
tural class had its unique spectrum. We also indicated
two classes that play an important role in geodesy, viz.
homogeneous isotropic functions and latitude depen-
dent anisotropic functions. In the classification, we
did not, however, explore directional two-point func-
tions b(-,A) and longitude dependent two-point func-
tions b(A, ).
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Abstract

The two sensors of the SG 056 double-sphere superconducting gravimeter at BFO (Black Forest Observatory,
Germany) show differences in their response to long-period seismic signals. Their frequency response deviates
from the nominal GGP1-filter (8th-order Bessel low-pass). We experimentally derive parameterized models for
the sensor’s full frequency response by application of square-wave and down-sweep drive signals to the feedback
circuit and subsequent inversion. The latter is carried out with the program calex in the time domain which
iteratively minimizes the least-squares misfit between the output signal predicted with the filter model and the
actual output of the sensor. We seek for values of eigenperiod and damping of the four 2nd-order subsystems of
8th-order low-pass filters. The resulting filters deviate considerably from the nominal response of the GGP1-filter
also in that they are not Bessel filters. Remaining residuals indicate that the models are not able to capture the exact
response. Nevertheless, they substantially reduce amplitudes of waveform-residuals in long-period earthquake
recordings by a factor of four. The filter response curves approach their DC-limit (frequency f = 0Hz) within
the frequency band of the drive signals. Thus we estimate the asymptotic signal delay Afpc to be considered
in tidal analysis to be Afpcg; = 10.44s for the lower sensor G1 (heavier sphere) and Afpcgy, = 9.86s for the
upper sensor G2 (standard sphere). The accuracy of these values appears to be not better than 0.07s. For signals
recorded with voltmeters on the UIPC data-acquisition and distributed through the IGETS data center (formerly
GGP) Atpcgr = 9.84s and Atpcgy = 9.265.

1 Introduction appropriately corrected for the effect of atmospheric

masses (Ziirn and Widmer, 1995). Rosat and Hinderer

Superconducting gravimeters (Prothero Jr. and Good-
kind, 1968; Goodkind, 1999) are valuable for their
exceptional stability and low drift (Crossley et al.,
2013; Hinderer et al., 2007).

ferred instrument type for the observation of secular

They are the pre-

changes of gravity and tidal gravity signals. Widmer-
Schnidrig (2003) demonstrated that they even outper-
form the most sensitive broad-band seismometers cur-
rently available at frequencies up to 1 mHz in the

frequency-band of Earth’s normal modes, if data are
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(2011) compared several superconducting gravimeters
with respect to their noise-floor from the tidal fre-
quency band to the frequencies of long period seismic
signals. In the global comparison, the lower (heav-
ier) sphere (sensor G1) of SG 056 at BFO provides the
smallest background noise. Therefore it might not be
surprising that Hifner and Widmer-Schnidrig (2013)
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By design superconducting gravimeters provide an
output voltage whose relation (amplitude and phase)
to gravity is independent of frequency at large sig-
nal periods. The calibration factor for the amplitude
(gain, sensitivity) commonly is obtained by compari-
son with readings of absolute gravity (Geib, 2010; Van
Camp et al., 2016). The phase usually is expressed
in terms of the asymptotic signal delay time for fre-
quency f = 0Hz (DC), which is relevant for tidal anal-
ysis (Hinderer et al., 2007, sec. 3.04.2.4.4).

At smaller signal periods, in particular in the seismic
frequency band, the roll-off of the instrument’s fre-
quency response becomes apparent. This becomes ob-
vious in particular with instruments like SG 056 which
The dif-

ference between both recorded gravity signals should

contain two independent gravity sensors.

vanish. While this is the case in the tidal frequency
band, at smaller signal period, significant residuals re-
main for long-period seismic signals. The roll-off at
higher frequency is expected to be primarily controlled
by the low-pass filter in the output. Recent installa-
tions of superconducting gravimeters use an 8th-order
Bessel low-pass, specified as GGP1-filter with a corner
frequency of 61.5 mHz (Warburton, 1997).

The full frequency response is rarely determined for
superconducting gravimeters in full detail. Van Camp
et al. (2000) as well as Francis et al. (2011) analyze the
step response and the phase shift of sinusoidal signals
in the entire system after electromagnetic excitation.
All instruments in their studies are equipped with a
GGP1-filter. Van Camp et al. (2000) calibrated the SG-
C021 at Membach (Belguim). They present diagrams
for the frequency response in the period band from
3s to 2000s and extrapolate to DC where they spec-
ify Apc = (12.103+0.002)s and (12.101 £0.003) s
as asymptotic delay time obtained with sine waves and
step functions, respectively. Francis et al. (2011) in-
vestigated the response of OSG-CT40 (Walferdange,
Luxembourg), SG-C021 (Membach, Belgium), and
0OSG-050 (Pecny, Czech Republic). They mistake the
GGP1-filter for a Butterworth filter, but at the end even
do not use a parametric model for an 8th-order low-
pass. They use a transfer function with six poles and
six zeroes to approximate the experimentally deter-
mined response and provide numerical values for the
polynomial coefficients together with a graphical dis-
play of amplification and phase delay. Unfortunately
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Atpc cannot easily be computed from the provided
numbers. The presented frequency response, surpris-
ingly, is non-monotonic with a maximum amplification
and maximum phase delay near 10mHz for all three
instruments. For OSG-CT40 at a period of 20005 they
specify Arpc = (8.28140.020) s and (8.256+0.136) s
for sine waves and step functions, respectively. In the
graphical display (Francis et al., 2011, Fig. 4b) the
value for SG-C021 appears to be smaller than the value
given by Van Camp et al. (2000) by more than 2.5s,
which might be due to a different data acquisition used
in their setup.

The current contribution reports results of a detailed
study of the frequency response for SG 056 (BFO, Ger-
many) carried out by Heck (2014).

2 The instrument

The SG056 is a dual-sphere instrument, where two
sensors are confined in a single OSG-type dewar (Hin-
derer et al., 2007, Sec. 3.04.1.5.2). It was installed
in September 2009 at the Black Forest Observatory
(BFO) and is the first of its kind, where both sen-
sors have a different probe mass. The heavier sphere
(G1, lower sensor) has a mass of 17.7 g and the stan-
dard sphere (G2, upper sensor) has a mass of 4.34 g.
Two different data acquisitions systems each record
the signals of both sensors. Digital voltmeters (Ag-
ilent 34420A) take readings at a rate of one sample
per second. These data are recorded by the so-called
UIPC-system and are distributed through the IGETS
data center (International Geodynamics and Earth Tide
Service, 2017; Voigt et al., 2016). The secondary out-
put of the sensors is connected to a Q330HR digitizer
(Forbriger, 2011) which uses sigma-delta conversion
and oversampling with a zero-phase FIR decimation
filter. These data are distributed through the data man-
agement center of the Incorporated Research Institu-
tions for Seismology (2017, network II, station BFO,
channels BG1, BG2, LG1, and LG2).

The sensors in the superconducting gravimeter are op-
erated in a force-balance feedback loop (Wielandt,
2012b) with an electromagnetic force transducer. This
maintains the position of the probe mass with respect
to the frame of the instrument by balancing forces act-
ing on the probe mass. The output voltage of each sen-

sor is directly proportional to the current in its feed-



3 Method of calibration

Table 2.1: Characteristics of GGP1 filter intended for 1 Hz sampling rate as defined by GWR (literally copied from Warburton, 1997). The
parameters of the GGPyp-filter actually found in SG 056 (Tab. 5.1a) slightly differ from the nominal values.

— 8 pole Bessel filter

—  Corner frequency at 61.5 mHz (16.3 sec period)

— Constant time delay of 8.2 seconds (Phase lag 0.034 deg/cpd)
— 100 dB attenuation at 0.5 Hz ( fyyq for 1 Hz sampling)

— Attenuation < 1% (-0.086 dB) below 0.01 Hz (100 sec period)
— Attenuation < 4% (-0.341 dB) below 0.02 Hz (50 sec period)

back coil and thus, at sufficiently large loop-gain, is a
measure of external forces acting on the probe mass.
The multi-slope integration analog-to-digital conver-
sion of the digital voltmeters requires an appropriate
analog anti-alias filter. This is provided by a low-pass
filter with GGP1 characteristics (Tab. 2.1) in series to
the sensor’s output.

The nominal response function

U (w)
Thom(®) = =KT (0]
nom( ) g((&)) GGPl( )
K
2.1)
4 Tox o | ~ip Tox
k=1

of the instrument thus essentially is an eighth order

low-pass Bessel filter. It relates the Fourier transform
—+oo
g0)= [ e a 2.2)

of the change in gravity g(¢) to the Fourier transform
U.(®) of the recorded voltage by the response func-
tion Tggp1 (®) of the GGPI filter and the instrument’s
gain K. The eighth order Bessel filter can be factored
into four 2nd-order systems. By analysis of the cir-
cuit diagram for the filters actually installed in SG 056,
we obtain their nominal parameters for eigenperiod
Tox and damping hy as a fraction of critical damp-
ing. They are closer to an eighth-order Bessel low-pass
with —3dB corner frequency of 61.8 mHz than to the
nominal GGP1-response. The parameters of this filter,
which we call GGPyp, are given in Tab. 5.1a. We as-
sume their accuracy to be not better than 0.2 per cent.
Of particular interest for tidal analysis is the asymp-
totic DC phase- and group-delay at frequency f = 0Hz
which are both equal (Heck, 2014, sec. 6.2.2.3)

2 hy Tox

Apc =) . (2.3)
oy L

3 Method of calibration

For the calibration of the frequency response we
use the calex-procedure as described by Wielandt
(2012b). The gravimeter in this case is excited elec-
trically. In the case of the SG 056 we feed an electric
current into the junction in front of the feedback driver.
The current then is proportional to a force acting on
the probe mass. Other than in broad-band seismome-
ters, which provide a dedicated calibration coil, there
not necessarily acts a force on the mechanical system.
The feedback’s controller can compensate the current
equivalent to the force directly.

The significant benefit of exciting the instrument with
an electric current is the possibility to record the very
same current on the data acquisition system which is
used to record the output of the instrument. Thus we
know the excitation of the instrument very well (in-
dependent of the nature of the signal) and can com-
pute the expected response in the output signal by dig-
ital signal processing based on a mathematical model
for the instrument under investigation. The calex-
procedure then minimizes the residual between the
predicted output and the actually recorded response in
a least-squares sense by iterative modification of the in-
strument’s model parameters. Actually we solve an in-
verse problem. The remaining residual contains actual
ground acceleration and gravity changes along with
systematic remainders of the drive signal due to short-
comings of the mathematical model used to describe
the sensor. We exemplify this approach in Fig. 3.1.
The program calex, which is available open source
(Wielandt, 2012a; Wielandt and Forbriger, 2016), car-
ries out the necessary computations. Wielandt (2012c)
presents practical examples of its application. Starting
at an initial model, calex does a local search in model
space by application of a conjugate gradient algorithm.

The user can control the condition number of the mis-
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fit function by a kind of pre-conditioning (parameter
unc’, “uncertainty’, or ’search range’ in the jargon of
calex). This also affects the preferred down-hill di-

rection.

Because SG 056 has two nearly identical sensors, we
use the signal of sensor G1 to remove ground motion
signals (at least partly) from the recording of sensor
G2, before feeding the G2-signal to calex, and vice
versa. This preprocessing is necessary because due to
the instruments response the short-period background
signals (marine microseisms) as well as the tidal sig-
nals occupy (by intention) a significant portion of the
dynamic range. This is unfavorable for the calibration
signal and causes a low signal-to-noise ratio if no cor-

rection would be applied.

4  Application to SG 056

We applied five test signals in total to the two sen-
sors of SG056 (Tab. 4.1). We alternatively use two
different sources for the drive signal. The first source
is offered by the controller of the SG 056 itself. It is
a square wave signal of 20 minutes period (a funda-
mental signal frequency of 0.833mHz, near the fre-
quency of the fundamental radial free mode (Sg) syn-
chronized to recording time (a signal edge appears
exactly at clock hour). We inject four cycles into
the feedback loop for calibration of G1 and five for
G2. The signal also is presented at an auxiliary out-
put from where we record it on the seismological data
acquisition system (Q330HR). The second source is
an externally generated sine-wave down-sweep signal
with a constant number of cycles per frequency decade
(Wielandt, 1986) over about 3 decades. We inject the
signal into the electronics of the SG 056 and record it
on the seismological data acquisition (Q330HR) in par-
allel. All drive signals have a peak-to-peak amplitude
of about 10 V. The differential buffer amplifier in front
of the Q330HR doubles all voltages in the recordings.
For the inversion we use data sampled synchronously
from the gravity signal outputs G1 and G2 of SG 056
as well as the drive signal at a rate of 40Hz by the
Q330HR-digitizer. This keeps the Nyquist-frequency
at a comfortable distance to the frequencies of interest
at about 0.06 Hz, the —3 dB corner of the GGPy p-filter.
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The bandwidth of signals and simulation filters used
for the inversion is limited by the anti-alias filter of

calex, which we set to 2Hz in the current case.

As initial model for the iterative inversion we use the
nominal parameters for the GGPyp-filter (Tab. 5.1a).
All eight parameters of the 8th-order filter are used for
optimization. Additionally we let calex adjust an am-
plitude factor and a small phase delay. The latter may
account for a small delay produced by signal transduc-
ers or filters with corner-frequency outside the pass-
band of the instrument and assumes only insignificant
values of less than 1 ms in our case. The frequency re-
sponse of the buffer amplifier in front of the Q330HR is
ignored. Except for differential delay (Forbriger, 2011,
about 0.14ms due to component tolerance), which is
too small to be significant here, the response of the
buffer amplifier cancels in the calex-analysis, because
it is similarly present in the recording of the drive sig-

nal as well as in the recorded output signal.

The ten degrees of freedom make the inverse prob-
lem inherently unstable and non-unique in the pres-
ence of noise in the signals. This goes along with
trade-off between eigenperiod and damping of the four
sub-systems. If not controlled by pre-conditioning,
final models vary significantly and can contain un-
reasonable system parameters (poles on the imagi-
nary m-axis) without significant benefit for the resid-
ual rms (root-mean-square). After testing different ad-
justments (Heck, 2014, Abb. 5.6) we choose a config-
uration which favors a change in eigenperiod over a

change in damping.

We obtain an improved set of filter parameters for each
of the five test signals (Tab. 4.1) in the sense that the
predicted output signal fits the recorded output signal
with a significantly smaller rms residual. The rms-
amplitude of the residual for signals predicted with the
nominal GGPyp filter are about 5 per cent of the total
signal for the square waves and 10 per cent to 24 per
cent for the sweep signals. With the optimized filters
the rms-amplitudes are less than 1 per cent in each of
the cases and the variance always is reduced by more
than 99 per cent.

To investigate the stability and significance of the ob-
tained filter parameters, we compare the results for dif-

ferent drive signals at each sensor (Tab. 4.1). For dif-



4 Application to SG 056
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(a) Conceptual diagram of the calibration of instrument response with calex (Wielandt, 2012b). Examples of signals at labels (A to G) are
displayed in diagram (b). Left box: The drive signal (Signal generator) is applied to Sensor B in this example and is recorded in parallel.
Both sensors experience External forces (ground motion, gravity). Middle box: The recording of Sensor A (A), after appropriate scaling
with the ratio of sensors gain values, is used to remove the external component at least partly from the output of the sensor under calibration
(B). Their difference (C) primarily contains the response of Sensor B to the drive signal. Right box: calex simulates the sensor recording
(Output signal) from the recording of the drive signal (Input signal). To both an identical Anti-aliasing filter is applied, which is necessary
with the impulse-invariant recursive filters (Schiiller, 1981) used for system simulation. The output of the sensor is simulated from the drive
signal (D) based on a model for the instrument’s response (Filter Gravimeter). In the current study an eighth-order low-pass, an amplitude
factor, and a signal delay are applied. Simulated output (F) and actual output (E) are compared and calex adjusts the filter parameters
iteratively to minimize the residual (G) in a least-squares sense.
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(b) Signals from the calibration of SG 056 sensor G1 with down-sweep 2 (Tab. 4.1). Labels (A to G) at the signals refer to the diagram (a).
Panels from top to bottom: 1st panel: The recording of G2 (A) displays marine microseisms and tidal signals. 2nd panel: The signal of G2
is used to remove externally generated signals at least partly from the recording of G1 (B, black). The result (C, green) primarily shows the
response of G1 to the drive signal. 3rd panel: Recording of the anti-alias filtered drive signal (D) which is understood as input to the sensor
under calibration. 4th panel: The recorded output of G1 (E, black) is compared with the simulation (F, blue) and their residual (G, red). Sth
panel: Display of the residual (G) at full scale.

Figure 3.1: Example of a complete calex-calibration analysis with a sweep-signal applied to sensor G1. (a) displays a conceptual diagram of
the calibration recording with subsequent calex-inversion. Signals for the example are displayed in (b).
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Table 4.1: Test signals used to drive the sensors of SG 056 in the calibration experiments.

sensor  signal signal properties
Gl square-wave 20 minutes period; four cycles; duration 1 hour 20 minutes
Gl down-sweep |  10Hz to 10mHz; duration about 1 hour; approximately 50 cycles per

decade
Gl down-sweep 2
cycles per decade
G2 square-wave
G2 down-sweep
cycles per decade

1Hz to less than 2mHz; duration about 2 hours; approximately 20

20 minutes period; five cycles; duration 1 hour 40 minutes
1Hz to less than 2mHz; duration about 2 hours; approximately 20

ferent drive signals the filter parameters are reproduced
within 1 per cent or less (Heck, 2014, Tab. 5.3). Com-
pared to this, the variation of filter parameters due to
different initial models is insignificant (Heck, 2014,
Tab. 5.6). In the absence of a more elaborate measure,
we take the variation between results for different drive
signals as a lower limit for uncertainty.

Signal-residuals remain in particular at 10 s period in
the band of marine microseisms (also with remainders
of the drive signal) and for signal periods larger than
30s. The minimum in the residual near 20 s might in-
dicate that the chosen parameterization is not able to
fit the actual response for smaller and larger periods
simultaneously and that calex makes a compromise.
An 8th-order low-pass filter apparently cannot exactly
match the actual response. In addition to the calex-

analysis we compute the frequency response function

U (0)d(o)

T(0) = To)d@) 15 A.1)

from the Fourier transforms U, (®) of the recorded out-
put voltage and d(w) of the drive signal, where
means the complex conjugate and € is a water-level
for stabilization. It turns out that stabilization is not
needed for the available signals. In contrast to the 8th-
order filter, eq. (4.1) is not forced to a parameterized
curvature. We obtain an independent value for each

frequency .

5 Results

In Tabs. 5.1b and 5.1c we present the optimized param-
eters of the four 2nd-order subsystems for sensor G1
and G2, respectively. They are average values for the

drive signals (Tab. 4.1) used with each sensor. Results
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for different drive signals vary by 0.15s for 7j ; and by
0.0004 for hy, at most, which gives a lower limit for un-
certainty. The additional signal delay applied by calex
is less than 1 ms in all cases (Heck, 2014, Tab. 8.1). We
do not further discuss this delay because of its insignif-
icance. All values for eigenperiod Tp  are significantly
larger than those of the GGPpp-filter. Consequently
the —3dB corner frequencies of the optimized systems
are smaller than those of the GGPy p-filter (Tab. 5.1).
The filter parameters of G1 and G2 no longer represent
Bessel-filters (Heck, 2014, Figs. 5.7 and 6.8). Also
their asymptotic signal delay is larger than that of the
GGPyp-filter in each case in Tab. 5.2.

In Fig. 5.1 we display the frequency response of the op-
timized models in comparison with the GGPp p-filter.
While the phase delay and the group delay of the
GGPyp-filter is constant at its asymptotic value for
all frequencies smaller than the corner frequency f
(a design-property of Bessel filters), this is not the
case for the models found by calibration. The de-
lay times are obviously frequency dependent at fre-
quencies smaller than f,. The sensors turn out to be
dispersive in the seismic frequency band and conse-
quently phase-delay (Tab. 5.2a) differs from group-
delay (Tab. 5.2b) in this band. Although these effects
are small, they definitely are a deviation from the re-
sponse of a Bessel-filter.

Figs. 5.1a, 5.1b, and 5.1c give additional evidence that
the 8th-order systems do not exactly match the actual
response. The response obtained from Fourier trans-
forms by eq. (4.1) is not precisely aligned with the
curves for the parameterized models. The residual dis-
played in Fig. 3.1b gives a similar indication. How-
ever, deviation is small for both sensors when com-

pared with the difference to the nominal GGPp p-filter.
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(c) Frequency response for phase delay. (d) Frequency response for group delay.

Figure 5.1: Frequency response curves for the models presented in Tab. 5.1 (gray: GGPrp Tab. 5.1a, blue: G1 Tab. 5.1b, red: G2 Tab. 5.1¢) and

frequency response obtained from Fourier coefficients as defined in eq. (4.1) (light blue: G1 down-sweep 2 in Tab. 4.1, light red:
G2 down-sweep) are shown additionally in the diagrams (a), (b), and (c). In (a) and (b) a horizontal, gray, dotted line indicates the
level of —3dB. Corner frequencies are read with respect to this level and are marked by vertical dashed lines in all diagrams.

At frequency larger than 0.11Hz values from the ratio of Fourier coefficients suffer from the signal of microseisms present in the
output of SG056. As a consequence the signal-to-noise ratio for the calibration deteriorates. Values become unstable and in (c)
partly suffer from phase-unwrapping artifacts.

Diagram (a) shows the stop-band properties for the GGPy p-anti-alias-filter amplification dropping to —100dB at Nyquist frequency.
The response of the models found by calibration differs significantly from GGPpp. At higher frequency they slightly underestimate
signal amplitude (see also Fig. 5.2). The phase delay (c) and the group delay (d) differ from GGPpp in particular by about 2s at
the low-frequency limit. While both are flat to five digits for GGPp for frequency smaller than corner frequency (Tab. 5.2), this
property of the Bessel filter is missed by G1 and G2. At least the comparison with Fourier coefficients for G1 leaves some doubt,
whether the curves approach the DC-limit for delay of the actual instrument.
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Table 5.1:

(a) GGPp-filter as implemented in the

System parameters of 8th-order low-pass filters. The response is factorized into four 2nd-order subsystems. The properties of
subsystem k are expressed in terms of eigenperiod 7p and damping as a fraction Ay of critical, where angular eigenfrequency is
Wy =27 To’l. The poles of each factor of the respective subsystem in the response function (Fourier domain) as defined in eq. (2.1)
are @1 =27 TO’1 (ih +vI1— hz). The poles for the transfer function (Laplace domain) are 51 5 = 27 TO’1 (—h +iv1— h2). We read
the —3dB corner frequency f. by eye from the amplitude response curve with an accuracy of 0.1 mHz. The asymptotic phase- and
group-delay Arpc at DC (frequency f = OHz) is defined by eq. (2.3). See Tab. 5.2 for phase- and group-delay of the filters at other
values of frequency.

(a) defines the 8th-order Bessel low-pass derived from parameters of electronic components in the circuit diagram of the GGPy p-
filters as implemented in SG 056. The parameters are expected to match the actual filters with an accuracy of at least 0.2 per cent.
(b) and (c) give the parameters for 8th-order low-pass (not Bessel) filters for the system response of sensor G1 and G2, respectively,
of SG056. The values are obtained by calibration and are optimal in the sense that they minimize the least-squares misfit to the
calibration output signal. The values are averages for two (G2) or three (G1) different drive signals (Heck, 2014, Tab. 5.3). Results
for different drive signals differ by 0.15s for Ty, by 0.0004 for hy, and by 0.07s for Afpc, at most. If we disregard the results for
down-sweep 1 on G1 (Tab. 4.1), the variation of Arpc reduces to £0.007 s. When using Afpc with data recorded by the UIPGC system,
values must by reduced by 600 ms in both cases because the voltmeters apparently advance signals (see Section 6).

(b) Model for the response function of sen- (¢) Model for the response function of sen-

electronics of SG 056. sor G1 as estimated with calex. sor G2 as estimated with calex.

k TO,k /s hk k T()7k /s hk k TO,k /s hk

1 9.09897 0.98806 1 11.850 0.99070 1 11.077 0.98980

2 8.83175 0.89355 2 11.415 0.89625 2 10.701 0.89530

3 8.28409 0.70338 3 10.394 0.70609 3 9.884 0.70514

4 7.39218 0.40802 4 8.506 0.41040 4 8.432 0.40970
f. =0.0618Hz f. = 0.0456Hz f. = 0.0496Hz

Table 5.2:

Atpc = 8.1885 Atpe = 10.4407s (—0.65) Atpe = 9.85775(—0.65)

Values of delay time as computed for system parameters listed in Tab. 5.1. For a Bessel-filter like GGPLp the delay is practically
independent of frequency for values smaller than the —3dB corner frequency f.. The system response derived by calibration for
sensor G1 and G2 significantly differs from a Bessel low-pass in this respect. Delay times with filter parameters optimized for
different drive signals differ by 0.07 s at most.

(a) Phase delay in seconds. (b) Group delay in seconds.

frequency f frequency f
—0Hz 0.00lHz 0.01Hz Je —0Hz 0.00lHz 0.01Hz fe
GGPrp  8.1885 8.1885  8.1885  8.1885 GGPrp  8.1885 8.1885  8.1885  8.1882
Gl 10.4407 10.4407 10.4362 10.3476 Gl 10.4407  10.4406 10.4272 10.1622
G2 9.8577 9.8577  9.8555  9.8054 G2 9.8577 9.8576  9.8513  9.7009

6 Intricacies of the UIPC-digitizer

(GWR Instruments, 2011). This value was confirmed
by the phase shift between signals recorded with the
UIPC-system on the one hand and the Q330HR-system

Data recorded with the UIPC-digitizer present gravity
with a delay reduced by 600ms. This system makes
use of two high-precision digital voltmeters to convert
voltage to a digital representation of the value. They
are multi-slope integration analog-to-digital convert-
ers. To come as close as possible to DC accuracy, the
voltmeters take a reference reading (auto zero) prior
to each data sample. The voltmeters take 400ms for
the zero reading and 400ms for the data conversion.
In consequence the centroid of the time window when
the actual data sample is taken is delayed by 600ms
with respect to the wall clock second and thus also to

time indicated in the data file for the respective sample
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on the other hand. Thus all signal delay is effectively
reduced by 0.6s in data presented by the UIPC-system.

7 Discussion and Conclusions

The filter parameters we found by calibration of sensor
G1 (Tab. 5.1b) and G2 (Tab. 5.1c) differ from parame-
ters of the electronic low-pass GGPy p-filter (Tab. 5.1a)
by up to 30 per cent. In return they capture the response
of SG 056 significantly better than the nominal values.
This is true even though remaining residuals indicate,

that the actual response of the sensors is not exactly



6 Intricacies of the UIPC-digitizer

captured by the eight poles. In the calibration proce-
dure signal variance was reduced by more than 99 per
cent.

The remaining residual as well as the deviation of the
parameterized models from values obtained by Fourier
transformation in Fig. 5.1 might indicate that the mod-
els in Tab. 5.1 are primarily optimal for the drive sig-
nals we chose. In Fig. 5.2 we demonstrate an applica-
tion of the calibration result to recorded ground motion
of earthquake body-waves, although we do not intend
to use SGO056 for observation of that type of signal.
With the system parameters as given in Tab. 5.1 we
reduce the waveform-residuals to the reference signal
(recorded with a broad-band seismometer) as well as
the waveform-residual between sensor G1 and G2 by
about a factor of four.

We do not expect the actual implementation of the
GGP p-filter to be the cause of the deviation from the
nominal response. While some of the sensor parame-
ters deviate up to 30 per cent from GGPpp, electronic
circuitry can be constructed with an accuracy at the
level of 0.1 per cent and the GGPrp Bessel filter speci-
fied in Tab. 5.1a matches the values obtained from cir-
cuit analysis by 0.2 per cent or better. Further, we re-
peated the calibration with a set of replacement boards
for the gravity cards in the GEP (gravimeter electronics
package). This confirmed the results presented here,
such that the deviation must be due to a different cause
and not to component tolerance. In our opinion, the de-
viation is caused by the loop-gain of the feedback sys-
tem becoming finite and rather small near the corner
frequency of the GGPyp-filter. This hypothesis is sup-
ported by a rather large amplitude of the error signal in
the feedback control at frequencies of a few 100 mHz.
With small loop-gain the effective response of the me-
chanical system (superconducting probe mass levitated
in magnetic field) gains influence in the overall sys-
tem response. This cause still has to be confirmed by
additional experiments with the open loop system and
a computation of the overall theoretical feedback re-
sponse.

The studies by Van Camp et al. (2000) and Francis
et al. (2011) as well show significant deviations from
the nominal response of a GGPI1-filter. However, the
frequency response curves presented by Francis et al.

(2011) are arguable in that they result from a parame-

terization with six poles and six zeroes, which appar-
ently produces a non-monotonic response with a max-
imum amplification and maximum phase delay near
10mHz for all three instruments under investigation.
The value of Arpc = 12.1s presented by Van Camp et
al. (2000) for SG-C021 is larger than the value we ob-
tain for SG056. However, according to the authors,
a delay of 2.635s in the data acquisition contributes
to this. This appears in agreement with curves show-
ing a smaller delay than presented by Francis et al.
(2011, Fig. 4b) for the same instrument recorded on
a Quanterra 330 data logger. The accuracy of £0.003s
claimed by Van Camp et al. (2000) for the delay deter-
mined for the GGP1-output with a less then 3 minutes
long step signal may appear surprisingly small when
compared with results for other instrument outputs in
the same study.

