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Abstract

This master’s thesis deals with a feasibility stddy a joint gravimetric and geometric
survey of geophysical signals. As test area the HER alpine and prealpine Ammer
observatory is chosen since this initiative is asged with the installation of instruments
for measuring meteorological and hydrological qiteest Gravimetric and geometric
signals, which occur in the TERENO area, are esdchtom available measured data.

At the beginning the theory of signals from solidrta tide, ocean loading, pole tides,
atmosphere and hydrology is outlined. The magngudé the expected signals are
compared. It is distinguished between direct effedtie to Newtonian attraction and
indirect effects due to mass loading variationseréfore the basics of mass loading
calculations using Green’s functions are descrilbéytrologic and atmospheric signals
shall be measured with different measurement tectasi; the other mentioned effects can
be reduced by models.

As gravimetric measurement techniques differentvigrater types and the GRACE
mission are introduced. For measuring geometrinadggspaceborne SAR (TerraSAR-X
and TanDEM-X) and GNSS are presented.

The Scintrex CG-3M gravimeter, owned by the IAPGswised for test measurements.
First it was utilized as stationary instrumentnedstigate the influence of air pressure and
drift. A field campaign was performed as a secoxggeement. It was measured above a
storm water basin to simulate a groundwater change.

A further test measurement was performed to vaidahges and azimuths measured in
SAR-images against ranges and azimuths derived fcomer reflector coordinates,
determined by GPS measurements. This method istosedaluate the accuracy level of
absolute SAR measurements.

Starting from the estimated signals and the expeeg from the test measurements,
different approaches are introduced for measuringospheric and hydrological signals
using gravimetric and geometric techniques. Forrevapproach the measurement
configuration and the required instrumentationasatibed.






Kurzfassung

Die vorliegende Arbeit beschéftigt sich mit der B@sg geophysikalischer Signale, die
sowohl gravimetrisch als auch geometrisch erfagstien sollen. Als Testgebiet ist das
,TERENO alpine and prealpine Ammer observatory“gavgahlt worden. Das TERENO
Projekt umfasst die Bereitstellung einer umfandreic Anzahl von Instrumenten zur
Erfassung meteorologischer und hydrologischer PatermAnhand verfligbarer Messdaten
erfolgt eine Abschétzung, welche gravimetrischend ugeometrischen Signale im
Testgebiet vorkommen und welche GréRenordnungabern

Zu Beginn der Arbeit werden die Effekte von fest&mndgezeiten, ozeanischen
Auflasteffekten, Polgezeiten, Atmosphéare und Hyolyed unter theoretischen
Gesichtspunkten vorgestellt und ihre GroRenordungerglichen. Es wird zwischen
direkten Effekten aufgrund der Massenanziehung inddekten Effekten aufgrund von
Auflasteffekten unterschieden. Deshalb werden dren@agen der Berechnung von
Auflasteffekten dargestellt.

Die Arbeit zielt darauf ab, die hydrologischen uatimospharischen Signale unter
Verwendung verschiedener Messtechniken zu erfafdenanderen genannten Effekte
sollen mit Hilfe von Modellen in den Messdaten raéu werden.

Als gravimetrische Messsysteme werden unterscligglliGravimetertypen sowie die
Satellitenmission GRACE vorgestellt. Satellitengedes SAR (TerraSAR-X, TanDEM-
X) sowie Satellitennavigationssysteme sind die ‘esmeten geometrischen Mess-
verfahren.

Fur praktische Testmessungen ist das Scintrex CG=3M/imeter des IAPG verwendet
worden. In einem ersten Versuch wurden in eindrostaren Messung die Auswirkungen
von Luftdruck-Variationen und des Instrumentendridntersucht. Der zweite Versuch war
eine Feldkampagne, bei der oberhalb eines Regdalfimckens gemessen wurde, um
Grundwasserschwankungen zu simulieren.

In einer dritten Messkampagne wurden Koordinaten @orner Reflektoren mit GPS
bestimmt, um damit theoretische SAR Ranges und Aamau berechnen. Diese werden
zur Bewertung der Genauigkeit von in SAR-Bilderrmgssenen Ranges und Azimuten
verwendet.

Ausgehend von den abgeschétzten Signalen und dainriargen aus den Testmessungen
werden unterschiedliche Verfahren fur die Erfassumgn atmosphérischen und
hydrologischen Signalen mit gravimetrischen und ngetischen Messverfahren
vorgeschlagen. Dazu werden die jeweilige Messkonfiionen und die bendtigten
Instrumente beschrieben.
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1 Introduction

1.1  Test site for joint gravimetric and geometrics  urveys

The shape of the Earth is changing with time. Ggsggll fluids (hydrology, oceans,
atmosphere) as well as Sun and Moon interact wihsblid Earth, leading to geometric
and physical changes of the shape. Variations iasnastributions cause variations of
gravitational attraction. Because the Earth isrigptl but elastic, these variations in mass
load cause deformations and hence both geometlig@@vimetric changes. The attraction
of Sun and Moon changes directly the gravitatioaateleration, but it also leads to
deformations, inducing changes in the physicalgeametrical shape.

The atmosphere plays also an important role becagssurements from satellites, going
through the atmosphere, are always influencedsbgonditions.

Geometric Gravimetric
measurements Gravity-to- measurements
height-ratio :
SAR (space- Gravimeter:
borne) / ground
TerraSAR-X observations
r—| . |t
Microwave Newtoman Validation /
methods: same cliifziellly Correction
atmospheric -
disturbances Satellite
mission(s) /
GNSS GRACE
Input /
Input / t Validation /
Validation / Reduction
Reduction ;
Crustal displacements / : .
loading «—| Tides (sun, moon) Reduction
Modelling In situ
Hydrology measurements
local .
e.g. air pressure,
AtmOSphere precipitation
global |mput/
Validation

Fig. 1.1: Overview of involved measurement systems ancassgand their relations
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1 Introduction

A lot of different measurement systems and modgkifforts in Earth’s science can detect
the same geophysical signals or have to cope wighsme disturbing effects while
observing a certain signal. Thus different techagjoan be used to evaluate each other or
to provide input data for each other. The relatmps between the four blocks geometric
measurements, gravimetric measurements, modellimd) ia situ measurements are
depicted in Figure 1.1.

This work shall investigate possible approaches teowonsider the interactions shown in
Figure 1.1 with jointly surveying in a test sitehel following two objectives, encouraging
the idea of such a test site, initiated this work:

- The establishment of an interdisciplinary test dite Earth observation called

TERENO (= Terrestrial Environmental Observatorieaghe Ammer catchment.

- New approaches reaching higher accuracy levelbsolate SAR-ranging.
The motivating character of these two points id&red in the following:

In case of the TERENO observatory the idea is ® siergy effects because the
installation of this test site includes large inwesnts in instrumentation. Furthermore the
TERENO project shall initiate further research iffedent disciplines using the existing
infrastructure. An important point, making the TEHRE test site attractive for installing
also a geodetic test site, is that this test sitddsigned as a long term project, which
guarantees consistent data acquisition over attleasiext decade.

Thus, it is desirable to enlarge the measurablentdies with additional (geodetic)

instrumentation. This gives the possibility forritay studies on several interdisciplinary
research topics based on a broad data basis gethdram institutes with their particular
expertise.

Spaceborne SAR ranges become more and more acbaecatese of increasing quality
in orbit determination and the technical feasilgtitof TerraSAR-X (TSX) and TanDEM-
X (TDX) satellites. The enhancement from 1 m to0l-dm level makes Earth tide
displacements detectable, and the atmospheric wapeur a non-negligible influence. So
it is obvious to look for connections between tletated disciplines to correct the
measurements of SAR-ranges for these effects.

Based on these considerations the general aimsbrk is to show type and magnitude
of geometric and gravimetric signals in the TEREMN{ea, to present possible
measurement systems which can be combined in aitestand to develop measurement
concepts for integrating the different systemshst they can benefit from each other.

12



1 Introduction

1.2 Benefits

In Section 1.1 it was shown that there is a conoedietween the four blocks mentioned
in the context of Figure 1.1. Now it is outlined yMhe interdisciplinary consideration and
combination of different measurement systems camame our knowledge of processes in
the Earth system.

In Figure 1.1 the gravimetric and geometric measerds are connected by the gravity-to-
height ratio. The common observation with gravimee{e.g. terrestrial gravimetry) and
geometric (e.g. GNSS) measurement methods candattasdetermine this ratio, which
describes the relation between the impacts of otmtities (gravity change and radial
height change). A gravimeter senses the direct mffests and their impacts due to
loading, while a geometric measurement system ondetect the latter. The gravimeter
IS much more sensitive on changes with small wangle than the geometric
measurements. Thus this parameter can providelus&ftmation about the physics of the
acting processes and enables separations of vargmmributions. Simultaneous
measurements of gravity variations and surfacacatrtlisplacement are often performed
in studies dealing with post-glacial rebound, taactomotions, coseismic deformations,
volcanic activity or surface loading processes.lnage et al. 2009]

This work is mainly focused on loading effects sinice other mentioned processes do not
play a considerably role in the chosen test aremeiSmic deformations and volcanic
activity can not be found there. The European phatees with approximately 2 cm per
year to the northeast, what can be measured bybalgGNSS network, but in a small area
like here every point moves, in terms of platededs, in the same direction and with the
same velocity.

Post-glacial rebound plays an important role onlaieas which are or have been covered
by very large ice-shields like Fennoscandia, thetafatic (Laurentide ice-sheet) or
Canada. But since this is a very large-scale proitesay have small influences in central
Europe. The loading effects of hydrology and atrhesp remain as the major parameters
which affect the gravity-to-height ratio in thettesea.

An accurate monitoring of geodetic height and gretric changes allows the
investigation of geophysical processes and thedatdin and improvement of loading
models.

Loading models are needed because the magnitutie édading effects is so large that it
has to be corrected for them in several approadbessxample GNSS positioning for
monitoring tectonic movements, gravity measureméntsletecting variations caused by
vertical crust movement using absolute gravimetersasurements by superconducting
gravimeters or geopotential variation measureme@ntvided by GRACE [Guo et al.
2004].

13



1 Introduction

The modelling of hydrology and atmosphere is preseas the counterpart of the three
other measurement blocks in Figure 1.1. The ams/iaround the TERENO test site
include intensive activities on hydrological andnaspheric modelling. These models
concentrate on the test site and thus can provideueh better spatial resolution than
global models like atmosphere models from the EemopCentre for Medium-Range
Weather Forecasts (ECMWF) or the hydrology modelteN®AP Global Hydrology
Model (WGHM). Concerning the connections betweemsaoeement and models following
categories can be distinguished:
- using outputs from the models for the reductiommaasurements to look for other
signals
- calibration of the models / using measurementastiparameters to drive the model
- validation of model results
Furthermore, results of existing models can be disedstimating expected measurement
values, for example to find an adequate locatiorte installation of an instrument.
If a right place can be found, the instrument cegpant for enlarging the data basis on a
certain topic, for example the hydrology. Accorditg Leirido et al. [2009] “...the
characterization and understanding of the hydrokigcycle over a range of scales is
becoming increasingly important due to the chaksngosed by the growth of human
water demand and the associated impacts. Globahwgrand the depletion of water
resources require the development of more accaratgpowerful monitoring techniques.”
Gravimetric measurements have a great potentiagbaie of these techniques. For large-
scale hydrology most notably the GRACE missionoid¢ mentioned, for hydrology in
small catchments, like here, ground based gravégsurements are the right mean.

For model calibration, one of the points listed \aljoobserved data is required, which is
sometimes difficult to obtain due to insufficierognd instrumentation or inappropriate
scale of the data collected on the ground. Leiei&al. [2009] also points out the capability
of gravity measurements in this context: “Time-kgsavity monitoring allows calibration
of hydrological models using temporal gravity changeasurements instead of, or in
addition to traditional hydrological data (e.g. gndwater level data, stream discharge
data).”

So far the linkage between model and ground measmehas been shown, up next the
linkage between ground and satellite measureméat Ise described as a further topic
showing the possible benefit of the test site. Tin@n objective is the evaluation of
satellite gravity missions, especially GRACE. Atsfiglance this is only related to the
gravimetric measurements, how it is depicted in Higure 1.1, but because of the
characteristic of the measurement systems morenattion, especially from hydrological
modelling, is required. The necessary tasks aresdparation of hydrology from other
effects (tides, atmosphere) and the distinctionvbeh local and large-scale effects, since

14



1 Introduction

no local gravity effects can be sensed anymoreha height of the GRACE orbit.
Additionally the gravity fields are smoothed bytdils of several hundred km. A local
hydrological model can provide the information feducing hydrological effects, which
can not be resolved by GRACE, so that ground graugasurement data can be used for
evaluation. Thus it will be important to investigat the local effect can be removed, that a
continental scale seasonal signal, which is expeci®e seen by GRACE, can appear.

A possible link between SAR and the TERENO actgitis the determination of snow
cover and soil moisture. If SAR acquisitions ateetain regular intervals, the images can
be used as an additional data input. There shalbhiavestigations on these topics in this
work; they are only mentioned for further motivatio

Two further aspects concerning the instrumentatioamely the availability and the

complementarity, shall be mentioned.

A lot of studies concerning the investigation o ihfluence of geophysical processes on

geodetic measurements suffer because of the lackuficient in situ environmental

parameters. This interdisciplinary test site igéded on the attenuation of this problem

(availability). Time dependent displacements ofigts usually have magnitudes close to

the accuracy of each individual technique andilit gmains a challenge to separate the

true geophysical motion from possible artefactseisht to each measurement system.

Therefore comparison of different techniques isunegl to detect any systematic effect

induced by an individual technique and extractatdl the true geophysical signal

(complementarity). [Nicolas et al. 2006]

This explains why such a multi-parameter testlsig a large potential. The differences in

the characteristics of the several measuremenemagstan complement or compensate

each other:

- Resolution (temporal and spatial): Different measugnt techniques provide data with
different temporal and spatial resolutions due heirt specific characteristic or
configuration. The acquisition of data with highsotition can be restricted by
economic reasons, if the benefit of an increasedluéon bears no relationship to the
additional costs or amount of work.

- Point or spatially information: Ground measuremg/@®S, Gravimetry, rain gauge,
...) normally provide only measured values for aaiartocation, satellite data instead
delivers information over the whole acquisitionare
Ground measurements have to be interpolated fahneg a spatial coverage. The
more instruments are available (i.e. the denser nibigvork), the better such an
interpolation can be carried out.

- Integral effect or only a certain parameter: Som&ruments measuring the overall
effect of a certain process (gravimetermass change) other only a single parameter
(e.g. groundwater observation wellgroundwater level).

15



1 Introduction

- Disturbing influences: Different measurement systeamne influenced by different
spurious effects, what can help to correct one ftifydsy means of another.

- Degree of disturbance on the measured quantiig: dh advantage of the gravimeter
that its measurements do not influence the measqueahtities in any way (non-
invasive, non-desctructive); for example sensorghvare implemented in the ground
can not be installed without impacts on the soil.

1.3 TERENO (Terrestrial Environmental Observatories )

The TERENO alpine and prealpine Ammer observatayg ehosen as the test site for this
study. Now the general aim of the TERENO obserwagas outlined.

The TERENO concept is based on the cooperationeeéral research institutes: FZJ
(Forschungszentrum Jilich), DLR (Deutsches ZentfumLuft- und Raumfahrt), KIT
(Karlsruher Institut fir Technologie), HMGU (HelmtmZentrum Minchen - Deutsches
Forschungszentrum fir Gesundheit und Umwelt), UPRZelphholtz-Zentrum far
Umweltforschung) and GFZ (Helmholtz-Zentrum Potsdaibeutsches GeoForschungs-
Zentrum).

The TERENO activities comprise the installationcommon measurement platforms for
the generation of long-term environmental data #rel combination of environmental
monitoring and experiments on specific tasks. Thainnresearch objective is the
investigation of interactions and couplings betwaanosphere, hydrosphere, pedosphere
(soil) and biosphere. An important task is to overne the discrepancy between models
and measurements. Also space- and airborne tedwmighall support the ground
measurements.

There are four TERENO observatories in Germanyressmting different climate and
landscape types, one of them is the TERENO alpidepacalpine Ammer observatory. All
test sites are equipped with the same instrument#br allowing a consistent comparison
between the different regions. The observatoriegrathe beginning of their life-time, not
all instrumentation is installed yet. The duratafrthis project is scheduled for at least 10
years

Alpine and prealpine Ammer observatory
The area of this observatory includes the entitehtaent of the Ammer (cf. Figure 1.2),

except from a small part in the north of Weilheidaghed line in Figure 1.2). It covers an
area of around 30 x 50 Km

! from TERENO Websitenttps://teodoor.icg.kfa-juelich.ddAst access: 20.10.2010
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Fig: 1.2: Ammer catchment, from [Ludwig et al. 2003], ttesded line indicates the boundary
of the TERENO Alpine and Prealpine Ammer Obsemyatwea

Four main sites exist in this observatory or widbe be installed. On one site an X-Band
precipitation radar has been mounted, the othes giave lysimeters and so called EC
(eddy covariance) towers which are equipped withesd different instruments, for
measuring wind, precipitation, pressure, tempeeaturumidity, soil water content,
radiation, surface temperature, snow height antthéurparameters. These parameters will
be recorded in a high temporal resolution and bellmade available online. More to the
instruments can be found in Chapter 4.
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1 Introduction

1.4 Structure of the work

Chapter 2 comprises the theoretical descriptiothefinfluences of solid Earth tides, pole
tide, ocean loading, hydrology and atmosphere ersthid Earth. For all of these aspects
the gravimetric as well as the geometric signals delineated and their magnitude
compared. Also the influences of the atmosphereslentromagnetic waves are shown.
Additionally different routines and programs, whican be used for reducing solid Earth
tides, pole tide and ocean loading are tested angbared.

Furthermore some approaches are presented whithwidkaatmospheric and hydrologic
signals.

In Chapter 3 the study area, the Ammer catchmehigchmvas shortly introduced in the
previous section, is described in more detail. Thnprises investigations which
atmospheric and hydrologic signals can be expeatedin what range of magnitude. In
this context some important terms concerning hyyplare explained and main principles
of a hydrological model are described. For hydrgl@ag well as for atmosphere local
measurements are compared to large-scale modeffiogs.

In Chapter 4 necessary measurement systems foestlablishment of the test site are
described. This includes in situ measurement sysfemhydrological and meteorological

parameters, gravimeter, GNSS (Global Navigationelf@ Systems), GRACE and

spaceborne SAR (Synthetic Aperture Radar).

In Chapter 5 three test measurements are descibetbtail. Two experiments are
performed to check the potential of the Scintrex&\bgravimeter, which is owned by the
IAPG (Institut fur Astronomische und Physikalisci@eodasie). In the first test
measurement the gravimeter is used for station&gsorements, in the second for a field
campaign.

The third experiment is a test campaign where GI838ed for independent validation of
absolute SAR measurements.

In Chapter 6 some measurement campaigns are pubposeetecting atmospheric and
hydrological signals. It is shown how one can makaefit from the combination of
different measurement systems and modelling appesac Additionally a possible
approach for the improvement of the SAR experineoutlined.

The conclusions can be found in Chapter 7, whidil shduce further actions on this test
site, based on the investigations and propositidhis work.
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2 Gravimetric and geometric signals

In the following chapter the gravimetric and geameetffects on the solid Earth from solid
Earth tides (2.2) and smaller effects (2.3), nanoglgan tides (ocean loading), non-tidal
ocean loading and polar motion, are delineated.s&mlently, existing models for
computing these signals are introduced (2.4). Kindle effects of hydrology and
atmosphere are described (2.5).

It has to be distinguished between direct masssfigNewtonian attraction) and indirect
effects due to deformations of the solid Earth,aose of its elasticity. The deformations
can be induced by Sun and Moon or by changing hoasls and lead to geometric (crustal
displacements) and gravimetric signals on the Esadhrface. Generally, gravity ground
measurements are more sensitive to short waveletiggim vertical displacements because
the Newtonian attraction is mainly affected by ma$snges below and above the
gravimeter, the indirect (loading) effects instemd mainly influenced by mass effects of
large extent.

The elasticity of the Earth is expressed by Lovenbers. Loading effects can be
calculated using Green’s functions, which use thesee numbers. These aspects are
explained at the beginning of this chapter (2.1).

The influences of troposphere and ionosphere aillisatmeasurement are also discussed
in the part regarding the atmosphere. This is ingmbrespecially for microwave systems

like GPS and SAR, because troposphere and ioncsulagise delays in the ray paths. It
has to be corrected for these delays to detegnalson the ground correctly.

2.1  Theoretical background of loading effects

The study of the loading effects is considerablyenmomplicated than study of the body
tide (= solid Earth tide). The most important diffiece is the characteristic of the driving
forces. While the effects of the body tide can bé&wated very accurately from well
known ephemerides from Sun and Moon, this is muohencomplicated for the oceans,
the atmosphere or the hydrology. Another reasdhasthe behaviour of the body tides is
mostly dependent on the overall properties of thal; whereas the loading effects have a
dependency on locally variable properties of camst mantle. [Farrel 1972]
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2 Gravimetric and geometric signals

2.1.1 Elastic Earth and Love numbers

The reaction of an elastic sphere, described wighhelp of spherical harmonics, is usually
discussed in terms of dimensionless Love (and $hdenbersh, | andk [Farrel 1972].
Because they are used for spherical harmonic dewedats the numbers are different for
each degrea (normally a symmetrical Earth model is used, heheg do not depend on
the ordem [de Linage et al. 2009]).

A certain meaning can be allocated to the threesyy Love numbers:

-k Love numbers: gravitational elastic Love numbars, related to the effect of mass
redistribution

- h Love numbers: vertical elastic Love numbers, atated to the vertical displacement
(free-air-gradient)

- | Love numbers: horizontal elastic Love numberso(atalled Shida numbers), are
related to the horizontal displacement

Since the body tides depend more on the overgligrties of the Earth, as said above, they
can be described using only degree 2, and for moraracy degree 3, Love numbers. For
the calculation of loading effects Love humbersaidegree 10 000 are needed.

2.1.2 Green'’s functions for point surface loads

Green'’s functions can be used to describe theiosmaof the Earth’s surface due to loads
acting on it. They describe the response of théhHara point-source surface load of unit
mass that has a delta-function time dependenpeifit masses) [Han and Wahr 1995].

The classical approach to describe the deformatiothe Earth by surface loads was
formulated by Farrel [1972]. The loading massesrepeesented by point masses on a thin
layer.

The Green’s functions depend on the sphericalmtista (solid angle) from the point mass
load along a great circle to the point where thepeetive effect shall be calculated.
According to Farrel [1972] the equations are

uw) =23 hR(cosy) (1)
E n=0
for the vertical displacement,
_ a0
v(w)—ME;In a‘/IF’n(COS!//) (2)

for the horizontal displacement, and
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2 Gravimetric and geometric signals

o) =0 [ n+2h ~(n+1) k JOR(cog =Y &, OITR (cog) (3)

E n=0 E n=0
for the gravimetric effect (acceleration is definpdsitive upwards!), with the loading
gravimetric factor of degre[Boy et al. 1998]:

L

n n

As can be seen, the loading Love numbwerd,, k, are needed to formulate the Green’s
functions. These Love numbers are calculated fraspheerically symmetric, non-rotating,

elastic and isotropic (SNREI) Earth model, e.g. RRPreliminary Earth Model), up to a

high degree (around 10 000). The relations betwleefarth model and the Love numbers
are formulated with differential equations. Boundaonditions should be applied at all

internal boundaries of the Earth model and at tivéase of the Earth. With solving the

differential equations the load numbers can beutaied. For high degrees the Love
numbers become constant, i.e. they converge whends to infinity. [Guo et al. 2004]

The gravimetric Green’s function (Equation 3) isnmamsed of a term for the Newtonian
attraction and a term for the elastic reactiorhef Earth. The term due to the elasticity can
be separated from the term due to the direct Naamoattraction with subtracting the latter
one from the complete equation:

9" W) =9W)- 9" W) (5)
The term for the Newtonian attraction is [Boy etZﬂOZ]:

" (@) =-2 ZnEP(coszﬂ)- S {maf v)

(6)
MEnO E

4sing /2)}

The term 2ma’d(), whered(y)is the delta function, can not be found in Farsell
definition (and thus has not to be subtracted)s T&im accounts for a mass directly above
or below (with opposite sign) the observation pointthis case formulated as a Bouguer
plate. This was not needed for the calculationagfam loading, what Farell’'s aim was, but
for atmospheric loading. [Spratt 1982], [Boy etZ002]

The term for the elastic part of the gravimetriading effect is then:

0"W) = > [2h,~(n+1) k ]OR(cosy ) (7)

EnO

Jo mean surface gravity

Mg  mass of the Earth

a semi-major axis of the Earth
Pn Legendre Polynom of degree
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2 Gravimetric and geometric signals

The change of the observables/, g can be obtained by convolving the Green’s funation
with a global mass-field. How such a convolvingegral looks can be found in the
following example for atmosphere data.

Convolving Green’s functions with an atmosphericgasure field

This section shows how it looks to convolve a migsd with Green’s functions. This is
done for an atmospheric pressure field as it iedorBoy et al. [2002] and Petrov and Boy
[2004].

For a thin layer model the surface presdriie linked to the surface densiéy as follows
[Boy et al. 2002]:

I:)(Hload ’Aload’ t) = O-A(Hload’/1 Ioad’t)[go ( 8 )
If a pressure field is used the Green’s functioagehto be divided by, what leads to
following convolving integral for the gravity chagég

Ag(ey/"t): _[.[ g(w) AI:)(8Ioad’Aload’t)[ds ( 9 )
surface 0
Wlth dS: a2 Sineload CMIoad ﬁload

For the vertical or the horizontal displacement @Geen’s functions have only to be
replaced by the respective term. For the horizdetah a unit vectoq originating from the
station, tangential to the Earth’s surface, whiels in the plane determined by the radius
vectors to the station and to the pressure souragl{er words it shows the direction from
the station to the load), has to be added [PetnovBoy 2004]:

8u@A0= || YY) APy A IS (10)
surface 0
-V
MOAD= ([ 0o Aas 1 )%AP(@.M s DT (11)
surface 0
Boad Aload colatitude and longitude of the loading mass
) colatitude and longitude of the calculation point

The solid angleyis defined as follows [Boy et al. 2002]:

cosy = coy cof,,+ sié st} cobtA (12)

load

An algorithm to solve these integrals can be foomBetrov and Boy [2004]. The Earth’s
deformation of degree O has not to be taken in wdgdf the mean pressure field is
subtracted from the surface pressure data [Boly 2082].
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2 Gravimetric and geometric signals

Additional remarks

The approach using a thin layer as an approximasioised for ocean loading models, e.g.
Farrel [1972]. A modification, where the loadingfmulated accounting for the layer

thickness is used for atmospheric loading, e.g. &ual. [2004], Merriam [1992]. Other

approaches, e.g. Spratt [1982] and Boy et al. [JL998 also the thin layer model for
atmospheric loading.

Farrel's Green’s functions can also be used toutatie the loading effects due to
continental water [van Dam et al. 2001]. In casegadvity there is the difference,
compared to the atmospheric loading, that the msasse assumed to be below the
gravimeter, what leads to a different sign in Eoura6.

For all loading signals, the effects in the horiabnare approximately one-third the
amplitude of those in the vertical. [van Dam e28I03]

Calculating the loading effect with mass-field intaarmonic expansion

In the example above the mass-field (pressure)fielts given as a global distribution of
pressure values in the time domain. Another pdgsibdescribed by delinage et al.
[2009] and deLinage et al. [2006], is the expressid the mass-field in a harmonic
expansion. This means the field is given in thgdency domain.

Then the variatio of a geodetic observable at the locatiGnij induced by a variation
of a 2D mass distributio®(d, 1) at the Earth’s surface can be written as:

T@O.4) =31, P (cost o costwl ¥ o"* sinl )
n:O m=0 ( 13)
T
n=0

z n i J?Ynm(g’/‘) :irnan(H'A)
mE-n =0

T can be gravity variationAg), vertical (Au) or horizontal Av) displacementz, is the
transfer function of degreaefor the observablé.
an(0, 1) is the load distribution on the Earth’s surfaegpanded into a series of spherical
harmonics, expressed as mass unit per unit argfadsulensity), e.g. [kg/fh
The transfer function does not depend on the ordaer because a spherical symmetrical
model for the Earth is used. The transfer functian be obtained by dividing the degree
term of the corresponding Green'’s functionshyde Linage et al. 2009]:

2n+1
o, = e (14)
This term represents a point-mass located at tie @oa sphere with radiug, what
corresponds to a delta function.
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2 Gravimetric and geometric signals

The transfer function for the vertical displacemient

3 1
= 15
el (15)

n

For the gravity terms now holds, in contrast to &mns 3, 6 and 7, that acceleration is
positive downwards!
The transfer function for elastic term of the gtawiariation is:

-3 2 =(n+ D)k

N ST (16)
ap: 2n+1
The transfer function for the Newtonian attractadrihe mass loads is:
- 390 n (17)
ap: 2n+1
if the local masses are above the measurement, poict
+
b= ML (18)
ap: 2n+1

if the local masses are below the measurement.point

P=  mean density of the Earth

For Love numbers calculated from a realistic Eantidel, it can be seen (Figure 2.1), that
g- is most sensitive to the lowest degrees and besamsignificant as tends to infinity.

Elastic part of the transfer function for gravity variations
0.018 T T T T

0.016 |- n

0.014

0.012

0.01 a

3kg<1 5-2

€ 0.008H : : )

0.006

0.004 + H _

0.002- - -
—

0 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
degree n

Fig. 2.1: Elastic partd) of the transfer function for gravity variations

That means that the elastic term is mainly sersiiv mass signals with long wavelengths,
and thus negligible for very local loads. The sdmkls for the displacement terms. This
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2 Gravimetric and geometric signals

seems to be clear as a small load at a certaire glac not deform the Earth, but loads
acting on the Earth over a large area have the pmaehange the Earth’s shape.

The term for direct Newtonian attraction becomesG2mass above) andn@ (mass
below), respectively, when tends to infinity, corresponding to the gravityeet of a
Bouguer plate.

The load Love numbers used for the computatiorigaré 2.1 are in the coordinate system
with the centre of mass of the total Earth (Eamid @atmosphere) and gained from the
atmospheric pressure loading serfice

2.1.3 Gravity-to-height ratio

Now theoretical values for the gravity-to-heightioashall be derived from the transfer
functions shown above. If the ratio is calculated lboth gravimetric parts (elastic and
Newtonian) and masses below the gravimeter, the rat

(95+9?):_&(2_(n+1)(&+1)] (19)
u a h,

is dominated by the Newtonian effect (as can be se&igure 2.2), especially for higher
degrees, since the vertical displacement tender fbr very local loads. Because of this
it is also interesting to look at the ratio, whislhonly calculated with the elastic part of the
gravity effect, since the geometric vertical digglaents are induced by the loading effect,
which is not related to the direct (local) attranti

The elastic term of the gravity effect is composttiv@ components. The first component
is the gradient for vertical displacement in the@emurbed gravity field, the effect of free
air motion. Divided by the vertical displacemeneaget the “classical” free-air gradient,
which accounts for the vertical movement but not tite mass movements due to the
deformations [de Linage 2009]:

n

E, free- air

On

=- 220 =-0.3076u Gal/mn (20)
u

n

with g, =9.81 m/$ anda=6378 km

If the second term, which accounts for the effeltts to the mass redistributions, is added
one gets the following equation for the elasticv/gyato-height ratio [de Linage 2006]:

9 __%2h-(n+)k _ 29, g(m)k (21)
u, a h, a a h

De Linage [2009] also calculated a ratio with amliadnal global Newtonian attraction

term, for which the attraction at the observati@inpis zero, i.e. this case is valid for a
station outside the loaded area:

2 http://gemini.gsfc.nasa.gov/aplo/Load Love2 CM.thst access: 20.10.2010
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2 Gravimetric and geometric signals

N, global
n

u

n

+gnE:&

a0

(22)

This corresponds for example to the ocean loadasg ©r an ice cap change, where no
masses are below or above the station. For that @aspresentative value for the ratio,
irrespective of its spectrum, is the mean valuedfegree 1 to 50 with -0.28Gal/mm. The
average value of the elastic ratio is -OiZZal/mm. These values are representative, since
the values converge for high degrees. This is hetdase for the total ratio, which is
dominated by the local Newtonian effect (see Figug.

