HELMHOLTZ-ZENTRUM POTSDAM

Helmholtz-Zentrum DEUTSCHES
PoTsbpAMm GEOFORSCHUNGSZENTRUM

Daniela Thaller

Inter-technique combination
based on homogeneous normal
equation systems including
station coordinates,

Earth orientation and
troposphere parameters

Scientific Technical Report STR08/15

ﬁ HELMHOLTZ

www.gfz-potsdam.de | GEMEINSCHAFT



Daniela Thaller

Inter-technique combination
based on homogeneous normal
equation systems including
station coordinates,

Earth orientation and
troposphere parameters

Vollstandiger Abdruck der von der

Fakultat flir Bauingenieur- und Vermessungswesen
der Technischen Universitat Minchen

zur Erlangung des akademischen Grades eines
Doktor-Ingenieurs (Dr.-Ing.)

genehmigten Dissertation.

Vorsitzende: Univ.-Prof. Dr.Ing. L. Meng

Prifer der Dissertation: 1. Univ.-Prof. Dr.phil.nat. M. Rothacher
2. Univ.-Prof. Dr.Ing. Dr.h.c. R. Rummel
3. Hon.-Prof. Dr.Ing. H. Drewes

Die Dissertation wurde am 02.01.2008 bei der Technischen Universitat

Minchen eingereicht und durch die Fakultat fir Bauingenieur- und Ver-
messungswesen am 10.03.2008 angenommen.

Termin der mindlichen Prifung: 04.04.2008

Scientific Technical Report STR08/15

Scientific Technical Report STR 08/15 Deutsches GeoForschungsZentrum — GFZ



Abstract

Nowadays it is widely accepted that the space-geodeticiigahs Global Positioning System (GPS), Very
Long Baseline Interferometry (VLBI) and Satellite Lasemigang (SLR) can contribute valuable information
to improve the understanding of the system Earth, althohgltapability to contribute to the various param-
eters describing the system Earth varies between the tpodmi Thus, the different potentials of the tech-
niques call for a combination of all single contributionsoirder to fully exploit the strengths of each space-
geodetic technique and to overcome the technique-speeffaknesses by a strong contribution of at least
one of the other techniques. The studies described in tag@shake a closer look on the station coordinates,
the troposphere parameters and on the Earth orientatiameders (EOP), i.e., polar motion, Universal time
(UT) and nutation.

As regards the station coordinates, all three techniquesibate to their determination. It is demonstrated
that mainly the VLBI and SLR sites benefit from the interfteijue combination as their single-technique
solutions are weaker than a GPS-only solution. Howeves, shiown that weakly determined GPS sites can
be stabilized, too, if there is a strong contribntfrom a co-located VLBI or SLR site.

Only GPS and VLBI sense the tropospheric influence in theesamy, so that troposphere parameters are es-
timated only for the GPS and VLBI sites. The inclusion of thapbsphere parameters into the combination
yields time-series of zenith delay (ZD) and horizontal ggat parameters that are fully consistent with the
common reference frame. For the first time, a combinatiotheftroposphere parameters has been carried
out, and the benefit of combining the troposphere ZD at catled GPS-VLBI sites could be demonstrated.
Due to the correlation of the ZD with the station height, a bomation of the ZD can stabilize the determina-
tion of the height coordinates. This stabilization is mastpinent if the local tie (LT) for the corresponding
co-location is missing.

A stabilization of the coordinate estimates similar to tfflee seen for the combination of the ZD could not
be shown for the combination of the troposphere gradientsve¥er, it is demonstrated that the common
treatment of troposphere gradients together with thederaéreference frame can give valuable information
about the discrepancy between the LT and the coordinaterdif€es derived from the space-geodetic tech-
niques, thus, offering an independent evaluatiothefL T information.

Concerning the EOP, the capabilities of the three techsique different: VLBI is the only technique to de-
termine the nutation angles abtlI in an absolute sense, whereas the satellite-techniquesdtaess only to
the time-derivatives, i.e., the nutation rates and lengitlagy (LOD). However, these time-derivatives, espe-
cially from GPS, carry valuable information that can stakilthe VLBI estimates. It is demonstrated that the
combination of GPS-deriveldOD and VLBI-derivedUT andLOD quantities leads to a time-series of piece-
wise linearUT that is clearly more stable than the VLBI-only ¢irseries.

A similar stabilization can be shown for the time-seriest@ x-pole andy-pole coordinates if the contribu-
tions of all three space-geodetic techniques aneodgeneously combined.

Contrary to other inter-technique combination studies,gblar motion andJT parameters are set up as a
piece-wise linear polygon with functional values every himstead of only a daily resolution. However, the
sub-daily resolution of polar motion induces a correlati@iween a retrograde diurnal term in polar motion
and the nutation angles. Studies regarding the theory @tthirelation and how to handle it when estimating
sub-daily polar motion together with nutation areliided in the thesis.

Furthermore, it is demonstrated that the common estimatighe terrestrial reference frame and EOPs can
be employed to identify a mismatch between the local tieesknd the estimated coordinate differences at
co-located sites. Thus, the EOPs offer another indepemd@hiation of the LT values, as mentioned already
above for the troposphere gradients.

For the studies described in this thesis, it is of vital infapce that continuous observations are available for
all observation techniques. Therefore, the so-called CO@&lpaigns of the International VLBI Service for
Geodesy and Astrometry (IVS) are well-suited. Such speeiaipaigns with continuous VLBI observations
for several days are initiated from time to time in order tondestrate the full capabilities of VLBI. The
studies described in the thesis at hand are based on the ¢@k-G&ONT campaign scheduled in October
2002, named CONTO?2.
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Zusammenfassung

Heutzutage ist es allseits anerkannt, dass die geodatisdnemverfahreslobal Positioning SysteitGPS),
Very Long Baseline Interferomet(yLBI) und Satellite Laser Rangin(SLR) wertvolle Beitrage liefern, um
das System Erde besser verstehen zu kdonnen. Allerdingsligrfeéihigkeiten der einzelnen Verfahren hin-
sichtlich der Bestimmung verschiedener Parameter, dieSggageem Erde beschreiben, unterschiedlich. Die
unterschiedlichen Potentiale der einzelnen Verfahresréefn eine Kombination aller Einzelbeitrage, um ei-
nerseits die Starken jedes Beobachtungsverfahrensamdist auszunutzen, und um andererseits die spezifi-
schen Schwéchen einzelner Verfahren durch einen starkitna@enindestens eines weiteren Beobachtungs-
verfahrens wett zu machen. In der vorliegenden Arbeit lisgt Augenmerk auf Analysen der Stationskoor-
dinaten, der Tropospharenparameter und der Erdorientisparameter (EOP), welche die Polbewegung,
Universal TimgUT) und die Nutation umfassen.

Alle drei Beobachtungsverfahren kénnen zur BestimmungSdationskoordinaten beitragen. Es wird deut-
lich, dass hauptsachlich die VLBI- und SLR-Stationen vareeKombination profitieren, da deren individu-
elle Lésungen schwacher sind als eine reine GPS-Losungrdiigs konnen auch schwach bestimmte GPS-
Stationen durch einen stabilen Beitrag einer kaelwé&n VLBI- oder SLR-Station stabilisiert werden.

Nur GPS und VLBI sind von der Troposphare in gleicher Art undis® beeinflusst, so dass Troposphéren-
parameter nur fir die GPS- und VLBI-Stationen geschatztemrAus einer Kombination einschlielich der
Tropospharenparameter resultieren Zeitreihen der tpdgogschen Verzdgerung in Zenitrichtung (ZD) und
horizontaler Gradienten, die vollstandig konsistent neitndgemeinsamen Referenzrahmen sind. Eine Kom-
bination der Tropospharenparameter wurde zum ersten Meahdafuhrt, und der Vorteil einer Kombination
der ZD fur ko-lokierte GPS-VLBI-Stationen konnte aufgegenverden. Aufgrund der Korrelation zwischen
ZD und Stationshohe kann die Hohenkomponente durch ein&&@bbination stabilisiert werden. Diese
Stabilisierung ist am deutlichsten, wenn deoc¢al Ti€' (LT) fur diese Ko-lokation fehlt.

Fur die Kombination der Tropospharengradienten ist eiabifidierung der geschétzten Koordinaten wie es
fur die ZD-Kombination der Fall ist, nicht zu erkennen. Esdiedoch gezeigt, dass durch die gemeinsame
Schatzung von Tropospharengradienten mit dem terrdsémsReferenzrahmen wertvolle Information tUber

die Diskrepanz zwischen den LT-Werten und den Koordinatfamdnzen aus den geodétischen Raumver-
fahren gewonnen werden kann, so dass eine unalgiediegaluierung der LT-Werte mdglich ist.

Die Starken der drei Beobachtungsverfahren hinsichtlehEOP-Schéatzung sind verschieden: VLBI kann
als einziges Beobachtungsverfahtg¢h und die Nutation in ihrem absoluten Wert bestimmen, wéahidiad
Satellitenmessverfahren nur die zeitliche Veranderulsp, Butationsraten und Tageslandg(D), bestim-
men kénnen. Allerdings sind diese zeitlichen Veranderangebesondere aus GPS-Schatzungen, ein wert-
voller Beitrag zur Stabilisierung der VLBI-Schatzung. Emkte gezeigt werden, dass die Kombination von
LOD-Beitragen aus GPS muT- und LOD-Beitragen aus VLBI zu einer kombiniertasr-Zeitreihe fihrt,

die deutlich stabiler ist als eine reine VLBI-ZeitreihenEidhnliche Stabilisierung konnte fir diePol- und
y-Pol-Zeitreihen gezeigt werden, falls die Beitrédjer drei Raumverfahren homogen kombiniert werden.

Im Gegensatz zu anderen Kombinationsstudien wurden di@Balinaten undJT nicht nur mit einer tagli-
chen Auflésung geschatzt, sondern als stickweise lindawgon mit Stitzwerten alle Stunde. Allerdings
hat die sub-tagliche Auflosung fur die Polkoordinaten diwerelation zwischen einer retrograd-taglichen
Polbewegung und den Nutationswinkeln zur Folge. Die vgdiele Arbeit beinhaltet Studien zur Theorie
dieser Korrelation und Methoden, wie sie gehandhabt wekdan, wenn man sub-tagliche Polkoordinaten
zusammen mit der Nutation schétzen mdchte.

Aul3erdem wird gezeigt, dass das gemeinsame Schéatzen vestischem Referenzrahmen und den EOPs
dazu verwendet werden kann, um eine Diskrepanz zwischeh Di&erten und den geschéatzten Koordina-
tendifferenzen zu identifizieren. Somit bieten die EORean den oben bereits erwahnten Troposphéarengra-
dienten, eine weitere unabhangige Evaluierungsrcidiggit der LT-Werte.

Fir die Studien, die in dieser Arbeit beschrieben werdepsstssentiell, dass kontinuierliche Beobachtun-
gen fiur alle Beobachtungsverfahren verfigbar sind. Déskiald die sogenannten CONT-Kampagnen des
International VLBI Service for Geodesy and Astromél4S) bestens geeignet. Derartige spezielle Kampag-
nen mit kontinuierlichen VLBI-Beobachtungen tber mehréage werden von Zeit zu Zeit durchgefihrt,
um die maximal mdglichen Fahigkeiten von VLBI aufzuzeigeie Studien in der vorliegenden Arbeit beru-
hen auf Daten der zwei-wdchigen CONT-Kampagne irtoée 2002, genannt CONTO02.
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1 Introduction

Nowadays it is widely accepted that the space-geodetimitgohs Global Positioning System(GPS), Very
Long Baseline Interferometry (VLBI), Satellite Laser Rang(SLR), Lunar Laser Ranging (LLR) and Dop-
pler Orbitography and Radiopositioning Integrated by Be€DORIS) can contribute valuable information
to improve the understanding of the system Earth. Just tdiarethe most important contributions: the es-
tablishment and maintenance of a highly accurate teragstnid celestial reference frame, the monitoring of
the Earth's rotation axis w.r.t. these reference framescémtribution to observe and study the status of the
atmosphere, the determination of the low-degree sphdrarahonic coefficients of the Earth's gravity field
and the determination of the orbits of many satellites. Tdieme in Table 1.1 summarizes those parameter
groups related to the system Earth to which the space-geddehniques can contribute. It becomes clear
from this matrix that the capability to contribute to the ivais parameters varies between the techniques. To
give some examples, the capability of VLBI to determine &sihl reference frame (CRF) with long-term
stability is unique. The same is true for monitoring the tiota(i.e., the movement of the Earth's rotation
axis w.r.t. the CRF) and the daily rotation of the Earth (il&T1-UTQ in an absolute sense and with long-
term stability. In contrary, an inertial-like referencessym given by the satellite orbits assures stability only
for short time spans (due to deficiencies in the orbit maagliso that the satellite techniques GPS, SLR and
DORIS can only contribute the time-derivatives of the notatingles andJT1-UTC The dynamics of the
orbits allow that the gravity field of the Earth can be deteed from observations of the satellite tech-
niques, although the determinability is restricted to th&-degree spherical harmonic coefficients, whereas
VLBI is a purely geometrical technique and, thus, is not dedpo the Earth's gravity field. After explaining
some of the differences, the attention should also be drawmose parameter types accessible to all observa-
tion techniques, namely the terrestrial reference frankRHjTand the polar motion (i.e., the motion of the
Earth's rotation axis w.r.t. the TRF). The only differenbesween the techniques concerning these common
parameter types must be seen in the strength ahtlitytof their contributions.

All in all, the different potentials of the techniques cail fa combination of all single contributions in order
to fully exploit the strengths of each space-geodetic teglgand to overcome the technique-specific weak-
nesses by a strong contribution of at least one of the otleanigues. Unfortunately, the potential of an in-
ter-technique combination is not yet fully exploited andesal topics still have to be studied. In order to
achieve a better understanding of the inter-technique omatibn, the studies within this thesis can be char-
acterized by the following topics that will be eaipled in more detail afterwards:

- The detailed alignment of the a priori models and paranmtton used in the analyses of the
space-geodetic observations enables a combination baskdmeogeneous normal equation sys-
tems.

- The inclusion of all relevant parameters into the combaorafi.e., station coordinates, Earth orien-
tation parameters (EOP) and troposphere parameters)sattowonsider the correlations between
them correctly.

- A combination of the site-specific troposphere parameateperformed and its impact on the com-
bined solution is quantified.

- The sub-daily resolution for the EOP entails a correlatietween the nutation angles and a retro-
grade diurnal polar motion term. As the behavior conceriivig correlation is different for VLBI
and the satellite-techniques, theoretical consideratanmd simulation studies are devoted to this
topic.

- As continuous VLBI observations are available for the tirparsof CONTO02, this data set is well
suited to demonstrate that the combination of GPS-deriv@D and VLBI-derivedUT1-UTCand
LOD estimates is worthwhile.

The combination studies for this thesis are restricted t& GH.BI and SLR. The third microwave tech-
nique, i.e., DORIS, has not been included in the studiekpagh it would be an additional contribution to
the troposphere parameters. But the first two basic ideadiomed above contradicted the inclusion of DO-
RIS: The combination bases on normal equation systems (Nf&Djvere generated with standardized com-
mon a priori models and the parameterization for all commamaimeters was unified. Those solutions (resp.
NEQs) that are commonly available (e.g., via the IERS) dduétl all the processing standards defined for
this thesis and do not include all desired parameters. Saannaonization of the analysis requires a software
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package at hand where the common processing standards aaplbenented. Unfortunately, this was not
the case for DORIS (and LLR, too0).

One may ask, why such a high priority has been given to the drwimation of the processing standards.
There is no doubt that a homogeneous processing of all dathda@ntire time span is indispensable if long
time-series of geodetic parameters (e.g., EOP or troposgiaeameters) should be analyzed. As the analysis
strategies steadily improved during the years, the chaagesisible in the routinely generated solutions as
jumps or different levels of quality. This implies that alfte-processing of all observations using the best
analysis strategy is required to get homogeneous timessefi geodetic parameterStéigenberger et al.,
2009. In the same way as changes in the analysis strategy areasediscontinuities within a time-series,
these discrepancies are present in the time-series of ptgesderived from solutions that base on different
analysis strategies. As the combination in this thesis ieedm the normal equation level, all differences in
the analysis of the observations related to the a priori tisotbnnot be handled and corrected in the combi-
nation. The differences propagate into the estimated peteamand will be averaged in the combined solu-
tion, so that a rigorous combination is not possible anyniDrewes, 200Y. Considering this background, it
is clear why we strove for consistency of the analysis of thgls-technique observations to the extent pos-
sible. In principle, the same procedure is appliedvaya (2002andCoulot et al. (2007)with the main dif-
ference that they analyzed all techniques with the samevaddt package, whereas two different software
packages have been used for generating the NEQs for this,thasnely OCCAM Titov et al., 200} and

the Bernese GPS Softwait@gch et al., 200y

Table 1.1:Different characteristics of the space-geodetic techegjooncerning the determination of geo-
detic parameters (original version by RothacheiQ20

Parameter type VLBI GPS SLR DORIS LLR

CRF Quasar positions X

Orbits (satellites, moon) X X X X
EOP Nutation X X

Nutation rates X X X X X

UT1-UTC X

LOD X X X X X

Polar motion X X X X X
TRF Station positions X X X X X
Gravity field  Geocenter X X X

Low-degree X X X X
Atmosphere  Troposphere X X X

lonosphere X X X

To a certain extent, an inter-technique combination isaalyedone since several years. Within the Interna-
tional Earth Rotation and Reference Systems Service (IER8)official products for the EOP result from a
combination of the individual contributions by the spae®detic techniguesambis, 200 However, this
combination is restricted to the EOP only so that the caticela with all other parameter types, especially
the TRF, are ignored. For a long time, the International §&rial Reference Frame (ITRF) was generated as
an inter-technique combination as well, but fully indepemtdfrom the EOP. The separate treatment of TRF
and EOP evoked steadily increasing differences in the mlégn: Space-geodetic solutions for actual epochs
correctly aligned to ITRF20004tamimi et al., 2002 show a bias of about 0.2 mas in tggcomponent of
polar motion compared to the official IERS EOP series (sge Bill and Rothacher, 2008 Only since a
few years, developments were initiated towards a commatnirent of station positions and EOP in multi-
technique solutions. A first step towards this procedurekadh the IERS SINEX Combination Campaign
(Angermann et al., 20Q3~vhere the appropriate procedures and combination metbaads be developed
based on a dedicated test period of one year of data. In ard=rty these more experimental studies over
into a routine processing, the IERS Combination Pilot Ritof€PP) was initiated in 200Rpthacher et al.,
2005. Results out of these two campaigns are documented in,Thgller and Rothacher (2003Anger-
mann et al. (2006)Finally, it was decided within the IERS that the ITRF congiigns should no longer be
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restricted to the station positions but should include tBdEas well. Therefore, the latest realization, called
ITRF2003, is the first official IERS solution where both groups of gareters have been treated together
and, thus, yield a time-series of EOP that is fabiypsistent with the ITRF.

Unfortunately, other parameters than station positionsE@P listed in Table 1.1 (e.g., troposphere parame-
ters, CRF, orbits, gravity field coefficients) are not yehsidered within the IERS combinations. The studies
within this thesis extend the groups of parameters thatrasgdd together: Troposphere parameters deter-
mined by the microwave techniques are additionally inatldehus, the results presented hereafter are the
first with consistently combined TRF, EOP and troposphammeters. Initial results out of this kind of
studies were published Krtgel et al. (2007)but restricted to a combination of GPS and VLBI. The studies
presented there already revealed that the solution berfiefin a combination of the troposphere parameters.
For the studies presented in this thesis, SLR was additiomalluded. Due to the fact that the influence of
the troposphere on SLR observations can be modeled adgueatrugh, the contribution of SLR can help to
decorrelate the station coordinates and the tropospheaepters determined by GPS and VLBI for sites co-
located with SLR. Furthermore, the usability of the troguese parameters to detect discrepancies between
the geometrical local ties and the coordinate differenegsrchined by the space-geodetic techniques will be
demonstrated.

One further comment must be added regarding the parametduléd in the combination studies for this
thesis. Contrary to the standard solutions provided by tadyais centers of the space-geodetic techniques,
the pole coordinates and universal time have been estiméated high temporal resolution, i.e., one hour.
The sub-daily resolution allows to validate the resultimget-series w.r.t. a model derived from satellite al-
timetry (i.e., the sub-daily ERP model suggested by the IERS8ventions 2003, sddcCarthy and Petit,
2009 instead of relying only on the official time-series prosaiby the IERS (e.g., IERS-C04, IERS Bulle-
tin A, seeGambis, 200%that base on the same space-geodetic data and, thus, dudynimtdependent. The
drawback of setting up the pole coordinates with a sub-dai$plution and estimating corrections to the a
priori nutation model IAU2000NIathews et al., 200%imultaneously, is the presence of a one-to-one corre-
lation between the nutation corrections and a retrogradendi term in polar motion. Theoretical consider-
ations dealing with this correlation are included in thisdis and studies based on simulated observations as
well as real VLBI observations illustrate the impact of difnt methods to handle this singularity. In the
case of the satellite techniques, three additional degrefeedom due to a common rotation of all orbital
planes are involvedHefty et al., 200D In former studies devoted to sub-daily ERP done by, &lgrring

and Dong (1994pr Watkins and Eanes (1994he diurnal and sub-diurnal terms of interest were set up ex
plicitly as unknowns so that the one-to-one correlation aasded. However, in this case, the periods of the
signals of interest have to be exactly known in advance aisdassumed that nothing else than these terms
are present in the time-series of ERP. The studies presartedfter use a different approach: Polar motion
(andUT1-UTQ is estimated as a time-series represented by a pieceiwés polygon and the correlation

is handled by a special constraint that blocks any retragdadrnal term in polar motion so that such a type
of signal will be part of the nutation angle estiesa@rockmann, 1997

Unfortunately, it is difficult and in most cases does not maknse to derive sub-daily ERP from SLR obser-
vations, but the main benefit from the inclusion of SLR inbe ttombination is thought to be relevant for
TRF-related issues rather than for Earth rotation.