The parameterized filters which we obtain for the two
sensors of SG 056 approach their asymptotic signal de-
lay Afpc within the bandwidth of the drive signals of
calibration in the accuracy-margin of 0.07s (Tab. 5.2).
However, in particular for G1 we observe a devia-
tion for signal delay computed from Fourier transforms
(Fig. 5.1c). This may challenge the applicability of
Atpc given in Tab. 5.1 for the delay tidal signals expe-
rience in the actual systems. We therefore test, whether
we can recover the differential delay of 0.58 s for which
signals of G1 appear later than signals recorded with
G2 using a tidal analysis with Eterna 3.40 (Wenzel,
1996). Eva Schroth carried out the analysis of high-
pass filtered data and provides us with tidal parame-
ters for the diurnal and semi-diurnal wave-groups. She
used recordings from January 1, 2010 to March 30,
2016 which were not corrected with respect to nom-
inal delay. The phase residuals between sensors G1
and G2 for the major tidal wave groups (O1, P1, K1,
and M2) are about 0.21s to 0.32s and of the expected
sign. Standard deviation as computed by Eterna for a
band-limited noise model are larger than 0.42s in all
cases. The differences between models for G1 and G2
as given in Tab. 5.1 may therefore be insignificant to
tidal analysis. The deviation from the nominal delay
of 8.2, however, is significant. Riccardi et al. (2012,
Tab. 2) present a similar analysis with slightly more
than four months of data, only. Consequently their val-

ues of standard deviation are considerably larger.
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Figure 5.2: Recordings of long-period body-wave signals (P 20:41:30, PP 20:44:45) of a magnitude 6.6 earthquake in Nicaragua. We use this
recording to test the usefulness of the response models (Tab. 5.1) in application to ground motion data.
BHZ (black): recording of the STS-2 seismometer’s vertical component at BFO. BG1 (red) and BG2 (blue): recordings of SG 056
sensors G1 and G2, respectively. cyan: difference between SG 056-sensors (G1-G2).
The BHZ-signal is converted to acceleration and the GGPyp-filter is applied to the recording. Similarly the STS-2-response (2nd-
order high-pass with eigenperiod Ty = 120s and & = 0.719 of critical damping) is applied to the signals of G1 and G2 such that all
three represent ground acceleration in the frequency band from about 8.3 mHz to about 62mHz.
Top two panels: Only the STS-2-high-pass is applied to G1 and G2, but no further correction. Bottom two panels: The response
of G1 and G2 additionally is corrected by an equalizer from the parameters given in Tab. 5.1b and 5.1c, respectively, to GGPLp
(Tab. 5.1a). The first and third panel (from the top) display the actual recording of ground motion. The second and fourth panel
display the reference signal (LHZ, black) together with the residuals with respect to the reference (red, blue) and the difference
between the two sensors of SG 056 (G1-G2, cyan).
Without correction G1 and G2 show shortcomings not only in amplitude, but in signal phase in particular. The correction to the
GGPy p-response fixes the phase and slightly overestimates amplitude. The remaining residuals are of higher frequency. When
expressing the peak-to-peak amplitude of the P-wave waveform residual with respect to the reference signal, the correction reduces
the residual from almost 90 per cent to 30 per cent. The difference G1-G2 is reduced from 20 per cent to less than 5 per cent.
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Abstract

This paper presents technical outcomes of the Brazilian Calibration Station for GNSS Antennas at Universidade
Federal do Parand — BCAL/UFPR - since its establishment in 2007. As a result of a scientific and technological
cooperation with the Geodetic Institute of the University Karlsruhe (TH) resp. Karlsruhe Institute of Technology,

the Baseline Calibration Station provides an infrastructure for geodetic measurements to determine precise model

parameters for GNSS receiver antennas.

1 Introduction

Taking into account the behavior of GPS/GNSS an-
tenna models is of great importance in relative and ab-
solute positioning applications, especially when mil-
limeter precision is required for applications such as
the monitoring of engineering structures or for GNSS
attitude determination. To fully meet the precision re-
quirements of such applications, a reliable and precise
model for the individual behavior of sending and re-

ceiving GNSS antennas has to be taken into account.

While satellite antenna models and type-specific re-
ceiver antenna models are provided, for example, by
the IGS (International GNSS Service, www.igs.org),

individual receiver antennas have to be determined dur-
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ing calibration procedures. Within this framework, the
BCAL/UFPR station was designed to be the first in-
frastructure aiming at the calibration of GNSS receiver
antennas in South America (Freiberger Junior, 2007).
It was established at the Federal University of Parana
(Curitiba, Brasil) in close cooperation with the Geode-
tic Institute (GIK) of the University Karlsruhe (TH)
resp. the Karlsruhe Institute of Technology (KIT). This
contribution reviews the close and long-term coopera-
tion in the field of GNSS antenna calibration, in which
German and Brazilian researchers collaborated suc-
cessfully. Facts related to this fruitful cooperation can
be found in Krueger and Centeno (2018) as well as in
the final PROBRAL report (PROBRAL, 2012).
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2 Fundamentals

Incoming signals from GNSS satellites are referred to
the so-called electrical antenna phase center, a point
on the receiving patch elements inside the GNSS an-
tenna, which necessarily doesn’t coincide with the ge-
ometric center of the receiver antenna. In addition,
the GNSS (phase) measurements have to be related
to a physically known point (antenna reference point,
ARP), for instance on the bottom of the antenna to link
the measurements to the physical reference point (e. g.,
marker).

The position of the antenna phase center is not con-
stant, but depends on the direction (azimuth resp. el-
evation angle) of the incoming signal. To model the
behavior of the antenna, the phase center is defined
as the so-called apparent source of radiation and dif-
ferences to an ideal antenna are determined during the
calibration procedure. The antenna model consists of
frequency-dependent 3D values of the mean phase cen-
ter offset (PCO) and the phase center variations (PCV),
which describe the variations of the mean phase cen-
ter. The neglecting of this antenna characteristic can
cause errors at the centimeter level depending on an-
tenna type and data processing strategy. Figure 2.1
shows the antenna model where the signal path is de-
scribed by the azimuth o and elevation B in the antenna

coordinate system.

ARP X,y

Figure 2.1: Antenna phase center properties.

The range d(a, B) is the desired correction:
d(a,B) =r+PCO-eo(a, B) +PCV(a, B) +€, (2.1)

where the term ¢ is the unit vector in the direction o
and P of the satellite, r is the error-free behavior of an
ideal source of radiation and € corresponds to the noise

of the observation. Because PCV can reach values up
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to 20 mm it is necessary to use the full antenna model
consisting of PCO with related PCV if highest accu-

racy is required.

3  Initial investigations on GNSS
antenna calibration

In the framework of the close cooperation between
UFPR and KIT various research was carried out
jointly. Therefore, between 2004 and 2009 Brazilian
researchers visited Germany and German researchers
traveled to Brazil. All work was focusing on the estab-
lishment of the first antenna calibration infrastructure
of South America. This section gives insight in scien-
tific work, which was carried out under the umbrella of
a PROBRAL funded project (PROBRAL, 2012).
Among the known calibration procedures — relative
field calibration (Bilich and Mader, 2010), absolute
calibration in anechoic chamber (Campbell et al.,
2004) and absolute field calibration (Wiibbena et al.,
1997) — the absolute field method provides absolute
values that are independent from a reference antenna
(Rothacher, 2001). Within the relative procedure both
antennas are mounted close together on stable mon-
uments (e.g., pillars) with precisely known coordi-
nates. The calibration is based on the analysis of single
or double difference residuals with the elevation- and
sometimes azimuth-dependent PCV model using e.g.
polynomial or spherical harmonics. Applying the rel-
ative field calibration method, individual absolute an-
tenna parameters are obtained with considerably low
equipment costs and less complex tasks to fulfill in
comparison to the absolute process, when one absolute
calibrated antenna is used as reference antenna.
Dedicated tests on relative GNSS antenna calibration
were performed in the beginning of the PROBRAL
project at GIK in cooperation with the ordnance sur-
vey of Baden-Wiirttemberg investigating the phase
center variability of several geodetic antenna models
(Freiberger Junior et al., 2007, 2005b). The elevation-
dependent PCV curves of seven individually calibrated
TRM22020.00+GP antennas are shown in Figure 3.1
with the elevation angle on the horizontal axis and the
PCYV in millimeters on the vertical axis.

Azimuth- and elevation-dependent PCV for L1 and L2
frequencies were also analyzed (Figure 3.2). Based on

these tests, further experiments with respect to affect-



4 Establishment of BCAL/UFPR - validation and calibration results

ing effects (e.g., multipath; Smyrnaios et al. (2013)
were carried out, in order to gain valuable insights for
the establishment of the BCAL/UFPR station. Rep-
resenting these experiments, Fig. 3.2 shows near-field
multipath effects (Balanis, 2005) in northern direction

at approx. 20° — 30° elevation.

PCV L1, pllar HPF2
v -+

-

10 20 un IID 50 GIU 70 6‘0 0
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Figure 3.1: Elevation  dependent ~L1-PCV-values  of
TRM22020.00+GP antennas.

seven

In addition, tests were carried out at GIK quantify-
ing the effects of multipath reducing equipment (e. g.,
ground plane, absorber material). In Fig. 3.3, the PCV-
pattern of TRM22020.00 antenna is shown, when re-
moving the ground plane. The peaks correspond to the

antenna case characteristic of the receiver element.

4 Establishment of BCAL/UFPR -
validation and calibration results

Before in 2006 two tubular pillars — named 1000 and
2000 — were built on the rooftop of the astronomi-

cal observatory of the Federal University of Parand in

PCV L1 TRMZ2020.00+ GP SNES55 plar HPFZ DJO11

WA /ML S

Agimute [7]

Eevaghol7] i

Figure 3.2: Example of azimuth- and elevation-dependent
PCV-values.

Curitiba (Krueger et al., 2009) using appropriate ma-
terial (e.g., multipath absorbing), initial tests on the
BCAL/UFPR station were carried out focusing on the
PCO estimation of GPS antennas (Freiberger Junior
et al., 2005a). In addition, investigations related to
GNSS data processing strategies (Knoch, 2007) and
multipath effects were carried out by Schifer (2007).
This research was performed by two German exchange
In 2009, a third pillar (no 3000) was es-
tablished. Fig. 4.1 presents the resulting present-day
build-up of the BCAL/UFPR station. Further insights
into GNSS antenna calibration experiments are treated

students.

in the following sections. In addition to these GNSS-
related work, a vertical monitoring network consisting
of six control points (P1-P6) aiming at the stability of
the astronomical observatory was established and re-
peatedly observed. Based on the evaluation of levelling
campaigns vertical displacement rates were calculated,
which prove the stability of the observatory (Euriques,
2016).

" 1M10m "
= EI P5 Ip:a]
L..J| Pikar 2000 (Horth) ! Astronomical
i Laboratory
£ ! Camil
= @ | Gemael
o i
)l pitar 1000 (West) [T )] Pillar 3000 (South)
om P2 73

Figure 4.1: The BCAL/UFPR floor plan.

PCV L1:TRM22020.00-GP SN9S555 pilar HPF2 DJ01S

MAKE3. 4 7 AN, |

Figure 3.3: Example of azimuth- and elevation-dependent PCV-
values of a TRM22020.00-GP antenna.
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4.1 Influence of multipath effect
on antenna calibration

Before starting experiments aiming at calibration pro-
cedures, GNSS measurements were carried out to eval-
uate the site multipath (Huinca, 2009). The main goal
was to select pillars for the establishment of two ref-
erence antennas. GNSS dual-frequency data from four
sites were analyzed using the WaSoft/Multipath soft-
ware to perform specific analysis regarding multipath
conditions. In addition to the three sites on the roof top
of the astronomical laboratory, the nearby (distance ap-
prox. 50 m) IGS site UFPR was included. Figure 4.2
shows that all three pillars of the BCAL/UFPR station
are slightly affected by multipath. Since pillar 2000
showed less impact of multipath, it was selected as the
calibration site while pillars 1000 and 3000 were cho-

sen as reference sites.

4.2 Development of calibration method and
evaluation measurements

In order to validate GNSS antenna calibration proce-
dures in accordance with international standards, ex-
perimental measurements were carried out starting in
2011 considering equipment and software aspects, es-
pecially. A LEIAX1202GG antenna was tested at site
2000. It was mounted on a software-controlled mo-
torized device enabling axial rotation of the antenna
on pre-defined azimuthal directions (Figure 4.3). This
equipment guarantees good coverage for the whole an-
tenna horizon and meets the needs of scientific experi-

ments especially in GNSS antenna calibration (Frevert
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Figure 4.2: Multipath at pillars 1000, 2000 and 3000 resp. the CORS
UFPR. No symbol: No data; dot: No Multipath; small
square: Multipath/Standard deviation: 5 — 15 mm.
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et al., 2003). Two absolute calibrated antenna models
LEIAR25 and LEIAT504 were considered as redun-
dant reference sites on pillars 1000 and 3000, respec-
tively.

Calibration procedures of 24-hour measurements
(tracking rate: 15 s) were performed using the Wa-
soft/Kalib software (Wanninger, 2009) to derive the
calibration parameters PCO and PCV on L1 and L2
carriers as well as associated standard deviations.
Later, this test antenna was calibrated at the Technical
University of Dresden and also by the Geo++ Company
in Hannover, the latter using absolute robot field cali-
bration procedure (Wiibbena et al., 1997). The com-
parison of these calibration results — considering in
addition type-specific antenna calibration values pub-
lished by the National Geodetic Survey (NGS) — proved
the appropriateness of the calibration infrastructure.
See Huinca et al. (2012, 2016) for details.

4.3 Repeatability of results

Various calibration procedures were performed using
a LEIAX1202GG antenna, to check the repeatability
of antenna products provided by the BCAL/UFPR sta-
tion. Within these experiments different reference an-
tennas (LEIAR2S5, LEIAT504) were used. In all cases
the PCO-differences were less than 1 mm. A special
focus was set on the comparison with respect to the
NGS-values. It is important to emphasize that NGS pa-
rameters represent averages of antenna calibration pro-
cedure, too. These experiments demonstrated that the
GNSS antenna calibration method of BCAL/UFPR is
not significantly different to NGS-values.

LEIAR 25

LEIAT 504

u

Figure 4.3: Motorized device (left) and reference antennas.



5 Conclusions

In addition to the LEIAX1202GG five Trimble Zephyr
Geodetic I antennas (NGS code: TRM57971.00) were
tested in November 2012 based on two consecutive
24h sessions for each antenna. Analyzing horizon-
tal PCO sets derived from two independent calibration
procedures, no significant differences were observed
(differences less than 1 mm).

Besides PCO-related analyses, elevation-dependent
PCV were evaluated in detail. Since each PCV-set
has its own matching PCO, it is required that all PCV-
results are converted to a common PCO to enable valid
comparison. See Freiberger Junior (2007) and Huinca
(2014) for a detailed review of PCV-analyses. These
two doctoral dissertations represent — besides other sci-
entific output (e. g., approx. 90 contributions; Krueger
and Heck (2012) — the tremendous success of the col-
laboration between UFPR and GIK.

5 Conclusions

This paper gave a descriptive overview on the works
related to the establishment of GNSS antenna calibra-
tion at the BCAL/UFPR station, which was the aim
of the scientific PROBRAL project between UFPR
and GIK/KIT and started more than ten years ago.
Another goal was to sensitize the South American
GNSS community for site-specific effects (e. g., re-
ceiver antenna modelling, multipath). The results of
the research and experiments carried out in Germany
and Brazil collaboratively prove that the products de-
rived at BCAL/UFPR are equivalent to products of

renowned services (e. g., NGS).
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Abstract

The International Height Reference System (IHRS) consolidated the idea of a world height system (WHS) ac-
cording to the IAG Resolution 1/2015. Since 2000, the majority of activities related to the modernization of the

Brazilian Height System (BHS) has referred to a physical meaning for the heights and have linked two existing

vertical datums in the country to a same equipotential surface. Today, these activities relate to the BHS and its

realization by the Brazilian Vertical Reference Network (BVRN) agrees with the IHRS precepts. In this context,

the main developed activities related to BHS/BVRN and achieved goals are described in this work.

1 Introduction

The Global Geodetic Observing System (GGOS) of
the International Association of Geodesy (IAG) was
established in July 2003.
tributions of Geodesy for quantifying global changes

It integrates several con-

in space and time with accuracy and reliability. The
United Nations (UN) in its Asian Regional Carto-
graphic Conference at Bangkok recommended the
GGOS adoption in November 2012. Three main
themes were established by GGOS: (1) unified height
system; (2) geohazards monitoring; and (3) sea level
change, variability, and forecasting.

The United Nations Global Geospatial Information
Management (UN-GGIM), aimed at “a global geodetic
reference frame for sustainable development” and rec-
ognizing the importance of the coordinated approach
in Geodesy by the IAG/GGOS, established the key

elements of the Global Geodetic Reference Frame
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(GGRF) as realization of the Global Geodetic Refer-
ence System (GGRS) (A/RES/69/266), February 26,
2015 (UN, 2017).

The IAG Resolution 1 (July 2015) established the cri-
teria of definition and realization of an International
Height Reference System (IHRS) in the geopotential
space. The basic elements are the specification of a

geopotential number, given by

Cp= —AWp = Wy — Wp (1.1)

as primary vertical coordinates and the global refer-
ence level specified by the geopotential value Wy =
62636853.4m>s 2. The IAG Resolution 2 (July 2015)
established the Global Absolute Gravity Reference
System for initiating the replacement of the Interna-
tional Gravity Standardization Net 1971 (IGSN71) and
the latest International Absolute Gravity Base Stan-

dardization Network.

Dieses Werk ist lizenziert unter einer
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Following the efforts for establishing a reference sys-
tem suitable for quantifying global changes, the IAG
delimitated that “the GGRS comprises terrestrial and
celestial components. The terrestrial component is a
common reference for the geometry and the gravity
field of the Earth, where a physical point P has a cor-
responding coordinate X, potential of the Earth’s grav-
ity field W, physical height H, and gravity vector g”
(TAG, 2016). Hence, it is possible to conclude that the
GGRS results from the integration of the ITRS and the
IHRS. This emphasizes the present importance of es-
tablishing the THRF as a set of stations distributed in
all continents as a basis for integrating all the national
vertical reference frames for the same definition given
by the IHRS.

In 1997 the SIRGAS (Geocentric Reference System
for the Americas) established its Working Group III —
Vertical Datum (WG-III), charged of a unified height
system and frame in the context of South America,
Central America and the Caribbean. Since then, sev-
eral activities have been developed for establishing
standards related to the realization of the SIRGAS Ver-
tical Reference Network (SVRN) with physical mean-
ing based on geopotential numbers (VeReS, 2002).
The road map for establishing the SVRN was ex-
posed by Drewes et al. (2002).
basic strategies for connecting vertical reference net-

Nevertheless, the

works were proposed by de Freitas et al. (2002a) in-
spired by the previous works of Heck and Rummel
(1990) and Lehmann (2000). Luz (2008) developed a
deep diagnostic of the BHS/BVRN and the aspects for
integrating the BHS/BVRN to a WHS were discussed
by Ferreira (2008, 2011).

Given these points, in this paper we present the founda-
tions and analysis of the main activities towards a mod-
ernization of the BHS and BVRN. Furthermore, new
tendencies related to the guidelines for modern verti-
cal systems and networks, and the Brazilian insertion
in the WG-III of the SIRGAS project are presented.

2 Overview of main activities for
modernizing the BHS

2.1 Altimetry-gauge-leveling approach

Since 1994, the Coordination of Geodesy in the Brazil-
ian Institute of Geography and Statistics (IBGE) and
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the Post-Graduation Program in Geodesy at the Fed-
eral University of Parand (UFPR) decided to cooper-
ate for supporting the modernizations of BHS and its
BVRN. The first activities have focused on the instru-
mentation and reactivation of sea level observations
in the Brazilian Vertical Datum at Imbituba (BVD-I),
Southern Brazil. A multi parametric experiment was
established for determining the geocentric position of
the BVD-I (de Freitas et al., 1999) followed by the
determination of local effects for modeling the inter-
action of ocean-continents (de Freitas et al., 2002b).
Strategies for connecting vertical networks in South
America were proposed in the context of the SIRGAS
project mainly by considering modernization of verti-
cal networks in the continent and adoption of strategies
for connecting them (e. g. Drewes et al., 2002; de Fre-
itas et al., 2002a; Luz et al., 2002). Following these ef-
forts related to the BVD-I, the task force, composed by
IBGE and UFPR, decided to recover the local vertical
reference network around the BVD-I. The main aim
was to understand the historical level references and
their relationship with the apparent observed position.
As discriminator for the sea level rising was considered
an available satellite altimetry time series since 1992 in
near beans for recovering local trends (see Dalazoana,
2006; Dalazoana et al., 2007; Luz et al., 2009b).

BVD-S

Santana @ Belém

QO Active
Q Scheduled
QO Inactive

Figure 2.1: The BVRN (red dots) and the Permanent Geodetic Tide
Gauge Network (RMPG) identified on the map by their
respective names, from south to north, Imbituba, Arraial
do Cabo, Macaé, Salvador, Fortaleza, Belém and San-
tana, respectively.

Luz (2008) established in his doctoral thesis,
(which was supported by UFPR, Geodetic Insti-
tute of Karlsruhe (GIK), and Deutsches Geoditisches



2 Overview of main activities for modernizing the BHS

Forschungsinstitut (DGFI)), a deep analysis of the
BVRN by recovering historical information about its
evolution. His results are supported in comparison to
former sequential adjustment and a simultaneous least
square adjustment of the whole network (Preliminary
Height Global Adjustment — AAGP). Several needs
were detected and propositions were established in-
cluding strategies for the analysis of temporal evolu-
tion and its new realization in the geopotential space.
The external control of the incorporation of data from
satellite altimetry and the Permanent Geodetic Tide
Gauge Network (RMPG) presented in Fig. 2.1 was also
discussed.

Furthermore, Luz (2008) has used gravity and leveling
data provided by IBGE in order to identify the main
difficulties on the computation of geopotential differ-
ences. A subset of more recent lines was identified, in
which virtually all benchmarks (BMs) had direct and
homogeneous gravimetric information. A computer
program was developed specifically for the integration
of gravity information into the leveling data and the
organization of the network of internodal geopoten-
tial differences (Luz et al., 2007; Luz et al., 2009a).
With this sub-network of BVRN, it was possible to
simulate various scenarios of the lack of gravity over
BMs, assessing the interpolated values through least
squares collocation using a script provided by SIR-
GAS project. The simulations indicated an overesti-
mation of the quality of interpolation based on least
squares collocation, especially in the scenario of in-
adequate distribution of the reference gravity values.
We discussed the influence of spatial and temporal het-
erogeneities in the adjustment of internodal geopoten-
tial differences through the analysis of the effects of
the partitioning strategy adopted in the AAGP of the
BVRN, which IBGE computed the heights at that time
and stored their values in its geodetic database (BDG).
The simultaneous adjustment of the same network
originally partitioned in AAGP showed excessive dis-
tortions in the height values as well as correcting a
problem arising from spatial-temporal heterogeneities
of the BVRN near the BVD-I. The partial assessment
of AAGP has provided insights for the organization
of a sub-network connecting three tide-gauges from
RMPG (i.e., Imbituba, Macaé, and Salvador), with the
aim of establishing a reference for the study of the sea
surface topography (SSTop) effects by using data from

satellite altimetry. A configuration was designed so
that the tracks of the most recent altimeter missions
were virtually co-linear to those RMPG tide-gauges. In
order to homogenize the reference levels of the obser-
vations of these TG-tracks, reference tracks were cho-
sen in the open ocean far from small depth areas where
satellite altimetry observations present poor quality.
Along these tracks, the global SSTop solution from the
DGFI was examined, whose results for the TG-tracks
showed inconsistencies regarding the reference tracks
at their crossing points, especially around the Abrol-
hos plateau. These inconsistencies were interpreted as
a possible residual effect due to the plateau, spreading
to the neighboring crossings during the SSTop filter-
ing.

The studies carried out by Luz (2008) helped to de-
fine the procedures for integrating leveling, gravity,
sea level, and satellite altimetry data, considering the
challenges presented IBGE decided to concentrate ef-
forts on new approaches. Old-fashioned gravity data
without sure positioning or gravity data (available only
as gravity anomalies) as well as the observed hetero-
geneities in quality and/or absence of quality control,
positional information in different GRFs imposed the
search by new strategies. In this sense a stronger
cooperation in the Brazilian context. These last as-
pects were considered in a recent doctoral thesis (Silva,
2017) by introducing the integration of a 10yr GNSS
time series of the geocentric position of the BVD-I
from 2007 to 2016 with the corresponding tide gauge
time series. The obtained up crustal velocity deter-
mined by GNSS at BVD-I was “3.02 +0.34 mm/yr.
The obtained relative trend of the Mean Sea Level
by tide gauge was 5.26 £0.11 mm/yr. The integra-
tion of these two trends pointed out a rising value of
2.2440.36 mm/yr in the MSL at BVD-I. This result
agrees very well with the value of 2.23 +0.42 mm/yr
obtained from Jason 2 satellite altimetry in offshore
stable beans near to BVD-I.

Ferreira (2008) presented an experiment for determin-
ing the geopotential in the BVD-I, which showed a
lack of geodetic information necessary for its connec-
tion with other vertical networks as preconceived for
a WHS. The referred purpose is fundamental for the
future Vertical Datum SIRGAS (DV-SIRGAS). In the
BVD-I region, several BMs have been lost. In order to

improve the distribution of data in this region, a study
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was conducted on the behaviour of a lagoon system
covering an approximate surface of 600 km” in the
contiguous region of the DVB-I (Fig. 2.2). The cen-
tral idea was to regard the mean level of the lagoon
system as a smoothed indicator for a natural equipo-
tential surface close to the local MSL, which could be
understood as a materialization of the local “geoid” (or

quasi-geoid).

20 km

[

° RTK (land)
= RTK (water)
» Benchmarks
n Tide Gauge

Figure 2.2: Imarui lagoon system and Brazilian Vertical Datum.

A local geodetic network with about two hundred
points where observed gravity and precise position
with Global Positioning System (GPS) was established
on the lagoon perimeter (about 150 km long) and
nearby the BVD-I (Fig. 2.2). Some of these points co-
incide with existing BMs belonging to leveling lines
departing from the BVD-I. Three tide gauges that
recorded the heights of the water level in the lagoon
system over a period of approximately three months
were also employed (Fig. 2.1). In this lagoon sys-
tem, it was possible to adjust one equipotential surface
from the mean lake levels. From the observations and
known parameters from Global Geopotential Models
(GGMs) it was possible to realize another robust es-
timation of the shift between the BVD-I and a global
equipotential reference surface. Thus, the availability
of information necessary to the knowledge of the grav-
ity field in the BVD-I was increased. Then, it was pos-
sible to determine a provisory value for the geopoten-
tial in the BVD-I and to estimate a value for the SSTop.
difficulties for modernizing the
BHS/BVRN come from identified problems in pre-
vious works, UFPR and with GIK started. Then, aim-

Because the
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ing to introduce new paradigms related the develop-
ment of BHS/BVRN in the geopotential space, other
data sources and paradigms were considered mainly to
avoid indirect effects on the data base coming from dif-
ferent GRFs and for overcoming problems in regions
with poor data coverage. Techniques such as Resid-
ual Terrain Modeling (RTM) and fixed solution of the
Geodetic Boundary Value Problem (GBVP) became
usual in the SIRGAS and UFPR/IBGE cooperation
context.

2.2 Regional gravity field approach

Ferreira (2011), in his doctoral thesis, worked on the
GBVP. He carried out his research with the support of
UFPR and GIK regarding the possibilities of practical
applications of the GBVP. Among the existing GBVPs
solutions, he focused the fixed GBVP, which is com-
patible with the technologies emerging from GNSS,
which gives the boundary surface, i.e., the Earth’s sur-
face. The employed solution in his work was based
on the Brovar’s type, originally applied for solving the
Molodenskii’s boundary value problem. This approach
allows us to solve the problem of the oblique deriva-
tive by adding suitable correction terms. The solu-
tion is compatible with current techniques for smooth-
ing the external gravity field namely: remove-restore
technique, the topographic-isostatic masses reduction;
RTM, the high resolution GGMs; integration over a
spherical cap by modifying the Hotine’s kernel. All
discussions were in the context of the modernization
of the BHS considering that a modern height system
allows the determination of heights in relation to the
vertical datum everywhere in a country employing the
GNSS technology. Two case studies, one in the Fed-
eral State of Baden-Wiirttemberg, Germany, and an-
other in Parand State, Brazil, showed that the problem
in determining the gravity field in Brazil is the omis-
sion error in gravity data. Accuracy analysis showed
an insufficient discretization of the gravity field used
for determining the geoid in the state of Parand. As-
suming that the commission error in the gravity val-
ues is random, an absolute error expected in the quasi-
geoid model due to omission error is in the order of
decimeter. But, for the relative sense, the evaluation of
this error is 0.2 ppm for distances beyond the resolu-

tion of the model, i.e., 4.6 km. As a contribution, the
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ellipsoidal correction was determined to the boundary

value of the order O(e*).

2.3 Estimation of BVRF offset related to a
WHS by disturbing potential approach

A simple and practical method for direct transfor-
mation of normal-orthometric heights, currently em-
ployed in Brazil in normal height system, (which has
physical meaning) was proposed in Ferreira et al.
(2016). By exploring the mathematical definition of
both height systems, the difference between normal
height H" and normal-orthometric height H"’, can be

easily expressed as:

T,—Tp &U
g P+7

8H = H" — H" ~ -5 .
Y Y

2.1)

where, T, and Tp refer to the disturbing potentials at the
geoid and the Earth’s surface respectively, and dU is
the unknown normal potential difference between the
zero reference for the H" (Uj°) and the geoid U,. The
relation (2.1) can be further simplified and re-written

as:

Yo Tp Yo\ B 8U
=Fw-0-F-(1-)+5 @
where Yo and Yo are the normal gravity at the refer-
ence ellipsoid and at the telluroid respectively; N is the
geoidal height; and C is the height anomaly. Note that
the difference N — { is the same as the difference be-
tween normal height and orthometric height and can be

computed, for example, as proposed in Sjoberg (2010).