Gravity-to-Height-Ratios

~~~~~
~—
......

uGal/mm

Newtonian (masses below) + elastic
==== Newtonian (masses below)

elastic

-3+ elastic + global Newtonian
free-air-gradient

T T

T T I I I I I i
5 10 15 20 25 30 35 40 45 50

degree n

pnGal/mm
’

\\
\\
05 TN i I i i I I I j

1 2 3 4 5 6 7 8 9 10
degree n

Fig. 2.2: Comparison of different gravity-to-height ratias tlegree 1-50 (above) and 1-10

(below)

For analysis, the theoretical values can be condpeither with model derived ratios or
with measured values. Therefore it has to be censid carefully how the attraction of
local masses is handled. To convert measured &kdisplacements to gravity changes,
which shall only represent the loading effect, dokyer degrees of the theoretical gravity-
to-height ratio may be considered, since mass tkang with extents of a few [m] to [km]
(for example a local water level) do not contribttte¢he loading effect.

If a gravity-to-height ratio is measured the ragfilects how strong local gravity variations
are influenced by local mass variations, since rttedlulus of the ratio becomes much
larger when there are large local gravity variagiabove or below the instrument.
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2 Gravimetric and geometric signals

2.1.4 Connections between mass fields and gravity ¢ oefficients

In the following equations are given which relateagges of a mass field, expressed in
surface density, to changes of the gravity fielghressed in spherical harmonics. The mass
field can also be regarded as equivalent waterhktei(EWH) or surface pressure. The

relation between these quantities is shown first.

Conversions surface density - EWH - pressure

The relation between surface density and pressasealveady used in Equation 8:
P=oa/9 (23)

« The relation between pressure and equivalent vixgight is as follows:

P = (Volume/Area)p (g (24)
P=EWH/p g (25)
= 1 cm EWH complies approximately with 1 mbar

For conversion from surface density changgs to EWH the following equation holds:
EWH = % [cm] (26)
1 cm water/rfi= 10 kg/nf = 10 I/nf

pressure [Pa kg s°m™]

p density of the mass [kgAk for computations with EWH, the density of water
1000 kg/ni) has to be used

g gravity & 9.81 m/$)

oa  surface density [kg/fih

Conversion gravity field variations. mass distribution

Gravity changes, e.g. derived with GRACE, can laamdferred to surface density. The
calculation of the global mass distribution outgodivity field changes (expressedARm
and AS,;) using the assumption, that density changes argelil to a thin layer on the
Earth’s surface, is [Wahr et al. 1998]:

Ao, (6, 1) :%ZZFMl}[ﬂsnm(cosﬁ JAC,, costm ¥AT,, sin } (27)

n=0 m=0 1+ kn

This equation comprises the effect of the directsnattraction and the indirect loading
effect, since the term+lk, accounts for the direct attraction (1) and thedahtion (mass
redistribution) of the underlying Earth.J.
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2 Gravimetric and geometric signals

To get surface pressure instead of mass densitgtlgu27 has to be multiplied with the
factorgo (cf. Equation 23).

AC, AS, normalized spherical harmonic coefficients
DO =5517kg /n?  constant mean density of the Earth
loading Love number
mean Earth’s radius
. hormalized Legendre function
, /4 colatitude and latitude
Aoa  surface density change or mass density changmfkg/

S 7 O

Since the geometric height change due to loadinde{gendent on the surface density
change also vertical displacements can be derikad fravity field changesAC., and
AS\m have to be used in such way, that they represefdce mass). A equation for this
can be found in Tesmer et al. [2010]:

Ah(A, @) = Ri%iﬁm(sinqﬁ)[a‘qm cos(ml }A ', sin(rh ) (28)

Conversion mass distribution. gravity field variations

The following equations show how gravity field clyas can be computed out of surface
density change or surface pressure. They also dedjaect and loading effects of the
masses.

The equation for using surface pressure is [Grebat. 2008]:

- 2n+1I |\Kn/|go Egth(p Py) P {cos)cosm )ds (29)
S = = +1I blgo E{{h( ) P (cosd)sin(m )d¢ (30)

surface pressure

mean surface pressure

semi-major axis of the reference ellipsoid
surface element s@#dAdé

% 2 UJ-UIUJ-U

To get the equation for the surface density, tlugofagy has to be removed ar((ﬂi‘S - |5$)
has to be replaced .
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2 Gravimetric and geometric signals

2.2 Solid Earth tides

The solid Earth tides are responsible for the Istrggavity variations and for the largest
deformations the Earth’s surface experiences.

For tides generally only the effects of Moon anah &te considered, the contribution of the
planets is negligible. The Moon is responsible dosund 2/3 and the Sun for 1/3 of the
total effect. There are different so called tideawes with different periods, which are
composed to describe the solid Earth tide signhk Tost important waves have ter-
diurnal, semi-diurnal, diurnal, semi-monthly, mdgthand semi-annual periods.

Additionally there are stationary tides, which lemda permanent gravity change and
deformation of the Earth.

For the calculation of solid Earth tides the ephesnef Sun and Moon are needed.
Because they are very well known the theoretickdgifor a rigid Earth can be determined
very precisely.

2.2.1 Gravimetric effect

The theoretical radial tidal acceleratida, for a development of the tidal potential with
degree two is [Rummel 2007]:

da, =2 GM,, . " 3(3in2¢,3——1j(sin’- 5, S—3j+
2 s 3 3 (31)
+ sigR siB2s aQsst  TPS  ‘ebg L£OSZ S]
G gravitational constant
op latitude of the observed point

oms declination of MoonN1) or Sun §

mvs  hour angle of MoonM) or Sun §

rms distance from mass centre of the Earth to Mddhdr Sun §
rp distance from mass centre of the Earth to thergbdepoint

As can be seen in Equation 31 the tidal effecaigude (because @f andd) and height
(because of) dependent. The dependence on the longitudehedime, is included in the
hour angler.

The tern(l/B— Sirf ¢P) is responsible for the stationary (permanent)stideney cause a
permanent decrease of the equatorial gravity B0-0m/s* = -30 uGal and an increase of
the polar gravity by 0.64m/s* = 61 uGal. The handling of the permanent tides related to
reference frames is outlined in Section 2.2.3.
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2 Gravimetric and geometric signals

The tidal variations reach following maximum eff@oeak-to-peak) for Sun and Moon:

Moon: 1.65um/<” = 165uGal

Sun: 0.76um/s* = 76 uGal

(Planets: less than 0.1 nf#s0.001pGal)
~ Sum: 2.41um/< = 241 pGal

The variations due to higher degrees than two ar@lsThe largest of them, the lunar
harmonic term of third degree, reaches 27 Am&7pGal. [Torge 1989]

“The ephemeris of Sun and Moon can be formulateldaashonic functions which depend
on five astronomical fundamental quantities, sa thaorresponding harmonic expansion
can also be performed for the tides. The tidal lecagon follows as the sum of time-
dependent cosine functions of constant frequendyamplitudes as well as computable
phases (partial tides).” [Torge 1989].

For highest accuracy there are developments upetped four and several hundred to
thousand partial tides. The main principal tidalves are listed in Table 2.1. The tidal
wave with the greatest amplitude is the M2 lunavevaith an amplitude of 751.2 nri/at
the equator and a period of 12.42 h.

symbol name period amplitude
(solar hours) | (¢ =45°,h=0)
[nms?]
long-periodic-waves
MO constant tide - 102.9
SO constansg tide - 47.7
Ssa declination tide to SO 182.62 d 14.8
Mm elliptical tide to MO 27.55 d 16.8
Mf declination tide to MO 13.66 d 31.9
diurnal-waves
o1 main diurnal tide 25.82d 310.6
P1 main diurnas tide 24.07d 144.6
Q1 elliptical tide to O1 26.87 d 59.5
K1 main diurnals declination tide 23.93d 436.9
semi-diurnal-waves
M2 mainl tide 12.42 d 375.6
S2 mains tide 12.00d 174.8
N2 elliptical tide toM2 12.66 d 71.9
K2 declination tide to M2, S2 11.97|d 47.5
ter-diurnal-waves
M3 | terdiurnall tide | 8.28 d 5.2

Table2.1: Principle tidal waved € lunar,s = solar), from [Torge 1989]
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2 Gravimetric and geometric signals

The astronomical fundamental quantities are [Tam9&v]:

1: T time angle in lunar days

2: S Moon’s mean longitude

3: h Suns’s mean longitude

4. p longitude of Moon’s mean perigee

5: N’ negative longitude of Moon’s mean node
6: o longitude of Sun’s mean perigee

Above only five quantities are mentioned. Thiseésduse can be expressed by s and h, if
aberration and the difference between dynamicaluaieersal time are ignored.

The theoretical tides are valid for a rigid Eafbloit this is not the case. Because of the
elasticity of the Earth, the attraction of Sun &tdon also leads to a displacement of the
Earth’s surface, what changes the potential atstivtace. Additionally the mass shift
induced by the tides evokes an additional defomnagtiotential, which is proportional to
the tidal potential.

The reaction of a symmetric, not-rotating, oceanlBarth for a tidal development of
degree two can be determined as follows [Torge RB8mmel 2007]:

The tidal induced vertical displacemefrt, of the Earth’s surface is:

Ar, =h[Ar, (32)
Ary is the shift of the equipotential surface:
V.
Art =_t ( 33 )
g

V. is the tidal potential for the rigid Earth.

The additional deformation potenti} is:

V, =kDV (34)
The gravity potential on the Earth’s surface du¢hi tides is changed by three different

parts, the potential of the direct attraction, theformation potential and the change
because of the vertical displacement:

V, =V, +V, - oA, =V [{1+ k- (35)

Using a second degree development the tidal aatilercan be calculated as follows:

ov, 0
d =da+—2+—(-glhr
az,el az ar ar( g el)

= Zth —3_de + h@d_\{
r r r g

3
=|1+h-=k|d
(+ qu

with & =(1+h-2k) da

(36)
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2 Gravimetric and geometric signals

The Love numbers of the second degree of the pioi@ntial are [Torge 2003]:

h=0.6, =0.08,k=0.30

¢ is the so called gravimetric (amplitude) factdrthe Love numbers above are used this
factor is 1.15. This means as a global averagarigitudes of the tides of the rigid Earth
are increased by approximately 15 %. Using thisezdhe maximum variation due to solid
Earth tides becomes 2@@Gal.

For higher accuracy, describing in a better way graperties of the elastic Earth, Love
numbers of higher degrees and the introductiomemjuiency dependent Love numbers are
necessary (see also below).

2.2.2 Geometric effect

The deformations induced by the attraction of Sod Moon change the position of a
station on the Earth’s surface.

The displacement due to the tidal effects can r&fclem in the radial and 5 cm in the
horizontal direction. For 5 mm level of precisionlythe displacement due to degree 2
tides and a height correction term are necessarylpel 2009]:

R
+[~ 0.025 m sl opsl @+ )

In case of greater accuracy requirements not didydegree 2 tides of Sun and Moon
(Equation 38) but also the degree 3 tides of themd&quation 39) have to be considered
as described in IERS Conventions 2003 [McCarthyReatit 2004]. The nominal Lovéaf
andhg) and Shidalg andl3) numbers (see Equation 40) are used.

. _<GM R TR

AT -éGMER{ (Z(R ) - j+3| (R)(R -(R o) r)} (38)
L _GM,R [, (5/5 =\°_3(5 15(5 =2 _ 35 (5 =)~

e G e G N e G R G DT ES

j=2 Moon

]=3 Sun

fej, R unit vector from the geocenter to Moon / Sun ésdhagnitude

Re Earth’s equatorial radius

r,r unit vector from the geocenter to the station ismdhagnitude

o, A latitude, longitude

0, Greenwich Mean Sideral Time



2 Gravimetric and geometric signals

The nominal degree 2 (latitude dependent) and de8réove and Shida numbers are
[McCarthy and Petit 2004]:

h, =0.6078- 0.000W}

|, =0.0847+ o.ooo%%ﬁ} (40)
h, =0.292
, =0.015

For high accuracy requirements it has to be reglartdeat Love and Shida numbers are
latitude and frequency dependent and that the Ekréis not react fully elastically (small
delay of the deformation with respect to the geiieggotential) [Rothacher 2007] .
Thus site displacements caused by tides of sphdrazanonic degre@ and ordem are
characterized by the Lov®,,, and Shidd,n numbers, which effective values depend on
station latitude and tidal frequency. The latitutbgpendence is caused by the Earth’s
ellipticity and the Coriolis force. A frequency-dapmlence within the diurnal band is
produced by the Nearly Diurnal Free Wobble resoeaassociated with the Free Core
Nutation. A further frequency-dependence, mainlythe long-period tidal band, arises
from mantle anelasticity. [McCarthy and Petit 2004]
This leads to further correction terms, which hawvée added to the degree 2 and 3 terms
(Equation 38 and 39), for the following effects [®lrthy and Petit 2004]:

- influence of the'P term (only for transverse displacement)

- out of phase contributions from the imaginary parftsh{” and I{” (radial and

transverse displacement)
- correction for frequency dependence of the LoveSinida numbers

These calculations are implemented in the progsatid.exe(cf. Section 2.4) and in
dehanttideinel.fvhich is provided in the interrfet

2.2.3 Handling of the permanent tides

As the definition of the reference geopotentiateference system is important for the right
appliance of the correction terms for the solidtk&des, the handling of the permanent or
stationary tides is described here. The permanglas tlead to a persistent, time
independent change of geopotential and positioqmwits on the crust. It is distinguished
between geopotential (gravimetric) and crust (gaan)e The following definitions are a
summary of the statements from Chapter 1 of theSIERnventions 2003 [McCarthy and
Petit 2004].

3 ftp://tai.bipm.orgliers/convupdt/chapterFst access 22.10.10
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2 Gravimetric and geometric signals

Gravimetric

If all time dependent (periodic) parts of the tiéffiects are removed, one gets thean
tide” potential. The direct effect of the permanent tides anddé&®rmations, which are
originated from them, are included in the mean geaqial. When gravity field quantities
are observed, the mean tide system is implicitetpéed.

If the external potential=( direct permanent tidal effect) is removed, ones gite
geopotential of the deformed Earth, taero tide” geopotential. Thus the direct influence
of Sun and Moon is removed, but not the potenttakttvis induced by them in form of the
permanent deformation. If the latter is also rentpvihe result is théetide free”
geopotential This represents a system without presence o8drMoon.

Because the perturbing objects are always preaétige free” quantity is unobservable.
Thus the permanent tides can only be removed videfao

Geometric

The geometric position of a station is influenceetduse the change of geopotential
implicates a deformation and so (mainly) a charfgaation height.

If all time dependent (periodic) parts of the tié#fiects are removed, one gets thean
tide” crust or “mean” crust. Hence the permanent part of the deformation preduwby
the tidal potential is present in the mean crust

If the deformation due to the permanent tides msawed from the “mean tide” crust, the
result is thé'tide free” crust.

Thus, as it regards the crust, the term “zero tidegqual to the term “mean tide”. This is
because there is no direct change of the statighhdue to the pure existent of Sun and
Moon, but only due to the indirect deformation effe

Geometric correction term for permanent deformation
(“conventional tide free” crust “mean tide” crust), from [McCarthy and Petit 2004]

« radial component (positive upwards):
[-0.1206+ 0.0000F, (s )P (sip ) (41)

(= -12cm at the poles and +6¢cm at the equator)
« transverse component (northwards):

[-0.0252- 0.000MP, (sig |10 sing® ni (42)
with Pz(sin¢):(3(sin¢)2— J) /2
0 latitude
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2 Gravimetric and geometric signals

Definition for reference geopotential and referenceystem

The reference geopotential (e.g. EGM 96) and therrational Terrestrial Reference
Frame (ITRF) are obtained by removal of all tidahiributions with models, which use
the nominal Love numbers, and so they &cenventional tide free”. The term
“conventional” is added because the deformatioraponse is actually characterized by
the secular (or fluid limit) Love numbers and se thonventional tide free”, which is used
for the reference quantities, differs from the tfuee free”.

2.2.4 ITRF and regularized positions

The International Terrestrial Reference Frame (IfRRRhe realisation of the International
Terrestrial Reference System (ITRS) (cf. SectidhZ). Since the beginning all stations
use a conventional tide-free correction, so theHTRa “conventional tide free” frame. It
is specified by Cartesian equatorial coordinates.

In terms of geometric measurement a coordinateefisied as regularized position if it is
present in the ITRF. The regularized position station are related to their instantaneous
position by the corrections for stations displacetsedescribed in Chapter 7 of the IERS
Conventions 2003 [McCarthy and Petit 2004]. Theseections include the solid Earth
tides as described in Section 2.2.2 and the eftidsribed in the following Section 2.3.
Because of the appliance of these correctionsebalarized position is free from high-
frequency time variations, so that only a lineatiomof the station remains, mainly due to
tectonic plate motion. Thus the station positiostis time dependent{ station velocity).

2.3 Other effects

Beside the large effect of the solid Earth tide=réhare some other, smaller effects which
affect measurements on the Earth’s surface directigdirectly.

2.3.1 Ocean tides

Up to now it was only talked about the solid Edrties, for the calculation of the ocean
tides there are special models.

The calculation of ocean tide models is based de giauge measurements, satellite
altimetry and analysis of satellite orbits. The misdaccount for water depth. Some of the
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2 Gravimetric and geometric signals

models, one can access at the ocean loading prd\icfe Section 2.3.2) are introduced
below:

The Schwiderskmodel from 1980 has been the standard for mangsyéiais a hydro-
dynamic model, given on a 1 by 1 degree grid, asebw@an interpolation scheme to fit the
tide gauges. The tidal waves M2, S2, K2, N2, O1, 1, Q1, Mf, Mm and Ssa are
included.

FES2004is a further development in the FES series. FE&208s a 0.125 degree
resolution. It assimilates TOPEX/POSEIDON altimeitnfo a hydrodynamic tide model.
In FES2004 solutions the following tidal waves areluded: M2, S2, K2, N2, 2N2, O1,
P1, K1, Q1, Mf, Mtm, Mm, Msgm and M4.

EOT08ais based on harmonic analysis of multi-missionmedtry (TOPEX, Jason-1,
ERS1, ERS2, ENVISAT, GEOSAT Follow-On) which imgia 13 year time base. The
tides are represented on a 0.125 degree grid. E®TO8sists of M2, S2, N2, K2, 2N2,
K1, 01, P1, Q1 and M4 tidal constituents [Savcead Bosch 2008].

For measurements on land the ocean tides havee ditraction effect on the gravimetric
measurements, but only near to the coast. The oighgad of the oceans, instead, can
lead to observable height changes also far awawy fhe shore.

2.3.2 (Tidal) ocean loading

The direct effect of the ocean tide does not plagla for the observations considered in
this work, since the test site is far away from toast, but the indirect effect, the ocean
loading, has a clear influence on gravimetric aedngetric measurements. The effect
arises from the redistribution of water masses vehainges the weight of the column of
water above a certain point. At high tide more n@ssses on the continental plate and the
stations on the plain are moved, mainly in radiedation.

Since the loading effect is dependent on the tidaduencies, the effect of the ocean
loading is expressed in phases and amplitudeseofidial waves. The contribution of 11
main tidal waves (M2, S2, N2, K2, K1, O1, P1, Qi, Mm and Ssa) for gravimetric and
geometric variations are provided by the “Oceaa tahding provider” of the Onsala space
observator§. Different ocean models (for example the one bhmed above) can be
chosen. The results are given in the BLQ format. example of a BLQ file for the
displacement case can be seen in Figure 2.3.

The first three data lines in Figure 2.3 are thelgodes with the unit [m] for the radial,
east-west tangential and north-south tangentigblatiement. Displacement is defined

4 http://129.16.208.24/loading/tidemodels.httakt access 22.10.2010

® http://www.legos.obs-mip.fr/en/share/soal/cgi/gdidr®/index.pl.cgi?contexte=SOA&donnees=maree...
&produit=modele fedast access 11.08.2010

® http://129.16.208.24/loadingast access 22.10.2010
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2 Gravimetric and geometric signals

positive upwards, in south and in west directione Becond three lines are the respective
phases with the unit decimal degrees. The ord#reofidal waves is in the same sequence
how they are mentioned above.

For the gravity effect the amplitudes can be olsinn pm/s] or in [mGal]. The
gravitational acceleration is defined positive upiga

PPM1

$$ Complete EOT08a

$$ Computed by OLFG, H.-G. Scherneck, Onsala Space Observatory 2010-Sep-15

$$ ppPM1, RADI TANG lon/lat: 11.2775 48.0842 641.02
.00557 .00175 .00121 .00054 .00198 .00099 .00074 .00007 .000492 .00027 .00023
.00217 .00053 .00050 .00015 .00035 .00026 .00010 .00005 .00005 .00003 .00003
.00046 .00020 .00008 .00006 .00033 .00006 .00011 .00002 .00001 .00001 .00000

-71.8 -43.2 -90.2 -44.0 -63.2 -96.2 -59.0 -143.2 8.1 5.8 1.1
80.5 105.0 59.7 110.1 103.5 33.3 101.6 -21.0 -174.2 -168.8 -177.5
-40.6 -16.7 -41.7 -15.4 44.0 -8.9 47.2 159.8 -155.9 174.1 -156.4

Fig. 2.3: Example for BLQ file

The crustal displacement and the gravity variatioespectively, can then be calculated
with the following equation, if only the 11 tidalawes, provided by the BLQ files, and
corrections for the modulating effect of the lunade are considered [McCarthy and Petit
2004]:

11
Ac=3 f A cofajty +y - ) (43)
=1

Ac change of the observable

A amplitude of tidal wave

®;  phase shift of tidal wavie

o] tidal angular velocity of tidal wave

Xi astronomical argument &t O of tidal wave
fiandu, depend on the longitude of the lunar node

The correction due to ocean loading displacemees dot exceed 5 cm in the radial and 2
cm in the horizontal direction [Kouba 2009]. In tbase of gravity a maximum effect of
0.2 um/< = 20uGal is possible. Typical values are in the rangenfl to 10uGal [Torge
1989]. The magnitude of the ocean loading corrastifor concrete calculations can be
seen in Section 2.4, where the Earth tide modelsi@scribed.

In case of gravimetry it has to be considered thattidal correction terms determined
through a tidal analysis also include the effecocgan loading in the specified frequency
domain. [Zerbini et al. 2001]

The tidal analysis is the analysis of measuremfemtgravimetric Earth tides. Amplitude
and phase changes of tidal waves are determinedobB$erved tide effect is composed of
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2 Gravimetric and geometric signals

the body tide effects of the deformable body, titaetion and loading effect of the oceans
(mainly in the half diurnal waves) and atmosphefiects (which have to been reduced
with regression models) [Torge 1989]. Thus, assgntivat the Earth’s body tide is well
defined through the Earth’s model, it is possilbeestimate the tidal ocean loading from
the tidal observations.

2.3.3 Non-tidal ocean loading

The non-tidal ocean loading is a very small effdttis caused by sea surface height
variability or pressure changes in the water columg. because of changes in currents.
This changes the oceanic bottom pressure, whittrmchanges the geoid and the nearby
crust. Measurable effects can only be observediatibss near to the coast (within a few
tens of [km]). Displacement of a few [mm] with marxims up to 10 mm can be expected.
The induced gravity changes are in the order ofu®al. [van Dam and Wahr 1998], [van
Dam et al. 1997]

Zerbini et al. [2001] computed non-tidal-annualdwey for vertical station displacements
and gravity at the station in Medicina (Po Plaimajyl). These annual waves have got an
amplitude of 1.4 mm and Op45al, respectively.

2.3.4 Poletide

The pole tide is the reaction of the elastic Eanmthchanges of the Earth’s axis position
because of the polar motion. The gravimetric andnggric variations have the same
periods as the polar motion, i.e. a seasonal an@€tandler period.

Gravimetric effect

The gravity variations can reach 82 ifms 8.2 uGal as a maximum at a latitude of 45°
[Torge 1989]. Because this is a very long-pericgffect it has not to be considered for
relative gravimetric campaigns. Corrections havéo¢oapplied for long-term stationary
(superconducting gravimeter) relative measuremamdsfor absolute gravimetry.

The equation for the gravimetric polar motion reduc (pole tide correction) is [Torge
1989:

O0po = Opg@ER:SIN(2 ) XxCOSA — y sint) (44)

¢, A latitude, longitude of the station
X,y instantaneous pole coordinates (in radians)
opoi  tidal amplitude factor (values 1.0 or 1.2 canrteoduced)
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Re Earth’s radius
we  angular velocity of the Earth

In Figure 2.4 the reduction is plotted for thetfi288 days of the year 2010 using a tidal
factor of 1 at latitude 48.15° and longitude 11.9+6r the calculation the pole coordinates
from the Earth orientation data set “EOP C04_0S5esefor 1962-2010 (IAU2000)”
provided by the IERSare used.

gravimetric polar motion reduction (tidal factor = 1)
2 T T

[nGal]
T
|

e N i
? \\ ///
25 1 1 \ 1

20 40 60 80 100 120 140 160 180 200 220

day of year 2010

Fig. 2.4: Gravimetric pole tide correction

Geometric effect

The maximum pole tide displacements can reach 25imiime height and about 7 mm in
the horizontal direction [Kouba 2009]. The equatfonthe computation of the pole tide
correction can be found in [McCarthy and Petit 20040 [Kouba 2009]:

- Correction to height (positive upwards):

Ah=-33sin(2 \(x-%) cost —(y-}) sid) [mn (45)
- Correction to latitude (positive northwards):

Ap =-9cos(P {(x-%,) cod —(y-y) sid) [mn (46)
- Correction to longitude (positive eastwards):

M:9cos¢((x—7<,,) sim +(y= ) cosl) [mnr (47)

" http://www.iers.org/nn_11252/SharedDocs/MetaDaten/
11221 EOP__C04 05 62  NOW__IAU2000A.hiadt access 25.10.2010
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X,y instantaneous pole coordinates (in arc seconds)
Xor Yp mean poles (in arc seconds)

The mean poles can be calculated as follows [M¢t@ahd Petit 2004]:

X, =0.054+t_, [10.0008: (48)
¥, =0.357+t_, [00.0039!
. (MJD -51544)
with t, =
365.25

MJD Modified Julian Date

2.4 Tide models

To evaluate a gravimetric or geometric signal tiffecés described above have to be
removed from the measurements, especially sinse tbects are partly much larger than
the signals, which are of interest. If the tidafeefs are not removed correctly the
observations would be interpreted incorrectly.

All models which are used or tested in this thasgsintroduced in the following:

+ ETGTAB version 3.0 from H.G. Wenzel
This program allows the computation of tidal pointvertical tidal acceleration,
horizontal tidal acceleration and some other qtiasti Different tidal potential
developments can be chosen. Here, the newest laleadae from Tamura [1987] with
1200 waves is taken. Pursuant to Schmeer [2006]titta¢ series developed with the
Tamura model (or the other models) provides thal teffects of the solid Earth and
additional synthetic tidal parameters, which atenpolated on a 1° grid. These parameters
account for the elastic behaviour of the Earth. Valees which are used to create the grid
are generated with [Schmeer 2006]:

- Wahr-Dehant model for body tides on an ellipticatating, elastic and oceanless

Earth
- Ocean tides and loading derived from a 1° grid ndeke model

« Internal Earth tide correction (ETC) of the Scimtgravimeter

The Scintrex gravimeter (used in the test measumsrgescribed in Section 5.1) uses an
internal program to compensate for the Earth tidteases the equation from Longman.
The accelerations caused by elastic deformatiansa&en into account by the gravimetric
factor 1.16 in the Longman equation (16 % increaser the amplitude of gravimetric
tides of the rigid Earth). Ocean loading and th#ude dependence of the gravimetric
factor are neglected. [Scintrex 1995]
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+ routine hardisp

The Fortran routin@ardisp.fcan be used to calculate displacements due tondoading.

It can be freely obtained from the intefhet

This program reads in a file of station displacetsen the BLQ format (cf. 2.3.2) for
ocean loading, and outputs a time series of cordptitial displacements, using an
expanded set of tidal constituents, whose amplgualed phases are found by spline
interpolation of the tidal admittance. A total of23constituent tides are included, which
gives a precision of about 0.1 % pursuant to thtations of the program.

Also the usage of BLQ-format files which provideagk and amplitude for gravity
changes should be possible. This is not explistited in the annotations, so the results
are compared to that one from the routine ARG, Wisgresented next.

+ routine ARG

The Fortran routindRG.fcan be obtained from the same séhaar hardisp. It computes
the angular argument which depends on time fordal-argument-calculations. These are
the 11 tidal modes M2, S2, N2, K2, K1, O1, P1, @f,,Mm and Ssa, for which the ocean
loading provider delivers phase and amplitude.

For the calculation of the ocean loading displacaimihe following equation [McCarthy
and Petit 2004] is used (see also Section 2.3.Zgndtion 43):

11
Ac:ijAjcos(a)jt+)(j+q—chj) (49)
=1

The output of ARG corresponds to the tewt + ;. Aj and®; are given by the BLQ-
File. Pursuant to Kouba [2009]can be set to one anglcan be set to zero for 1-3 mm
precision.

Because there is no further unit-dependent terndédbte amplitude, the usage of the
gravimetric BLQ files is possible.

« Bernese GPS Software (Version 5.1)

There are internal routines in the Bernese GPSw@ddt for the calculation of the

correction for solid Earth tides, pole tide and atdoading. The calculations follow the
equations from the IERS conventions 2003. For corega with the other programs, these
corrections are extracted.

+ solid.exe
The programsolid.exefrom Dennis Milbert can be obtained from his wedsiSolid is
based on thelehanttideinelMJD.froutine and implements the conventions descrilped i

8 ftp://tai.bipm.org/iers/convupdt/chapter st access 22.10.2010
® http://home.comcast.net/~dmilbert/softs/solid.hiast access 22.10.2010
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Section 7.1.2 of the IERS Conventions 2003. Thituihes only the correction for the solid
Earth tides (cyclic and permanefit).

Important It holds for all cases, except for ETC (since thatput of the Scintrex
gravimeter gives the applied correction, cf. Sectal.1.1), that the corrections have to be
added to come from a regularized position or gyawatiue (cf. Section 2.2.4) to the actual
instantaneous position or gravity value. If theuatvalue is measured the corrections have
to be subtracted to reduce the position or graxatye.

It has to be paid attention, that gravity is defirmsitive upwards in the ocean loading
BLQ files, what means tha is defined negative. But in the following examplése
acceleration is defined positive, so the sign lier gravimetric ocean loading corrections is
flipped for hardisp as well as for the ARG. Thisi@so be seen in Figure 2.5, where the
gravimetric and the geometric ocean loading effets plotted using the BLQ file
definition. Both effects have got the same sign, iby is defined positive a rise of the
crust (positive correction) corresponds to a negatorrection for the gravity value.

Ocean Loading, hardisp, comparison of geometric and gravimetric effect

3 T T T T 15
gravimetric [uGal] i
geometric [mm]

T
[mm]

" 1 -15
31 8 219 220 221 222 223 224 225 226
day of year 2010

Fig. 2.5: Comparison of geometric and gravimetric ocean logdiffect, computed with hardisp,
using BLQ file definition for gravity effects

Gravimetric

To give an example for the gravimetric effects tlaey plotted for the days 218 to 226 of
year 2010, which is the time interval of the thingasurement session in the basement of
the TU (see Section 5.1.1). All computations hagerbdone for a latitude of 48.15° and a

1% from webpage oolid.exeprogram: Solid Earth Tide (Milbert D),
http://home.comcast.net/~dmilbert/softs/solid.htimi), last access: 22.10.2010
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longitude of 11.75°. For the comparison the sigre®fC is defined in the same way as
ETGTAB. The signs of the results from hardisp arifiGAare switched, according to the
definitions above.

- Model difference ETGTAB - ETC

Gravity Change and Earth Tide Correction

350

gravity change without tide correction
gravity change with ETC correction
300+ gravity change with ETGTAB correction
ETC correction (relativ to first value)
------ ETGTAB correction (relativ to first value)

250

200

nGal

100

50 ." " W W
| il R I
.’ i U
i H i Vi
' |

i | ]
v ¥\

- 1
1081 8 219 220 221 222 223 224 225 226
day of year 2010

Fig. 2.6: Observed gravity changes and solid Earth tide ctames

In Figure 2.6 the measurement series from the baseexperiment with the Scintrex
gravimeter is shown (cf. Section 5.1.1). All valee changes relative to the first value.
The gravity change with the internal applied caiicec(ETC) is plotted in blue; the values
with the ETGTAB correction are plotted in black.elhed line presents the measured
gravity changes without a tide correction. As carclearly seen, the tidal effects outrange
all other influences by far. On a short time sdhley are even larger than the drift. In
Figure 2.6 the difference between the two correctierms (green: ETC and magenta
dotted: ETGTAB) can hardly be recognized. With@ser look on it (Figure 2.7), it can be
seen that the differences have a half-diurnal peritis is the same period as the main
term of the missing ocean loading correction in HIEC model. For this time span the
maximum deviation reaches gGal. In Figure 2.9 the model differences are ptbtte
together with the ocean loading correction fromthaosource. If the latter is subtracted
from the model differences a signal with a diurpaliod and an amplitude of 2Gal
remains (see Figure 2.8).
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Difference of Earth Tide Correction (ETGTAB - ETC)

b0

nGal
o
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day of year 2010

Fig. 2.7: Difference of ETGTAB and ETC correction

Difference between difference of the earth tide corrections and hardisp

>
<
?

-5
218 219 220 221 222 223 224 225 226
day of year 2010

Fig. 2.8: Difference between the difference of the gravimetolid Earth tide corrections from
Figure 2.7 (ETGTAB - ETC) and the ocean loadingextion calculated with hardisp.

- Ocean loading

As said in the introduction of the models, it sHadl tested, if the hardisp routine can be
used with gravimetric BLQ files. The other questisrhow large is the error because of
the missing lunar node information and the usagendf 11 tidal modes, when the ARG
routine is used.
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In the observed period the difference of the twoasdions (hardisp - ARG) is very small
and does not exceed 0.p&al, as can be seen in Figure 2.10, thus the Ipardistine
seems to be appropriate for computing gravimeticections.

Ocean Loading

— -
—
—

nGal

-3+
‘ W

41— Difference of Earth Tide Correction (ETGTAB - ETC) 1 |

m— hardisp

---- ARG
¥ 1 1 I 1
g1 8 219 220 221 222 223 224 225 226

day of year 2010

Fig. 2.9: Ocean loading correction calculated with hardisd with ARG and difference of the
Earth tide corrections from Figures 2.6 and 2.7

Difference of ocean loading calculations (hardisp - ARG)
0.25
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g1 8 219 220 221 222 223 224 225 226
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Fig. 2.10: Difference of ocean loading calculations hardisd ARG
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Geometric

In case of the geometric effects, the differeneé&f are plotted for the day 195 of the year
2010 (14" July). This is the day of the first acquisition @fSAR image during the test
campaign at DLR (see Section 5.2). The plottedeobions are computed for a latitude of
48.08° and a longitude of 11.28°. All calculati@re done for the radial (up) component.

- Ocean loading

Figure 2.11 shows the results for different oceaading calculations. The Bernese
software allows the calculation using the same @ggr as hardisp (HA) and the
calculation with only 11 main tidal waves (OC),ias done when using the ARG routine.
The variation due to the ocean loading is in threyeaof+10 mm. The differences between
the different cases are shown in Figure 2.12. TkeB@rnese variations and the ARG
variation do not differ. Between the hardisp and Bernese HA calculations there is a
difference of around 1 mm. There seems to be &msic effect because of the constant
increase of the difference within this day. It qaot be assumed that the difference will
increase in time linearly. The difference betwdantivo Bernese methods varies the most,
with a maximum of 1.3 mm. This shows the magnitatithe error because of the simpler
calculation with ARG or OC.

Ocean loading: Day 195 of 2010

Bernese HA
Bernese OC
==== ARG

—— hardisp

(mm]
Y
//

N\ \
\_/
AN\’

-15 L
0 5 10 15 20
[h]

Fig. 2.11: Comparison of different geometric ocean loadingexiions; computations for day 195
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Ocean loading differences: Day 195 of 2010
0.2
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Fig. 2.12: Differences of the ocean loading computationSigure 2.11

- Solid Earth tides and overall effect

Solid earth tides and overall effect (SET, POL, OTL): Day 195 of 2010
200 y

= SET Bernese
==== SET solid

150 ——ETGTAB

SET + POL + OCL Bernese
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Fig. 2.13: Geometric solid Earth tide correction from BerngSET) andsolid.exe geometric
ETGTAB correction and overall correction of sdlidrth tide (SET), ocean loading

(OTL) and pole tide (POL) from Bernese

In Figure 2.13 the geometric variation is shownydol the purely solid Earth part without
any other influences. This is calculated with therri2se software and trsolid.exe
program. The difference between them is plotte&figure 2.14. It reachef).4 mm as a

maximum.

Additionally the whole tidal effect is computed Wwithe ETGTAB software and through
the combination of the three Bernese parts SETid(d6arth tides), OTL (ocean tide
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loading) and POL (pole tide). This difference istf#d in Figure 2.15. As can be seen the
difference is very large with up to 3.5 cm. Butrihehould not be put so much trust in the
results of the ETGTAB software as it regards theica@ displacement. The reliability of
the results in that case is not guaranteed sinbewiog statement can be found in the
annotation of the source code for the subroutind@TA: “The routine ETPOTA
computes amplitudes, phases, frequencies and m&lamplitude factors for a number of
different Earth tide components using three diffieréidal potential developments.
Attention: This routine has finally not been testedvertical and horizontal displacements
and for shear tidal strain!”

Difference solid earth tides (SET Bernese - SET solid): Day 195 of 2010
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Fig. 2.14: Difference of solid Earth tide corrections frorarBese andolid.exe
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Fig. 2.15: Difference of geometric Bernese overall correcaod ETGTAB correction
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2.5 Atmosphere and hydrology

Equal to the solid Earth tides atmosphere and hggyo influence gravimetric
measurement in two ways, directly by the gravitaioeffect because of mass changes
below and above the gravimeter and indirectly by deformation effect because of the