In order to demonstrate the potential of VLBI to impact thenbination of the techniques, the time span for
CONTO02 was chosen here, as continuous VLBI observatiorigaedefrom a homogeneous network allow a
better determination of the estimated parameters than \deBkions that base on changing networks and
have gaps of a few days between the individual sessions. difnaous availability of VLBI is of special
importance as one goal of this thesis is to demonstrate thatrdvination of GPS-derivedOD and VLBI-
derivedUT1-UTC/LODis worthwhile and yields a time-series of piece-wise lingal-UTCvalues that is
more stable than the VLBI-only time-series. This is in castrto the statements by other authors, @y

et al. (2005)or Gross (2000)that there is no method to rigorously combine the contitimst of VLBI and

the satellite techniques for universal time. However, &sdtudies presented hereafter base on datum-free
normal equation systems including free satellite orbhg, WT1-UTC time-series derived from integrated
LOD values delivered by GPS and SLR is free to align to the absolalue ofUT1-UTCthat is given by
VLBI, and the high short-term stability dfOD (especially the GPS-derived values) result in a combined
time-series of universal time that is more stabéntthe VLBI-only time-series.

1 http:/itrfensg.ign.fr/ITRF_solutions/2005/ITRF2005.php
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Summarizing the main specialties of the studies presergeshfter, the combination bases on homogeneous
datum-free normal equation systems, and the parameterizas well as the a priori models have been
aligned for the analysis of the GPS, VLBI and SLR observatidrurthermore, troposphere parameters are
consistently combined together with the TRF and EOP foritisetime, and, finally, it is demonstrated that a
combination of VLBI and the satellite techniques is possitar all five parameters describing the Earth's
orientation and rotation.

As the combination studies base on normal equation syst&hapter 2gives the mathematical background
for the handling of NEQs including all manipulations thag aised within the studies, e.g., transformation of
a priori values and different types of constraining. Thecgpgeodetic techniques themselves are character-
ized inChapter 3in order to visualize the differences and similarities besw the techniques that have to be
considered when performing an inter-technique combinathapter 4is dedicated to the data sets that are
used besides the observations of the space-geodetic qeelsrthemselves, namely the local ties for connect-
ing the networks and water vapor radiometer and meteordbdata for validating the troposphere parame-
ters. In addition, the characteristics of the CONTO02 cagpaire explained in more details. General aspects
about the processing of the GPS, VLBI and SLR observation€@NT02, some aspects related to the com-
bination and methods used for validating the resultingmpetars are summarized @hapter 5 The theoreti-

cal studies on the correlation between a retrograde diypolar motion term and the nutation angles, men-
tioned already before, are included@mapter 5.3 Finally, Chapter 6summarizes the results for the estimat-
ed parameters, starting with the analysis of the singlertigie solutions followed by the combined solu-
tions. Some concluding remarks and an outlook oivéu studies are given @hapter 7
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2 Least sguaresadjustment theory

This chapter summarizes the mathematical principles tteatnaportant for understanding the data process-
ing algorithms used for this thesis. Starting with the walbwn Gauss-Markoff model, several aspects of
the parameter estimation process are introduced, e.@megder transformations, parameter pre-elimination,
application of a priori constraints, stacking of normal apn systems and expansion of normal equations.
Extensive explications of the least squares adjustmeprtyhis given inKoch (1988)and Niemeier (2002)
For geodetic applications, especially using the GlobaitPming System (GPS) and tHgernese GPS Soft-
ware (Dach et al., 200Y, a summary of the basic least squares adjustment formalage found inBrock-
mann (1997)pr in Mervart (2000)

2.1 Gauss-M ar koff moded

Generally speaking, a set ofunknown parameterswill be estimated using a set afindependent observa-
tions®. Each observation must be mathematically exprezsedfunction of the unknown parameters:

0= f(x) . (2.1)

Usually the observations are derived from measurementatbanfluenced by various error sources so that

the relationship (2.1) cannot be fulfilled exactly. If almdom errors corrupting the observations are accumu-
lated in a vector of residualg the vector of observation can be separated into the original observations,

denoted witto, and the residuals:

0=o0+v . (2.2)
Hence, the basic equation (2.1) is rewritten as:

o+ v = f(x). (2.3)

This expression is known as the observation equation. Irt pases the functionf (X ) is not linear w.r.t.

the parameters to be estimated. But for the Gauss-Markadiefrmlinear relationship is required. The linear-
ization of (2.3) is obtained by a first-order Taylor seriep@nsion using the a priori valug® for the un-

knowns and by estimating only small correctiafbs to these a priori values. The so-called Jacobian matrix
or first design matrixA is composed of all first order derivatives of the functibix ) w.r.t. the estimated
parameters evaluated»dx

of
o+ v = f(x0) + 8—x|x=xo - AX
o+ v=f(x0)+ A-AX : (2.4)
Introducing the vectdras reduced observations or '‘observed — computed'
| = o — f(x0) (2.5)
the above equation reads as
v=A-Ax—I (2.6)

denoted 'equation of residuals'. To be able to solve thiesyghe least squares adjustment method demands
the minimization of the (weighted) square sum eftbsiduals:

vi P v > min . 2.7
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Page 12 2 Least squares adjustment theory

The weighting of the observations and their residuals isrigkto account by the matri®, which is often a
diagonal matrix (i.e., if the observations are uncorrelptesing the standard deviations of the observations

o; and the a priori standard deviation of unit weigtry , so that the main diagonal elementsPoére de-

o 2
P(i,i) = (—0) . (2.8)
gi

The requirement for the least squares adjustmerit iZads to the so-called system of normal equoati

fined by

ATPA - Ax = AP (2.9)
where
N=A" P A (2.10)
denotes the normal equation matrix, and
b= A" P | (2.11)

is the vector of the right-hand side.
It can easily be seen how the unknowns are defroead the system of normal equations (2.9):

Ax = N7' - b. (2.12)

In the case of a linear relationship (2.3) between obsematand parametersi x is identical tox, hence,
(2.12) directly gives the adjusted parameters. If a liresdion (2.4) had to be performed, however, the un-
knowns A x represent only an improvement for the a priori valu@s Thus, the original parameters are
given by

x = x0 + Ax . (2.13)

After computing the residuals according to (2.6), the minad weighted square sum can be derived and di-
vided into two parts:

-
VvV Pv=(A-Ax—1) PA-rAx—1)=..=1"P1l—-AX b - (2.14)
The first part, i.e.,| T P |, only depends on the observations, whereas the second.parmixT b,isin-
fluenced by the solution. Consequently, for computing tieegivted square sum of residuals (2.14) in a com-
bination of datum-free normal equation systems, ohlyp | has to be known from the single input normal

equation systems, whereas the second part is ddrima the combined solution itself.
The square sum of residuals leads to the a posteaigance of unit weight:

.

N v P v

G = —— (2.15)
n—u

Using the law of error propagation, the covariamagrix of the estimated parameters is

Q, =g Nt (2.16)
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2.1 Gauss-Markoff model Page 13

In the case of a linearization, the a priori valu&sused must be good enough so that an approximation with
a first order Taylor series expansion is justified. If thisxaot be guaranteed, an iteration is needed using the
estimated parameters as new a priori values isubsequent step.

Starting from these basic formulas for the least squarassadgnt, several manipulations of the system of
normal equations can be carried out. Some operations teatgortant for the derivation of the results in
this thesis are outlined in the following sections.

2.2 Scaling of normal equation systems

In principle, the scaling of a normal equation system isteaby, depending on the definition of the observa-
tion of unit weight. Therefore, the scaling can be changdatiaut influencing the results. Switching from an

old scaling given by the variance factor’ to a new scalingr . , the factor for the re-scaling of the nor-

mal equation is the ratio of both variance factors:

(ox
s = ”eV; (2.17)
Toid
Then, the re-scaled system of normal equationdbealerived easily:
s*N-x=s-b . (2.18)

Of course, the square sum of residuals gidp | must be re-scaled as well by multiplying them with the

scaling factos.

This very simple manipulation is used in the combinationcpes for numerical reasons. As already men-
tioned at the beginning, the different input normal equatigstems generally do not refer to the same choice
of the observation of unit weight. In order to give some exm®por this degree of freedom: In the case of
GPS the observation of unit weight can be either a zero éifieg observation or a double difference obser-
vation. For VLBI the differences result from choosing eithaits of length or units of time, i.e., [m] or [s],
respectively. If these normal equation systems are therbiced it is numerically required that they are
based on reasonable scaling factors.

Additionally, the manipulation (2.18) can be applied in@rtb weight the different input normal equations.
Multiplying one of the input normal equation systems withaatditional factor corresponds to changing its
weight in the combination. Therefore, the weighting mettedcribed later on i€hapter 5.1.1bases on for-
mula (2.18). However, it must be kept in mind that in this splecase the factos has the meaning of a
weighting factor instead of a re-scaling factor.

2.3 Linear parameter transformation

For a linear transition from an old set of parametete a new sey the following linear relationship must be
known:

x=C-y+c. (2.19)
If (2.19) is substituted for the old parameterand for the improvementd x (in the case of a linearization)
in the equation of residuals (2.6) and in the system of noeqahktions (2.9), the transformation results can
be obtained after a short derivation:

C, (2.20)

.c) (2.21)
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I = IOld — A-c . (2.22)
And |T P |, which is more important for the combination thais transformed according to:

T _ T T T
| PIneW—I P||d—2C bold—i-cN

new old o]

od C - (2.23)
The linear parameter transformation is a convenient toabbich many other operations are based. The fol-
lowing subchapters describe the transformation of a prialies and the transformation from a parameter
representation with offset and drift to a piece-wise lingarameterization as two examples that are important
for the combination studies.

2.3.1 Transformation of apriori values

In general, space geodesy deals with linearized obsenvatjoations. Hence, the normal equation system re-
fers to one special set of a priori values and the estimat@dovwements4 x depend on them. If different
normal equation systems are combined, they all have to tefétre same set of a priori values, because the
improvementd x are to be estimated as one common set for all normal equatierss. As a consequence
of this requirement, the normal equation systems first liavee transformed from the original a priori values
x0 to a new set/0, common to all single normal equation systems and the cosdbéystem. The following
linear relation between both sets of a priori valaed the corresponding improvements is assumed:

X0+ Ax=y0+ A vy, (2.24)
or written in a different way:
AX=Ay+ (y0— x0) . (2.25)

By comparing this expression to the general transformaggpumation (2.19), we readily see that the transfor-
mation matrixC and the vectoc are given by:

c=1, (2.26)

c=y0— x0 . (2.27)

C as an identity matrix implies that the normal equation madttiremains unchanged, whereas the vebtor
on the right-hand side and the reduced observalians modified by changing the a priori values (see equa-
tions (2.20)-(2.22)).

2.3.2 Transformation between different parameterizations

Most of the parameters estimated from space-geodetic vdi@rs are changing with time, e.g., Earth rota-
tion parameters, troposphere parameters and stationinated (if a longer time-span is considered). To
cope with this behavior in the parameter adjustment, thdevtime-span is split into sub-intervals (e.g. one
hour, one day) and for each of them a parameter set is estimite time-dependency within one sub-inter-
val can be expressed either by one offset at a certain epachraadditional drift, or by functional values of
a polygon at the interval boundaries assuming a linear bhehbgtween them. Figure 2.1 visualizes both pa-
rameterizations. Two principal differences between the trethods must be mentioned: The resulting num-
ber of parameters for a certain number of intervals and thblem of continuity at the interval boundaries.
To be more precise concerning the first topic, a number giib-intervals results inlRparameters in the case
of a parameterization with one set of offset plus drift, védar onlyn+1 parameters are needed for the piece-
wise linear representation as a polygon. Of course, there difference in the case of solely one interval but
the number of intervals is clearly larger for most of the pagters, thus, the number of parameters heavily
increases. Furthermore, the continuity at the intervahbdlamies is automatically fulfilled using the polygon
parameterization, contrary to the representation witkatfand drift, which allows jumps to occur at the in-
terval boundaries. In the latter case, continuity condgibave to be applied additionally to avoid jumps, al-
togethem-1 conditions. The number of conditions decreases the nupfiadependent parameters a1,
i.e., to an equal number of parameters as in the case of tlgggotepresentation, clearly demonstrating the
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2.3 Linear parameter transformation Page 15

over-parameterization with one set of offset plus drift peerval. In view of the arguments concerning the
number of parameters and the continuity at interval bouadathe piece-wise linear parameterization as a
polygon is preferred in thBernese GPS Software

El t|2 |t3 ti Iti+1 tn fn+1
| | | ee e | l. ..

p—

/ﬁ - L - Yn+1
i ——— - y n+
L\‘_‘, Y3 y ‘.& n

y|+]_
Y,

Figure 2.1: Different types of parameterizations for a time-series oftarvals: a) offset + drift for each in-
terval (blue),b) piece-wise linear polygon (green).

If normal equation systems contain different types of patamization, one common type must be chosen for
the combination, and all normal equation systems first liavge transformed to this representation. In the
following, the transformation will be given exemplarilyrfone interval delimited by the epochsandt..
The corresponding two types of parameterizatiortHisrinterval can be described by

_ [(x(t) _ (VY (t)
<>‘<(ti)) Y (y(tz)) . (2.28)

In (2.28)x represents the parameterization using an ofﬁééti) at an arbitrary epoch within the interval

considered here, i.e,0 [t: t2], and a drift X (ti) as second parameter. The piece-wise linear parameteriza-

tion with two functional values at the interval boundarigesepresented by. Computing an offset at a cer-
tain epoch from an offset valid at a different epoch and aesponding drift is basic mathematics, thus, the
linear relationship betweenandy can be given after a short derivation:

t,—t ot —t
t,—t, t,—t
x =2 "t 2 iy (2.29)
—1 1
[, —t, ot =ty ]

The transformation matri (see (2.19)) is given by the matrix in equation (2.29) and dlear that the vec-
tor c is zero. Inserting both into the general equations for alinErameter transformation (2.20)-(2.22) re-
veals the transformed normal equation system.

One comment must be added in view of the combination proeedescribed later on: If only an offset (in-
stead of offset and drift) should be “transformed” to thecpiavise linear parameterization, the matrix in
equation (2.29) is reduced to the first row only. Then, tmglka offsetx is portioned according to its tempo-
ral distance to both epochs of the polygon. By the way, thi€g@dure is used as well for computing the con-
tribution of an observation at a specific epoch iece-wise linear representation of any parameter
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2.4 Parameter pre-elimination

There are several parameter types in space geodesy thatchbgestimated, but whose values are interest-
ing only for some special studies. GPS phase ambiguitiefook parameters are examples of such parame-
ter types. Moreover, if the user is interested only in onetgpparameter, all the others can be skipped after
estimating them. In order to keep the normal equation systeall, it is convenient to pre-eliminate all pa-
rameters that are not interesting for the intended apjmicatt is important to mention that the appropriate
parameters are estimated implicitly although they aregtireinated. Therefore, this approach must be clear-
ly distinguished from an adjustment without estimatingsthgarameters. The pre-elimination algorithm is
based on a division of the normal equation system into twitsparconsisting of the parameters that will be
retained, andk, comprising those that will be pre-eliminated. The corresfing normal equation system
looks as follows:

Ny Ny . X1 _ b, | (2.30)
N, Ny X3 b,

or, decomposed into two parts:
N, %X, + N, x,=Db | (2.31)
Noy = X+ Ny o X, = b, (2.32)

Solving for x, in the second equation and introducing the resulting esprsgnto the first equation yields
the normal equation system where the paramgtene pre-eliminated:

(Njy = Ny N ™ Ny )%y = by — N, N7t b, (2.33)

Finally, the reduced normal equation system cachlagacterized by the following quantities:
Niegue = Nog = Ny N 8 Ny, (2.34)
Dregue = 03 = Npp Ny - b, (2.35)
ViPv=I"TPIl=x"b_ . =..=1"TPIl—=>b" N, b, —x"b, . (236

2.5 Stacking of normal equation systems

The basic operation in the process of combining normal égualstems is the stacking. Thereby, stacking
means the correct treatment of parameters common to maneoti& normal equation system: one and the
same parameter is contained in at least two input normaltiegqusystems and both are merged into only one
parameter in the resulting combined normal equation sysiéns procedure is also well known as 'Helmert
blocking' Helmert, 1872 It has been proven already in other publications, Brgckmann (1997 hat a se-
guential least squares adjustment leads to the same result@mmon adjustment in one step, provided that
the different observation series are independent. Thexgfioe proof of equivalence is omitted here and only
the formalism necessary for combining two observationesewill be outlined briefly. The generalization
with more than two series can be easily verified.

Starting from two systems of observation equations of ty6)(determining the same set of unknown pa-
rameters, the Jacobian matriA and the weight matri¥ for the combined system - with the assumption of
no correlations between the two sets of observatiamould be given by:
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P. 0
A = (A1> Cop=|t . (2.37)
o P,

The corresponding normal equation system is der@fteat a short computation:
T T _ AT T
(A1 P, A+ A P, A2) x=A P I+ A P, I, . (2.38)

In the case of a two-step approach, the two systems of oligemeqjuations are first converted independent-
ly into two normal equation systems:

A" P, A -x=A"P- (2.39)

T _ AT .
A, P, A,-x=A, P I, . (2.40)
Normally, in the second step, the user does not have accéiss tnatricesA, P and the vectof any more.
Instead of these quantities, only the corresponding noemaation matricesl;, N, and the vectors, b, of
the right-hand side of the normal equation systarasaccessible:

_ T
N,=A"P A, b

_ T .
1 1 = A P -l (2.41)

1 1 1

N,=A'P,A,, b =A"TP

2 2 2 2 2’ (2.42)

Comparing the equations (2.41) and (2.42) with (2.38) itdgious that for a combined solution of the iden-
tical parametersg only the two normal equation matrices and the vectors ofitfi@-hand side, respectively,
have to be summed up:

(N, + N,)-x=b, + b, . (2.43)

2.6 Constraining of parameters

In most cases, at least for the applications mentioned étli@sis, the observations available do not contain
all the information that is needed to derive a solution. Timlies that the system of normal equations (2.9)
is singular or almost singular. Consequently, the normahéqgn matrixN cannot be inverted and, therefore,
the solutionx cannot be obtained. For solving this problem, exterior talual information about the param-
eters must be included, so-called constraints, that rentleelyrank deficiency. The incorporation of con-
straints can be done in different ways. The classical wayddiray constraints, named 'Gauss-Markoff model
with restrictions/conditions’ (séebner, 1997r Koch, 1988, demands the exact fulfillment of the additional
conditions by the estimated parameters. In the case of tje@plications, these strong restrictions are of-
ten undesired because there is no degree of freedom lethégpdrameters. In addition, in many cases it is
known that the introduced additional information is nobetfree, and thus, it would degrade the estimation
rather than improve it. These two disadvantages are avaidbd constraining is done by pseudo-observa-
tions including an appropriate weight for these fictitimisservations reflecting their accuracy. The observa-
tion equations for the fictitious observations I@dilar to those of the 'real’ observations (2.6):
vp=H-x—h | (2.44)

The weight matrix for the constraints is built from the knowariances of the pseudo-observations, i.e.,

Th i )2 , and is scaled the same way as the 'real' obgmrgat.e., with the a priori variance factor02 :
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P, (i,i)= . (2.45)

Of course, if the correlations between the pseudo-obsensare known, more complicated constraints are
possible including a fully occupied weight matri. The pseudo-observations yield a system of normal
equations as well:

HT P, H-x=H" P, -h. (2.46)
Together with the original system of normal equagiave obtain:

(ATPA+H' P H)-x=A"P-1 +H" P -h. (2.47)

In Brockmann (1997it was shown that the method of introducing fictitious olvsg¢ions as constraints can
be transformed into the strong Gauss-Markoff model withrig®ns by increasing the weight for the ficti-

tious observation, i.e.g, (i)z — 0 . Therefore, it is possible to pass fluently from very loosegtraints

to strong conditions.
The following special cases of constraints willdxplained explicitly:

Absolute constraints on parameters,

Free-network constraints (datum definition),

Relative constraints between parameters,

Blocking of retrograde diurnal polar motion terms.

2.6.1 Absolute constraintson parameters

If 'ideal’ valuesw for the estimated parametetsre known and the estimation should be constrained to these
values, the appropriate equation for the pseudefghtion can be set up:

Vp = X — W, (2.48)
It can easily be seen that equation (2.47) is sfiaglto
(ATPA+P ) x=A"P-1+P -w. (2.49)

A special application of (2.48) is the constraining of parameters to their a priori values, because in
this case all elements of w become 0, and only the weights P, must be added to the normal equation
matrix.

2.6.2 Free-network constraints

The method of a free-network constraint offers the possikib align the estimated network solution to an a
priori reference frame. A Helmert transformation is usediéscribe the relation between the internal net-
work solution derived from the observations and the coaidis of the a priori network that is used as a ref-
erence. The Helmert transformation can be formulated foh etationi of the network with the coordinate
estimatesKi = [X, Y, 4 and the coordinates0, = [X0, YO, ZDused as a reference:
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X 1y —B| |Xo Tx
YI=Q+pu- |-y 1 «f|YOl+]|T, (2.50)
z | B —« 1] LZO T,

Therein, the seven transformation parameters are
— Tx, Ty, Tz Translations irx, y, z direction respectively,
— @, B, y: Rotations aroung, y, z axis respectively,

— W Scale factor.
After regrouping the variables and assuming small valueshie transformation parameters (linearization),

the above equation becomes

Ty

Ty

X X0 1 0 O 0 —20 Yo Xxo| | Tz
Yy[=|vo|l+|lo 1 0 2z o -—-xo0 vo||«]" (2.51)

Z Z0 0O 0O 1 -—-YO X0 0 Z0 B

Y

Iu | |

or written in matrix notation for the station

X, = X0, + B,- T . (2.52)

The expressions for the vector of Helmert parameteasd for the matrix of coefficients for one stati@
can be retrieved easily from comparing both equationsiriRutbgether allhs, Stations that should contribute

to the free-network constraint we get:

X, X0, B,
X X0 B
X = 21, xo= 21, B=| ?2]. (2.53)
L X Ngta L Xonsta_ L anta_

The basic equation of residuals for solving for ite#mert parameterdcan then be written as
v=B-CT—(X —X0)=B-¢— x . (2.54)
Thus, the Helmert parameters are determined by

z=(B"B)'B"-x . (2.55)
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The free-network restriction itself is based on the lastagign (2.55) by asking for zero values for (some of)
the Helmert parameters. This condition leads tathservation equation for the free-network constrai

£=(B" B 'B -x=0. (2.56)

Comparing (2.56) with the general equation for constrajatd44), it is obvious thah = 0, and the Jacobian
matrixH is

H = (B" BB . (2.57)

For the free-network constraints, the weight makixs compiled from the variances of the individual trans-
formation parameters. Finally, the system of normal eguatincluding free-network constraints has the
form:

(ATP A+ H' P H)-x=A"P-1I . (2.58)

Compared to absolute constraints on station coordin@ester 2.6.}, the application of free-network con-
straints has the advantage that the network itself is natrdefd if only datum defects (e.qg. rotations, transla-
tions and scale) are constrained.