3 Inconsistencies of the BHS/BVRN

As pointed out in sub-Section 2.1, the BVRN has
spatio-temporal heterogeneities with large distortions
because of its realization starting from south to
north-east (1945-1969 and 1981-2005) and later from
Central-West to the North (1970-1980).

to investigate such inconsistencies due to the spatio-

In order

temporal propagation of the BVRN as well as due to
errors in the leveling procedure, lack of actual gravity
measurements, etc., potential tilts in the north-south
and east-west direction as well as bias in the BVRN
w.r.t. to a suitable geopotential model was forwarded.
For instance, in Ferreira et al. (2016) a suitable geopo-

tential model was considered by spectrally enhancing

a GOCE (Gravity field and steady-state Ocean Circu-
lation Explorer) based model, namely TIM-R4 (Pail et
al., 2011), and a high-resolution model namely Earth
Gravity Model 2008 - EGM2008 (Pavlis et al., 2012).
This enhancement scheme was carried out aiming to
take advantage of both, that is, the improvement in
long wavelength determination provided by GOCE rel-
atively to the previous gravity field mission GRACE
(Gravity Recovery and Climate Experiment) and the
short wavelength contents of the EGM2008, which is
based on observed and topography-generated gravity
values. The spectral enhancement was carried out us-
ing least-squares adjustment, thereby making the best
use of the available data.

The results have shown that the enhanced geopoten-
tial model fits the GNSS-leveling with a root mean
square error (RMSE) of 20.2 cm. The estimated bias
of —0.40£0.6 cm (w.rt.
work) implies that any future changes to the geopo-
tential value Wy (62636856.0 m>s~2) should be minor
for the BHS w.r.t. to any potential WHS. Furthermore,

the centroid of the net-

the authors have estimated systematic effects in the
north-south and the west-east directions of the order of
—0.90+£0.08 and 2.27 +0.10 cm/degree, respectively.
The tilts in both directions are in agreement with the
Brazilian leveling specification of +4 mm+/k where k
is the length of the leveled line in km, which is equiva-
lent to approximately 4.2 cm/degree at the equator.
More recently, Grombein et al. (2016) used high-
frequency topography-generated gravity signals and a
GOCE-based geopotential model to unify height sys-
tems, and among others, BHS was investigated. The
authors have proposed spectrally enhanced geopoten-
tial models using an adapted Hanning window. They
have found a bias of —1.1£0.7 cm and tilts of the order
of —1.20+£0.9 and 2.7040.11 c¢m/degree at the north-
south and east-west direction, respectively. Despite the
difference in the methodologies and data, the results
provided by Grombein et al. (2016) confirm the previ-
ous findings in Ferreira et al. (2016). This implies that,
despite the issues in sub-Section 2.1, the BHS (through
its BVRN) is consistent and provides the minimal re-
quirements for any potential connection to WHS in the
future. Improvements shall be achieved by consider-
ing the transformation of a normal-orthometric height
system to normal height system using, for example, the
option described in sub-Section 2.3.
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4  Strategies for connecting two
segments of the BVRN

Due to the challenge imposed by the Amazon River
basin for traditional geodetic surveys, BVRN is ma-
terialized in two independent parts: the southern seg-
ment is linked to the Imbituba tide gauge and the north-
ern part is linked to the Santana tide gauge (Fig. 2.1).
The mouth of the Amazon River and its surrounding
wetlands generate a large area without access for spirit
leveling and conventional gravimetry. There is a min-
imum distance of about 330 km between the nearest
benchmarks of the two above mentioned parts. The
gravity field mission GOCE makes it possible to ex-
plore new solutions based on GGMs obtained from
satellite data only. Digital elevation models (DEMs)
allow an improvement in the spectral resolution of the
GGMs based on Residual Terrain Modeling (RTM).
Such an approach is an alternative to filling the infor-
mation gaps in the GGMs by reducing the omission
errors. The spectral improvement of the GGMs allows
us to integrate the vertical datums in a more realistic
way, and with a reduction of terrestrial gravity depen-
dency. Some alternatives for connecting were initially
explored by considering GGMs and improvements in
their resolutions by the RTM technique (Montecino
and de Freitas, 2014). The basis of the solution is given
by: X

Crrm = Yo ;Vk 4.1)

and

C= Lo+ Carii - 42)
In this solution, only a combination of GGM satellite-
only data from the GOCE mission and the spectral
contribution of the RTM were applied. Another solu-
tion was based on the integration of information from

GOCE, EGM2008, and the RTM effect considering a
spectral decomposition given by:

240 241-2190 | #>N,
C=Cooce +Ceomos  + Crrai” - (4.3)

The offset obtained shows that the Imbituba da-
tum is located 1.32 m and 1.43 m below the
Santana datum for the solutions GOCE+RTM and
GOCE+EGM2008+RTM, respectively.

Following these attempts, a connection in the geopo-

tential space was tried with a basis in spectral decom-
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position by using available gravimetry in the region of
the mouth of Amazon River, as well as several GGMs
with different spectral resolutions and the RTM tech-
nique. The basis of analysis was to determine the offset
of each vertical reference surface (DVB-I and DVB-
S) related to the global reference given by recovering
the reference equipotential, which pointed out a dis-
crepancy showed in Fig. 4.1 (Moreira and De Freitas,
2016).

C Physical Surface

________ W, pyp.s=62636846.29m2s2
o +0,99m

SW/y=1.30m #0.11m 0,31m

Reference Geoid
W,=62636856.0m2s2

W, 5y0.=62636859.04m?2s?

Figure 4.1: Connection of two segments of BVRN in the geopoten-
tial space at the Amazon River estuary region.

Figure 4.2: Observed offsets in GPS/Leveling stations in the two
segments of BVRN.

Because a suspect of a systematic effect on the trans-
ported height values along the BVRN until the connec-
tion region, a new attempt was realized by considering
an enhanced GGM obtained by combining GO_CONS
DIR-RS5 (Bruinsma et al., 2013) and EGM2008, and
observations of co-located GPS and leveling bench-
marks, which provide N — { (see Eq. (2.2)) on 638
sites for BVD-I and 16 sites for BVD-S (Fig. 4.2).
The offset between the two segments, considering the



5 Concluding remarks and future prospects

reduction to the respective barycenter, was 1.416 m
(£0.120 m) (de Freitas et al., 2016).

5  Concluding remarks and
future prospects

The spatial and temporal heterogeneities of the BVRN,
besides the lack of full physical meaning for its
heights, are the major problems to be faced in its mod-
ernization process. Several activities have already been
successfully developed since the 2000’s; however, it is
still necessary to accomplish some fundamental tasks.
Because the new precepts of the IHRS/IHRF road
mapped the modernization of BVRN and was estab-

lished by considering the following standards:

* Realization based on physical heights in the form
Hp = f(Cp), where the geopotential number is the
adjusted primary coordinate;

¢ BVRN connected to the SIRGAS-CON continuous
GNSS stations;

e Integration with vertical reference networks of

neighboring countries;

» Reference equipotential surface given by the Wy
IHRS value; and

* Referred to a reference epoch; i.e. to realize the
determination of coordinates‘ velocities or adopt
the variations observed in SIRGAS-CON or future
GGREF stations by segments of BVRN.

The end of 2017 expects the conclusion of the first
global adjustment of the BVRN in terms of geopoten-
tial number differences.

Today, a physical leveling link between the two seg-
ments of BVRN at Amazonian region in the geopoten-
tial space is in development. A set of about 40 new sta-
tions associated with gravity measurements covering
a GPS leveling line will determine the disturbing po-
tential in each station by fixed GBVP solution. These
solutions will integrate new available gravity observa-
tions, high resolution GGM, and the RTM technique.
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Combination of GNSS and InSAR measured at co-located
geodetic monitoring sites
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Abstract

Global Navigation Satellite Systems (GNSS) can provide a temporally dense set of geodetic coordinate observa-
tions in three dimensions at a limited number of discrete measurement points on the ground. Compared to this, the
Interferometric Synthetic Aperture Radar (InSAR) technique gives a spatially dense set of geodetic observations of
ground surface movement in the viewing geometry of the satellite platform, but with a temporal sampling limited
to the orbital revisit of the satellite. Using both of these methods together can leverage the advantages of each to
derive more accurate, validated surface displacement estimates with both high temporal and spatial resolution. In
this paper, we discuss the properties of both techniques with a view to combined usage for improving future na-
tional datums. We apply differential GNSS processing to data observed at a local geodetic network in the Sydney
region as well as time series InSAR analysis of Radarsat-2 data. We compare and validate surface displacements
resulting from the two techniques at 21 geodetic monitoring sites equipped with GNSS and radar corner reflectors
(CRs). The resulting GNSS/InSAR displacement time series agree at the level of 5 to 10 mm. This case study
shows that co-located GNSS/CR sites are well-suited to compare and combine GNSS and InSAR measurements.
An investigation of potential multipath effects introduced by the CRs attached directly to GNSS monumentation
found that daily site coordinates are affected at a level below 0.1 mm. The GNSS/CR sites may hence serve as
a local tie for future incorporation of InSAR into national datums. This will allow frequent updates of national
geodetic networks and corresponding datums by using the large-scale and spatially dense information on surface

displacements resulting from InSAR analyses.

1 Introduction heights are not frequently re-measured and may be-

come outdated where local deformation causes surface

National geodetic networks consist of a set of fixed movements. The source of local deformation can be

benchmarks (or reference sites) and provide a coun- natural (e.g. intra-plate tectonics, landslides or ground-

try with coordinates to form a national datum (Heck, water changes) or anthropogenic (e.g. subsurface min-

2003). Current horizontal datums usually consider the i or construction activities) and induce horizontal

general movement trend of tectonic plates measured and vertical coordinate changes with magnitudes of

with Global Navigation Satellite Systems (GNSS), but
usually do not account for local deformation of the
Earth’s surface. Vertical datums are usually based on
levelling and gravity measurements to provide physi-

cal heights at fixed benchmarks. Often, the benchmark
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several millimetres to metres.

Heckmann et al. (2015) state that benchmark coordi-
nates, heights and gravity values are generally time-

dependent values. Currently, the only way to up-
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date benchmark coordinates affected by surface de-
formation is to re-measure the coordinates by con-
ducting a repeat GNSS or levelling survey. This is
a time-consuming and costly exercise. In this paper,
we propose the use of satellite radar remote sensing to
characterise local surface deformation, and to update
coordinates and datums on a routine basis. Interfero-
metric Synthetic Aperture Radar (InSAR) is a satellite
remote sensing technique which enables the detection
of millimetre-scale movements of the Earth’s surface
over large areas. In contrast to the point-wise informa-
tion provided by GNSS or levelling, InSAR can cover
large areas with a high spatial density of observations
and, therefore, is well-suited to cover the spatial scales
of surface deformation phenomena. High accuracy
in the horizontal coordinate and displacement compo-
nents is obtained from GNSS, whereas InSAR is more
sensitive to vertical surface displacements. Combin-
ing the two techniques can therefore take advantage of
their complementary properties with respect to spatial
and temporal resolution as well as sensitivity to differ-
ent displacement components.

The primary objective of the work presented here is to
investigate the potential for improving the spatial and
temporal resolution of geodetic datums by routinely
combining these independent geodetic data in the fu-
ture. We present a case study in which we analyse data
acquired since July 2016 from a local network of 21
geodetic monitoring sites in the Sydney region, cover-
ing an area of about 20 km x 20 km. Each site con-
sists of a co-located GNSS monument and two radar
corner reflectors (CRs), which reflect the radar signal
back to the satellite with a high signal-to-noise ratio
for exploitation in the InNSAR analysis. These geode-
tic monitoring sites demonstrate that InNSAR measures
the same deformation signal as GNSS and, serve as a
proof of concept that co-location of GNSS/InSAR CRs
provides opportunity to conduct a local tie between the
techniques.

2 Geodetic methods

This section gives a brief overview of how surface dis-
placements are derived from GNSS and InSAR data as

I'Seven sites located on the Australian tectonic plate.

2Ten sites at distances between 30 and 200 km from the area of interest.
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well as the major characteristics of both geodetic tech-
niques. Some remarks on using radar CRs and local
ties between GNSS and InSAR at co-located sites are

included in sub-Section 2.3.

2.1 Surface displacements from GNSS

Three-dimensional (3D) position coordinates are esti-
mated from multiple GNSS observations over a cer-
tain time period, e.g. one daily coordinate estimate
from 24 hours of GNSS observations. Surface dis-
placements are subsequently derived as a change of
position over time. A relative (or differential) posi-
tioning strategy enables most of the perturbation terms
affecting GNSS signals to be eliminated, or at least re-
duced, by combining observations of different satel-
lites and receivers at different measurement epochs
(e.g. Hofmann-Wellenhof et al., 2008). Differential
GNSS analyses make use of a network of surrounding
reference sites and are suitable to estimate coordinates
of a local network at high precision (Torge and Miiller,
2012). The GNSS data presented in Section 3.2 were
analysed as a differential network using a stochastic
connection to surrounding International GNSS Service
(IGS) sites!, and surrounding Asia Pacific Reference
Frame (APREF) sites?. The results are daily geocen-
tric coordinates (XYZ) at each site in ITRF2014 (Al-
tamimi et al., 2016).

The major displacement trend follows the movement
vector of the Australian tectonic plate across the area
of interest. In order to obtain local deformation, the
linear trend is calculated at each GNSS site from an
Australian tectonic plate model (see ICSM, 2017) and
subtracted from the XYZ coordinate time series. Sub-
sequently, XYZ coordinates are transformed to longi-
tude, latitude and ellipsoidal height. The first daily co-
ordinate estimate serves as a temporal reference and
is set to zero. Finally the longitude, latitude and
height differences with respect to the first day are trans-
formed to topocentric metric coordinate differences
(East, North, Up) using the local radii of curvature of
the Ellipsoid. Table 2.1 summarises the characteris-
tics of surface displacements derived from GNSS using
the described method. Note that precision of the Up

component of displacement is a factor of three poorer



2 Geodetic methods

Table 2.1: Characteristics of GNSS and InSAR with respect to surface displacement estimation; values given in brackets for spatial and temporal
resolution of InSAR relate to the Radarsat-2 data used within this paper

Temporal resolution  Spatial resolution

Spatial reference

Precision Sensitivity to East,

North, Up displacem.

GNSS:  high: daily (for low: point-wise, reference sites high: 1 mm hor- high, high, medium
continuously oper- at least several km  used for differen- izontal, 3 mm
ating sites) between points tial processing vertical

InSAR: medium: weeks to high: pixel size of  reference area, medium: 3-6 mm  medium, low, high

months (24 days) the sensor (9 m x

9 m pixels)

often chosen arbi-
trarily

(for C-band sen-
SOrs)

than the horizontal components. This is because vis-
ible GNSS satellites are only distributed in the hemi-
sphere above the local horizon (e.g. Choi et al., 2007).

2.2 Surface displacements from InSAR

Spaceborne synthetic aperture radar (SAR) systems
measure the range (i.e. the distance to the detected ob-
ject) and the intensity of radar backscattering from the
ground surface. From their side-looking image geom-
etry, SAR sensors provide a 2D map of the Earth’s
surface in the coordinate system of the platform. As
for GNSS, the distance to an object is expressed by
a phase measurement. InSAR is a processing tech-
nique that makes use of two or more SAR images ac-
quired at different times to derive relative surface dis-
placements from changes in the measured phase sig-
nal. When a stack of SAR data is available, images
of phase difference are calculated (so-called “interfer-
ograms”), resulting in a displacement time series for
each image pixel. However, the phase information may
be noisy at some pixels if the backscattering charac-
teristics of the ground change through time (this phe-
nomenon is particularly apparent in vegetated areas).
Ferretti et al. (2000, 2001) introduced the concept of
Persistent Scatterer (PS) InNSAR (PS-InSAR) process-
ing, which makes use of a subset of pixels with con-
sistent backscattering through time. At selected PS
pixels the phase signal is analysed and other nuisance
terms contributing to the signal, such as atmospheric
or orbital effects, are separated from the phase signal
with the remainder assumed to be related to surface
displacement (e.g. Hooper et al., 2004; Hooper et al.,
2007; Adam et al., 2003; Kampes, 2005). The dis-
placement signal is subsequently transformed to a met-

ric displacement using the wavelength of the radar sen-

sor. Common radar wavelengths used by SAR satel-
lite sensors are 3.1 cm (X-band), 5.6 cm (C-band) and
23.6 cm (L-band).

As for GNSS displacement analysis, a spatial and tem-
poral reference must be defined during the processing.
In the case of InSAR, the spatial reference must be lo-
cated within the imaged area. It is common practice to
choose an area presumed to be stable and containing
several hundreds to thousands of PS pixels. All dis-
placements can then be interpreted relative to this pre-
sumably stable reference area. The temporal reference
is restricted to the SAR image acquisition dates. As for
GNSS, the first acquisition of a given image stack can
be used as a temporal reference. Table 2.1 summarises
the characteristics of surface displacements derived
from PS-InSAR. Note that displacements from InSAR
are measured along a slanted, 1D line of sight (LOS)
towards the satellite. Radar satellites acquire image
data of the same area on ascending (travelling south
to north) and descending (travelling north to south)
orbital passes. When information from both orbital
viewing geometries is present, LOS displacements can
be mathematically transformed to East-West and Up-
Down components of the 3D displacement field. Sen-
sitivity to North-South displacements is low due to the
polar orbit of all SAR satellites and the side-looking
image geometry.

In order to derive horizontal and vertical displacement
components from InSAR, we combine the displace-
ment data observed in ascending and descending im-
age geometries. This is possible if LOS displacements
are available (i) at the same location for all analysed
tracks and (ii) within the same time period. To ful-
fil (i), spatial interpolation is needed as the location of
PS pixels is different for each analysed stack of im-
ages. The Kriging technique (e.g. Li and Heap, 2008)
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is applied to interpolate LOS displacements to a com-
mon grid taking into account the geostatistical proper-
ties of the displacements at each measurement epoch.
By combining displacement rates (i. e. velocities) re-
sulting from linear regression of the displacement time
series at each pixel, no temporal reference is needed.
Combination of epoch displacements instead of linear
rates would require interpolation in time in addition to
the spatial interpolation. The conversion of LOS dis-
placement rates from one ascending and one descend-
ing geometry can only solve for vertical and one hor-
izontal component (East-West), since InSAR is insen-
sitive to displacements in the North-South direction.
Therefore, we solve for Up-Down and East-West ve-

locities (vg and vy, respectively) by inversion of

Vase \ [ —sinBgsc cOS Olyse €08 O5¢ VE
Videsc —SiN0e5e COS Olyege  COSByege vu
3.1)

at each pixel with given ascending and descending
LOS velocities (Vs and Ve, respectively) and cor-
responding incidence angle 6 and satellite heading o.
Equation 2.1 implicitly assumes no displacement in
North-South direction is measurable by InSAR. This
assumption is valid in most cases since only a small
fraction of a North-South-oriented displacement would
map into the InNSAR LOS geometry. From the pro-
jection vectors of East, North and Up components of
deformation into the LOS geometry, a sensitivity de-
composition can be derived (Samieie-Esfahany et al.,
2010). For 6 and a of the ascending or descending
Radarsat-2 data used in our case study (Section 3) the
sensitivity decomposition of deformation results in val-
ues of 0.60, 0.18 and 0.78 for the East, North and
Up component, respectively. Hence, any North-South
deformation will have significantly less influence on
the resulting combined displacement rates (East and
Up components). However, neglecting East-West de-
formation by converting LOS displacements from one
direction only (ascending or descending) into verti-
cal displacements would result in incorrect estimates
as the East-West component has a strong contribution
to the LOS geometry. For more information on spa-
tial interpolation of InSAR displacements at PS pixels
and data combination see Fuhrmann et al. (2015a) and
Fuhrmann (2016).
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2.3 Co-located GNSS/InSAR measurements
using Radar corner reflectors

Generally, the exact position of radar backscattering
within a PS pixel is unknown and the total signal re-
sponse is usually due to contributions from many scat-
terers within the pixel. However, artificial targets de-
signed to backscatter a high proportion of incident
radar energy, such as radar corner reflectors (CRs), en-
able the absolute position of a PS pixel to be known.
CRs can therefore be used to validate and combine
InSAR with other geodetic techniques for surface dis-
placement analysis. Furthermore, geodetic monitor-
ing sites consisting of a GNSS antenna and a CR may
serve as a local tie to connect InSAR observations into
national datum determination. National networks of
GNSS sites provide a large-scale absolute reference
frame which could be densified using information on
local deformation derived from InSAR, in the future.
In this case the local tie of GNSS and InSAR connects
relative displacements derived from InSAR on adja-
cent satellite tracks to the national GNSS (and other
geodetic) networks that are used to derive displace-
ments.

Figure 2.1: Geodetic monitoring site CA19 consisting of GNSS an-
tenna/receiver and two CRs aligned for ascending and
descending passes of Radarsat-2

Figure 2.1 shows an example of a co-located geodetic
monitoring site (CA19) as used in the case study de-
scribed in Section 3. GNSS observations are acquired
continuously at CA19. The CRs are oriented for SAR
signals transmitted by the Radarsat-2 satellite on as-
cending and descending orbital passes with a repeat
time of 24 days on each pass. A CR reflects incom-
ing radar energy back to the SAR sensor by way of a



3 Case study in the Sydney region

triple bounce reflection off the three orthogonal reflec-
tor plates. The amount of energy reflected to the SAR
sensor depends on the size, shape and material of the
reflector as well as on the orientation of the reflector
with respect to the transmitted radar signal. The de-
ployed CRs have square reflector panels, 60 x 60 cm.
A detailed description of suitable sizes of CRs for use
with commonly employed SAR frequencies as well as
considerations with respect to manufacturing and long-
term installation of these artificial targets is given by
Garthwaite et al. (2015) and Garthwaite (2017).

The received signal from a CR in a certain InSAR
dataset depends on the magnitude of the signal re-
turned from the CR, but also the summed signal from
all the other scatterers within the imaged pixel. The
latter component of the received signal is referred to
as clutter. The level of clutter in the vicinity of the
deployed CR has a detrimental effect on the level of
noise in phase observations. The Signal-to-Clutter Ra-
tio (SCR) is therefore a quantity that can be used to
determine the likely quality of PS-InSAR observations
originating from a deployed CR.

SCR values calculated at the CRs of site CA19 for the
period of Radarsat-2 acquisitions in the case study area
(since July 2015) are shown in Figure 2.2 for SAR data
acquired on both ascending and descending passes. Al-
though some seasonal variability is evident, the SCR at
CA19 is generally above 20 dB for the period between
July 2016 (when the geodetic monitoring site was es-
tablished) and November 2017 compared to the pe-
riod before CR installation. The SCR is also generally
above 20 dB at all other CRs in the geodetic network.
The level of phase noise expected in C-band SAR data
for an SCR of 20 dB is approximately 0.3 mm (Garth-
waite, 2017), which is a small fraction of any deforma-
tion signal of interest. We therefore judge our CR de-
sign to be suitable for the Radarsat-2 data used and the
environmental conditions in the vicinity of the geodetic
monitoring sites. At some CRs, we observe a sudden
decrease of SCR values, which can be related to dam-
age and/or misalignment of the CR. Monitoring the
SCR is therefore a useful way to remotely detect poten-
tial issues at monitoring sites that can then be quickly
fixed in the field.
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Figure 2.2: SCR values (given in dB, with linear-scale SCR val-
ues below 1 set to 0 dB) derived from ascending and
descending Radarsat-2 data captures of the CRs at site
CA19; the time of CR deployment is indicated by the
vertical dashed gray line

3  Case study in the Sydney region

This section presents the case study to combine sur-
face displacements from GNSS and InSAR in the Syd-
ney region of New South Wales (NSW), Australia.
The case study area and database are described (Sec-
tion 3.1) as well as the displacement results (Sec-
tion 3.2). Section 3.3 presents the results of an inves-
tigation in to the potential multipath effects that could
be introduced by CRs attached directly to GNSS mon-

umentation.

3.1 Case study area and database

The studied area and the available datasets are shown
in Figure 3.1. Radarsat-2 data were acquired on one
ascending and one descending track with a 24 day re-
peat time since July 2015. Figure 3.1 also displays the
GNSS sites located within the area of interest. Three
of the sites are part of CORSnet-NSW GNSS network
operated by NSW Spatial Services, (i.e. sites CRDX,
PCTN and MENA). In cooperation with NSW Spatial
Services, CRs were attached to the GNSS monument
at site MENA in June 2016 (see Section 3.3). In ad-
dition, 20 new geodetic monitoring sites were estab-
lished in May 2016 consisting of the setup shown in
Figure 2.1. Most of these new sites are operated on a
campaign basis, with 24 hours of GNSS observations
being acquired at monthly intervals since July 2016.

Four of the new sites are operated continuously.

3.2 Results: surface displacements

The GNSS database is analysed as described in Sec-
tion 2.1 using the Bernese GNSS Software (Dach et
al., 2015) to calculate XYZ coordinates for each site

and each analysed day. Note that for consistency with
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Figure 3.1: Overview of the database: GNSS sites and SAR tracks in ascending and descending geometries; Background: Digital Elevation

Model

the surrounding reference network, only data from the
Global Positioning System (GPS) have been analysed
to estimate daily site coordinates. Figure 3.2 displays
the resulting coordinate time series at continuously op-
erating site CA19 after subtraction of the general trend
of the Australian Plate.

This site is affected by strong horizontal motion par-
ticularly at the beginning of the time series. The to-
tal horizontal displacement sums to about 5 cm in the
Southeasterly direction. The resulting coordinate time
series for the Up component is noisier than the East
and North components. This is because vertical coor-
dinate estimates and corresponding coordinate changes
are less accurate compared to horizontal coordinate es-
timates. Despite this, a slight downward displacement
trend totalling about 1.5 cm can be observed at CA19.
Mean coordinate standard deviations (26) are 1.1 mm
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Figure 3.2: Displacement (i.e. coordinate changes in East, North
and Up component) at site CA19 with respect to the first
observed epoch (4 July 2016)
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and 2.9 mm for horizontal and vertical components,
respectively. Although all three dimensions of the dis-
placement vector can be observed from GNSS anal-
ysis, only 1D information in the LOS is provided by
a single InSAR analysis. However, instead of a point-
wise displacement, InSAR is able to provide a spatially
dense image of surface displacements. Figure 3.3 dis-
plays linear displacement rates (i.e. velocities) for the
area of interest derived from separate PS-InSAR anal-
yses, as described in Section 2.2, for the ascending
and descending Radarsat-2 tracks between July 2015
and November 2017. Note that the displacements are
observed along the slanted LOS towards the satellite
which is different for the ascending and descending
image geometries: the ascending pass observes the
ground at an angle of 38.6° against the vertical, look-
ing towards the east; the descending pass at an angle
of 38.6° against the vertical, looking towards the west.
The LOS displacement rates shown in Figure 3.3 are
relative to an arbitrarily chosen reference area located
in western Sydney. Note that the same reference area
was used for InSAR analyses in both tracks in order to
enable a consistent combination of ascending and de-
scending displacement data. Mean standard deviations
(20) of linear velocities are 1.0 mm/yr and 0.7 mm/yr
for the ascending and descending passes, respectively.
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Figure 3.3: LOS displacement rates from analysis of ascending (left image) and descending (right image) Radarsat-2 data; the black circle
marks the reference area, the black square and diamond mark the location of site CA19 and MENA, respectively

The LOS displacement rates shown in Figure 3.3 are
interpolated to a 50 m grid, where interpolation is only
performed if a certain number of PS pixels is avail-
able in the surroundings of a given interpolation lo-
cation. The time period of the available Radarsat-2
data is roughly the same for both tracks. The two LOS
datasets are, therefore, suitable for combination to ver-
tical and East-West displacement rates using Equa-
tion 2.1 as described in Section 2.2. From the result-
ing velocity fields shown in Figure 3.4 (East-West and
Up-Down components) one can state that the northern
part of the analysed area was stable in the period be-
tween July 2015 and November 2017 within +2 mm/yr
(green colours) and that several significant movements
with velocities of up to 30 mm/yr occurred in the area
south-west of Sydney. The combined results shown in
Figure 3.4 demonstrate how PS-InSAR can deliver a
spatially dense dataset of horizontal and vertical sur-
face displacement observations, particularly when ap-
plied in urban areas, such as Sydney, where PS pixel
density is high.

The geodetic monitoring sites enable the comparison
of the displacements derived from GNSS and InSAR
at the same measurement location. Figure 3.5 shows
the LOS displacements at site CA19 (pictured in Fig-
ure 2.1) resulting from analysis of Radarsat-2 data
since July 2016. By that time, the CRs had been
installed and show reasonable SCR values (see Fig-
ure 2.2). For validation, we project the 3D displace-

ment changes resulting from GPS analysis into the

ascending and descending LOS of the corresponding
Radarsat-2 track. For the descending geometry there is
a good fit between the InSAR and GPS displacements.
Note that the GPS displacements are noisier compared
to InSAR because of the strong influence of the GPS-
derived Up component on the projected LOS displace-
ment vector. For the ascending LOS the fit between
GPS and InSAR is good for the first 10 months of the
time series, becoming slightly worse after April 2017.
This discrepancy is possibly due to un-modelled phase
contributions present in the ascending pass InSAR data
and could improve with the acquisition of more InSAR
data.

40 T T T T T T T 4
- -® - InSAR asc.

30 | —————— GPSdesc. - -= - InSAR desc.
3 R L TR
» 1 g}.' i.‘ L .

{

1 r'. il al
o }ﬁa”ﬁ'“m‘r'

=
S o

Displacement [mm]
3 o
T

o
S
T

30t : 1

-40

LOS

Jul1é

Sep16

Nov16

Jan17

Mar17

May17

Jul17

Sep17

Nov17

Date (first day of month)

Figure 3.5: LOS displacements measured at site CA19 by InSAR
at ascending (asc.) and descending (desc.) CRs and by
GPS at the antenna on top of the pole (see 2.1); GPS
East, North and Up components are projected into as-
cending and descending LOS geometry.