reaction of the elastic Earth. Geometric measurésneme only influenced by the
deformation effect.

For the interpretation of measurement results iritere of hydrology or atmosphere
always the question arises to which extent theyewstuenced by local or global changes
of the respective phenomena. The origin of thedaigifso determines the period of the
signal, which may be different for local or glolchlanges.

In principle there are two ways of handling theluehce of the loading effects. One
possibility is the use of data from global weath&rater models. The loading effect can
then be computed by convolving Green'’s functiong.[€arrel 1972] with a global field,
which describes the distribution of the loading sess as described in Section 2.1. The
other possibility is the determination of site degent regression coefficients by fitting the
geodetic observations to local variations of thepeetive parameter (e.g. air pressure,
groundwater height) [van Dam et al. 2003]. In thsecof gravity such an admittance factor
includes the integrated effect of the change oédlirattraction and the indirect effect
because of loading, so it can not be divided batweeal and global (loading) parts. Of
course all other disturbing effects have to be idmmed and removed if such an admittance
factor is determined.

2.5.1 Atmosphere

The mass changes of the atmosphere can be chaadtarainly by two parameters. The

first one, which is much more important, is the face pressure. This value is

representative for the whole integrated mass abaeepoint. The second parameter is the
location of the mass centre of a column of air. Tdeation of the mass centre is mainly

influenced by the air temperature, since the graexis when it is warmer. Thus the mass
centre is lower for lower temperatures. This orffg@s gravimetric measurements, since
the loading effect is only dependent on the taiablbut the Newtonian attraction also on
the distance of the masses.

The change of atmospheric pressure is induced doyassing of pressure systems. From
this it can be derived that larger variations af firessure have periods of several days,
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depending on the time it takes that a high presg@mt-cyclone) system is replaced by a
low pressure (cyclone) system or the other way doun

Pursuant to van Dam et al. [2003] surface displargs due to atmospheric mass
circulations are dominated by the effects of symoptale systems (1000 - 2000 km
wavelength) with periods of approximately two weekbe effects are larger at higher
latitudes since larger pressure systems (largemiplitude and more spatially coherent)
can be found there. Annual signals are much smgdber the short term signals but also
significant.

Boy et al. [2002] examined the spectral energy asuaface pressure field from the
ECMWEF and found that the pressure variations armidated by harmonic degrees
smaller than 10, corresponding to large-scale gbimersc structures with wavelengths
larger than 4000 km.

Large pressure systems have typically peak-to-peegsure changes of 40-50 mbar [van
Dam and Wahr 1998], with maximal variation#®0 mbar [Torge 1989]

Another important aspect is the reaction of theaaocdue to the atmospheric loading
variations. The inverse barometer effect attenuide$oading effect at stations near to the
coast (up to 500 km distance) [van Dam et al. 2002]

Kaniuth and Vetter [2006] observed pressure chaimggésirope. They computed sub-daily
(six hours) anomalies as deviation of the long-timmerage. The maximum pressure
variations within a day could be found in Fennosiianwith 40 mbar decreasing
southwards to 20 mbar in the Mediterranean area. dverall pressure ranges decrease
from nearly 80 mbar in the north to 40 mbar in Swoaith.

For further information about the magnitude of pree changes see the pressure
variations for the TERENO area in Chapter 3.

2.5.1.1 Gravimetric effect

A first coarse approximation of the direct graviaal effect can always be done with a
Bouguer plate:

0p = gH,, 0y (50)
5gatm =—2mH atm5 atm (51)
00, = —2n§5p =-0.043dp nm3 (52)

Ham  thickness of the homogenous atmospheric mass [m]
dpam density change of the homogenous atmospheric frgss’]
op pressure change [Pa]
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This means a change of 10 mbar leads to a grakdpge of 4.31Gal. Since atmospheric
masses are above the gravimeter, the measuredygoacomes smaller for an increase of
pressure.

In case of the atmosphere the indirect effect hasopposite sign than the Newtonian
attraction. The gravitational effect dominates #imospheric admittance factor, but is
decreased by the loading effect. The combinatiohath leads to following equation for
the approximation [Torge 1989]:

09, = —0.0 p nms’ (53)
This means a change of 10 mbar leads to a gravégge of 31Gal for the overall effect.

Van Dam and Wahr [1998] present several approatdresletermining an admittance
factor for gravity at different stations. The rdgg factors are all in the range from -0.3 to
-0.4 pGal/mbar. They also mention a theoretical globamistdnce factor of -0.289
uGal/mbar found by [Spratt 1982].

The deformation effect is maximized when the loadcoherent over large distances as
happens more probably in the winter and in high#tudes. Since the deformation effect
is opposite to the mass attraction effect, thd tadenittance is reduced in the winter and in
higher latitudes. [van Dam and Wahr 1998]

Zerbini et al. [2001] considered also verticalragss exchanges, which can not be detected
by measurement of surface pressure at the groumely Tised balloon radio sounding to
estimate the vertical distribution of the air maBlse changes were modelled in an annual
wave with an amplitude of 0.6Gal. An annual signal is appropriate because of the
seasonal warming and cooling of the atmosphere.

Merriam [1992] presented gravity Green’s functidios a column load of a model
atmosphere on a spherical elastic Earth. Then Videdi the atmosphere’s influence into
three zones (local, regional and global). He fotmat most of the atmospheric signal
comes from the regional zone within 50 km of thagneter. In this zone the atmospheric
pressure is essentially uniform, so that a sing®ineter characterizes the gravity signal
from this zone very well. The admittance betweeavigy and local zone pressure is -0.356
uGal/mbar. The regional zone (up to 10° distancthéogravimeter) has a pressure field
which usually correlates with the local pressurg,dan sometimes be quite different. Thus
a local fit for the admittance can often be corrédt if the regional pressure deviates, the
effective admittance of local and regional zone eary in the range from -0.27 to -0.43
uGal/mbar. For the global zone he found a gravignal of about luGal at periods of
several days to seasonal.
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2.5.1.2 Geometric effect

Peak-to-peak vertical displacements of 10 to 20 anencommon at mid-latitudes. Annual
signals having amplitudes between 0.5 and 3 mmm Peam et al. 2002]

Kaniuth and Vetter [2006] developed a program f@ Bernese Software, which allows
estimating atmospheric loading coefficients alontp\all other parameters.

Because most stations used in their analyses did pmovide on-site pressure
measurements, they had to use a global weatherlrandeo interpolate pressure values
for the stations. They claim that the approach khbe based on accurate local pressure
measurement at each site for further applications.

They only use local and no large-scale pressurati@rs. They also did not consider the
hydrology for the estimates of the regression d¢cefits, because they assume that these
effects have other periods.

Neglecting some exceptions with special conditiglise small islands) they found
regression coefficients for stations all over Egrap the range from 0.2 mm/mbar to 0.5
mm/mbar.

Very small coefficients are found for Helgolandsmaall island, and Brest, which is located
exposed to the Atlantic, where the inverse barameffect seems to play a major role. In
many cases, the displacements tend to decreasediotha coastline.

In Table 2.2 the results for stations, with chagdstics most similar or located near to the
Ammer catchment are listed with the maximum resgl8urface displacement.

station latitude | AP max [mbar] | dh[mm/mbar] | max. effect [mm]
Wettzell (WTZR) 49.1 9 52 -0.478 25
Pfander (PFAN) 4757 51 -0.315 16
Graz (GRAZ) 47.19 48 -0.505 24
Medicina (MEDI) 445 ° 40 -0.284 11

Table2.2: Atmospheric admittance factdh for four stations, from Kaniuth and Vetter [2006]

Zerbini et al. [2001] also calculated the atmosghévading effect for the station in
Medicina. But they did not regard daily variatiorteey even smooth to reduce high
frequency effects. In this case the maximum vammis 3 mm, clearly smaller than the one
in Table 2.2.

Although regional anomalies would represent therattaristic of the pressure systems

better, van Dam and Wahr [1998] assume that thelleeal pressure as an alternative for
global pressure data, for delineation of the disghaent effect, is valid at many GPS sites.
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2.5.2 Signal delays due to the atmosphere

Every signal which is sent to or received from telite has to pass the atmosphere. The
propagation of these electromagnetic waves in tsphere has certain characteristics.
In a medium like air the speed of light is reduaed¢omparison to the speed of light in a
vacuum. This leads to light refraction and to aagletl arrival time of the signal. It has to
be distinguished between group velocity (velocitysignals, i.e. different information are
modulated on the carrier wave) and phase velou#io€ity of the propagation of sine or
cosine waves). In a dispersive medium the propagatf the signal is frequency
dependent, what also means that group and phasetyedre different.

Since the way through the atmosphere is longer winerlevation of a satellite is low, the
delay in zenith direction is always smallest andreases for lower elevations. This
dependency can be described by mapping functidms.simplest mapping function is the
weighting with 1/cosd), what corresponds to a homogenous atmospherehwiiaontal
layering.

Two parts of the atmosphere play a considerably, thle troposphere and the ionosphere.
Both are described in the following.

2.5.2.1 Troposphere

The troposphere is the lowermost layer of the aphese. It reaches a height of around 10
km. This means that signals from all satelliteslejpendent from their orbit height, are
affected the same. The propagation of the wavendegendent of frequency; so, for
example, a GPS signal has the same delay as amX-®a&R-signal.

The tropospheric delay is dependent on the airspresof the dry air, the temperature and
the relative humidity (the partial pressure of Weter vapour, respectively). The delay can
be divided into a dry and a wet part.

The dry part accounts for around 90 % of the defagce it is only dependent on the air
pressure it can be determined relatively well lgspure measurements on the ground. This
part also changes only very slowly. The much ma@eable wet part is dependent on the
temperature and the humidity. The determinatiom@se difficult, because the local and
temporal distribution of the water vapour is fasiaeging and can not be described
completely by ground measurements of temperatur@ laomidity. For a correct
determination the integrated water content is ngedéis quantity can be provided by
water vapour radiometer.

The dry delay is around 2.3 m in zenith directiod aeaches around 25 m for an elevation
of 5°, the wet delay can reach 40 cm as a maxinRmthiacher 2007].

There are two different possibilities to handle tfogposphere. It can be modelled and from
this a delay can be determined, either with usougll measurement or only with using a
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standard atmosphere. The other way is the estimaifothe delay directly from the
measurements.

In GPS processing the dry delay is often determimgdn a priori model, while the wet
delay is estimated. Errors originated from the mectness of the dry model are then
incorporated in the wet delay.

Since the water vapour content becomes zero feightof around 10 km, but the dry air
can be extended up to 40 km, often different mappinction are used for the dry and the

wet part.

The total delay can be written as follows [Rotha@@07]:

ZTD=ZHD + ZWD (54)
TD(2) = my(2)[ZHD + my(2)[ZWD (55)

ZTD zenith total delay

ZHD zenith hydrostatic delay (dry delay)
ZWD zenith wet delay

TD  total delay

z zenith distance

My hydrostatic mapping function

my  wet mapping function

The GMF mapping function

The Global Mapping Function (GMF) mapping functisrshortly described here, because
it is used for estimating the ionospheric delay tloe correction of SAR Ranges (see
Section 5.2).

The GMF is an empirical mapping function, basedspherical harmonic developed up to
degree 9, which can be determined from statiotutdai longitude and height and day of
the year. It was developed to have an easy to mmai¢ mapping function which is more
consistent with the Vienna Mapping Function (VMBan the often used Niell Mapping
Function. The GMF is a kind of “averaged VMF”. TR®F is using raytracing through
atmospheric layers which are calculated from ECMWeknalysis data. [Boehm et al.
2006]

The Matlab-functiogmf_f_hu.mwhich computes the GMF, can be downloaded froen th
homepage of the Institute of Geodesy and Geophyasicthe Vienna University of
Technology™.

1 http://www.hg.tuwien.ac.at/~ecmwfl/gmf f hu.fast access: 26.10.2010

54



2 Gravimetric and geometric signals

2.5.2.2 lonosphere

The lonosphere comprises approximately the regiomf50 to 1000 km height, what
means that for satellites with a low orbit not tigole ionosphere has to be considered.
The delay depends on the electron denNityi.e. the amount of free electrons pet. iih
varies for the different layers of the ionosphele.contrast to the troposphere the
ionosphere is dispersiv. A comparison of the détaydifferent frequencie$is shown in
Table 2.3.

The total (or integrated) electron content (TEChhis amount of free electrons, which can
be found in a column from the ground to the sagetin 1 M area. The TEC is given in the
unit TECU (TEC-Units): 1 TECU = 1B free electrons / fn

For the phase and the group delay, respectivetiglits [Rothacher 2007]:

OPion, phase = O f—EZ (phase advance) (56)
_ E
6pion,group - +G? (group delay) ( 57 )
with a =40.3710 {Ll}
STECU
E is the integrated electron content given in TECU:
E=[N,(9 ds (58)

lonospheric disturbances are dependent on solaati@d and the activity of the Sun.
Typically the largest TEC appears shortly aftermabe TEC is larger at the equator and
increases and decreases synchronously to the efeaercycle of Sun activity [Rothacher
2007]. Typical TEC values are in the range froro 6@ TECU.

Frequently only the electron content in zenith ction E, (vertical TEC = VTEC) is
modelled. Thus the TEC has to be determined forctreesponding zenith distance. For
that a single layer model can be used, where tia @étectron content is represented by a
spherical layer at the mean ionospheric heights Tikight is assumed bls= 450 km. The
point, where the line of sight to the satelliteensects this layer, is called pierce point. The
zenith distance at this point is. Zhen it holds for the electron content [Seebed320
[Rothacher 2007]:

_ 1
E(z)—cos(z,)EE, (59)
_ R :
Z—RE+HE$|n(z) (60)
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GPS L1 X-band [ GPS L1 X-band | GPS L1 | X-band
z[q 0 0 20 20 45 45
z'[] 0 0] 18.6314 18.6314| 41.3384| 41.3384

delay

TEC | [cm] [ecm] [em] [em] [em] [em]
) 81.2 2.2 85.7 2.3] 108.1 2.9
10| 1624 43| 1714 46| 216.3 5.8
15| 243.6 6.5 257.0 6.9] 3244 8.6
20| 324.7 8.7] 3427 9.1 432.5 11.5

Table2.3: Comparison of L- and X-Band ionospheric delaydifferent elevations

Because of the high variability of the ionosphe@eiling and prediction are difficult. An
empirical model is the International Reference kpfwre (IR For given location, time
and date, IRI describes the electron density, mlactemperature, ion temperature, ion
composition and also the electron content as myprahérages in the altitude range from
about 50 km to about 2000 km.

The TEC can also be estimated from GNSS networktisols. The reliability of the results
iIs dependent on the station density. A global TE@ & provided by the International
GNSS Service (IGS).

2.5.3 Hydrology

In contrast to the atmosphere in hydrology muchenparameters play a considerable role
for the occurrence of gravimetric and geometricnalg. The water balance, which
determines the total mass gain or loss, is depérmlethe complex interaction between
evaporation, precipitation, soil moisture, grountewalevel, surface runoff, interflow,
snow cover and some more other processes. Alstofftgraphy is an important factor,
since the gravity effect has the opposite signniasses above and below the gravimeter.
In case of the atmosphere, the masses, which mduthe measurement values, are always
above.

Because of the complexity the modelling of the lojalyy on local scale has a much larger
importance for measuring gravity variations thae thodelling of the atmosphere. As
described above the local atmospheric effects eaconsidered relatively well by a local
admittance factor.

Because there are so many different methods hawege with the hydrology (especially in
case of gravimetry), different approaches are ptesein the following. Since these
investigations have been made at different tess @ihd with different observation scales,
one can get an impression of the range of magnifiigdrological signals.

Changes of hydrological loading and deformation loarcaused by fluctuations in ground
water, soil moisture, surface water and snow or ¢oger. The magnitude of the

12 http://iri.gsfc.nasa.goylast access: 26.10.2010
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deformation signal at a certain site depends oridta surface load, averaged over a few
hundred kilometres. [van Dam and Wahr 1998]

Pursuant to [Crossley et al. 2005] it is importenémphasize that the common practice of
using local water table changes to derive a hydsokdmittance will remove both a local
effect an a continental-size effect at the same.tim

2.5.3.1 Gravimetric effect

As for the atmosphere the direct gravimetric effeanh be approximately described by a
Bouguer plate [Torge 1989]:
« groundwater level (saturated zone):

o9, =2nGlp,, [5,A H=4.20S[A H nm$ (61)
+ soil moisture (unsaturated zone):
09, =2nGp, (HAn = 4.2lH A7 nms? (62)

pw  water density (1000 kg/f

H layer thickness (in which the gravity change takese)

S specific yield (cf. Section 3.2 and Formula 66)

n water-filled pore space in % / soil water cont@ht Section 3.2 and Formula 65)

Examples:

10 % free pore spac§j 10 % moisture changay)
1 m ground water level risa) 1 m soil H)

= 42 nm/$ = 4.2pGal = 42 nm/$ = 4.2pGal

S = 1 for the rise of an open water level
= 09,, =21Gp, [AH = 4.20H nms’

10 cm water level rise> 42 nm/$é = 4.2uGal
50 cm snow with a density of 200 kg/ieads to the same value

If the hydrologic masses are assumed to be belevgthvimeter, a global loading signal
would, in contrast to the atmosphere case, enthyeffect.

Examples for gravimetric hydrology investigations
« Zerbini et al. [2001] have derived a simple admitea factor of 2.21Gal / m (water

table change) for the effect of water table vaoiadi on gravity at the SG (superconducting
gravimeter) station in Medicina, Italy.
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« Virtanen et al. [2006] tried to distinguish betwdeaoal, regional and global hydrology
effects on gravity residuals, received from a sopeducting gravimeter, located at
Metsahove, Finland.

The gravity residuals are strongly correlated witle local groundwater level. The
regression on water level, observed by a nearbghode, was determined in the range
from 25 to 28 nmém™® = 2.5 to 2.8uGal/m. From the range of the groundwater-level
change of 2.6 m follows a maximum effect (peak#al) of 7 uGal for the local
hydrology.

On regional scale a model of total Finnish wateregje was used. The storage change was
also correlated with the gravity residuals whatdte#o a regression coefficient of 0.058
nms’mm? = 5.8 uGal/m. The range of the water storage change is 380 so the
maximum effect (peak-to-peak) for regional hydrglag 1.5 uGal. Additionally they
found gravity variations of @Gal, due to global loading effects, calculated witteen’s
functions formalism.

The maximum overall effect, considering all scaledience around 32Gal, of which 2/3
are due to the local groundwater level.

« Naujoks et al. [2007] and Naujoks et al. [2010]rieat out researches at the
Geodynamic Observatory at Moxa, where a supercdimdugravimeter is in use. Because
of the topography at the Moxa observatory, water lwa stored above and below the level
of the gravity observations. During rain eventshwsticcessive high water table and soil
moisture in the gravimeter surroundings, water madgst stored above the gravimeter
level, leading to a fast gravity decrease. In tloeire and days after the rain event a
gradually gravity increase is observed caused bynd@rd moving water and evaporating
rainwater.

Naujoks et al. [2007] tried to detect small hydgial variations in gravity by repeated
observations with relative gravimeters. They didesgéeen measurement campaigns,
covering a period of 26 months, in a seasonal rhytbmplemented by measurements at
special hydrological events. To find hydrologicanals they measured gravity differences
with calibrated LCR-G (and LCR-D) gravimeters betweall points in a gravity network
(with point distances of several ten meters). Thierences should reflect the different
developments in the local water balance at theeipgints. The gravity differences reach
standard deviations between 0.9 and lGa&l, what is very small for the used instruments.
Gravity differences, enforced only by hydrologiedflects, with a maximum of 17 dGal
between different points could be detected. The imam difference between two
successive campaigns was 13i@al. They could find a connection between these
differences and local soil moisture and water talbdasurements but no direct correlation,
what they relate to the difficult hydrological sation at the observatory.

Naujoks et al. [2010] evaluate a hydrological maafethe small catchment with terrestrial
gravity data. They use the information of this locedel to develop a reduction of local
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hydrological effects in superconducting gravimedeta. For that a hydrological model
based on hydrological point observations and phgsimgraphical information was
developed. The mass variations derived from thidehwere converted to density changes
of the subsoil bodies of a gravimetric 3D-model,ickhwas set up for the observatory
surroundings. The strategy is shown in Figure 2.16.

In repeated gravity difference measurements, destin the previous approach only local
changes are observed because the large-scaldorsiaaincel out each other.

With subtracting the local hydrological effect, ained from the local hydrological model,
from the gravity residuals of the superconductingvgneter, a seasonal variation emerges
with a maximum peak-to-peak amplitude of approxeha? uGal. By comparing monthly
means of this terrestrial data with GRACE solutiansl gravity changes derived from the
WGHM model a good agreement can be found. The yraasiduals without correction do
not fit to the global values.

[Hydrological modelling [ Gravimetric modelling ] Gravity observations ]

Spatially distributed Continuous
in repeated stationary

Topography, land
use, slope and soil
information

Free-air anomaly of
observatory
surroundings

ogy, geoelectric and
seismic information

point

observations

Hydrological ’
campaigns recordings

Topography, geol - J

Local gravimetric
3D model

Y A 4 A 4
Hydrological mass Time-dependent modelled Time-dependent observed
variations gravity variations gravity variations

A 4

Evaluation ]4—{ Comparison }—b[ Reduction of hydrological effects }—

Fig. 2.16: Strategy for the interactions of hydrological mitidg, gravimetric modelling and
gravity observations from Naujoks [2010]

« In Creutzfeldt et al. [2010] lysimeter (explaingdSection 4.1) measurements are used
to estimate the hydrological influence on tempogshvimeter observations for the
superconducting gravimeter (SG) at Wettzell. Tideyine the total local water storage
change (WSC) as a sum of different storage changes:

Ws%cal = A §n0w+ A %oil+A gaprolite+A §roundwat1 ( 63 )

The storage change from snow and soil water cadireetly measured by the lysimeter
because it can determine the sum of precipitagvapotranspiration and deep drainage.
The change in the saprolite ¢hemically weathered rock) zone and in the growatdwis
determined from the deep drainage in the lysimatel groundwater level measurement.
The gravity response of the estimated WSC was ledémi from the hydrological
observations and model results with a spatiallytatkextended point mass approach
([Leirido et al. 2009], cf. Section 3.2.3) for a 4 knt area around the gravimeter.

The time-series of the SG residuals and the graesgponse, derived from the lysimeter
estimated WSC, agree well in amplitude, phase aod-$erm variations. The coefficient
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of correlation between both time series is 0.98He Toverall seasonal peak-to-peak
variation is 9.51Gal for the SG residuals and &&al for the gravity response.
The good agreement is remarkable since both timesseave been determined completely
independent. Other approaches, where this is eatdake, are for example:
- Statistical approaches, where regression modelth&hydrological quantities, which
are used to predict the SG residuals, are estinfiaisdthe gravity data.
- Model approaches where the model is calibrated thiglgravimeter data.
Large scale hydrological gravity effect was deriviedm global hydrological models,
considering the large-scale gravity effect of Navido attraction (the attraction of a near
zone less than 50 km around the gravimeter wasuéad) and the effect of deformation
due to the mass load. The resulting signal hasasosal period with an amplitude of 2
uGal (4uGal peak-to-peak).
The SG residuals are reduced for the local hydrcébaattraction effect. The remaining
residuals for the lysimeter approach have a RM&hbf 0.5uGal, which means that nearly
the whole signal could be removed. The remainisidteals can be assumed to be caused
by large-scale hydrology. They could also revebakptgeophysical gravity changes, like
post-glacial rebound, processes in Earth’s mantlé eore or seismic and volcanic
activities, but these do not play a role at Weltzel
If approaches which try to fit the gravimetric ddtest (as described above) are used to
determine local hydrological effects, it is not musing if no correlation between the
modelled global effect and the remaining residexists, since parts of or the total global
signal are removed. As Creutzfeldt et al. [201@]ml this generally calls into question the
benefits of these types of local hydrological radut when the goal is to study other
geophysical processes based on SG residuals.
More astonishing is that the correlation betweea tbmaining residuals from the
(independent) lysimeter approach and the largeeskgtirology is even smaller in this
study. A possible reason could be that the uncegytaf the estimation of the global effect
is relatively high. Another possibility is that achl signal, eventually with seasonal
amplitude, is not considered in the derivation bé tgravity effect. In that case an
alternative approach could be that first the gldibadrology is reduced and after that the
residuals from local hydrology are analysed.

2.5.3.2 Geometric effect

Van Dam et al. [2001] calculated vertical displaeets up to 30 mm for the effects of
long-wavelength (>100 km) variability of hydrolog@ver the most continental areas the
effect ranges between 9 and 15 mm. For that a naddgbbal water-storage variation and
a model of how the Earth deforms in response diasarloads are used to perform the
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convolution of the surface loads with the Greenimctions from Farrel [1972]. The
resulting signals have a strong annual character.

Zerbini et al. [2001] computed a transfer functimtween the water table depth and a GPS
height series at Medicina, Italy. For dry periokdeyt get a factor of -2 mm/m (water table
change), for wet periods the factor was higher withnm/m (water table change). The
different factors are necessary because of thegohguproperties of the soil with its water
content. As an additional effect soil consolidatioms to be considered. A water table
decrease of 2 - 3 m leads to a soil settlement fefaamm. In a site specific regression
coefficient this effect is already included.

Changes in station height due to local hydrology @@ mass effects but are induced by
changes due to the physical properties of the @othe bedrock, e.g. soil settlements.
Thus, if an admittance factor is determined, it hasbe paid attention that it is a

combination of completely different processes whats to the factor. Because of this it
can be impossible to determine such a factor sthese processes can have different
periods, what means that an admittance factor wchéghge permanently.

2.6 Overview

In Table 2.4 all aspects considered in this chaaterlisted. For every gravimetric and
geometric signal (radial direction) a typical (me&ximal) range for its variation (peak-to-
peak) is given. The signals of the solid Earthgidee dominating. All other effects are
clearly smaller in the range of one to a faval] or a few [mm] to 2 cm, respectively.
The direct attraction of local hydrology can beamgparatively large gravimetric signal,
dependent on the local conditions.

The signal variation, which can be observed dudangertain time interval, depends also
strongly on the periodicity of the signal.

gravimetric geometric periodicity
solid Earth tides 100 - 200 fiGal] 10-20[cm]| short-periodic
ocean loading 2 - 4 uGal] 1-2][cm] short-periodic
pole tides 2 - 8 [uGal] 1-2[cm] long-periodic
atmosphere 3-12 uGal] 1-2[cm] various
local hydrology 1-15 uGal] - various
global hydrology 2 - 4 uGal] 1[cm] long-periodic
non-tidal ocean < 2 [uGal] <5 [mm] long-periodic
loading (only at coastal sites)(only at coastal sites)

Table2.4: Overview of typical range of magnitude of gravineaind geometric signals
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3 TERENO Ammer observatory - signals and
hydrological modelling

In this chapter the TERENO Ammer observatory shallpresented in more detail. First
the topographic, geologic and meteorological coowlét are delineated (3.1). Then a
hydrological model, used for the modelling of thenler catchment, is introduced. In this
context some basic hydrological terms are explai(@@). Finally atmospheric and

hydrologic signals derived from real data are sh¢3v).

3.1 The Ammer catchment

The landscape of the catchment area is charaatehgehigh spatial geological and
pedological (= concerning soil) differentiation,camplex orography and corresponding
climatological conditions.
The catchment can be divided into two landscapésuthe prealpine hill country and
moorland and the Swabian Upper Bavarian foothillhe Alps. The main geological units
are the lime-alpine zone in the southern part,fiyseh zone bordering in the north, the
folded molasses and the unfolded molasses in th@era part of the catchment. Due to
the relief the climate variables show typical gesds within the catchment. The
precipitation is approximately 500 mm higher aneé temperature 2.5° lower in the
southern mountainous part (cf. Figure 3.1). Maximpracipitation is in June in the
prealpine region and in July in the alpine regibhe total precipitation is about 1000 mm
in the northern and 1500 mm in the southern parthé catchment there are averagely 130
days per year with snow cover larger than 10 cranf{mann et al. 2004]
From the differences of the total precipitationcombination with the different soil types
one can expect very different gravimetric signale ¢b the hydrology. Especially in the
Linder valley in the south the groundwater modellis very difficult, because of the
complicated geological situation, and has not keasiatisfying results yet [Mayr 2004]. A
gravimetric campaign could show its potential foetetting (integral) groundwater
variations at this location.
Further topics for investigations regarding therahteristics of the test site could be:
- Is there an influence of the atmospheric admittdiacéor due to higher topographic
variability?
- Is it possible to detect the same large-scale hydical signal at locations with clearly
different hydrological situations?
- How does the gravimetric signal react on a rairdaknt in a mountainous and in an
area with less topographic variability?
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Fig. 3.1: Ammer catchment, from Kunstmann [2010]

3.2  Hydrology: basics and modelling

3.2.1 Basic terms and relations

The hydrological cycle for a catchment can be regmeed in form of thevater balance

equation:

P-Q-E-AS=0 (64)

P Precipitation

Q Runoff

E Evaporation

AS  storage change (the storage change can be paositivegative since water can be
released from storage or absorbed into storage)

Precipitation represents the main input of watethto catchment. It can be in the form of

rainfall, snowfall or hail. Evaporation includesathfrom open water bodies, the soil

surface, and vegetation. The storage term is exguain detail in the following.

The water balance equation contains the storage A& Within the hydrological cycle
there are several areas where water can be stort, notably soil, groundwater, snow,
ice, and lakes. Since the gravimetric hydrologieti¢ct as well as the loading effect is
mainly induced by changes in the water storage fttlewing section shall give an
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understanding of the water beneath (and on) theéhBasurface and explain some
important terms. Some more terms are explainedguhie description of the hydrological
model.

Water beneath the Earth’s surface can be dividedtire saturated and unsaturated zone.
Water in thesaturated zoneis referred to as groundwater and occurs beneatiatar
table. This is also referred to as water inghesatic zone Water in theunsaturated zone

is referred to as soil water and occurs above temtable. This is also called thadose
zone There is movement of water through vertical trdiion and horizontal flow. This
occurs in both the unsaturated and the saturated, zathough at a slower rate in the
unsaturated one. [Davie 2008]

Theinfiltration rate indicates how much water enters a soil duringreacetime interval.
This rate is dependent on the current water corgetite soil and the ability of a soil to
transmit water.

The soil water contentis normally expressed as a volumetric soil moetontent or soil
moisture fractiory [Davie 2008]:

n=Vv,I1V, (65)
Vw is the volume of water in a soil sample afas the total volume of the soil sample (soll
volume + water volume + air space).

Saturated water contentis the maximum amount of water that the soil caftdhSoll
water content as a percentage of saturated sailiseful method to describe how wet the
soil actually isPorosity ¢ is another important soil water property. It is fiaction of pore
space in the total (bulk) volume of soil. Theoralliz water can fill all of the pores in a
soil. [Davie 2008]

The bulk volume V,, is the volume per unit mass of a dry material phesvolume of the
air between its particles. Tiseil bulk density is the mass of dry soil per unit bulk volume.

Once water has infiltrated through the unsaturatede it reaches the water table and
becomes groundwater. Aaquifer is a layer of unconsolidated or consolidated (nwbkch

is packed together more tightly than unconsolidatezk because of stress) rock that is
able to transmit and store enough water for extactA confined aquifer has restricted
flow above and below it while amnconfined aquifer has no upper limit. Water within a
confined aquifer is normally under pressure. Inuaconfined aquifer the water table is
free to rise and fall dependent on the amount deweontained in the aquifer. [Davie
2008]

Specific yield also known as the drainable porosity or effecgweosity, is the ratio of the
volume of watewV,, that will drain by gravity from a rock or soil thaas initially saturated
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(because of surface tension and molecular effeatsalh water in the pore space of an
aquifer drains) to the bulk volumé& [Price 1985]:

S, =V,/\, (66)
The specific yield is 1 for open water bodies aypidally 0.01 to 0.3 for unconfined
aquifers, dependent on the soil material.

The specific storageSs is the volume of water released from storage pérvolume of
aquifer per unit decline in pressure head; the epn®f specific storage is almost
exclusively used in confined aquifer analysis; tiné is [mi'] [McWhorter and Sunada et
al. 1977].

The hydraulic head is a measure of the energy that causes groundu@tibow; it is
composed of pressure head and elevation head. iBl@acbncept that relates the energy in
an incompressible fluid to the height of an equewaistatic column of that fluid and is thus
expressed in [m].

In the following the different types of flow whicbccur in a hydrologic system are

explained:

- Surface runoff: Part of the total runoff (the riitow leaving the area) which results
from overland flow (water flowing across the growsudface). [Price 1985]

- Interflow: Interflow (intermediate between overlaiholv and true groundwater flow) is
lateral movement of water through the unsaturatet aintil it enters a stream or river
channel without having occurred first as surfageffi [Price 1985]

- Baseflow: For a river to flow throughout the yeaven during dry periods, it must
have a source of water other than surface runadfiaterflow. This water is termed
baseflow. It can be provided by groundwater disgadrom an aquifer, from surface-
water storage (e.g. lake), or from the melting lafceger ice or of snow. The first of
these sources is the most common, and often thestbaseflow and groundwater
discharge are used as though they were synonyrfiRriuse 1985]

- Groundwater flow: Water which moves down a hydagradient in the saturated
zone. [Davie 2008]

- Streamflow: Water flowing within a stream chann@lften referred as discharge.
[Davie 2008]

The relations between all the described processparameters (and many more) have to

be considered in a hydrological model. How suchaglehcan be configured, is shown in
the following as an example.

66



3 TERENO Ammer observatory - signals and hydroldgiedelling

3.2.2 Hydrological modelling (example WaSiM-ETH)

The WaSiM-ETH (Water balance Simulation Model ETi$ia model for the simulation of
the water balance. Therefore the processes ofpinaistorage and state change of water
are described on the basis of simplified physiekdtions. It is a deterministic and spatially
distributed working model.

In a model the processes can, because of their legityp only be described in a
simplified way. Hence, the relevant processes havde selected and described by
physical and mathematical equations. In case of WaSiM-ETH the following
components are used [Mayr 2004], [Schulla and 3&Xp&/]:

« Evaporation (potential and real)

The potential evaporation is the maximum amountvafer per time unit, which can
evaporate directly and/or from the vegetation thi® atmosphere with respect to the actual
plant physiological and meteorological conditioftsis assumed that the availability of
water on the ground is unlimited. The potential poration is computed using the
approach aftePenman-Monteith.

The real evaporation is derived from the potergiaporation, considering the actual soil
conditions and hence the availability of water vhoan evaporate.

+ Snow accumulation and melt

The fraction of snow on the total precipitationc@mputed using air temperature. For the
snow melt several approaches are provided. Theferigxample a temperature-wind-
index-method which uses air temperature and witakcitg to derive the melting rate.