Finally, a special application of free-network constraintust be mentioned. If only those Helmert parame-
ters are constrained that correspond to a degree of freefitim network, the restrictions are minimum con-
straints. Consequently, three rotations and three tramistamust be constrained in the case of a global VLBI
solution, whereas for a global GPS or SLR solution only thraations need to be constrained. If only the
three rotations are considered, the constraint is calledet@otation (NNR) condition. In the case of con-
straining only the three translations, the expressionetetnanslation (NNT) constraint is used, and a no-net-
scale (NNSc) condition constrains only the scale.

2.6.3 Relative constraints between parameters
In some cases the relation between two parametensdx; is known and it may be helpful to make use of
this additional information. Such a constraintnsaduced with the observation equation

i — X, =W, (2.59)

respectively the equation of residuals:

v=x.—x.—w=[1 —1]- - w (2.60)

wherex;, X represent the two relevant parameters arnd the known value for the tie between them which
should be realized by the solution. Let the standard devidor keeping the valugv for the tie be o, .
Then, the normal equation can be retrieved easily:

2 2
o\ | T TN o) | W] . (2.61)

O -1 1 X O —W

Applications for constraining two parameters relative &oheother are coordinate differences at co-located
sites, so-called 'local ties', or differences in the trgbese zenith delays at co-located sites, named 'tropo-
sphere ties' throughout this thesis. In both cases, thevalisually is not 0. The situatiow = 0 means that
the two parameters should be identical (within the stredtihe constraint). An example for this particular
case is the constraining of the difference between two autse parameters to prevent them from too large
variations in time, e.g., if parameters are set up with a yegh temporal resolution. Relative constraints
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with w = 0 can also be used as an alternative to a real stacking of amameters (see Sec. 2.5). More pre-
cisely, the two corresponding parameters are both kepeimdnmal equation system, but due to the relative
constraint they must be identical within the lingisen by the constraint.

2.6.4 Blocking of retrograde diurnal termsin polar motion

If polar motion is estimated with a sub-daily resolutione tlutation angles cannot be estimated simultane-
ously as they are one-to-one correlated with a retrogragaali term in polar motion. An additional correla-
tion appears in the case of satellite techniques if orbl&xhents are to be estimated, because a rotation of
the entire orbit system corresponds to a retrograde didenad in polar motion, as well. Nevertheless, it is
desirable to estimate all types of parameters simultamgausnany cases, hence, an additional condition is
needed to remove the singularity. For this purpose, a methgadevent a retrograde diurnal term in polar
motion was developed. An elaborate derivation of the basmimilas is given inBrockmann (1997)The
constraint derived therein deals with the singularity lestw an offset for the nutation angles and a retro-
grade diurnal signal in polar motion with constant amplgud@he background for this constraint is given
hereafter inSection aHowever, in many cases a temporal variation of the nutaiugies is considered in
the parameterization as well. The presence of a linear teahpariation for the nutation angles, given either
by a drift parameter or by the piece-wise linear polygon (Sheapter 2.3.2, gives rise to another singularity,
i.e., a retrograde diurnal signal in polar motion with lifgancreasing amplitude. As a consequence, the
constraint was extended in order to also remove this sinigyiland the mathematical expressions are given
in Section bMore explanations on the singularity itself vii# given inChapter 5.3.1

a) Retrograde diurnal signal in polar motion witbrestant amplitude
Starting from the general description of a signéhwangular velocityw, phasepand constant amplitude
X(t)=A-cos(wt+ ¢)=A-cos¢p-coswt— A-sin¢p-sinwt, (2.62)

Mervart (2000)showed that in the case of a piece-wise linear representatithe signak(t) with n valuesx
the relation (2.62) can be expressed by

coswt, sinwt,
X
e : : . [ Awcosep) . (2.63)

' ' —A-sing

coswt, sinwt,
The situation becomes more complicated if the distinctias to be made between prograde and retrograde
terms as it is the case for the constraint we consider heen,Tioth pole coordinates have to be considered.
For the purpose explained here, only a retrograde polaromddiof interest. Therefore, the subsequent deri-

vation of formulas will be restricted to this type of signAlretrograde polar motion term can be described
by the two pole coordinatest) andy(t) in the following way:

X(t)= A-cos¢p-coswt+ A-singp-sinwt, (2.64a)

y(t)= —A-cos¢p-sinwt+ A-singp-coswt . (2.64b)

Following (2.63) the above equations for a retrograde pwlation term described by pairs ofx andy; are
summarized in matrix notation:
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coswt; sinwt,

X
—sinwt cosw't
1 1
}_/1 _ : : [ A-cos¢
. ' o A-sin¢ (2.65)
Xn coswt, sinwt,
y :
: —sinwt, coswt,
C
In the case of a diurnal signab= 277/ T, with the periodl' = 1 sidereal day.
Treating (2.65) as observation equation of typ#&)(@nd using the denotations
A, = A-cos¢p A, = A-sin ¢ (2.66)

reveals the corresponding system of normal equations w&hlacobian matri as indicated in (2.65) and
P, denoting the weight matrix of the valuesndy::

X1
y
T A\ _ AT 1
C ny C ( C) =C ny N . (2.67)
As X
n
Yn
Finally, the amplitudes. andAs are obtained:
X
AN _ (AT —1 AT L
(AC> =(C PyCIC Pyl . (2.68)
s y
n

On the basis of equation (2.68) the blocking constraint Gaddrived. In order to suppress a signal with fre-

guencyw in the polar motion time-series independently of the ph#se,amplitudesA. and As are con-
strained to zero using the pseudo-observation Eguat

A T -1 AT X1
(AC):(C PyClmC Pyl |=0. (2.69)
S
Y

Comparing (2.69) with the general equation for constraiai44) reveal$ = 0 and the following expression
for the Jacobian matribd:

H= (" Py CI! c’ Py - (2.70)

Those parts of the original normal equation matrix (i.eneyated from real observations and not for the con-
straint) that correspond to the paramete@ndy;, can be used as weight mati,. Another possibility is to
use equal weights for all pole coordinates and to assumetlibet are no correlations between the subse-
guent pole coordinates. In that cag®, becomes an identity matrix artd is simplified for the piece-wise
linear representation with1 intervals to

.c’ . (2.71)

1
H ==
n
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b) Retrograde diurnal signal in polar motion withéarly increasing amplitude

For the expansion of the constraint to the more general tasegmplitude of a retrograde diurnal signal is

split into two constituents: a constant partand a partA that is linearly increasing with time starting from
the epocho:

x (1) =(A+ A-(t—t)) -cos(—wt+¢), (2.72a)

y (1) = (A + A - (t — to)) “sin (—w t + ¢) . (2.72b)

Similarly to (2.65), the above expressions canusersarized in matrix notation:

« coswt, sinwt, (t,—ty)-coswt,  (t;—ty)-sinwt,
yl —sinwt, coswt, —(t,—t,)-sinwt, (t;—t,)-coswt, A-c_os¢
= . . ) ) | A-sing
: : : : : A['COS¢ . (273)
X coswt, sinwt,  (t,—ty)-coswt, (t,—ty)sinwt, A-sing
Y —sinwt, coswt, —(t,—ty):sinwt, (t,—t;)-coswt,
C

t

It is obvious that considering only the first two columns@fin (2.73) corresponds to the situation given in
(2.65) with a constant amplitude only. The pseudo-obseEmwaquation for the expanded constraint looks as
follows if the weight matrixP,, is set to the identity matrix:

A - cos ¢ «
A-sin ¢ _ (CT c )—1 cT. 1 — 0
) t t t : , (2.74)
A oos .
A - sin ¢
with
n 0 PIn? 0
i=1
0 n 0 Dot
c.C, = |, ) =1 (2.75)
Dot 0 >t 0
i—1 i—1
0 >t 0 >t
! i—1 i=1 .

Tests with various epochs foy showed that the constant part and the linearly increasingopahe ampli-
tude can be treated independently. Therefore, the cdoetain the matrix CtT Ct can be neglected, so that

all off-diagonal elements are set to zero. Then, the ma&ixg) is simplified to a diagonal matrix and the Ja-
cobian matrixH for the constraint can be derived according to:
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n —1
H = (cic) e = diag(n n >t tf) -l . (2.76)

i=1 i=1

The vectorh for the constraint according to (2.44) is 0 here as well. Canmg (2.71) and (2.76) reveals that
the latter is just an expansion of the constragmiveéd inSection a

The studies irChapter 5.3.1are devoted to some special aspects of the handling of bp#s tyf constraints
(i.e., the basic form and the expanded form).

2.7 Expansion of the normal equation system

If additional parameters have to be set up, the system of aloequations must be expanded. Three widely
known situations in the combination of the spacedgtic techniques require such an expansion:

— Allowing a bias between the estimation of parameters ddrivem different observation types,
e.g., between troposphere delays derived from GieS/aBI;

— Estimating specific frequencies together with a timeesedf parameters, e.g., a yearly signal in the
motion of stations, or a daily signal in ERP tinegiss;

— Taking into account a similarity transformation betwees tietworks derived from different obser-
vation types, e.g., a scale difference between the GPS ail Métwork or a different realization
of the origin of the TRF by SLR and GPS.

The formulas are based on a linear parameter transformasionitiined inChapter 2.3 Starting from the set
of original parameters, i.eX.q, the expanded set of parameters including the additiomahpeters, i.€ Xada,
and their relationship looks as follows:

= [| D]- ol 2.77)

with the matrixD describing the dependence of the additional parameterseoortginal parameters. Com-
paring (2.77) with the general formula for a linear paramét@nsformation (2.19) the assignment of the
transformation matrixC with [I D] is obvious. Carrying out the transformation of the normali&ion sys-
tem according to (2.20) and (2.21) yields the exlgansystem

N ND || Xaq b 2.78)

T T T
D'N D'ND X D' b

The shape of the matrD depends on the type of additional parameters &sbmated.

2.7.1 Helmert parameters

The motivation to set up additional Helmert parameters Wraady indicated in the introduction ©hapter

2.7. Picking up the example of the translation parameters,,[8itR and GPS, have the capability in a global
solution to determine the geocenter. However, normallyedeterminations differ and, hence, will cause
problems in a combined solution. In order to remedy this lbcnthe translational degree of freedom must
be established artificially for one of the solutions by isettup three translation parameters. As SLR is more
sensitive to the geocenter and as GPS geocenter estimatesotée biased by remaining orbit modeling
problems, the combined solution should adopt the geocestenate from SLR whereas the determination
of the geocenter by GPS is neglected and three translatieriateoduced for it. The example of the transla-
tion parameters as well as the above mentioned exampledamcdle demonstrate that in most cases only a
subset of Helmert parameters will have to be set up. Nevedbgthe derivation of the matrB will be giv-
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en here for the full set of seven parameters, but only thods parresponding to parameters relevant for a
specific application have to be included.

The mathematical background is similar to thatGifapter 2.6.2where the Helmert transformation for the
free-network restrictions was introduced. But insteadettiisg up the transformation between an a priori ref-
erence frame and the estimated network, equation (2.50)ohias formulated as a Helmert transformation
between the combined solution and one of the ispluitions:

X 1 y —B X Ty
Y =(1+u- |-y 1 «f|Y +T, | - (2.79)
Z input | —« 1] Z lcombined [ T2 ]

The regrouping is performed similarly ©hapter 2.6.2with the vector{ containing all seven Helmert pa-
rameters and with afistastations included in the transformation:

| 0 0O B X
X, ' .
: =lo - o ] . (2.80)
x . nsta
nstalinput o 0 | B C
- nsta .l

The matrixB is compiled exemplarily for the statidrusing the station coordinateX Yo, Zo] of the a priori
reference frame chosen for the combined solution:

1 0 0 0 =z Y, X,
B.=|o 1 0 z, 0 —X, Y| (2.81)
o 0 1 -y, X, 0 z

Comparing the expression (2.80) with the general expraggid7) for the transformation between the origi-
nal parameter set and the expanded set it becomes cleahéhaiatricesB; according to (2.81) are simply
stacked together for all stations (see as well32.5n order to derive the matrX in (2.77).

When estimating additional Helmert parameters it must lp¢ kemind that they are fully correlated with the
station coordinates contributing to them. Therefore, #teup has to be done carefully and sufficient addi-
tional information is needed to remove the artificial degoé freedom introduced by the Helmert parame-
ters. This can be done either by a combination with anothenabequation system which is able to deter-
mine these degree of freedom, or by setting umpipeopriate datum constraints accordin@tapter 2.6
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The space-geodetic techniques GPS, VLBI and SLR are odtlméhe following chapter. Data from these
techniques build the basis for all combination studiesiedrout for the thesis at hand. For each of the tech-
niques, a description of the measuring system is given abélginning, followed by the basic observation
equation explained in a simplified form according to thespraation irRothacher (2002)The major task of
Chapter 3is to clarify and point out the common characteristics ofdbservation equations and to give an
idea of the critical points for each of the space techniga#iser than giving an elaborate derivation for the
technique-specific observation equation. Such subsietiay be found in the well-established literature. The
simplified observation equations given hereafter wilvean Chapter 5.1as the basis for explaining the pro-
cessing strategy concerning identical parameters fundiin® an inter-technique combination. The intro-
duction to each of the space-geodetic techniques is coatplgth an overview of the international organiza-
tions and cooperation that were built up during the past feary to enforce the development and improve-
ment of the respective technique and to bring together tipereence of different analysis groups. Finally,
Chapter 3.4summarizes the similarities and the differenceawéen the individual techniques.

3.1 Global Positioning System (GPYS)

3.1.1 Technical description

The concrete plans for setting up the NAVSTAR GPS (= NAVigatBatellite Timing And Ranging Global
Positioning System) began in 1973. The US Department of ridefaevanted to establish a highly accurate
system for determining position, velocity and time, oralp mainly for military use. But nowadays the
number of non-military users is enormous as the NAVSTAR G#&ccessible for civilian applications as
well.

The nominal constellation of the GPS consists of 24 saslivenly distributed in six orbital planes. Each
orbital plane is characterized by an inclination of 55°, mismajor axis of about 26600 km and an orbital
period of exactly half a sidereal day, i.e., 11 hours 58 na@autVith this constellation it can be guaranteed
that at least four satellites are visible from &uation on the Earth at any time.

For all GPS signals, a fundamental frequency of 10.23 MHzedywhich is driven by the satellite clock.
The two carriers are deduced from this frequency:

— frequency L1 = 154 - 10.23 MHz = 1575.42 MHz (correspondinggproximately 19 cm wave-
length);

— frequency L2 = 120 - 10.23 MHz = 1227.60 MHz (correspondinggproximately 24 cm wave-
length).

Both frequencies are modulated with codes, also deriven fitee fundamental frequency: The C/A-code
(clear acquisition) is emitted with a frequency of 1.023 M its chip length is about 300m. It is modulat-
ed only on L1, whereas the second code, i.e., the P-coddagjomeor protected), is modulated on both carri-
ers. The P-code has a frequency of 10.23 MHz and the lengtheo€bip corresponds to 30 m which means
that the accuracy that can be achieved in the case of the @isooughly ten times higher than in the case of
the C/A-code.

For transmitting information about the satellite itselt@dlite ephemeris, satellite clock information, health
status of the satellite etc.) the so-called naidgainessage is modulated on both carrier frequencie

3.1.2 Observation equation

In principle, there exist two types of GPS measurements:sbhealled pseudorange measurements using the
C/A-code or the P-code and the phase measurements usingdloartrier frequencies L1 and L2. The latter
is the measurement type used for high-precision applicatas the accuracy to be achieved with code mea-
surements is too low. The geodetic topics like global refeesframe realization, Earth rotation studies and
troposphere estimation require the highest quality of ntad®ns that is possible, hence, only phase mea-
surements come into consideration. Therefore, the codsureaents are neglected here and only the obser-
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vation equation for GPS phase measurements will be presefisealready indicated in the introduction to
this chapter the complete derivation of the observatioratgua will be omitted and it is referred to, e.g.,
Hofmann-Wellenhof et al. (1994)eunissen and Kleusberg (199&) Leick (2004)for the details and the

theoretical background. Taking into account all corraioecessary for a phase observatibﬁ at station

A to satelliteS the following observation equation expressed éters is obtained:

s . . S __S
Ly = |RegpTalty) — ri(t,—T3)| +
+ A-NS + c-ot, — cot® +
S
+ 5ptrop + 0pin T 5pphas T 6pe T SPpue T €a . (3.1)
The individual terms in equation (3.1) are:

Reop rotation matrix of Earth orientation (nutation, UTdblar motion),

rA(tA) 3-dimensional position of statioA in a terrestrial reference frame at receiving
time ta of the signal,

rs (tA — Ti) 3-dimensional position of satellit§ in an inertial reference frame at the epoch
of signal emission,

ty time of the receiver clock when the signal is received (ire.receiver clock
time),

Ti signal travel time from satellit8to stationA,

ot,, o tS clock error of the receiver clock and the satetiiteck, respectively,

C velocity of light,

A Ni initial phase ambiguity for satellit®& and receiverA multiplied by the wave-
length A,

o) Prrop correction for troposphere delay,

0 Pion correction for ionospheric delay,

0 Pphas corrections for phase center offsets and variations alligatnd receiver anten-
nas,

0 Prel correction for relativistic effects,

O Pmuit multipath effects,

ei measurement error.

In order to conclude the introductural part devoted to th&®Bservation equation, it must be pointed out
that an observation equation of type (3.1) can be formulatenly for the two basic frequencies L1 and L2
but any linear combination of both frequencies. Dependimgvbich linear combination is used, some terms
may disappear in the observation equation, e.g., the gecalgbart in the case of the geometry-free linear

combination or the ionospheric correctiahp,,, in the case of an ionosphere-free linear combination. Fur-

thermore, forming differences between the basic obsemnsf one station to one satellite is a widely-used
tool in GPS processing. Thereby, original L1 and L2 obsdémnatas well as any of the linear combinations
can be used to form single or double difference observatibnelaborate description of the theory and the
advantages and drawbacks of using linear combinationsiaght ©r double difference observations instead
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of the original GPS observables can be found in all basic Gefature such aslofmann-Wellenhof et al.
(1994) Teunissen and Kleusberg (1998)_eick (1995)

After introducing all terms in the phase observation equelet me pick out some aspects of those elements
that are important to see the similarities and identicalattaristics with other space-geodetic techniques on
the one hand, and to be aware of GPS-specific gnabbn the other hand.

a) Station and satellite positions

Starting with the first line in (3.1) representing the gedmical part of the observation equation, it is worth-
while to add some words concerning the two position vectties,station position vector and the vector of
the satellite position. Normally, the station positione given in an Earth-fixed geocentric reference frame,
namely the International Terrestrial Reference Frame H)Tjptovided by the IERS. This frame consists of a
set of coordinates and velocities for the observing statreferring to a certain reference epoch. The ITRF is
a realization of the International Terrestrial Referengst&n (ITRS) defined by the IERS. A new ITRF is
issued by the IERS in irregular time intervals every few geadihe last two realizations are called ITRF2000
(seeAltamimi et al., 200Rand ITRF2005 (see the web-site of tHeRF product cente}. The station posi-
tions given by the ITRF (using the velocities to extrapofaten the reference epoch of ITRF to the epoch of
the observation) are not identical with the instantaneasitipn of the stations at the epoch of the observa-
tion. Several kind of displacements of the reference pdiate to be modeled additionally. According to the
IERS Conventions 2003 (séécCarthy and Petit, 2004one has to account for ocean loading effects, solid
Earth tides, the effect of the permanent tide, site dispfecgs due to pole tides and, finally, deformations
due to atmospheric loading. For an elaborate charactenizat these effects including a mathematical de-
scription of the correction models it is referred to the dbeagDisplacement of Reference Points” of the
IERS Conventions 2003 and the references giveritiher

The satellite positiom® completes the geometrical part of the observation equéBidr). The basic model for
describing the satellite orbit is based on the six Kepleglements, i.e., semi-major axasof the orbital el-
lipse, numerical eccentricitg of the ellipse, right ascension of the ascending n@leclinationi of the or-
bital plane w.r.t. the equator, argument of the perigeand the epoch of the perigee passageUnfortu-
nately, several disturbing accelerations are influentiregmotion of the satellite so that it deviates from the
purely Keplerian model. A common classification of the deaions is the division into gravitational and
non-gravitational perturbations (see, eldofmann-Wellenhof et al., 1994The influence of a non-spherical
Earth and the tidal attraction of the sun and the moon have todntioned in connection with gravitational
accelerations, whereas the non-gravitational acceterstoriginate, amongst others, from solar radiation
pressure, air drag and relativistic effects. A descriptbthe sophisticated methods of modeling the satellite
orbits including all the disturbing accelerations is ositthere because the orbital parameters will not be
treated in this thesis.

b) Earth orientation parameters

It has been mentioned above that the station positida given in a terrestrial reference frame whereas the
satellite positions® are originally given in an inertial reference frame. Congagly, one of the two quanti-
ties has to be transformed into the reference frame usedebgttier quantity before the difference can be
built. As both reference frames are linked through the Earibntation parameters, the general transforma-
tion is carried out by several subsequent rotations corieglerecession, nutation, Greenwich apparent side-
real time GAST) fand polar motionxp, yr), with each of the rotation matrices evaluated at the reigde=p-
ocht:

Reop (1) = P () Ny ()N (1) Ry(=0) Ry(yp (1)) Ry (Xp (1)) , (3.2)
Precession Nutation GAST Polar motion

It is worthwhile to spend some more words on each part of tipeession (3.2) as the Earth orientation pa-
rameters will play an important role in the analyses presgbtater on in this thesisQhapters fand6). Start-

ing with the precession and nutation: Both together desdtile motion of the Earth's rotation axis as it is
seen in an inertial frame. The precession represents themot the rotation axis around the pole of the
ecliptic like a cone of angle 23.5°, and the nutation is sumpeosed on the precession describing the devia-

2 http.//itrf.ensg.ign fi/ITRF solutions/2005/ITRF2005.php
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tions from the conical motion (see Fig. 3.1a). The precessi@n extremely long-periodic motion of about
25800 years whereas the short-periodic terms are sumrddrizihe nutation with an 18.6 years period of
about 9.2” representing the main and longest tdviathews et al. (2002)leveloped a model describing the
precession and the major part of the nutation of a non-rigitte This model has been adopted by the I1AU
as official “IAU2000A Precession-Nutation Model” and isedsin the analyses of space-geodetic observa-
tions (corresponding to the matricB¢t) and Niau (t) in equation (3.2)). According t¥cCarthy and Petit
(2004)the accuracy of IAU2000A is at the 0.2 mas level. This is madhe to the so-called free core nuta-
tion (FCN) that has not been included in the IAU2000 modebriher to account for the deviations of the ac-
tual nutation from the model, an additional matrix is in@ddn the transformation (3.2), i.eN(t), contain-

ing correctionsA e and A  for the nutation in obliquity and the nutation angitude, respectively:
N (t) = R,(—¢) - Ry(Ay¢) - R (e + Ace), (3.3)

with €,/ 23.5° being the mean obliquity of the ecliptic w.r.tetBarth's equator.