Similar results for the agreement between GNSS and
InSAR are observed at other geodetic monitoring sites
in the network. A statistical assessment of LOS dis-
placements derived by InSAR and GNSS at the 21
GNSS sites equipped with CRs results in an average
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Figure 3.4: Displacement rates from combination of ascending and descending Radarsat-2 tracks, left: East component, right: Up component;
the black circle marks the reference area, the black square and diamond mark the location of site CA19 and MENA, respectively

difference of 4.8 mm and 4.2 mm for the ascending
and descending LOS, respectively, with most differ-
ences being within 10 mm (maximum difference of
20 mm). Consequently, we can state that displace-
ments measured by both techniques agree at the level
of 5 to 10 mm at our geodetic monitoring sites, but
CA19 is the only site in the analysed geodetic network
affected by surface displacement greater than 10 mm

in magnitude.

3.3  GNSS multipath caused by co-located
corner reflectors

Multipath effects, caused by reflections in the near-
and far-fields of a GNSS antenna, distort the origi-
nally transmitted GNSS signal through interference.
As a consequence, all objects surrounding a GNSS an-
tenna can potentially be sources of multipath. Hence,
the CRs attached directly to the GNSS monument are
likely to induce some kind of multipath to observed
GNSS signals. At site MENA (Menangle, NSW, see
Figure 3.6), GNSS data had been acquired for over
three years prior to the attachment of the CRs on 25
May 2016. This site is therefore suitable to assess the
effect of potential GNSS signal interference with the
CRs.

We compare coordinate variability and standard devi-
ations resulting from daily GPS processing from the

periods before and after CRs were attached at the site.

90

Figure 3.6: Site MENA before (left image) and after (right image)
radar CRs were attached to the antenna pole

A similar investigation has been performed by Parker
et al. (2017) for CRs which are located several tens of
metres away from a continuous GNSS site. For this
scenario, no detectable increase in the average RMS of
GNSS carrier-phase residuals was found, when com-
paring the residuals before and after CRs were de-
ployed. At MENA and the other geodetic monitor-
ing sites in the area, the CRs are mounted directly un-
derneath the GNSS antenna and could therefore affect
GNSS observations more significantly.

Figure 3.7, left image, displays the time series of co-
ordinate changes at sitt MENA since January 2013 for
the East component of displacement. In order to assess
the effect of the CRs on the coordinate estimates, we
calculate the mean absolute difference with respect to a

moving average for each analysed day (red line in Fig-
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Figure 3.7: Coordinate differences (East component, left image) and coordinate standard deviations (right image) at site MENA with respect to
the first observed day (18 January 2013); the dashed grey line marks the date of the CR deployment on 25 May 2016

ure 3.7, left image). This measure of coordinate vari-
ability is subsequently compared for the periods before
and after the CRs were attached (2013-01-19 to 2016-
05-24, and 2016-05-26 to 2017-11-04, respectively).
The coordinate variability and a comparison of mean
standard deviations for the periods before and after CR
deployment are given in Table 3.1.

The difference in standard deviations between winter
and summer months is much larger than the differ-
ences for the period before and after deployment (as
seen in Figure 3.7, right image). In general, a slight
increase of standard deviation and coordinate variabil-
ity is observed after the CR deployment for all coor-
dinate components (East, North and Up). However,
the effect is less than 0.1 mm for all components and,
therefore, negligible for long-term monitoring of sur-
face displacements. More in-depth investigations in
to multipath effects induced by the CRs could include
using multipath stacking maps generated for a certain
analysis period (e.g. Fuhrmann et al., 2015b).

Table 3.1: Statistical assessment of GPS coordinate variability at site
MENA before and after CRs were deployed

Period East North  Up
Coordinate variability [mm]:

before (1222 days) 0.70 0.63 3.20
after (527 days) 0.77 0.68 3.32
26 standard deviation [mm]:

before (1222 days) 1.04 1.09 3.15
after (527 days) 1.06 1.10 3.21

4 Conclusions

In this contribution, we have demonstrated the abil-
ity of InSAR to accurately measure surface displace-

ments and displacement rates at a dense set of mea-
surement points. The ability of satellite radar data to
cover large areas presents a promising opportunity to
include surface displacements detected by InSAR into
national datums, particularly to update the vertical da-
tum. In contrast to large-scale GNSS networks provid-
ing an accurate solution for continental plate tectonics,
InSAR is well-suited to detect regional scale defor-
mation phenomena. Future geodetic networks could
make use of InSAR as a technique to densify geode-
tic measurements between existing GNSS sites in or-
der to detect and characterise ground surface deforma-
tion at various spatial scales. Furthermore, InSAR can
be used to frequently update coordinates of geodetic
benchmarks affected by surface deformation without
the need to directly take measurements on the ground
at those benchmarks.

CRs can be deployed as part of geodetic monitoring
networks in order to validate displacements measured
by InSAR with displacements measured at the same
location by GNSS or levelling. First results of the
validation of InSAR and GPS observations from co-
located geodetic monitoring sites reveal good agree-
ment at the level of 5 to 10 mm. Co-located CR/GNSS
sites may serve as a local tie to incorporate InSAR into
national datums in the future. Validation and combina-
tion of InSAR with ground-based measurement tech-
niques (such as GNSS or levelling) is important to ac-
count for the limitations of InNSAR, which can include
un-modelled atmospheric effects and the low sensitiv-
ity to North-South displacements. Statistical analysis
of coordinate time series presented here has proven
that potential GNSS multipath effects induced by CRs
attached directly to GNSS monumentation have a neg-
ligible influence on daily site coordinates derived from
GPS observations (below 0.1 mm).
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The Sentinel-1 satellite mission launched in 2014 by
European Space Agency (ESA) provides coverage of
radar images over large areas with a generally short
revisit time (usually 6 or 12 days). This creates the op-
portunity to use InSAR on a national scale in the future
(Kalia et al., 2017). In compliance with ESA’s new
data policy (Aschbacher and Milagro-Pérez, 2012),
Sentinel-1 data is provided completely free of charge.
Therefore, it is possible to provide regular updates of
InSAR deformation map products at a low cost once
the data processing of the huge archive of Sentinel-1
data is streamlined and automated as far as practicable.
National GNSS networks will help to link deformation
maps derived at adjacent Sentinel-1 tracks and provide
the opportunity to incorporate InSAR into the determi-
nation of vertical datums. InSAR analysis on a national
scale will result in detailed and timely information on
surface deformation to be used along with GNSS to
update benchmark coordinates and to detect potential

natural or anthropogenic deformation phenomena.
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Abstract

After finishing PhD sandwich (Rodrigo) under co-supervision of Professor Bernhard Heck in 2010 at GIK (Geode-
tic Institute of Geodesy) KIT, new ideas came true to start a laboratory of research dedicated to coastal studies
(LACCOST) at Federal University of Pernambuco, Brazil. Also the contact made at GIK with Professor Joseph

Awange spreading his ideas about “Environmental Geodesy” add latter an international cooperation with Curtin

University, Australia, improving this team and including beside coastal related studies researches with spatial

geodesy as background to support questions about the environment, using Brazil and South America as study case.

The objectives of this paper is firstly to thank Professor Heck for keeping always looking for international coop-

eration with naturally become an example and model to follow up and his incredible skills to support researches

all over the world. Secondly propagate what has been the topic of master’s students showing researches under

development at this laboratory.

1 Introduction

The Federal University of Pernambuco (UFPE), Re-
cife, Brazil houses the Department of Cartographic
Engineering. This department among its tasks sup-
ports the under graduation in survey engineering and
also a post-graduation program in Geodetic Science
and Technology of Geoinformation. It is considered
the only post-graduation program in this field that is
covering north and north-east regions of Brazil and
has been training human resources in Geodetic Sci-
ences. In 2011 was created the Coastal Cartogra-
phy Laboratory called LACCOST to support research
concerning ICZM (Integrated Coastal Zone Manage-
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ment) and coastal monitoring. After this, naturally re-
search projects were submitted and founded by differ-
ent Brazilian agencies of research like CAPES, CNPq
and FACEPE. Nowadays are under developing two re-
search projects called “Climate Change Impacts on the
Brazilian Water Resources” supported by CAPES and
“Environmental Geodesy: Monitoring of Water Re-
sources, Shoreline and Related Impacts” by CNPq,
both related with the primary task of Geodesy that is
measuring the Earth’s surface and using some modern

techniques to map and model the environment.

According to Awange and Kiema (2013) “Environ-

mental Geodesy” can be argued as that branch of
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geodesy that applies geodetic techniques to monitor
the environment by appropriate decision making. Us-
ing this general concept this paper has the aim to show
research topics that has been under developing by mas-
ter’s students in LACCOST. The structure of this paper
is divided into five keywords to present its research
characteristics and among of them are: UAVs (Un-
manned Aerial Vehicle), GNSS RO (Global Naviga-
tion Satellite Systems, Radio Occultation), AVHRR
(Very High Resolution Radiometer)/TRMM (Tropi-
cal Rainfall Measuring Mission) and MSWEP (Multi-
Source Weighted-Ensemble Precipitation). All of them
used as baseline to give support to environmental chal-

lenges in Brazil and South America.

2 UAVs

The use of UAVs has become a current paradigm in
research in several areas, however they are still a nov-
elty for coastal mapping. Monitoring coastal stability
is vital for environmental management and is part of
the set of tasks and activities that contribute to coastal
management (Gongalves et al., 2012). In particular, it
becomes crucial to determine the spatial position of the
shoreline and beach profiles. Through the continuous
monitoring of these elements, decision makers are able
to analyze the agents and factors involved in coastal
zone behaviour.

For Turner et al. (2016) UAVs brings practicality and
agility to the execution of coastal activities, and can be
used for different types of studies, such as natural dis-
aster analysis, coastal vulnerability to erosion, shore-
line mapping, and geomorphology, among others.

The present research aims to evaluate the potential of
UAVs for three-dimensional mapping and coastal mon-
itoring considering horizontal information through the
spatial position of the shoreline as well as vertical with
the extraction of beach profiles from DTM (Digital
Terrain Models), having as case study the Coroa do
Avido Islet, located in the municipality of Igarassu,
Pernambuco state, north-east of Brazil.

The accuracy of this mapping will be compared with
reference to the Technical Specification for Quality
Control of Geospatial Data, in Brazil. This document
is part of a set of norms and standards that must be ob-
served by all public and private entities that producing

and use cartographic services and related activities.
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In order to validate the spatial information generated,
a comparisons will be made regarding the positional
quality of the UAVs data (restitution of the shoreline
from orthophoto mosaic and beach profiles through
DTM) with data obtained through GNSS survey.

It is expected that UAVs complement coastal monitor-
ing activities and give more options to support decision

makers to preserve and plan coastal environment.

3 GNSS meteorology

The tropopause is the transition zone in the atmosphere
between the upper troposphere and lower stratosphere,
being of great importance for thermal equilibrium and
energy balance between stratosphere and troposphere.
The height and temperature of the tropopause were
sensitive to temperature changes in the troposphere
and stratosphere (Melbourne et al., 1994). One of the
mechanisms that leads to an increase in the height of
the tropopause is the warming of the troposphere due
to more CO2 (greenhouse effect) and a cooling of the
lower stratosphere due to the decrease of stratospheric
ozone, both observed in the last decades (Schmidt et
al., 2008).

The global height of the tropopause presents an upward
trend in the reanalysis and radiosonde observations for
the period from 1979 to 2001 (Santer et al., 2004).
Thus, the height and temperature of the tropopause can
be considered as a parameter for the detection of cli-
mate change processes and, therefore, identifying and
monitoring the tropopause is an important objective in
climate research (Santer et al., 2003; Schmidt et al.,
2008).

In South America, tropopause studies use data from
radiosonde stations, reanalysis models and recently ra-
dio occultation data and are related to meteorological
events or the quality of the reanalysis products (e.g.
Santos (2016), Fontinele (2012), Holzschuh (2010)).
However, no study presented the temporal variation of
the height and temperature of the tropopause over the
entire region of South America based on radio occul-
tation data.

GNSS radio occultation (GNSS-RO) uses GNSS
(Global Navigation Satellite Systems) signals in con-
junction with LEO (Low Earth Orbit) satellites, this
method has the potential to overcome the limitations

of classical methods (radiosondes and reanalysis mod-
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els) due to high accuracy, greater vertical profile, data
distributed almost uniformly across the globe and long-
term stability of the system, excluding problems such
as discontinuities in time series (Melbourne et al.,
1994).

3.1 GNSSRO

In April 1995, the United States launched the
Microlab-1 LEO satellite to investigate the potential of
the GNSS RO method in obtaining neutral atmosphere
and ionosphere data. The mission became known as
GPS/MET and collected atmospheric data for the pe-
riod 1995-1997. Following the success of the mis-
sion, several countries carried out their own scientific
missions, such as: CHAMP (Challenging Minisatel-
lite Payload of Geophysical Researche and Applica-
tion) launched by Germany collecting data from 2001
to 2008. FORMOSAT-3/COSMIC (Constellation Ob-
serving System for Meteorology Ionosphere & Cli-
mate) of the US and Taiwan consortium, has been
in operation since 2006. GRACE (Gravity Recov-
ery and Climate Experiment) and TERRASAR-X both
launched by Germany and in operation since 2001 and
2008 respectively. South Korea’s KOMPSAT-5 (Korea
Multi-Purpose Satellite-5) mission in operation since
2015. And the European Union’s Meteorological Op-
erational Satellite (METOP) operating since 2007.

The LEO satellite equipped with a GNSS receiver or-
biting around the Earth will receive navigation signals
from the satellites of the GNSS constellation. A oc-
cultation event occurs when the GNSS satellite that is
opposite to the LEO satellite transmits a tangent sig-
nal to the atmosphere, as the LEO and GNSS satellites
move, the signal traverses the various layers of the at-
mosphere which leaves the path traveled by the signal
slightly flexed (see Figure 3.1). The other satellites of
the GNSS constellation that are not in the geometric
position to perform the radio occultation are used to ac-
curately determine the positions, speeds and errors of
the clocks in the GNSS transmitter and LEO receiver
(Jin et al., 2014).

A single radio occultation event lasts approximately 1
to 3 minutes, performing 4000 measurements per pro-
file, ranging from 100 km in the ionosphere to approx-
imately 1 km in the troposphere (Sapucci, 2014).

#F.

~ ~
GPS_occ ~~

Figure 3.1: Geometry of the radio occultation composed of atmo-
spheric GNSS that transmits the RO signal, a GNSS
as a reference (not hidden), GNSS LEO receiver and a
ground station.

3.2 Formosat-3/COSMIC

The Corporate University for Atmospheric Research
(UCAR) in partnership with the National Space Or-
ganization of Taiwan (NSPO) is responsible for the
Formosa Satellite Mission - 3/Constellation Observ-
ing System for Meteorology, Ionosphere and Climate
(Formosat-3/COSMIC) project.
mission to develop observation techniques using sig-

This is a scientific

nals from the Global Satellite Navigation System
(GNSS) in weather forecasting and climate analysis.
On April 14, 2006 the Formosat-3/COSMIC mission
entered orbit with a constellation of six low-orbit
(LEO) satellites generating 2,500 probes per day, dis-
tributed globally, with data available as of April 22,
2006.

Due to the success of COSMIC-1, US and Taiwanese
agencies have decided to move forward with a
subsequent RO-GNSS mission called FORMOSAT-
7/COSMIC-2, which will launch 12 satellites until
2020. With continued operation of COSMIC-1 and
COSMIC-2 mission, which will increase the time se-
ries and the amount of radio occultation data to support
atmospheric research for years to come.

The GNSS RO Formosat-3/COSMIC data is pro-
vided by the COSMIC Data Analysis and Data Cen-
ter (CDAAC) of the UCAR and from the Doppler dis-
placement they provide the angle of refraction (o) in
each signal, (N), which is related to total pressure
(P), temperature (7") and water vapour pressure (Pw)
(Awange and Grafarend, 2005).

The level 2 data format, available from the CDAAC,
contains refractivity profiles inverted by the Abel trans-

formation with air temperature, water vapour, air pres-
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sure, height above mean sea level and location of radio
occultation (Khandu et al., 2011).

In the proposed study under development, the alti-
tude, temperature and hiding position will be used
as variables for South America from April 2006 to
April 2017, during which time the COSMIC satellites
recorded 543,909 atmospheric profiles distributed over

the study area.

This study aims to investigate the regional trends
in tropopause height and temperature in relation to
South America through: (i) Validation of COSMIC
atmospheric profiles in relation to radiosonde station
data; (ii) Compare the atmospheric profiles obtained
through the COSMIC mission with the CPTEC/INPE
PNT (Numerical Time Forecast) reanalysis product for
South America; (ii) To determine the annual varia-
tions of the height and temperature of the tropopause
in South America (2006-2017) and to compare with
global estimates present in the literature; (iv) To corre-
late the variations of the height and temperature of the
tropopause with latitudinal and longitudinal variations
over the Americas and (v) Generate a map that repre-
sents the annual variations of the tropopause covering

the surface of South America.

4 AVHRR and TRMM

Monitoring drought in agriculture consists of measur-
ing its intensity and capturing its spatial extent and
temporal persistence (Wardlow et al., 2012). In Brazil,
a country whose Gross Domestic Product relies on
agricultural production, drought is a phenomenon that
often negatively impacts it (Mariano, 2015). The
present study was based on the hypothesis that it is pos-
sible to detect the occurrence of drought in agriculture
using Remote Sensing data, together with vegetation
indexes and precipitation. Thus, it would be possible
to propose an effective methodology for the character-
ization and monitoring of drought and its effects on
agriculture, using data from the visible and infrared
spectral for the NDVI from the Advanced Very High
Resolution Radiometer (AVHRR) sensor and Tropi-
cal Rainfall Measuring Mission (TRMM) products, as
well to evaluate the efficacy and relationship of these
indicators with the national data of agricultural produc-
tion, during the study period.
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4.1 Advanced very high resolution
radiometer (AVHRR)

The AVHRR system is a five-channel imager radiome-
ter, sensitive to portions of the visible, near infrared
and thermal of the electromagnetic spectrum, by “cross
track” imaging system (Kidwell, 1991).

In 1982 the Global Inventory and Monitoring Mod-
eling Group (GIMMS) of the National Aeronautics
and Space Administration (NASA) dedicated to multi-
temporal vegetation studies using AVHRR/NOAA
data. The main objective of the group was to evalu-
ate the use of satellite data of low spatial resolution to
provide information on the distribution and phenology
of vegetation.

Although the spectral channels have been chosen to
provide meteorological, oceanographic and hydrolog-
ical parameters, the system has characteristics that
make it possible to study vegetation monitoring. Chan-
nel 1 corresponds to the visible region of the spec-
trum where there is the peak of radiation absorption
by chlorophyll (0.67 mm), related to the photosynthetic
activity of the vegetation. Channel 2 is in the infrared
portion of the spectrum where the reflectance of this ra-
diation by the vegetation is intense. Associates, chan-
nels 1 and 2 allow to infer about photosynthetically ac-
tive foliar biomass in the forest community (Tucker et
al., 1991).

The AVHRR, time series with the NDVI product, was
used to calculate VCI (Kogan, 1995). According to Du
etal. (2013) the climatic variation that impacts the veg-
etation will be evidenced by the VCI, thus exerting its
potential in the monitoring of agricultural drought.

4.2 Tropical rainfall measuring mission
(TRMM)

The TRMM (Kummerow et al.,, 1998) satellite was
launched in 1997 by the National Aeronautics and
Space Agency (NASA) and the National Space De-
velopment Agency of Japan (JAXA). The satellite was
put into a near circular orbit of approximately 350 km
height with a period of 92.5 minutes, characterizing
The objective of the

TRMM satellite is to monitor precipitation in the trop-

a short period of translation.

ical and subtropical regions of the terrestrial globe
(Kummerow et al., 2000).



4 AVHRR and TRMM

The TRMM 3B43 product consists of a 0.25° x 0.25°
grid providing daily and three-hourly estimates that
were calibrated with the support of observed monthly
precipitation rates (Huffman et al., 2007). In this work,
daily TRMM data covering Brazil’s terrestrial surface
will be aggregated to obtain monthly estimates of pre-
cipitation through the product TRMM 3B43. Time se-
ries (1983-2013) for each cell will be analyzed in or-
der to derive the SPI for durations corresponding to
one, three and six months, respectively. The main ob-
jective of the study will be to characterize, through
the vegetation condition index (VCI) and the standard-
ized precipitation index (SPI), detecting the agricul-

tural drought events occurring in Brazil.

43 MSWEP

Beck et al. (2016) and Beck et al. (2017a,b) pre-
sented Multi-Source Weighted-Ensemble Precipitation
(MSWEP) retrospective, that is a new fully global pre-
cipitation dataset (1979-2016) of high resolution with
3-hourly temporal and 0.25° or 0.1° global gridded
precipitation, by merging gauge, satellite, and reanaly-
sis data.

The MSWEP, whose temporal variability was deter-
mined based on several data products including TMPA
3B42 RT, is one of the most recent data set for cli-
matic and environmental researches. Some scientific
projects have been devoting effort to assess MSWEP
precipitation products among them are. Alijanian et
al. (2017) performing the evaluation of satellite rainfall
climatology using CMORPH (NOAA CPC Morphing
Technique), PERSIANN-CDR (Precipitation Estima-
tion from Remotely Sensed Information using Artifi-
cial Neural Networks- Climate Data Record), Tropi-
cal Rainfall Measuring Mission (TRMM) and MSWEP
over Iran. These satellite rainfall estimates (SREs)
were evaluated against gauge data based on different
rainfall regimes over Iran. The evaluated SREs are
Climate Prediction Center Morphing Technique, Pre-
cipitation Estimation from Remotely Sensed Informa-
tion using Artificial Neural Networks (PERSIANN).
As results they showed that MSWEP, PERSIANN-
CDR, and TRMM performed well to distinguish rain
from no-rain condition.

On the other hand, Nair and Indu (2017) have as-
sessed the quality of MSWEP over India, evaluating

the performance of the newly released multi-satellite
(MSWEP) product. The assessment was conducted
with respect to the IMD-gauge-based rainfall for pre-
monsoon, monsoon, and post-monsoon seasons at
daily scale for a 35-year (1979-2013) period and pre-
sented that while the MSWEP was observed to perform
well for daily rainfall, it suffered from poor detection
capabilities for higher quantiles, making it unsuitable
for the study of extremes.

In the same way, looking for new results and expand-
ing the horizon, the main goal of the project approach-
ing MSWEP in LACCOST is to assess precipitation
products and their future use in monitoring extreme
hydro-climatic changes over South America. This
continent chosen as the study area to perform exper-
iments, presents a large territory (about 17,840,000
square kilometers) and extremes climatic conditions,
being home to the world’s largest river (the Amazon) as

well as the world’s driest place (the Atacama Desert).

So, evaluating the MSWEP performance by compar-
ing with TRMM, CHIRPS (Climate Hazards Group In-
fraRed Precipitation with Station data), GPCC (Global
Precipitation Climatology Centre) and a Global Net-
work of Micrometeorological Tower Sites (Fluxnet),
this research will be conducted to analyses data set
ranging 1979 to the latest year, using Cross Correlation
and Principal Component Analysis to compare and ex-
tract the information from these satellite rainfall esti-

matives.

4.4 Conclusion

In this work, we highlight master’s projects that are un-
der development in a postgraduate program in Geode-
tic Sciences and Technologies of Geoinformation at
UFPE, Brazil. It is noteworthy that in all cases the
background is topics related with environment using
Brazil/South America as study case. Thereby it repre-
sents the importance to have a postgraduate program in
geodesy for training human resources in this region of

the country.
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Zur Realisierung eines einheitlichen globalen Hohendatums
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Zusammenfassung

Nationalen Hohensystemen liegt im Allgemeinen ein individuelles vertikales Datum zu Grunde, welches durch ei-
nen lokalen Meerespegel definiert ist. Global gesehen unterscheiden sich die Niveaus verschiedener Hohensysteme
dadurch um £+1-2 m. Bei vielen globalen geoditischen Aufgabenstellungen sowie bei der Bewertung globaler geo-
dynamischer und klimatologischer Prozesse ist es allerdings erforderlich, sich auf ein einheitliches physikalisches
Hohenniveau zu beziehen. Die Realisierung eines einheitlichen globalen Hohendatums ist hierfiir von zentraler
Bedeutung und erfordert die Ableitung von geeigneten Datumsparametern, mit denen eine Integration nationaler
Hohensysteme in ein globales vertikales Datum ermoglicht wird. Vor dem Hintergrund dieser Hohendatumspro-
blematik werden in diesem Beitrag zwei Verfahren mit unterschiedlichem Genauigkeitsniveau vorgeschlagen und
deren theoretischen Grundlagen prisentiert. Das erste Verfahren beruht auf einer satellitengestiitzten Hoheniiber-
tragung und kommt ohne terrestrische Punktschweremessungen aus. Es eignet sich daher vor allem fiir den Einsatz
in Entwicklungs- und Schwellenlidndern mit geringer geodétischer Infrastruktur. Das zweite Verfahren basiert auf
einem fixen geoditischen Randwertproblem (GRWP) und ermoglicht es durch die zusétzliche Einbeziehung von

terrestrischen Schweremessungen eine hochgenaue Losung zu erhalten.

1  Einleitung

Bei vertikalen Referenzsystemen muss grundsitzlich
zwischen geometrisch und physikalisch definierten
Hohensystemen unterschieden werden. Geometrische
Hohen, die sich auf ein Referenzellipsoid beziehen,
konnen mit GNSS-Verfahren (Global Navigation Sa-
tellite Systems) absolut und hochgenau gemessen wer-
den. Hieraus abgeleitete dreidimensionale terrestrische
Referenzsysteme erreichen Genauigkeiten im Subzen-
timeterbereich (z. B. ITRF2014, Altamimi u. a., 2016).
Im Gegensatz hierzu basieren die meisten nationalen,
physikalisch definierten Hohensysteme auf der relati-
ven Hohenbestimmung mittels geometrischen Nivelle-

ments in Verbindung mit Schweremessungen.

Physikalischen Hohensystemen liegt i.d.R. ein indivi-

duelles vertikales Datum zu Grunde, welches traditio-

Erschienen bei KIT Scientific Publishing
Schriftenreihe des Studiengangs
Geodisie und Geoinformatik 2018,1

DOI Einzelbeitrag:
10.5445/KSP/1000080217

DOI Festschrift:
10.5445/KSP/1000080324

Festschrift zur Verabschiedung von
Prof. Dr.-Ing. Dr. h.c. Bernhard Heck
(Schw)Ehre, wem (Schw)Ehre gebiihrt

nell durch den lokalen mittleren Meeresspiegel an ei-
nem Pegelbezugspunkt realisiert wurde. Bedingt durch
Variationen der Meeresflichentopographie liegen diese
Bezugspunkte nicht auf derselben Aquipotentialflziche,
wodurch sich die so festgelegten Bezugsflichen natio-
naler Hohensysteme global gesehen um ca. £1-2m
unterscheiden (Heck, 1990). Die physikalischen Ho-
hen verschiedener Linder sind somit inkonsistent und
nicht direkt miteinander vergleichbar. Auf der einen
Seite kann dies zu praktischen Problem bei regiona-
len Fragestellungen fiihren, wenn Hoheninformationen
von benachbarten Landern verkniipft werden miissen,
z. B. bei grenziibergreifenden Ingenieurprojekten. Auf
der anderen Seite ist auch fiir die Uberwachung des
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globaler geodynamischer und klimatologischer Pro-

zesse wie dem Meeresspiegelanstieg ein weltweit ein-
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heitliches physikalisches Hohenniveau zwingend not-
wendig. Dies gilt auch fiir weitere globale geoditische
Aufgabenstellungen wie dem Aufbau des Global Geo-
detic Observing System (GGOS, Kutterer und Neilan,
2016).

Zur Vereinheitlichung von Hohensystemen werden im
Folgenden zwei Verfahren vorgeschlagen, die beide

auf dem fundamentalen Zusammenhang
h=H+( (1.1)

zwischen ellipsoidischer Hohe &, Normalhohe H und
zugehoriger Hohenanomalie  basieren (siehe Heiska-
nen und Moritz, 1967, S. 2911t.).
Nachfolgend wird angenommen, dass die Erdoberfld-
che S in n lokale Datumszonen ¢, i = 1,...,n, unter-
teilt ist. Wird eine Normalhohe H' der Datumszone o'
betrachtet, so kann der Hohenoffset 8H' dieser Zone
durch die Diskrepanz der drei Grof3en berechnet wer-
den

SH'=h—H' —(, (1.2)

wobei vorausgesetzt wird, dass 4 und { nicht vom
Hohenoffset betroffen sind. Fiir die praktische Aus-
wertung von Gl. (1.2) werden in jeder Datumszone
GNSS/Nivellementpunkte (GNSS/Niv-Punkte) beno-
tigt, d. h. Beobachtungspunkte Pj. € o, j=1,...,m,
in denen neben GNSS-basierten ellipsoidischen Hohen
h(PJi-) auch die aus Nivellement und Schweremessun-
gen abgeleiteten Normalhohen H'(P}) im lokalen Da-
tum bekannt sind.

Fir die Bestimmung der Hohenanomalie C(P]l) in
Gl. (1.2) sind unabhéngige Schwereinformationen not-
wendig. In Abhingigkeit von den Genauigkeitsanfor-
derungen konnen diese z. B. aus einem globalen satel-
litenbasierten Geopotentialmodell (Kapitel 2) oder un-
ter Einbeziehung von terrestrischen Schweremessun-
gen aus der Losung einer geoddtischen Randwertauf-

gabe (Kapitel 3) abgeleitet werden.

2 Satellitengestiitztes Verfahren

2.1 Grundlagen

Bei diesem ersten Verfahren wird die fiir Gl. (1.2) be-
notigte Hohenanomalie £ aus den Kugelfunktionskoef-
fizienten eines Geopotentialmodells (GPM) bestimmit.