+ Interception

Interception is the fraction of precipitation thdbes not reach the solil, but is instead
intercepted by the leaves and branches of plamd/dSiM-ETH a simple bucket approach

is used with a capacity depending on the leaf ardex, the vegetation coverage degree
and the maximum height of water on the leafs. df ititerception storage is filled, further

precipitation or snow melt falls directly to thelssurface. This amount is the input for the
infiltration and soil model.

+ Infiltration

Infiltration is the process by which water on theund surface enters the soil. As long as
the infiltration capacity (the maximum rate at whiwater can enter a soil) is larger than
the precipitation intensity, water infiltrates intibe soil. The exceeding amount (the not
infiltrated water) is surface runoff. The infiltrab model is an integrated part of the soil

13 MoNTEITH J L (1975)Vegetation and the atmosphere, Vol.1: Principlesdon: Academic Press.
BRUTSAERTW (1982):Evaporation into the atmospher@ordrecht: Kluwer Academic Publishers.
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model, since there is a strong interaction. The@ghes for the calculations are based on
the works ofPeschk¥'

» Soil model (unsaturated zone model)

The soil model describes the fluxes in the unstdraoil zone. Therefore thichards
equation for the unsaturated zbhdn a former version of the model the TOPMODEL
approach, is used. The water content is the sumfloiv and discharge of one grid cell.
The Richardsequation relates the water content to soil pararedgb determine the fluxes.
Soil parameters are hydraulic conductivity (unit/gip and hydraulic head, which are
expressed by further parameters. WaSiM-ETH calesldheRichardsequation in the
spatially and temporally discretized form for eagld cell. The used soil parameters have
a constant value for the whole grid cell, althouthie soil properties are normally
inhomogeneous. Only vertical water movements betwseveral soil layers are
considered. Thus adjacent grid cells in horizodiadction do not communicate with each
other.

« Groundwater flow and transport

The groundwater model describes the flow in theursétd zone. Lateral fluxes are
computed as result of the distribution of the hyticahead. The unsaturated zone module
calculates the flux between the unsaturated zoddgtengroundwater. This flux is given to
the groundwater module as upper boundary condfknawn flux boundary).

The groundwater module uses a multi-layer modethHayer is modelled 2-dimensional
in horizontal direction in a regularly spaced gri¢br the coupling between the layers
leakage factors are used. The connection to surfater is done by leakage approaches
within the unsaturated zone model. It allows taekite infiltration from rivers as well as
exfiltration into the rivers (baseflow). If the gnedwater reaches the surface of the soill,
surface runoff is generated.

The flux equation is a differential equation whitéscribes the balance of water pouring in
and out of a certain volume. It is a combinatiorthed continuity equation and tizarcy-
equation®, which relates the discharge to hydraulic gradéemt hydraulic conductivity.

« Discharge routing

This part of the model computes the water flowsh@e channels. WaSiM-ETH does the
routing based on a hydraulic calculation of thewflgelocities. This requires channel

characteristics like flow profile or roughness bétstream bed. The discharge routing is

1 PESCHKE G (1977):Ein zweistufiges Model der Infiltration von Regergeschichtete BodeActa
hydrophysica, 22 (1): 120-145.
PESCHKE G (1987):Soil Moisture and Runoff Components from a Phylsi¢adunded ApproachActa
hydrophysica, 31 (3/4): 191-205.

!> RiIcHARDS L (1931)Capillary Conduction of liquids through porous memii Physics (1): 318-333.

' DaRCY H (1856)Les fontaines publiques de la ville de Dijétaris: V. Dalmont.
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based on a cinematic wave approach using diffdtent velocities for different water
levels in the channel. The total discharge is caedoof surface runoff, baseflow,
interflow and retention.

The model structure is shown in Figure 3.2:

- station data or altitudinal
input of gradients calculated in a
meteorological data preprocessing step

A4 correction separately for
| precipitation correction rain and snow, dependend
T on wind speed

A J
interpolation of the altitud dependend
meteorological regression and/or inverse
input data distance weighting inter-
+ polation (IDW), Thiessen
shadowing and exposition adjustment of radiation de-
cell by cell calculation dependent adjustment for pendend on solar and local
radiation and temperature geometry
potential and real PENMAN - MONTEITH after
evaporation from evapotranspiration MORECS-Scheme
snow surfaces ¥ (THOMPSON et al., 1981)
snow accumulation approach after ANDERSON
- —— (1973) or T-index;
evaporation from the % glacier: Hock (1998)
interzeption storage S I
v leaf area index-dependend
maximum storage capacity,
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]
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Fig. 3.2: Model structure of WaSiM-ETH, from Schulla andpkrs[2007]

Typical resolutions used for the modelling of acbatent with the size of the Ammer are:
- 90 m grid size in horizontal direction
- 15 vertical layers down to 10 m depth in the saldel

Input data:
The described model structure needs several ingiat & can be distinguished between
three types of data:
- geographical data
- DEM (digital elevation model)
- soil data (conductivity, soil type, specific caggcisoil type, thickness of soails,
rock densities).
- land use classification and characteristics
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meteorological data

- temperature

- precipitation

- relative humidity

- wind speed

- global radiation or sunshine duration
hydrological data.

- discharge from gauges

- groundwater level

- thickness of acquifers

The main output parameters are, as can be seegureR3.2, evapotranspiration, baseflow,
interflow and surface runoff. Further parametersiciv can be derived, are e.qg. infiltration,
soil moisture or groundwater recharge.

The most important input parameter is precipitgtoiure to the strong dependency between
the amount of water which comes into the catchraadtall other quantities and relations,
which arise during the modelling.

For a spatially distributed model like the WaSiMHEThe input data has to be interpolated
on a grid, as far as it is not available. Land dat&a derived from classification of satellite
images are available over the whole area but ptatign and all other meteorological data
usually have to be interpolated from the recordioigsieasuring stations.

Measured data is necessary for the model calibrati@. the adjustment of model
parameters, as well as for the validation of theleho

For both cases often gauge measurements are wged doinciple all quantities which can
be measured and converted into an output quaritttyeanodel can be used.

3.2.3 Converting modelling results to gravity chang es

The next step is the geophysical forward problemclvitonsists of the calculation of

gravity variations from the output of a hydrolodiozodel. This task has to be performed if
gravity measurements shall be reduced with modglesults. If a certain hydrological

parameter shall be derived from gravity measuresém task is even more complex,
since the gravity measurement integrates ovehalhges.

Since the gravimeter is mainly influenced by thernsurrounding, a model with a

relatively high resolution is needed in the areaund the gravimeter. The modelling

approaches in the TERENO site use a grid size38f m. Thus the model has to be refined
for the grid cell, the gravimeter is located in.
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Leirido et al. [2009] present a method which cam&ed to calculate hydrological-induced
temporal variations in gravity from any hydrolodicaodel, provided Earth curvature
effects can be neglected. The method is consistirthree equations. The water storage
change in hydrological model cells is modelled asnpatic mass storage change. The
hydrological density changes depend on the hydrological state variables, pexvidy
the hydrological model. Three different cases lfier ¢omputation op are distinguished:

saturated zone: Ap=p, 5, [Ah (67)
vadose zone: Ap = p, [An (68)
overland water bodies: Ap = p,, 5 (69)

Pw water density

S specific yield

Ah  hydraulichead change

An soil water content change

S flooding state (1 if flooded, O else)

For the density change of unconfined aquifers aretland water bodiedp is constant
between the initial and final water table and zelsewhere. Then it holds for the density
change at a positiag y, z (z positive downwards):

Ap(x, Yy, 2=p,0S5(xy 0 { Xy ) (70)
lforz (x,y)< z< z(x yif ;= ,z(water table falls
with f(X,y,2)=<1forz (x,y)> z> z( x yif .z z(water table rises
0 else

S specific yield
Z depth of initial water table [m]
Z depth of final water table [m]

This can also be used for the snow coverage. FatrShhas to be replaced by the
percentage of the snow density with respect tovider density.

Three equations are developed for computing theemental gravity change due to
groundwater level or overland water level changeofte time step. The first equation (71)
holds for the assumption that all mass of one geidlis concentrated in the centre of the
cell (point mass equation). The second equatioh If@Ris for the case that it is integrated
over the whole mass element in one cell (prism &ouiacf. also [Torge 1989, Equation
4.26]). The third equation (73) is an approximation the prism equation, derived by
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MacMillan (MacMillan formula), since the prism edisen becomes numerically unstable
for larger distances between the instrument andé¢he

Equation 1:  Ag=Gp,SAh —h Ay (71)

(X2 + y2 + h2)3/2
Equation 1 can only be used in that waygifs constant over the whole height, where the
water level change takes place. Otherwise the mqulss to be solved for several layers.

Zp1

Xo1 Ypa
Equation2:  Ag=Gp,S, ‘)dn( yr 9+ yn( »x - arCtanX—;/ (72)
Z X
p.2 Vo2 .
. z 5(ax2+byz+cf)z 1 cz
Equation 3: Ag=G AXA — +—— 73
qu I g pw%/ ﬁE d3 24 d7 12 d5 ( )

a=+2AX —-AY -A7
with  b=-AX +2Ay -AZ
c=-AXC —AY +2A7

and d={X+y+7

The instrument is located &t 0,y = 0,z= 0; zis defined positive downwards!

h average depth of the water level in one timervate
Ah=z-z  difference in water level between two time stap$ [
Ax, Ay, Az cell size [m]

Xo,i» Ypi» Zpii, corner coordinates of a resolution cell

X, Y, Z centre coordinates of a resolution cell

For the decision which of the three equations igliagd, following criterion is used by
Leirido et al. [2009]:
X2=r2= X2+y2+22
dr? A +Ay*+AZ
- for 4*< 4 prism equation is used
_ for 4*< 81 MacMillan formula is used

- else point mass equation is used

(74)
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For the unsaturated (vadose) zone the density ehhiag to be determined for every
horizontal layer. The term fakp is now only valid for a layer with heighiz, and the point

mass equation (71) is replaced by the sum of theitgrchange for each layer:
layers =
4

Ag = Z Gpw(ﬂf _”i)Az,i 5 ) 5\3/2 AXy ( 75 )
i=1 (x +y+z )

Z depth of the cell centre (mean cell depth)

s final water content

i initial water content

In the other two Equations 73 and P L5, has to be replaced tpy (7, —7,) for the
unsaturated zone.

3.3  Signals in the Ammer catchment

3.3.1 Atmosphere
Pressure variations in the TERENO area from ECMWRth

ECMWEF data (Class: Operational archive, Stream: @8pheric model, Type: Analysis,
Parameter: Surface pressure, Grid: 0.25° x 0'253) the years 2007 and 2008 for surface
pressure with a temporal resolution of 6 hours arspatial resolution of 0.25° is used to
asses how large atmospheric variations are in EHRENO area. For this three grid cells
with the centres at 47.5° latitude 11° longitudé,7%° latitude 11° longitude and 47.5°
latitude 11.25° longitude, which cover the wholeREINO are taken, and the mean of
them is computed. To check if there are some ssgwdh longer periods, also weekly and
monthly means are calculated. To estimate theanfie of these variations on gravity, the
pressure variations are multiplied with the admitta factor of -0.31Gal/mbar. Because
there is also the coarse approximation of -0.3 mmafnior the geometric loading effect,
the scale on the y-axis of the Figures 3.4, 3.638ds also valid for [mm].

17 obtained fronmhttp://www.ecmwf.int/products/data/archive/findent; last access 25.11.2010
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ECMWEF surface pressure, 6 h values, mean of tlles [47.5°11° [47.75°11° and [47.75°11.259]
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days since 1st December 2007
Fig. 3.3: 6 hour surface pressure values for the years 2662008 from ECMWF for tiles with
the centres 47.5° lat. 11° lon., 47.75° lat. Dif. land 47.5° lat. 11.25° lon.; the

horizontal line is mean pressure over the whotegde

ECMWF surface pressure correction (-0.3 uGal/mbar) relative to first value, 6 h values from 3 tiles
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Fig. 3.4: Surface pressure correction relative to firsuegtom 6 hour surface pressure values
(cf. Figure 3.3), computed with admittance facthB uGal/mbar
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Fig. 3.5:

Fig. 3.6:

ECMWEF surface pressure, mean of weeks, mean of tiles [47.5°11°] [47.75°11°] and [47.75°,11.259)
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Weekly surface pressure values for the years 20072008 from ECMWEF for tiles
with the centres 47.5° lat. 11° lon., 47.75° 14t° lon. and 47.5° lat. 11.25° lon.

ECMWF surface pressure correction (-0.3 pGal/mbar) relative to first week, mean from 3 tiles
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Surface pressure correction relative to firsuedtom weekly surface pressure values
(cf. Figure 3.5), computed with admittance facthB uGal/mbar
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Fig. 3.7: Monthly surface pressure values for the yearg 20@ 2008 from ECMWF for tiles
with the centres 47.5° lat. 11° lon., 47.75° 14t° lon. and 47.5° lat. 11.25° lon.

Fig. 3.8: Surface pressure correction relative to first vdioen monthly surface pressure values
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In Tables 3.1 and 3.2 the minimum and maximum \slaed variations are given in
[mbar] and in jiGal], respectively. They are given for the 6 haime weekly and the
monthly values, which are shown in the Figures t8.43.8, and additionally for daily
values.

variations within two years variations relative to
(relative to first value) previous measurement

min max max var. between max change | mean change
[mbar] [mbar] two values [mbar] [mbar] [mbar]

6 h -39.66 11.13 50.79 11.42 1.34

day -32.19 13.67 45.86 19.90 3.34

week |-22.92 10.01 32.93 20.07 4.97

month | -11.17 5.37 16.54 16.53 3.36

Table3.1: Pressure variations in the TERENO area

variations within two years variations relative to
(relative to first value) previous measurement

min max max var. between max change | mean change
[uGal] [uGal] two values jiGal] [uGal] [uGal]
([mm]) ([mm]) ([mm]) ([mm]) ([mm])

6 h -3.34 11.90 15.24 3.42 0.40

day -4.10 9.66 13.76 5.97 1.00

week | -3.00 6.88 9.88 6.02 1.49

month | -1.61 3.35 4.96 4.96 1.01

Table3.2: Resulting gravity and height variations from thegsure variations

It can be seen that the overall maximum deviatibtwo values is largest for the 6 hour
values. This is understandable because the damasthed during the averaging for a
certain time span. From the 6 hour values the maximressure variation of 50 mbar for
the TERENO area can be derived, which correspandgtavity change of about i&al.

The changes relative to the previous time stepaarendicator for the periodicity of the
atmospheric signal. The largest changes occur leetadjacent weeks with an average of
5 mbar. For daily and weekly data a maximum chdregeeen two time steps of 20 mbar
is found, for monthly values the maximum is onlySLénbar. Remarkable is that there is
even a pressure change of over 10 mbar in betwéaui®, but the mean change for the 6
hour values is clearly smaller than for the otlveetspans.

These results confirm that the main period for gesnin the atmosphere are several days
as described in Chapter 2. A seasonal signal, whiashalso claimed in Chapter 2, can not
be found in this data. In Figure 3.7 no real depeng between pressure and the season
can be seen. But it can be recognized in the platds the 6 hour and weekly values
(Figures 3.3 to 3.6) that the short- to medium-teamability of the pressure is larger in
the winter than in the summer period.
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The analysis also indicates that there are nondistecurring periods in the atmospheric
signal.

Evaluating these results with respect to geomaetigplacements it has also to be
considered that the Earth does not react to veoyt-sbrm changes, but mainly to large
pressure systems of certain extent, as describ&hapter 2. Hence there should not be
placed so much confidence in the estimations wWighunit [mm] in Table 3.2, especially

for the 6 hour and daily values.

Comparison in of situ data from HohenpeiRenberg aB€MWF data

Now the consistency of the ECMWF data is validatgth measurement data from a
station on Hohenpeil3enberg. For that daily mean® lmeen calculated from both, the
ECMWEF 6 hour values and the Hohenpeil3enberg hawalyes. Figure 3.9 shows both
data series.

The mean offset between the two data series is 12b&r. This relatively high value is
related to the fact, that Hohenpeil3enberg is @stan a pre-alps peak and because of this
the mean height of the ECMWF grid cell may be dleamaller. But, as can be seen in
Figure 3.10, the pressure changes, relative tdfiteeday of the data, show the same
behaviour. The difference of both series shows amlyariation of+2 mbar after
subtracting the mean offset (Figure 3.11). From thean be concluded that the error if
ECMWEF data is used, instead of local pressurenith(s case) smaller thanuGal.

surface pressure

[hPa], [mbar]

—— Hohenpeissenberg
—— ECMWF (tile: 47.75°lat, 11.0°lon)
1 1

1 1 1 1 1
100 200 300 400 500 600 700
days since 1st December 2007

870

Fig. 3.9: Comparison of daily surface pressure values foyé&aes 2007 and 2008 from
observation station Hohenpeil3enberg and ECMWHfile centre 47.75° lat. 11° lon.
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surface pressure - deviation from first day
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Fig. 3.10: Daily surface pressure deviations from first day,falues from Figure 3.9

Difference between Hohenpeissenberg and ECMWF data (mean offset, -22.5 mbar, subtracted)

[hPa], [mbar]

e

1 1 1 1 1 1 1
100 200 300 400 500 600 700
days since 1st December 2007

Fig. 3.11: Difference between the Hohenpeil3enberg and ECWiMiace pressure data from

Figure 3.9, a mean offset of -22.5 mbar is subgdhc

Two characteristics of the pressure differencebmderived from the plot (Figure 3.11):

The deviation is smaller in the summer (the largesitive values are the one with
the smallest deviation because of the subtractgdtive offset).
The variability in the deviations is larger in thenter (probably because the

pressure values themselves show a greater vatyabili
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The variations in gravity are derived from the Hobeil3enberg data in the same way as it
was done for the ECMWEF data (cf. Table 3.2). Trabvers -4.39uGal as minimum, 9.07
uGal as maximum and a maximum variation of 131@&l, what is nearly the same as for
the mean of the three ECMWHF-tiles.

3.3.2 Hydrology
Precipitation

Figure 3.12 shows daily precipitations sums forybar 2008, Figure 3.13 shows monthly
precipitation sums for the years 2007 to 2009, lhoththe stations in Ettal (Linderhof) in
the south and HohenpeilRenberg in the northwestntbe seen that the precipitation is
larger in the summer period. As told in the begignof the chapter the precipitation is
larger in the southern mountainous region, what lmarseen at the mean (2007 - 2009)
yearly precipitation sums of the two stations:

Ettal-Linderhof: 1605 mm

Hohenpeil3enberg 1118 mm

daily precipitation sum
60

—o Ettal-Linderhof
—+ Hohenpeissenberg

50

40

LN o Sellul g
200 250 300 350

day of 2008
Fig. 3.12: Daily precipitation sum for the stations Ettal-Lartiof and Hohenpeilenberg for the
year 2008
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monthly precipitation sum

= Ettal-Linderhof
=== Hohenpeissenberg
250
¥ N A

300

n

o

=]
T
plaplepityt

N

T
—
|

[mm]

g

—~
— \
> /
\
——
————

\ / 1 P
501 Sma ; L/ \,\1" N v, \

Y v WV ! s

\

1

0 1 | | 1 1
Jan07 Apr07 Jul07 Oct07 Jan08 Apr08 Jul08 Oct08 Jan09 Apr09 Jul09 Oct09

Fig. 3.13: Monthly precipitation sum for the stations Ettaktlerhof and Hohenpeif3enberg for the
years 2007 to 2009

From the monthly precipitation sums the changéefwater storage is estimated using the

following assumptions.
The proportion of the stored water, which is nat ldue to evaporation and surface runoff,

is one third. Then the storage for one month isneded using the following equation:

i-3 i-6
stg= > pre¢ montjt > prec morth2 (76)
monthe -1 montk +4

This equation is also used by Demoulin et al. [20@7s a kind of smoothing filter for the
precipitation.

Since there is no start value available, one cdy estimate the storage change. Here the
deviation from the mean value of the three yearsaisulated for both stations (Figure
3.14). An annual signal arises from these estimatgs a maximum storage in the end of
summer / autumn and a minimum in spring. Snow g@ravhich is not considered in the
approximation, may attenuate this minimum but wok change the annual characteristic
of the signal. This estimation clearly differs frotime signal from global models (see

below).
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storage estimation
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Fig. 3.14: Simple water storage variation estimation usingdfign 76 for the years 2007 to 2009
with precipitation data from the stations Ettahtierhof and HohenpeiRenberg

Groundwater level

Groundwater level time series are available forgbeod from 1.11.99 to 31.10.01 [Mayr
2004]. In Figure 3.15 the groundwater level vaoas for the stations Ettal and Graswang

in the south of the TERENO area are shown. In Equit6 the groundwater variations for
the stations Weindorf, Deutenhausen, St. Andraekaodau, all in the northeast of the

TERENO area, are shown.
It can be seen that for most stations high waterl¢eare reached in the summer period and

low water levels in winter or spring. This fits a&lely well to the storage estimation in
Figure 3.14. It has to be regarded that the obtervavells can only depict the variation of
one groundwater layer and that there can be mgerdaabove or below with different

behaviour.

In Figure 3.17 gravity variations are calculatesnir the groundwater levels as
approximation, assuming a cylinder with radius 200n which the groundwater change
takes place. The specific yield of the saturatelisset to 0.1. The fictive gravimeter is
located at the centre of the cylinder. Except ois@rang the maximum variations for all
stations are in a range of 3 tu6al. Graswang shows a very high signal with a marim

variation of about 6Q.Gal.
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Fig. 3.15: Groundwater level (left) and groundwater level &aoins (right) for stations Graswang
and Ettal for the period from 1.11.99 to 31.10.01
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Fig. 3.16: Groundwater level (left) and groundwater level &aoins (right) for stations Weindorf,
Deutenhausen, St. Andrae and Kronau for the pémod 1.11.99 to 31.10.01
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Fig. 3.17: Gravity variations due to groundwater variationswh in Figure 3.15 and 3.16, using a
cylinder with 200 m radius and a specific yieldddf for the approximation

Estimates of annual signals

Figures 3.19 and 3.20 show measures for signals witmainly annual period from
following sources:

« Equivalent water heights (EWH) from GRACE

Equivalent water heights are derived from monthRAEE fields of the years 2007 to
2009. GSM-2 fields from GFZ Potsdam, developed apdégree 120, are used. The
deviation of the coefficients from the mean coedints of these three years is converted to
EWH with Equation 27 given in Chapter 2. The caeéiints are processed with a Gaussian
filter of radius 500 km. This implicates that th&/H are representing a regional signal.
The plotted EWH are the mean of two one degrees osith the following centre
coordinatesy = 47.5°,4 = 10.5° and» = 47.5°,4 = 11.5°.

Additionally gravity anomaly variations are dirgctlerived from the filtered deviations of
the coefficients (see Figure 3.21).
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« Water storage from WGHM

The WGHM (Watergap Global Hydrological Mo#8lis a conceptual global model that
simulates the continental water cycles with 0.58ohetion. Modelled water storages
include interception, soil water, snow, groundwated surface water. The model is forced
by climate data from the ECMWF and precipitatiotadaom GPCC (Global Precipitation
Climatology Centre). [Werth et al. 2009]

The signal in Figure 3.20 is the deviation from thean water storage of the time interval
Jan. 2007 to May 2009 for the mean of the gridscedith following centre coordinates:
¢ =47.75°1=10.75° ang = 47.75° 1 = 11.25°.

« Annual deformation signals from homogeneously repssed VLBI and GPS height
time series
Tesmer et al. [2010] calculated long term heighiesefor VLBI and GPS stations. From
these series mean annual signals were formed.ig pisssible because signals of annually
repeating nature appear after an appropriate samgptlusters of stations with similar
mean signals are built and a common signal is tzked (weighted means of the mean
annual signals of each clusters’ statiensegional average mean annual signals). The
mean annual signal in Figure 3.19 is calculatedanfiithe height series of the stations
Kootwijk, Potsdam, Toulouse, Wettzell and Zimmemvalhese stations represent regional
geophysical deformation effects in Central Eurogee( Figure 3.18, left). A good
geophysical interpretability of the data as intégextical deformation is assumed by the
authors. The good agreement of the different statindicates that it is a real signal and no
local or technical artefact. The mean annual sgyf@l all clusters can be obtained from
the IAPG homepadé

Annual signals of cluster E2
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Fig. 3.18: Annual deformation signals from homogeneously regssed VLBI and GPS height
time series [Tesmer et al. 201QJuster E2 (left) and mean annual signal for all E2
stations (right), figure from IAPG homepaye

18 DOLL P,KASPARF, LEHNERB (2003)A global hydrological model for deriving water akedility
indicators: model tuning and validatiodournal of Hydrology, 270 (1-2): 105-134.
19 http://www.iapg.bv.tum.de/mean-annualsist access: 28.11.2010
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The EWH should only represent the changes in vaiteage, while the E2 signal includes
also atmospheric loading or other geophysical &fdaut the hydrology is a main part of
the signal, since the short term atmospheric effstiould be removed because of the
smoothing.
EWH and E2 are plotted in Figure 3.19. For the EWft¢ can detect an annual signal in
the data, maxima can be found in the spring (otewjnminima in the autumn. The E2
annual signal has its maximum in August and itsimirm in January. This corresponds to
the EWH signal since a larger loading mass leadsdecrease in station height. There can
also be seen a small phase shift between the sigmal the subsidence or the rise of the
station comes too early. This can have severabrsadue to the different origins of the
signals:

- other effects than hydrology, which may be inclugethe E2 signals

- signals represent not fully the same area (filedius from GRACE- area

covered by E2 stations)
- area means (GRACE) vs. point data (E2)

annual signals
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Fig. 3.19: Comparison of GRACE derived equivalent water haigird surface displacements
from E2-stations (see Figure 3.18)

The geometric E2 loading signal can be taken asference value for the magnitude,
which can be expected for the (annual) loadingaignthe TERENO area:

min E2 -3.5mm

max E2 4.2 mm

peak to peak 7.7 mm

The peak-to-peak variation is smaller than 1 cnthiff signal shall be derived, signals with
shorter wavelength, mainly the ocean loading ared short-term atmospheric pressure
changes, have to be reduced accurately.
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annual signals

[cm]
I

I

—— EWH from GRACE

-8
f —— Water storage from WGHM
1 | 1

- 1 1 1 L I
Ja?n07 Apr07 Jul07 Oct07 Jan08 Apr08 Jul08 Oct08 Jan09 Apr09 Jul09 Oct09

Fig. 3.20: Comparison of water storage change with EWH fronAGR and data from WGHM

In Figure 3.20 a comparison of the water storagengh from GRACE and from WGHM
Is shown. It can be seen that the signals shom#asibehaviour but the amplitudes of the
WGHM data are larger. Differences arise for exanifen the fact that the WGHM data
represents a smaller area. There also may betadskifto the fact that the WGHM data is
only available for a shorter time span. The resaiésshown in Table 3.3.

deviation from the mean EWH WGHM water storage
min -81 mm| 2-81 kg/nf -98 mm
max 73mm 2 73 kg/nf 119 mm
peak-to-peak variation 154 mm2 154 kg/nd 217 mm

Table3.3: Comparison of the signals shown in Figure 3.20

It is remarkable that that the period with the m@®cipitation is the summer, what leads
to the estimation of maximum storage in summerfaatusee Figure 3.14), but the
maximum of the water storage from GRACE as wellfrasn WGHM is in spring (or
winter). That indicates that the local effects nhaytotally decoupled from the regional or
global effects.

The variations of the EWH can be approximately ested to annual gravity variations in
a simple way with applying the factot@ = 0.042uGal nt kg™ for the direct attraction of
a Bouguer plate. This approximation for an annual/igy signal leads to a peak-to-peak
variation of 6.5uGal. It is plotted in black in Figure 3.21 and cargd to gravity anomaly
variations which are directly derived from the GRACoefficient differences. As it should
be this leads to a very similar signal but with Bemaamplitude, the peak-to-peak variation
is only 4.4uGal.
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annual gravity signal from GRACE
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Fig. 3.21: Estimation of gravity change derived from GRACE ity coefficients; comparison
of direct computation of gravity anomaly changed aomputation using EWH and

Bouguer plate approximation
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In Chapter 1 the motivation for the multi-sensast teite was addressed. In the present
chapter all candidate measurement techniques atdunments shall be introduced and
discussed. A lot of instruments and capacitiesaaadlable or (in case of the TERENO
instruments) will soon be installed:

- meteorological and hydrological in situ measuremergtrumentation from the
TERENO alpine and prealpine Ammer observatory (&ilge of extension is not
reached yet)

- meteorological and hydrological in situ measuremamtrumentation of other
institutions like Deutscher Wetterdienst (DWD) aWwhsserwirtschaftsamt (WWA)
Weilheim

- relative-spring gravimeter for field observationsm IAPG

- GPS receiver for measurement campaigns

-  GNSS permanent stations in the TERENO area or snvitinity from different
organisations

-  SAR system: TerraSAR-X and TanDEM-X; limitationsthvrespect to the availability
of images, since there may be acquisitions witihdigriority

- monthly GRACE fields

Further instrumentation would be an asset for éise dite:

- gravimeter with larger potential for detecting shgaavity variations

- further permanent GPS stations

4.1  Meteorological / hydrological measurement stati  ons

Beside the modelling efforts coming with the TERENE3t site, several instruments,
which can provide in situ data, are installed. Taéa from all TERENO instruments will
be provided in real time on a web server in futkeall sites, hosting instruments, an
internet connection is available, and all are cotetkto the power supply system.
Additionally to the TERENO instrumentation a list measurement stations of other
organisations is given.
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TERENO Instrumentation
- EC tower / climate stations

In the TERENO test site two EC (= eddy covariarioglers are installed at Graswang (see

Figure 4.1) and Fendt, a third one will be insthlEg Rottenbuch. “The eddy covariance

(EC) method is a well-developed method for measgutiire fluxes of momentum, sensible

and latent heat (water vapour), and COetween terrestrial ecosystems and the

atmosphere® On and around these EC-Towers several differatliments are mounted:;

those which are of interest are listed below:

- several water content reflectometers measuring vgaier content in 6 depth levels
from 2 to 50 cm

- meteorological station measuring wind velocity, avidirection, air temperature,
relative humidity, air pressure, duration of ralhfaainfall intensity, quantity of
rainfall (calculated) and dew point (calculated)¢ls an instrument is also mounted at
the rain radar site in Geigersau (see below)

- acoustic distance sensor for measuring snow height

Fig. 4.1: EC tower at Graswang

Three more standard climate stations measuring,vgretipitation, pressure, temperature
and humidity shall be installed in the TERENO area.

20 from: http://imk-ifu.fzk.de/395.phplast access 01.11.2010
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« X-Band precipitation radar

At Geigersau (Kirnberg, 949 m) an X-Band precipitatradar with a 50 km scan radius is
installed. This means the whole Ammer observato even a larger area around can be
covered using this instrument.

Evaluation of rainfall data of different time pet® is performed by combining
precipitation data of 40 stations within the scahagea to th&/R-relationship [Wehrhahn

et al.]. Z stands for the radar reflectivity factdr, for the rainfall rate. Because of the
variability of this relationship, depending on then properties, its determination is an
actual topic of research.

« Lysimeter

A lysimeter is used to measure evaporation andffutigs a cylinder which is embedded
in the ground and filled with a soil monolith. Thesil monolith shall be as conform as
possible to soil and vegetation of the lysimetetsrounding to simulate an undisturbed
situation. A weighing lysimeter has a weighing @evunderneath (e.g. using a hydraulic
pressure gauge), that allows to monitor any chamgdhe overall water storage.
Additionally the runoff through percolation=(movement of fluids through porous
material)Q is measured at the ground of the lysimeter.

With help of the water balance-equation (cf. Forangdl) the actual evaporati@can be
determined:

E=AS-P-Q (77)
The water storage chang&is obtained from the weight change of the soil olibm. P is
precipitation which has also to be measured simatiasly and closely to the lysimeter. It
is also assumed that the runoff through percolatibthe ground is the only runoff in
Equation 77. Then the evaporation can be calculaiedubtracting precipitation and
runoff from the storage change. But this also méhasevery error in the measurement of
the quantities and every non-considered effeciraegpreted as evaporation. [Davie 2008]

Lysimeters are installed at the TERENO sites ins@emng (6 lysimeters) and in Fendt (18
lysimeters), and will be installed at the site iotf@nbuch (12 lysimeters). The main aim of
this lysimeter network is to simulate the climatage, by bringing soil monoliths from
the higher sites to the lower sites. Since thessite at different height levels, they are at
different temperature levels (cf. Figure 3.1), whiatulates the warming.

The used lysimeters, shown in Figure 4.2, havddi@wving characteristics:

- surface area: 1M

- depth: 1.2-15m

- resolution: 10 g (equivalent to 0.01 mm precipiiat water height)
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Fig. 4.2: Lysimeter in Fendt

Measurement stations in the TERENO area

Further measurement stations, provided by diffeoeganisations, mainly for hydrological
data, are listed in Table 4.1. Some of the datebearetrieved from the stated webpages.

Type Location Waters Carrier Source |[Comments

gauge / runoff Oberammergau Ammer WWA Weilheim [1] |data online available
gauge / runoff Obernach Ach WWA Weilheim [1] |data online available
gauge / runoff Unternogg Halbammer WWA Weilheim [1] |data online available
gauge / runoff PeiBenberg Ammer WWA Weilheim [1] |data online available
gauge / runoff Weilheim Ammer WWA Weilheim [1] |data online available
gauge / runoff Obernhausen Ach WWA Weilheim [1] |data online available
gauge Seehausen Staffelsee WWA Weilheim [1] |data online available
precipitation Ettal-Linderhof - LfU [2]

precipitation Wielenbach (Demollstr.) - DWD [2] |see also meteorological station
precipitation Oberammergau - DWD [2]

precipitation Bad Kohlgrub - DWD [2] |see also meteorological station
groundwater level Weindorf (Murnau) - WWA Weilheim [3]

groundwater level Wielenbach - WWA Weilheim [3]

groundwater level Graswang - WWA W m [3]

groundwater level Deutenhausen (Weilheim) - WWA Weilheim [3] |data online available
groundwater level Kronau - WWA Weilheim [3] |data online available
groundwater level Ettal - WWA Weilheim [3]

meteorological station |HohenpeiBenberg, ID: 2290 - DWD [4] |data online available
meteorological station |Wielenbach (Demollstr.), ID: 5538 - DWD [4]

meteorological station |Bad Kohlgrub (Rosshof), ID: 2708 - DWD [4]

[1] http://gisportal-umwelt.bayern.de/...
website/lfw/mapservice/gkd/gkd_default.htm?applD=gkd_wstand_abfluss; last access 29.09.10
[2] http://www.lfu.bayern.de/...
wasser/daten/index.htm; last access 29.09.10
[3] http://www.lfu.bayern.de/...
wasser/fachinformationen/grund stand/m tellen/index.htm; last access 29.09.10
online data from:
http://www.nid.bayern.de/grundwasser/index.php?thema=niedrigwasser&days=0&wert=grundwasser; last access 19.10.10
[4] http:/www.dwd.de/...
bvbw/appmanager/bvbw/dwdwwwDesktop? _nfpb=true&_pagelLabel=_dwdwww_menu2_leistungen_a-z_daten...
&T20411256401155013127273gsbDocumentPath=Navigation...
%2FOeffentlichkeit%2FWir__ueber uns%2FMessnetz_ node.html%3F nnn%3Dtrue; last access 29.09.10

Table4.1: Hydrological and meteorological measurement statiorthe TERENO area
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4.2 Gravimeter

There are two types of gravimeters, relative andohfbe. Relative gravimeter types
include superconducting gravimeters and relativaigp gravimeters. Every type is
introduced in the following by examples.

4.2.1 Relative gravimeter

Relative gravimeters can measure gravity different® principle there are two possible
measurement configurations. With a stationary gnawer the gravity change on a single
station over a long time can be recorded, with eddfigravimeter gravity differences
between different stations can be surveyed.

Important characteristics of relative gravimetees a

+ Calibration function / factor

A calibration function is needed to convert the sugad units (counter reading) into
gravity units. Because of the several parametdigeincing this function it can only be
modelled. The model parameters are derived fromsareanents of lines or profiles with
known gravity differences. Generally the calibratimnction can be divided into a long
wave (linear and non-linear) and a periodic compbmeth frequencies depending on the
instrument’s design. [Torge 1989]

A calibration factor is a simpler version of thelilmation function. A single factor is
sufficient if the units can be transferred direatijo gravity units without considering the
counter reading interval.

+ Drift behaviour

Relative gravimeters show a temporal variatiorhm display of the zero position, which is