Continuing with the third part of the transformation (3.2prh the terrestrial into the celestial reference
frame, the matrix Ry (0) describes the daily rotation of the Earth with the Greenvépparent sidereal
time (GAST) as rotation angle. Following the IER8Zentions 2003, it is related to universal tioiEl by

0 (T,) = 2 7~ (0.7790572732640+ p - T,) , (3.4)

where the epochy is obtained from the JuliabT1 date (in [days]) minus 2451545.0 and the fagtole-
scribes the ratio of universal time to sidereal time whiclgiigen in the IERS Conventions 2003 wigh=
1.00273781191135448. The relationship betwedil and the time scal®TC driven by atomic clocks is
known to be

UTl = UTC + AUT , (3.5)

with the correctiondUT either applied as provided by the IERS or set up as unknowanpeter in the ad-
justment of geodetic parameters from the observationseo§fiace-geodetic techniques. In the case of GPS
or satellite techniques in general, the problem of a oner®-correlation between the nutation angles and
UT1-UTCon the one hand and the orbital element® andu, on the other hand occurRothacher et al.
(1999)demonstrate this correspondence confirming that it is nesible to estimate both groups of parame-
ters, i.e., orbital elements for the satellites togetheh wifsets in nutation antT1-UTC Nevertheless, the
authors state as well that the rates for the afore mentioneghgeters are accessible by satellite techniques
very well as the orbital elements can be treated as integratinstants in a Keplerian approximation. This is
justified even in the case of perturbing forces if the agegiens acting on the orbital elements can be mod-
eled with sufficient accuracy within the time intal considered for one rate parameter.

Finally, the rightmost part in equation (3.2), denoted dsipmotion, describes the motion of the Earth's ro-
tation axis w.r.t. the terrestrial reference frame wherandye are the coordinates of the Celestial Ephemeris
Pole in the terrestrial reference frame at the icemed epoch (see Fig. 3.1b).

In order to summarize the remarks concerning the rotatiamixnBeor contained in the observation equation
(3.1), altogether five quantities contained in (3.2) angally set up as unknown parameters in a least-squares

adjustment of the space-geodetic techniques, or moresgigcihe two nutation angleg\ ¢ and A ¢ ac-
cording to (3.3) as correction to the nutation model, theiat@n AUT from an exactly daily rotation of the
Earth (i.e., 86400 s) given in (3.5), and the two pole coatiiax, andys. The complete set of five parame-
ters will be denoted “Earth orientation parameters (EOR)3ughout this thesis whereas the term “Earth ro-
tation parameters (ERP)” will be used for the sub$e&lUT and the pole coordinates.
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Figure 3.1: Earth orientation:a) Precession and nutatioh) polar motion. (modified version of graphics
created by D. Schmedt, TU Munich)

c) Influence of the troposphere and the ionosphere

Starting with the delay caused by the troposphere it mustdmtioned that the correction term Prrop de-

pends on the meteorological conditions along the sign& gatl, more important, on the elevation angle un-
der which the satellite is seen from the receiving antermardler to give a magnitude of this influence, the

delay for observing a satellite in zenith direction is ab2@ m (~ 8 ns) whereas it can be a factor of ten larg-
er at an elevation angle of only 5°. In principle, the tropguee delay can be modeled if meteorological mea-
surements are available. A widely used formula for modetimgytroposphere delay for microwave signals

was derived bysaastamoinen (197:3)

0.002277 1255
z) = ——— | p+ ?+0.05-e—B-tan22 + 5 R, (3.6)

Protal cos z

with p total atmospheric pressure [mbar],
T air temperature [K],

e partial pressure of water vapor [mbar],

z zenith angle of the line of sight,

B, OR correction terms taking into account the heightvagea level.

However, the problems with modeling the influence of thepégphere on the observations are manifold:
Meteorological measurements often are not accurate enaugtthe values measured at the ground are not
representative for the whole atmosphere along the sigrial gapecially the wet part of the troposphere de-
lay depending on the humidity is difficult to model for migvave signals although it is the minor part of the
total delay with only some centimeters to decimeters. Cquesetly, instead of modeling the troposphere de-
lay, the influence is determined during the parameter @siim process if high-quality results are to be

achieved. For this purpose the troposphere delay is usspliyinto a hydrostatic partp hydro and a wet

part p,.; (seeHopfield, 196%:

Protal — phydro + Pwet - (3-7)

The denotation “hydrostatic” is due to the assumption of drbstatic equilibrium in the atmosphere, thus it
is not exactly equal to the dry delay. The hydrostatic patheftroposphere delay is proportional to the total
air pressure (i.e., the first term in the square bracketgjiragon (3.6)). In most analyses it is used as a priori
value for the estimation of the troposphere delay so thaestienated correction represents the wet delay. If
troposphere parameters are estimated they are set up asydrdeénith direction. The relationship between
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the delay in the direction of the line of sight of each singbservation and the zenith delay (ZD) is repre-
sented by a mapping function taking into account that a $iggeived at a certain elevation angle has to
pass through the troposphere on a longer way than a sigreegcat zenith, thus, the troposphere delay
will be larger:

_ zenith zenith
Protal (Z) - fhydro (Z) ) phydro + fwet <Z) " Puet : (3.8)

The literature provides mapping functions for the hydribstpart and the wet part, i.e.f hydro (z) and

f et (z), respectively. The so-called “Niell Mapping Function (NMHEerived by Niell (1996)is widely

used in the analysis of space-geodetic techniques becalgde the site coordinates and the day of the year
have to be supplied as input parameter. But during the lastyBsars, more subtle mapping functions that
base on numerical weather models were developed. The “"Hidfepping Functions (VMF)” B6hm and
Schuh, 2004 directly use the pressure level data from ECMWF (Europeenti@ for Medium-Range
Weather Forecasts) to derive the actual coefficients ofthpping function, whereas the “Global Mapping
Function (GMF)” Bohm et al., 200pis a global spherical harmonics expansion of the VMF patarsgso
that only the site coordinates and the day of #es are required as input parameters, as for thE.NM

An improved representation of the troposphere delays cathieved if horizontal gradients are set up addi-
tionally according to the IERS Conventions 2002 (deCarthy and Petit, 2004

P2 A= T (2) et fe(2) Pir "+ T graq (2) 1[Gy - COSA+ G- sin A]. (3.9)

The first two parts of the equation above correspond to (J.Bg third part in (3.9) contains the horizontal
gradientsGy andGe in north and east direction, respectively, taking into actdhe azimuthal asymmetry of
the troposphere, whereas Eq. (3.8) only considers the tedavdependency and is completely independent
of the azimuthA of the observation direction. The gradients as well need @pmg function, i.e.,

f Grag (z),and one option is to use the partial derivative of the magpfumction with respect to the zenith

angle. Further possibilities are given in the IERS Conwer#i2003. An elaborate description of the estima-
tion of troposphere parameters can be foun8ahiler (2001ywhereas the set-up for the solutions presented
in the thesis at hand is explained in more detaiGhapter 5.1.2

Contrary to the troposphere, the ionosphere is a dispensagium for microwave signals, hence, the iono-
spheric refractiond p,,, in (3.1) is frequency-dependent. The main effect of the spheric influence is a

scaling of the GPS baselines. The frequency-dependendyeabhospheric refraction allows to eliminate
ionospheric effects by forming a special linear combinatbthe frequencies L1 and L2, the so-called iono-
sphere-free linear combination (sdefmann-Wellenhof et al., 1984esulting in an observation equation of

type (3.1) but without the correction term p;,, . Other possibilities to deal with the ionospheric influenc

are either estimating the correction term by using the nreasents of both frequencies, or applying a cor-
rection based on a model provided by the IGS (Sekens, 2005 For more details about ionospheric model-
ing in GPS the reader is referred3ohaer (1999)

d) Remaining correction terms

A specialty of the GPS phase observation equation is theawkrambiguity terniNa3. This value has to be
determined for each satellite pass and as well after losiagohase lock to a particular satellite. This results,
as one can imagine, in a huge amount of parameters for a g&fp&lsolution. The detection and repair of
so-called cycle slips and the methods for solving the unknambiguities are described elaborately in the
GPS literature.

It is important to keep in mind that the positions of the diéeéind the receiver are computed at the epoch of
emission and the epoch of reception of the signal, respgtiand the time is indicated by the satellite clock
and the receiver clock, respectively. Unfortunately, battks are deviating from GPS time, hence, the un-

known clock errorsd ty, and § tS have to be estimated.
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The correctioné P phas takes into account the deviation of the physical point oepdion of a signal from

the antenna reference point in the case of the ground statitamnas, and, additionally, the difference be-
tween the satellite's center of mass and the physical pbemgsion at the satellite antennas. For both cas-
es, i.e., ground station and satellite antennas, a meagt affisl corresponding patterns describing the depen-
dency of the correction on the direction of the signal wart.antenna-fixed system are available. Until GPS
week 1399 (November 4, 2006), one very common antenna tygxeinghe IGS network was selected as a
reference assuming no phase center variations (PCV) amdhalt antenna types were calibrated w.r.t. that
antenna (i.e., relative antenna PCV) although there is asorefrom a physical point of view why the select-
ed reference antenna should not show any variations of thgeptenter depending on azimuth and elevation
angle of the signal. According teothacher (2000)he neglect of any PCV of the reference antenna causes a
wrong scaling of global GPS networks up to 16 ppb. Sever#bedion campaigns were carried out by, e.g.,
Menge et al. (1998)with the goal to derive PCV in an absolute sense for eachhaatéype of the ground
station network. On the contrary, the satellites are ajréadrbit, thus, their antennas cannot be calibrated
on the ground anymore. Hence, the only possibility to getieslfor the phase center offsets and variations
of the satellite antennas is to estimate them using obsengtf a global GPS network. For further details
about this estimation it is referred 8&hmid and Rothacher (2003)he extent of the changes in the estimat-
ed parameters due to applying an absolute instead of avekatitenna phase center modeling for ground sta-
tions as well as for satellites is demonstrate®ehmid et al. (2005)The studies therein base on data of the
CONTO02 campaign and on long, completely reprocessed GRSdaries. In the case of the GPS solution for
the CONTO2 campaign, used for the studies in this thesis dqsee Chapter 5.1.2, the change of the an-
tenna modeling results in a mean change in station heighi@ite8 mm and a change in troposphere zenith
delays of several millimeters depending on the stationtheumore, the studies ychmid et al. (20070em-
onstrate that the influence of the phase center modeliray isdm negligible, and an overall improvement of
the GPS solutions is achieved if an absolute phase centeglingds applied. Fortunately, the IGS switched
to an absolute phase center modeling starting @RS week 1400 (se&SMAIL-5438°).

The term 6 p,,; summarizes all relativistic corrections concerning thisawéor of the clocks and the influ-

ence of the Earth's gravity field that has to be applied indhservation equation. Followinglofmann-
Wellenhof et al. (1994}here are altogether four types of relativisticrections:

- special and general relativity affecting the satetilocks,

- general relativity affecting the signal propagat{&mapiro effect),
- general relativity affecting the satellite orbit,

- Sagnac effect.

The theory of general relativity tells us that clocks arada#f the gravity field is weaker, thus, generally
speaking, the clocks at the ground stations are slower tlaolocks onboard the GPS satellites. Additional-
ly, applying the theory of special relativity, the clocksbmard the satellites are in motion and therefore they
are slower compared to a static clock. Both effects are supesed for the satellite clocks and a mean value
corresponding to a circular orbit is already taken into aotavhen generating the fundamental frequency
driven by the satellite clock. According tdofmann-Wellenhof et al. (1994)e mean correction of -4.55 -
102 Hz for the satellite clock frequency implies that the sigisaleceived at a ground station with the nomi-
nal fundamental frequency of 10.23 MHz (f€kapter 3.1.). As this correction is already applied to the sat-
ellite clock it has not to be included in the relativistic ezgtion term in observation equation (3.1). Howev-
er, this mean correction is based on the assumption of aairotbit and a spherical Earth which is obvious-
ly not the truth. Thus, the variable part has to be correatdtié observation equation and can be as large as
10 m. The second relativistic effect is causing a delay ofdiigaal when propagating through the Earth's
gravity field. Regarding GPS signals and followirgfmann-Wellenhof et al. (1994his delay can be 18.7
mm at maximum for a zero difference observation of type (3ahereas the correction becomes smaller in
the case of single or double difference observations becanly the difference in the corrections for both
stations and both satellites has to be taken into accourhelitase of GPS, general relativistic corrections
due to other masses than the Earth (i.e., Sun, Moon, plama¢g)not to be taken into account. Furthermore,
the gravity field of the Earth causes relativistic pertuitn@s on the satellite orbits, but these perturbations
have to be considered already in the equation of motion of#itellite, and not in the observation equation.
An extensive expression for this effect is given in the IERS¢ntions 2003NicCarthy and Petit, 2004

3 http://igsch.jpl.nasa.gov/mail/igsmail/2006/msg00161. html
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and an approximation with a numerical value of about 3 h@s? can be found irHofmann-Wellenhof et
al. (1994) Finally, as the satellite clock and the receiver clock acximg with respect to each other, the so-
called Sagnac effect has to be considered. A mathematipatgsion is given byashby (2003)Therein, fur-
ther explanations including mathematical expressionsafbrrelativistic effects influencing GPS can be
found.

Finally, the last two terms in (3.1) represent those parta GPS observation that are difficult to model.
First, multipath effectso p,,,; depend on the environment of the antenna. Thus, they diffen &tation to

station and a general modeling is difficult. And, not to fet,ghe measurement err@ri is present in every

observation but not predictable, so that a comadirm cannot be quantified.

3.1.3 Global GPS solutionsfrom thelGS

For high-precision applications in geodesy and geodynsiaiglobal network of about 350 stations can be
used. This continuously measuring network is one compooietiite International GNSS Service (IGS) that
started its routine operation on January 1, 1994. Besideaatwork of GPS tracking stations, ten Analysis
Centers, several Associate and Regional Analysis Cerftars,global Data Centers, a Central Bureau, a
Governing Board and occasionally established Working @sand Pilot Projects are forming the IGS struc-
ture. For a detailed description of the single componendsiagir tasks it is referred to tH&S Terms of Ref-
erencé.

According to the IGS Strategic Plan 2002-2007 publishechiey@S Central Bureau (20021 “... activities
aim to advance scientific understanding of the Earth systemponents and their interactions, as well as to
facilitate other applications benefiting society”. Fopporting the broad spectrum of scientific and engineer-
ing applications of GPS, the Analysis Centers generateaitéseous products that are provided routinely to
the scientific community:

— GPS and GLONASS satellite ephemeris,

— Earth rotation parameters,

— IGS tracking station coordinates and velocities,

— GPS satellite and IGS tracking station clock infation,

— station-specific troposphere estimates (zenith gatays, gradients),

— global ionospheric maps.
Special processing strategies are required to processhalgietwork of GPS stations and to derive high-
guality products. Detailed descriptions of the differeraqessing strategies of the IGS Analysis Centers can
be found in the yearly technical reports, e@gwey et al. (eds.) (2004 in the regularly updated analysis
center description files located on the web

One of the products that should be mentioned here is the weeklition for the positions of the IGS track-
ing stations together with the Earth rotation parameteyg-pole and their time derivatives am@®D). Each
solution comprises one set of station coordinates and datlyof Earth rotation parameters derived from the
observations of the week in consideration. Such a type otisol is provided by each Analysis Center using
a special file format named SINEXhe abbreviation SINEX stands for “Solution/Software Iiddad-
ent EXchange” and indicates already the intention of tiésférmat. It has been initiated originally
by a working group of the IGS to enable an exchange of the iddal IGS Analysis Centers’ solu-
tions including the full variance-covariance informatihiat is necessary to reconstruct the free nor-
mal equation system (s@&dewitt et al., 1994. This implies that the a priori values of all parameters
and the full matrix of constraints applied to generate thatsm are stored in SINEX besides the
solution itself and its variance-covariance matrix. In theantime, the other international services
dealing with the space-geodetic techniques, namely trexriational VLBI Service for Geodesy
and Astrometry (IVS), the International Laser Ranging 8¢ILRS) and the International DORIS
Service (IDS), have adopted and extended the SINEX formahfgr special purposes so that the

4  http://igsch.jpl.nasa.gov/organization/bylaws. html
5 fip://igsch.jpl.nasa.gov/igsch/center/analysis/
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IERS Analysis Coordinator initiated a unified format degton in order to have the basis for the
combination projects within the IERR(thacher et al., 2002 The main new feature is the possi-
bility to directly store a datum-free normal equation sygsiéthe user is not interested in a solution.
Due to this possibility, the two matrix inversions for geai@ng a solution on the one hand and re-
invert the variance-covariance matrix stored in SINEX totge normal equation matrix on the oth-
er hand, are avoidedhe actual format is version 2.02 (s#€RS Message No. 1§3An extensive format
description can be retrieved via the web-site of the IERSIygis Coordination As the SINEX format en-
courages the delivery of the complete variance-covariamoemation, it is possible to derive the original
normal equation systems (free of constraints) for all wesklutions of all Analysis Centers and to re-com-
pute, respectively combine them. Such a procedure is dogg,a NRCan (Natural Resources Canada):
Their combined solution represents the official weekly I@8duct for station coordinates and ERP arising
from a combination of the solutions computed by ten Analgmters and two Global Network Associate
Analysis Centers (seEerland et al., 200D Preliminary combinations were already performed sin&sG
week 1000 (March 7, 1999), but starting with GPS week 1050y 20, 2000) the weekly combined so-
lution became an official IGS product.

The combined troposphere parameters released by the |@&Sdoy week are another product of interest for
this thesis. The launch of weekly final troposphere proslugds supported by the “IGS Troposphere Work-
ing Group® established in 1998. Based on the submissions of the indiVitS Analysis Centers, two-
hourly combined troposphere ZD estimates are providedo#tiog to Gendt (2001)the overall agreement
of the individual contributions is at the level®b mm.

3.2 Very Long Basglinelnterferometry (VLBI)

3.2.1 Technical description

Very Long Baseline Interferometry (VLBI) is a purely geomedl technique. The radio waves of extragalac-
tic radio sources, so-called quasars, are observed by telegropes. The frequency band of the emitted ra-
dio waves covers a broad spectrum (6 — 67 cm wavelength) Ibgeodetic applications mainly two fre-
guencies are used: 8.4 GHz in the X-band (corresponding5t@rd. wavelength) and the S-band with 2.3
GHz (corresponding to 13 cm wavelength).

According toCampbell (19795 diameter of several kilometers would be needed with orgesirlescope to
achieve an acceptable resolution, since the resolutiortedéacoper is given by the ratio of the observed
wavelengti and the diameter of the telescdpe

A
T NS (3.10)

Using two telescopes observing the same quasar simultalye@sults in a better resolution because in this
case the diameter of the 'telescope pair' is given by thetHeoigthe baseline between the two telescopes.
This fact is the theoretical background and the motivatimnge 'very long baselines' for radio source obser-
vations. The theoretical maximum baseline length for VLRBIBarth is twice the Earth's radius. The only
limitation is the requirement that the quasariisudianeously visible from both telescopes.

The precondition for such a connection of two telescopetha,the signals are recorded together with very
precise timing information, so that the signals can be tated later on. More information about the correla-
tion procedure can be found$wovers et al. (1998)

Hence, by observing quasars, VLBI gives access to the @lesference system, which is realized by defin-
ing coordinates for the quasars (right ascension and d@gidim). The motivation for using quasars instead of
stars in the Milky Way Galaxy or satellite orbits for a fundemtal reference frame is describedGannon
(1999) The fact that the positions of the quasars can be treatédeabrhakes them suitable for realizing an
inertial reference system. The realization used withinlERS is named International Celestial Reference

6 http.//’www.iers.org/products/2/10990/orig/message 103.txt
7  http.//tau.fesg. tu-muenchen.de/~iers/web/sinex/format.php
8 http.//’www.gfz-potsdam.de/pbl/igs_trop wg/index IGS TROP WG.html
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Frame (ICRF)Ma et al. (1998)issued positions of 608 extragalactic radio sources asdriftial ICRF was
extended with 59 sources in 1999 (s@ambis, 1999 The new developments and studies towards future re-
alizations of a celestial reference system were publislye8duchay and Feissel-Vernier (2008)is worth-
while to mention that VLBI is the only space-geodetic teciug that has the capability to establish a connec-
tion to the celestial reference system. All of the other téghes cannot provide this link. Therefore, VLBI is
as well the only technique to determine the orientation efflarth's rotation axis with respect to the celestial
reference system, expressed as nutation/precessionhamily rotation (universal timgT). Both quanti-
ties are part of equation (3.2) describing the relationgld@fween terrestrial and celestial reference frames.
The satellite techniques only have the possibility to nmmiihe time derivatives of these quantities, i.e., nu-
tation rates and length of day@D), but not the absolute values.