Unter Verwendung geozentrisch sphidrischer Koordi-
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naten (r,@,A) erfolgt die Synthese eines GPM bis zu

einem maximalen Entwicklungsgrad n p,x durch

com = O (R

ry n=0 \ 7

X Zo (AC,,, cosmh+ AS,,,, sinm) Py, (sing).
@2.1)

Hierbei ist GM die geozentrische Gravitationskon-
stante, R der Referenzradius und y die Normalschwere
am Oberflichenpunkt. Die zugeordneten Legendre-
schen Funktionen vom Grad n und Ordnung m sind mit
P, die zugehérigen Koeffizienten nach Subtraktion

eines Normalfeldes mit AC,,, und AS,,, bezeichnet.

Bei dieser Vorgehensweise eignen sich vor allem satel-
litenbasierte GPMs, welche aus Daten von Schwere-
feldmissionen wie GOCE (Gravity Field and Steady-
State Ocean Circulation Explorer) abgeleitet sind.
Diese GPMs liefern unabhingige und homogene
Schwereinformationen, die nicht von den Diskrepan-
zen im vertikalen Datum betroffen sind (Rummel,
2002). Es ist allerdings zu beachten, dass durch
die Messung in Satellitenhohe und die begrenzte
Messbandbreite des Instrumentariums die abgeleiteten
GPMs eine eingeschrinkte spektrale Auflosung auf-
weisen (n SO°F < 300) und sich daher nur zur Darstel-

lung langwelliger Signalanteile {1V eignen.

Um Konsistenz zur vollen Spektralinformation der
GNSS/Niv-Daten herzustellen, ist es notwendig die
GPM-Information um fehlende mittel- und kurzwel-

lige Signalanteile zu erweitern:
G o+ v 4 LR, 22)

wobei die mittelwelligen Anteile {MY aus dem hoch-
auflosenden Modell EGM2008 (Pavlis u.a., 2012)
mit nEGM = 2190 abgeleitet und die verbleibenden
hochfrequenten Signale {XW mittels Vorwirtsmodel-
lierung aus digitalen Geldndemodellen berechnet wer-
den konnen. Um eine geeignete spektrale Erweiterung
in Gl. (2.2) zu erreichen, miissen die Signalkomponen-
ten unter Beriicksichtigung ihrer jeweiligen Spektral-

inhalte sorgfiltig miteinander kombiniert werden.



2 Satellitengestiitztes Verfahren

2.2 Kombination von GOCE-GPMs
und EGM2008

Die spektralen Anteile eines GOCE-GPM und

EGM2008 konnen durch eine Kombination ihrer je-

weiligen Kugelfunktionskoeffizienten (Crp ", Sy )

und (CL9M ) SEOMY miteinander verkniipft werden. Um
einen glatten Ubergang zwischen beiden Modellen zu
erreichen, wird empfohlen hierzu eine Fensterfunktion
zu verwenden, die durch einen zentralen Grad N, den
sogenannten Kombinationsgrad, und die Fensterbreite
dN zu parametrisierten ist.

Die kombinierten Koeffizienten (C5n, SO¥) konnen

dann durch eine (konvexe) Linearkombination berech-

net werden:
érCzir/nE éGOCE éEGM
ot = (L w(n)] S b ()
{S,?,if Som Som
2.3)
wobei

0, 0<n<N-—dN,
N—dN <n<N+dN < nS0CE,

max

1, N+dN < n<nfGM

max >’

2.4)

vom Grad n abhidngende Gewichtsfaktoren sind und
f(n) € (0,1) die verwendete Fensterfunktion ist, wie

z. B. eine angepasste Hanning-Fensterfunktion:

fn) = % {1 —cos (W)] .5

Unter Verwendung der kombinierten Kugelfunktions-
koeffizienten (Cyy , Sk ) fiir die Synthese in Gl. (2.1),
ergibt sich die Hohenanomalie (%, die zur Darstel-
lung der lang- und mittelwelligen Signalanteile in
Gl. (2.2) genutzt werden kann

QLW - (MW = (G, (2.6)

2.3 Topographische Schwerefeldsignale

Durch die Informationen von hochauflésenden digita-
len Gelindemodellen (DGMs) kann der Einfluss der
topographischen Erdmassen auf das Schwerefeld mit-
tels Vorwirtsmodellierung basierend auf dem Newton-

Integral berechnet werden (Heiskanen und Moritz,

1967, S. 3). Im Folgenden wird hierfiir eine Vorwdérts-
modellierung im Ortsbereich basierend auf der Rock-
Water-Ice (RWI)-Methode betrachtet (sieche Grombein
u.a., 2014, 2016a). Die RWI-Methode ist durch eine
Zerlegung der Erdtopographie in drei Schichten ge-
kennzeichnet, die es erlaubt eine strenge, separate Mo-
dellierung der Gesteins-, Wasser-, und Eismassen mit

individuellen Dichtewerten durchzufiihren.

Fiir die Massendiskretisierung des Newton-Integrals
wird dabei die von Heck und Seitz (2007) entwickelte
und von Grombein u.a. (2013) optimierte Tesseroid-
methode verwendet. Im Fall der Hohenanomalie C er-
gibt sich der gravitative Einfluss eines einzelnen ho-

mogenen Tesseroids mit einem Dichtewert p zu

PR WY) " ,
C*(P)=% / / / LY C;)S(p drde’d\,  (2.7)
LS

wobei G die Newtonsche Gravitationskonstante ist und
¢ den euklidischen Abstand zwischen dem Berech-
nungspunkt P(r,@,A) und dem laufenden Integrati-
onspunkt Q(, @', ') bezeichnet. Der gesamte topo-
graphische Effekt ergibt sich nach dem Superpositi-
onsprinzip schlieflich aus der Summe der Einfliisse
der einzelnen Tesseroide der drei RWI-Schichten (s =

1,2,3):
3

{Toro = Z Z C*. (2.8)

s=1

Da die Hohenanomalie {Tre in Gl. (2.8) zu allen
spektralen Skalen des Schwerefeldes beitrdgt, kann
diese nicht direkt fiir die spektrale Erweiterung der
GPM-Information verwendet werden, sondern muss
zundchst in geeigneter Weise hochpassgefiltert wer-
den. Fiir diesen Schritt wird meist die weitverbreitete
RTM-Methode (Residual Terrain Modelling, Forsberg
und Tscherning, 1997) verwendet. Bei dieser Methode
wird bei der Vorwirtsmodellierung die Schwerewir-
kung einer residualen Topographie berechnet, die sich
aus der Differenz zwischen einem hochauflosenden
DGM und einem geglitteten Modell ergibt und welche
daher nur noch langwellige Strukturen aufweist. Die
zentrale Annahme, die hinter dieser Vorgehensweise
steht, ist die spektrale Ubereinstimmung von topogra-
phischen Hohen und abgeleiteten Schwerewerten, die
allerdings nicht als allgemeingiiltig angesehen werden
kann, siehe z. B. Hirt und Kuhn (2014).
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Es wird daher vorgeschlagen, die aus Gl. (2.8)
stammenden topographischen Effekte um konsistente
Signalanteile {RW! des topographischen Schwerefeld-
modells RWI_TOPO_2015 (Grombein u. a., 2016a) zu
reduzieren. Durch die Wahl eines geeigneten Entwick-
lungsgrades bei der Synthese konnen somit die bereits
durch die GPM-Information modellierten lang- und
mittelwelligen Signalanteile aus den urspriinglichen

topographischen Effekten entfernt werden
SCTopo — CTopo _ CRWI = QKW_ (29)

Im Gegensatz zur RTM-Methode ermoglicht diese
Herangehensweise eine direkte Hochpassfilterung im

Schwerebereich.

2.4  Ausgleichungsansatz

Durch Einsetzen von GIl. (2.2) in Gl. (1.2) kann der
Hohenoffset 8H' punktweise in jedem GNSS/Niv-
Punkt P separat bestimmt werden. Bedingt durch
Approximations- und Messfehler werden die so ab-
geleiteten Hohenoffsets regional mehr oder weniger
stark streuen, so dass die Genauigkeit und Zuver-
lassigkeit durch eine Mittelwertbildung iiber einen
groBeren Bereich bzw. iiber die gesamte Datumszone
gesteigert werden kann. Um zusitzlich systematische
Fehler im Nivellementsnetz aufzufangen, wird der
unbekannte Hohenoffset 8H' iiber einen 3-Parameter-

Ausgleichungsansatz bestimmt.

Unter Verwendung von

ONSSINiV — —H, (2.10)

ergibt sich fiir jeden GNSS/Niv-Punkt Pi, dargestellt
in geographischen Koordinaten (B;,L;), die folgende
Beobachtungsgleichung:

lj» _ CGNSS/Niv _ CG/E _ SCTopo o
J
=0H +d' B, +b' L] 2.11)
mit

Q%; ::B;- — Bl und L; = (L’J — L) cosB?, (2.12)

wobei 8H' der unbekannte Hohenoffset im Refe-
renzpunkt (By,Lo) ist, und @’ und b’ die Neigungen
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des Nivellementsnetzes in Nord/Siid- bzw. Ost/West-
Richtung darstellen.

Das auf GI. (2.11) beruhende funktionale Modell kann
durch

[+V=A% (2.13)
bzw.
IE+vi 1 B L '
o ' SH'
14 1 B, L
2= | @i
bi
lfni + Vin,- 1 ﬂini Lin,— ——
X
I+v A

angegeben werden, wobei [ der Beobachtungsvektor, v
der Spaltenvektor der Verbesserungen, A die Design-
matrix und X der Vektor der Unbekannten ist. Durch
Anwendung der Methode der kleinsten Quadrate kon-
nen schlieBlich der Hohenoffset und die Neigungen fiir

jede Datumszone &' iiber

N 1.ATP.]

=
Il

(2.15)

geschiitzt werden, wobei N = ATPA die Normalglei-
chungsmatrix und P die Gewichtsmatrix ist, welche
durch ein zusitzliches stochastisches Modell festgelegt
werden kann.

3 Fixes geodiitisches
Randwertproblem

Wihrend die abgeleiteten Hohenoffsets mit dem ers-
ten Verfahren in einem cm—dm Genauigkeitsbereich
liegen, wird die Genauigkeit beim zweiten Verfah-
ren durch die zusidtzlich Verwendung terrestrischer
Schweremessungen weiter erhoht. Hierzu wird die in
Gl. (1.2) benotigte Hohenanomalie { durch die Lo-
sung eines geoddtischen Randwertproblems (GRWP)
in den GNSS/Niv-Punkten bestimmt. Im Gegensatz zu
Studien basierend auf dem klassischen skalar-freien
GRWP (Rummel und Teunissen, 1988; Gerlach und
Rummel, 2013) wird hierbei eine alternative Methodik
auf der Grundlage des fixen GRWP vorgeschlagen.



3 Fixes geoditisches Randwertproblem

3.1 Grundlagen

In der modernen Formulierung des fixen GRWP wer-
den Schwerestérungen

ar

dg:=g—v(9,h) = —3 (3.1

N

als Randwerte verwendet, die als Differenz zwischen
gemessener Schwere g und Normalschwere (@, /) an
der Erdoberfliache S definiert sind. Fiir die Berechnung
der Normalschwere muss die ellipsoidische Hohe h
der Punkte bekannt sein, z. B. durch den Einsatz von
GNSS-Positionierungsverfahren.

In konstanter Radiusapproximation kann die analyti-
sche Losung des fixen GRWP durch die sphérische In-
tegralformel von Hotine angegeben werden (Hotine,
1969, S. 311ff.; Heck, 2011). Im Falle der Hohenano-

malie ergibt sich
c—i//es H(y)do 32)
- 4TC'Y g W I .
[

wobei Y die sphirische Distanz zwischen den Posi-
tionsvektoren des Berechnungs- und des laufenden In-
tegrationspunktes auf der Kugel mit dem Radius R ist.
Die Oberfliche der Einheitskugel ist mit G, das zuge-
horige Oberflachenelement mit do bezeichnet. Die un-
ter dem Integral auftretende Kernfunktion H(y) wird
Hotine-Funktion genannt und ergibt sich aus einer Rei-

henentwicklung nach Legendreschen Polynomen P,:

> 2n+1
H(y) = Z n+1

n=0

P,(cosvy). (3.3)

3.2 Erweiterung auf Schwereanomalien

Die praktische Auswertung von Gl. (3.2) wird dadurch
erschwert, dass fiir die meisten (historischen) Schwe-
remesspunkte vor dem GNSS-Zeitalter keine ellipso-
idische Hohe i bestimmt werden konnte und somit
eine Berechnung von Schwerestérungen nach GI. (3.1)
nicht moglich ist. Stattdessen wurden meist Schwerea-
nomalien (Heiskanen und Moritz, 1967, S. 291 {f.)

oT 2y)

Ag:=g—Y(¢.H)~ <arr G4

X

verwendet, wobei die Normalschwere y(@,H) am
Telluroid ¥ in der Normalhohe H ausgewertet wird.

Bei Betrachtung einer lokalen Datumszone o' sind

Schwereanomalien aufgrund der Abhiingigkeit von der
Normalhohe H' im lokalen Datum ebenfalls durch den
Hohenoffset SH' verfilscht (Heck, 1990; Heck und
Seitz, 2017).

Durch Kombination der Randbedingungen in den Gl.
(3.1) und (3.4) konnen Schwerestérungen g in linea-
rer Approximation als eine Funktion der Schwereano-
malien Ag’ im lokalen Datum und des Hohenoffsets

8H' angegeben werden:

Sg%Agi+%T+2%(8Hi, (3.5)
wobei das zunichst unbekannte Storpotential T aus ei-
nem a priori Schwerefeldmodell zu berechnen ist.

3.3 Ausgleichungsansatz

Wie ausfiihrlich in Grombein u. a. (2016b) dargelegt,
fithrt die Kombination von GIl. (1.2), (3.2) und (3.5)
schlieBlich zur Beobachtungsgleichung

. R ;2
i _ roNssmiv _ U iy Zr).
l;=¢ 41r'y// (Ag —|—RT) H(y)do
(&)

o . . . . . n k lk
_SH'+al$;+b1L;+];6H -G} (3.6)
mit
T
G = —//H(w)dc 3.7
J 21 pi
ok J
Hieraus ergibt sich das funktionale Modell zu
[+7=A% (3.8)

mit

. T
= (il e Bt e, )
A:

1+G' 8l £ 67 0 0 - G" 0 0

1+Gy' 83 £y G 0 0 - G" 0 0

Gt'' 0 0 1+G* 8 £} - G" 0 0

Gyl 0 0 Gy 0 0 - 1+Gy' B, LI

my my
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und
T
X= (8111 a' b' 8H? & b* - SH" " b") :

wobei die Unbekannten wiederum aus einer Ausglei-
chung nach der Methode der kleinsten Quadrate nach
Gl. (2.15) bestimmt werden konnen.

Aufgrund der globalen Integration und der Abhéngig-
keiten durch die indirekten Hohenoffsets SHX ist im
Gegensatz zum ersten Verfahren zunichst keine sepa-
rate Auswertung pro Datumszone moglich. Stattdessen
miissen die Hohenoffsets aller Datumszonen gemein-

sam geschitzt werden.

3.4 Einschrinkung des globalen
Integrationsbereiches

Fiir eine praktische Umsetzung das zweiten Verfah-
rens sind insbesondere hinsichtlich der eingeschrink-
ten Verfligbarkeit von terrestrischen Schweremessun-
gen weitere Anpassungen notwendig. Hierzu ist der
globale Integrationsbereich ausgehend vom jeweiligen
Berechnungspunkt auf eine innere Zone zu beschrin-
ken, innerhalb derer regional hochauflésende Schwe-
redaten vorliegen.

Wie im Fall der Stokesschen Integralformel im skalar-
freien GRWP nachgewiesen wurde, kann durch eine
geeignete Modifikation der Kernfunktion im Bereich
der inneren Zone der dabei entstehende Abbruchfeh-
ler minimiert werden. Hierbei gilt allgemein fiir eine
ZielgroBe F, Randwerte f(¢,A) und eine Kernfunktion

K(¥) mit einer Konstanten :

F=k [[ ro.n)K(y)do

WYmax 27
—k [ [ rl0.) K(wdo+5F,.  (39)
y=0 o=0

wobei (y,a) die auf den Berechnungspunkt bezo-
genen Polarkoordinaten sind, Yy ist die maxi-
male sphirische Distanz der inneren Zone und 8F;
der durch die Beschrinkung der Integration verur-
sachte Abbruchfehler in der resultierenden Zielgrofie
F (Truncation Error). Ziel ist es den Einfluss des Ab-
bruchfehlers soweit zu reduzieren, dass er entspre-
chend den Genauigkeitsanforderungen vernachlissigt
werden kann.
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Eine Moglichkeit um eine schnelle Konvergenz des
Abbruchfehlers zu erreichen, ist die Forderung nach
Stetigkeit (vgl. Jekeli, 1981). Betrachtet man den Ab-
bruchfehler

2n
8y =k [ [ f@1)-8K(W)do,  (3.10)
00
so weist der eingefiihrte Integralkern
0, V < Winax,
AK(y) = (3.11)
K(W): Y>> Winax,

an der Stelle Wnax im Allgemeinen eine Unstetig-
keit auf, die durch die Bedingung K(ymax) = 0 beho-
ben werden kann. Ausgehend von der urspriinglichen
Kernfunktion K(y) ist es daher zweckmiBig, eine mo-
difizierte Kernfunktion K() zu verwenden, mit dem
Ziel die Lage der ersten Nullstelle von K(y) an die
GebietsgroBe der inneren Zone anzupassen.

Im Folgenden werden die drei deterministischen Mo-
difikationsverfahren nach Meissl (Meissl, 1971), Wong
und Gore (Wong und Gore, 1969) und Heck und Grii-
ninger (Heck und Griininger, 1987) betrachtet und fiir
den Fall des fixen GRWP auf die Hotine-Funktion
H(v) iibertragen.

Bei der Modifikation nach Meissl wird der Wert der
Kernfunktion am Integrationsradius Yp,x durch Sub-
traktion des konstanten Funktionswerts H(Wmax) zu

Null gesetzt:

HM,wmﬂX (W) =
H(W) - H(W = Wmax)a V < Wmax,
(3.12)
0, W > Winax-

Hierdurch wird C%-Stetigkeit der modifizierten Kern-
funktion erreicht.

Ausgehend von der Reihendarstellung der Kernfunk-
tion in Gl. (3.3) werden bei der Modifikation nach
Wong und Gore die spektralen Anteile der Legendre-
schen Polynome bis zum Grad T — 1 entfernt

HWG,t (W) =
T—1
H(y) = ¥ 25 Pi(cosy), ¥ < Yimax,
n=0 (3.13)
0, V> Ymax,



4 Zusammenfassung und Ausblick

wodurch bei der Integration die langwelligen Anteile
aus den Schweredaten herausgefiltert werden. Um C°-
Stetigkeit der modifizierten Kernfunktion zu erreichen,
ist es sinnvoll den Integrationsradius Ypax mit der ers-
ten Nullstelle von IA-iWQT () zu identifizieren.

Die Modifikation nach Heck und Griininger beruht
auf einer Kombination von Gl. (3.12) und (3.13). Der
Integrationsradius Ypyax wird hier dem ersten Mini-
mum von I:IWQT (y) gleichgesetzt, anschliefend wird
der Funktionswert an dieser Stelle subtrahiert:

HWG,T* (W) - HWG,‘:* (‘l’ = Wmax)v ‘-lj S Wmam

0’ v > Wmax -
(3.14)

Hierdurch wird C!-Stetigkeit und somit eine weitere
Glittung erreicht.

Als zusitzliche Malinahme bei der Einschrinkung
des Integrationsradius empfiehlt sich die Einbe-
ziechung von langwelligen GPM-Informationen im
Rahmen eines Remove-Compute-Restore-Ansatzes
(RCR, Forsberg, 1984). Hierdurch sollen insbeson-
dere systematische Fehlereinfliisse bei der gravimetri-
schen Schwerefeldbestimmung reduziert werden. Im
Remove-Step werden von den gemessenen Schwere-
storungen g zundchst synthetisierte Werte 8gCPM ei-
nes GPM abgezogen. Die resultierenden residualen
Schwerestorungen werden im Compute-Step mittels
Gl. (3.2) in Hohenanomalien feldtransformiert. Um
die vollstindige Hohenanomalie { zu erhalten, wer-
den im Restore-Step durch erneute Auswertung des
GPM schlieBlich wieder konsistente langwellige An-
teile {GPM hinzuaddiert.

Werden beide Mafinahmen zusammengefasst, so resul-
tiert aus Gl. (3.2) schlieflich

Wmax 27
R ~
c=tom g [ (B 850m) FiCy) do.
y=0a=0
(3.15)

4  Zusammenfassung und Ausblick

Zur Realisierung eines einheitlichen globalen Ho-
hendatums wurden in diesem Beitrag zwei Ver-

fahren vorgeschlagen. Im ersten Verfahren werden

aktuelle Geopotentialmodelle (GPMs) der GOCE-
Satellitenmission, die ein globales einheitliches Be-
zugsniveau realisieren, zur Verkniipfung von Hohen-
systemen verwendet. Hierbei werden Hohenoffsets
in einer Ausgleichung nach der Methode kleinster
Quadrate durch den Vergleich von satellitenbasier-
ten GPM-Informationen mit denen aus GNSS/Nivelle-
mentpunkten (GNSS/Niv-Punkte) geschitzt. Die ein-
geschrinkte spektrale Auflosung der GPMs ist dabei
zu erweitern, was in der Regel durch eine Kombina-
tion mit dem hochauflésenden Modell EGM2008 ge-
schieht. Im Vergleich zu klassischen Vorgehensweisen
wurden hierbei zwei wesentliche Optimierungen vor-
gestellt: (i) Spektrale Kombination von GOCE-GPMs
und EGM2008 mittels einer Hanning-Fensterfunktion
und (ii) Beriicksichtigung von topographischen Effek-
ten durch eine residuale Vorwirtsmodellierung basie-
rend auf einer Hochpassfilterung im Schwerebereich.
Im Rahmen einer numerischen Studie wurde das erste
Verfahren auf reprisentative Testgebiete in Deutsch-
land, Osterreich und Brasilien angewendet (siche
Grombein u. a., 2017b). Hierbei konnte gezeigt wer-
den, dass die Beriicksichtigung von hochfrequenten to-
pographischen Effekten fiir die Schitzung von Hohen-
offsets mit cm- bis dm-Genauigkeit sehr wichtig ist.
Da das satellitenbasierte Verfahren ohne terrestrische
Punktschweremessungen auskommt, eignet es sich vor
allem fiir den Einsatz in Entwicklungs- und Schwel-
lenldndern mit geringer geodétischer Infrastruktur.
Fiir eine hochgenaue Hohenoffsetbestimmung, wurde
in einem zweiten Verfahren eine neue, innova-
tive Vorgehensweise basierend auf einem fixen
geoditischen Randwertproblem (GRWP) vorgeschla-
gen. Hierzu wird das GRWP in den jeweiligen
GNSS/Niv-Punkten geltst und die Datumsparameter
im Rahmen eines Ausgleichungsansatzes als Zusatz-
parameter geschitzt. Im Gegensatz zum ersten Ver-
fahren sind hierzu terrestrische Schweremessungen
als Datengrundlage erforderlich. Wie im Rahmen ei-
ner Closed-Loop-Simulation gezeigt werden konnte,
ist mit diesem Verfahren eine mm-Genauigkeit fiir
die zu schitzenden Hohenoffsets prinzipiell moglich
(siehe Grombein u. a., 2016b).

Aufgrund der beschrinkten Verfiigbarkeit von hoch-
genauen terrestrischen Schweremessungen musste fiir
die praktische Umsetzung des Verfahrens der globale

Integrationsradius der Hotine-Integration allerdings
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stark eingeschrinkt werden. Um den Einfluss des dabei
entstehenden Abbruchfehlers zu reduzieren, wird vor-
geschlagen eine geeignete Modifikation des Hotine-
Integralkerns sowie die zusitzliche Einbindung eines
GPM in einem Remove-Compute-Restore-Ansatz zu
verwenden. Simulationen in Porz u.a. (2017) haben
gezeigt, dass hierdurch fiir einen in der Praxis realis-
tischen Integrationsradius von Wpn,x = 3° der entste-
hende Abbruchfehler im Rahmen der Genauigkeitsan-
forderungen vernachléssigt werden kann. Aufbauend
auf diesen Erkenntnissen wurde das zweite Verfahren
auf einen zusammengestellten terrestrischen Schwere-
datensatz in Mitteleuropa zur Schitzung der Hohen-
offsets von Deutschland, Osterreich und der Schweiz
angewendet und erste Ergebnisse in Grombein u.a.
(2017a) vorgestellt.
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Geringe Unsicherheit und ein hoher Grad des Vertrauens —
zum Abschied von Bernhard Heck

Maria Hennes

Geoditisches Institut, Karlsruher Institut fiir Technologie
E-Mail: maria.hennes @kit.edu

Zusammenfassung

Die Metrologie lehrt, dass eine Messgro3e ohne Angabe der Messunsicherheit, die dem Messwert verniinftiger-

weise zuzuordnende Streubreite, wertlos ist. Dieser Beitrag zeigt den Mehrwert der Messunsicherheit unter Angabe

des Grades des Vertrauens gegeniiber der bisher in der Geodisie gebrduchlichen empirischen Standardabweichung

auf und schlidgt den Bogen zur Zusammenarbeit mit meinem Kollegen Bernhard Heck.

1 Motivation

In der Bandbreite moglicher Typen von Festschriftbei-
trigen zwischen wissenschaftlichem Fachbeitrag und
personlichem Grufl habe ich mich fiir eine Kombi-
nation entschieden, mit der ich zeigen mochte, dass
sich gewisse, zundchst sehr fach-spezifisch erschei-
nende Zusammenhinge auch auf andere Aspekte tiber-
tragen lassen. Allem voran mochte ich mit diesem Bei-
trag meinem Kollegen Bernhard Heck meinen Dank
aussprechen fiir die hervorragende Zusammenarbeit in
mehr als 17 Jahren gemeinsamen Schaffens am GIK.

,,Unsicherheit” und ,,Grad des Vertrauens“ sind Be-
griffe, die auch eng mit der Thematik Messunsicher-
heit verkniipft sind. Diese Thematik verbindet alle Dis-
ziplinen, die sich mit qualitativ hochwertiger Messung
und Vermessung beschiftigen. Gleichwohl lassen sich
auch Analogien in Bezug auf die Zusammenarbeit un-

ter den Kollegen finden.

2 Das Wesen der Messunsicherheit

Qualitdt ist hier im Sinne der DIN-EN-ISO-
9000:2015-11 (2015) zu verstehen, die Qualitét als
den Grad, in dem ein Satz inhidrenter Merkmale eines
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Objekts Anforderungen erfiillt, definiert. Im Kontext
des (Ver-)Messens ist eine Messgrofie oder Zielgrofie
qualitativ hochwertig, wenn sie die Anforderung ho-
her Genauigkeit in Bezug auf die inhérenten, also in-
newohnenden Merkmale erfiillt. Alle innewohnenden
Merkmale tragen zu den Abweichungen der Mess-
werte vom idealen Wert, dem Sollwert, bei und fiihren
zu mehr oder weniger variierenden bzw. streuenden
Beobachtungen.

Bekanntlich ist die Messunsicherheit ein dem Mess-
ergebnis zugeordneter Parameter, der die Streuung der
Werte kennzeichnet, die in verniinftiger Weise dem
Messergebnis zugeordnet werden kann (nach Defini-
tion JCGM (2008), vgl. auch Krystek (2012)). Damit
ist ein ganz wesentliches Merkmal der Messunsicher-
heit genannt, ndmlich, dass die Messunsicherheit eine
realistische und vertrauenswiirdige Angabe der mog-
lichen Schwankungs- bzw. Streubreite eines Mess-
ergebnisses oder einer Zielgroe darstellt, wobei alle
zur Abweichung beitragenden Einfliisse berticksichtigt
werden. Demzufolge kann sie in der Regel nicht voll-
standig empirisch aus stochastisch streuenden Messda-
ten berechnet werden. Dies kann zum einen durch den

zu kleinen Stichprobenumfang verursacht sein. Zum
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anderen wird es kaum moglich sein, die Stichprobe
messtechnisch so zu erfassen, dass sich wihrend der
Messung alle wirkenden Einfliisse in der Stichprobe
in Form von charakterisierenden Schwankungen in der
Messgrofie selbst zeigen. Diese Einfliisse sind aber
trotzdem (als unbekannte und manchmal sogar sys-
tematisch wirkende Abweichungen) vorhanden und
beeinflussen die Belastbarkeit des Messergebnisses.
Derartige Abweichungen vom tatsdchlichen Wert sind
heimtiickisch, weil sie in der empirischen Datener-
hebung nicht erkannt werden konnen, aber das Mess-
ergebnis trotzdem verféalschen — und zwar mehr, als die
klassisch empirisch abgeleitete Standardabweichung
vermuten ldsst. Der Nutzer des Messergebnisses (oder
der abgeleiteten Zielgrofle) bendtigt aber belastbares
Wissen iiber die zu erwartende Schwankungsbreite der
ZielgroBe einschlieflich derartiger potentieller unbe-
kannter systematisch wirkender Einfliisse.

Derartige Abweichungen, die zusitzlich zu den in den
(Wiederholungs-)Messungen enthaltenen zufilligen
Streuungen die Qualitdt der ZielgroBe charakterisie-
ren, werden — im Gegensatz zur klassisch empirisch
ermittelten Standardabweichung — durch die Mess-
unsicherheit abgedeckt. Sie liefert — auch wenn sie
mit Unsicherheit bezeichnet wird — eine Sicherheit,
namlich diejenige, dass der Metrologe (sei es nun der
Wissenschaftler oder der Ingenieur) davon ausgehen
kann, dass verniinftigerweise keine weiteren Beitrige
zu erwarten sind, die die Qualitit des Messergebnisses
dariiber hinaus verschlechtern. Dies ist von zentraler
Bedeutung, da eine empirisch ermittelte Standardab-
weichung in der Regel — und naturgeméil — die Situa-
tion viel zu optimistisch beschreibt: unter Umstinden
gilt sie nur fiir Wiederholbedingungen und erlaubt
noch nicht einmal eine Aussage iiber die Reproduzier-
barkeit (die ebenfalls nicht zwingend alle verfidlschen-
den Ursachen enthilt).