denoted as gravimeter drift. The drift can mainy Becomposed in two parts, the
stationary drift due to spring aging or long-waeenperature changes and a transport drift
due to shocks and the like, which additionally agpeduring field observations. [Torge
1989]

4.2.1.1 Relative-spring gravimeter

Gravimeters, which can be used for field measurésnane normally relative-spring
gravimeters. The essential part of a spring graiemes the spring-mass-system which
functions as the gravity sensor. The propertieghefcounterspring which generates the
equilibrium in the gravity field are decisive fdsiquality. A pick-off system is used to
measure the change of the equilibrium positiontdugravity changes.
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Spring gravimeters show large drift rates. Thetdsifcaused by fading of spring tension
and by uncompensated disturbing effects. Type amghitude of the gravimeter drift are a
function of [Torge 1989]:

type and characteristics of the specific instrument

age and usage of the instrument

vibrations and shocks acting on the measuremetgrays

uncompensated changes of the voltage of the pavpgiys

For gravimeters, which use a metal spring (ZEZ¢€ro Length Spring) technology, used
for example for LCR (LaCoste-Romberg) gravimetettsd, aging of the spring reduces the
drift rates with time from several tens @iGal] per day to nearly zero after several years.
For quartz springs, as used for example for Scirgravimeters, the drift rate remains high
in the order of 10@Gal to 1 mGal per day [Torge 1989].

In the following values for the accuracy of thetinments are given, but this is only a
benchmark, since the accuracy which can finally rbached for a measurement is
dependent on many influences like

- quality of calibration, calibration errors,

- transportation time, method of transportation (&isdc

- magnitude of total gravity difference,

- usage of a electronic feedback system (for LCR-G)

- temperature fluctuations.

Inventory

The relative-spring gravimeters listed in Table dr2 available, their characteristics are
described in detail below.

Institution | Type Comments

IAPG Scintrex CG-3M

IAPG LaCoste & Romberg Modell G functionality hasbie proven

IAPG LaCoste & Romberg Modell G functionality hastte proven,;
with electronic feedback system

BEK LaCoste & Romberg Modell G

Table4.2: Available relative-spring gravimeters

Scintrex CG-3M
With the Scintrex CG-3M gravimeter gravity valuesxde recorded with a resolution of 1
uGal. The specification [Scintrex 1995] quotes fbe ttypical repeatability a standard
deviation of 5QuGal, which seems to be quite large, in particutafoa the cheaper model
a standard deviation for the typical repeatabditylO uGal is given. The experiment in the
basement (cf. Section 5.1.1) shall help to evaluhte gravimeter in terms of the
measurement accuracy.
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A description of the measurement principle of timstrument and its handling can be
found in Schmeer [2006]. He claims an accuracy td 20uGal for the measurement of
gravity differences. Timmen and Gitlein [2004] gettimates for the accuracy (standard
deviation) of single gravity differences for th&@cintrex CG-3M in the order of 4 to 10
uGal on different calibration lines. On an experitetith less disturbing influences they
get a standard deviation of 3iGal. They also examined the drift and found a tjear
linear behaviour for the (stationary) long ternftdimo transportation). For the drift during
field surveys the assumption of a linear behaviags not hold anymore. Because of the
enormously varying drift in that case (-0.49 to 5 8ns%d, mean: 3.2ums?d), they
recommend to use the step measuring method (ctggrd989]) with at least three
occupations of each station and by considering idrihe postprocessing procedure.

For the Scintrex gravimeter a calibration can baedavith observing some gravity
differences between reliable gravity stations tdederine a simple calibration factor
[Timmen and Gitlein 2004]. For the IAPG Scintrexagmeter this was carried out with
larger effort in the gravimetric calibration systé&barmisch-Zugspitze in 2006 [Schmeer
2006].

LCR-G
The functional details of the LCR-G instruments banfound in Torge [1989]. Dependent
on the effort and circumstances of a measuremexyracies of 2 to 2@Gal can be
reached.
In contrast to the Scintrex gravimeter a much mextensive calibration procedure is
necessary for LCR gravimeters. It is needed to awpthe calibrations tables provided by
the manufactures. This is because LCR gravimeteffersfrom periodic errors from
measurement screw and transmission, which do nist 8¢ the CG-3 system. Thus a
modelling of periodical calibration terms and ofheher order polynomial calibration
function is required for the LCR-G gravimeter.
The functionality of the IAPG LCR-G gravimeter himsbe tested. A first campaign was
performed on 1% June 2010 with both instruments and the LCR-G igrater from the
BEK (Bayerische Kommission fur die Internationaled@essung). In the following a
calibration campaign has to be performed for makihgse gravimeters ready for
operation.

Optional new instruments
There are newer models on the market, which aredoas the technology of the above
mentioned gravimeters. These instruments providierger accuracy and some new

features like a port for connecting a GPS rece([@3-5) and easier ways for data logging
and reading.
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The gPhone Gravity Meter of Micro-g LaCoste is based on the LCR-G technpldghe
specification for this instrumefitreports a reading resolution of QuGal, a precision of 1
uGal and a drift rate of 1.5 mGal/month50 uGal/day. This instrument is suitable for
monitoring tasks but it is not appropriate for dietampaigns. The accuracy level is
between the field gravimeter and the supercondggiiavimeter (cf. Section 4.2.1.2).

The Burris Gravity Meter is based on the same technology, but can be wsefield
campaigns. Its specificatiéhreports a data repeatability of 5 touGal and a drift of
approximately 1.0 mgal/month when it is new and ldgan 0.3 mgal/month when it is
mature.

The Scintrex CG-5 gravimeter is the successor model of the Scint@3-3. Its
specificatio”® reports a reading resolution ofuGal, a standard field repeatability of less
than 5uGal and a long-term drift of less than 2Bal/day (static).

An overview of all mentioned instruments can benfbin Table 4.3.

4.2.1.2 Superconducting gravimeter

“In superconducting gravimeters (SG), the forcegadvity acting on a proof mass is
compensated for by a magnetic counterforce. A lagh-term stability is achieved by the
superconducting state of the proof masses and tineent-filled coils generating the
magnetic field.” [Torge 1989] With this construgtia non-mechanical spring is created.
The SGs are far superior to spring gravimeters Withr extremely low drift rates, low
noise and constant calibration factors. Becauseth, SG provide a precise and
continuous record of gravity variations that ocouwer periods of days, months, years or
even decades with high stability and precision. abeuracy of 1/10 to 1/10dGal allows
the measuring of very small signals. They are the anstruments which have the
feasibility to measure annual gravity signals veithall amplitudesyGal, 1/10uGal).

SG gravimeters are very expensive (several 10060@hd complicated to run, especially
the stationary GWR Observatory Superconducting Grater (OSG) with its complex
construction. SGs are used in the Global Geodyrairoject (GGP), an association of
observatories with SGs, which is introduced above.

The OSG is a stationary instrument. The specifications flois gravimeter report a
precision of 0.012 to 0.040Gal for a one-minute averaging time and 0.002 6@®uGal
for a one-hour averaging time. The drift is typigdéss than uGal / year, which is 0.016
uGal / day, after a 6 to 12 month stabilization pgriGWR Instruments 2007]

TheiGrav SG Meter is designed to be portable, easy to use and nasshdxpensive=(
half of the costs) than the GWR Observatory SGs@PS he specifications for this

L http://www.lacosteromberg.com/pdf/Brochure-gPhode. fast access 01.11.2010
22 http://www.zlscorp.com/prod01.htrtast access 01.11.2010
2 http://www.scintrexltd.com/documents/CG-5BrochureRedf last access 01.11.2010
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gravimetef* report a precision of 0.083al for 1 minute averaging and a drift of less than
6 uGal / year. The movement of this gravimeter shawdtl affect its calibration factor or
its drift rate. Even though it is a portable ingtent, it needs more effort to transport it
than a LCR or Scintrex gravimeter, since it is eiggand the components have to be
remounted at every station. Thus this gravimetaroisappropriate for a field campaign,
but it can be used more flexible than the OSG.

The superconducting gravimeters are built by GW&riiments Inc., San Diego.

Global Geodynamics Project (GGP)

SGs are used in the GGP. The following statemdrastathis project and Figure 4.3 with
the European GGP stations are extracted from the B@nepade:

“The purpose of GGP is twofold. Its main objectigeto record the Earth's gravity field
with high accuracy at a number of worldwide stagiasing superconducting gravimeters.
Each site is visited at least twice per year withadsolute gravimeter to co-determine
secular changes and check calibration. [...] The datesed in an extensive set of studies
of the Earth, ranging from global motions of theokhEarth such as the Chandler wobble
to the surficial gravity effects of atmospheric gg@re and groundwater. The SG stations
are run independently by national groups of sceémtiwho send data each month to the
GGP Data Centre [...] The second objective of GGRoisnaintain standards for the
deployment of all GWR SGs, including site, instrumjadata acquisition, and processing
guidelines for SG instruments [...]”

GGP European Stations 2010
O current B new

Metsahovi
60"

LOnsala

Membach Moxa S
50° 4 ecny
Walferdange Bad Homburg
ettzell

Strasbourg’ chiltach dontad

Medicina

Yebes
40° b

-10° 0 10° 20°

Fig. 4.3: European stations of the Global Geodynamics Pr¢&Ct), image from GGP
homepag®

24 http://www.gwrinstruments.com/photos/iGrav/iGrav1@91.pdf last access 01.11.2010
25 http://www.eas.slu.edu/GGP/ggphome.htlat access 22.09.2010

97



4 Measurement techniques

4.2.2 Absolute gravimeter

The absolute gravimetry is based on the measuremienhe acceleration quantities
distance and time. Therefore the free movementsaingor in the gravity field is observed.
Nowadays only the free-fall method is used, whilerferly also the pendulum method was
used.

For absolute gravimeters much more efforts thamdtative (-spring) gravimeters have to
be made. To reach high accuracy a very stable fafegence is needed and the free-fall
drop has to be executed in a vacuum chamber. élaive accuracy of 10° shall be
yielded, falling distance and time have to be daeieed on 1/10 [nm] level and 1/10 [ns]
level, respectively [Torge 1989]. Because of thenging gravity along the falling distance
the local gravity gradient has to be known exactly.

A stationary absolute gravimeter is #i6-5 made by Micro-g LaCoste. Its specificafidn
report an accuracy of @Gal (observed agreement between different FG-5umsnts), a
repeatability of luGal and a precision of fGal in 3.75 minutes and 0yGal in 6.25
hours.

A portable absolute gravimeter, designed for outdgmerations, is thé-10 gravimeter,
also made by Micro-g LaCoste. Its specificatidneport an accuracy of 10Gal, a
repeatability of 1QuGal and a precision of 18Gal in 10 minutes at a quiet site.

Absolute gravimeters are needed to provide thelatesscale for relative measurement.
Because of this they can support the determinatibrthe drift of superconducting
gravimeters.

4.2.3 Overview

Table 4.3 shows all mentioned types of gravimedgic shall help to find the appropriate
instrument for the particular purpose. The accuratygss is related to a single
measurement, i.e. better results can be achievtbdappropriate measuring configurations
or longer observation duration.

26 http://www.lacosteromberg.com/fg5specs. htast access 01.11.2010
27 http://www.lacosteromberg.com/al0Ospecs:Hast access 01.11.2010
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class name accuracy drift price class comments
class (estimated)
LCR-G 10 pGal 30 mGal/day (new), metal spring: zero-length-
<10 mGal/day (mature) spring principle
field. outdoor Sc!ntrex CG-3M 10 uGal hundreds of mGal/day ~ several |quartz spr?ng
spring ’ Scintrex CG5 5 uGal 20 mGal/day, 10000 € |quartz spring
. Burris Gravity 5 uGal 30 mGal/day (new), metal spring: zero-length-
relative . -
Meter 10 mGal/day (mature) spring principle
portable gPhone 1 uGal 20 mGal/day meFaI sp(ing: zero-length-
spring principle
. | iGrav .015 mGal / veral
superconducting | — ol 056 [10uGa 0015 mGal day 100000€
field, outdoor  |A-10 10 uGal -
absolute stationary FG-5/FGL 2/10 pGal G ~200 000 € |FGL is a simplified version
(limited portable) (FG-5) of FG-5

Table4.3: Overview of gravimeter types

4.3 GNSS

The principles of GNSS (Global Navigation Satellgstems) are described in many
textbooks, e.g. Seeber [2003] or Hofmann-Wellerdtoél. [2008], in detail and are not
presented here, only the following facts shall tioned:

- Main principle: Measuring of signal runtime fromffdrent satellites with known
positions (orbits) to the receiver.

- Passive self-locating method: everybody who caeivecthe signals can use them for
positioning.

- Global availability

- Microwave method: satellites send out signals enlttband (1 - 2 GHz)

- Orbit altitude of the satellites: around 20 000 KGPS: 20 230 km; GLONASS: 19
130 km)

- Operational systems are NAVSTAR-GPS (Navigatiortesyswith time and ranging -
Global Positioning System) and GLONASS (Globalidgavigazionnaja Sputnikowaja
Sistema); a Chinese (COMPASS) and a European (GAQILsystem are planned,
first (test) satellites are already working.

GNSS can not only be used for navigation and posig but also for measuring
geophysical signals by interpretation of changesstation coordinates or of relative
coordinate changes between different stations.

For detecting signals in the [mm] range geodetial dat least) frequency receivers are
necessary. Another important requirement is théilgta of the position of the GPS
antenna. That means the antenna has to be mountedfundament or directly on the
bedrock so that no local soil settlements leadeigtt changes. It has always to be paid
attention that there are no objects in the surrmgydvhich cause multi-path effects. Also
snow or ice on the antenna can lead to spurioghhehanges.

Apart from that the observation and processingtesgsais crucial for the quality of a
geometric signal derived from GPS observations. ebdmg on that, coordinates or
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coordinate changes can be detected with periods [spto [years] and, also dependent on
these, in the [dm] to [mm] range. An importanteribn is the observation duration.

Also the geodetic datum of the station coordinditas to be regarded. Dependent on the
reference frame (cf. Section 5.2.2) the station® tiar example different velocities (due to
plate tectonics).

In Table 4.4 available GPS receivers and permastatibns for possible use are listed.

institute | type | [ comments
receiver (inventory)
number of items
IAPG Trimble 4000 3fold
IAPG Ashtech 3[two of the receivers are not fit for use
IAPG Javad ?|at least one of these receivers shall be
purchased
BEK 2[can be borrowed for measurement campaign,
not usable for permanent station
IMF Leica 1200 1
DGFI 4{can be borrowed for measurement campaign,
not usable for permanent station
permanent stations
location
LVG SAPOS-Station Garmisch-Partenkirchen (Wank) |not in TERENO area
LVG SAPOS-Station Weilheim
IMK-IFU (KIT) [permanent station |Garmisch-Partenkirchen IFU1; not in TERENO area
IMK-IFU (KIT) |permanent station |Zugspitze, permanent ZUGS; not in TERENO area
BEK permanent station |Wank, permanent station not in TERENO area

Table4.4: Available GPS receivers and permanent stations

44  GRACE

The GRACE (Gravity Recovery and Climate Experimemiysion is composed of two
satellites, which follow each other in the samatoslith a distance of around 220 km. The
main principle is the measurement of orbit perttidves due to gravity. This is done by
Low-Low-SST (satellite-to-satellite tracking). Thiseans the two satellites permanently
determine their relative distance witinj]-accuracy. From this gravity field information is
derived. Non-gravitational disturbing acceleratians detected with 3D-accelerometers.
The measurements of GRACE are combined for morgblytions of the gravity field.
Various known time-variable gravity effects aresally reduced from GRACE data in the
course of the adjustment process. If all thesectffencluding oceans and atmosphere, are
removed, the variations of the monthly GRACE gmavields represent the variations of
global hydrology.

These variations are normally expressed in equivalater heights (EWH) (cf. Section
2.1.4).
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4.5 SAR (TerraSAR-X, TanDEM-X)

Since the capacities of the German radar satelli|msaSAR-X (TSX) and TanDEM-X
(TDX) shall be used for the measurement of geowsdtrsignals in this work, the
properties of Synthetic Aperture Radar (SAR) ar@nshin the context of these satellites.
The advantage of SAR measurements is that theydaanformation over a whole scene
and not only point observations.

All following explanations are extracted from Eieedand Bamler [2008], if no other is
guoted.

4.5.1 Radar imaging geometry

Radar transmits microwave pulses and receives atlibe rate of the pulse repetition
frequency (PRF). This means in range direction isngcanning at speed of light (radar
principle), and in azimuth direction (flight diréat) one is scanning at flight velocity. The
radar images have complex-valued pixels, whichaaramplitude (brightness) and phase
information.
The radar geometry can be seen in Figure 4.4. liapofor the geometry are the terms
range and azimuth. The following definitions are@éd from “ESA (European Space
Agency) Earthnet Online” Webpade
« (slant) range, ground range
“Range is the line of sight distance between th#araand each illuminated scatterer
(target). In SAR usage, the term is applied todimeension of an image perpendicular to
the line of flight of the radar. Slant range is thgtance from the radar, towards each target
and measured perpendicular to the line of flightoudd range is the same distance,
projected using a geometrical transformation ontef@rence surface such as a map. Radar
data are collected in the slant range domain, kutlly are projected onto the ground
range plane when these data are processed intoagei The resolution of the image in
the range direction is dependent on the bandwititheoemitted pulse®®
If the term range is used the one-way distance dmtwthe satellite and the ground is
meant, it is expressed in [m]. If the term delayused the two-way running time of the
signal is meant, it is expressed in [s].

azimuth
“The term azimuth is used to indicate linear distarr image scale in the direction
parallel to the radar flight path. In an image,nazih is also known as along-track
direction, since it is the relative along-track iios of an object within the antenna'’s field
of view following the radar's line of flight. Azintln is predominately used in radar

28 hitp://envisat.esa.int/handbooks/asar/CNTR5-5.bpphtasar.gloss.geo: GEOMETRMst access
02.11.2010
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terminology. The azimuth direction is perpendicutathe range direction. The resolution
of an image in the azimuth directions for a SAR gmas constant and is independent of
the range

The length of the radar antenna defines the acbievi@solution in azimuth direction,
since a longer antenna leads to a smaller beanhwidthe ground. As an antenna length
of several kilometres would be needed for a higloligion, the formation of the so called
synthetic aperture is used. Therefore several badong the satellite track are summed up
to get a synthetic long antenna.

/ . 2
azimuth/ ground range

0,: incidence angle
Fig. 4.4: Radar geometry

TerraSAR-X and TanDEM-X use microwaves in the X-8amSX uses a frequency of
9.65 GHz. The nominal orbit altitude of TSX is S5k. There are different imaging
modes for TSX with different swath width and dit#at resolution. They are listed in
Table 4.5.

mode swath width / scene| azimuth ground range resolution
extension resolution | (dependent on incidence angle
Stripmap 30 km 3.3m 1.70-3.49m
Spotlight 10 km (azimuth) x 1.7m 148-3.49m
10 km (ground range
High Resolution| 5 km (azimuth) x 1.1m 148 -3.49m
Spotlight 10 km (ground range

Table4.5: Resolutions for TerraSAR-X imaging products forgdinpolarisation, from [Fritz and
Eineder 2009]
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4.5.2 Interferometric and differential interferomet ric SAR

Because of the coherent waves (stable wave len§&R can be used for interferometry.
SAR interferometry (INSAR) combines one or more ptaxr-valued SAR images to derive
geometric information about the imaged objectsxplating phase difference.

Calculation of the interferogram from two compleXRSimagesu; anduy:

v =u, [, (78)
" = complex conjugated

The interferometric phase is calculated as follows:

B=8-¢ (79)
(As an alternative the phase can be calculatedttlirgom the interferogram.)

The different types of interferograms for differeayplications are shown in Table 4.6.
They are all explained in detail below.

baseline type name applications,
measurement of..

spatial Ab; across-track topography, DEM

fast moving targets,
moving object
detection, ocean
currents

temporal glacier/ice fields/lava
flows, hydrology,

At = [days] to [years] differential subsidence seismic
eventscrustal
displacements

At =[ms] to [s] along-track

Table4.6: Interferometric baseline types, from [Eineder amaniier 2008]

Across-track interferometry

For across-track interferometry the acquisitiotved SAR-images from different positions
is needed. Due to the different acquisition logsia baselin8 is created. This baseline is
the distance between the two satellites (or orliitghe plane perpendicular to the orbits.
Orbit inaccuracies can be used to derive the ietegram from images of two consecutive
orbits (repeat-pass, see below).

For across-track interferometry there are the ¥alhg relations:

phase of SAR image 1 ¢ =- ar

rg + (oscatt,l ( 80 )

SAR
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Liyrg

phase of SAR image 2~ @ =———(rg +Arg) + @ ..» (81)

ASAR
rg range [m]
Range differencarg is dependent on the length of the basdline

The interferometric phase is:

:_:477
@ﬂ%/]

Arg (82)
SAR

If ¢Scatt,1 = wscattZ
This applies only if the incidence angle is the edor both images, so that the reflection
properties are the same. This is approximatelydnlg if the baseline is not too long.
The obtained interferogram (example in Figure &%)sed to generate a DEM; that means
the topography is derived. Therefore the phases tmbe unwrapped. Unwrapping refers
to converting the measured phase to the absolatsepfhe appropriate number of cycles
has to be added to the measured phase. In othdswatase unwrapping is the counting
of the fringes (fringe= one phase cycle from zero ta i the image).

EREARRERRIRR N
SRR NIt

Fig. 4.5: SAR-scene: Amplitude image (left) and intérfemgr(right)

The phase chang#p due to a certain height change can be calculadeilbws g is
assumed to be constant):
99_am 8. (83)
0z  Agug rgsing,

o, incidence angle

0z change of elevation

By perpendicular baseline: projection of the basdliperpendicular to the slant range
Asar  Wave length
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- Interferometric sensibility in dependence of thevelangth

The shorter the wavelength the better resolvetiasiriterferogram, i.e. one fringe stands
for a smaller height difference. But this also neetrat the fringes lie closer together, what
makes the phase unwrapping more difficult. If thavelength is increased the distance
between the fringes is increased and it is easieotint them.

- Interferometric sensibility in dependence of theddme length

The longer the baseline the better resolved isntieeferogram, but if the baseline becomes
too long the assumption that the phase of theeseastis the same for both images does
not hold anymore. If the baseline is longer tham ¢htical baseline a loss of correlation
between the images occurs.

Dual-pass / single-pass interferometry

single-pass
Both receivers receive the reflected signal of shene pulse. This ensures a high and
constant quality of the DGM. This method was usedtiie Shuttle Radar Topography
Mission (SRTM) and is used for the TanDEM-X-missi@ee below). It holds for single-
pass interferometry that the effective baselin®ai$ of the length of the physical baseline.
repeat-pass
For repeat-pass interferometry there is temporfglebibetween both acquisitions. Due to
different atmospheric conditions and decorrelatiohshe backscattering, resulting from
changes on the ground during the time interval,gete a DGM with reduced and variable
quality.

TanDEM-X

The TanDEM-X-mission is a satellite, constructedha same way as TerraSAR-X. Both

satellites circuit themselves on a helix-like pddepending on the current orbit situation

there is a vertical or horizontal baseline.

The advantages of the TanDEM-X-mission in comparisoother radar missions are:

- no temporal decorrelation,

- free choice of the baseline: it is possible to edong-track as well as across-track
baseline.

The considerable increase of accuracy for the D@&trchination will be facilitated by

using two satellites realizing a long baseline withtime shift in acquisition time. Because

of this several disturbing influences, like atmaspdwater vapour, will cancel out.

105



4 Measurement techniques

Along-track interferometry and differential interfeemetry

With along-track interferometry and differentialterferometry displacements on the
ground in a temporal series of images shall bectkde Therefore the interferometric
phase has to be separated, to distinguish betwegohiase due to the topograping, and

the differential phasegis due to changes which have occurred between the two
acquisitions. The interferometric phase is:

Q= %po(zl B) * Dy (84)
ivrg

qadiff :TArgdiﬁ ( 85 )
SAR

ArQgit change of the length af because of displacements on the ground

The topography has to be compensated to receivdiffieeential phase only. This can be
achieved using a DGM, from whicf.po can be simulated, or using at least three SAR-
images.

With this technique only displacements in rangedtion, which is composed of tigeand
z-direction, but not in azimuth directiorx-flirection) can be detected. The largest
sensitivity for displacements can be found in rafa@ge_oS = Line of Sight) direction. The
sensitivity iny andz direction is dependent on the incidence angle. dqweations for the
displacement monitoring sensitivity are:

ar

5%.08 - P d ( 86 )
SAR

5(0)/ ) ASAR4;nHi d ( 87 )
4

o (88)

d displacement

op phase change

ForAsar= 3.1 cm (TSX) and @ .s= 2r (one cycle) one gets a fringe frequency of 1.55 cm
/ cycle, i.e. one fringe stands for a height chasigk 55 cm.

The strong limitation of differential INSAR is theaissing opportunity to distinguish
between influences of atmosphere, displacementoabitil errors, what makes it very
difficult to detect geometric signals in the rarafeonly a few [mm] to [cm], especially
when the change of the position develops over gdotime period.
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Permanent Scatterer Interferometry

Interferometric SAR with permanent scatterers catect displacements of few [mm] per
year, particularly in urban areas since there aamynpermanent scatterers. Permanent
scatterers can be metallic fences, slanted roofslomble bounces (for example two
reflections at ground and house wall), which rdfldee radar signal. They have the
advantage that they are scattering with a congithase, so that decorrelations due to
changes on the ground are avoided.

The phases of a single SAR-image are composed eofctimtributions from distance,
atmosphere, scatterer and noise. An interferogeanomposed of the contributions from
topography, atmosphere, surface displacementstabsdairors and noise. The permanent
scatterer interferometry aims at the separatiothefdifferent contributions, so that for
example the surface displacements can be extracted.

For this a lot of interferograms covering a largeet span (several years) are necessary.
The scenes have to contain several stable andtioegcoherent scatterers. All possible
interferograms between one master and all otheeslaages are formed. For removing
the topography the dependence of the INSAR-phadkeohaseline is used. The long time
span is required to be able to separate the effects

The limitations of this technique for the measurofggeometric signals are the need of
many permanent scatterers and of a long time sefiesages.

4.5.3 New approach: absolute SAR measurements

In the methods above interferometric methods aessary to derive changes on the
Earth’'s surface. Now position changes of pointstib@ ground or the delays in the
atmosphere shall be derived from absolute measumsmef the range. The main
objectives, which make this possible, are the peeorbits (cm-range) for the TerraSAR-X
satellite (cf. 5.2.3) and the technical feasibildy the satellite to provide high pixel
localization accuracy. A [m]-accuracy for the pixXetalization has been reached with
implementing simple ionospheric and troposphericle®in the SAR processor to correct
for their delays. [Eineder et al. 2010]

The two parameters which influence the range tertam point on the ground most are
tropospheric variations and the solid Earth tidegh with amplitudes in [dm]-range. The
ionosphere is a smaller error source for X-Band-{#de Section 2.5.2.2 and Table 2.3).
Further influences with smaller impact, which hawde considered to increase accuracy,
are:

- ocean loading, pole tide

- internal clocks / oscillators (drift, synchronisat)

- electronic delays
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4 Measurement techniques

- surface displacements
- orbit determination

The accuracy of the azimuth measurements is infleerby the orbit determination,
electronic delays and the internal clocks.

In Section 5.2.3 it is pointed out that the TSXitwlare shifted to the phase centre of the
SAR antenna what opens the opportunity for furingsrovements, since. If the vector
from centre of mass to phase centre is not detedramccurately, there will be a systematic
error in the orbit and therefore in range and atinmieasurements.

If all errors would be eliminated perfectly, theoedinates of an unambiguous detectable
point on the ground in different images would odiffer within the orbit inaccuracies.
These possibilities motivate for following new apgaches:

- Measuring surface displacements, without the typmablems of interferometry
(phase unwrapping, phase ambiguity, need of refer@oints), since there is now an
absolute difference in the location of a point loa surface between two time steps.

- Derivation of water vapour maps by definition ostandard atmosphere for which a
deviation can be determined from “range anomali@d’surface displacements have
to be reduced by models before.

- Detection of orbit errors. The measured range oheduall disturbing influences but not
the orbit error. A range calculated from SAR orlzitel a GPS position on the ground
includes only the geometric distance and the aiir in range direction (cf. Section
5.2.6). If the disturbing influences are completedynoved from the measured range,
the difference of measured and computed rangeisrtit error.

In Section 5.2 a test campaign for evaluating meas8AR ranges, using ranges derived

from GPS coordinates, is presented. This will révba possibility of measuring small
geometric signals with TSX or TDX.
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5 Test measurements

In this chapter three test campaigns are preseiited.of them are performed with the
Scintrex CG-3M gravimeter (5.1). It is used asaishary instrument in the basement of
the TU Minchen (5.1.1) and in a field campaign, sneag above a storm water basin
with changing water level (5.1.2).

The third campaign is about geometric signals (5IBg coordinates of a corner reflector
are determined with GPS. They are used to competéheoretical range and azimuth for
the TSX satellite, which are subsequently compé#oeitie measured ranges and azimuths
of two TSX images.

5.1  Gravimetric campaigns

5.1.1 Basement

The gravimeter Scintrex CG-3M has been testedarbdsement of the TU Minchen. The
main objectives of this test are the analysis @f dhnift behaviour and the influence of
atmospheric pressure. It is also tested if a ladatittance factor for the atmosphere can be
estimated significantly or if the atmospheric sigren be detected in the gravity residuals.
For the location of the gravimeter a pillar, whistphysically decoupled from the building,
has been chosen. There have been four measurerassiors with durations of
approximately one week. A measurement was carngdeeery 10 minutes, persisting of
60 one-second-samples. An overview of the sessiengiven in Table 5.1. The
measurements had to be interrupted for readingheutiata, because of the limited size of
the memory in the gravimeter.

session start date (doy) end day (doy) comments

1 20.07.2010 (201) 29.07.2010 (21Q0) varying driftdabur because of
disturbing seismic waves

2 29.07.2010 (210) | 06.08.2010 (218)

3 | 06.08.2010 (218) | 13.08.2010 (225)

13.08.2010 (225) /| 20.08.2010 (232)| irregularities during the firsbtw
4 15.08.2010 (227) days (only data from 15Aug. is
used)

Table5.1: Measurement sessions
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5 Test measurements

5.1.1

.1 Data

The Scintrex output file (Figure 5.1) provides éoling quantities:

Station point number

Grav corrected gravity value

SD standard deviation

Tilt tilt of the instrument in [arcsec]

Temp deviation from the nominal temperature

E.T.C. internal Earth tide correction

Dur Duration of the cycle in [s] number of one-second-samples
# Rej. number of rejected measurements

Time start time of the cycle

Important information in the header of the outplat fFigure 5.1) is:
Cycle Time interval of measurements in [s]
GMT Difference difference between GMT and interclack (for E.T.C.)

Drift const. drift correction in [mGal/day], whidh applied internally
SCINTREX V4.1 AUTOGRAV / Cycling Mode R5.31
Cycle Time: 600 Ser No: 310218.
Line: 1. Grid: 9090. Job: 11. Date: 10/07/30 Operator: 40903.
GREF . : 0. mGals Tilt x sensit.: 265.4
GCAL.1: 5793.849 Tilt y sensit.: 271.0
GCAL.2: 0. Deg.Latitude: 48.15
TEMPCO. : -0.1265 mGal/mK Deg.Longitude: -11.57
Drift const.: 0.1900 GMT Difference: 0.hr
Drift Correction Start Time: 13:39:43 Cal.after x samples: 10
Date: 09/12/01 On-Line Tilt Corrected = "*"
Station Grav. SD. Tilt x Tilt y Temp. E.T.C. Dur # Rej Time
1000. 5451.564 0.017 S[Ips 0. 0.19 -0.015 60 0 00:01:05
1000. 5451.567 0.017 1 0. 0.20 -0.012 60 0 00:11:05
1000. 5451.562 0.023 1 0. 0.19 -0.010 60 0 00:21:05
1000. 5451.561 0.025 1 0. 0.19 -0.008 60 0 00:31:05
1000. 5451.564 0.022 1 0. 0.20 -0.007 60 0 00:41:05
1000. 5451.565 0.021 1 0. 0.19 -0.005 60 0 00:51:05

Fig. 5.1: Scintrex output file (header and first values)

The gravity value (Grav.) is already correcteddeveral influences:

- tilt

- temperature

- linear drift with a preset value in [mGal/day] (Brtonst. in header)
- tides (ETC)
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5 Test measurements

Preprocessing of the gravity data

The tidal model of the ETGTAB software is more aete than the internal one (cf.
Section 2.4). Hence the tidal correction from thieinal model are removed and replaced
by the ETGTAB correction.

The SD values are divided by the root of the amadmheasurements in one cycle, here
60, to get the error for one cycle. This error gets the variance-covariance-matrix of the
observation®)y, (the inverse of this matrix is thi&, matrix in Equation 92).

Pressure Data

Pressure measurements are received from the ntatemsbelonging to the GREF
(Integriertes Geodatisches Referenznetz Deutschlasthtion of the Bundesamt fir
Kartographie und Geodasie (BKG). It is placed amribof of the TU Minchen. The data
can be downloaded from the BKG-seRleand is provided as RINEX (Receiver
Independent Exchange Format) meteo file with a tsalpesolution of 10 s.

The measured pressure values are reduced to thket lugithe basement by applying the
gradient of a standard atmosphere. The accurachisfstep is not crucial since the
important information is the pressure change. A Iniathe pressure values leads to a small
change in the offset, which determination is n& #im here. Finally the deviation from
the standard pressund® at the height of the gravimeter is calculatedtfa analysis. The
magnitude of the pressure correction can be seBmgure 5.2. The correction is calculated
with respect to the first measurement and the srahadmittance factor of -O@>al/mbar.

Equation for the standard pressure [Torge 1989]:
, 0.0065H T'ZS‘S"
288.15

Deviation from standard pressure (Table 5.2) at TUMement, calculated with the
pressure valueB from the GREF station:

P :1013.25{ (89)

AP=P=P  cemen Pais crem— P—953 mbar- 4 mbe (90)
height standard pressure
GREF station 548.10 m  949.115 mbar

pillar TUM basement| 511.84m 953.254 mbar

Table5.2: Standard pressure values

2 ftp:/ligs.bkg.bund.de/GREF/obdast access 02.11.2010
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5 Test measurements

Correction for atmospheric pressure
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Fig. 5.2: Atmospheric correction with standard admittancedia(0.3uGal/mbar)

5.1.1.2 Comparison of pressure data

For the time span of the test measurements thetunnsgeasurements from the GREF
station are compared to ECMWF data (Class: Opertiarchive, Stream: Atmospheric
model, Type: Analysis, Parameter: Surface pressnid; 0.25° x 0.25%. From ECMWF
data the mean of two 0.25° grid cells with the peipbints 48.0° latitude, 11.5° longitude
and 48.25° latitude, 11.5° longitude are used. The values have been interpolated to
the 10 minute resolution of the BKG data.

For comparing the data, the pressure change,veltithe respective mean, is calculated
for both and plotted in Figure 5.3 together witk thfference of the pressure changes. As
can be seen the difference does not exe2adbar (same value as for Hohenpeil3enberg in
Section 3.1.1). The corresponding gravity errorjveer from the admittance factor of -0.3
uGal/mbar, can be seen in Figure 5.4. This errolways smaller than iGal, and hence
the usage of the ECWMF data would be sufficientlics experiment.

If absolute values are needed it has to be regat@gdhere is an offset between ECMWF
and the local pressure. Thus local pressure maasuts have to be performed.

%0 obtained fromhttp://www.ecmwf.int/products/data/archive/findend; last access 25.11.2010
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5 Test measurements

Pressure comparison: in-situ - ECMWF
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= pressure variations BKG TUM
=== pressure variations ECMWF (interpolated)
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Fig. 5.3: Comparison of pressure data from day 201 to dayo2$2ar 2010

Gravity difference from pressure comparison (in-situ - ECMWF)
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Fig. 5.4: Differences in the gravity values due to pressuargation differences between in situ
and ECMWEF data, computed with the admittance faafte0.3pGal/mbar
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5 Test measurements

5.1.1.3 Analysis

For the analysis a least square adjustment (Eqsa®ibrio 94) is performed. Because there
are only linear relations, no approximate valuesreeded.

b= (X (91)
%=(AR,A" ARt (92)
V= AAX-b (93)
b=b+v (94)
b observation vector
f(x)  functional model

A-matrix
X vector of unknown parameters