3.2.2 Observation equation

As already mentioned, two telescopes are observing the qaasar at the same time. Since the quasars are
extremely far away, plane wave fronts may be assumed forathe signal arriving at the telescopes. De-
pending on the orientation of the Earth with respect to theeoled quasar, the radio signal arrives at one
telescope earlier than at the other one. This time ddleglirectly results from the correlation of the recorded
signals and is the basic observable in the VLBI analysis.s@aming the pure geometry only, the relation-
ship between the measured time deldwy the direction to the quasa® and the baselinb of the two tele-
scopes can be expressed follow8ahuh (1987)

c- At = —b - e¥. (3.11)

As already pointed out, the relationship (3.11) resultefurely geometrical considerations. Unfortunately,
the time delayAdr derived from cross correlation is corrupted by severalot$féhat have to be dealt with in
the VLBI modeling and parameter estimation proc&svers et al. (1998ubdivide these effects into seven
categories: baseline geometry (geometric delay, Earttiabrnotion, gravitational delay), station positions
(tectonics, tidal and non-tidal motion), Earth orientafiguasar source structure, antenna structure, instru-
mentation and atmosphere (troposphere, ionosphere). dthera summarize as well the maximum delay
that is caused if the respective component is omitted in théah Including the most important effects in the
VLBI observation equation and expressing them symboljcadl correction terms similar to the GPS obser-
vation equation (3.1) yields a simplified expression foioliservation of the telescopAsandB to the quasar

Q:

C'AT(A?E; = (“Reop,a "a T Reop s 'Ts) e
o C.6tA o 6ptrop,A o 6pion,A o 6preI,A 5pant,A
+ C'6tB + 6ptrop,B + 6pion,B + 6preI,B + 5pant,B. (3_12)
+ egB

The first line of the expression (3.12) corresponds to thelgugeometrical representation discussed before.
In principle, the baseline vectdrcan be derived from the difference between the positionovect andrg

of the two telescope& andB, respectively. However, normally the position vectors la$@rving stations are
given in a terrestrial reference frame, whereas the dordt the quasag® is given in an inertial reference
frame. For computing the inner product between the basgkctor and the direction to the quasar it is re-
quired that both vectors are expressed in the same refefime. Consequently, one of the vectors has to
be transformed. As the relationship between the terréséfierence frame and the inertial reference frame is
described by the Earth orientation parameters the tramsfitwn matrixReop is identical to that in (3.2) al-
ready given in the context of the GPS observation equatio@hapter 3.1.2 However, it is important to
mention that the two matrices to transform the position wecof the two stations are not identical because
Reor is time-dependent. Therefore, the transformation matstio be computed exactly for the epoch when
the signal arrives at the respective telescope and, norntakkse epochs differ for the two stations by

Q
ATAB¢O.
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The correction termso t o, 6tz for clock errors at the stations) pyq, o 0 Pyop g for the troposphere

delay, 6 pjon o+ OPjon g for ionospheric refraction andp o o, 6P g for the relativistic correction in

the observation equation (3.12) for VLBI are comparabléntisé terms given for GPS in (3.1). Therefore, it
is referred taChapter 3.1.%or a description of these corrections. The main differdpetsveen the two equa-
tions is that two stations have to be taken into account foBNthus, only the difference between the sta-
tion-specific corrections is present in the observatidms Bituation corresponds to GPS if single-difference
observations are formed instead of using only the zereidiffce observation between one station and one
satellite. To further comment on the equivalence or difiess between VLBI and GPS it must be stated that
the troposphere influence is the same for GPS and VLBI bechoth techniques use microwave signals. As
already explained ilChapter 3.2.1geodetic VLBI observes on two frequencies, thus, similtslGPS, the
ionospheric refraction can be determined (Seduh, 198) The treatment of the relativistic corrections for
VLBI is explained inSchuh (1987as well. According to his work, the relativistic influenceedto the gravi-
tation of bodies in our solar system has to be applied for themmand the planets only, if the signal path is
very close to their center of mass, whereas for the sun threc®n is absolutely necessary for all observa-
tions. This situation is contrary to the satellite techiigjuwvhere the Earth is the only body whose gravity
field causes a relativistic delay of the signal. Of courbe,relativistic effects concerning satellite clocks and
satellite orbits mentioned @hapter 3.1.2are not relevant for the VLBI analysis.

The remaining station-specific term®p ;. o, 6P, g include all corrections related to the antenna struc-

ture comprising temperature-depending deformation, itgtional sag and antenna axis offsets. The latter
have a similar effect on VLBI solutions as the phase centgéatrans of GPS antennas have. In most cases
the manufacturer of the telescope does not provide anyrirdtion about the axis offsets, thus, they must be
determined either by local surveys or by estimating themgiSILBI observationsSteinforth et al. (2003)
and Eschelbach and Haas (2008pcumented the local surveys at Ny-Alesund and Onsalaecésply,
dedicated to the determination of the antenna axis offéet®ng others, the antenna axis offsets for Algon-
quin Park, Gilmore Creek / Fairbanks, Kokee Park and Westizgre estimated by the analysis groups at
Goddard Space Flight Center (GSFC) and Bundesamt fir Kapbge und Geodasie (BKG) using VLBI
observations. However, th¥S Analysis Coordinator (2005)lerts that these estimated offsets have to be
used carefully because, usually, the values differ by famfthose derived by local surveys. Therefore, as
the axis offsets determined by local surveys are more felitiiey should be used in any case if they are
available. An actual list of all antenna axis offsets is jed by thelVS Analysis Coordinator (2005)Re-
garding the thermal deformation of the VLBI antenna and #wlting displacement of the reference point,
Nothnagel et al. (19953arried out first studies and developed a model for the Ibeaht calibration of the
reference point at the Hartebeesthoek radio telescopthdfarore, they tried to estimate thermal parameters
from VLBI data but it turned out that the quality of the datdrat time was not sufficient and, moreover, the
complicated structure of the telescopes inhibits a diretitration of reliable expansion coefficients. Never-
theless, the investigations have been continued suctlgssfuthat nowadays the IERS Conventions 2003
(seeMcCarthy and Petit, 2004provide a model for the effect of thermal deformation on YHeBI delay
measurements. Quite recentiy/resnik et al. (2007presented a new method to model thermal deformations
of VLBI antennas.

Finally, the errorse%\B in the observation conclude the list of correction terms3ii2) but, as already indi-

cated before, this list can be extended if a modeal correction value is available for other inflaes.

For a more elaborate description of the VLBI observationuding a detailed formulation of all influences
mentioned above it is referred to basic VLBI literature,.e@ampbell (1979)Schuh (1987)Sovers et al.
(1998)or Tesmer (2004)

3.2.3 Global VLBI solutionsfrom thelVS

By means of the observation equation (3.12), the three naimnpeter types that can be determined by VLBI
are visible: the celestial reference frame, the terrdsefarence frame and the Earth orientation parameters
as connection between both reference frames. One advaritajdl compared to GPS is the length of the
time-series for all parameters, as the geodetic applicsitif radio interferometry started already in the

9 http.://giub.geod uni-bonn.de/vIbi/IVS-AC/data/axis-offsets. html
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1970s. In the starting tim&ampbell (1979already indicated the possibility to apply geodetic VLBpexi-
ments for geodetic as well as geodynamic studies if the acgus sufficient. In the meantime, the potential
of VLBI has rapidly increased as it is documented in, eSghuh (1987)Campbell et al. (1992)Sovers et

al. (1998) Schuh (2000)Thus, VLBI can deliver long time-series for all parametefsnterest in geodetic
and geodynamic applications, e.g., changes in baseligghems an indicator for plate tectonics, or the fluc-
tuations in EOP for a better understanding of the dynamiabieh of hydrosphere, atmosphere and the
Earth's interior. Regarding the EOP, the VLBI contributtordT1 and the nutation angles has to be empha-
sized because they can be delivered, in an absolute setsly, [ VLBI. Furthermore, VLBI is the only
technique to provide a stable inertial reference frame dogtterm studies. And, finally, troposphere and
ionosphere estimates can contribute to atmosphere stlidiesier to better coordinate the activities in view
of geodetic and geodynamic applications of VLBI, the Intgional VLBI Service for Geodesy and Astrom-
etry (IVS) was established in 1999. The organization of W8 Is similar to that of the IGS since the IGS
was the first service established for the space-geodetimigues and its success encouraged the other tech-
niques to follow suit (se&chliter and Behrend, 20R7The main products are the celestial reference frame
and the monitoring of the Earth's rotation axis. Wheread@RF was derived from one solution, i.e., the
analysis groupMa et al. (1998) the official IVS time-series of EOP evolve from a combioatiof several
analysis center solutions, performed by the IVS Analysier@mator. The procedure is outlined, e.g., in
Nothnagel et al. (2006)

The goals of the IVS concerning products and observing pragrwere reviewed thoroughly in 2001 by the
“IVS Working Group 2 for Product Specification and Obseryifrograms”. Its final report bschuh et al.
(2002) summarizes the present status of international VLBI aidiwiincluding the quality of the products
and compiles suggestions for future observing progranebntogical improvements and further changes.
From the investigations of this working group it turned dudttan intensification of the observing program
towards continuous observations is essential for inangatsie product quality. Unfortunately, the actual ob-
serving prograi is far from continuous observations. At the moment, regakeservations for 24 hours are
scheduled only twice a week, i.e., the so-called rapidaxgund sessions R1 and R4, each session with sev-
en participating stations at maximum. The assembly of giatlestations for the two sessions is illustrated in
Fig. 3.2a-b using bold lines to connect the stations thairarleded every week and dotted lines for those
that participate only occasionally. As a consequence, eiméiguration of the R1 network (and the R4 net-
work) is not the same every week. Additionally, there areyanfew overlapping stations observing in the
R1 as well as in the R4 sessions.

To come up to the requirement of continuous observationsfist of the geodetic and geodynamic applica-
tions, the IVS is organizing special campaigns from timeneetthat are providing continuous observations
for a time span significantly longer than 24 hours, usualsting two weeks. This type of session is named
CONT. Further details will be given i€hapter 4.1as the work presented here fully bases on the data of one
of the CONT campaigns, namely the campaign thatseasduled for October 2002, i.e., CONTO02.

Besides special sessions devoted to the CRF, regionastigsieeference frames or technique improvement
studies, there are two important sessions to mothitbt, the so-called “INTENSIVES”. Seven days a week,
one baseline is observing for one hour. Two different bassliare selected, one is Wettzell — Kokee Park
(observing five times a week), and the other one is Wettz&bukuba (observing twice a week). Both base-
lines have in common a large east-west extension and theréfey are well-suited for monitoring the rota-

tion of the Earth. The results of both baselinegdite well as it was pointed out fischer et al. (2003)

10 http://ivscc.gsfc.nasa.gov/program/index.html
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IVS R4 Network

Figure 3.2: Networks of the IVS rapid turnaround sessia@)dR1 sessiory) R4 session. (provided by A.
Nothnagel, GIUB)

As already mentioned above, the troposphere influence¥tBd measurements and must be treated in the
analysis, e.g., by mapping all troposphere delays gathiesed observations at different elevation angles to
the zenith and estimate troposphere zenith delays plusegrtad The “IVS Pilot Project - Troposphere Pa-
rameters” was set up to compare and combine tropospheneagss from different Analysis Centers. Since
the Pilot Project proved to be successful, it was decideélease combined troposphere parameters (hourly
zenith delays and daily gradients) as an operational IV8ymt starting July 2003. For more details it is re-
ferred toSchuh and Bohm (2003FurthermoreHeinkelmann et al. (2007provide a long time-series of
combined troposphere zenith delays covering the-8pan 1984 to 2004.

Preparing for the future, the IVS established the workingugr“VLBI2010” to examine the current and up-
coming requirements for geodetic VLBI systems. The recongagons made in the working group report
by Niell et al. (2005)embrace improvements concerning construction of antemeasork design, observing
strategy, assessment of the error budget, correlatiorepsp@nd analysis. All recommendations aim at the
three major goals that turned out from the report of the IVSkhg Group 2 and that are put in the game by
the IAG project GGOS, i.e., a 1 mm long-term accuracy, cammus measurements and rapid product gener-
ation.

3.3 Satellite Laser Ranging (SLR)

3.3.1 Technical description

The basic principle of laser ranging in general is very samfhort laser pulses are emitted in direction to a
target equipped with retro-reflectors, the signal is i@#d back to the laser telescope and detected there. At
the time the laser pulse is emitted, a timer starts until gflected signal is detected at the laser telescope so
that the elapsed time is the traveling time of the laser pfits@m the telescope to the reflection target and
back again to the telescope. Two different types of reftectargets are used in space-geodesy: On the one
hand, artificial satellites are equipped with retro-reftes and, on the other hand, several reflector arrays
have been positioned on the surface of the Moon. Hence, see fanging technique for geodetic applica-
tions is divided into Satellite Laser Ranging (SLR) and Luinaser Ranging (LLR). The latter does not play
an important role for the presented work, thus, the follgniescriptions will be restricted to SLR but many
facts apply to LLR as well, of course. For more details abdiR Lits specialties in the analysis and the main
contributions to space-geodetic applications ieferred toMiller (1991)

Regarding SLR, the satellites are either developed sotellaker ranging duties or their primary task is an-
other scientific topic but they are equipped with retrdeetors and SLR is used as instrument for the orbit
determination. Concerning this second group of satelltfes gravity missions “Challenging Minisatellite
Payload” (CHAMP) and “Gravity Recovery and Climate Expegint’ (GRACE, consisting of two satellites,
i.e., GRACE-A and GRACE-B following each other) as well as #titimetry satellites TOPEX, Jason-1 and
Envisat-1 must be mentioned. However, only the passive gj@odatellites launched solely as a target for
SLR play an important role in the framework of this thesisréighe two LAser GEOdynamics Satellites
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(LAGEQOS) have to be mentione@ohen and Smith (198%)ive a characterization of both satellites. The
spherical satellites with a diameter of only 60 cm were dmvedl exclusively for laser ranging and are

equipped with 422 corner cube reflectors. The altitude @iualB000 km is one of the characteristics impor-

tant to be mentioned here, because this altitude was chosedliice the atmospheric drag in order to get a
stable orbit modeling. LAGEOS1 and LAGEOS? are in orbit 8id®76 and 1992, respectively. The only

difference between both satellites is the inclination: LA@S1 has an inclination of 109.84° whereas the in-
clination of LAGEQOS?2 is significantly smaller with 52.64Since 1964 when the first satellite equipped with

retro-reflectors was tracked by an SLR station, about 6femiht satellites have been tracked in total until

now.

In order to distinguish SLR from the other techniques désctibefore, the laser technique is working in the
optical frequency band whereas VLBI and GPS (and DORIS, @aoe)using microwave signals. The wave-
length used by most of the SLR observing stations is 532 nex@$subo and Appleby, 20D3The drawback
of employing optical signals is that an inter-visibilitytheen the emitting and the reflecting unit is required.
Hence, clouds above an SLR station disables ohis@mgdo satellites.

An elaborate review of the developments regarding SLR dinly detailed background information about
the laser technique itself is givenSeeber (1993)r by Degnan (1993)

3.3.2 Observation equation

The basic observable of SLR is the measured time differenie between the emission of a laser pulse and

its reception at the statiof after the reflection at the satellit Multiplying this time interval with the speed
of light c yields the two-way distance between the station and thdlisatélowever, the obtained distance
cannot be considered equal to the purely geometrical distderived from the positions of the station and
the satellite, but some correction terms have to be takenaotount comparable to the other space tech-
niques:

1 s

S S/4+S
¢ - Th = |RegpTA(t%) — r5(t%)

S
T 0pe T 5ptrop T 6 Ppas T OPcom T €a . (3.13)

The first line in (3.13) represents the purely geometrieat vith station position and satellite position in the
same way as already explained for GPS in equation (3.1). hedifference is that the station position in
(3.13) is computed for the same time as the satellite positie., the time of reflection of the laser pulse at
the satellite. In an ideal case, the epoch of reflection thémiddle between the emission and detection of
the laser pulse at the station. The terms listed in the selio@a@ontain all correction terms that are relevant

for an SLR observation including the measurement emois The relativistic corrections p,, are simi-

lar to those of GPS so that it is referred@hapter 3.1.Zor an explanation, but with one exception: the cor-
rections concerning satellite clocks are not relé¥ar SLR.

Similar to GPS and VLBI, an SLR observation has to be corcefiie troposphere disturbances as well but
the correctiond Prop N (3.13) is different from that for GPS and VLBI contained(i1) and (3.12), re-

spectively. As SLR bases upon optical instead of microwayeeds the troposphere delay has to be modeled
in a different way Marini and Murray (1973)developed a model that is commonly used in the SLR analysis
to correct for the troposphere disturbances. However gitstlz delay and mapping function do not apply to
all wavelengths used in modern SLR, and, additionally, tioelehis valid only for elevations above 10°. A
first improvement has been achieved with a new mapping foimgirovided byMendes et al. (200Zhat is
valid for elevation angles down to 3° and can be used in coatigin with any model for the zenith delay. As
a next stepMendes and Pavlis (2004uggest the development of more accurate models for ththzbeiny
that are applicable to the full range of wavelengths usedadem SLR systems. Since the troposphere re-
fraction is dispersive at optical wavelengths, SLR obg#ona at two different wavelengths allow for the de-
termination of its influence. The procedure is comparabléhe determination of the ionospheric influence
for microwave techniques (seéhapter 3.1.2 The derivation of the dispersive delay of two-color laser
range observations is given by, e Biepl and Schltter (200Dr Hulley et al. (2004)However, routine two-
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color laser observations are carried out at the moment drihesstations Matera (Italy), Zimmerwald (Swit-
zerland) and TIGO/Concepcion (Chile) (ddendes et al., 2003

Station-specific range biase¥ p,,,; are set up in the SLR analysis to account for a constant ditseteen

the theoretical and the measured distance from the statitthretsatellite. Followingschillak (2004a}he sys-
tematic effects that can be compensated by estimating & taing are manifold if they are not corrected sep-
arately. Just to mention the grouping for such kind of efextd give some keywords that are explained at
length bySchillak (2004a)environmental effects (e.g., atmospherical model, metegical measurements),
systematic errors within the SLR system (e.g., calibratiotin ground targets, signal strength variations,
mount eccentricities, time interval counter) and systé&retors in the timing unit (e.g., frequency standard,
connection to the UTC system) can cause biases. The autres giore detailed information about the char-
acteristics of the systematic effects, their order of miagid and how they are handled at the station Borow-
iec. According to his studies, the most important systerrdgiviations are due to deficiencies in the atmo-
spheric model Marini-Murray (see above) and the uncestdinthe location of the reflectors w.r.t. the satel-
lite's center of mass.

The latter effect is similar to GPS: The reflection pointloé tsignal at the satellite is not identical to the cen-
ter of mass (CoM) where the satellite position vecfaefers to. Thus, the correctiold p,, is accounting

for this difference. HoweverQtsubo and Appleby (2008emonstrate that a constant value, as it has been
used since the very beginning of SLR observations, is na@able anymore if millimeter accuracy is de-
sired. In fact, the CoM correction strongly depends on teeraanging system and the detection energy lev-
el. For more details it is referred to the studiesGifubo and Appleby (2008)here they determined CoM
corrections for the three satellite types LAGEOS, ETALON #&3ISAIl distinguishing between three types
of SLR systems. According to their studies, the correctiaries by about 1 cm for the LAGEOS satellites
and 5 cm for AJISAI and the ETALON satellites, clearly denteogiing the error that will be introduced into
the solution if a constant value is used.

As for the other techniques presenteddhapter 3.1and 3.2, the above descriptions should only introduce
the SLR technique in view of an inter-technique combinatwhereas further information about the tech-
nique itself, the mathematical model and the analysis gcan be found in, e.gSeeber (1993) Degnan
(1993) Schillak (2004apndSchillak (2004h)

3.3.3 Global SLR solutionsfrom thelLRS

The International Laser Ranging Service (ILRS) was esthbtl in 1998 as the second technique-specific in-
ternational service following the IGS. The organizatiosimilar to that of the IGS and the IVS and is out-
lined in, e.g.,Pearlman et al. (2002)According to the authors, the data sets of SLR and LLR olasienvs
provided by the ILRS are the basis for generating a numbeumddmental data products important for a
wide range of scientific, engineering and operati@pplications and experiments:

- highly accurate satellite ephemerides,

- polar motion and length of day,

- 3D coordinates and velocities of the ILRS trackétations,

- time-varying geocenter coordinates,

- static and time-varying coefficients of the Eartiravity field,
- fundamental physical constants (GM),

- lunar ephemerides, libration and lunar orientafjarameters.

The primary target for the ILRS and the most interestinglii@te for geodetic applications in view of refer-
ence frame, Earth rotation and combination with other spgmoeletic techniques are the two LAGEOS and
ETALON satellites. But, although they have the highest nitsiofor the 40 currently observing stations,
Noomen and Shelus (200Bnphasize that nearly 30 satellites equipped with retiestfrs are actually
tracked. Besides the passive geodetic satellites (LAGEDIB]L.ON), Earth sensing satellites and navigation
satellites are supported as well by the ILRS. Some exampées already given irfChapter 3.3.1and the
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ILRS websité! provides further information about the various satelliiesions supported by SLR measure-
ments so far.