Dies gilt auch fiir Standardabweichungen, die im Rah-
men einer Ausgleichungsrechnung erhalten werden,
denn naturgemdf kann dieser Rechenprozess auch
nur diejenigen Schwankungen beriicksichtigen, die
wihrend der Datenerhebung in Form von Variationen
der gemessenen Grofle selbst aufgetreten sind. Denn

der nachfolgende (!) Ausgleichungsprozess garantiert

naturgemif3 nicht, dass wihrend der Messung selbst
alle Abweichungen, die auf den Messwert wirken, in
schwankender Form aufgetreten sind und sich in den
Beobachtungen niedergeschlagen haben. Diese an sich
triviale Feststellung wird allerdings oft iibersehen. Die
Messunsicherheit hingegen ist ein sicheres, verldssli-
ches und belastbares Qualitidtsmal}, wenn sie sachge-
recht und nachvollziehbar ermittelt wird.

Der Leitfaden zur Angabe der Unsicherheit beim Mes-
sen (Guide to the expression of uncertainty in measu-
rement, GUM, vgl. JCGM (2008)1) sieht daher nicht
nur die Beriicksichtigung aller Einfliisse vor, sondern
empfiehlt auch die Auflistung aller beriicksichtigten
Unsicherheitsquellen, um einen Uberblick zu geben,
inwieweit Vollstandigkeit erreicht wurde. Die Formu-
lierung dieses Leitfadens als praxisnahe Handreichung
tauscht allerdings dariiber hinweg, dass die dort dar-
gelegte Vorgehensweise konsistent mit dem Bayes-
Theorem ist, das es erlaubt, (Vor-)Wissen iiber eine
GroBe mit der ihm zugehorigen Wahrscheinlichkeit zu
beriicksichtigen. In Fall der Messunsicherheit besteht
das Vorwissen in der Kenntnis des Betrags einer mog-
licherweise auftretenden Messabweichung und ihrer
Wahrscheinlichkeit des Auftretens (vgl. auch Weiser
und Woger (1999)).

3  Zur Berechnung der
Messunsicherheit

Die Messunsicherheit kann sowohl fiir unmittelbar ge-
messene Grofen, als auch fiir aus Messungen abgelei-
tete ZielgroBlen ermittelt werden. Im Folgenden wer-

den die einzelnen Schritte dokumentiert.

a) Entscheidend ist die vollstindige Erfassung aller
wirkenden Einfliisse, denn alles, was vernachléssigt
und iibersehen wird, schadet der Qualitit der be-
rechneten Messunsicherheit und damit der Beurteil-
barkeit des Messergebnisses. Als Werkzeug fiir die
moglichst vollstindige Ermittlung aller Einfliisse
eignet sich ein Ishikawa-Diagramm. Die Modifizie-
rung fiir eine Anwendung des Vermessungswesens
zeigt Hennes (2007).

Das Joint-Committee for Guides in Metrology (JCGM) hat den 1993 erschienenen korrespondierenden ISO-Guide mit redaktionellen
Anderungen fiir nicht-kommerziellen Gebrauch publiziert. Die deutsche Ubersetzung ist als DIN-Vornorm ENV V 13005 im Umlauf.
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3 Zur Berechnung der Messunsicherheit

b) Die jeweilige Schwankungsbandbreite der einzel-

nen Einfliisse mitsamt der statistischen Verteilung
ist festzustellen. Die Standardunsicherheit kann
bei Vorliegen von geeignetem Datenmaterial als
Standardabweichung aus empirischen Messreihen
berechnet werden. Bei ausreichendem Stichpro-
benumfang kann auch die statistische Verteilung er-
mittelt werden. Sollten lediglich die Grenzen der
Schwankungsbreite bekannt sein, kann unter der
Annahme einer plausiblen Verteilung die Transfor-
mation in die Standardabweichung bzw. die Stan-
dardunsicherheit erfolgen. Beispielsweise handelt
es sich bei digital erfassten Werten um eine Gleich-
verteilung innerhalb des kleinsten Anzeigewertes

(Quantisierungsfehler), so dass sich gemif

= [ -wPfedx G

mit f(x) = 1 die Standardabweichung G fiir den
durch Quantifizierung eingebrachten Unsicher-
heitsbeitrag durch Division des kleinsten Quanti-
sierungsschritts durch /12 ergibt.

Bei fehlendem
Ableitung
fiehlt es

Schwankungsbreite und die Verteilung inner-

statistischen Datenmaterial zur

von Standardabweichungen emp-

sich also, Grenzen der moglichen
halb des Intervalls heranzuziehen, oder sogar die
Standardabweichung? abzuschitzen, um eine ver-
lassliche Gesamt-Messunsicherheit berechnen zu
konnen. In der bisherigen Anwendung der Varianz-
fortpflanzung werden allerdings oft Einfliisse igno-
riert, deren Betridge mangels geeigneter empirischer
Datengrundlage abgeschitzt werden miissten. Eine
derartige Vernachldssigung bekannter Variationen
stellt jedoch die Verldsslichkeit (Vertrauenswiirdig-
keit) des Genauigkeitsmalfles weit mehr in Frage als
eine verniinftige Abschitzung ihrer Variationsband-
breite (ohne empirische Datengrundlage). Um die
Beriicksichtigung von zusatzlichem Wissen tiber
die Messwertvariation, das erst zu einem spateren
Zeitpunkt verfiigbar ist, zu vereinfachen, empfiehlt
sich die tabellenartige Dokumentation aller Unsi-
cherheitsbeitrige und der damit verkniipften An-
nahmen.

c)

d)

€)

Um die Wirkung der einzelnen Einfliisse auf die
Zielgrofe zu erkennen, miissen alle Einfliisse in das
funktionale Modell der ZielgroBe einflieBen. Auf-
grund des funktionalen Modells zwischen Mess-
groBBe(n) und Zielgrofe ist auf das Vorliegen syste-
matisch wirkender Einfliisse zu priifen. Diese sind
soweit moglich durch entsprechende Korrekturen
im funktionalen (deterministischen) Modell zu be-
seitigen. Die Wirkung eines systematischen Ein-
flusses, dessen aktuelle Grof3e unbekannt und des-
sen mogliche Streubreite bekannt ist, wird durch
(ggf. zusitzliche) Parametrisierung im determinis-
tischen Modell beriicksichtigt und bei der Berech-
nung der Zielgrofle im deterministischen Modell
mit einem entsprechenden Wert belegt (wenn der
Einfluss additiv wirkt, z. B. mit Null). Dies garan-
tiert die wirkungsgerechte Beriicksichtigung bei der

Bestimmung der Messunsicherheit.

Durch Bilden des totalen Differentials wird die
Wirkung der einzelnen Einfliisse offensichtlich,
oder anders gesagt, es wird deutlich, wie sensitiv
die ZielgroBe auf jeden einzelnen Einfluss reagiert.
Jedes Differential wird daher als Sensitivitatskoef-
fizient bezeichnet. Die Analyse von Sensitivitits-
koeffizienten kann vorteilhaft bei der Optimierung

von Messanordnungen genutzt werden.

Analog dem Varianzfortpflanzungsgesetz werden
die einzelnen Einfliisse auf die Zielgrofie fortge-
pflanzt: die Wurzel aus der Quadratsumme aller mit
dem jeweiligen Differential gewichteten Standard-
unsicherheiten wird kombinierte Messunsicherheit
genannt. Dieser Ansatz folgt einer seit langem in
der Geodisie an-gewendeten Methode, die bisher
allerdings nur empirisch erhaltene Standardabwei-
chungen aus normalverteilten Groen (oder was
man dafiir hielt) beriicksichtigt. In der geodaiti-
schen Fachwelt stand man der Einbeziehung von
nicht-normalverteilten stochastischen Groflen in
die Quadratsumme zunichst verhalten gegeniiber,
weil weder erkannt worden war, dass diese Vor-
gehensweise konform zur Beriicksichtigung von
Vorinformationen gemill des Bayes-Theorems ist,
noch dass sich nach dem zentralen Grenzwertsatz

2Zur Abgrenzung, zur empirisch aus einer Messreihe gewonnenen Standardabweichung, wird im Kontext der Messunsicherheitsermittlung
jede Standardabweichung mit dem Begriff ,,Standardunsicherheit® bezeichnet.
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der Statistik (vgl. Koch (2004)) das Ergebnis einer g) Die unter (f) erhaltene kombinierte Messunsicher-
Faltung von sehr vielen unterschiedlichen Vertei- heit beschreibt analog zur aus Varianzfortpflan-
lungen einer Normalverteilung annihert. Diese An- zung erhaltenen Standardabweichung ein Intervall,
niherung ist in geoditischen Anwendungen meis- in dem 68% der erwarteten Realisierungen der Ziel-
tens auch bei wenigen Komponenten ausreichend, groBe liegen. Anstelle des Begriffs Wahrschein-
weil sich hier viele der Einfliisse normalverteilt ver- lichkeit wird der Begriff ,,Grad des Vertrauens®
halten. Der durch nicht 100-prozentige Einhaltung verwendet, um von der rein auf Zufallsprozesse
des Grenzwertsatzes verbleibende Modellfehler ist basierenden empirischen Ermittlung abzugrenzen.
in der Regel erheblich kleiner ist als die grundsitz- Die so genannte ,erweiterte Messunsicherheit®
liche Vernachlédssigung von nicht-normalverteilten wird durch Multiplikation der kombinierten Mes-
Komponenten im Gesamtbudget. Die Metrologie sunsicherheit mit dem Faktor k erhalten, um
empfiehlt daher allen Anwendern, die ein belast- Schwankungsbreiten angeben zu koénnen, die ande-
bares Ergebnis vertreten miissen, eine vollstindige ren Wahrscheinlichkeiten entsprechen. Typischer-
Berticksichtigung aller Einfliisse einer unvollstin- weise wird k=2 bzw. k=3 verwendet, was einer Er-
digen Berechnung vorzuziehen. In Sonderfillen, in hohung des Grades des Vertrauens auf etwa 95%
denen die Anwendbarkeit des zentralen Grenzwert- bzw. etwa 99% entspricht’.

satzes fragwiirdig ist, empfiehlt der Leitfaden GUM

die Anwendung der Monte-Carlo-Methode. 4 Weitere Eigenschaften der

Analog zur Varianzfortpflanzung kann eine vollbe-

setzte Kovarianzmatrix mitgefiihrt werden, um auf-

Messunsicherheit

Aus den Berechnungsschritten aus Abschnitt 3 ergeben

sich weitere Merkmale der Grof3e ,,Messunsicherheit*:

tretenden Korrelationen Rechnung zu tragen. Diese 1) Die Messunsicherheit beriicksichtigt alle beteilig-
sind empirisch aus Messreihen zu ermitteln oder ten Einfliisse, nicht nur diejenigen, fiir die Stan-
aus bekannten Funktionalen abzuleiten. Die em- dardabweichungen durch redundante Beobachtun-
pirische Bestimmung kann nicht immer mit sinn- gen gewonnen werden konnen.

vollem Aufwand fiir alle Prozesse durchgefiihrt 2) Das ,,Werkzeug®” Messunsicherheit betrachtet alle
werden, auch wenn von ausgeprigten Korrelatio- storenden Einfliisse und verschlieit nicht die Augen
nen auszugehen ist. Auch fiir die Funktionale lie- vor schwieriger zu beschreibenden, die vom ,,nor-
gen nicht immer Parametrisierungen vor. Daher ist malen® — also angenommenem normalverteilten —
die Beriicksichtigung von aus Erfahrung bekann- Verhalten abweichen, die gerne als normalverteilt
ten Korrelationen empfehlenswert, denn auch hier unterstellt oder vernachldssigt werden.

gilt, dass die Vernachldssigung von Korrelationen 3) GUM empfiehlt, nicht nur die Groe des Einflus-

zu optimistische Standardabweichungen bzw. zu
optimistische kombinierte Messunsicherheiten zur
Folge hat (vgl. JCGM (2008), Abschnitt 5.2.5).
Durch eine verniinftige Besetzung der Kovarianz-
matrix verliert die iiber Varianzfortpflanzung be-
rechnete ,,Varianz* zwar an statistischer Exaktheit,
gewinnt aber an hoherer Qualitit, weil die inhéren-
ten Merkmale, niamlich die Korrelationen, so gut
es eben geht beriicksichtigt sind. Zur Abgrenzung
wird diese Grof3e anstelle von Varianz mit ,,quadra-
tischer kombinierter Messunsicherheit* bezeichnet.

ses, sondern auch seine Wirkung zu betrachten,
damit eine Messanordnung zielgerechter optimiert
werden kann. Die vollstindige Modellierung in ei-
nem deterministischen Modell, das alle Einfliisse
enthilt, liefert also die Grundlage fiir die Bewer-
tung, wie heikel ein Storeinfluss ist — oder auch die
Erkenntnis, dass zwar die Schwankungsbreite eines
Einflusses grof3 ist, aber seine Wirkung aufgrund
des kleinen Sensitivitidtskoeffizienten vernachlis-
sigbar klein ist. Demselben Prinzip folgt zwar auch

die Varianzfortpflanzung, jedoch wurde in der Ver-

3Hier wird impliziert, dass anniihernd Normalverteilung vorliegt und der Freiheitsgrad groB ist. Die hiermit verkniipften kleinen Modell-
fehler sind klein und im Hinblick auf die generelle Verlédsslichkeit der Angabe tolerierbar.
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5 Korrelation

gangenheit nicht viel Wert auf die vollstindige Er-
fassung aller Einfliisse gelegt.

4) Durch die quadratische Zusammenfassung der Ein-
zelbeitrige werden die betragsmiBig grofen und
damit kritischen (Unsicherheits-)Beitridge tiberpro-
portional beriicksichtigt. Dies ist konsistent zur
klassischen Varianzfortpflanzung.

5) Wie in der Varianzfortpflanzung auch bleibt die
Wirkrichtung der Einflussgrofle (das Vorzeichen)
irrelevant.

6) Durch den ,,Grad des Vertrauens‘ ist eine intuitive
Interpretationshilfe gegeben.

Mit der kombinierten Messunsicherheit liegt also eine

GroBe vor, die alle Einfliisse auf die Genauigkeit einer

Zielgrofle sachgerecht beriicksichtigt. Im Gegensatz

dazu deckt die iiber Varianzfortpflanzung erhaltene

Standardabweichung einer ZielgroBe nur selektiv das

Augenfillige (mit empirischen Standardabweichungen

leicht beschreibbare) ab, wobei in der Praxis nicht-

normalverteilte Grolen gerne vernachldssigt werden.

Die Messunsicherheit enthilt das gesamte Zusatzwis-

sen iiber die Qualitdt der Mess- bzw. Zielgrofle, und

zwar nach den Empfehlungen des GUM nachvollzieh-
bar dokumentiert. Damit ist sie eine sehr verldssliche

GroBe, die letztendlich Sicherheit verschafft, weil alle

Unwigbarkeiten abgedeckt sind.

5 Korrelation

AbschlieBend soll die Korrelation zur Zusammenarbeit
mit Bernhard Heck hergestellt werden. Ohne Frage
ist er ein hervorragender Forscher und Hochschulleh-
rer. Sich im Detail zur Forschung zu duflern, mochte
ich den Fachkollegen iiberlassen; seine Lehrleistung
wird durch zahlreiche erfolgreich titige Alumni besta-
tigt. Neben herausragender Forschung und engagier-
ter Lehre war Bernhard Heck stets um ein sehr gu-
tes kollegiales Verhiltnis zu allen Menschen in seinem
Umfeld besorgt. So mochte ich den Bogen schlagen
zu Bernhard Heck als Kollegen und auf die unter Ab-
schnitt 4 genannten Eigenschaften eingehen.

Um es gleich vorweg zu nehmen: Bernhard Heck
galt unter uns Kollegen und Kolleginnen als Ver-
trauensperson, die Sicherheit in die vielschichtigen
Unsicherheiten des Wirkens an einer universitdren
Forschungseinrichtung mit sich bringt. Es steht au-
Ber Frage, dass jeder an Universititen Téatige in sei-

nem Wirken manchmal eine gewisse Unsicherheit ver-
spiirt, beispielsweise im Dickicht der Verwaltungsge-
pflogenheiten, bei Personal- und Finanzfragen, oder
weil Planungssicherheit nicht immer gegeben ist. Dies
fiihrt zu Unsicherheit im Projektmanagement, hinzu
kommt Unsicherheit durch universitire Umstruktu-
rierungsmafnahmen und auch manchmal Unsicher-
heit in kniffligen fachlichen Fragen. Viele meiner
Kollegen werden wohl meiner Erfahrung zustimmen,
dass ein Gespriach mit Bernhard Heck immer wieder
die Einschitzung von zur Unsicherheit beitragenden
Einflussfaktoren erleichterte. Ich habe ihn als jeman-
den erfahren, der immer moglichst alle Beteiligten
und Hintergrinde im Blick hatte, vgl. 1) in Ab-
schnitt 4. Auch wenn es sich um heikle und komplexe
Situationen handelte, bei denen schon die Beurteilung
der Ausgangssituation aufgrund ihrer Besonderheit
herausfordernd war, nahm er sich der Sache an, vgl.
2). Insbesondere seine Beurteilung der Wirkung von
einzelnen Vorfillen und Randbedingungen im Ge-
samtkontext war mir immer wieder wertvoll fiir die
weitere Entscheidung, die ggf. auch zu einer be-
griindeten (!) Anderung der Vorgehensweise fiihrte,
vgl. 3). Bernhard Heck hat bei seinen Stellungnah-
men stets das Kritische im Blick gehabt und entspre-
chend bewertet, vgl. 4). Ganz besonders wichtig ist
mir hervorzuheben, dass er stets ohne Vorurteile und
ohne Bevorzugung einzelner Gruppen oder Stromun-
gen Stellung bezogen hat, vgl. 5). Durch den kolle-
gialen Austausch gelang es oft, die von auflen aufge-
priagte Unsicherheit durch Benennung der einzelnen
Komponenten und der Erkenntnis ihres Zusammenwir-
kens handhabbarer zu machen und Entscheidungen auf
eine belastbarere Basis zu stellen.

Ich mochte es nicht versdumen, mich an dieser Stelle
auch im Namen von Kollegen, Mitarbeitern und Stu-
dierenden zu bedanken, dass wir mit ihm als Kollegen
mit einem hohen Grad des Vertrauen zusammen arbei-
ten konnten, weil er immer ein Gefiihl der Sicherheit
vermittelt hat. Wahrscheinlich bin ich nicht die Ein-

zige, die ihn als Kollegen vermissen wird.
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Zusammenfassung

Ein hoch geschitzter Geodit und Berufskollege geht in den Ruhestand. Die baden-wiirttembergischen Geodésie-

verbédnde sagen Tschiiss und lebe Wohl.

1 Wirken

Bernhard Heck, der die Professur fiir Physikalische
und Satellitengeodidsie am KIT innehat und dabei
auch das Geoditische Gemeinschaftsobservatorium in
Schiltach des KIT und der Universitit Stuttgart lei-
tet, geht in den Ruhestand. Was liegt fiir die Vertreter
der baden-wiirttembergischen Geodisieverbdnde ni-
her, als im herzlich lebe Wohl zu sagen und einen kur-
zen Blick auf seine Arbeit und sein Engagement fiir
den Beruf zu werfen. Ich darf diese Zeilen auch im
Namen der baden-wiirttembergischen Vorstinde des
Arbeitskreises beratende Ingenieure (abv), der Fach-
gruppe Geodisie und Geoinformatik des Bundes Deut-
scher Baumeister, Architekten und Ingenieure (BDB)
die den Verband Deutscher Vermessungsingenieure
(VDV) abbildet, des Bundes der o6ffentlich bestellten
Vermessungsingenieure (BDVI), der Deutschen Ge-
sellschaft fiir Kartographie (DGfK), des DVW — Ge-
sellschaft fiir Geodisie, Geoinformation und Landma-
nagement sowie der Ingenieurkammer schreiben.

Beeindruckend sind sein grofles wissenschaftliches In-
teresse und die enorme fachliche Breite, verbunden mit
einem hohen theoretischen Anspruch. Er ist ein inter-
national in besonderem Mafe ausgewiesener Experte,
insbesondere im Bereich Schwerefeld und Hohen so-

wie GNSS und vielen weiteren Themenfelder.

Erschienen bei KIT Scientific Publishing
Schriftenreihe des Studiengangs
Geodisie und Geoinformatik 2018,1

DOI Einzelbeitrag:
10.5445/KSP/1000080219

DOI Festschrift:
10.5445/KSP/1000080324

Festschrift zur Verabschiedung von
Prof. Dr.-Ing. Dr. h.c. Bernhard Heck
(Schw)Ehre, wem (Schw)Ehre gebiihrt

Sein verstirkt interdisziplindrer Forschungsansatz for-
dert die Integration von modernen geodéatischen Mess-
verfahren (GNSS, Nivellement, Radar). Professor
Heck ist Autor eines Standardwerks zur Landesver-
messung in dem er Konzepte, Modellierung und Aus-
werteverfahren miteinander verkniipft. Seine vielfil-
tigen wissenschaftliche Auslandsaufenthalte in den
USA, den Niederlanden, Brasilien und weiteren Lin-
dern machten ihn zu einem international anerkann-
ten Experten. Die langjahrige Kooperation mit der TU
Budapest in Gastvorlesungen und Messprojekten so-
wie als Gastgeber fiir Gastwissenschaftler in Karlsruhe

brachten ihm den dortigen Ehrendoktortitel ein.

2 Dank und Wiinsche

Ich danke Herrn Professor Heck, dem &duferst enga-
gierten Wissenschaftler und Hochschullehrer fiir sei-
nen stets unkomplizierten, angenehmen und sympa-
thischen Umgang. Mit seinem ausgeprigten didakti-
schen Geschick, auch im Hinblick auf schwierige The-
men, kann er seinen Studierenden aber auch den alten
Hasen auf Fachtagungen oder Seminaren Fachliches
verstindlich vermitteln. Seine Fahigkeit zur klaren,
systematischen Aufbereitung von Fragestellungen und
die kompetente Vermittlung wissenschaftlichen Arbei-

tens, bewirkt eine konstruktive und gezielte Férderung
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von Studierenden und Mitarbeitern. Fiir die baden-
wiirttembergische Landesvermessung hat er viele Pro-
jekte, insbesondere im Bereich Hohe und Schwere wis-
senschaftlich begleitet. Insbesondere freue ich mich,
dass Professor Heck seit vielen Jahren DVW-Seminare
zu GNSS in Karlsruhe aktiv unterstiitzt, sich als lang-
jahriges Mitglied in den DVW Arbeitskreis 7 aktiv ein-
bringt und die Geodétischen Wochen mit organisiert.
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Stellvertretend fiir die Vorstandskollegen wiinsche ich
Thnen, lieber Herr Heck, herzlich alles Gute fiir die vor
Ihnen liegende Zeit, vor allem, dass Sie diese bei bes-
ter Gesundheit erleben kénnen.

Nutzen Sie gewonnene Freiheiten und schauen Sie
gerne bei Veranstaltungen Threr Geodidsieverbinde vor-
bei.
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Abstract

In this paper, we study the spectral response of Stokes’s integral, which is determined by its modification and

truncation. Two spectrally modified Stokes’s kernel functions are selected and compared to the unmodified Stokes’s

kernel in terms of the spectral transfer coefficient effectiveness. Stokes’s integral is truncated at four spherical cap

sizes with spherical radii yo = 1°,3°,6°,9°. The results suggest that the unmodified Stokes’s integral is spectrally

unstable when being arbitrarily truncated, and a modification to Stokes‘s kernel is required for a smooth geoid

model.

1 Introduction

This paper, part of a special commemorative publica-
tion, is a tribute in honor to Dr. Bernhard Heck who
is retiring at the end of March 2018 after a long and
successful career in geodesy at Karlsruhe Institute of
Technology in Germany. It addresses the topic on the
modification of Stoke’s integral. Heck and Griininger
(1987) studied the combined modification of Stokes’s
integral. Their study is frequently cited, and their idea
is still applied in today’s studies (e.g. Featherstone et
al., 1998; Sjoberg and Shafiei Joud, 2017). This pa-
per starts with the same generalization of the modified
Stokes’s kernel function as Heck and Griininger (1987,
Eq. (1.3)), but focuses on characterizing the spectral
response of Stokes’s kernel and its two spectral modi-

fications.

The goal of the Stokes’s kernel modification is to min-
imize the geoid error. There have been several papers
and reports on this topic. Jekeli (1980) provided a com-
prehensive study of the modifications by Moloden-
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skii et al. (1962), Wong and Gore (1969), and Meissl
(1971a,b), etc. in terms of the RMS error. These clas-
sical modifications are deterministic in principle and
provide basis for further improvement. Vanicek and
Kleusberg (1987) re-formulated Molodenskii’s modifi-
cation. Heck and Griininger (1987) proposed the com-
bined Wong and Gore and Meissl modification, and ex-
amined four types of errors. Featherstone et al. (1998)
formulated the combined Vanicek and Kleusberg and
Meissl modification. Huang and Véronneau (2013)
improved Wong and Gore’s modification by introduc-
ing a transition low-degree band. Considering errors
in gravity data and the combination of satellite grav-
ity models and terrestrial gravity data, Wenzel (1982)
and Sjoberg (1984) suggested stochastic modifications
based on the least-squares principle. However these
stochastic modifications require error degree variances
for terrestrial gravity data, which are often approxi-

mated by the error variance model.
Data obtained from the dedicated satellite gravimetric
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significantly to determining the long wavelength com-
ponents of the geoid model (> 200 km). It is critical
to use the optimum technique for combining satellite
and terrestrial gravity data. For regional geoid mod-
elling, the combination is commonly realized by the
remove-compute-restore Stokes scheme and the modi-
fication to the Stokes kernel. In particular, the Stokes’s
integration is only carried out regionally within a lim-
ited spherical cap around the computational point. The
choice of cap size and modification method is mostly
empirical or largely based on numerical test and search
for the best fit between the resulting geoid model and
external validation data such as GNSS-Levelling data
on benchmarks. There is a lack of understanding on
the spectral response of Stokes’s integral to the mod-
ification and truncation supporting that choice. In the
context of this study, the spectral response is character-
ized by a set of spherical harmonic degree-dependent
transfer coefficients for the corresponding components
of the terrestrial gravity data, which will be defined in
Section 2.

Vanicek and Featherstone (1998) suggested the spher-
ical harmonic representation of the truncated Stokes’s
integral, which is useful for studying the spectral re-
sponse of Stokes’s integral to the modification and
truncation. They also spectrally compared Stokes’s,
Wong and Gore’s, and Vanic¢ek and Kleusberg’s ker-
nels for a fixed truncation cap size.

In this study, we explore the spectral stability of the un-
modified and modified Stokes’s integrals and how the
integration cap size affects the spectral response.
Section 2 gives mathematical formulae. Section 3 pro-
vides and discusses numerical results of the spectral

response. Section 4 summaries this paper.

2 Mathematical formulae

The kernel function of Stokes’s integral (hereafter the
Stokes kernel in short form) can be written as (Heiska-
nen and Moritz, 1967)

= 2n+1
sy =Y ”+1 P, (cosy) 2.1)
n=2

where P, is Legendre’s polynomial of spherical har-
monic degree n; ¥ is the angular distance between the
computational point and an integration surface element

on a sphere.
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The modified Stokes kernel can be generalized as

(Wenzel, 1982; Heck and Griininger, 1987; Huang and

Véronneau, 2013, Appendix A)
> 2n+1

Su(W) = ) (W) —— Palcosy)  (22)
n=0

n

where a,, is the spherical harmonic transfer coefficient

of degree n.

In the remove-compute-restore (RCR) Stokes scheme,
the gravity anomaly synthesized from a selected global
geopotential model (GGM) is first removed from the
terrestrial gravity anomaly giving the gravity anomaly
residual dg. Then the geoid residual dN is computed
from the gravity residual by the Stokes integration over
a truncated zone which is often defined as a spherical
cap centered at the computational point. Finally, the
geoid height synthesized from GGM Nggyy is restored.
The RCR Stokes scheme can be mathematically ex-

pressed as

N(Q) = Ngom () +dN(Q) (2.3)

R ! i
(@) = /( o Su(v)de(@)dQ (2.4

where 7is the normal gravity. € stands for the trunca-
tion zone. Following Vani¢ek and Featherstone (1998,
Eq. (11)), the modified and truncated Stokes‘s integral
in Equation (2.4) can be generally expressed in a spher-

ical harmonic series as

SN(Q) = i B.ON, 2.5)
n=0

where 8N, is the geoid residual component of degree
n. By is the corresponding effective spherical harmonic

transfer coefficient which can be given by

B w) = ot wo) -~ 0¥ (wo). 2

OM is called the truncation coefficient (Molodenskii et

al., 1962; Heiskanen and Moritz, 1967):

'
0. (Wo) = [ Su(W)Pu(cosy)cosydy.  (2.7)
Yo
In this study, the truncation coefficients for the Stokes
and VK kernels are computed by a FORTRAN pro-
gram by Martinec (1996).



3 Numerical examples

Equations (2.6) and (2.7) give the transformation be-
tween o, and 3,. The coefficient o, is derived by ei-
ther/both minimizing the truncation error, or/and mak-
ing the spectral combination of GGM and terrestrial
gravity data; while the coefficient 3, represents weight
which is effectively applied to the corresponding com-
ponent of gravity anomaly residual. Therefore the ker-
nel modification and truncation to Stokes‘s integral
jointly determine the combination method of GGM

and the terrestrial gravity data.

In this study, we select the Stokes kernel and two de-
terministic modifications to the kernel to characterize
their spectral response when the Stokes’s integral is
truncated to the spherical cap with a radius yy. For
the Stokes kernel o, = 1, i.e. the transfer coefficient

has the full weight across the whole spectrum.

For the degree-banded (DB) Stokes kernel, the transfer

coefficient is defined as (Huang and Véronneau, 2005)

0 n<L+1
oaPP={ 1 L<n<mpg+1 (2.8)
0 n>mrg

where L represents the modification degree; mrg is the

maximum degree of the DB kernel.