% vector of increments

P,  inverse of the variance-covariance-matrix of theasbations
Quantities with hat (*) are adjusted values.

For characterising the drift a linear and a quadr@pproach are tested. For handling the
atmosphere three different ways are used:

- estimating a local admittance factatrfifag

- using an admittance factor of -Qu@al/mbar

- atmosphere is not taken into account

In total, there are six different observation edqret (with their respective vector of
unknown parameterg, so that all combinations can be studied (comégan 1-6):

® b=grav- g,,= d[At+ d[A {+A PJlatmfae  x=[d, d, atmfac - ¢ (95)

® b=grav- g, = d[A t+A Pdatmfae x=[d, atmfac - ¢ (96)
® b=grav- g,,+0.3AP= At diAt- ¢ x=[d d, - (97)
® b=grav- g,,+0.3AP= At ¢ x=[d -0 (98)
® b=grav- g, = At dAE- ¢ x=[d d, - (99)
® b=grav- g, = @At ¢ x=[d, -0 (100)

grav gravity value with applied ETGTAB correction

Onom = 9807253121Gal (nominal gravity value)

At time since first measurement (i.e. the first aisl zero, this is needed to avoid a
datum defect)

AP deviation from standard pressure (see Equation 90)
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5 Test measurements

d; linear drift coefficient
d, quadratic drift coefficient
0] offset

The observatio is the measured gravity value minus the nominavigy valueg,om and,
for configuration 2 and 3, the atmospheric cormttiThe gravity residuals, which are
analysed in the following, are the deviation frorooastant gravity value, which should be
reached if the correct configuration is chosenahdorrections are applied.

Session 2: Gravity Change
180

—— measured
—— corrected

b 0 i A i

i P (O GG UN el L Al o R T R e

4

4

L 1 L L I I
210 211 212 213 214 215 216 217 218 219
day of year

Fig. 5.5: Measured and corrected values from session 2

In Figure 5.5 the measured and Earth tide corregtadty change from session 2 and the
gravity change after applying the atmospheric atiwa and the estimated drift parameters
for configuration 3 can be seen.

5.1.1.4 Problems encountered during the measurement s
Session 1: seismic waves

At the end of day 204 very large outliers in thawfly records can be recognized (see
Figure 5.6, which shows two days of measuremeiitsis can be led back to a strong
earthquake (Magnitude 7.3) at the Moro Gulf, Mirg@@anPhilippines at 23 July 2010,
22:08:11 UTG The travel time of the waves is around forty-fiménutes. At the same

31 http://earthquake.usgs.gov/earthquakes/eginthe86M8/us2010zbbz/#detailast access 02.11.2010
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5 Test measurements

time, as the outliers can be found in the gravitgasurement, a strong oscillation at a
nearby seismic station (Fiirstenfeldbruck) was oles£.

In Figure 5.7 the standard deviations of the meamsants of the whole session 1 are
shown. During the arrival of the seismic waves \thkies are very high. It is remarkable
that it needs around three days until the standawiations reach the low level as before
the earthquake.

Session 1: Gravity Change
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Fig. 5.6: Measured and corrected gravity values from day&2@1205

Session 1: Standard Deviation
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Fig. 5.7: Standard deviations of the measurements of Sesion

32 http://www.erdbeben-in-bayern.de/daten-live/seisraomme/seismogrammiast access 02.11.2010
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5 Test measurements

Also the drift behaviour has changed after theheprake. Therefore the session 1 was split
into two parts with the observations before (a) aftdr (b) the earthquake. Results can be
seen in Table 5.5. While the residual RMS of canfigion 3 and 4 (without estimating an
atmospheric admittance factor) for quadratic anddr drift differ only slightly before the
earthquake, the residual RMS in the estimationr afitee earthquake is smaller for
configuration 3 (quadratic drift). It can also bees in Table 5.5 that the quadratic factor
for case (a) is very small. A comparison of thdtdates can be seen in Figure 5.12, the
coefficients are taken from the estimation withfaguration 3.

The sessions 1 and 1b are showing a clearly stramggairatic behaviour than all other
sessions.

It can be seen in the other sessions that suchisegvents are not very seldom. None of
the other events had such large impacts on theureraents, but it has always to be paid
attention on seismic disturbances, especially sea# drift determination. As it is shown
the drift behaviour can also change during a cotits measurement.

Session 4: jumps of gravity values at the day chang

In session 4 there has been a large jump in thetgnealues at the date change from the
first to the second and from the second to thelttay, see Figure 5.8. Because of this,
only the data starting with the third day are uskukrefore, it is not possible anymore to
combine this session with the other ones, whichlagse why the combinations with
session 4 are missing in the analysis.

Station Grav. SD. Tilt x Tilt y Temp. E.T.C. Dur # Rej Time
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0.
0. 031 60
1. 0.031 60
1. 0.025 60
1. 0.020 60
1. 0.015 60
1. 0.010 60
1. 0.004 60
0 1. 0.05 0.001 60
1000. 1. 0.05 0.006 60
1000. -1. 0.05 0.010 60
1000 4 - -1. 0.05 0.015 60
1000. 5476.26 -1. -1. 0.05 0.019 60
1000. 5476.263 0.017 1 1 0.05 0.024 60

Fig. 5.8: Extract of the Scintrex output of session 4
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5.1.1.5 Results and discussion
Residuals

Table 5.5 shows the result of the analysis focalifigurations and all sessions (individual
and all possible combinations). The best valuesalvays marked in green. The smallest
RMS values for the residuals of the different smssiare, except for session 1_2_3, in the
range from 2.1 to 2.3Gal.

One can see that using quadratic drift always |l¢éadsnaller residual RMS. As described
above, session 1 and 1b show the strongest quadbetiaviour. Session 4 shows, apart
from session la, the smallest difference betweenmdsidual RMS for quadratic and linear
drift cases. For that session also the estimateaiicoefficients are very similar for both
cases.

The residuals from all sessions are, with only a éeweptions, in the range 5 pGal for
configuration 3, as can be seen in Figure 5.9. Eha@so shown in Table 5.3, where the
percentages of the residuals, which are smaller éheertain value, are given. At least 97
% of the residuals are smaller thamu®al, at least 60 % are smaller tham@al. This
holds for all shown cases but not for the combamatf session 1 to 3, what can be
ascribed to the disparities in the drift behavibetween session 1 and the other sessions.
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Fig. 5.9: Residuals for configuration 3 for all sessions
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<2pGal | <3pGal | <4uGal | <5uGal
session 1 62.4% 81.4%| 925%| 97.3%
session 2 65.4% 84.4%| 93.0%| 97.5%
session 3 60.4% 82.3%| 934%| 97.9%
session 4 60.5% 82.3%| 93.4%| 98.0%
session 2_3 619% 81.2%| 925%| 97.9%
session 1 2 3 441 % 61.7%| 75.4% 85.8 %

Table5.3: Distribution of the gravity residuals for differesgssions and configuration 3

In Figure 5.10 a histogram and a quantile-quamptite- (qg-plot) for the residuals of
session 2 and configuration 3 are shown exemplafihe results (distribution of the
residuals, linear behaviour in the gqg-plot) indecat normal distribution of the residuals.
Therefore it can be assumed that the used parametgl is appropriate and the residuals
are real noise.

Histogram - Gravity Residuals QQ Plot of Gravity Residuals versus Standard Normal
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Fig. 5.10: Histogram (left) and qg-plot (right) for the resads of session 2 with configuration 3

Drift

In Figure 5.11 the residuals for session 2 aretquotor all configurations. The quadratic
characteristic of the drift can be seen here inr#mduals for the linear drift without

estimating the atmospheric admittance (configuraticand 6). The trend of the residuals
has a clearly quadratic form. The estimation of #@ospheric admittance seems to
compensate for the quadratic drift in some wayanfiguration 2, but it is impossible that

this is the true estimation because the estimai@dspheric admittance factor of -0.753
uGal/mbar is far away from a realistic value.
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From the estimated drift coefficients it can beivkt that at least every session seems to
have its own drift behaviour (see also Figure 5.E2pecially there is a large discrepancy
between the drift of session 1 / combinations wst#ssion 1 and the other sessions
inclusive the combination of session 2 and 3. lker latter cases an additional drift rate

(since the preset drift of 7.9%al/h is always applied) of @Gal/h is a good benchmark.

In this context it has to be noted, that the insent was not moved between the sessions.
Between session 1 and 2 and between 2 and 3, jiligtiag screws of the tripod were used

for levelling the instrument, but only a tiny cartien was applied.

Session 2 - Residuals; drift: quadratic, atm.: estimated
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Fig. 5.11: Residuals of session 2 for all configurations
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Drift rates
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Fig. 5.12: Comparison of drift rates for all sessions

Atmosphere

Using quadratic drift estimation, admittance fastaith realistic values can be estimated
for all single sessions and the combination of ises2 and 3 (cf. Table 5.5). It is
guestionable if these values, although their vaganfrom the adjustment are small, are
more correct than the constant admittance factoceshe atmospheric correction is very
small (see Figure 5.2) in comparison to the redgjuae. the measurement noise.
Additionally the estimated factors differ more thampected from each other (max.
variation 0.078.Gal/mbar) and the residual RMS from the solutiothwihe fixed factor
0.3 uGal/mbar are slightly better or equal to the reaidMS from the solution with the
estimated atmosphere admittance.

Anyhow the atmospheric correction is large enouwdt it should be applied, since all
residual RMS from estimates without considering @t@osphere are larger. The results
show also that it does not play a role, in the emoy class of this gravimeter, if the
constant or the estimated (for the cases with lestieavalue) admittance factor is used.
From this the question arises if the pressure ahasgletectable in the gravity residuals,
when no atmospheric correction is applied (confgjon 5 and 6). For that the normalized
residuals from configuration 3 (using fixed atmosph admittance factor) and
configuration 5 (neglecting the atmosphere) aressarrelated with the normalized
pressure change (with switched sign) and comparezht¢h other. In Table 5.4 the cross-
correlation-coefficients are shown for the diffdresessions and configurations.
Additionally the residuals are smoothed with a miéer of length 9 (corresponding to 90
minutes) and the cross-correlation-coefficientamputed again. It can be seen that there
is no correlation if the atmospheric correction dpplied, so it has been reduced
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5 Test measurements

successfully, an exception is the combination ek 1, 2 and 3, what can be probably
ascribed to the drift again.

Cross- configuration 3 configuration 5
correlation with with
coefficient smoothing smoothing
session 1 0.014 0.031 0.219 0.457
session 2 -0.014 -0.031 0.113 0.250
session 3 0.006 0.035 0.113 0.270
session 4 0.010 0.027 0.122 0.277
session 2_3 0.03b 0.074 0.380 0.667
sessionl 2 3 0.195 0.246 0.397 0.481

Table5.4: Cross-correlation coefficient between normalizesideals and normalized pressure
change for configuration 3 (with applied atmospheorrection) and configuration 5
(without atmospheric correction)

The coefficients for configuration 5 have the follog/ characteristics:

- the correlation is clearly higher than for configtion 3

- the smoothed coefficients are clearly larger thanthe unsmoothed residuals (for
stronger smoothing the coefficients become evegelar

- the correlation is higher for longer time series

Consequently the atmosphere can be seen in thdua¢si especially if the very short-

periodic noise is filtered out. This is shown in Uiig 5.13, where the pressure change is

plotted together with the gravity residuals of agafation 5, once smoothed with a mean

filter of length 9 and once of length 5% 8 h). Then the residuals are divided by the

atmospheric admittance factor to convert them esgure values. The curves of pressure

and residuals show the same behaviour, but theuasi have a clearly larger peak-to-peak

variation. This can not (only) be referred to a biaghe admittance factor, since the

signals fit partly very well. Further error sourcgkich hamper the detection of the true

pressure signal can be:

- short-time variation in the drift behaviour whicarcnot be modelled with linear or
quadratic drift coefficients

- disturbances which lead to small jumps in the dyax@lues

- short-time variations of the admittance factor.

Generally it remains the possibility that the atptearic signal is superimposed by the drift

in such a way that it can not be distinguished betwboth components. This holds
especially for short observation intervals.
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Pressure and gravity residuals (configuration 5), Session 2_3
25 7 :

== smoothed (length 9) gravity residuals divided by -0.3 pGal/mbar
== smoothed (length 51) gravity residuals divided by -0.3 pGal/mbar

== pressure change
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Fig. 5.13: Pressure variation and smoothed gravity residdatemfiguration 5, converted into
[mbar] by dividing by the admittance factor of @Gal/mbar, for session 2 and 3

Conclusions

The magnitude of the residuals with a RMS of 2&al allow a rating of the ability of the
Scintrex CG-3M to measure signals of a certain ntade.

It has to be corrected for signals in the rangenafjnitude of the atmospheric pressure
(maximum variation here 4 uGal). The measuring of that signal is more diffidudcause
of the magnitude of the noise (#%&al) and the drift. Appropriate smoothing can hielp
overcome the problem with the noise, since it iywhort-periodic.

The drift of the instrument can not be assumed téinsar and stable. When the drift is
changing during the observation, it becomes evedendo get a long term signal, but the
(additional) usage of instruments with a more gtablft behaviour than the Scintrex CG-
3M can attenuate this problem.
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5 Test measurements

data_keller_1 Residuals RMS | sigma_0/2 mean v di d2 atm offset
[uGal/mbar] [uGal] [uGal] [nGal] [uGal/day] [nGal/day”2] [uGal/mbar] [uGal]
configuration| polynom atm. est. adm. factor o] o] o o]
1 2|true - 2.255 1.428 1.817| 9.963| 0.115| 0.512| 0.012| -0.364| 0.033| 975273887.846 0.183
2 1|true = 3.521 3.582 2.933| 14.755| 0.041 -0.893| 0.048|975273893.069 0.216
3 2|false -0.3 2.254 1.431 1.816| 9.858| 0.102| 0.521| 0.011 975273887.857| 0.184
4 1|false -0.3 3.764 4.036 3.178| 14.527| 0.038 975273894.175| 0.209
5 2|false 0 2.343 1.574 1.878| 9.367| 0.107| 0.563| 0.012 975273887.908 0.193
6 1|false 0 4.035 4.615 3.406| 14.412| 0.041 975273894.736  0.223
data_keller_2 Residuals RMS | sigma_0/2 mean v di d2 atm offset
[uGal/mbar] [nGal] [uGal] [uGal] [1Gal/day] [uGal/day*2] [uGal/mbar] [nGal]
configuration |polynom atm. est. adm. factor o o o I
1 2|true o 2.143 1.344 1.707| 19.138] 0.146| 0.334| 0.021] -0.313| 0.039| 975273755.781| 0.246
2 1|true = 2.372 1.662 1.906| 21.397| 0.045 -0.753| 0.031|975273756.675 0.266
3 2|false -0.3 2.143 1.343 1.707| 19.111| 0.122| 0.339| 0.015 975273755.814| 0.225|
4 1|false -0.3 2.621 1.992 2.127]21.819| 0.039 975273759.834| 0.173
5 2|false 0 2.217 1.423 1.753| 18.490| 0.125| 0.451| 0.015 975273756.570|  0.232
6 1|false ] 3.015 2.575 2.458| 22.097| 0.044 975273761.926 _ 0.196
data_keller_3 Resi RMS | sigma_0/2 mean v di d2 atm offset
[uGal/mbar] [uGal] [uGal] [uGal] [uGal/day] [uGal/day"2] [uGal/mbar] [uGal]
configuration |polynom atm. est. adm. factor o] [} o [}
1 2|true = 2.196 1.609 1.769| 22.689| 0.148| 0.258| 0.021| -0.360| 0.061| 975273581.575 0.481
2 1|[true g 2.361 1.861 1.915| 24.401| 0.055 -0.507| 0.064|975273582.624 0.509
3 2|false -0.3 2.196 1.609 1.771| 22.698| 0.147| 0.262| 0.020 975273581.993 | 0.223
4 1lfalse -0.3 2.375 1.879 1.926| 24.528] 0.032 975273584.185| 0.154
5] 2|false 0 2.234 1.665 1.806| 22.742| 0.150| 0.282| 0.021 975273584.088, 0.227
6 1|false 0 2.441 1.978 1.977| 24.711] 0.040 975273586.446 0.158
data_keller_4 Resi RMS | sigma_0/2 mean v di d2 atm offset
[uGal/mbar] [uGal] [uGal] [uGal] [uGal/day] [uGal/day"2] [uGal/mbar] [uGal]
configuration |polynom atm. est. adm. factor o] [} o [}
1 2|true g 2.250 0.995 1.832| 24.458| 0.219| 0.266| 0.043| -0.286| 0.047|975249051.824 0.277
2 1 |true g 2317 1.049 1.880| 25.694| 0.091 -0.140| 0.042| 975249052.958 0.213
3 2|false -0.3 2.250 0.994 1.881| 24.447| 0.215| 0.272| 0.037 975249051.817|  0.276
4 1|false -0.3 2.337 1.069 1.887| 25.965| 0.057 975249053.254,  0.200
5 2|false 0 2311 1.046 1.881| 24.697| 0.221| 0.136| 0.038 975249051.980, 0.283
6 1|false 0 2.336 1.064 1.899| 25.458| 0.057 975249052.700 0.200
data_keller_1_2 3 Resi RMS | sigma_0/2 mean v di d2 atm offset
[uGal/mbar] [uGal] [uGal] [nGal] [uGal/day] [uGal/day"2] [uGal/mbar] [uGal]
configuration |polynom atm. est. adm. factor c o o ]
1 2|true g 3.266 3.240 2.628| 12.574| 0.033| 0.323| 0.001| -0.529| 0.023|975273892.969 0.183|
2 1 |true - 14.280 63.263 12.509| 20.443| 0.037 -1.274| 0.099|975273922.454| 0.611
3 2|false -0.3 3.336 3.339 2.700| 12.514| 0.033| 0.325| 0.001 975273893.519, 0.177
4 1|false -0.3 14.347 65.100 12.164| 20.370| 0.037 975273925.536, 0.531
5| 2|false o] 3.586 3.776 2.890| 12.436| 0.035| 0.327| 0.001 975273894.240  0.188
6 1|false 0 14.461 66.419 12.105| 20.348| 0.037 975273926.485  0.537]
data_keller_1_2 R RMS | sigma_0/2 mean v di d2 atm offset
[uGal/mbar] [nGal] [uGal] [uGal] [nGal/day] [uGal/day~2] [uGal/mbar] [nGal]
configuration |polynom atm. est. adm. factor c o o o
i 2|iiue = 2.323 1.530 1.849| 10.657| 0.048| 0.438| 0.003| -0.245| 0.023]975273889.275| 0.141
2 1|true S 7.618 16.892 6.034| 17.857| 0.033 -2.418| 0.059|975273900.479| 0.398
3 2|false -0.3 2.326 1.534 1.854| 10.767| 0.039| 0.434| 0.002 975273889.258 0.141
4 1|false -0.3 9.572 26.399 8.188| 17.956| 0.041 975273908.679  0.407
5 2|false 0 2.382 1.607 1.890| 10.385| 0.039| 0.458| 0.002 975273889.350 0.144
6 1|false 0 10.096 29.286 8.640| 17.970| 0.043 975273909.841  0.429
data_keller 2_3 Resi RMS | sigma_0%2 mean v d1 d2 atm offset
[uGal/mbar] [uGal] [uGal] [nGal] [uGal/day] [uGal/day”2] [uGal/mbar] [uGal]
configuration |polynom atm. est. adm. factor o o] o o}
1 2|true S 2.241 1.567 1.807| 20.346| 0.050| 0.190| 0.003| -0.326| 0.019|975273757.543| 0.183
2 1|true g 3.879 4.255 3.101| 23.263| 0.019 -0.289| 0.031|975273765.495 0.207
3 2|false -0.3 2.242 1.567 1.808| 20.347| 0.050| 0.190| 0.003 975273757.653,  0.166)
4 1|false -0.3 3.881 4.253 3.103| 23.263| 0.019 975273765.452) 0.169
5) 2|false 0 2422 1.801 1.946| 20.358| 0.054| 0.188| 0.003 975273758.905,  0.178,
6 1|false 0 3.929 4.437 3.095| 23.248| 0.020 975273766.632  0.172]
data_keller_1a Resi BMS | sigma_0~2 mean v di d2 atm offset
[uGal/mbar] [uGal] [uGal] [nGal] [uGal/day] [uGal/day~2] [uGal/mbar] [uGal]
configuration |polynom atm. est. adm. factor o] [} [} [}
1 2|true = 2.230 1.524 1.744| 11.431| 0.456| 0.086| 0.146| -0.425| 0.076| 975273888.601| 0.346
2 1|true g 2.232 1.522 1.746| 11.687| 0.136 -0.402| 0.065| 975273888.765 0.206
3 2|false -0.3 2.236 1.530 1.748| 11.679| 0.431| -0.036| 0.126 975273888.860 0.309
4 1|false -0.3 2.235 1.527 1.747| 11.561| 0.110 975273888.794 0.205
5] 2|false 0 2.304 1.622 1.802| 12.274| 0.444| -0.328| 0.130 975273889.481,  0.319
6 1|false (] 2312 1.640 1.807] 11.191] 0.114 975273888.882  0.213
data_keller_1b R RMS | sigma_0~2 mean v d1 d2 atm offset
[uGal/mbar] [uGal] [uGal] [nGal] [uGal/day] [uGal/day"2] [uGal/mbar] [uGal]
configuration |polynom atm. est. adm. factor o] [} [} ]
1 2|true = 2.209 1.328 1.807| 13.119] 0.277| 0.632| 0.047| -0.301| 0.038|975273842.817| 0.412
2 1|true | = 2.533 1.673 2.062| 16.738| 0.070 -0.325| 0.042| 975273846.758 0.325
3 2|false -0.3 2.209 1.326 1.807| 13.119] 0.276| 0.632| 0.047 975273842.821| 0.367
4 1|false -0.3 2.529 1.671 2.060| 16.744| 0.070 975273846.892| 0.234
5] 2|false 0 2.289 1.448 1.861| 13.090| 0.289| 0.650| 0.049 975273844.302]  0.384
6 1|false 0 2.557 1.812 2.094| 16.817| 0.073 975273848.487  0.244

Table5.5: Overview of the results, all results are given,i@l], green shaded fields mark the
best result of the respective case, the admittiauter has the uniufsal/mbar]
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5 Test measurements

5.1.2 Storm water basin

The Scintrex CG-3M gravimeter was used for anotest campaign. In this experiment a
changing groundwater level was simulated by meaguabove an underground storm
water basin (Regenuberlaufbecken Grol3lappen) aukraby the “Miunchner
Stadtentwasserung”. Reference values for the Wwewet change are available, since it is
determined using a radar instrument at the oufléhe basin. The basin is composed of
three parts. During the gravity campaign only bds{ief. Figure 5.14) was used, the other
had been empty. Basin 1 has a length of 88 m amidith of 60 m. The maximal possible
water level change is about 4 m.
The aim is to evaluate in which accuracy level tigaa from the water level change can
be observed with the used gravimeter. There are different opportunities for the
detection of the signal:
- measuring above the reservoir during the draimefwater
- measuring at the point above the reservoir at tifferdnt water levels and at a point
with “stable” gravity; the change of the differentcethat point is the measure for the
water level change.
Stable means here that there is no signal, forlwhacorrection is applied. The gravity is
certainly not stable because of solid Earth tidesan loading and air pressure changes.
For the first case also measurements on a “stgd#it have to be performed before and
after the survey of the water change to deterntieegtavimeter drift.

»GroBlappen“

’ d ,“" d &
: L.ooglo

Fig. 5.14: Site of the storm water basin
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5 Test measurements

5.1.2.1 Measurement configuration and data acquisit  ion

Three measurement points have been establisheé att¢hon and around the basin (see

Figure 5.14):

- point 1: point in the middle of the basin

- point 2 and 3: stable points, which are not infleezh by the mass change inside the
basin.

Additionally at the beginning and the end of thenpaign it was measured on point 1000,
the pillar in the TU basement, which was also usmdtlie first test measurement (cf.
Section 5.1.1).

A levelling has been performed for the points 13fahe heights relative to point 2 are
shown in Table 5.6

point | height
1 2.375m
2 0.000 m
3 -0.272 m

Table5.6: Results of the levelling

The measurement has been performed"dbN@ember. The points have been occupied in
the sequence shown in Table 5.7.

step | point| status of water level| labelling (Fig. 36)

1000_1| 1000 - - -
11 1 high (1.59 m) black X
21| 2 high (1.59 m) blue X
31| 3 high (1.59 m) red X
12 1 high (1.59 m) black X
22| 2 high (1.59 m) blue X
32 3 high (1.59 m) red X
13 1 high (1.59 m) black X
14 1 changing black o]
15 1 low (1.21 m) black *
23 2 low (1.21 m) blue X

1000_2| 1000 - - -

Table5.7: Measurement steps off Blovember

The water level change on this day was 38 cm. Thekblae in Figure 5.15 shows the
water level change as it is was recorded by thdraboentre. The water level at the
beginning is 1.59 m and falls to 1.21 m.
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—
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Fig. 5.15: Water level change in basin 1 (black line)

5.1.2.2 Prediction of the gravity signal

The gravity change due to this change of water laasl been estimated, using the prism
equation (cf. Equation 73):

Xp1 Yo i
‘)dn( v d+ yn( »x d- arctan’™y

Ag =G
9=0Gp,S ~d

(101)

X
p.2 y
2
P Zp 2

The gravimeter is assumed to be placed in the mididasin 1. The size of the basin is
given above. For the density of water 1000 Kgisnused. The specific yield (cf. section
3.2.1)S,is 1. The resulting gravity change is:

- 13.5uGal for water level change in Figure 5.15 (0.38 m)

- 55.7uGal if the basin is completely depleted (1.59 m)

The same water level change in a soil with a spegield of 0.1 is approximately ten
times smaller than in this experiment. For the sgna@ity change the water level change
has to be about ten times larger.

5.1.2.3 Corrections

For all gravity values the internal tide correctisrreplaced by the ETGTAB correction as
it was done in the basement experiment (cf. 5.1“Preprocessing of the gravity data”).

The following corrections are applied to the gravityues of point 1 to 3:
- atmospheric correction (maximum relative correctiohuGal)
- instrument height, reduction with the free-air-gead (-0.3086.Gal/mm)
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5 Test measurements

Gravity values of point 3 are reduced to the helghel of point 2 with the Bouguer-
reduction BOR) and the free-air-gradientAR) [Rummel 2007]:

Agsy =(BOR+ FARIA H,=(0.1119- 0.308pA H, (102)

For the reduction of the gravity values of poinbrdly the free-air-gradient with the
height difference of point 1 and 2 is used, sind@oaguer-reduction does not make
sense because of the missing mass below the gravinMass is missing, since the
basin is not completely filled with water and thendity of water is smaller than the
density assumed for the Bouguer-reduction.

For point 1000 only the atmospheric correction (mmaxn relative correction 3.pGal) is
applied.

In Figure 5.16 all gravity values for the points2land 3 with the applied corrections are
shown. From all of them a constant value (firstvgyavalue of point 2) is subtracted. As
drift correction only the preset value of 19Bal/day (cf. Section 5.1.1.1 and Figure 5.1) is
initially applied, so a residual drift remains.

Gravity Values - 8th November
40

23

T o™ & s

=

201

point 1 - high water level
point 2

point 3

point 1 - changing water level
point 1 - low water level

40+

nGal

*OX XX

601

-80
-100 ) X)m, i H g

-120- %X

140 I I I I I I I I I
1 11.5 12 12.5 13 13.5 14 14.5 15 15.5 16

hour of day (UTC)

Fig. 5.16: Corrected gravity values of point 1, 2 and 3

The following can be seen in Figure 5.16:

The gravity values of point 1 are clearly smallertithese of point 2 and 3 because of
the missing mass below.

Decrease of the gravity values during the draithefwater (black circles)

Inconsistent drift behaviour, e.g. the gravity \esiclearly increase from measurement
step 2_1 to 2_2, but stay stable from step 2_2 &) 2 similar behaviour can be seen
for the measurement steps 1 1,1 2 and 1_3 (exarat notations see Table 5.7).
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5.1.2.4 Drift analysis

For the determination of the drift the followingogedure is used:

For every point a drift is determined for everyrpaf single measurements, which do not
belong to the same step. The drift rate is the graange divided by the time difference
of each pair. Subsequently the mean and standardtide of all drift rates between two
(or three) steps are computed. The results candreisd able 5.8.

The drift rates are not consistent. A good agreeroantonly be found for the drift from
step2_1to2 2 and 3 _1to 3 2. For point 1 andtgithe drift rates are smaller for the
drift from step 1 2to 1 3 (2_2to 2_3, respectiyéhan for the drift fromstep1_1to 1l 2
(2_1to 2_2, respectively). The drift from step 202_3 is nearly zero. Since the period of
the measurements during the changing water taddeiri between these steps, no further
drift correction is applied for analysis of the uwed gravity change. This concerns the
steps1 3,1 4and 1_5.

steps drift [uGal/h] | ©
11,12 5.4 2.4
11-13 4.6 2.1
12-.13 2.9 5.9
11-.1213 5.1 2.3
21,22 7.3 4.1
21523 3.1 1.7
22523 0.1 3.0
21,2223 55 3.6
31532 7.0 5.4

Table5.8: Dirift rates for different measurement step combamest

5.1.2.5 Determination of the gravity signal

As described in the beginning of the chapter tleeetwo different possibilities for the
determination of the gravity change:

gravity differences
Therefore the mean gravity values of the steps 1 8,2 2 and 2_3 are computed. Since
the single measurements are repeated after the tsaménterval a linear drift during one

step is cancelling out. The differences of the mesmant steps 1_5 and 1_3i®.0uGal.
This calculation is only possible for measurementsuch a short time span, when the
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relative gravity values can be related to eachrothenore suitable method, which is also
used in the gravity difference concept propose8dation 6.1.1, is the following:

The change of the gravity difference between poiahd 2 is determined. Since the time
span between measurements 1_3 and 2_2 as well5aantl 2_3 is not very large, the
residual drift plays an inferior role. The resuléde seen in Table 5.9.

difference | time difference | change of difference

1 3. 2 2| 838.9:Gal | 36 min
1 5. 2 3| 86L.1Gal | 16 min - 22.2pGal

2
3

Table5.9: Results of the gravity difference approach

- stationary measurement during the water drain

A linear fit is computed for the gravity values step 1 4 (see Figure 5.17). A linear
approach is appropriate, since the pump which vgas to deplete the basin worked with
constant power and the water level changes withyheanstant rate, what can be seen in
Figure 5.15. The result of the fit is a drift rafduis rate is multiplied with the time interval
within the water level change has happened.

Drift rate: -21.0uGal / h
Duration: 0.83 h
Gravity change: -17.4pGal
RMS of the fit: 3.2:Gal
Step 1_4 - linear fit
-85
° O measurements step 1_4
====linear fit
e, o
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Fig. 5.17: Linear fit for the measurement step 1_4 (durirggdbpletion of the basin)
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Deviation from the estimated gravity change

The deviation from the predicted signal is

- 8.7 uGal, what corresponds to a larger water level cearfg24 cm (22.2.Gal - 62
cm), for the gravity difference approach and

- 3.9 uGal, what corresponds to a larger water level charfgll cm (17.4Gal - 49
cm), for the linear fit approach.

This range of accuracy allows the qualitative eviadmaof the water level change but not
an accurate measurement of the concrete valuesrBe#ults can be achieved if the impact
of the problems listed below (“Probable error sesty can be attenuated. But it has also to
be regarded that the capability of the instrumemt rheasuring such small signals is
limited. The measurement in the basement has shioatnthie range of the measurement
noise is+5 uGal and the RMS of the gravity residuals isi@al or larger, even if the
instrument is not transported and the drift is éasgletermine. The standard deviations of
the measurements for the single steps in this ceym@ae in the range from 3 tou&al.

Probable error sources

Following error sources probably lead to the insight results:

- varying drift due to transportation and / or du@édiciencies of the instrument

- spurious signal due to unstable ground (subsidehttee tripod)

- tilt meter shows irregularities due to transpodiatand / or the internal tilt correction is
not adjusted correctly (cf. Section 5.1.2.6).

It is recommended to perform further investigati@asmsidering the drift behaviour, the

behaviour of the tilt meters and the tilt correntio

5.1.2.6 Dirift, tilt and transport

The measurements on point 1000 also show the prsbténtransport and tilt. It can be
seen in Figure 5.18 that the tilt of the instrumehtinges at the beginning of the
measurement step 1000 _2. The measurement startety stiter it has been transported
with a car. For analysis the step 1000_2 is divighetivo parts, one with the changing (
part 2) and one with the stable tilt (part 3). Part 1 is the measurement step 1000 Heat t
beginning of the day. The changing of the tilt dgripart 2 is unexpected, since the
instrument is mounted on stable ground.

For estimating the drift a linear and a quadraticsfperformed for four different cases (see
Table 5.10). For every case a different combinatbmeasurements is used. Only for the
case with the measurements from part 2 and 3 tadrgtic fit shows a significant smaller
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RMS. In all other cases the linear fit is a suéfidi assumption. The cases with part 1 and 3
and with only part 3 show nearly the same lineasi@ual) drift of approximately 1
uGal/h, which was also found in basement experinfefntSection 5.1.1.5). But there is
also a large difference in comparison to the driistimated during the outdoor
measurements.

The case with only part 2 observations resultsdtearly higher drift rate, which indicates
that either the tilt meter or the spring have baisturbed during the transport.

part RMS linear | RMS quadratic linear drift rate
1land3 3.Gal 3.6 uGal 1.1uGal/h
3 3.6uGal 3.5uGal 0.9uGal/h
2and 3 4.4Gal 3.5uGal -
2 3.4uGal 3.4 uGal 3.9uGal/h

Table5.10: RMS values for linear / quadratic fits and driftesfor point 1000

instrument tilt for step 1000_2
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Fig. 5.18: Tilt, gravity values and fits for drift determinati for point 1000

A campaign was performed under the same conditionthat case an equal behaviour of
the tilt but no variations of the drift could beteleted. Because of this the situation shown
in Figure 5.18 can just be an individual case.
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5.2  Geometric campaign - SAR and GPS

5.2.1 Measurement configuration

The following test campaign is performed to checle thuality of absolute SAR
measurements. For that independent corner refleotindinates are determined with GPS,
which are used to get theoretical values for azmautd range which can be compared to
the actual SAR measurements. Additionally the erflces of solid Earth tides, pole tides,
ocean loading, troposphere and ionosphere on tlasumnament systems are depicted and
approaches to remove them are shown.

The measurement configuration with the disturbinfuences of solid Earth tides,
troposphere and atmosphere is shown in Figure 5.19.

ionosphere

...........

opospricre

Defined offset of phase
centres

Coirection for eaith tides variable
tidal deformation —~~ current crust

mean crust

permanent
deformation

conventional tide
free crust (ITRF)

Fig. 5.19: Measurement configuration

In the course of the campaign corner reflector dimaites for two acquisitions of the
TerraSAR-X satellite at the T4and 17 July (see Table 5.11) were determined with GPS.
A corner reflector (CR) was placed at the grounidthe DLR at Oberpfaffenhofen. The
coordinates of the phase centre of the reflectoe teeen determined using GPS (Leica L2
System 1200). For the two days also observatioiseopermanent station PPM1 operated
by the Institute for Navigation and Communicatiaiso located on the DLR grounds in
Oberpfaffenhofen, are available.

image orbit date doy | CRID uTC incindence angléq

TSX 14 | ascending| 14.7.2010 195 CR 14 16:51:32 20.58

TSX 17 | descending17.7.2010 | 198 CR 17, 05:18:02 51.14°

Table5.11: SAR acquisitions
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5.2.2 Reference systems (ETRS and ITRS)

The choice of the right reference system is an inapbrtask, especially if data from
different sources is compared or processed togeBiace the distinction between the
European Terrestrial Reference System (ETRS) and &itenal Terrestrial Reference
System (ITRS) is essential, it is described in til®Wwing.

The definition of such a system is called the refeeesystem. A reference frame, which is
composed of a set of geocentric station coordinatelsvelocities, is the realisation of the
reference system.

All ITRS stations have a station velocity, and tiemmporal variable coordinates, because
of the movement of the Earth’s crust (plate tectonidhe ETRS is a temporally stable
system since it is coupled to the stable part efEbrasian plate. The ETRS 89 system is
set equal to the ITRS at the epoch 1989.0. Singe EHT&RS 89 is moving away from the
global reference system.

As an example the European Terrestrial Reference d-(&@MRF) coordinates from the
station PPM1 are transformed to International Tna& Reference Frame (ITRF) 2005,
epoch 2010.5. For this purpose the online serviom fthe EUREF homepateis used.
The results can be seen in Table 5.12. Since the resdbation of the ETRS 89
coordinates for PPM1 could not be found, the trammsétion is performed for ETRF 2000
and ETRF 1989. The comparison of the results for thete cases shows a difference of a
few [cm].

The differences between the ITRF and the ETRF coaelnanainly represent the
movement of the station on the plate from epoch91®82010.5. The station has moved
about 40 cm in North and 40 cm in East direction.

PPM1 x [m] y [m] z[m] B[] L[] h[m] {vx[m/s] vy[m/s] vz[m/s]
ETRF} 4186741.7988] 834903.5755 4723619.1394] 48.0842852| 11.2777587| 641.0170{ 0.0000] 0.0000  0.0000]

taking coordinates as | 4186741.4314 834903.9087| 4723619.4130; 48.0842888| 11.2777640| 641.0234; -0.0146/ 0.0178 0.0110|
ETRF 2000
Difference -0.3674 0.3332 0.2736; 3.6186E-06 5.3498E-06 0.0064;
ITRF - ETRF. =0.4021 m| =0.3971 m|
Transformation | taking coordinates as | 4186741.3991 834903.8937| 4723619.4741} 48.0842894| 11.2777639| 641.0458{ -0.0160 0.0169 0.0139
to ITRF 2005 ETRF 1989

Epoch 2010.5 Difference -0.3997 0.3182 0.3347; 4.2172E-06| 5.2371E-06 0.0288:
ITRF - ETRF =0.4686 m| =0.3887m
Difference between the -0.0323 -0.0150 0.0611} 5.9864E-07|-1.1265E-07 0.0223; -0.0014/ -0.0009  0.0029
both ITRF solutions =0.0665 m| =-0.01256 m

(1989 - 2000)

Table5.12: Example for ETRF - ITRF transformation

Figures 5.20 and 5.21 show maps with European anddwwide IGS stations,
respectively, with their horizontal velocity vectior the ITRF. The maps were generated
with the “Jules Verne Voyager” web map t8abf the University NAVSTAR Consortium
(UNAVCO).

% http://www.epnch.oma.be/_dataproducts/coord_trdast access 05.11.2010; form see appendix
34 http://jules.unavco.org/Voyager/Earth?grd=0&pre=tdhgmt=52&vel=1036&0opt=8 last access
05.11.2010
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Fig. 5.20: Velocity of European IGS stations in the ITRF

Fig. 5.21: Velocity of global IGS stations in the ITRF

5.2.3 TSX orbits

To compute range and azimuth from given coordinates,precise SAR orbits and the
acquisition direction, which can be found in theage annotation, are needed. The precise
science orbits (PSO) are generated using the COREBIEC for Orbit Determination in
Europe) Rapid GNSS orbits and GPS clocks (30 s temhpesolution) [Yoon et al. 2009].
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Thus the TerraSAR-X orbit information is related lie reference system which is used in
the CODE products. This is the IGS05, which is a ©RIS realisation of the International
Terrestrial Reference Frame ITRF 2005.

The specified 3D accuracy requirement for the PSEDism [Yoon et al. 2009]. To value
the real quality of the PSO, the results of tworapphes for validation performed by Yoon
et al. [2009] are outlined: The PSO products geedrat DLR/GSOC (= German Space
Operation Centre) are verified against orbit sohsi provided by GFZ Potsdam. The
agreement of the estimated orbit solution showPeR®IS of 4.2 cm averaged over a
period of ten days. An absolute orbit validatiorsvgeerformed using SLR measurements.
A RMS of the range biases, averaged over eighbattat 2 cm level was reached.

In the TSX-products the orbits are shifted that thegresent the position of the phase
centre of the SAR antenna.

5.2.4 Corner reflectors

A corner reflector is composed of three equal gies. They are often used for geometric