LAGEOS1/2 and ETALON1/2 data are regularly processed bylltRS Analysis Centers to derive station
coordinates and Earth rotation parameters on a weekly.bEsithe ILRS is the Technique Center responsi-
ble for the SLR contributions within the IERS, the “ILRS Awgsis Working Group” under the coordination

of Noomen and Shelus (200Bas been working towards an official ILRS solution inclugistation coordi-
nates and ERP that are combined from various input solutietigered by altogether five Analysis Centers.
Time-series of such weekly solutions were issued for thet fime in 2003 and now cover the entire time
span since 1992. After finalizing a benchmarking, the ILRS Hecided that, starting at mid-2004, Agenzia
Spaziale Italiana (ASI) delivers the official combined IERolution and Deutsches Geodatisches Forschun-
gsinstitut (DGFI) acts as backup combination ce(i@omen and Shelus, 2005

The ILRS Central Bureau maintains a website with generarimétion about laser ranging including the
most actual information about the tracking network, thelysis of the data and the satellite missions cur-
rently supported. Therefore, it is referred to the ILRS vileb&for more details about the ILRS and its activi-
ties.

3.4 Differencesand similarities between the space techniques

In view of a combination of the space-geodetic techniquisvitorthwhile to add some remarks on the simi-
larities as well as on the differences between the indiviteahniques. Several common features are already
visible from the symbolic observation equations (3.1)123, and (3.13) for GPS, VLBI and SLR, respec-
tively. For the terms present in the observation equatidable 3.1 distinguish whether they are handled in a
typical analysis by an a priori model, by setting up an unkng@arameter, or both (i.e., apply an a priori
model and estimate corrections to this model). Crossessedlin brackets indicate that an estimation of the
corresponding parameter type by the space-geodetic tpehinis possible but does not belong to a
“standard” solution.

The columns for the parameters that are normatlynaged are similar to the overview given in Tablg.

The inertial reference frame is given either by the posttiohthe quasars or by the satellite orbits, but only
the quasars allow a long-term stability. Therefore, VLBIhe only technique that can provide a stable CRF,
and, thus, has access to the nutation and universal timedabsoiute sense, so that corrections to the a priori
model are normally estimated. Contrary to this, the stgettichniques can contribute only short-term infor-
mation, i.e., the nutation rates dndD, whereas the nutation abI have to be modeled.

Besides the time-derivatives of the nutation anglesldigthe pole coordinates are the only EOP that can be
estimated by all three technigues. The same holdké position of the observing stations.

The atmospheric properties are common to GPS and VLBI astbolimiques use microwave signals. Con-
cerning the troposphere, an a priori model is normally aapfor the hydrostatic part and corrections are es-
timated to scope with the wet part of the troposphere delaigtwis more variable and hardly predictable.
The influence of the ionosphere can be handled becausevalisess for two wavelengths are available, as
already explained irChapter 3.1.2In the case of optical observations by SLR, the impact of ttbpo-
sphere can be modeled quite well, so that no parameters admdstimated. The ionosphere plays no role
for SLR observations.

Common properties of GPS and SLR are related to the sataihits. The satellite orbits themselves are nor-
mally handled by an a priori model and corrections estimathdtitionally to the orbital parameters. And, due
to the dynamics of the orbits, the gravity field of the Earéis o be considered in the SLR and GPS analysis.
This is normally done by an a priori model only, but the estioraof low-degree spherical harmonic coeffi-
cients is possible.

Finally, the relativistic corrections as well as those temelated to the behavior of the antennas (ground an-
tenna and satellite antenna or reflectors) have to be mbdetall three techniques, and the behavior of the
clocks belongs to the parameter estimation fateahniques.

11 http.//ilrs.gsfc.nasa. gov/satellite_missions/index.html
12 http.//ilrs.gsfc.nasa.gov
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Table 3.1:Differences and similarities between the space-geodeticriques concerning the a priori mod-
eling and the estimation of parameters in the asialpf the observations.

Parameters and correction terms VLBI GPS SLR

in the observation equations Model Estimate Model Estimate Model Estimate

Quasar positions e X (X)
Nutation Ag, Ay X X X X
Nutation rates X X X
UT1-UTC X X X X
LOD X X X X X X
Polar motion Xp, Y X X X X X X
Station positions K, rs X X X X X X
Gravity field X X) X X)
Troposphere Drop X X X X X
lonosphere Oon X (X)
Satellite orbits P X X X X
Antenna / reflector DObhas X X X

Pant

LPcom
Clocks Ot, Poias X X X
Relativity Drel X X X
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4 Description of the data

The following section will describe the data sets that hagerbused in the combination studies. At the be-
ginning it is worthwhile to address the CONT02 campaignfiiseorder to emphasize its uniqgueness and im-
portance. The goal of this introduction is to give an explemawhy this time period was chosen for the
analysis. The remaining two sections characterize thes#datanecessary to combine station coordinates and
to validate the estimated troposphere parameters, i@l ties and data from water vapor radiometers in-
cluding meteorological measurements, respectively.

4.1 TheVLBI campaign CONTO02

The observing program of the IVS has been outlined alreadihiapter 3.2.3Summarizing the major disad-
vantages, the changing network and non-continuous olmgpréssions cause a sub-optimal situation for
combination studies using VLBI together with other spaeedgtic techniques. In order to avoid this prob-
lem and to demonstrate the remarkable capability of VLBI efedmining geodetic parameters, especially
EOP, the IVS organized a special campaign in 2002, named @2N#ith continuous observations for a pe-
riod of 15 days. The campaign started on October 16, 2002:8018TC and lasted till October 31, 2002 at
18:00 UTC, separated into 15 sessions each lasting 24 hidwegarticipating stations were carefully select-
ed and, altogether, the resulting network consists of agtions, namely Algonquin Park, Fairbanks, Harte-
beesthoek, Kokee Park, Ny-Alesund, Onsala, Westford antizélle Unfortunately, the global distribution
of these stations cannot be regarded perfect as it can beesséy on the map in Fig. 4.1. Regarding the
east-west direction only half of the globe is covered andemrms of the north-south distribution the major
part of the stations is located on the northern hemispheoeg precisely, Hartebeesthoek is the only station
on the southern hemisphere. As baselines with a large eéatemsnorth-south direction are especially im-
portant for a good determination of polar motion ($émthnagel, 199} it is expected that the polar motion
results for CONTO2 will suffer from this deficienay the network configuration.

Compared to the disadvantage concerning the distributiothe stations the list of advantages of the
CONTO02 campaign is much longer: Besides the continuousraeingenetwork without changes in the con-

figuration, CONTO2 provides a co-location with GPS at &ksj a co-location with SLR at two sites (Harte-

beesthoek, Wettzell), a co-location with DORIS at four sitEairbanks, Hartebeesthoek, Kokee Park, Ny-
Alesund) and, in addition, a co-location with water vapatiometers (WVR) at Onsala, Wettzell, Kokee

Park and Westford (séghapter 4.3.
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Figure 4.1: VLBI network used for CONTO?2.
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CONTO2 was neither the first nor the last campaign providiogtinuous VLBI observations for such a long
period. The other CONT campaigns took place in January 18@INT94), August 1995 (CONT95), fall
1996 (CONT96) and September 2005 (CONTOS5). Thus, the firgtet campaigns provide comparably old
data sets and do not reflect the quality achievable todagyeds the observations of CONTO5 came too late
to be included in the studies described in this thesis. Hewdine CONTO5 data are of high interest to con-
tinue and extend these studies, of course. Especially bediwe network could be extended compared to
CONTO2 with three stations (see the IVS web'Sifer more information): The Russian station Svetloe, the
station Tsukuba (Japan) fills the gap in the Asian region, thie station TIGO/Concepcion (Chile) is a sec-
ond station located in the southern hemisphere and, funibrey, provides an additional co-location with
SLR and DORIS. Especially the contributions of Tsukuba al@ are highly important to get a more sta-
ble global network, which stabilizes the solution the EOP as well.

Summarizing the considerations and taking into accourhalpoints mentioned above, the VLBI data of the
CONTO02 campaign are well suited for studies in view of a rigr combination of the space-geodetic tech-
niques.

4.2 Local ties

An essential part in combining different techniques is thientification of parameters that can either be
stacked or combined by using additional information (S&apter 5.1.%or more details). One important ex-
ample for the latter situation is the combination of statimordinates at co-located sites. Normally, the dif-
ferent technigues do not refer to the same reference poihttharefore, the coordinates themselves cannot
be stacked directly. As a way out, known values for the thtiegensional coordinate differences between
the reference points, so-called local ties (LT), are intica into the combination. The procedure is based on
the mathematical principle of relative constraints ddmtiinChapter 2.6.3In most cases, the LT have been
derived from local terrestrial surveys carried out at ttagiehs. Examples including a detailed description of
the planning, the measurements and the analysis can be iiouad., Sarti et al. (2004 ¥or the station Me-
dicina, Schliter et al. (2005)or Wettzell, Eschelbach and Haas (2008)r Onsala,Steinforth et al. (2003)
for Ny-Alesund and documentations for the Australian etai Yarragadee, Mount Pleasant and Mount
Stromlo are available onlidk(e.g.,Johnston and Dawson, 20Gdr Yarragadee). However, the problems
concerning LT are manifold. The most important oréfecting the major part of the co-location site®:

— For many co-locations, the LT values are missing.
— Some values are very dubious and do not fit tsffaEe-geodetic results by far.

— Statistical information, particularly the variance-aoance matrix or at least the standard devia-
tion, is not available.

— A detailed documentation is missing.

— There is no central archive where all actual LT includingitldocumentation are available and ac-
cessible to all users.

For further detalils it is referred to, e.dAngermann et al. (2004pr an overall analysis of co-locations, or to
Ray and Altamimi (2005Who evaluated especially the VLBI-GPS LT. Altogether, fineblems mentioned
above reduce the potential of a multi-technique combinabecause normally the station coordinates are a
central part of the combination. In order to stress the ingrare of the LT, the IERS postulates to give the
local survey measurements the same status as the spaasigdedhniques' observations themselves. The
first time this goal was thoroughly discussed was the “IER& ¥hop on Site Co-Location”, held in Mat-
era/ltaly in October 2003, which was the first workshop dedcsolely to this topic. On the one hand, the ac-
tual situation was demonstrated by means of several arsalgsd, on the other hand, some groups that are
responsible for co-location sites presented their expeéevith local surveys and generating LT. The out-
come and the presentations during this workshop are padlighRichter et al. (2005) The necessity to
build a working group to cope with all the recommendatiorsitiing from the workshop became clear. In
the mean time, the “IERS Working Group on Site Survey andd@ation” has been established and it push-
es and coordinates activities related to local surveys-#b@ation sites including guidelines for the analysis
and the disposability of the appropriate informatiseeDawson, 200b

13 http://ivscc.gsfc.nasa.gov/program/cont05/
14 fip.:/fip.auslig.gov.au/sgac/sinex/ties/
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Concerning the CONTO2 stations, the basic local tie infaiomavas taken from a list compiled for the ITRF
computations available at the IERS ITRF Product Centeratriktitut Géographique National (IGN)The
latest compilation includes LT for all GPS-VLBI co-locati® relevant for CONT02. One special comment
must be added concerning the local tie for Kokee Park: Theevirtbm the ITRF list was corrected 4N =

27 mm,4E = 24 mm and4U = 11 mm for the north, east and height component, respegtiféle correc-
tions were taken fronlGSMAIL-4151° announcing that a jump of the afore mentioned size has beeg+e
nized in the IGS long time-series. The jump occured afterangh of the GPS antenna and the removal of
the radome in September 2002 just before CONTO02. As a rersinalsing the corrected site eccentricities
for the new GPS antenna without radome is not available, dheection of the old local tie values by the
“known” jump seemed to be the best method to retrieve a usallee for the combination although the
jump belongs to the eccentricity vector between the mankdrthe antenna reference point rather than to the
LT, of course.

All co-locations for the CONTO02 analyses and the approptiatal tie values are summarized in Table 4.1.
The numerical values are given in a geocentric systeynz. Additionally, the summary includes the corre-
sponding height difference because this is relevant if thpasphere zenith delays derived from VLBI and
GPS are combined. The theory for this task is comparableosetbf the LT (se€hapter 2.6.3 A detailed
description of the handling of troposphere ties is giverCimapter 5.1.1followed by various examples of
combination results i€hapter 6 Finally, the last column in Table 4.1 shows the three-disimmal distance
between the reference points to give an idea hothé&atwo instruments are separated.

Unfortunately, there are only two stations amongst thete®PS-VLBI co-locations that assemble all three
techniques, namely Wettzell and Hartebeesthoek. Howé#wvere are additionally eleven GPS-SLR co-loca-
tions within the networks chosen for the analyses: Borowkect Davis, Grasse (two SLR sites), Graz, Her-
stmonceux, Monument Peak, Potsdam, Shanghai, Tahiti, M&teh and Yarragadee. Fortunately, the LT
values are available at the ITRF web-site for all co-logaiavith SLR mentioned above. Hence, altogether
14 GPS-SLR co-locations can contribute to the combinat® éink between the networks of these two
techniques whereas VLBI and SLR are tied together mainlyGRS. However, contrary to the GPS-VLBI
co-locations for CONTO02, the network of GPS-SLR co-locasistrongly varies from day to day and the
maximum number of 14 co-locations is not available for any @e Table 4.2). In view of combining SLR
with the other techniques on a daily basis, this situatiog o@ise problems because the network of co-loca-
tions that transfers the datum information between thenigcies is not homogeneous. Thus, the stabilization
of the combined solutions concerning the datum parametienss{ations and scale) due to including SLR is
attenuated for daily solutions. Fortunately, the situat®much improved if weekly solutions are considered
as Borowiec, Shanghai and Tabhiti are the only co-locatibasdre not common to both weeks. Shanghai can
be employed as co-location only in the 14-day smut

15 http.//itrfensg.ign.fr/local_surveys.php
16 http://igsch.jpl.nasa.gov/mail/igsmail/2002/msg00490. html
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Table 4.1:Co-locations and the corresponding geocentric LT infolioraused in the analyses (values are

Page 46
given in [m]).
Station name DOMES Techniques
+ GPS-ID

Algonquin Park 40104M002 GPS -

ALGO S001 VLBI (7282)
Borowiec 12205M002 GPS -
BOR1 S001 SLR (7811)
Fairbanks 40408MO001 GPS -

FAIR S002 VLBI (7225)
Fort Davis 40442M012 GPS -
MDO1 MO006 SLR (7080)
Grasse 10002M006 GPS -
GRAS S001 SLR (7835)
Grasse 10002S001SLR (7835) -
GRAS S002 SLR (7845)
Graz 11001M002 GPS -
GRAZ S002 SLR (7839)

Hartebeesthoek 30302M004 GPS -
HRAO S001 VLBI (7232)

Hartebeesthoek 30302M004 GPS -

HRAO MO003 SLR (7501)
Herstmonceux 13212MO007 GPS -
HERS S001 SLR (7840)
Kokee Park 40424M004 GPS -
KOKB S007 VLBI (7298)

Monument Peak 40497M004 GPS -

MONP MOO01 SLR (7110)
Ny-Alesund 10317MO0O03 GPS -
NYAl S003 VLBI (7331)
Onsala 10402M004 GPS -
ONSA S002 VLBI (7213)
Potsdam 14106M0O03 GPS -
POTS S009 SLR (7836)
Shanghai 21605M002 GPS -
SHAO S001 SLR (7837)
Tahiti 92201MO0O09 GPS -
THTI MOO07 SLR (7124)
Washington 40451M123GPS -
GODE M105 SLR (7105)
Westford 40440S020GPS -
WES2 S003 VLBI (7209)
Wettzell 14201MO010GPS -
WTZR S004 VLBI (7224)
Wettzell 14201MO010GPS -
WTZR S018 SLR (8834)
Yarragadee 50107M004 GPS -
YAR2 MO001 SLR (7090)

Scientific Technical Report STR 08/15

Local tie (geocentric)

dX
94.756

25.767

-74.1410

22.3935

-0.632

-0.542

-2.558

-90.2996

-48.6253

6.505

-0.5043

31.3649

-28.797

52.631

50.091

-645.1758

-8.4555

54.230

26.796

40.7973

3.8238

-18.6149

dy
61.021

-72.908

49.2757

8.4672

-44.858

-36.489

8.516

132.1881

65.5918

10.278

-19.3777

-5.4557

-102.167

-40.464

95.219

-537.3040

24.5510

97.009

41.022

118.3964

68.2017

-12.4650

dz
6.665

-0.324

-31.2367

23.4078

1.199

4.421

-1.321

-34.6542

-42.7992

-3.945

-42.2654

20.5255

6.464

-43.865

-40.438

196.6938

-28.2988

93.863

30.476

-61.3207

-15.5177

-5.8451

dH Distance
-23.100 112.901
1.717 77.328
-13.0558 94.3436
0.2145 33.4826
-3.528 44.878
-0.507 36.760
-1.097 8.989
-1.5478 163.7945
7.3698 92.1872
1.083 12.787
-0.2431 46.4985
3.5295 37.8790
-3.101 106.344
-13.710 79.571
10.896 114.939
-5.7491 862.3432
3.6575 38.4066
-4.685 145471
-1.735 57.703
-3.1011 139.4359
0.6457 70.0492
-0.0435 23.1529
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Table 4.2:GPS-SLR co-locations available for daily and weekly sohgi “G” and “S” means that only the
GPS site or the SLR site, respectively, is avaldbt that day.

Station Day of the year Week
290 291 292 293 294 295 296 297 298 299 300 301 302 303 W1 W2

BOR1 X X
MDO1 X X X X X X X X X X X
GRAS X X X X X X X X X
GRAS-L X X X X X
GRAZ X X X X X X X X X X X X X X X
HRAO X X X X X X X X X X X
HERS X X X X X X X X X X
MONP X X X X X X X X X X X X X X
POTS X X X X X X X X
SHAO G G G S S S

THTI X X
GODE X X X X X X X X X X X
WTZR X X X X X X X
YAR2 X X X X X X X X X X X X X X

4.3 Water vapor radiometers and meteorological data

The space-geodetic techniques VLBI, GPS and DORIS are mobiiy techniques to yield information
about the water vapor content in the troposphere. Othenigebs like water vapor radiometers (WVR) or
radiosondes can deliver similar information but only a felhese instruments are available. The Onsala
Space Observatory in Sweden is one station that operatesR &d, additionally, has access to radiosonde
measurements. The comparisons between the differeniinstits (space-geodetic techniques, WVR and ra-
diosondes) carried out b@radinarsky (2002xhow a rather good agreement so that each of the techniques
can be used to control and validate the others. Similar ssudiere done biXiell et al. (2001)for the station
Westford. The possibility of validating the tropospherd¢imates from VLBI and GPS with independent
techniques was used for the CONTO2 analyses as wellGbapter 5.2.2 Albeit radiosonde measurements
were not available for the studies, several WVR were placesetected stations during CONTO2. Altogeth-
er four stations were equipped with a WVR: Onsdlattzell, Kokee Park and Westford (see Table 4.3).

4.3.1 WVR measurementsand their pre-processing

A WVR measures the sky brightness temperature at differegiencies. The three major constituents of the
atmosphere (i.e., oxygen, water vapor and liquid waterglaunique and distinguishable frequency-depen-
dency resulting in a different sky brightness temperatlihels, each contribution to the total sky brightness
temperature measured by the WVR can be separated from this dtimeasurements at different frequencies
are carried out (se€lgered et al., 1991 Gradinarsky (2002pives the two frequencies for the WVR operat-
ing at Onsala with about 21 GHz and 31 GHz. The latter cormedpdo the frequency that is more sensitive
to the radiation emitted by the liquid water whereas the frfrequency is more sensitive to the radiation
emitted by water vapor. The approach to convert the sky bregs temperature into the wet delay is not
unique according t&lgered et al. (1991and has to be optimized for each particular site by detenmgithe
retrieval coefficients empirically, e.g., relying cadiosonde measurements.

Unfortunately, the retrieval coefficients for the WVR opting at Westford are missing so that the wet delay
cannot be computed out of the original WVR measurements atwhgarison with GPS and VLBI is not
possible. The availability of WVR data at Kokee Park is aeolimiting factor for validating the space tech-
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nigques by using WVR data: The WVR data start only on Octobeat?A3:00 UTC (= day of the year 294),
so that about five days of the CONTO02 campaigmassing.

One general comment about the WVR measurements must be. adue@/VR determines the wet delay in
the direction where the instrument is pointing to (azimedeyation). To compare these slant delays with the
results of GPS or VLBI whose troposphere delays are expilesseenith delays, the WVR measurements
have to be mapped to the zenith first. The same mapping iumcan be used as in the case of computing
the troposphere influence on space technique observaiivan in Eq. (3.8), but using the relationship for
the wet part only:

ith __ —
p\fveergl - fwét (Z) " Pwet (Z) J 4.1)

with pwet( z) denoting the wet troposphere slant delay at zenith antfiat is originally derived from the

WVR measurementSp\fveer;ith denoting the corresponding wet troposphere delay in zatdction, and

fwet( z) is the mapping function for the wet part of the troposphedaydeMany mapping functions are

available but, to be consistent with the space-geodetlintgaes, it is reasonable to use that applied in the
GPS and VLBI analysis for the WVR measurements as well. Tinesmapping function described Niell
(1996)is employed for the analyses presented in this thesis. Theegsion from slant delays to zenith de-
lays using the given elevation angles had to be done for thé&kVaWettzell and Kokee Park whereas the
WVR data provided by the Onsala Space Observatiigdgred and Haas, 20Q03as been pre-processed so
that the wet delays were already given for thetheni

It is commented in Table 4.3 that additional rain sensorsasedlable for the station Wettzell. As the name
already indicates, rain sensors detect rainfall. Thisrmftion is useful for the application of WVR data be-
cause the wet delay measured by the WVR is reasonable onlg ifiot raining and no water is accumulated
on the optics of the instrument (sédgered et al., 19911 Thus, the WVR data were ignored in the compari-
sons with the space-geodetic techniques if at least oneedinth sensors indicated rainfall. Unfortunately, a
comparable external rain sensor was not available for tHit@atKokee Park, but the radiometer itself has an
internal sensor. Thus, this information was used to detedtediminate measurement epochs deteriorated by
rain. Figures 4.2a-b visualize the raw measurements of thi&®\& Wettzell and Kokee Park, respectively,
and the epochs influenced by rain are indicated. As alreaghtioned above, the WVR measurements at On-
sala had been pre-processed so that a data sgeemicerning rain epochs was not necessary any. more

a) Wettzell WVR: Raw data b) Kokee Park WVR: Raw data
600 — . : . — — 700 — . .
< Norain : . L - Norain
500 . M ] 600
£ i ! 500}
E 400 ,
s
g 300f
200+
100
O L s L L L : - L L 0 I L L L
289 292 295 298 301 304 295 298 301 304
DoY 2002 DoY 2002

Figure 4.2: Raw WVR measurements with rain-free epochs disshgd from rain epochs:
a) Wettzellb) Kokee Park.