For Vanicek and Kleusberg (1987) (VK’s) modifica-
tion, the transfer coefficient can be written as

_n-l
oc,‘fK(\lfo) = { zin(¥o) <L+l 2.9)
1 n>1L

where 7, is VK’s modified kernel coefficient of de-

gree n.

3  Numerical examples

Figure 3.1 shows the transfer coefficients o, for the
three kernels. They represent weights on the spherical
harmonic components of the gravity anomaly residual
if yo = 180°. Differences among the three kernels are
in the low degree band from degree 2 to L. The Stokes
kernel has a constant weight of 1, while the DB kernel
defines them as 0. The VK kernel becomes mathemat-

ically undefined in this case.

— Stokes
—DB

VK@,=1")

o, (%)

— = VK@,=3") |

—— VK(,=6 31

= VK@, =90 ]

0 50 100 150 200 250 300 350
Spherical Harmonic Degree n

Figure 3.1: The spherical harmonic transfer coefficients of the three
Stokes kernels. For the DB kernel, L = 90; myg = 5400.
For the VK kernel, the modification degree L = 90 with
the four different cap radii.

Figures 3.2-3.5 show the effective transfer coefficients
B, when Stokes‘s integral is limited to the spherical
cap size defined by . These coefficients are the most
unstable for the Stokes kernel. They distort an individ-
ual geoid component by more than 50% at the maxi-
mum, even though the sum of the distortions tends to
be much smaller due to the cancellation by the oscil-
lation of coefficients with respect to the unit weight.
The increase of cap size does not lower the amplitude
of the distortion per degree when enhancing the fre-
quency of oscillation with respect to degree. The sum
of distortions is equal to the truncation error with an
opposite sign. The use of the RCR scheme can sig-
nificantly reduce the truncation error when an accurate
and high-degree GGM is used in the remove step mak-
ing the magnitude of gravity anomaly residual smaller.
Nevertheless, the instability of these coefficients may
render a ringing distortion in the resulting geoid model
that is dependent of the complexity of gravity field. A
spatial modification to the Stokes kernel is required to
eliminate the distortion by smoothing the transition of
the kernel to zero at the cap edge, and the truncation
error is accordingly derived (Meissl, 1971a,b).

The effective transfer coefficients B, for the DK ker-
nel are relatively more stable than those for the Stokes
kernel, but can still introduce 10% distortion per de-
gree at the maximum. Similar to the Stokes kernel, the
increase of cap size does not significantly lower the
amplitude of distortion when enhancing the frequency
of oscillation. However the difference is that the dis-
tortion consists of two parts. One is the sum of dis-
tortion above degree L which is equal to the truncation

error with an opposite sign. The other is the distortion
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below degree L+ 1 which is considered as the low-
degree spectral leakage error. The latter is caused by
the spectral discontinuity of the DB kernel from de-
gree L to L+ 1. The truncation error can be minimized
by Meissl’s modification (Heck and Griininger, 1987)
while the leakage error can be stabilized by introduc-
ing a spectrally smooth transition of the transfer coef-
ficients from degree L+ 1 to a lower degree (Huang
and Véronneau, 2013). Furthermore, the increase of
the cap size fades the low-degree leakage error making
the DB kernel approximate the high-pass filter function

more closely.

The VK kernel is designed to minimize the truncation
error. As expected, its effective transfer coefficients
[, are the most stable among the three kernels. On
one hand, these coefficients cause the least distortion
above degree L, consequently the smallest truncation
error. With the increase of cap size, these coefficients
approach to the desired unit value reducing the trunca-
tion error to a few millimeters. Furthermore, these co-
efficients show the most stable transition below degree
L+ 1 indicating the smoothest combination of GGM
and terrestrial gravity data. On the other hand, it in-
troduces greater errors than the DB kernel when the
gravity anomaly residual contains the low-degree sys-
tematic errors as shown in the North American gravity
data (Huang et al., 2008). The increase of cap size
leads less modification to the Stokes kernel as shown
in Figure 3.1, consequently more contamination from
the systematic errors. Considering that the VK ker-
nel is aiming at minimizing the truncation error only,
it performs well towards its goal. A further improve-
ment is a Meissl-modified VK kernel which has been
formulated by Featherstone et al. (1998).

0.8 -

43n(1,€‘)0)

0.6

0.4

02r

Yo =1

0 50 100 150 200 250 300 350
Spherical Harmonic Degree n

Figure 3.2: The spherical harmonic effective transfer coefficients of
the three Stokes kernels with Wy = 1°.
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Figure 3.3: Same as Figure 3.2 with yo = 3°.
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Figure 3.4: Same as Figure 3.2 with yo = 6°.
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Figure 3.5: Same as Figure 3.2 with yy = 9°.

4  Summary and discussion

This study numerically analyzed the spectral response
of Stokes’s integral to the modification of its kernel
function and the truncation of integration domain. The
results suggest that the unmodified Stokes’s integral is
spectrally unstable when being truncated to a spheri-
cal cap. The degree-banded and Vanic¢ek and Kleus-
berg’s modifications are spectrally more stable, there-
fore more suitable for the geoid modelling. The choice
between them depends on the type of dominant error

in terrestrial gravity data. The former can filter out
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most of the low-degree systematic error enabling satel-
lite global geopotential model to constrain the low-
degree geoid components but causes the truncation er-
ror which is significant enough to be accounted for.
The latter can be greatly affected by the systematic er-
ror in the gravity data but causes the truncation error
at the mm level. A potential improvement on the latter
is modifying a narrower low band from degree L —u
to L. Huang and Véronneau (2013) applied a cosine
modification to the narrower band. It will be worth-
while to study if the latter modification can be applied
to the narrower band so that the new modification al-
lows an effective high-pass filtering while minimizing

the truncation error.
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Zusammenfassung

Der Beitrag behandelt die Navigationszustandsschitzung und die damit einhergehende Steuerung von Navigati-
onsobjekten (Bodies (b)) mittels verteilter GNSS/MEMS/MOEMS Sensorik sowie weiteren optischen Sensoren
wie Laserscannern und Kameras. Anwendungen sind die Navigation und Steuerung von Boden-, Wasser- und
Luftfahrzeugen (u. a. autonomes Fahren und Fliegen). Dariiber hinaus zu nennen sind mobile Geodatenerfassung
und GIS sowie das Smartphone als Body (b) zur nahtlosen Out- und Indoornavigation von Personen. Im aktuellen
Fokus stehen auch die Entwicklungen von Mappingsystemen zur automatisierten Erstellung von 3D-Modellen von
Infrastrukturen und Gebéduden.

Eingangs wird die im FuE-(Forschungs- und Entwicklungs-)Projekt NAVKA (NAVKA, 2018) seit 2010 voran-
getriebene moderne Multisensor-Multiplattform Navigation in allgemeiner Leverarmverortung der Sensoren vor-
gestellt. Es folgt die Darstellung des Navigationszustandsvektors als ereignisbasierte Markov-Kette der auf ei-
nen Ausgangszustand folgenden Messungen und Steuerungsmafinahmen. Die Markov-Kette wird in einen alle
parametrische und stochastische Information subsumierenden Bayes’schen Ansatz als Ausgangspunk der Naviga-
tionszustandsschitzung liberfithrt. Die Bayes’sche Ausgangsbasis erlaubt die Integration der auf physikalischen
Grundannahmen zum Bewegungsmodell sowie auf diskrete Steuerungen basierten Transitionsgleichungen auf-
einanderfolgender Navigationszustinde (Chapman-Kolmogorov-Gleichung). Einhergehend mit zwei Annahmen
zu Markov-Prozessen 1. Ordnung wird die finale Bayes-basierte a-posteriori Dichtefunktion zur Navigations-
zustandsschitzung aus obigen Komponenten dargestellt. Mit diesem Ausgangspunkt kénnen nun unterschiedli-
che Zustandsschitzungen (Kalman-Filter (KF), Extended Kalman-Filter (EKF), Robustes KF/EKF, Partikel-Filter,
SLAM) hergeleitet werden. Die Bayes’sche Grundlage liefert damit den gemeinsamen Nenner bzw. die Wurzel fiir
die in verschiedenen Disziplinen (Robotik, Mechatronik, Luft- und Raumfahrt, Geodisie, u. a.) und Anwendungen
in unterschiedlichen Verzweigungen verfolgten mathematischen Modelle und Algorithmen zur Zustandsschétzung

und Steuerung der o. g. Multisensor-Multiplattform-Navigationssysteme.

1 Aktuelle Themen der soren, Magnetometer, Inklinometer, Barometer), MO-
Multisensornavigation EMS (z. B. miniaturisierte plenoptische Kameras) so-

wie weiteren ebenfalls direkt auf dem jeweiligen Body

(b) als Einzelsensoren (s) oder in kompakten Sensor-

Die multisensorielle Navigation unterschiedlicher Ob- plattformen (p) verteilten optischen Sensoren (Mono-,
jekte - in der Navigation als Bodys (b) bezeichnet - mit-

tels GNSS, MEMS (Gyroskope, Beschleunigungssen-

Stereokameras, Laserscanner) gewinnt in der geodé-

Erschienen bei KIT Scientific Publishing Festschrift zur Verabschiedung von Dieses Werk ist lizenziert unter einer
Schriftenreihe des Studiengangs Prof. Dr.-Ing. Dr. h.c. Bernhard Heck 0 @ Creative Commons Namensnennung
Geodisie und Geoinformatik 2018,1 (Schw)Ehre, wem (Schw)Ehre gebiihrt SA - Weitergabe unter gleichen Bedin-

gungen 4.0 International Lizenz (CC BY-SA 4.0): https://
DOI Einzelbeitrag: DOI Festschrift: creativecommons.org/licenses/by-sa/4.0/deed.en
10.5445/KSP/1000080221 10.5445/KSP/1000080324
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tischen Forschung und Entwicklung an Hochschulen
und in der Industrie zunehmend an Bedeutung. Im Fo-
kus stehen Entwicklungen zur Navigation und Steue-
rung von Boden-, Wasser- und Luftfahrzeugen, z. B.
fiir autonomes Fahren und Fliegen. Dariiber sind als
FuE-Gegenstinde die mobile Geodatenerfassung und
mobiles GIS sowie das Smartphone als Body (b) zur
nahtlosen Out- und Indoornavigation von Personen zu
nennen. Aktuell im Fokus von FuE steht schlieBlich die
Entwicklung geoditischer Messsysteme zum automa-
tisierten 3D-Out-/Indoor-Mapping von Infrastrukturen
und Gebiduden (Abb. 5.1), die unter Aspekten der Wirt-
schaftlichkeit die wesentliche Voraussetzung fiir deren
flaichendeckende Nutzbarmachung zur nahtlosen Out-
und Indoor-Navigation im Smart-City-Kontext sind.
Dariiber hinaus sind diese 3D-Mappingsysteme mit
BIM (Building Information Modelling) einer der Mo-
toren bzw. eine essentielle Komponente auf dem Weg
zur Digitalisierung und Industrie 4.0 im Bauwesen zur
Gebéaudeerfassung und -Monitoring im Lebenszyklus
von BIM Infrastrukturen.

2 Allgemeine Vorbetrachtungen

Der multisensorielle, fortlaufend zu bestimmende Na-

vigationszustandsvektor y,

Yi = (xeyeze Py 2y E | pty”|

T (2.1)
w?b,xwgb,yml;b,z|mgb,xd)gb,yml;b,z>
umfasst im erdfesten Rahmen (e) die 18 3D-Parameter
der Position, Geschwindigkeit, Beschleunigung, Ori-
entierung (roll, pitch, yaw), Drehraten und Dreh-
ratendnderungen des Body (b). In der Praxis der
Multisensor(s)-Multiplattform(p)-Navigation, wie sie
im Rahmen des o. g. FuE-Projekts NAVKA (NAVKA,
2018) algorithmisch und softwaremiflig konsequent
umgesetzt wurde, sind die einzelnen Sensoren s(i, j)
mit bis zu elf sog. Sensor-Leverarmparametern sl(i, j)
auf dem zu navigierenden Body (b) zu ,,verorten®. Da-
bei handelt es sich um die drei Koordinaten des Trans-
lationsvektors tf)j der j-ten Plattform p; im Body-
Frame (b), die drei Parameter der Rotationsmatrix Rf)j
der j-ten Plattform p; gegeniiber dem Body-Frame (b),
die drei Translationsparameter tf,; des i-ten Sensors s;;

gegeniiber dem Koordinatenursprung der j-ten Platt-
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form p; sowie die beiden Parameter (., 8)s;; zur Ori-
entierung des i-ten Sensors s;; auf der j-ten Plattform
pj- Mit (2.2) wird die zentrale Verortungsbeziehung
zur Reparametrisierung des bei der Entwicklung der
individuellen Sensorbeobachtungsgleichungen (i, j)
erstinstanzlich auftretenden Sensororts xfi[j durch die
Parameter x; und (7, p,y) des einheitlichen Body (b)
Navigationszustandsvektors y, (2.1) und dem dortigen
Anteil von neun der elf Leverarmparametern sl(i, j)
wiedergegeben

Xg, =X, +Ry(rp,y) tﬁ’,}. +R?,j -t

Sij

(2.2)

Grundsitzlich hidngen die zeitlich dynamischen Sen-
sorbeobachtungen [(i, j), damit sowohl vom dynami-
schen globalen Bodyzustandsvektor y, (2.1) und den
insgesamt elf statischen Leverarmparametern sl(i, j)
ab (Jiger u. a., 2012; Jdger, 2014). Es gilt damit:

l(l7])t = l(thsl(iaj))l . (23)

Als erster wesentlicher stochastischer Bestandteil der
fortlaufenden Zustandsschitzung von y, (2.1) die-
nen als Standardinformationsquelle die Beobachtun-
gen [(i, j); aus Gl. (2.3), die im Weiteren mit I, zum
Vektor aller Sensorbeobachtungen zum Zeitpunkt ¢
zusammengefasst werden. Weitere hinzutretende sto-
chastische Komponenten sind die Steuerungsmalinah-
men u,. Darunter subsumieren auch systemspezifische
interne oder externe sonstige Einflussgrof3en s; (3.15),
die der Ubersichtlichkeit aber im Moment nicht separat
mitgefiihrt werden. Insgesamt bedingen die dem Aus-
gangszustand Yy, - in zeitlich aufeinanderfolgende Ver-
kettung - folgenden o. g. stochastischen Ereignisse

€0y = (107117"' 7ltflyllau07ula"' aut717ul) (24)

- (10:17110:1)

zum Zeitpunkt # den Systemzustand y, (2.1). Damit gilt
fiiry,

Y. =Y; (10;117' o ,llfl,l[,ll(),ll],‘ o autfl,ut) (25)

=Y (lO:huO:t) .
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3  Bayes basierte
Multisensornavigation
und Steuerung

Dieses Kapitel widmet sich der rekursiven Pa-
rameterschitzung des Navigationszustandsvektors
y;» im Englischen ,Navigation State Space Vec-
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tor“. Um die komplette stochastische Information
(Erwartungswerte und Varianzen) der Zustandsgréf3en
ausschopfen bzw. erhalten zu konnen, wird die
Verkniipfung (2.5) im weitreichenden mathematischen
Modell auf Bayes’scher Grundlage beschrieben. Der
wahrscheinliche Zustandsvektor bzw. dessen Wahr-
scheinlichkeitsdichte - aus dem Englischen ,Belief*
(,,Uberzeugungszustand*) als bel(y,) auch in die
deutschsprachige Literatur (Herzberg u. a., 2012) tiber-
nommen - definiert sich damit iiber die bedingte Wahr-

scheinlichkeitsdichte p(y,|yo,lo., wo ) als

bel(yt) :p(yt|YO710:t7u0:r) . 3.1

O.B.d. A konnen in GI. (3.1) auch weitere Typen von
inneren oder dueren Systemeinfliissen sp.; den Termen
up; bzw. den einzelnen StellgroBenvektoren u, hin-
zugefiigt werden. Unter Anwendung der Bayes’schen
Regel (Koch, 2007; Kohler, 2005; Thrun u. a., 2006;
Herzberg u. a., 2012) auf Gleichung (3.1) ldsst sich die
bedingte Wahrscheinlichkeit bel(y,) bzw. deren Wahr-
scheinlichkeitsdichte! mit der nachfolgenden Aufsplit-

tung von ey, weiter umformen. Es gilt:

bel (y,) =

P (¥:|¥0,1o:r,u0:)
= p(y:|yo-1o:—1,1, w01, 0y)
p(

(3.2)

L1y, ¥0,1o4—1,0:—1,u;) -
. P (¥elyo:lo—1,u0:—1, 1)
p (lt|yOa10:t—l U0 —1 aul‘)

Mit der vom zu schitzenden Systemzustand y, unab-
hingigen Dichtefunktion im Nenner von (3.2) kann de-

ren Kehrwert als Normierungsfaktor

n=p|yo,los—1,u041,u,) "

vorgezogen werden. Fiir die sukzessive auf den Aus-
gangszustand y, wirkenden stochastischen Ereignisse
ep; (siehe GIn. (2.4), (2.5)) ergibt sich damit nach
Bayes

bel (yt) = P(Yz|yo,10:t7llo:t)
=n-p Ly, Yo los—1,00;1,u,)-  (3.3)
-p(¥:1¥0:los—1, 001, 1) .

Mit einer ersten Markov-Annahme - dem Postulat von
(3.1), (3.2) und (3.3) als Markov-Kette 1. Ordnung
bzgl. I, - wird festgelegt, dass die Beobachtungen I,
zum Systemzustand zum aktuellen Zeitpunkt ¢ allein
durch den aktuellen Zustand y, zu beschreiben sind.
Damit reduziert sich die Kette der stochastischen Va-
riablen in p (L|y;,¥o,lo:—1,004—1,u;) und Gleichung
(3.3) geht tiber in die

1. Markov-Annahme

p(YtlYO’IOZHUOZI) (3.4)

=n-pLly,) P (¥:|¥0,lox—1, 000 1,0) .

Die in der Zustandsbeschreibung und Zustandsschét-
zung ibliche Standardinformationsquelle - die sog.
Transitionsgleichungen (3.15) - treten in allen obi-
gen Gleichungen (3.4) noch nicht auf. Um nun aber,
tiber die fortlaufenden Messungen 1, hinaus, diese
i.d. R. vorliegende, weitere Informationsquelle zur Be-
schreibung des Systemzustandverhaltens ausschopfen
zu konnen, wird der letzte zweite Term auf der rechten
Seite von Gleichung (3.4) unter dquivalenter Umfor-
mung entsprechend erweitert. Dies geschieht auf der

Grundlage der allgemeinen Beziehung
px) = [ p(xx)-ax

zwischen der gemeinsamen Verbunddichte p(x,x’) und
der einzelnen Randdichte p(x) zweier Zufallsvariablen
x und x’. Unter entsprechender Anwendung auf den
dritten Term in (3.4) erhalten wir mit dieser Erweite-

rung umy,_; die

Die Bayes Beziehungen kénnen iiquivalent sowohl fiir bedingte Wahrscheinlichkeiten P (i. a. als GroBbuchstabe) von Ereignissen als auch
fiir parametrisierte Dichtefunktionen p (i. a mit Kleinbuchstaben) von Zufallsvariablen verwendet werden. Vor dem Hintergrund der Zustands-
parameterschitzung tiber Dichtefunktionen werden ausschlieBlich Kleinbuchstaben verwendet.
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Chapman-Kolmogorov Gleichungen

P (¥:¥o, o —1, 00— 1,1;)
—+o0
= P (¥:|¥0:dos—1, 001,01,y 1) - (3.5)

-p(¥i—11¥o-los—2, li—1, w04 —2,w 1) dy,

P (¥:|¥0:1o:—1, 01, 07)
o0
= p(Yz‘YOle:tfl,UO:hyt—l)' (3.6)

(¥ 1lyo los—1,004—1)dy, .

Nach der Einbindung des vorausgehenden Zustands
y,_; iber die Verbunddichte wird fiir das Ergebnis
(3.6) nun eine zweite Markov-Annahme postuliert,
nidmlich dass i. A. die Transitionsgleichungen t,,
(siehe (3.15)) zum Zustandsvektor y, - wiederum im
Sinne eines Markov-Prozesses 1. Ordnung - allein in
Abhingigkeit vom Vorgingerzustand y,_; und den zu-
satzlich im Schritt r abgeschlossenen, d. h. im Intervall
[t — 1,7] erfolgten, SteuerungsmaBnahmen u, determi-
niert sind. Damit gilt fiir den ersten Integranden in (3.6)
die

2. Markov-Annahme

P (Y ¥i—1,0o4—1,004-1,01,¥0) =

(3.7
=p(V|y,—pw) .

Die Dichtefunktion der Transitionsgleichungen t,, |
ist dabei identisch mit der Dichtefunktion in Gleichung
(3.7) p(y,|y,_1,u;) (siehe (3.15)). Die mit der voraus-
gehenden Schitzung bereits vorliegende Dichtefunk-
tion bel (y,_;) (vergl. (3.1)) wird mit

bel (y,_1)=p

17(3’1—]) = (Yr—l|10:t—17u0:t—173’())

abgekiirzt. Sie wird im Bayes-Kontext als sog. a-
priori Dichte bezeichnet. Aus (3.6) gehen mit der
2. Markov-Annahme (3.7) die entsprechend ange-
passten Chapman-Kolmogorov Gleichungen (Metzger,
2006) hervor:

Chapman-Kolmogorov Gleichungen

mit 2. Markov-Annahme

P (Y:|¥0:¥:—1,lo:r—1,W0:—1,1:,¥0)
—+oo
= PYly—rm) (3.8)

P (y;—l |10:lfl U0t —1 7y0) dYZ‘—l
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P (¥:1¥0: ¥ 1Mo —1, 0. 1,1, ¥0)
~+oo
7/ PYY—1u) - P(¥,—1)dy,

Ausgehend von (3.3) erhalten wir mit den beiden An-
nahmen (3.4) und (3.7) zu Markov-Prozessen 1. Ord-
nung und der nach der ersten Markov-Annahme

3.9)

erfolgten Integration des Vorgidngerzustandes y,_;
((3.5), (3.6)) bzw. ((3.8), (3.9)) zusammenfassend die
allgemeinen Ausgangsbeziehungen zur sequentiellen
Schitzung des Systemzustandes y,, ausgehend von Yy,
und der hinreichenden Beriicksichtigung aller sukzes-
siv eintretenden stochastischen Ereignissen und Mal-

nahmen e, (2.4) in der Form:

P(lt|YI)'
——

Dichtefkt. der Beob.
im GM-Modell

400
/ Pl u) - Py -dy, . G0
—— NI

—oo

P (¥:|y0,lo:,004) =m-
N ——
A-posteriori Dichte

Transitions-/ A-priori

Aktions- Dichte

Modell (3.15)

Nach Gleichung (3.1) wird der Begriff des ,,Beliefs
(beD)* konsequent — und wie  der Literatur zu Ro-
botik und Navigation (Thrun u. a., 2006) iiblich - auch
in die einzelnen Komponenten von (3.10) eingefiihrt.

Damit resultiert:

P (¥:|¥0,10:,004) =M~
—_———
bel (Yz)

ply,)-
——

Dichtefkt. der Beob.
im GM-Modell

+oo
/_ Py —1w) - B(y,—1) - dy, -

(3.11)

bel (y,)

Zur definitiven individuellen SystemerschlieBung bzw.
zur Systemregelung miissen nun im Weiteren in
((3.10), (3.11)) die konkreten stochastischen Informa-
tionsquellen - d. h. die Dichtefunktionen der Messmo-
delle p(ly,), des Vorhersagemodells p (y,|y,_;,u),
und die a-priori Dichte p (y,_,) - iiber ihre jeweiligen
wahren Fehler, Erwartungswerte und stochastischen
Modelle (Kovarianzmatrizen) parametrisiert werden.
Bei der Dichte der Sensordaten werden nun die Le-
verarme sl(i, j) (siehe Gl. (2.3)) der Sensoren s(i, j)

wieder hinzugefiigt, die in obigen Beziehungen - rein
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der Ubersichtlichkeit wegen - weggelassen wurden. Es
gilt:

&, :lf_l(yraSl(laj)) (312)

und damit

ply,) =p (81,7(781,)

(3.13)

=D (lt _l(ytvSl(ivj))7C£1t> .
Die Dichte der Vorhersage in Gleichung (3.11) wird
auch als System- oder Pridiktionsdichte (Metzger,
2006) bzw. nach Herzberg u.a. (2012) auch als
Transitions-/Aktionsmodell (3.10) bezeichnet. Sie lau-

tet mit den Transitionsgleichungen ty y |

&,y = tyy (Vo1,0,8) —F, - (3.14)
Damit gilt:
P(YelYi1,u,8)
=: Dy (EYt»Yt—l 7Ctr)
. (3.15)
= Py (tyhr—l (yt—lvulasl‘) -Y:
G, (Cy, ,Cu,,cs,)) .
Fiir die a-priori Dichte p(y,_;) in (3.11) gilt:
&, =Yi-1— Y1 (3.16)
und damit
bel(y,_1)=p(y,_1) =D&, ,,C
(Yi—1) =P (¥i-1) P( Vi1 y,,l) (3.17)

ﬁ(yt—l _yf—17CYt—l) :

Die Steuerungsgrofie u, in (3.15) sowie weitere sto-
chastische Einfliisse oder auch Storgrofen s, (Wind,
Propellerphysik bei UAVs) bilden bei der Regelung
von Navigationssystemen (z.B. Fernsteuerung eines
UAYV, Steuerungssysteme im autonomen Fliegen und
Fahren (Jager, 2016; Jdager und Zwiener, 2016)) tiber
systemindividuelle Steuerungsgleichungen eine Teil-
komponente innerhalb der i.A. nichtlinearen Tran-
sitionsgleichungen ty ,_, (3.15). Die Steuerungsmal-
nahme bzw. -Korrektur

Ay, ; =f(u) mit C,, (3.18)

des im Ergebnis der vorausgehenden Zustandsschiit-

zung y,_; in Rekursionsschritt # — 1 festgestellten Re-

gelabweichung des Zustandsvektors y,_; vom Soll
(Regeldifferenz) erfolgt innerhalb des Zeitintervalls
At = [t — 1,t]. Je nach Dauer der Regelung, z. B. einem
PID-Regler bei UAV (Jéager, 2016; Jiger und Zwiener,
2016) sind Az und die damit die jeweilige Systemzeit ¢
stochastisch abhingig von u,. Dieser Sachverhalt wird
im Englischen als ,,Hidden Markov-Model (HMM)*
oder auch als ,,Dynamisches Bayes-Netz (DBN)*“ be-

zeichnet.

4  Eigenschaften der Bayes
basierten Schiitzung

Die funktionalen und stochastischen Modelle (3.13)
und (3.15) beinhalten - unabhidngig welche jeweili-
gen Dichtefunktion hinterlegt sind - zusammen mit
der vorausgehenden Schitzung y,_; und Kovarianz-
matrix Cy,_, bzw. der Dichte p(y, ;) in Gleichun-
gen (3.17) - die hinreichenden Informationsquellen
zur Systemmodellierung und Steuerung iiber die re-
kursiven Algorithmen (3.10) und (3.11). Sie erlau-
ben dabei mit Angabe der Vorgingerdichte p(y,_;)
und letztlich der Ausgangsdichtefunktion p(y,), der
Messungen I, mit der bedingten Wahrscheinlichkeits-
dichte p (L]y;) (3.13) sowie der Wahrscheinlichkeits-
dichtefunktion p(y,|y,_;,u;,s;) - mit der enthaltenen
Transitions-/Aktionsgleichung

Yii—1= ty, (¥r_1,u,8;)

zur Vorhersage y,,_; vony, aus y,_; - die Darstellung

der a-posteriori Dichte in Form des Beliefs

bel(y,) = p (yt|y07101lau0113 S0:1)

(siehe Gleichungen (3.10) und (3.11)) zum aktuellen
Zustand y,. Dabei bestehen keine Voraussetzungen an

den Typ der o. g. Dichtefunktionen der stochastischen
GroBen in bel (y,) ((3.10) und (3.11)).
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5  Bayes basierte
Navigationszustandsschitzung
und Steuerung

5.1 Kalman-Filter (KF), Extended KF
(EKF), Robuste KF und EKF

Unter der Annahme multivariater Normalvertei-
lungen fiir die Dichtefunktionen im Transitions-
/Aktionsmodell

Py (Ey,,y,,l s Ct;) = Py (ty,‘,,l (Yt—l ,u,,s,) =¥ Ct;)

(siehe (3.15)) und der a-priori Dichte des Beliefs

bel (ytfl) = ﬁ(8y171 7Cy,,1) :ﬁ(YIfl _ytflvcy,,l)

(sieche (3.17)) resultiert aus

Kolmogorov-Integral iiber beide Dichten im Ergebnis

dem Chapman-

fiir bel (y,) (3.11) die multivariate Normalverteilungs-
dichte:

bel (yt) ZPYr,t—l (SYt.t—l ’ CYr,t—l )
=Py (th,t—l (yt—17ut7st) _yf7CYI,r—l) (51)

=Dy (yt,t—l - yt,Cy,H)

= =T = =T
Cy,, ,=+T-Cy, T +U-Cy,-U

_ T (5.2)

+S-Cs, -S .
Eine ausfiihrliche Herleitung von (5.1) und (5.2)
fir Normalverteilungsannahmen in bel (y,) (3.11)
findet sich in Metzger (2006). Die Kovarianz-
matrix Cy,,, (5.2)

der Fehlerfortpflanzung auf die mit bel(y,) vor-

resultiert mit Anwendung
liegenden finalen Transitions-/Aktionsgleichungen
Yero1 =ty (¥—1,u,8) (3.14). Geht man nun im
GauB-Markov-Modell (GMM) beim Term p (L]y,)
(sieche GIl. (3.13)) ebenfalls von einer Normalver-
teilungsannahme aus, so ist die a-posteriori Dichte
bel (y;) in (3.11) ebenfalls normalverteilt. Somit ist die
Maximierung des Werts der a-posteriori Dichte in der
folgenden Form gegeben:

¥, = argmax {p (Iy,) 'M(Yt)} . (5.3)
(1]
Vi

Das Schitzkonzept (5.3) ist gleichbedeutend mit der
Maximum-Likelihood-Schitzung §, —~der Zustandspa-
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rameter y, des Beliefs bel(y,) (3.11). Mit der Vor-
hersagedichte ((5.1), (5.2)) und der Dichte ((3.12),
(3.13)) der Sensorbeobachtungsgleichungen geht aus
(5.3) die Maximum-Likelihood-Schitzung in der Form
(5.4) hervor.