and radiometric calibration of SAR images, becatiseir reflecting area and their
geometric phase centre can be manufactured andrileéel accurately, in the order of
millimetres. In SAR images corner reflectors appasimpulse response function of the
SAR system. Corner Reflectors, which are orientedectly, appear as a bright white
feature in a SAR amplitude image.
A corner reflector can be located with an accuiacy
0.55
Upoim:m
in units of resolution elements, where SCR (sigoattutter ratio) is the signal to
background clutter (including noise) power ratio.eTéignal power or backscatter of a
corner reflector depends on its size and the wagéhe while the background clutter
depends on the scattering characteristics in threowuding of the corner reflector.
[Eineder et al. 2010]

(103)

5.2.5 Installation of corner reflector and GPS-Rece iver

The corner reflector has to be adjusted in suchathet the radar beam will be reflected

back to the satellite with maximum power. The azimamgle can be determined from the

corner coordinates of the scene, which are provideatlvance. The edge of the ground
plane has to be oriented parallel to the azimutction.

For the tilt of the corner reflector the directiohthe backscattering has to be considered.
The incidence angle for a not tilted corner refle¢t@. horizontal ground plane) is 57.74°.
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To obtain the tilt of the ground plane relative e horizontal, the incidence angle has to
be subtracted from 57.74°. In Figure 5.22 the iec@ angle was 20.58°, so the ground
plane is tilted by 37.16°.

Fig. 5.22: GPS measurement of corner reflector coordinatteeadLR on 14 July

Since the GPS antenna can not be mounted in swely #ghat its phase centre corresponds
to the CR phase centre, it is essential to knoweitaet distance from the corner reflector

phase centre to the GPS antenna phase centreth¢e@PS antenna was mounted on a
pole of exactly 1 m length. The peak was put indbmer reflector phase centre and the
pole was fixed in a vertical position, so that dffset is 1 m in radial direction (see Figure

5.22). Additionally, phase centre offset of the Gingnna have to be considered.

5.2.6 Procedure

In the following the general procedure for companange and azimuth derived from GPS
coordinates (required) with range and azimuth measim TSX or TDX images (actual) is
described. First the main steps (1-8) of the procedre outlined. Afterwards all steps are
explained in detalil.

During the GPS processing, correction for ionosphand troposphere are taken into
account, so that the GPS coordinates are free fr@mwe influences. The range delays
derived from TSX/TDX images are influenced by theffects. Thus the delays from
troposphere and ionosphere have to be added teetpugred range or removed from the
actual range, to get comparable quantities. The Gi&dinates are given in the 1IGS05
(ITRF 2005) reference system, thus they have toramesterred to the instantaneous
position (cf. Section 2.2.4) of the corner refledim get the geometrical correct range and
azimuth.
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The main steps are:

1.

138

Estimation of the IGS05 (ITRF 2005) coordinates & torner reflector phase centre
Prre.cria @Nd Preecriy fOr the respective epoch with differential GPSference
station required).

- 5.2.6.1

. Corrections for solid Earth tides (SET), ocean loadi@®jL) and pole tides (POL)

extracted from Bernese 5.1. subroutines to redéiwenstantaneous position of the CR
at SAR-image acquisition time:

P(t) = Prrge + ATger(t) + AF oy (t) + AF 5o (t) (104)

- 5.2.6.2

Estimation of the tropospheric zenith drgHD) and wet ZWD) delay from the
reference station observations and determinatigheo$lant delay of the troposphere in
range direction (see Equation 55):

Argtrp (Hi’t) = mn,GMF 9. 't) ZHD + n;L,GMF (9| 1t) ZWL ( 105)
Arg,, tropospheric delay in range direction [m]
- 5.2.6.3

Estimation of the total TEC from the International &ehce lonosphere (IRI) and
calculation of the slant group delaygio, using Equations 57, 59 and 60.
Arg,, ionospheric delay in range direction [m]

- 5.2.6.3

Determination of the SAR-antenna positi§at) derived by solving the zero Doppler
eqguation for the coordinates derived with GPS:

(é(f)—*p(t))m*s =0 (106)
t' acquisition time
-~ 5.2.6.4

Determination of required range and azimuth.
The geometrical distance between CR and SAR-antenna

(G geom = S(1) = H )| [m] (107)
Then it holds for the required range delay:

r
rQ1eq =%E2 [s] (108)
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The required azimuth is the acquisition time:
az,, =t [s] (109)
- 5.2.6.4

. Determination of actual (measured) ramgeand azimuttaz through measurement of
the image coordinates of the corner reflector.

One gets the following range and azimuth pixel fp@mss in a SAR image, if no
corrections are applied:

(G et = Hrg’%“ 2+ AL, (6)+ Aty (6) + re,j —trgystan} RSF [Pixel] (110)
az, =(t -t +7,,) (PRF[Pixel] (111)
RSF range sampling frequency

PRF pulse repetition frequency

Ly start time of the first pixel in range direction

to start time of the acquisition

t' time of the pulse, acquisition time

T, instrument range delay or electronic delay

T, instrument azimuth delay

At n  tropospheric / ionospheric range delay [s]

c speed of light

The range delay is derived from the pixel positwith following equation, if no
corrections for the atmospheric delays are applied:

(@) +44,,(6) [8] (112)

trp

[ rg ixel _ rg eom
rg _( RgF -'-trg,start_Telj_LC1:2-'-At

The image, from which the actual range detgy is derived, is corrected for the
constant instrument range delay which was determined in the calibration process.

The actual azimutlaZ is
az.

aZ’= pixel + s 113
prr 0 1o (113)

if further delays, included i, are not regarded. A value fag, is given in the
annotations of the image.
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For gaining the quantities in distance and notrivet the azimuth has to be multiplied
with the flight velocity (zero Doppler velocity) drihe range delay has to be multiplied
with the speed of light and divided by two (by aéfon).

- 5.2.6.4

8. As can be seen above the corrections for troposplagmosphere and azimuth delays
are not regarded during the determination of actanbe and azimuth. Since these
influences are missing in the required range amohieth, they have to be subtracted
from measured range and azimuth. This leads tofdhewing equations for the
computation of the differences between actual asglired range and actual and
required azimuth:

Org =19’ = M, (8) = Dy, (8) =G, [S] (114)
Jaz=az-r,— az,[s] (115)

ag, daz residual range / azimuth error
- 5.2.7

5.2.6.1 GPS-processing
All GPS-processing has been done using BerneseSeR®are, version 5.1, at the IAPG.
+ PPP-Solution

For the reference station (PPM1) a PPP (Preciset Paisitioning) solution, also called

zero-difference-processing, was performed. Thatnmew reference station is used. To

receive accurate results with PPP at least 12 hpteterably 24 hours of observations are

needed.

For a PPP solution precise orbits and clocks fro@NSS analysis centre (here CODE)

have to be used. They are needed to determinestidetic datum.

Following Products were used for day 195" @4ily) (and for day 197 / 198, respectively):

- CODE Final GNSS orbits and GPS clocks for year-tlan1 95: Middle day of a 3-day
arc GPS/GLONASS solution

- CODE final GPS clock information for day 195

The a priori coordinates of the PPM1 station anemgiin the ETRF with no reliable

information of the epoch and chosen realisation$efction 5.2.2), but IGS05 coordinates

are needed. Therefore the PPP solution of the 83&yhas been used to determine 1IGS05

coordinates for the reference station (see Tallg)5.
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In this solution, coordinates of the station, treploeric parameters and the receiver clock
error are estimated. The accuracy of coordinatea®d with PPP is in the range of 1-2
cm.

PPM1 X [m] Y [m] Z [m]
4186741.4074 834903.9076 3619.3881
WGS-84 ellipsoid B L h [m]
48° 5 3.4397 | 11° 16 39.9508 | 640.9890

Table5.13: Coordinates of PPML1 station, determined with PPRt®o for 16" July

- Determination of the corner reflector coordinates

A differential GPS approach was used to estimaectiordinates of the CR. It was turned
and slightly moved between the two days with adfjaiss, thus two different coordinates
have to be determined. CR14 is the position at#feJuly and CR 17 is the position at the
17" July, which is equal to the position at thd"D@ily, since the CR has not been moved.
Because the baseline (PPM1 CR14/17) is so short, only the determination datree
tropospheric delays is possible in this approaench the absolute delays estimated in the
PPP step are used as input.

The estimation was performed using following sesin

- using L1 only

- heavy constrains on the PPM1 coordinates (0.0000.@001 m, 0.001 m)

- estimating ambiguities with the SIGMA method

- estimating tropospheric delays only for the refhect

5.2.6.2 Corrections for solid Earth tides, pole tid e and ocean loading

The GPS coordinates are given in the IGS05, thag #re conventional tide free. The
TerraSAR-X satellite instead always observes tlséadce to the current Earth crust. This
means the effects of solid Earth tides have todsed to the GPS coordinates again. For
higher accuracy this also has to be done with tbeaw loading and pole tide
displacements.

The displacements of the stations for these eff@ascalculated with a subroutine of the
Bernese software and are added to the IGS05 catedinThese are shown in Table 5.14
and finally used as input for the calculation of tiequired range and azimuth. The total
correction for SET, POL and OTL in radial directisn-4.0 cm for CR 14 and +2.9 cm for
CR 17.

The corrections for CR 14 are shown in Figures 3323.25, the time of acquisition is
marked with the vertical dotted line, SET standsdolid Earth tides, POL for pole tide
and OTL for ocean tide loading.
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Fig. 5.23: Solid Earth tide correction for f4uly
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Fig. 5.24: Pole tide correction for 4July
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Fig. 5.25: Ocean loading correction for 14uly
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CR 14 X [m] Y [m] Z [m]
4186880.1721 834871.5509 | 723484.7315
WGS-84 ellipsoid B L h [m]
48° 4 57.4017 | 11° 16 37.1068 | 627.473
CR 17 X [m] Y [m] Z [m]
4186880.3041 834871.3010 | 723484.7709
WGS-84 ellipsoid B L h [m]
48° 4 57.4006 | 11°16'37.0934" | 627.556

Table5.14: Instantaneous coordinates for the corner refleectbasquisition time

5.2.6.3 Atmospheric delays
« Troposphere

The tropospheric delay was estimated during the $tRion with 2 hours resolution. For
computing the a priori zenith path delay the drgtéall Mapping Function (GMF) model is
chosen. The wet part of the delay is estimatedguie wet GMF model. The GMF is
introduced in Section 2.5.2.1. The results candas $n Figure 5.26.

STA YYYY MM DD HH MM SS MOD_U CORR_U SIGMA_U TOTAL_U
PPM1 2010 07 14 14 00 00 2.1546 0.16558 0.00089 2.32022
PPM1 2010 07 14 16 00 00 2.1546 0.20435 0.00051 2.35898
PPM1 2010 07 14 18 00 00 2.1546 0.21656 0.00050 2.37119
PPM1 2010 07 14 20 00 00 2.1546 0.20142 0.00049 2.35605
PPM1 2010 07 14 22 00 00 2.1546 0.21853 0.00059 2.37316
PPM1 2010 07 15 00 00 00 2.1546 0.25241 0.00086 2.40704
STA YYYY MM DD HH MM SS MOD_U CORR_U SIGMA_U TOTAL U
PPM1 2010 07 16 00 00 00 2.1546 0.19101 0.00072 2.34562
PPM1 2010 07 16 02 00 00 2.1546 0.1776¢1 0.00041 2.33222
PPM1 2010 07 16 04 00 00 2.1546 0.16335 0.00036 2.31796
PPM1 2010 07 16 06 00 00 2.1546 0.17986 0.00044 2.33447
PPM1 2010 07 1e 08 00 00 2.1546 0.19033 0.00037 2.34494
PPM1 2010 07 16 10 00 00 2.1546 0.20056 0.00035 2.35517
PPM1 2010 07 16 12 00 00 2.1546 0.19412 0.00043 2.34873
PPM1 2010 07 16 14 00 00 2.1546 0.20702 0.00036 2.36163
PPM1 2010 07 16 16 00 00 2.1546 0.22261 0.00041 2.37722
PPM1 2010 07 16 18 00 00 2.1546 0.24884 0.00042 2.40345
PPM1 2010 07 16 20 00 00 2.1546 0.24046 0.00042 2.39507
PPM1 2010 07 16 22 00 00 2.1546 0.24238 0.00043 2.39698
PPM1 2010 07 17 00 00 00 2.1546 0.20044 0.00070 2.35505

Fig. 5.26: Results for the estimation of the tropospheric yiéétracted from Bernese TRP files)

MOD_U a priori (dry) zenith delay model [m# ZHD in Equation 54 and 55)
CORR_U estimated (wet) zenith delay [m§ ZWD in Equation 54 and 55)

Sl GvA U formal error ofcORR_U [m]

TOTAL_U MOD_U + CORR_U[m]
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The delay for the correct time was interpolatedrfrthe estimates before and after the
acquisition (bold lines in Figure 5.26). These ealare inserted into Equation 55 together
with the factors provided by the GMF. The resultitgdays are shown in Table 5.15.

Date ArQirp ATrQtrp dry ATrQtrp wet

14" July | 2.5302n| 2.3059 m| 0.2243 m

17" July | 3.7766 ] 3.4425m| 0.3341m

Table5.15: Tropospheric delay

+ lonosphere

The ionospheric delay is not estimated during tHeSGorocessing. The effects of the
ionosphere are cancelling out in both approaches:

For the long term PPP observations the ionospheeelinear combination is used, which
makes use of the dispersive behaviour of the iameargp

For the differential GPS solution with very shodskline (heres 200 m) the ionosphere

can assumed to be equal at both stations andcamdels out during the creation of the
double differences.

The VTEC for the correction of the range valueasived from the International Reference
lonosphere 2007 (IRI-2007). Since the effect ofitm®sphere on the X-Band frequency is
much smaller than that of the troposphere, the inedkies can be used as sufficient
approximation.

The values given below are computed with the IRlinen computation todP (see
attachment). The VTEC has been calculated for #gmeaBAR-X satellite nominal height
of 514 km with a resolution of 0.5 hours, the résalre shown in Table 5.16. Additional
input parameters are latitude, longitude and time.

date time (UTC) IRI resulting slant
VTEC delay: ArQion

16:30 8.9

14" July [ 17:00 9.2
16:51 (interpolated) 9.1 4.2 cm

4:00 5.0

17" July [4:30 5.5
5:18 (interpolated) 5.8 3.4cm

Table5.16: TEC values and ionospheric delay

% http://omniweb.gsfc.nasa.gov/vitmo/iri_vitmo.htrtdst access 05.11.2010; form see appendix
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With known incidence angle the delay can be catedlasing the Equations 57, 59 and 60
given in Chapter 2. For SAR pulses the ionosphdeiay has to be calculated for group
propagation [Eineder et al. 2010]. Regarding thepeetive incidence angles the
ionospheric delay is 4.2 cm at thé"uly and 3.4 cm at the T 2uly.

5.2.6.4 Determination of range and azimuth

The GPS coordinates are used to get the SAR anfmsiton for the acquisition time of
the CR using the DLR software for Zero-Doppler-Bgra solution. From this the
required range delay and azimuth for the cornéectdfr can be derived.

The sub-pixel position of the corner reflectorarieasured in the Point Target Analysis
software to receive actual range and azimuth. $bisvare is shown in Figure 5.27. The
corner reflector in the image from"4uly is marked with a yellow circle.

- Image Analysie Software Workbench (auf tvept)| (i)l 3

File Options Uindous Selection Action Helpl

Thome! os/0P/geoloc/ TSKI_SAR__SSC______SH_I)_SRA_20100714T165127_20100714T165135/ IHAGE
[ =

Display Parameters Offset Scale Factor Hin Yalue Hax Value Telta
Current Display: 0,00000 1.00000 -0,00000 255,000 1,00000
Next  Display:

II 0,00000 II 1,00000 |I -0,00000 II 255,000 I[ 1,00000

Current Display: Line: 12529 di: 544 Pixel: 2203 s 544 Grid: 1

1
Next  Display: Line: [7 du 7 Pixel: [¢ dPs ,v_ Grids [, o
I 12529 1 54 1 2203 1 54 futo  [Buto
Select All ,— ,— l—

2726120
37,4348

— RECTANGLE:
Left. =New
Right/Mid=Size

Fig. 5.27: DLR software for Point Target Analysis (positiamdgpower of the CR)

5.2.7 Results and discussion

Table 5.17 shows required range defayq and azimuthazeq derived from the GPS

positions (see Table 5.14) and actual range dejaynd azimuthaZ derived from the
measurement of the corner reflectors in the SARyeBa

Peak amplitude and peak phase are quantities irB&Re image at the position of the
reflector.
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comer ID peak amplitude| peak phase required position actual position

[dB] [degree] | azimuth [s of day] | range [s] azimuth (UTC) azimuth [s of day] | range [ms] | range [s]
CR-14 62.79 -161.54 60691.79629| 0.003646(2010-07-14T16:51:31.796261507 60691.796262 3.646| 0.003646
CR-17 66.07 133.45 19082.16303| 0.005186|2010-07-17T05:18:02.162980022 19082.162980 5.186| 0.005186

Table5.17: Required and actual azimuth and range for CR 14C&hd7

In Table 5.18 the differences between actual azimuange delay and required azimuth /
range delay are given. The additional delays whielre to be removed from actual
azimuth and range delay are given in the columreald. In the two upper lines the

delays from the annotation of the SAR images aexlu the lines below the delays
estimated with GPS and extracted from IRI, as desdrabove, are used. In the last two
lines it is the same as in the lines before onlt this corrected for the tropospheric dry
delay but not for the wet delay.

The last two columns show the remaining differemcém], after the delays have been
applied (cf. Equation 114 and 115).

corner ID difference (act-req) delay (annotated values) remaining difference remaining difference
azimuth [s] range [s] azimuth [s] | troposphere [s] | ionosphere [s]| azimuth [s] range [s] | azimuth [m] | range [m]

CR-14 -3.1973E-05| 1.6221E-08| -4.4720E-05 1.4797E-08 1.5444E-10| 1.2747E-05| 1.2698E-09 0.090 0.190
CR-17 -4.6803E-05| 2.3904E-08| -4.4720E-05 2.2160E-08|  2.3096E-10( -2.0833E-06| 1.5136E-09 -0.015 0.227
mean 5.3318E-06| 1.3917E-09 0.038 0.209

sigma 1.0486E-05| 1.7237E-10 0.074 0.026

difference (act-req) delay (GPS for tropo., IRI for iono.) remaining difference remaining difference

comer ID azimuth [s] range [s] azimuth [s] tro;\)l\(’);pl\zr;[s] ionosphere [s]| azimuth [s] range [s] | azimuth [m] | range [m]
CR-14 -3.1973E-05| 1.6221E-08| -4.4720E-05 1.6880E-08 2.7886E-10 1.2747E-05| -9.3729E-10 0.090 -0.140
CR-17 -4.6803E-05| 2.3904E-08| -4.4720E-05 2.5195E-08|  2.2349E-10[ -2.0833E-06| -1.5142E-09 -0.015 -0.227
mean 5.3318E-06| -1.2258E-09 0.038 -0.184

sigma 1.0486E-05| 4.0796E-10 0.074 0.061

difference (act-req) delay (GPS for tropo., IRI for iono.) remaining difference remaining difference

corner ID azimuth [s] range [s] azimuth [s] tropg:lg;/hgrr; [s] ionosphere [s]| azimuth [s] range [s] | azimuth [m] | range [m]
CR-14 -3.1973E-05| 1.6221E-08] -4.4720E-05 1.5383E-08| 2.7886E-10] 1.2747E-05| -9.3729E-10 0.090 0.084
CR-17 -4.6803E-05| 2.3904E-08| -4.4720E-05 2.2966E-08|  2.2349E-10( -2.0833E-06| -1.5142E-09 -0.015 0.107
mean 5.3318E-06| -1.2258E-09 0.038 0.095

sigma 1.0486E-05| 4.0796E-10 0.074 0.016

Table5.18: Differences of required and actual azimuth andireguand actual range without and
with corrections£ remaining difference); in the first case the aatex corrections
are used, in the cases below the correctionsettfrom GPS and IRI are used; it is
not corrected for the tropospheric wet delay mldst case.

For the azimuth delay,, a constant value of -0.00004472 s is taken intwat. This
value is also annotated in the products, but nedu®r correction of the images. It
includes for example errors due to uncertaintieh@synchronisation of the time stamps
of GPS receiver, which is used for orbit determomgtand SAR oscillator.

The TSX instrument range delay was calibrated with a static troposphere model and
static VTEC of 5 TECU. For both cases the mappimgfion 1/cog is used.

The annotated and IRI derived ionospheric delagshaarly the same for CR 17, since the
TEC value for this day was nearly 5 TECU. For CRthd delay is larger for the IRI
values since this acquisition was in the afternaamen the ionospheric activity is usually
stronger than in the morning.
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The troposphere model uses a constant value forvéngcal delay, where only the
hydrostatic part of the tropospheric delay is cdesed. The constant value is scaled with
the barometric height equation to the respectivaite height of the scene.
Hence, there are the following three error sounatsch lead to a bias in:
- using a constant value for the tropospheric hydtastielay
- using a constant value for the ionospheric delay
- neglecting the tropospheric wet delay.
The neglecting of the wet delay results in a systenmunderestimating of the tropospheric
total delay during the calibration. Hence the eation of the instrument range delay leads
to a value, which is too large, because the trapesp wet delay is incorporated ig.
The tropospheric delay values from the model, whiels also used for calibration, can be
found in the image annotations. They are givenabl@ 5.18 (upper two lines). It can be
seen that they are smaller than the troposphelaysiewhich have been estimated during
the GPS processing, what confirms that the tropasplaelay, used for calibration, is too
small. The differences (fargyp) are

31 cm for acquisition TSX 14 and

45 cm for acquisition TSX 17.
Sincer, is too large, ranges derived from image coordmate systematically determined
too small.
In Equation 114 the tropospheric wet delay isgast partially, subtracted two times, once
with the tropospheric correctioftty, and once withz,, which is included inrg’. The
resulting negative values in Table 5.17

-14.0 cm for acquisition TSX 14 and

-22.7 cm for acquisition TSX 17
for the residual errodrg (converted to [m]) are a consequence of this. difference
between the acquisitions is 8.7 cm, what is cleknger than the 3.7 cm from the case
with annotated values. This can be ascribed to dhlébration process, which was
performed in such a way that the best results eneeaed for the used models. The 8.7 cm
difference might be too large if an orbit accurafy?2 to 4 cm is assumed, but it is still in
the range of the specified orbit accuracy of 20(cinSection 5.2.3).
If the tropospheric correction in Equation 114 méycapplied for the dry delay, the residual
errors (converted to [m]) have the following values

+8.4 cm for acquisition TSX 14 and

+10.7 cm for acquisition TSX 17.
Now the difference between the two acquisitionserig/ 2.3 cm, which is in the range of
the 2 to 4 cm orbit accuracy. Sinagg is not dependent on the incidence angle, the
difference of the wet delay should still be inheérém rg’. This does not fit to the
observations here, where a better result is actlibyaeglecting these differences.
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5 Test measurements

The remaining absolute errors in the range of 1s2 @hn be mainly ascribed to the
imperfect calibration process or more specificallythe imperfect atmospheric models
used for it. Additional contributions are the orkirors and all other small effects, for
which no correction is applied yet.

5.2.8 Conclusions

It has been shown in this section that it is nesngst consider all mentioned influences,
possibly with the exception of the pole tide ([mrahge) if absolute SAR measurements
shall be performed. It is also pointed out thare¢hleas to be consistency concerning the
reference systems. A systematic error in the azimauld be eliminated with determining
ITRF coordinates for the corner reflector, insteéithe formerly used ETRF coordinates.
The results also show that further investigatiowh more acquisitions and with a
preferable large variety of incidence angles arapdspheric as well as ionospheric
conditions, have to be made to expose all exisen@rs in the range and azimuth
determination. The instrument range delay has tocakbrated with regarding the
correction for troposphere and ionosphere, to gbigher accuracy for this term. Only
under this precondition the potential of the TSXKX Batellites can be fully exploited.

If all disturbing effects can be removed correcthg orbit accuracy is the remaining error
source for absolute SAR coordinates / ranges. df dibit accuracy is a few [cm] as
claimed above, small signals in the range of a [ienw] to a few [cm] (e.g. atmospheric
loading) still are undetectable, but the variatdrihe wet delay due to the water vapour is
large enough to be a quantity which could be ddriweabsolute range measurements. The
larger effects of solid Earth tides, plate tecter(mver longer periods) and tropospheric dry
delay shall be visible too. Since these effectdese variable and/or well predictable from
models, it can be easily corrected for them.

148



6  Measurement concepts

In this chapter ideas shall be developed how tfierdnt measurement systems, described
in Chapter 4, can be combined usefully to derives m@ more precise information on
hydrologic and atmospheric processes. Additiondhgre is a proposal for an improved
version of the SAR-GPS test measurement (cf. Seé&tid).

In Section 6.1 campaigns dealing with hydrology pireposed. Gravity differences shall
be used to detect variations in the water stordgege in the test site area (6.1.1). In a
second campaign a stationary gravimeter shall leel s separate large-scale and local
signals (6.1.2). In the latter approach a geomet@asurement system (GPS permanent
station) shall support the task. For both campaitirs connections to hydrological
modelling and instruments are depicted.

In terms of atmosphere an approach is suggestdgimp@ stationary gravimeter for a
measurement period of several weeks for investigatiabout the local atmospheric
admittance factor (6.2).

Finally in Section 6.3 a proposal on a measurersition for the evaluation of SAR range
and azimuth accuracy and for detecting remainingris outlined.

6.1  Hydrology campaigns

Before starting a measurement campaign the obgsctiave to be clearly defined, so that
an appropriate measurement strategy can be dedeldperefore, the following points,
regarding the hydrology, have to be considered:

- Utilisable or spurious signal

There are two ways of looking at hydrology in terofigravity measurements. On the one
hand hydrological variations can be a signal whebhll be measured, on the other hand
they can be a disturbing influence on the gravijug, if gravity changes due to other
sources shall be detected.

- Small or large-scale signal

Another distinction has to be made between locdllarge- (continental-) scale effects of
hydrology. If the integrative effect of local hydmgy shall be measured, the large-scale
effect has to be removed. In contrast to this letfcts can not be found in a large-scale
hydrological model or in GRACE measurements siheg tare smeared out because of the
coarse resolution. Thus gravity values have todreected for local hydrology in such a
way that only the large-scale signal is preserviedor example, GRACE data shall be
validated. The large-scale effect usually has as@®d signal, as has been shown in
Section 3.3. Generally it can be said, that theasgmn from local and large-scale
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6 Measurement concepts

hydrological effects is not an easy task, sincddhge-scale effect is only a few®al] (or
[mm], respectively), and other effects in the sanagnitude range, such as atmosphere or
ocean loading, have to be measured or modelleéatbyr

Derivation of gravity changes or of hydrologicalameters
If a hydrological model shall be validated, itsuks can be converted to integrative
gravity change and then compared to the measuremiéritydrological parameters shall
be derived the gravity variations have to be caeeerso that they can depict local
hydrological dependencies. Since there is a lapgérast between hydrological complexity
and the integrative measurement of the graviméisrdan only be done empirically (see
next point).

Simple admittance factor or complex approach
If gravity measurements shall only be reduced foe thydrological effect, a local
admittance factor between gravity (or height charagel a local dominating hydrological
quantity, e.g. ground water level, can be deterthiidese quantities have to be measured
close to the gravity site. After correcting for etheffects the relation between the
measured values can be determined. If this is néficent the (local) hydrological
situation has to be modelled.

6.1.1 Gravity differences (profile, network)

« Objectives
- validating hydrological models
- evaluation of the hydrological situation
« Instrumentation
- relative field gravimeter (possibly usage of adufiil gravimeter from different
manufacturers)
- GPS receiver, levelling instrument
« Requirements for the location
- setting long-term stable reference marks to avpidisus signals e.g. due to local
settlements
- selection of appropriate observation points congidehe hydrologic conditions
- Tasks
- measuring the marks (GPS and/or levelling)
- regular gravimetric measuring campaigns, depenaietite period of the signal
- Measured quantity
- change of gravity differences
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6 Measurement concepts

Possible configurations

« Gravity profile

A possible approach for gravity differences couédthe connection of two groundwater
observation wells with a profile of gravity measuent points. From this information
about the hydrological situation between both moaan be derived.
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Fig. 6.1: Example for gravity profile for detection of groumater variations; with
approximation of Equation 61:jiGal is equal to 24 cm water level change (for a
specific yield of 0.1)

The fictive situation in Figure 6.1 is generateddependence on the situation at the
observation wells in Graswang and Ettal (cf. Sex8a.2). The figure shows two different
possible situations for the groundwater (blue aedahg the profile with the observation
points G1 to G5:

- Situation 1: single aquifer with groundwater talbidjch rises from G1 to G5

- Situation 2: two aquifers, which are separatedughoa impermeable vertical soil layer
The water table changes from time step 1 to 2. cftange at start and end point G1 and
G5 shall be equal for both situations, for all otpeints the change is diverging due to
different conditions in the ground. The fictive gitg changes are sketched in Figure 6.1
for time step 2With the approximation of Equation 61ufGal is equal to 24 cm water
level change, for a specific yield of 0.1.
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In Figure 6.2 gravity differences (relative to Giyd gravity difference changes (between
time step 1 and 2) can be seen for this simple plarihe gravity differences of time step
1 are assumed to be equal and are chosen arlitfeng changes of the gravity differences
are plotted on the right and are computed for #daes given in Figure 6.1.

It can be derived how the amount of water bendaghsurface changes at the different
observation points relative to each other. Obsemwatells can provide the relation to the
absolute water table change. Looking at the beliawbthe curve of the gravity changes,
statements about the geological situation can bwedk for example whether the water
tables are connected or not.
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—t = 2, situation 2 -=--=difference of gravity difference changes (s 2 - s 1)

Fig. 6.2: Gravity differences (left) and gravity differencleanges (right) for the situations shown
in Figure 6.1

+ Gravity Network

The aim of the network is to derive a measure &idating a hydrologic model of the type
described in Section 3.2.2, with a horizontal resoh of around 100 m. Therefore a
gravity network over the catchment area shall babfished. The choice of the location of
the measurement points shall be driven by the ddmahthe hydrologists. The sites have
to be selected in such a way that a measurablalsign be expected. The idea is to derive
differences in the water storage change by meagutie gravity difference changes
between areas with strong hydrological signal aedsawith small signal.

A possible measurement configuration can be seé&igire 6.3. For every location (A, B,
C) at least three measurement points within ond gell (e.g. 90 m x 90 m) of the
hydrological model are recommended. These poimsbeaoccupied two or three times
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without long transport ways to determine the dut.least the first location should be
revisited to get a reliable drift estimation; inetltase that the drift behaviour of the
gravimeter turns out to be unstable it can be usefurevisit all positions. The test

measurement at the storm water basin (cf. Sectibi2)bhas for example shown a large
variability of the drift for the Scintrex gravimete

O Location

x Single measurement

Area mean difference

....... Single difference

Fig. 6.3: Schematic depiction of a gravity difference network

For every location the mean of the gravity valuéshe single measurements can be
calculated. For this it has to be corrected fotrumaent height to reduce the gravity value
to the marker on the ground with the free-air-geatli since the instrument can not be
installed exactly the same every visit. For theghtiof the observation point (marker
height) it has only be corrected for, if the grawilues shall be reduced to the same height
level. For that the usage of the refined Bougupogpaphic reduction ([Rummel 2007]) is
recommended, what requires a local elevation m@&iete the height differences between
the markers stay stable, this correction is nagakory.

The gravity difference changes between the meamesadhall represent the differences in
the water storage change of the model grid celts. fErther analysis the differences
between every single measurement point can be Uibézican help to detect outlier in the
single measurements.

To derive absolute gravity changes absolute grawggsurements have to be performed at

one of the locations. Another possibility to relgtavity values of different times to each
other is the installation of a stationary instrumpenhich records the gravity change
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continuously at one of the locations. Again thdtdras to be determined exactly to get the
real gravity change. A possible instrument for tiagk could be the gPhone.

Another use of this concept could be the findingaheasure for the runoff process in the
alpine zone. Therefore measurements have to berperfl on several days after a strong
precipitation event. The differences are calculdted station near to a slope in the alpine
part in the south of the area and for a statiothenflat northern part. Different storage
changes are expected, since at the alpine sta@ber will be stored in regions above the
gravimeter and will move downwards with time, whitethe flatland station water will be
stored instantly below the gravimeter.

Measurement frequency

How often a measurement shall be executed is depérmh the expected period of the
signal, which shall be detected. Then an appraprinstant interval between the
measurements can be chosen, for example every mbhith can be complemented by
measurements after certain events, for example®agsprecipitation event.

Large-scale and long-term signals

In difference approaches the large-scale hydroddgitfect will mostly cancel out, since it
affects measurement points with distances of maxaniew tens of [km] in the same way.
Also all other long-term variations (with periodé months or longer), which show the
same or at least a similar signal for all measurgrpeints, will not play a role. This is
because the gravity differences are determinedimwitime or two days, and thus the
disturbing influence changes only very slightly.eT&tmospheric pressure, instead, has to
be considered, since there are also short-termatiams.

Magnitude of signals and measurement accuracy

Whether a storage change is detectable or notepgerdlent on the variety within the
catchment as well as the accuracy and drift beliaabthe used instrument.

In this concept only small differences betweendtations of only one to a fewm@al] are
expected (see also example for gravity profilepes&lent on the time interval between the
measurements and the hydrological variability.

Because of this the used gravimeter has to praadappropriate accuracy. The accuracy
level of gravimeters, which are suitable for outd@peration, is in the range of the
expected signals (cf. Table 4.3). This means thikaviing points have to be regarded to
get the best possible accuracy out of the instrisnen

- The instruments have to be calibrated very acclyrate
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- Investigations have to be made to get a precisavlenlye of the drift behaviour. An
appropriate strategy for drift determination hasbe chosen, since every gravity
change due to the drift, which is not captured Hy drift correction, is interpreted as
hydrological signal. (see also “Usage of more thaa gravimeter” below)

- The transport of the instrument should disturbdh#& behaviour to the least possible
extent.

- Atmospheric correction has to be applied.

Since the drift behaviour of the Scintrex gravimet@s not easy to handle during the test
measurements, the usage of (additional) LCR grateinoe Burris Gravity Meter would be
useful since the measurement method of these metits provides a more stable drift
behaviour, especially for mature springs (cf. Secd.2.1 and Table 4.3).

Usage of more than one gravimeter

The usage of a second or more gravimeters hasliba/ing advantages:

- The campaign can be accomplished in a shorter tineeause different gravity
differences can be observed at the same timeh&irdlso more staff is needed. The
instruments should preferably be of the same tgget consistent observations.

- Independent determination of the gravity differenicéfhe instruments should
preferably be of different types.

- More observations are available for a better detiermination. The instruments should
preferably be of different types.

6.1.2 Separation of large-scale and local hydrology

« Objectives:
- Separating large-scale and local hydrology (Appndhe 2)
- Objectives categorized for two different varianfstlus campaign are shown in

Table 6.1.
Approach 1 Approach 2

- Extracting and analysing| - Extracting and analysing
large-scale signal local signal

- Validation of GRACE - Evaluating local
measurements hydrological model results

- Reducing local hydrology - Reducing large-scale signal
with local model

Table6.1: Comparison of objectives for Approach 1 and 2
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Instrumentation

- superconducting gravimeter (iGrav) or gPhone

- permanent GPS station

- absolute gravimeter for drift determination (opafn

Requirements for the location

- TERENO site with lysimeter

- secure building for the instruments

- site with appropriate hydrological situation

Tasks

- Set up of a hydrological model which is adaptedhe local conditions of the
chosen site.

- Integration of the GPS station in a GPS networketach [mm]-accuracy for the
station coordinates time series. Observations avéeast one year are necessary
for the detection of annual temporal variations.

- Computation of loading effects using global mod#I&SRACE measurements.

- Learning the handling of the gravimetric instruméhineeds some experience to
operate gravimeters, especially superconductingimgeters, in such a way that
high accuracy requirements can be fulfilled).

Measured quantities

- gravity residuals representing hydrology

- station height variations representing hydrology

This campaign is the most sophisticated and regjuine most effort. It comprises the
installation of a stationary gravimeter and a peremt GNSS station.

Preprocessing

In the following it is described which correctionave to be applied that the measurements
represent hydrology:
- Gravimetric and geometric measurement time seags ko be reduced for solid Earth
tides, ocean loading and pole tide.
To correct for the atmospheric signal, direct amdirect influence of the atmosphere
have to be computed using global models and ther@eunctions formalism (cf.
Section 2.1).
The gravimeter measurements have to be correctethdodrift. Measurements with