After eliminating the data corresponding to rain epochgard step in preparing the WVR data for a com-
parison with the space-geodetic techniques is the avegyagihourly mean values to be in accordance with
the temporal resolution of the GPS and VLBI estimates (Seapter 5.1.2 In order to give an impression
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how the mean values and the raw data fit together, Fig. 4daptay both time-series for all three stations
occupied with a WVR. Regarding Onsala, the sampling to lyotalues does not induce a big change due to
the original resolution of 30 minutes whereas the raw datd\fettzell and Kokee Park are originally given
with a roughly one-minute spacing. Another important feawf the Onsala time-series is that the half-hour-
ly values have been provided including standard deviatidesice, the hourly mean values displayed in Fig.
4.3a are weighted mean values and their resulting stan@aidtobns were added to the plot. Unfortunately,
there are no standard deviations available for the otheMAV& measurements. However, for the derivation
of a comparable quality assessment for the hourly mean sakwery original measurement was assigned
with the weight 1 for the averaging process, i.e., corredpanto a standard deviation of 1 m. Thus, the
“standard deviations” shown in Fig. 4.3b-c for the hourlyameralues of Wettzell and Kokee Park reflect the
number of single measurements contributing to the mearev&8uch a procedure seems to be reasonable in
the case of a WVR as the scatter from one minute to the nexitis lquge so that a mean value out of more
data points is thought to be more reliable, especially whéhdompared to the estimates of the space-geo-
detic techniques later on, although these stardi@rthtions should not be interpreted in an absdeatese.

a) Onsala WVR: Hourly weighted mean b) Wettzell WVR: Hourly mean
200 : : : : : 400 : : ‘ ;
—— WVR data Rain—free epochs
Sampling (1h) 350+ Sampling (1h)
_ — Std. dev. — Std. dev.
5 150} :
5
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e
@ 1001 %
E S
E
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S 50t
N
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C) Kokee Park WVR: Hourly mean
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3 300t
2000 L, Figure 4.3: Raw WVR measurements (rain-free ep-
. - ochs only) and hourly mean values
100 A A »ﬂ ] (weighted mean for Onsala) including
ol ‘ ettt | wl their standard deviations:
289 292 295 298 301 304

DoY 2002

a) Onsala,b) Wettzellc) Kokee Park.

4.3.2 Special aspects concerning the usability of WVR and meteorology data

In contrast to the space-geodetic techniques that medsutetal amount of the troposphere delay, the WVR
is determining only the delay caused by the wet part of theasphere. In order to use these values for com-
parisons, the wet part of the total troposphere zenith deiéﬁg;th estimated by VLBI or GPS must be de-
rived first. Equation (3.7) gives the separation into a logthitic and a wet part. The wet part depends on the
temperature and the partial pressure of water vapor. Eapetiie partial pressure of water vapor shows a
high variability in space as well as in time, thus, the wetagleb difficult to model using meteorological
measurements. If GPS or VLBI estimates are to be comparedB data, the wet part of the troposphere
delay is obtained by computing the hydrostatic part andraatihg it from the total delay estimated by GPS
or VLBI. The hydrostatic delay is proportional to the totaépsure and can be modeled rather well, e.g., us-
ing the expression given liigered (1992pr Davis et al. (1985fin millimeters):
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pzenith — 2.2768- p
hydro 1 — 0.00266- cos (2 - B) — 0.00028- h

, 4.2)

wherep denotes the total atmospheric pressure at the ground inf[nibis the latitude of the station ardis

the station height above the ellipsoid in [km]. SubtracijAg) from the total delay, the remaining part corre-
sponds to the troposphere delay caused by the water vagwe atrhosphere and can be compared to the val-
ues derived from WVR measurements. Admittedly, taais have to be considered:

— Using meteorological measurements like pressure, termyperand relative humidity or partial
pressure of water vapor for computing the troposphere dédésl delay or one of the two constitu-
ents) it must be considered that all meteorological quastdre height-dependent. Therefore, intro-
ducing the measurements directly into Eq. (4.2) gives thdrdstatic delay at the height of the
pressure sensor, but in general this is not identical todgfexence height of the VLBI or GPS point
the hydrostatic part of which should be computed.

— When subtracting the hydrostatic delay from the GPS- andldBl-derived total delay, the re-
maining wet delay is identical to the WVR value$yahboth refer to the same height.

Concerning the first point, i.e., the meteorology sensaniftaanother reference height than the GPS or
VLBI reference point, the measured pressure and temperatust be extrapolated to the desired height
and only the relative humiditi can be assumed to be constant close to the ground. Undereibenglition

of a hydrostatic equilibrium the meteorological quansitat the height of GPS/VLBI are derived from the
measured values (indax’) according tdrunner (2004)

Pm
p(h)=p,— 0.034161_— (h—=h) (4.3a)
Th)=T,—T-(h—=nh,), (4.3b)
H
(h) = 1—00 * €gnt (T) , (4.3c)

with p denoting the total atmospheric pressure in [mbarthe temperature in [K] and is the vertical tem-
perature gradient witih" = 0.00977 °C/m. As already mentioned, the relative humiditis assumed to be
constant but the partial pressure of water vagfn millibar) is not, as it depends also on the saturated vapo
pressuress, which is on its part influenced by the temperaaceording to the formula of Magnus-Tetens:

75-T
2.3026- ( 0.7858 + ———————
3026 <0 88+ T 237.3) . (4.4)

e..(T)=ce

sat (
As regards the second remark mentioned above, i.e., the VidRh& space-geodetic techniques referring to
different heights, the additional troposphere wet delathalayer between the two reference heights must be
accounted for in the comparisoBrunner (2004)gave a formula valid for this purpose based on the theory
derived bySaastamoinen (1973)

i i € 5383
A P — pzenlth _ pzenlth = —2.789 — - [T— — 0.7803:| - T (hz - hl) . (4_5)

wet wet, wet; 2
T 1 1

The indices 1 and 2 stand for values referred to either the WWMRe space-geodetic reference point. There-
fore, the temperature and the partial pressure of waterrviisd must be extrapolated to the appropriate
height of instrument '1' using the Eq. (4.3a-c).

Summarizing the information necessary for comparing tbpdsphere estimates derived by water vapor ra-
diometers and the space-geodetic techniques, tibpéss have to be considered:

— Measurements of the total atmospheric pressure are néededmputing the hydrostatic delay
(Eq. (4.2)).
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— Measurements of temperature and relative humidity (atigdgoressure of water vapor) are neces-
sary if differences in the reference heights of WVR and GR8Nmust be taken into account (Eq.
(4.5)).

— The reference heights for all instruments (GPS/VLBI, WMRI @pressure sensor) must be known,
or at least the corresponding height differences, to be @bleorrect the influence of different
heights on meteorological values (Eqg. (4.3a-c)) tamposphere delays (Eq. (4.5)) if necessary.

Unfortunately, the above demands were not fulfilled forsaditions participating in the CONTO02 campaign.
Meteorological files with pressure, temperature and ingdatumidity stored every few minutes (not in regu-
lar steps) are available for all VLBI sites. But in some cabesvalues stored in the files are dubious or even
missing. The pressure measurements seem to be all righeas#re humidity and the temperature for Ko-
kee Park, Hartebeesthoek and Westford must be treatedibpiskeelVS Analysis Mail No. 00991, 00992,
00994, 01000, 010Q2Additionally, the pressure records for Ny-Alesund shamstant values for roughly
two sessions which is a questionable behaviorl{ggeinalysis Mail No. 00994

As Hartebeesthoek and Ny-Alesund had no WVR running duri@iNT02, the wrong temperature and hu-
midity values and the questionable pressure values, régplgc do not matter in this case. However, it is a
disadvantage when testing different combination methodshie troposphere delays as it will be described
later inChapter 5.1.1

For the station Kokee Park the situation is more problerabliecause comparisons with WVR data are pos-
sible. Thus, the hydrostatic delay (4.2) has to be calcdlstethat pressure measurements extrapolated to the
appropriate height are needed. For this extrapolationyiin, tthe measured temperature is needed in Eq.
(4.3a). Furthermore, as the reference height of the WVRdiffrom that for GPS and VLBI, the differential
wet delay must be computed according to (4.5) requiringemriemperature and humidity values. One way
out of this dilemma might be the usage of the meteorologiefiles stored in the WVR observation files.
The WVR itself measures temperature, pressure and hunaiddystores them in the output file together with
the other measurements. The only question mark behind tbeegure is the quality of the meteorological
values provided by the WVR.

A similar situation exists for the station Westford: There awo different sources for meteorological data,
one file stemming from the IVS CONTO02 data archive and anaslet of files has been delivered with the
WVR data. Unfortunately, they are not consistent, and aliogrto thelVS Analysis Mail No. 0100the me-
teo file from the CONTO2 data archive should be used casefulhlike this data source, the content of the
meteo files delivered with the WVR data seems to be usableeder, for both the same problem exists:
The reference height is not delivered together with the dathother sources like the IGS sitelog files or the
RINEX meteo files contain inconsistent values. Nevertsgl¢he controversial height information differs by
about 10 m and tests showed that the subsequent influend¢e difterential troposphere wet delay accord-
ing to (4.5) is clearly below 0.01 mm. Therefore, it was dedido simplify matters and assume the same
height for the meteorological data sensor as ®IGRS antenna.

The remaining two stations equipped with a WVR during CONTO®Rsala, Wettzell) fulfill the criteria
mentioned above: The meteorology files are okay and the deetbheight differences are available. Onsala
was one of the stations that answered the IVS initiative tecbinformation about the meteorology equip-
ment at each VLBI station (sd&S-met maifrom January 14, 2004and the corresponding IVS websile

All data and their sources together with the additionalimfation necessary for comparisons of troposphere
estimates described above are summarized in Tahle 4

In order to give an idea about the size of the differential dedtly according to Eq. (4.5) that should be ap-
plied when comparing space-geodetic techniques with WV, d&ag. 4.4 displays the time-series of the
correction for the relevant stations. The values given o Bi4 are valid for a comparison between VLBI
and WVR, however, they look quite similar in the case of cormgaGPS and WVR. In the case of Kokee
Park, the meteorological values stored by the WVR itselfehbeen used due to the problems with the
CONTO02 meteo files mentioned above. Therefore, the dataatly at DoY 295, though the very large vari-
ations during the first two days are unrealistic and casbdon the quality of the measurements, too. The
mean corrections for VLBI over the CONTO2 time span are 1.0, &1 mm and 0.6 mm for Kokee Park,
Onsala and Wettzell, respectively. Thus, the correctioasat really large but they have an order of magni-
tude that is not negligible if meaningful comparisons skcug carried out. Due to the smaller height differ-
ences between GPS and WVR the mean corrections for GPS arenaddler than for VLBI: 0.1 mm for Ko-

17 http://ivscc.gsfc.nasa.gov/pipermail/ivs-met/2004-January/000007. html
18 http.//mars.hg.tuwien.ac.at/~ivstrop/ivsmet.html
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kee Park and 0.4 mm for Wettzell. The WVR data provided by theala Space Observatory refer to the
same height as GPS so that a correction is obgolétés case.

Finally, a further aspect concerning the usage of metegicdb data in the analyses presented in the follow-
ing chapters should be addressed. As already mentionetebafoombination of the troposphere parameters
from GPS and VLBI is intended in the framework of this thesisanalogy to the comparison with WVR,
the height difference between the GPS and VLBI referencetpa@ind the resulting difference in the tropo-
sphere delay estimated by both techniqgues must be takeadntunt. This is not only the case if the tropo-
sphere delays are combined but also if they are “simply” caneg. For computing these additional tropo-
sphere delays, so-called troposphere ties, a standardsglie or real meteorological data can be used.
Therefore, the GPS-VLBI co-locations without a WVR runnithgring CONTO2 are listed in Table 4.3 as
well, because the meteorological data is used when trogosenith delays from VLBI and GPS are com-
bined. Further details about the computation of the tropespties, their application in the combination and
comparisons and the results for the CONTO02 stations will Xyaéned elaborately in Chapter 5.1.1 and
Chapter 6.

Differential ZWD: VLBI - WVR

2 T T T T T T T T
Kokee Park
18 Onsala
Wettzell
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290 292 294 296 298 300 302 304
DoY 2002

Figure 4.4: Differential wet zenith delay (ZWD) necessarydoect the VLBI-derived wet delay in order to
compare it with WVR data.
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Table 4.3:Data from WVR, meteorology sensors and related informatioticators for sources of height
information:

Station

Algonquin Park
Fairbanks
Hartebeesthoek

Kokee Park

Ny-Alesund
Onsala

Westford

Wettzell

[1] IVS-met mailshttp://ivscc.gsfc.nasa.gov/pipermail/ivs-met/20@4dudary/
[2] Summary at TU Viennaittp://mars.hg.tuwien.ac.at/~ivstrop/ivsmet.html
[3] WAVEFRONT project

[4] IGS site log files

[5] RINEX meteo files

[6] Personal communication with staff at Kokee Palservatory

[7] RadCalWet observation campaign (Pottiaux ef 2003)

Source for me- Height diff. to Height diff. to Comments
teorological meteorological WVR
data sensor
IVS-CONTO02 [4] Meteo = GPS - DoY 300 is missing
IVS-CONTO02  Not available -
IVS-CONTO02  Not available - IVS-CONTO2 fie with artificial

values for relative humidity
IVS-CONTO2 [2] Meteo — VLBI [6] GPS — WVR IVS-CONTO2 file only with

and =-18m =1.28m good pressure data;
WVR WVR data starts on 21-10-2002;
WVR-internal rain sensor only
IVS-CONTO02 [1],[2] Meteo — - Two sessions with constant pres-
VLBI =-5.102 m sure values
IVS-CONTO02 [1],[2],[3] [8] WVR = GPS WVR data including standard
Meteo = GPS deviations
IVS-CONTO2 [5] Meteo — GPS Not available CONTO2 file only with good
and =-10.22m pressure; DoY 297 is missing;
WVR [4] Meteo — GPS Ambiguous height information
=-1.1m for meteorological sensor;
Retrieval coefficients for WVR
are missing
IVS-CONTO02 [2], [3] Meteo — [7] GPS — WVR Two additional rain sensors
GPS=-105m =6.584m available
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It is worthwhile to address several general aspects abeupithcessing and validation strategy applied for
the combination studies prior to the presentation and dgon of the results in the subsequent chapter. The
background for the combination on the normal equation levalding a short overview about the realiza-
tion of all relevant topics in the software that was used &hease the understanding of the analyses steps
carried out later on. The afore mentioned aspects are edtimChapter 5.1.1succeeded by a more detailed
explanation of the daily normal equation systems espgajgherated for the studies presented in this thesis
(Chapter 5.1.2 Chapter 5.2concentrates on the methods for validating the resultsrdaan the studies.
Three different types of validation criteria are mentionadolution-internal criterion for the station coordi-
nates Chapter 5.2.), the possibility of comparing all parameter types withezrtil data setsQhapter
5.2.2, and the comparison of the combined solution with the sifigthnique solution<hapter 5.2.3 The
section about the processing and validation strategy ishf@d with some theoretical considerations in
Chapter 5.3concerning correlations between the parameter typesdadlin the solution, as the understand-
ing of these correlations is indispensable forrpigting the results.

5.1 Processing

The explanation of the processing strategy starts with sgemeral aspects related to the inter-technique
combination Chapter 5.1.) followed by a description of the daily single-techniquemal equation systems
for VLBI, GPS and SLR that build the basis for tmenbination studiesGhapter 5.1.2

5.1.1 Combination aspects

a) Level of combination

In principle, three different combination methods are passthe combination on the parameter level, the
combination on the normal equation level and the combinatiothe observation level. The methods are or-
dered according to the augmenting degree of consistentygdhneabe achieved solely by the method of com-
bination. The last combination type guarantees the higtmssistency because the analysis of all observa-
tions is done together with one software package, so thgtaaimeters of interest result directly from the
analysis process and all correlation are takenantmunt Prewes and Angermann, 2002

Contrary to the combination on the observation level, theiotwo methods always consist of at least two
steps. In a first step the observations are analyzed separaig., one analysis per technique or a separation
into different geographical regions. After these primanglgises the different parts are brought together in a
second step, the combination itself. Generally, the aealyd the first step can be done with different soft-
ware packages and, if no special care is taken, this facteswh to inconsistencies regarding the a priori
models, the parameterization and the processing methbd@seTinconsistencies are passed then to the esti-
mated parameters and will be “averaged” in the doatlon step as they cannot be eliminated any more.

Two fundamental differences between a combination on themaloequation level and a combination on the
parameter level are other possible sources for inconsisterthe parameter types included in the combina-
tion and the datum definition. The combination on the patamlevel implies that only one parameter type
is considered. Thus, each parameter type is combined indepdy from the others so that the correlations
between different parameter types (e.qg., station coorelrend EOP) are lost. On the contrary, if all relevant
parameters are included in all single normal equation systénconsistencies are avoided for the combina-
tion based on normal equation systems. As regards the seoomde of inconsistencies mentioned above,
only datum-free normal equation systems resulting fromfitisé step of separated analyses are used, if the
combination is done on the normal equation level. The compazameters are stacked and all additional in-
formation (mainly datum definition) is added to the comlin®rmal equation system whereas the datum
definition has been added for each part separately alreatiheifirst step if the combination is carried out on
the parameter level. In the latter case, the parametensdimg) their variance-covariance matrix result from a
specific datum definition that is not necessarily consister all analyses parts. If these different systems are
subsequently combined some tensions will be indutdéte combined solution.
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Consequently, from the point of view of consistency, the boration on the observation level is the optimal
and most flexible method to use. The remaining methods aflavgorous combination solely under some
preconditions: All relevant parameters must be includedprmon processing standards concerning a priori
models have to be applied, the set-up of the common parasriesrto be done identically, parameters that
are not included in the normal equation system (e.g., dipiEameters in the case of the satellite techniques)
should not be fixed. In general, these preconditions ardutiiited for solutions (SINEX files) provided by
the international services IGS, IVS and ILRS so that a riggroombination based on these data set is not
possible. However, the combination on the observationl iewglies that a software package is needed that
can deal with all space-geodetic techniques on a very high t& quality which is comparable to any exist-
ing software package specifically developed and used feradthe techniques. This is the crucial point why
a combination on the observation level is problematicahatrhoment, albeit several developments are on
the way, e.g., byAndersen (200Q)Yaya (2002)andCoulot et al. (2007) Therefore, the method of combina-
tion commonly used nowadays is the combination on the noeqpadtion level. If detailed agreements about
the processing standards are made for generating the nequation systems and if all parameters of inter-
est are contained in the single normal equation systemse$iudts can approach a combination on the obser-
vation level. The work for the thesis at hand bases upondieia of a thorough standardization of the a priori
models and the parameterization used in the separatedsasaiy the single-techniques' observations. Thus,
the technique-specific normal equation systems are as ¢p@nemus as possible and a rigorous combination
becomes possibldfewes, 200B The specific details about these normal equation systemdescribed in
Chapter 5.1.2

a) Combination of estimated parameters

Regardless of the type of combination chosen for the work,essential part is the identification of common
parametersRothacher (2002pives an overview of the parameter space for a rigorous auatibn of the
space-geodetic techniques VLBI, GPS/GLONASS, SLR, LLR,RI®PRARE and altimetry subdivided
into the parameter groups celestial reference frame stelakreference frame, Earth orientation, atmosphere,
gravity field and time transfer. This compilation resultsai large amount of parameters. However, normally
not all of the parameters listed there are included in coatlin studies. Furthermore, not all of the tech-
niques listed above contribute to the standard combinatioat are carried out at the moment by several in-
stitutions within the IERS. Most of the studies are dedidaialy to the terrestrial reference frame and the
Earth orientation parameters. The work described herreiafrestricted to the three techniques VLBI, GPS
and SLR. Looking into their observation equations giverCimapter 3 i.e., Eq. (3.1), (3.12) and (3.13) for
GPS, VLBI and SLR, respectively, the common parameters aaityebe recognized. Although some other
common parameter groups are present in more than one teehf@a., clocks, satellite orbits), the combina-
tion studies here will focus on the following paeters:

— terrestrial reference frame: station coordinatescgnter;

— Earth orientation: polar motion{ andy-pole), UT1-UTGC nutation (in longitude and obliquity); all
parameters including their time derivatives;

— atmosphere: station-specific troposphere ZD and hor@ayradients (only for microwave tech-
niques).

After finding the common parameters, one must think abowt tieey can be combined. Some of them can
be stacked directly (assuming the same reference epogh)geocenter, Earth orientation parameters and
horizontal troposphere gradients (for identical statjdnsapplying the algorithm given i€hapter 2.5 But
the station coordinates and the troposphere ZD normalbr tefdifferent points. Therefore, they cannot be
stacked directly although the potential of co-locatedssgbould be exploited. In this case, the difference
caused by non-identical reference points has to be takeragsdount. For the combination studies described
in the following, the difference between the correspondgimagameters is constrained to a known value ac-
cording to the formulas derived i@hapter 2.6.3and all corresponding parameters are kept in the normal
equation system as unknowns. This method was already aadré@sChapter 4.2 where the so-called local
ties were introduced as nominal values for the differendevéen station coordinates at co-locations. Addi-
tionally, it has already been indicated @hapter 4.2and4.3 that a similar procedure is applied for combin-
ing the troposphere ZD at co-located VLBI-GPS sites. Fa fthirpose four different methods of computing
the nominal value for each co-location will be éesinChapter 6.2

1) “rule of thumb”: A 10 m height difference corresponds t@ab3 mm difference in the troposphere
ZD (hydrostatic delay);
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2) dry part according to the Saastamoinen modebusistandard atmosphere (“standard”);
3) Saastamoinen model using true meteorological ((ateteo”);
4) mean differential troposphere ZD derived from space-geodetic solutions (“solution”).