93, = argmax { pr (1 =1(5,,816:. ), . Ce, ) -
5] (54
* Py (Yt,z—l =¥ Ct,‘,_, )} .

Mit den negativen Exponenten der e-Funktionen
(,,GauB-Dichten®) ist (5.4) dquivalent zur Kleinste-
Quadrate-Schitzung:

(I =13, 81 )D€t (1 =1(F, 81, )

+ (Yntf] _yr)T'C;,},,l (Yt,r—l _yt) :M/if}- (-5
th

Mit den Niherungswerten y, fir §, fiihrt die
Zustandsschitzung (5.5) mit der Designmatrix
A (yg,sl(i,j)) aus der Linearisierung der Beobach-
tungsgleichungen 1(§,,sl(i, j)) auf das folgende linea-
risierte Gauf3-Markov-Modell:

Y1 +vy=L-dy, +¥y
tr—1 y 1573 0 (56)

mit der Kovarianzmatrix Cy,, |

I +vi =A(yo,sl(i, j)) - d¥,,, +1 (0,510, j))

mit der Kovarianzmatrix = C,, .

(5.7)

Die Residuen vy und vj stehen dabei fiir die Maximum-
Likelihood-Schitzwerte der wahren Fehler &y, 5.1
bzw. g, (3.13) in Gleichung (5.5). Die Kleinste-
Quadrate-Schitzung fiir (5.5) fithrt mit (5.6) und (5.7)
auf die Losung

—1
dg,, = (cyj}ril —|—ATC1;1A> : [ATC*I.

le,

(5.8)
(=1 (30,810, 1)) + €5, - (¥ramt = ¥0) |
Vi, =Yo+d¥y, (5.9)
mit der Kovarianzmatrix
C, —(c:' tATCA) 5.10
You — Yei—1 + lg, (5.10)

(Jager u. a., 2018). In (5.8) ldsst sich der Matrixterm

-1
K= (Cyj‘lH +ATCl;1A) ATC s
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als Kalman-Matrix (Wendel, 2007; Jager und Gonza-
lez, 2000) identifizieren. Mit der Wahl der Ndherungs-
werte ¥y =:¥,,_, welche aus der Vorhersage (5.1) er-
halten werden, gehen die Gleichungen (5.8), (5.9) und
(5.10) direkt iiber in

Yir = Vigp =Y T K- (I =1 (yo,81(i, j))) (5.12)

-1
o —c. (1 T—1

Cth - CYIKF - (CYt,t—l +A Clst A) (5.13)
:(I*K'A)'Cqu ,
d.h., es gelten die Identititen §y, = y,, und
C?:M = CytKF. die Kleinste-Quadrate-
Schitzung ((5.8), (5.9) und (5.10)) zum Gaul3-Markov-
Modell ((5.6), (5.7)) identisch mit der klassischen
Kleinste-Quadrate Kalman-Filterung (KF) nach §,,,
(siehe GI. (5.12)) und CyTKF (siehe GI. (5.13)).In (5.12)

konnen direkt die pridizierten nicht-linearen Sensor-

Somit st

daten I; (y,, ;.s1(i, j)) aus Gleichung (2.3) in Ansatz
gebracht werden.

Ebenso kann in (5.12) auch direkt die nicht-lineare
(3.15) Vorhersage eingesetzt werden. Im Gegensatz
zu jeweils linearen Modellen wird die hier durch die
Gleichungen (5.6) und (5.7) beschriebene KF auch als
Extended Kalman-Filter (EKF) bezeichnet. Linearisie-
rungen sind zur Realisierung des EKF jedoch fiir die
Fehlerfortpflanzung sowie die Berechnung der Terme
T,U,S in (5.2), sowie der Designmatrix A (y,sl(i, j))
(5.7), notwendig. Der Ubergang von bel (y,) aus Glei-
chung (3.11) nach (5.1) ist neben der Normalverteilung
auch fiir weitere exponentielle Dichtefunktionen - z. B.

die multivariate Laplace-Verteilung oder andere expo-

nentielle Zieldichten, die der robusten M-Schitzung
(Jager u. a., 2018) gegenstindlich sind - nachvollzieh-
bar. Daher konnen auf die o. g. Bayes-Theorie auch ro-
buste Kalman-Filterungen (Jager und Gonzilez, 2006)

begriindet werden.

5.2 Partikel-Filter

Das Partikel-Filter (PF) 16st sich von der Forderung
nach exponentiellen Dichtefunktionen fiir die einzel-
nen Komponenten der Bayes’schen Ausgangsdarstel-
lung der Zustandsschitzung auf der rechten Seite von
(3.11). Damit ist die Maximum-Likelihood-Schitzung
(5.3) nicht mehr Optimalschitzung fiir y,, auch wenn
fiir die Sensordatendichte (3.13) in (3.11) i. A. wei-
terhin die Normalverteilungsannahme bestehen bleibt.
Kennzeichnend fiir das PF ist die Diskretisierung der
a-priori Dichte p (y,_;) (3.11) iiber die Dirac’sche Del-
tafunktion 8 (y/_, —§,_,) mit N Partikeln. Es gilt:

ﬁ(thl _5’1—17Cy,,1) =

N . .
:;W;—l.s(y;—l_ytfl) (5'14)

und iwf_l =1.
i=1
Die Partikelwahrscheinlichkeiten werden dabei iiber
deren Gewichte W§—1 gesteuert. Als typische Dichte-
funktion wird bei unbekannten Ausgangszustands-
komponenten y, (z.B. der Position eines 3D-
Mappingroboters in einem Gebédude) mit W;o = const.

hiufig die Gleichverteilung gewihlt. Das Durchlau-

Abbildung 5.1: Links: Georeferenzierte 3D-Punktwolke als Ergebnis und Weiterverarbeitungsschnittstelle des 3D-Mappingsystems ,,MSM*.
Rechts: Volksbot-Roboter Aufbau des 3D-Mappingsystems ,,MSM* mit Laserscanner Velodyne VLP-16 als SLAM-Sensor. Im
Vordergrund die GNSS/MEMS/Kamera MSM-Navigationsbox fiir SLAM
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fen der Bayes’schen Beziehungen (3.11) fiihrt in je-
dem Schritt 7 auf neue Gewichte (Herzberg u. a., 2012;
Wendel, 2007; Thrun u. a., 2006) und damit auf eine

sich schrittweise stabilisierende Zustandsschitzung y,.

5.3 SLAM-Verfahren

Die aktuell im Fokus von FuE stehenden selbstre-
ferenzierenden 3D-Mappingsysteme basieren i.d.R.
auf den KF und PF Ansitzen. Beide stehen gemein-
sam auf den Bayes Grundlagen. SLAM (Simultaneous
Localisation And Mapping) bedeutet hier die
Doppelnutzung bestimmter Navigationssensorik (z. B.
Kameras, Laserscanner) sowohl fiir die Navigations-
zustandsschitzung als auch fiir die Objektaufnahme.
Zusitzliche Redundanz durch Punktwolken- bzw.
Bildiiberlappungen und daraus zu gewinnende Be-
dingungsgleichungen zwischen zeitlich aufeinander
folgenden Zustandsvektoren y, bzw. zwischen wie-
derkehrenden ortlichen Uberlappungen fiihren auf die
Verfahren des Online-SLAM bzw. des Graph-SLAM.
Die Ausschopfung der entsprechenden Informationen
aus den Bedingungsgleichung impliziert beim SLAM
die Verbesserung der Genauigkeit der Gesamttrajek-
torie y(1 : ¢) und damit einhergehend eine Steigerung
der Genauigkeit fiir die sich mit der SLAM-Schitzung
von y(1 : ¢) verbindenden Georeferenzierung der 3D-
Laserscannerpunktwolke (Abb. 5.1) bzw. der SLAM-
prozessierten Bilddaten des 3D-Mapping. Die Abb. 5.1
zeigt das im Rahmen des im Forschungs- und Entwick-
lungsbereich NAVKA (NAVKA, 2018) entwickelte
SLAM-basierte selbstreferenzierende Mappingsystem
»-MSM*.
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Randwertprobleme in geometrischer Sichtweise

Wolfgang Keller
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Zusammenfassung

Ausgehend von der Dualitidt zwischen Punkt- und Geradeninformation in der projektiven Geometrie werden die

Schwere- und Geometrieinfomationen in geodatischen Randwertproblemen gegeneinander ausgetauscht, so dass

das freie geoditische Randwertproblem in ein Problem mit festem Rand iiberfiihrt werden kann.

1  Einfithrung

Ein immer wiederkehrendes Thema im wissenschaft-
lichen Werk von Bernhard Heck sind die geodétischen
Randwertprobleme. Grundlegend sind seine Arbeiten
zur Klassifikation der Randwertprobleme in skalar,
vektoriell mit festem und mit freiem Rand (Grafarend
u.a., 1985; Heck, 1988; Heck und Seitz, 2003) aber
auch seine Studien zur notwendigen Datenvorverar-
beitung z.B. durch Helmert’s Kondensationsmethode
und zu direkten und indirekten Effekten (Heck, 2003).

Stets war dabei die Physik die gedankliche Leitschnur.
Es gibt aber auch einen geometrischen Zugang zu den
geoditischen Randwertproblemen, der, obwohl derzeit
wenig praxisrelevant, durch die Symmetrien zum klas-
sischen Randwertproblem gedanklich reizvoll und in-

teressant ist. Davon soll hier die Rede sein.

2 Projektive Geometrie

Eins der fundamentalen Probleme der euklidischen
Geometrie ist das Parallelenpostulat. Einerseits wurde
die euklidische Geometrie von Kant als synthetisches
Urteil a priori und damit zur Denknotwendigkeit er-
kldrt, andererseits zeigten die Arbeiten von Gauf3 und

Bolay, dass auch eine nichteuklidische Geometrie wi-
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derspruchsfrei ist. Und: das Parallelenpostulat erzeugt
eine Asymmetrie in der euklidischen Geometrie. Denn

e einerseits gilt: Durch zwei Punkte geht genau eine
Gerade.

e Aber es gilt eben nicht, dass sich zwei Geraden in

genau einem Punkt schneiden.

Um sich aus diesem Dilemma zu befreien, ist ein
Weg die Einfiihrung uneigentlicher Punkte in der
projektiven Geometrie. Ein uneigentlicher Punkt wird
eingefiihrt als der Schnittpunkt einer Schaar von im
euklidischen Sinn parallelen Geraden. Durch diesen
Kunstgriff werden die Probleme des Parallelenpostu-
lats in der euklidischen Geometrie beseitigt. Denn jetzt

gilt in der projektiven Ebene wieder
e Durch zwei Punkte geht genau eine Gerade.

e Zwei Geraden schneiden sich in genau einem

Punkt. (Gegebenenfalls im uneigentlichen Punkt) .

Obiges Aussagenpaar ist wohl das einfachste Beispiel
fiir das Dualitétsprinzip der ebenen projektiven Geo-

metrie:

Dualitétsprinzip 1 Sei A eine wahre Aussage der ebe-
nen projektiven Geometrie. Ersetzt man in A den Be-
griff Punkt durch den Begriff Gerade und die Wendung

Dieses Werk ist lizenziert unter einer
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gungen 4.0 International Lizenz (CC BY-SA 4.0): https://
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geht durch durch die Wendung liegt auf, so entsteht

wiederum eine wahre Aussage.

In der projektiven Ebene sind also die Elemente Punkt
und Gerade gleichwertig. Es liegt daher nahe, nicht
allein eine glatte Kurve (x(¢),y(#)) in der projektiven
Ebene zu betrachten, sondern die Kurve mitsamt ihren
Tangenten (x(z),y(¢),p(t) = y(¢)/x(r)). Dieses Kon-
strukt wurde von S. Lie (Lie und Scheffers, 1896) Ele-
mentverein genannt.

Mit Hilfe des Dualititsprinzips ldsst sich jeder Ele-
mentverein in seinen dualen Elementverein abbilden
und die dann (hoffentlich leichter) abgeleiteten Aussa-
gen tiber den dualen Elementverein lassen sich in Aus-
sagen iiber den Ursprungselementverein riickiiberset-

zen. Dies ist die Technik der Korrelationen:

Definition 1 Eine projektive Abbildung, die jede Fi-
gur in ihre duale Figur abbildet, indem sie Geraden
in Punkte und umgekehrt Punkte in Geraden iiberfiihrt
heifit Korrelation.

3  Beriihrungstransformationen

Nicht jede Abbildung

X =X(x,y,p), Y =Y(x,y,p), P=P(x,y,p) (3.1)

iiberfiihrt einen Elementverein wieder in einen Ele-
mentverein. Um dies zu gewihrleisten, muss die so-
genannte Kontaktbedingung

X,(Ye+pYy) =Y, (Xc+pX,), Y,=PX, (3.2)

erfiillt sein. Derartige Abbildungen heilen Beriih-
rungstransformationen. Um die Korrelationen auch
analytisch fassen zu konnen, miissen in der projekti-
ven Ebene Koordinaten eingefiihrt werden, die auch
die uneigentlichen Punkte mit erfassen. Diese Art von
Koordinaten sind die sogenannten homogenen Koor-
dinaten. Zur Motivation der homogenen Koordinaten
betrachten wir zunéchst die Gleichung einer Geraden

g in der euklidischen Ebene
ap+aix+axy=0. 3.3)

Nach J. Pliicker (Pliicker und Clebsch, 1868) konnen
die Koeffizienten ag,a;,a; als Koordinaten der Ge-

raden g angesehen werden. Diese Geradenkoordina-
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ten sind homogen, d.h. sowohl (ag,a;,a;) als auch
(c-ap,c-ay,c-az), ¢ € R beschreiben die selbe Gerade.
Um die Symmetrie der ebenen projektiven Geome-
trie auch analytisch wieder herzustellen, miissen auch
homogene Punktkoordinaten eingefiihrt werden. Dazu
wihlt man (xg,x;,x2) so, dass

=2 -2 (3.4)

X0 X0

gilt. Das schlieB3t alle eigentlichen Punkte (xo # 0)
aber auch die uneigentlichen Punkte (xo = 0) ein. Die
neu eingefiihrten Koordinaten sind dann offensichtlich
ebenfalls homogen. Interessant ist in diesem Zusam-

menhang die Gleichung
apxo +ayx) +axx, =0, 3.5

die je nach Bedarf als Gleichung aller Geraden, die
durch (xg,x1,x;) laufen oder als Gleichung aller
Punkte, die auf der Geraden (ao,a;,az) liegen, ge-
deutet werden kann. Auch hier scheint wieder das
Dualitétsprinzip durch und wir haben eine dsthetischen

Gleichklang von Form und Formel.

Um die Berithrungstransformationen mit den Korrela-
tionen der projektiven Geometrie in Zusammenhang
zu bringen, stellen wir zunichst die ebene Kurve
(x(¢),y(¢)) in homogenen Koordinaten dar

(x0,x1,x2) = (1,x(1),¥()). (3.6)
Die Tangente an die ebene Kurve hat die Gleichung

y=y(t) = p(0)(x —x(1)), €X))
die vermoge der homogenen Geradenkoordinaten

(ag,ar,az) = (px—y,—p,1) (3.8)

in der symmetrischen Form (3.5) ausgedriickt werden
kann.

Eine Korrelation berechnet nun neue homogenen
Punktkoordinaten aus homogenen Geradenkoordina-
ten. Ein einfaches Beispiel dafiir ist

Xo a 1
Xi|=|-a| = p . 3.9
Xo ap px—y



4 Randwertproblem im Schwereraum

Ein Zuriickschreiben auf kartesische Koordinaten er-

zeugt die folgende Transformation eines Elementver-

eins
x X1 v Xs p 179,63
= — = = — = px — = —— =X
Xo P Xo px—=Y, X, ,
(3.10)
die wegen

X, (Y + pYy) — Y, (X, + pXy)

=1(p+(=1)p)—x(0+p0)=0  (3.11)

in der Tat eine Beriihrungstransformation ist.
Diese Transformation ist in der Literatur unter
dem Namen Legendre-Transformation bekannt und
hat vielfiltige Anwendungen in der Mechanik
und Thermodynamik. Wihrend aber gewdhnlich
die Legendre-Transformation ohne einleuchtende
Motivation eingefithrt wird, ergibt sie sich beinahe
zwangsldufig als Ergebnis einer projektiven Korrela-

tion.

4  Randwertproblem im
Schwereraum

Nach diesen Vorbereitungen kann nun das freie geodé-
tische Randwertproblem aus der Perspektive der pro-
jektiven Geometrie betrachtet werden.

Dieses Problem besteht darin, aus gegebenen Werten
v und gegebenen Gradienten g einer harmonischen
Funktion V auf einer unbekannten orientierbaren und
geschlossenen Fliche S, diese Fldche S selbst und die
harmonische Funktion V auflerhalb der Fliche zu be-

stimmen:
AV(x) =0, x€ extS, 4.1
Vig=v, V| =g 4.2)
A\ 3
v(x)
VI

; 9
S X

Abbildung 4.1: Eindimensionales Analogon

Die Schwierigkeit bei der Losung dieses Problems
besteht darin, dass es ein sogenanntes freies Rand-
wertproblem ist, bei der die Randfliche unbekannt und

selbst mit zu bestimmen ist (siche Abbildung 4.1).

Im eindimensionalen Analogon kann man die Situation

folgendermallen veranschaulichen:

Der gegebene Gradient g definiert eine Gerade, die
Tangente an die unbekannte harmonische Funktion V.
Diese beriihrt die harmonische Funktion V' im unbe-
kannten Punkt (S,V (X)) = (S,v). Die Gleichung der

Tangente ist dann
V-V =V(S)(x-8) <V -v=gx-S5). 43)

Die Schwierigkeit des freien Randes besteht also darin,
dass zwar die Beriihrungsgerade gegeben ist, der Be-
riihrungspunkt aber nicht. Man hat also einen Mangel
an Punktinformationen aber einen Uberschuss an Ge-
radeninformationen. Es liegt nun nahe, durch eine Kor-
relation die mangelnden Punktinformationen gegen die
tiberschiissigen Geradeninformationen auszutauschen.

Die homogenen Koordinaten von Punkt und Gerade

sind
1 V/(S) . S —v
{XO,XI,XZ} = x |, [307611,&2} —
V(x) |
4.4)

Die Uberfithrung von Punkten in Geraden kann z.B.

durch eine Legendre—Transformation erfolgen:

X | = 1% . (4.5)
Xz V/'X—V

Wenn die homogenen Koordinaten wieder in kartesi-

sche Koordinaten iiberfiihrt werden, erhilt man daraus
Xo

Y= Xo

X ,
=2y
Y X )

vV ix—V. (4.6)

Da V' am Rand S bekannt ist, ist fiir das adjungierte
Potential ¥ der Rand bekannt. Damit ist ein Problem
mit freiem Rand in eine dquivalentes Problem mit fes-
tem Rand tiberfiihrt (siehe Abbildung 4.2). Diese Idee
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ins Dreidimensionale iibertragen fiihrt auf die Schwe-

reraumtheorie von Sanso (Sanso, 1978). Wegen

vy =0KY), Y—0 (4.7)

weist die Schwereraumtheorie eine Singularitit im Ur-
sprung auf, da das zu bestimmende adjungierte Po-
tential y dort nicht differenzierbar ist. Die Ursa-
che fiir diese Singularitéit besteht darin, dass bei der
Legendre-Transformation der unendlich ferne Punkt
in den Ursprung abgebildet wird. Da in der Nacht des
Unendlichen alle Katzen grau sind, verliert der Begriff
Differenzierbarkeit dort seinen Sinn. Um das Problem
zu beheben, muss eine Korrelation gefunden werden,
die den unendlichen Punkt auf sich selbst abbildet.

Eine alternative Korrelation die Punkte in Geraden und

Geraden in Punkte iiberfiihrt ist

Xo a» 1

X | = \/GMl‘% - —\/GMﬁ . (4.8
a12 82

X2 ao Vi.x=V

Mit einigem Aufwand kann man nachrechnen, dass es
sich dabei wirklich um eine Beriihrungstransformation
handelt.

Abbildung 4.2: Adjungiertes Potential

Wenn man nun die homogenen Koordinaten in kartesi-

sche Koordinaten riickiiberfiihrt, ergibt sich

X X

y="t= VM-S, y=2 =V x-V. (49)
Xo lg|2 Xo

Der Einfachheit halber sollen die neuen unabhéngigen

Variablen y Schwerekoordinaten und die neue abhin-

gige Variable y adjungiertes Potential genannt wer-

den. Man erkennt unschwer, dass fiir die duale Figur

der Randpunkt (y,y) = (—/GM 45 g-x—v) bekannt
ls|2
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ist. Das Randwertproblem mit freiem ist somit in ein
Randwertproblem mit festem Rand tiberfiihrt. Der da-
fiir zu zahlende Preis, wird sichtbar, wenn man vom
eindimensionalen Analogon zum urspriinglich dreidi-
mensionalen Problem zuriickkehrt. Dann lauten die

Transformationsbeziehungen

VV(x)

——, y=VV(x)-x-V(x) (4.10)
IVVx]

'Y:

und das Randwertproblem fiir das adjungierte Poten-
tial

ir (V2y) — (tr V2y) = 0, (4.11)
1
(_2y.v\|;_\|;) MZ_WH 8”3): v. (4.12)
I4 2

Dies ist ein Randwertproblem mit festem Rand, aber
es ist nunmehr eine nichtlineare Differentialgleichung
vom Monge-Ampere Typ.

Interessant ist auch die Randfliche ¥ = —/GM —£+.
llgll2

Fiir diese Randflidche gilt ndmlich

VU|g = VVs, (4.13)

wobei U das Normalpotential bezeichnet, d.h. die
Randflache im Schwereraum ist das gravimetrische
Telluroid.

5  Linearisiertes Randwertproblem
im Schwereraum

Linearisiert man das nichtlineare Randwertproblem im
Schwererraum (4.12) um das adjungierte Normalpo-
tential yo = —2GM/||y

Randwertproblem fiir das adjungierte Storpotential
T=¥—VYo

, so lautet das entstehende

At(y) =0, <—;y~ V’C—’C> lc = Av. 5.

Von seiner Struktur her ist das linearisierte Pro-
blem (5.1) identisch dem linearisierten Molodenskij-
problem. Lediglich Schwere und Potential haben ihre
Rollen getauscht. Wihrend beim linearisierten Rand-
wertproblem die Randfliche das durch das Potential
definierte Telluroid ist, ist die Randfliche beim li-
nearisierten Schwereraum das gravimetrische Tellu-

roid. Im Molodenskijproblem sind die Randwerte die



6 Zusammenfassung

Schwereanonmalien Ag, wihrend beim Schwereraum-
problem die Randwerte durch die Potentialanomalien
Av gebildet werden. Auch hier scheint wieder das Dua-
litatsproblem der projektiven Geometrie herauf.
Neben diesen interessanten Symmetrien hilt das li-
nearisierte Randwertproblem im Schwereraum auch
einige potentiell interessante praktische Eigenheiten
bereit: Die als Randwerte zu benutzenden Potential-
anomalien konnen auf den Kontinenten durch Nivelle-
ment und auf den Ozeanen durch Altimetrie bestimmt
werden. Sie liegen daher in hoherer Dichte vor als die
Schwereanomalien.

Wiirde man das gravimetrische Telluroid X als Ho-
henbezugsfliche einfiihren, so ergiben sich die Hohen

iiber dieser Bezugsfliche zu

g — Schwere, y— Normalschwere.

(5.2)
Mit fortschreitender Entwicklung der Absolutgravime-

R
h=——(g—7),
Y(g Y)

trie wére somit eine absolute Hohenbestimmung mog-
lich.

6  Zusammenfassung

Da geoditische Instrumente im Allgemeinen horizon-
tiert und zentriert werden, nehmen sie neben der Geo-

metrieinformation auch die angeheftete Schwereinfor-

mation auf. Neben der gebrauchlichen geometrischen
Betrachtung einer Messanordnung ist die damit ver-
bundene schwerefeldbezogene Betrachtung mathema-
tisch vollig gleichwertig. Beide Betrachtungsweisen
entsprechen der Sicht der gleichen Messanordnung aus
unterschiedlichen Perspektiven. Diese unterschiedli-
chen Perspektiven konnen durch projektive Korrelatio-
nen ineinander iiberfithrt werden. Werden diese Kor-
relationen geeignet gewdhlt, so kann ein bestehender
Mangel an geometrischen Informationen durch einen
Uberschuss an schwerefeldbezogenen Informationen

kompensiert werden und umgekehrt.
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Abstract

In this study, we quantified systematic errors in surface gravity anomalies, which were caused by systematic
errors in gravity and heights of the gravity stations, and computed their impact on the quasi-geoid model of the
Netherlands and Belgium. We found that 70% of the gravity datasets have statistically significant biases ranging
from —2mGal to 1.5 mGal. The primary impact of the biases are long-wavelength systematic distortions in the
quasi-geoid model with a peak-to-peak amplitude of 8 cm. We also found systematic errors in the height networks
of the Netherlands and Belgium, which cause corresponding errors in the heights of the gravity stations. They range
from —3.0cm to 1.7cm and —12.0cm to 5.0 cm, respectively. They also introduce errors in the transformation
parameters to EVRF2007 of several centimetres. However, the impact of the height errors on the quasi-geoid

model is negligible with a peak-to-peak amplitude of less than 0.1 cm.

1 Introduction

Traditionally, spirit levelling is the primary geodetic
measurement technique for measuring height differ-
ences between stations. Using spirit levelling to de-
termine heights, requires a network of bench marks
(BMs) with known heights, which is maintained by
governmental agencies (e.g., Rijkswaterstaat in the
Netherlands and the National Geographical Institute in
Belgium). The heights of the BMs are determined us-
ing precise spirit levelling with or without gravity cor-
rections. Usually, they are defined with respect to a
national datum, such as the Normaal Amsterdams Peil
(NAP) in the Netherlands and the Tweede Algemene
Waterpassing (TAW) in Belgium. The network of BMs
realizes a vertical reference frame, which is only acces-
sible at the BMs.

From a user point of view, the main disadvantage of
spirit levelling is that it is time-consuming and expen-

sive. From the government point of view, maintaining
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a network of BMs is labour-intensive and expensive;
the heights of the BMs may change due to vertical
land movement and BMs may be damaged or disap-

pear. Both require regular surveys.

Therefore, governmental agencies in charge of provid-
ing vertical reference and users are interested in al-
ternatives for vertical reference and height determina-
tion, respectively. Global Navigation Satellite Systems
(GNSS) are widely seen as an alternative to spirit lev-
elling, providing accuracies in line with the needs of
the majority of users. Pre-requisite is that GNSS ellip-
soidal heights can be transformed into national heights.
Today’s common practice to achieve this is to provide
a (quasi-) geoid model in combination with a corrector
surface. As the (quasi-) geoid model is not an interpo-
lator to the vertical reference surface at the BMs, a cor-
rector surface is computed, to account for systematic
differences between the (quasi-) geoid model and the
zero reference level at the BMs. The corrected (quasi-
OION| Creaive Commons Namennenmun
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gungen 4.0 International Lizenz (CC BY-SA 4.0): https://
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) geoid model is then used to transform GNSS ellip-
soidal heights into national heights. The use of GNSS
for height determination is currently the primary driver
for improving the accuracy of (quasi-) geoid models.
A precise (quasi-) geoid model may also offer an al-
ternative to a network of benchmarks as the realisa-
tion of a vertical reference frame. Recently, Canada
has decided to use a gravimetric geoid model as the
vertical datum (Véronneau and Huang, 2016). Then,
GNSS ellipsoidal heights can be transformed directly
into heights above the geoid without the need for a cor-
rector surface.

In the framework of the project “Vertical Reference
Frame for the Netherlands Mainland, Wadden Islands
and Continental Shelf” (NEVREF), TU Delft com-
putes a new quasi-geoid model for the Netherlands and
Belgium. For the time being, the main motivation is to
support levelling with GNSS. On the long term, it may
also pave the way to a new vertical reference frame in
these countries.

The heights of the BMs in the Netherlands and Bel-
gium are levelled heights without gravity correction,
and are referred to as NAP heights (in the Netherlands)
and TAW heights (in Belgium), respectively. Incon-
sistencies caused by non-vanishing horizontal gravity
gradients are below the noise level of spirit levelling
in the Netherlands. In the hilly areas of Belgium, the
inconsistencies are larger and may exceed the noise
level in levelled height differences introducing some
systematic distortions in the heights of the BMs. How-
ever, these distortions are much smaller than other sys-
tematic errors in the levelling networks, which will be
discussed in Section 4.

In this paper, we quantify systematic errors in ter-
restrial gravity anomalies and airborne gravity distur-
bances, and investigate their impact on the quasi-geoid
model for the Netherlands and Belgium. The paper is
organised as follows: in Section 2, we discuss vari-
ous sources of systematic errors in gravity and heights,
and provide a simple formula based on Stokes’ inte-
gral to obtain an order of magnitude estimate of their
impact on the height anomalies. In Section 3 and 4,
we quantify biases in the terrestrial and airborne grav-
ity datasets and systematic errors in the heights of the
gravity stations, respectively. Their influence on the
quasi-geoid model for the Netherlands and Belgium is
addressed in Section 5.
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2 Impact of systematic errors in
gravity and heights on height
anomalies

Heck (1990) provides an extensive discussion of vari-
ous error sources in gravity anomaly datasets. Accord-