absolute gravimeters in certain intervals can stgpe drift determination.
The gravity values have also to be analysed foriepsi signals due to seismic events.
The origin of such a signal can be small local évem large earthquakes far away, as
it occurred during the basement experiment (cftiSe&.1.1).
It is also possible to have signals from seismiovig in the GNSS measurements.
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The deviations from a non-constant gravity value #e gravity residuals. A constant
gravity value would be the result if all variatipnsiclusive hydrology, are reduced
perfectly. The geometric signal is the residualtfeal) movement of the station.

Description of the structure of Figure 6.6 and 6.7

Figure 6.6 and Figure 6.7 depict the procedurenhefApproaches 1 and 2, respectively.
The meanings of the elements in the figures are:

red elements - gravimetric measurements

yellow elements -, geometric measurements

blue elements - hydrologic measurements (local)

green elements - global hydrologic models / measurements

black rectangles - representing the hydrological signals

The points explained in “Preprocessing” are deplidig the red and yellow boxes. They
represent the corrections, which have to be applied

The hydrological signal is represented by the regles in the middle of the figures, one
for the gravimetric and one for the geometric sigfide signal can be divided into
different parts, as shown in Figure 6.4. Theresaxéboxes, which all represent one part of
the signal. Every box is filled with a grey rectgvhose size shall illustrate the relative
magnitude of the signal part. The relation may yvaartially strongly, from station to
station. The expected magnitude of the total signgiven above the rectangle.

up to up to
~100 km ~200m
® '®

direct attraction

| |
| |

loading effects
I I

t t

large-scale small-scale
variations (global) variations (local)

medium-scale
variations (regional)

Fig. 6.4: Legend for Figures 6.6 and 6.7

The boxes 5 and 6 on the right stand for the lataaction and the loading effect due to
mass changes with small exteatnass distributions with high frequency), respestiv
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The boxes 3 and 4 in the middle represent thectitiraof masses which are more distant
than a few hundred meter and loading masses vafatally coherent extent up to 100 km
(regional scale), respectively.

The boxes 1 and 2 on the left represent all maskeh are not covered by the other boxes
and loading masses with large spatial extent (¢lobeontinental scale), respectively.

The upper three boxes (1, 3 and 5) represent tieetdittraction of the masses, the lower
three (2, 4 and 6) the indirect loading effectonkrthis follows that for the geometric
effect only the boxes 2, 4 and 6 are relevantesthere is no direct effect.

Vertical displacements due to further local proesdgke soil settlements are assigned to
the local loading effects (rectangle with the @rgattern in box 6) as spurious signal in
this depiction. These displacements lead to gravdyiations again, thus the striped
rectangle can also be found in box 6 for the grawim signal.

Hydrological signals

In Figure 6.6 and 6.7 the local attraction is degulcas the largest gravimetric effect. The
direct effect becomes smaller for more distant emsBor the loading case it is just the
opposite. In this case the largest effect is duthéolarge-scale mass effects. The signal
becomes smaller for mass variations of smaller Veangghs and is close to zero for very

local loads (cf. Section 2.1.2 and Figure 2.1).sTtolds for the geometric as well as for
the gravimetric signal.

Normally the (local) direct mass effect is the doating part of the hydrologic signal and

of the gravity-to-height ratio (cf. Section 2.1.8daFigure 2.2). Because of this the

rectangle in box 6 is the largest by far.

Local hydrological model

Another prerequisite for this campaign is that theal hydrological situation can be

described in a high resolution. The 90 m grid fritm® modelling approaches, described in
Section 3.2.2, is too large for the nearest sudogof the gravimeter, so the grid cell

with the gravimeter station has to be refined bgitahal observations. Since a lysimeter
provides valuable data about the hydrological fixe can support the determination of
the local hydrological situation.

Benefits of the geometric measurements
Geometric measurements help to define the defoomatioading term and thus to support
the determination of the real annual or large-ssajeal. If the annual or large-scale signal

shall be eliminated, the gravity-to-height ratif @ection 2.1.3) can be used to convert the
geometric measurements to gravity variations. Aordtas to be used, for which a
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representative value, irrespective of the spectofithe loading masses, exists. If only the
indirect effects (boxes 2 and 4) shall be regaitiedratio for the elastic effect has to be
used (cf. Equation 21). If also the direct attractdf large-scale loads (boxes 1 and 3) shall
be included the ratio with the additional globalwtenian attraction (Equation 22) term
can be used.

Approach 1
Objectives

The aim of Approach 1 is to analyse and extraargelscale signal. This signal can be
used for the validation of GRACE data. Therefore tnly possibility is the use of a
superconducting gravimeter or, with restrictiore tfPhone (see Section 4.2.1). As it was
shown in the basement experiment (cf. Section bthd accuracy of a gravimeter in the
class of the tested Scintrex CG-3M is not suffitiand the drift behaviour is not stable
enough to extract small long-periodic signals frastationary gravity recording.

Location

For this purpose a location for the gravimeter nsfgrable, where the hydrological and
topographical situation is not too complex, sinbés twould help to model the local
hydrology correctly. Large gradients in topograpay,occur in the south of the TERENO
site, can make the situation more complex. For giauhthe gravimeter is placed below a
slope the gravity can first decrease during a pre&tion event because the area above the
gravimeter gets more mass. If this water moves dasrsurface runoff or as interflow, the
gravity increases. Such effects enlarge the shoe Yariability of local hydrology.

The TERENO station in Fendt could be a possiblatlon. Several instruments, including
a lysimeter, are mounted there (cf. Section 4.hg Station is located in the northwest of
the TERENO area, where no large topographic vanatioccur. The local hydrological
variations may also be relatively small there.

Procedure

In Figure 6.6 the procedure for Approach 1 is shoWre hydrological situation has to be
modelled for the surrounding of the gravimeter.sTimodel shall lead to an estimation of
the local water storage change. Therefore a 3D-gfidhe soil has to be used. The
necessary resolution of this grid is dependentenvariability of the soil properties and on
the distance to the gravimeter. For every grid ttedl change of water content has to be
calculated from the hydrological model and/or itu sheasurements (e.g. lysimeter). Then
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this has to be converted into gravity changes,wit). the approach of Leirido et al. [2009]
(cf. Section 3.2.3).

These local variations have to be subtracted ftoengravity residuals, and then the large-
scale signal should appear. This is expected te havannual period (see estimation of the
annual signal in Section 3.3).

Since the geometric and the gravimetric signal fevequal origin now, they should have
a linear dependency (gravity-to-height ratio withdocal effects). Deviations can be
ascribed to errors of the local hydrological moaiein the elimination of other signals and
have to be analysed. The large amount of recordeghpeters at TERENO sites may help
to find possible reasons for unexplained effects.

The measured loading effects can be compared thnigaeffects calculated from global
mass fields derived from hydrology models or GRA@Easurements with the help of
Green'’s functions.

The geometric time series can directly be compacedheight changes derived from
GRACE coefficients (see Equation 28). The measugelity-to-height ratio can be
compared with a theoretical gravity-to-height rqtib Section 2.1.3).

In all these considerations a problem emerges comge the direct attraction at the
observation point. The question arises, what aralland what are regional mass effects;
and does the regional signal still exist if thealoeffect is subtracted? The situation is
depicted in Figure 6.5. Theoretically only the totdgic signal which is not represented by
the loading mass field resolution cell, in whicle tgravimeter is positioned, has to be
eliminated to obtain the large and regional scadmad. For example, if EWH from
GRACE or water storage change from a model areulzdtx, a certain mass variation is
derived for the area around the gravimeter, whimbschot have to be in accordance to the
local signal (as shown in Section 3.3). The ingsgtons during this measurement
campaign shall help to clarify this.

; direct attraction,
global mass field derived from

local conditions

///v
——

direct attraction,
derived from
mass field

Fig. 6.5: Problem of regional and local direct gravity signal

Additionally observations of different SG statianscentral Europe (see Figure 4.3) can be
analysed for common signal parts, to gain a laogessignal.
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Fig. 6.6: Relationships in Approach 1

Approach 2
- Objectives

The objective of Approach 2 is to use the gravimetata for evaluating local hydrological

model results or gaining hydrological parameters: this purpose the large-scale and
medium-scale effects have to be reduced. For #sis the knowledge from Approach 1

about the annual signal in this region can bezetili

. Location

The gravimeter shall be located at a station, wisctiose to that from Approach 1, and
which has a more complex hydrological situationisThpproach shall illustrate the
possibility of validating hydrological models withe signal from the gravity recordings.
Even if this works very well, it has to be remarkedt such a measurement is bound up
with immense effort for providing single point imfoation. This argument becomes even
more important if it is considered that the modkkeea of the TERENO observatory has
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an extent of several hundred [fmTo complement the stationary measurements,
additional field campaigns with a relative-springngmeter can provide more information
about the surrounding of the SG station.

+ Procedure

In Figure 6.7 the procedure for Approach 2 is depic There are only slight differences
compared to Figure 6.6. Now the loading calculasiball be used to reduce the large-scale
effects, so that only the direct effect of locatlhglogy remains. Another possibility is that
the theoretical gravity-to-height ratio or the ofeynd in Approach 1, are used to derive
large-scale gravity variations from the geometeght changes.

The local signal can be converted to a total waterage change at the location of the
gravimeter. This information can then be used tiidate model results. Since only the
integrative effect is available it may be the rigtgproach for validating models with
resolutions of 50 to 100 m, if there is no spesialation in the nearest surrounding of the
gravimeter.
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Fig. 6.7: Relationships in Approach 2
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In Figure 6.7 it is also depicted that a geomédteght series can help to detect spurious
local signals. This signal should be the only renmay, if the loading effects have been
reduced correctly from the height variation sigridlus the geometric measurements can
help to distinguish between real hydrological signand gravity variations due to
geometrical station movements.

Accuracy requirements and instrumentation

For this approach the accuracy requirements arg kigh since long period (annual)
signals with small amplitudes (less than 1 taGal) shall be detected. This also requires
very stable drift behaviour. Beside of superconithgcgravimeter only the gPhone (cf.
Table 4.3) is in the required accuracy class.

The station height variations have to be determimigldl [mm] or even sub-[mm] accuracy
since the loading effects are expected to havegmituale of only 1 cm (cf. Section 3.3.2).

Remarks

If both approaches shall be realized an iGrav waulggest itself to be used, since it can
be mounted at another station and has the abditnéasure also very small long term
signals.

The installation of a combined SG and geometrid ®& in an area with many
hydrological investigations will provide much exgm@erce how to reduce local and global
hydrology. This knowledge can be utilized if theifiable) SG is used at other geophysical
interesting locations, where for example post-glai@bound takes place.

6.2  Atmospheric admittance factor

« Objectives
- investigations regarding local atmospheric admagefactor; detection of its spatial
and temporal variability
« Instrumentation
- stationary relative gravimeter
- pressure recording (TERENO site)
« Requirements for the location
- two stations with different topographic charactics
- secure building for the instruments
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Tasks

- correlating pressure values to gravity residuals

- appropriate handling of the hydrology

Measured gquantity

- atmospheric admittance factor (local pressurgravity residuals)

The dependence of local topography on the atmogplemittance factor could be a
further topic for the investigations in the tedesiAn admittance factor is determined by
correlating a pressure time series to gravity tes&l Since this factor is often used for the
reduction in gravimetric campaigns it is importaotknow, if it can be assumed to be
constant over the whole area. Therefore a compans@admittance factors derived at the
southern mountainous part and in the northerrmpiat can be performed.

The used gravity residuals have to be correctedotber influences properly. For the
investigations concerning the atmosphere observaitibervals of several weeks are
sufficient, since the main signal has a periodedfesal days (cf. Section 3.3.1). Thus, a
period for the observations can be chosen with Istmadrologic variability. If the
hydrology effect can be controlled it can also beestigated if there are different
admittance factors for different seasons.

The correlation can be performed with a high terapogsolution, since the pressure data
from the TERENO sites is provided continuously.

The gravimetric admittance factor is dependenthendirect effect and the loading of the
atmosphere. The loading effect is very similar witthe Ammer catchment because of the
small distances (<50 km). The direct effect maydiféerent in the mountainous part
because of small-scale weather effects which cad te a different distribution of air
molecules in the air column above and becauseeofrtlissing air” due to the existence of
the mountains. The station height has not to besidered since the admittance factor is
dependent on the surface pressure change and imtiypef the total pressure.

The accuracy requirements of this campaign ars@ fhe magnitude of the atmospheric
admittance factor and its variations. The admittafactor is approximately 0i85al/mbar
and its expected variation is in the range of tQuG&l/mbar. If a pressure variation of 30
mbar is assumed the maximum variation due to theemminty of the atmospheric
admittance factor is around x1,8Gal. This is also again in the accuracy class of
superconducting gravimeter and gPhone. Since asspre recordings are performed
simultaneously the pressure signal itself is ab#lawhat makes it possible to estimate the
admittance factor with less accurate instruments,itawas done in the basement
experiment (cf. Section 5.1.1). The instrument Isphedvide a stable drift behaviour and
shall have the capability of recording gravity \edwover several weeks without the need of
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interruption of the measurement for any reason. tfla basement experiment the
measurement had to be stopped because of dataryinpi

6.3  Geometric measurement station (SAR - GNSS)

« Objectives
- independent validation of SAR measurements with G&rived CR coordinates
- systematic reduction of errors in SAR measurements
« Instrumentation
- 2 corner reflectors (per station)
- GNSS permanent station (per station)
- tachymeter
- SAR satellite(s)
« Requirements for the location
- construction of a stable station
- good visibility of GNSS satellites
- no lay-over or shadowing effects in SAR images

« Tasks
- comparison of theoretical ranges, derived from GN8&dinates, with measured
SAR ranges
- gaining atmospheric delays from GNSS measurementa tmcal atmospheric
model

- integration of the GNSS station in a GNSS networkeach [mm]-accuracy for the
station coordinate time series

- implementing corrections terms for time variableometric effects (station
displacements) and atmospheric delays (ionosptrepmsphere)

« Measured quantities

- SAR ranges and azimuth

- troposphere parameter (GNSS)

- GNSS coordinates

In the following an approach is introduced for rgaly an improved version of the test
measurement in Section 5.2 to get reliable accurestymations for absolute SAR
measurements. There shall be a systematic compadsoneasured SAR ranges and
azimuths to theoretical ranges and azimuths, defreen GNSS coordinates for the corner
reflectors, for different incidence angles, orlaitel atmospheric conditions.

The aim is to minimize the differences betweentlteretical GNSS ranges and azimuths
and the measured SAR ranges and azimuths. Foalthmdssible error sources (cf. Section
4.5.3) have to be checked and potential systerdapendencies have to be analysed.
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This station has not to be established in the TEQEdNea, but measured geometrical
signals, from GNSS or SAR, could be used for furtaealysis in combination with
gravimetric measurements.

Set-up and the requirements for the measuremdrdrstdhe station consists of two SAR

corner reflectors and a GNSS receiver (Figure @Bg components have to be installed in

a geometrically stable condition, i.e.:

- the instruments have to be mounted on a stabled&dion to minimize influence of
soil settlements

- the instruments shall be mounted preferably onstree foundation to guarantee that
the geometric relation between the phase centmesins stable

- the station has to be protected from external anfaes like animals

O O

CR

M ascending

CR
descending

O O

{ phase centre
Y reflector

Fig. 6.8: Combined GNSS and SAR measurement station

The geometric relation between the phase centréiseofeflectors and the antenna has to
be determined very accurately. A possible way #&bize this is to mount retro-reflectors at
the corner reflectors and the GPS marker with a-eegbrmined offset. The vectors
between the phase centres can then be observethblyyaneter.

The location of the GPS antenna has to be chosgucim a way, that disturbing reflections
in the SAR images are avoided. The corner reflecb@ave to be mounted in such a way
that no multi-path effects are caused by them.

One corner reflector is oriented for acquisitiormf descending orbits, the other one for
acquisitions from ascending orbits. To study ddférconfigurations one of the reflectors
shall be set up for a small and the other for gdancidence angle.
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If the orientation of one of the corner reflectstall be changed, the vectors between the
phase centres have to be determined again.

Control measurements to approve the geometriclisyaiiave to be carried out in a certain
interval.

In a first long term measurement with the GPS-rareilGS05 (ITRF) coordinates for the
station have to be determined. A measurement-durafi at least one year is necessary to
provide annual variations of the station coordisaie define a station velocity at least 2.5
years of observations are required. To determimgdioates with [mm]-accuracy with a
differential approach, observations of one daysafécient.

Following corrections have to be applied as a stechfeature at the IGS05 coordinates at
the epochs of the SAR image acquisitions, as shov@ection 5.2.6.2:

- solid Earth tides

- ocean loading

- pole tides

The accuracy requirements for the GPS-coordinates sdation movements are high

(Imm]), so that the coordinates can be assumecdetertor free in comparison to SAR

measurements and orbit accuracy. As shown in gterieasurement (cf. Section 5.2) the
accuracy of absolute range measurements is iratigerof 1-2 dm and shall be increased
to 1-2 cm.

The determination of the vectors between the pbastres has also be done with [mm]-
accuracy.

With a second station also a differential appromchossible. Differential movements of

two stations can be determined with higher accuthey the absolute movement of a

single station. This is because the following éferancel out in the range difference, if

the stations are in between one SAR image:

- orbit errors

- tropospheric dry delay

- tropospheric wet delay dependent on the atmospkenditions: if the water vapour
distribution within the SAR scene is variable, téference of the delays of the
stations remains in the differential vector

- solid Earth tides, ocean loading

These differential movements can also be validaiedependently by the GPS-

measurements.
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In the beginning of this thesis gravimetric and metric signals, resulting from
geophysical sources, are introduced. It is conagdron signals, which might occur in the
area of the TERENO alpine and prealpine Ammer ofagery since it was chosen as test
site for this study. The solid Earth tides are oesible for the largest effects; they are in
the range of hundreds aiGal] or 2-3 [dm], respectively. All other signatamely ocean
loading, pole tide, hydrology and atmosphere, &arty smaller and in a similar range of
magnitude. The signal amplitudes range from frastiof uGal] to tens of jGal], and
from [mm] to some [cm], respectively. This implidggat all signals, which shall not be
observed, have to be reduced carefully.

The Earth is elastic, thus changes of mass load tdumass redistributions lead to
deformations. The properties of the elastic Earth described by Love numbers. The
deformations are measurable as (geometric) helginiges and gravimetric variations due
to the height changes. This is called the indiedfect (loading effect). Gravimetric effects
are also induced by the change of the direct Newatoattraction due to mass variations.
The loading effect is mainly a large-scale sigtia direct attraction is primarily induced
by local mass changes.

The effects from solid Earth tides, ocean loadimg g@ole tide can be reduced from
measured quantities by existing models and progrdms, the main objective of this
thesis is the measuring of atmospheric and hydicddgignals.

Many instruments for in situ measurements (e.gmgger, meteo-stations, rain radar) are
or will be available in the TERENO observatory fobtaining hydrological and
atmospheric quantities. Unfortunately, the obs@myais not yet fully operational, and the
modelling efforts did not have the required progrgst for performing an operational
campaign in this study.

Therefore, first test measurements have been peefbr at other locations. The
experiments have been performed with a Scintrex3®cgravimeter. The first one in the
basement of the TU Miinchen has shown its potefaraktationary measurements. The
accuracy level is about g5al. Beside the measurement noise, the drift bebawdould be
identified as limiting factor, since it turned dotbe non-linear during these measurements.
With the second experiment the potential for thiecteon of groundwater variations using
gravity differences was tested. The accuracy of grevity differences derived in this
campaign did not allow the correct determinationthef water table change because of the
limitations of the used instrument. For this typecampaign several requirements are
identified, such as stable grounding for referepoents or the usage of a second
gravimeter for improved drift determination. Thikal be regarded for the proposed

169



7 Conclusions

gravity difference campaigns, which work after gaene principle. Another finding of this
test measurement is that the drift determinati@ygla major role for all campaigns with
relative field gravimeters.

Both campaigns have shown that it is importantdeehexperience with the handling of
the individual gravimetric instrument to exploitetfull accuracy potential.

It emerges in this work that the efforts in the HNRO observatory, especially in the case
of hydrology, will justify the use of gravimeterBhe results of gravimetric campaigns can
be used to validate a hydrological model by conmgathe measured to the computed
gravity signal or to reduce gravity data for thaltojogical effect, if other signals shall be
measured. Furthermore it can be attempted to medmuirological signals. This is most
promising for ground water variations, which causeblems in the hydrological
modelling of the Ammer catchment. In this contexias to be remarked that conventional
hydrology models are not ready for the use of gnaric data as input. The integration of
gravimetric measurement capabilities for the steshdese in hydrological modelling is a
topic for further investigations.

It is difficult to derive hydrological quantitiesubof gravity values, since different effects
have to be separated from the integrative gravithues. It is simpler to convert mass
variations derived from hydrological measurememt$ aodelling into gravity variations,
because in that case all hydrological informatias kb be combined to one quantity. An
approach, how this conversion can be done, is prede

Concrete atmospheric and hydrologic signals in &mamer catchment have been
investigated.

For the atmosphere it could been shown, that inregasurements of the air pressure and
large-scale modelling results show only very sndaliations in their variations because
atmospheric changes are mainly large-scale effelc®ever, the offset can be very large
resulting from the height variation in between omadel grid cell. Incorporating the results
from the experiment performed in the basement ef TJ Munchen, the following
conclusions can be drawn for the gravimeter ofdhtloor field class: It is sufficient to
use the atmospheric admittance factor, which relptessure changes to gravity changes,
of 0.3 uGal/mbar and pressure variations from a large-scatalel to reduce the
atmospheric effect from relative gravimeter measamts. For higher accuracy, if e.g. a
superconducting gravimeter is used, loading calira for global mass fields have to be
performed. Finally a campaign is proposed to speif atmospheric admittance factor for
the TERENO area.

In case of hydrology it has been shown that muchemparameters than for the atmosphere
are influencing its variability. During the invegdition of the hydrological signals a clear
difference between local measurements and larde-seater storage changes (GRACE,
global hydrology model) was observed. This is alse case in other investigations,
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introduced in this work, considering other areassermany. The large-scale signals are
mainly annual, i.e. long-term, signals.

In Chapters 3 and 4, concerning the instrumentstlam@xpectable signals, respectively, it
has been shown that long-term signals, in termgra¥imetry, can only be detected by
superconducting gravimeters. These instruments, haveomparison to relative-spring
gravimeters, very small drift rates and an accunahich allows detecting signals in the
1/10 [uGal] range.

It is a challenge to separate between local argiacale (hydrological) signals correctly,
which motivates for a campaign applying a superoectidg gravimeter for detailed
analysis concerning this task. This shall, for eplmnprovide information to evaluate
GRACE measurements or for the better understanafiige relations between hydrology
of a small catchment and continental wide hydroldgye instrumentation at the TERENO
sites (e.g. lysimeter) will help to reduce local dhylogical signals. Geometric
measurements, in the form of height changes of &&pNermanent station, can provide
additionally information, since they are only atit by large-scale effects.

A further test campaign, concerning geometric mesamsants, was performed at the DLR
Oberpfaffenhofen. GPS derived coordinates of a eomeflector have been used to
calculate theoretical SAR (TerraSAR-X) range andnath. These were compared to
measured range and azimuth. The SAR ranges habe twmrrected for signals of solid
Earth tides and for tropospheric and ionospheriwelsas for electronic delays. Azimuths
have only to be corrected for solid Earth tides aledtronic delays. Also the movement of
the Earth’s crust due to plate tectonics has toelgarded. It is shown that the electronic
delay used for the correction of TerraSAR-X range®o large. The main reason is that
only the dry but not the wet part of the troposghesras regarded during the calibration
process.

Signals in the lower [cm] and [mm] range are to@kno be detectable by absolute SAR
measurements yet, but it can be seen in the exeetithat there is the potential to reach at
least 5 cm accuracy. If absolute SAR measuremdrath siove in the direction of this
accuracy class, further investigations have to dmeed The proposed measurement station
shall help to find and eliminate the remaining esréossible error sources are:

- errors in the calibration constants (electroni@ys)

- errors in the determination of the ionospheric atmdospheric delays

- orbit errors

- small signals on the Earth’s surface (error oraijgn

Overall, this work has shown that the combinatiériferent measurement systems has

the potential to provide further information abdatge- and small-scale geophysical
signals:
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Connecting element for all kind of geometric andwymetric measurement is that they
have to be corrected for solid Earth tides, oceadihg and pole tides.

In long-term time series geometric measurementsS&IMNeight changes) can help to
separate hydrological large-scale and small-sdgleals in gravimetric signals, since
they are only affected by the large-scale variatidhthe separation works properly the
validation of GRACE derived gravity changes, whiate also mainly affected by
large-scale effects, with ground gravity observatill be possible.

Spaceborne SAR is able to detect geophysical sidika the solid Earth tides with
absolute measurements. GNSS observation are upedvide atmospheric corrections
(especially for the wet tropospheric delay) and iimdependent validation of the
absolute SAR measurements.

With gravimetric measurements the total water g@rahange provided by a
hydrological model can be validated. If atmospheignals shall be measured or the
drift behaviour of a gravimeter shall be investaghtthe model results are used to
reduce the hydrological part of the gravity signal.

The following measurement concepts are proposeda assult of the investigations
described above:

Using gravity differences for the validation of mgtbgical models

Using superconducting gravimeter, GNSS permaneatiost local hydrological
models and in situ data from TERENO sites for tbpasation of large- and small-
scale hydrological signals

Stationary gravimetric measurement for estimatiragiations in the atmospheric
admittance factor

Measurement station with GNSS permanent station aacdher reflectors for
performing an improved version of the SAR-GPS expent.

Finally it has to be emphasised that this work dozshave the intention of completeness,
since this is not possible for the many differemibjects which have been introduced. It
shall rather give a preferably large overview o thddressed issues and motivate for
further investigations, based on the proposed measnt concepts. A reader of this work
shall become acquainted with the basics neededefepened investigations.
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Appendix

+ Form of the ETRS89/ITRS transformation tool on tBedREF network homepage
http://www.epncb.oma.be/_dataproducts/coord_tréast access 05.11.2010)
- Section 5.2.2

*
F P k *kkkk
ermanent Networ el
EFN CE HOME
EUREF HOME
ORGAHISATION TRACKING HETWORK DATA & PRODUCTS HEWS & MAILS FTP & WEB A(
Creation, Managemant, Structurs, Sita maps, Site list, Proposed sites,  Data access, Analysis centres, Mews, Mails, Calendsr, Papers, Anonymaus FTF, Web sits indes,
Relstion to |GS, Frojects, Guidelines, Equipmert & calibration, Site Products, Time series, ETRSSITRS  Warkshops, Web site history Relzted links
FAG coardinates, Sits log submission transformation, Formats

DATA & PRODUCTS » ETRSS/ITRS TRANSFORMATICN

ETRS89/ITRS TRANSFORMATION

The following toal allows to transform coordinates (position and velocity) from any ETRFxx to any ITRFyy {(or ITRFyy to ETRFxx), In case input and output coordinates are
requested at different epochs, then site velocities are mandatory,

Input
Frame : ETRF38  w
Epoch : 2000 w00 v

§ Lines starting by § are treated as couments
§ Fields {in decimal format) should be separated by at least one space

#

# Exauple withouwt velocity - StationName{no space character) ¥luw] Y(m] Z[ul

StationName 4027854.006 307045.500 4919474.910

#

§ Exzaupls with velocity - StationNams{no space character) Xlml YIml Zlu] WVilmsyr] V¥lm/yr] VE[m/yr]
StationMName 40Z72594.00& 307045 600 43194743510 0,01 0.Z 0.02

Output
Frame :

Epoch : 2000 w00 w

Options
[ show intermediates steps Change epoch format: Decimal Year: ¥y.DDD v

Transform

References
* Memno: Specifications for reference frame fixing in the analysis of 8 EUREF GPS campaign: http://etrs89.ensa.ign fr/memo-Yv7 . pdf

* Transformation parameters fram ITRF web site: http:/Atrf.ian fr/trans para.ohp
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Appendix

« Form of the IRl online computation tool orhttp://omniweb.gsfc.nasa.gov/
vitmo/iri_vitmo.html (last access 05.11.2010)
- Section 5.2.6.3

Virtual Tonosphere, Thermosphere, Mesosphere Observatory (VITMO)
International Reference lonosphere - IRI-2007

This page enables the computation and plotting of IRT parameters: electron and ion (O+, H+, Het, 02+, NO+) densities, total electron content, electron, ion
and neutral (CTRA-86) temperatures, equatorial vertical ion drift and others.

NEW: July 9. 2009: Indices files extended back to years 1958 and 1959 (IGY)
NEW: Feb 4. 2010: Indices files updated with definitive and predicted indices

Go to the TRT description

—— o e e o e = = —
* Select Date and Time 1

| vear(1958-2012)/2010 I

| Note:If date is outside the Ap index range (1958-2010/09), then STORM model will be turned off.

Month: | July [v| Day(1-31): 17 1

1 Time | Universal |v| Hour of day (e.g. 1.5): |15 1

I * Select Coordinates

I Coordinates Type | Geographic | v |
Latitude(deg, from -90. to 90.): |48, Longitude(deg, from 0. to 360.) |11. 1

| Height (e, Fom 60. 10 2000): 514
*Gelect a Profile type and its parameters: 1

Hour profile[0.-24] v | Start |0 Stop|24 Stepsize |0.5 1

| [Submit Query ][ Rese: 1

1

1 Optional Input: 1

| Sunspot number, Rz12 (0. - 400.) Tonospheric index, IG12 (-50. - 400.)

] Electron content: Upper boundary (km., from 50. - 2000, ) |514 |
Ne Topside | NeQuick |v|F peak model URS| || foF2 Storm model | on v I
Bottomside Thickness B0 Table [v| F1 occurence probability: | Scotto-1937 na L || Ne D-Region |IRF95 [+ 1

] Te Topside | TTSA-2000 | Ton Composition | DSI5TTS05 v |
Note: User may specify the following two parameters only for Profile type Hesght' I
F2 peak density (NmF2), ¥ (10 BT 8) or F2 plasma frequency (foF2), MHz (2.-14.)]0 I

| F2 peal height mF2), km (100, - 1000)) or Propagation factar MG3000)F2 (1.5 - 4]0 1

1

1* Select Date and Time

EYea1‘(1958-2012): 2010

I Note:If date is outside the Ap ndex range (1958-2010/0%), then STORM model will be turned off
{Month: | July || Day(1-31): |17

i Time | Universal |v| Hour of day (e.g 1.5): 15

i* Select Coordinates

!Coordinates Type  Geographic |v|

iLatitude(deg. from -90. to 90.); 48, Longitude(deg. from 0. to 3603 |11
IHeight (i, from 60. to 2000.): 514

1* Select a Profile type and its parameters:

i Hour profile[0.-24.] |%| Start |0 Stop|24 Stepsize 05

E[ Submit Cluery H Reset ]

i Optional Input

| Sunspot number, Rz12 (0. - 400.) Ionospheric index, IG12 (-50. - 400.)

Flectron content: Upper boundary (lun., from 50, - 2000, ) |514

Ne Topside | NeCuick V F peak model | URSI [V[ foF2 Storm model | on \V]

Bottomside Thickness B0 Table |%| F1 ocemrence probability: | Scotio-1997 no L || Ne D-Region | IRI-95 s
Te Topside | TT5A-2000 [v| Ton Composition | DS35/TTS05 v |

Note: Tzer may specify the following two parameters only for Profile type "Height":

F2 peak density (NmF2), e 1 03 10.8) ot F2 plasma frequency (foF2), MHz (2.-14.):0.
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Appendix

@Select output form:
©@List model data
JCreate wodel data file in ASCII formar for downloading
JList model data in XML format
)Create model data file XNL format for downloading
'FPlot model data
Note 1: The first selected paremeter below alwvays will be along the X-axis, the other selections will be along Y-axis.
{e.g. if you want a Height profils, you may Specify Height as the first parameter in the listing below.)
Note 2: User may get scatter plot if he specifies any two parameters below and changes the "connect type”
in the "idvanced plot selections” to "show points only"

Submit Quary Reset

@ Select desived output parameters
Independent Variables

F¥sar [¥ Height, kra
FlMonth [l Geographic/Geomagnetic Latitude, deg.
[¥| Day of montl (depending on user's choice above)
ODay of year [J Geographic/Geomagnetic Longitude, deg.
[ IHour of day, UTALT ({depending on user's choice above)

(depending on user's cheice above) [ Magnetic inclination (DIF), degree
[ Selar zenith angle, degree [Difodified dip latitude, degree

IRI Model Parameters

DI Electron_density (s, w3 [ Atomic Oxygen ions (O*), percentage
CRatic of I7e and F2 peak density(17e/mF 2)> [ Atomic Hydrogen (') jons, percentage
[“11Teutral Temperature Tn, K [ Atomic Helum (He™, ions, percentage
[Ton Temperature Ti, K [OMeolecular Oxigen (Oz+) ions, percentage
[ Eleectron Temperature, Te, K [ Mitric Oside ions O\TO+), percentage
[¥ITotal Electron Content (TEC], 10" ] Cluster ions, percentage

LITEC top. percentage [T Atomic Nitrogen m ions, percentage

DlHewght of F2 peak (hmF2), km [ Propagation factor M(3000YF2

ClHsight of F1 peak (hmF 1), kera [[JBottomside thickness (B0}, km
ClHeight of E peak (hmE), km [IBottemside_shape (B1)

[ Height of D pealk (hnD?), ke [ valley width, km

[ Density of T2 peak (NmF2), [JE-valley depth (Mmin®imE)
[CDensity of F1 peak (MmF 1), e [CIF2 plasma frequency (foF2), MHz
[ I Density of E peak (HmE), it [JF1 plasma frequency (foF 1), MHz

[[JE plasma frequency (foE), MHz
D plasma freeuency (foD), MHz

[ Density of D peak (MmD), o

ClEquatorial vertical ion drift, m/s [OF1 probability 1979
[15pread F probability [JF1 probability 1995 incl. L-conditin
[Ratio of foF2 storm to foF 2 cuiet [JF1 probability 1995

Indices used by the model

["112-menth running mean of sunspot number (Rz12) [ Daily Solar Radio Flux F107D
OTonospheric Index IG12

Submit Clear

Advanced plot selections (optional)

Connect Type: | Connect data points |v| Character size(0.5-2.0)
Plot Symbol | Asterisk v Symbol Size(0.1-4.0)
T-ams Scale] Linear |¥ -amis Scale; Linear |%

Tmage size (pixels)35 640 ¥ (480

Send questions about this model to Dr. Dieter Bilitza, E-mail: dicter bilitza-1{@nasa gev.
Send questions about WWW access to this model to Dr. Natalia Papitashwili, E-mail: Natalia E Papitashvili@nasa gow,
Mail Code 672, NASA/Goddard Space Flight Center, Greenbelt, D 20771

HASA Oificial: Dr. Rebert Mic Guire, Head of the Space Phiysics Daia Fality
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