The rule of thumb mentioned in item 1) is based on the Saast@manodel for the troposphere delay
caused only by the hydrostatic part, i.e., dependoiely on the pressupe

Proe = 2.277-107° - p . (5.1)
The second method (“standard”) directly uses Eq. (5.1) wéilnes for the pressugethat are extrapolated to
the respective heights of the two reference points, i.eBMand GPS. Then, the difference between the two
hydrostatic ZD resulting from (5.1) is taken as nominal ealar the combination. The extrapolation of the
pressure to the desired reference heidhts done using a standard atmosphere accordingetiq (1948)

with the indexr indicating the reference values of the standard atmospgbereight and pressure, i.é, =
0 m andp; = 1013.25 mbar, respectively:

p (h) = p - (1 — 0.0000226 (h — h))** . (5.2)

The third method (“meteo”) is the most sophisticated on&Mles into account not only the hydrostatic part
of the troposphere delay but also the wet part, and, addilignthe derived nominal value for the tropo-
sphere tie is based on true meteorological measurememgsdhef a standard atmosphere. Formulas for the

zenith

differential zenith wet delayA p, ., have been given already @hapter 4.3in view of comparing VLBI

or GPS with WVR-derived wet delays, but the differential wletay between the VLBI and GPS reference
points can be derived applying Eq. (4.5) in the same way, afsg Additionally, the hydrostatic part is
needed for the purpose of troposphere tiesBandner (2004)gave a formula for this part, too:

A pzenlth — pzenlth _ pzenlth = —29277- 10—3. 0.03416- _l . (h

hydro hydro, hydro, ~— 2 hl) . (5.3)
1

Needless to say that the meteorological values first hawe textrapolated to the height of GPS or VLBI
employing the equations given in (4.3). The sum of the diffieial hydrostatic delay according to (5.3) and
the differential wet delay according to (4.5) ieds®s nominal value for combining troposphere ZD.

The meteorological data needed for the computations abaddhe problems related to them were already
described irChapter 4.3n view of using them for comparisons between the space tqabs and water va-
por radiometers. The problems summarized in Table 4.3 osicuitarly in the computation of the tropo-
sphere ties: Dubious meteorological values and missinghbh@iformation for the sensors render the deriva-
tion of “true” values impossible. Nevertheless, for somdhaf eight CONTO02 co-locations the data are us-
able so that the differential troposphere delay caused éyhéight difference between the VLBI and GPS
reference points can be computed: Algonquin Park, Ny-Alds®nsala and Wettzell. As already indicated
in Table 4.3, the meteorological files for Kokee Park shautd be used due to wrong temperature and hu-
midity values. But the WVR running there recorded the metlegical conditions as well and these data can
be used instead, although they do not cover thdeathme span of CONTO2.

For the other stations, some assumptions or restrictiodg¢dibe made in order to derive values for the dif-
ferential troposphere delay. The meteorological filesvitgstford contain only good pressure measurements
(see Table 4.3) so that they are not usable whereas the mwileigical records of the WVR seem to be al-
right. Unfortunately, the height of the WVR relative to thiher instruments is missing so that the meteoro-
logical measurements cannot be extrapolated to the exagttaeHowever, tests using varying heights for
the WVR showed that the influence of the height uncertaimtythee troposphere tie can be neglected. The
reference height of the WVR at Westford can vary more than @0@ithout having a significant effect —
larger than 0.01 mm — on the differential troposphere ZD betwVLBI and GPS. Such a height difference
between the WVR and the GPS or VLBI antenna seems to be wstregltience, the reference height for the
WVR was set equally to that of GPS.

Similar tests were done for the station Fairbanks as wethaseference height of the meteorology sensor is
not available there, but the data themselves seem to beeudadbtortunately, the level of 0.01 mm for
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changes in the troposphere tie is already exceeded foitieausan the reference height of the meteorological
sensor of about 20 m. This range allowed for the referenaghhé quite small compared to Westford, but
this must be explained by the larger height difference betw&PS and VLBI (about 13 m for Fairbanks
compared to only 1.7 m for Westford). Nevertheless, themmisther possibility than making an assumption
about the reference height of the meteorology sensor if #it@ should be used. Therefore, the height of GPS
was taken as reference height, though the uncsrtairthis setting should be kept in mind.

Finally, the humidity values for the station Hartebeeskhaee artificial values (i.e. constant) for the first
three days (October 16-18) accordingl's Analysis Mail No. 1005and, additionally, the height informa-
tion is missing. Neglecting the wrong humidity values frame first days, the test with a varying reference
height for the meteorology sensor described above wasdautit for Hartebeesthoek as well, revealing that
a height difference of more than +/- 100 m w.r.t. GPS has rlaénice on the troposphere tie. Due to this be-
havior it was decided to proceed in the same way as for the sthdons and assume identical heights for
GPS and the meteorology sensor.

All'in all, with the assumptions described above it is pokssib derive troposphere ties for all eight co-loca-
tions. The time-series of troposphere ties computed fdn epoch of meteorological records are displayed in
Fig. 5.1. The resulting mean values over 14 days togethér théir standard deviation and the correspond-
ing height difference are listed in Table 5.1.

Finally, the fourth method of computing troposphere tiesaled “solution” — bases on the troposphere esti-
mates derived from the space-geodetic techniques theessdlv a first step, either single-technique solu-
tions are computed, or a multi-technique solution is comguiut without combining the troposphere ZD
(i.e., only station coordinates and EOP are combined). ;Tthenweighted mean biases between the GPS-
and VLBI-derived time-series are derived for each co-locgtand these values will be applied as tropo-
sphere ties in a subsequent combination. The advantagesah#thod must be seen in the fact that the tro-
posphere ties neither rely on a standard atmosphere, tight e inadequate for the stations, nor on meteo-
rological data that are often dubious, as explained befdosvever, any systematic bias between the space-
geodetic techniques that shows up in the troposphere ZDdms dot belong to real meteorology will stay in
the troposphere estimates. Of course, values for this rdethanot be given in advance of analyzing the
space-geodetic solutions. Thus, it is referre@liapter 6

ZD between GPS and VLBI from meteorology
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Figure 5.1: Troposphere ties for the difference GPS — VLBI agegbwith meteorological data.

An alternative option might be to set up a bias parameter émtvthe GPS- and VLBI-derived troposphere
ZD, so that only the temporal behavior of both time-serietield together but the absolute value of the dif-
ference is determined by the space techniques insteadroflinting a “known” value. But this method of
combination was not tested for this thesis. Similar to thetfomethod described above (“solution”), the es-
timated bias does not necessarily contain only meteorcdbgnformation, but systematic effects might be
contained therein, too.
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Considering the temporal variations of the tropospher® digrived from meteorological data, the question
arises whether it will be sufficient to use a mean value oveddys or whether it is necessary to compute the
instantaneous value for each epoch of the comparison orioatidn. Looking at the variation of the values
in Fig. 5.1 and taking into account the standard deviatigted in Table 5.1 there exist probably no general
answer to this question. For the stations Ny-Alesund, VdedtfWettzell and Hartebeesthoek it should be
definitely sufficient to use a mean value whereas for AlggngFairbanks and Kokee Park it seems to be
worthwhile to test whether epoch-wise values should be.uskdough only the first two days are responsi-
ble for the comparatively large standard deviation for Kekark. Assuming a malfunctioning of the WVR
at the beginning and considering only the values startirig oY 297, the corresponding differential zenith
total delay is 3.09 mm with a standard deviation of only 0.0mM.nThis situation is comparable to Onsala
where the variations become larger only during the last.dBlyss, both stations probably mark an edge case
concerning the necessity of epoch-specific tropospheseaii a mean value. The effect of averaging the tro-
posphere ties over 14 days instead of using epashwalues will be discussed@hapter 6

Summarizing the processing strategy in terms of tropogpkies, the values derived with the first three
methods described above are listed in Table 5.2. It is astorg that the rule of thumb is quite close to the
true meteorological conditions (as a mean value), at Iéaiseiheight difference is not too large. More pre-
cisely, if the height difference is clearly below ten met@s for Hartebeesthoek, Ny-Alesund, Westford and
Wettzell) it might be sufficient to apply only the rule of tmb instead of reverting to the meteorological
measurements and their complex handling. A final staterabatit the necessity of meteorological data for
troposphere ties will be given after analyzing W3l and GPS combination results @hapter 6

Table 5.1:Differential troposphere ZD between GPS and VLBI refergmuiats using true meteorological
data (given as GPS — VLBI in [mm]). The last column indicates imuch the real reference
height of the meteo sensor can vary without chantiie troposphere tie by more than 0.01 mm.

Height diff. Mean Mean ZD Mean ZD  Assumption  Scope for

VLBI - GPS [m] total ZD dry part wet part height
ALGO 23.100 7.33+0.13 6.52 £0.11 0.81+0.19
FAIR 13.056 3.90+0.18 3.60 £ 0.07 0.30 £ 0.13meteo= heps 20m
HRAO 1.527 0.43 £0.05 0.35+0.01 0.08 £ 0.05weteo = heps 100 m
KOKB 9.243 3.04+0.21 2.20£0.02 0.84 £0.21
NYAL 3.101 0.96 £ 0.01 0.91+£0.01 0.05+0.01
ONSA 13.710 4.53+£0.08 3.82 £ 0.07 0.71+0.13
WEST 1.735 0.56 £ 0.02 0.49 £0.01 0.06 + 0.02hwvr=heps ~ >200 m
WTZR 3.101 0.98 £ 0.03 0.81+0.01 0.17 £0.03
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Table 5.2: Differential troposphere ZD between GPS and VLBI referepomts computed with different
methods (given as GPS — VLBI in [mm]).

Height diff. Rule of thumb Saastamoinen dry part Saastamoinen
VLBI - GPS [m] + standard atmosphere + meteorological data

(mean value)
ALGO 23.100 6.93 6.17 7.33
FAIR 13.056 3.92 3.46 3.90
HRAO 1.527 0.46 0.37 0.43
KOKB 9.243 2.77 2.24 3.04
NYAL 3.101 0.93 0.84 0.96
ONSA 13.710 4.11 3.72 4.53
WEST 1.735 0.52 0.47 0.56
WTZR 3.101 0.93 0.79 0.98

b) Relative weighting of normal equation systems

A further aspect in the combination is the weighting of diffiet input normal equation systems as, normally,
it is not reasonable to stack them as they are. The weighginipme by analyzing the main-diagonal of the
normal equation matrix together with the repeatabilityhedf station coordinates. Although this method is not
as sophisticated as a variance component estimation, Ksvweurite well. It was already applied for the stud-
ies related to the “IERS SINEX Combination Campaign” doneTimaller and Rothacher (200&nd bases
on two ideas: First, the repeatability of station coordasatan be used as an indicator for the quality of a so-
lution series, and, the second idea is that the size of the-diagonal element of the normal equation matrix
is correlated with the weight of the corresponding parametéhe solution.Chapter 5.2.1will give the de-
tails how the coordinate repeatability is computed. Now,the purpose of deriving weighting factors, the
repeatabilities are assumed to be already known for altisoliseries subdivided into valu@gn, eass IHeight

for the components north, east and height, respectivelgnTthe quadratic mean value of the three compo-
nents

2 2 2
r +r + rio.
North East Height
2 : g (5.4)

is computed for each solution series. Applying the prireeighlat a solution series with a better repeatability
(i.e., a smaller value) should have a larger influence on the combined solutioactofwie; for weighting

the system of normal equationpsv.r.t. the system according to their coordinate repeatabilities can be de-
rived:

—
- N

Wy = e (5.5)

—_—N

The main-diagonal elements of the normal equation matrare still missing in the weighting factor (5.5).
For this part, only the station coordinates are taken intmawt, as they are those parameters with the closest
connection to the observations, e.g., the Earth oriemgiewrameters are derived by a kind of summation
over all observing stations and therefore the number ofrelsens (i.e., the number of stations) highly in-
fluences the size of the corresponding main-diagonal eitsra N. The mean valu®lnea,0f all main-diago-

nal elements oN corresponding to station coordinate parameters is cordgateeach normal equation sys-
tem (e« denoting the number of contributing parameters):
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Z N;
. . (5.6)

Finally, together with (5.5), the complete factor for weigly a system of normal equatiopsv.r.t. the sys-
temi is given by:

N

mean
Wij = ’ Wrep. : (57)
Nmear} !

The values for the weighting factors (5.7) applied in the kvoresented here are given @hapter 6.1after
analyzing the coordinate repeatability of the sAtgichnique solutions (see Table 6.4).

c) Datum information delivered by the space teches

It has been already mentioned that the space techniqueddiffarent strengths in view of determining geo-
detic parameters. Concerning the definition of the teriasteference frame (TRF) none of the techniques
can contribute to the orientation of the TRF so that the degyoé freedom of the normal equation system al-
ways contain three rotations. In order to remove this degfdeeedom, so-called no-net-rotation conditions
(NNR) are applied to the normal equation system for all tHatsms computed hereafter. NNR conditions
are free-network restrictions describeddhapter 2.6.2using only the rotational part. Normally, the free-net-
work conditions are based on a subset of stations insteaukof/hole network because only good stations
should be used for the reference frame. About 90 stationasee for NNR in case of a GPS-only solution,
14 stations for an SLR-only solution and all eight availadikgions for a VLBI-only solution. In order to get
the most stable datum definition for the combined solutitbe,NNR condition is set up only for the 90 GPS
stations, whereas the VLBI and SLR networks awch#d by the LT.

The different potential of the techniques in view of defimithe geodetic datum becomes visible in the trans-
lational part and in the definition of the scale. VLBI, as agiy geometric technique, has no access to the
geocenter and therefore the translations are arbitrary aaadhandled by a no-net-translation condition
(NNT) using all eight VLBI stations. The satellite technéguare coupled with the gravity field (including
the geocenter) by the orbits. However, the higher the #atéie smaller is its sensitivity to the gravity field
of the Earth. Hence, SLR measurements to LAGEOS1 and -2 hbetexr capability of determining the geo-
center than GPS. In case of a combination of both technidussniplies that two independent determina-
tions of the geocenter are present, one from SLR and one weatimation from GPS, and both are compet-
ing for the definition of the common reference frame. Gelyspeaking, the geocenter seen by SLR should
be more accurate due to the reason mentioned above. Thaisfieh desired to define the origin of the TRF
solely by SLR as it is done for the realizations of the Intéioreal Terrestrial Reference System (ITRS) by,
e.g.,Boucher et al. (2004)in order to eliminate the contribution of GPS to the comHbigeocenter solution
its translational degrees of freedom have to be fully opembd is done by introducing three translation pa-
rameters for the GPS normal equation system w.r.t. the aoedisolution. A similar method is applied con-
cerning the scale of the combined network as all techniqoagibute to the scale but with different values
and different quality. Either the scale of the combined mekws a kind of weighted mean or one technique
is selected as reference and a scale parameter is estimateach of the other contributions. Often, SLR or
VLBI or the sum of both is selected as reference, as the sealeedl from GPS is affected by wrong phase
center values for satellite and ground station antennathdnTRF2000 solution, a weighted mean scale
from selected VLBI and SLR solutions was chosen as referevoereas a scale parameter was estimated for
the other techniques, i.e., GPS and DORIS (&kamimi et al., 2002 Fortunately, the usage of absolutely
calibrated phase centers and their variation for grountibstand satellite antennas significantly reduces the
scale difference of GPS solutions compared to ddemiques (se€hapter 5.1.2

The general theory for expanding the normal equation systémHelmert parameters has been given in
Chapter 2.7.1In the special cases described above, the Helmert panenaeteestimated as technique-spe-
cific parameters and only those related to the regainededsgyf freedom are set up instead of all seven pa-
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rameters contained in the formulas. The impact of estirgadincale parameter or translations for GPS on the
combined solution is studied @hapter 6.2.3

d) Combination program ADDNEQ2

Finally, it is worthwhile to give an overview of the programseadl for the combination studies and address
some special aspects. The program ADDNEQ?2 is included iB&raese GPS Softwar®ach et al., 200Y
and is described in detail byervart (2000) Roughly speaking, the program is subdivided into threeomaj
parts:

— part 1: operations with the individual input normal eqoatsystems (NEQ) and stacking them into
one combined NEQ;

— part 2: operations with the combined NEQ);
— part 3: comparison of the combined solution wilusons derived for each individual NEQ.

A flowchart for the first two parts of ADDNEQ2 is displayed fig. 5.2 and Fig. 5.3 and the shaded subrou-
tines will be discussed in the following as they cover themtapics of the combination process. The other
subroutines deal mainly with book-keeping, mathematigarations, reading information from files and
storing information into files. The short notices includadhe flowcharts should indicate which parts of the
normal equation system and its related information arectdteby the operations carried out by the appropri-
ate subroutineaNor andbNor stand for the matrix and the vector of the right-hand sidéhefriormal equa-
tion system, respectivelyTPI is the weighted square sum of “observed—compute@’tontains the a priori
values of the parametenspar is the number of parameters actually contained in the NEQe@dsaparmsis

the total number of parameters (i.e., including all preagtaated parameterspobsis the number of original
observations antime contains the validity epochs of the estimated mpatars.

Starting with the first part of ADDNEQ?2, each individual mpnormal equation system is treated one by one
and all operations that have to be done before the stackitigeohput NEQs are carried out. The application
of the weighting factor according to (5. hapter 2.2 APRHELM) belongs to this part as well as the trans-
formation from NEQ-specific a priori values to unified aguivalues for the estimated parameteChépter
2.3.1, APRTRANS). If Helmert parameters for the appropriate rareguation system have to be set up due
to any reason described in the previdtisapter 5.1.1dhe normal equation system is expanded with the re-
quired translations, rotations or scale paramet@isapter 2.7.2 NQADDHLM). The subroutines named
NEQTRANS and PARTRANS perform the change in the representalf the parameters from one offset
plus drift per epoch to a piece-wise linear polygon paranetgon according to the formulas given in
Chapter 2.3.2Furthermore, a reduction of the temporal resolution oapeeter types, e.g., from hourly val-
ues to daily values, is done by this subroutine as well. Parars to be deleted are handled in NEQELIM by
canceling the corresponding rows and columns of the normadtéon system so that the parameters are im-
plicitly fixed on their a priori values. Concerning the pebmination of parametersChapter 2.4 PARELI-

MI) the user has the choice whether the parameter should éeliminated before stacking, i.e., for each
normal equation system separately, or if the parameterndib@ustacked with those of other normal equation
systems first, and then the combined parameter is prereied (i.e., pre-eliminated after stacking). There-
fore, the subroutine PARELIMI is called in both parts of ADBR?2 but it is executed in each case only for
those parameters that have to be pre-eliminated beforer@@pgctively after (AS) the stacking of all input
NEQs. Before the parameters are pre-eliminated it is cltbek& DWEIGHT, whether a constraint should
be added to them. After all these operations mentioned abave been carried out, the single input normal
equation system is added to the combined NEQ and identicahpers are stacked according to the algo-
rithm given inChapter 2.5NEQSTACK).
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ADDNEQ?2: Part 1 (individual NEQs
read NEQ from file ’NEQW‘ read STAINFO file @
ISt

expansion: geocenter
delete parameters with NQADDGCC
no/less observations NEQDEL NO aNor < 1016

clesn NEQ INEQCLEAN |- EHeHei bl DM ATRD
scale NEQ;
a priori Helmert trafo APRHELM get weighting factor, Helmert paramet 'BovCol

new:aNor, bNor, ITPI

transform a priori values APRTRANS a priori station coord. + VGISRDCRDVEL

a priori troposphere GETTRP

a priori EOP \

\GTAPRPOL | |UT1_UTIR

a priori geocenter GTGCC

— new:Xx0, bNor, ITPI

add Helmert parameters

}NQADDHLM }7 new:aNor, bNor

i TEE— iece-wise linear parameterization
parameter transformation NEQTRANS LD p PARTRANS
new:aNor, bNor, time, npar, nparms

delete parameters NEQELIM new:nparms
clean NEQ NEQCLEAN new:npar, aNor, bNor

constrain parameters

(only if pre-eliminated BS) \M} constrain pre-eliminated coordinates N, E, U CRDELIM

— new:aNor, bNor
pre-eliminate parameters BEAREL IMI invertaNor of pre-eliminated parameters SYMINVG

reduceaNor, bNor, ITPI REDTRB?2
clean NEQ NEQCLEAN bi new:npar, aNor, bNor

add to combined NEQ W\ find corresponding parameters TSTEQUIV
EERST AR

: new:npar NEQCK DIM
i new:nobs ITPI UPDMISC

— new:aNor, bNor, nparms time

ADDNEQ?2: Part 2 (combined NEQ)

Figure 5.2: Flowchart of the first part of ADDNEQ2 (shaded edg1ts are mentioned in the text).

get constraints for pre-eliminated parameter GTWEIGHT
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ADDNEQZ2: Part 2 (combined NEQ)

a priori station coordinates

transform a priori values APRTRANS and velocities RDCRDVEL

a priori troposphere GETTRP

a priori EOPs }GTAPRPOL ‘ ‘UT]__UTlR

a priori geocenter GTGCC

— new:x0, bNor, ITPI

constrain parameters

(only if pre-eliminated AS) \% constrain pre-eliminated coordinates N, E, CRDELIM

get constraints for pre-eliminated parameter@-rw EIGHT

—— new:aNor, bNor

pre-eliminate parameters A%AREL IMI invert aNor of pre-eliminated parameter: SYMINVG
ARV

reduceaNor, bNor, ITPI REDTRB?
clean NEQ NEQCLEAN '7 new: npar, aNor, bNor

sort parameters within NE NEQSORT new:aNor, bNor, x0

save NEQ in file NEQSTORE save general information } NQWTHEAD ‘

save:aNor, bNor, x0, name time
constrain parameters ADWEIGHT suppress retrograde diurnal polar motio BLOCKRET

free network restrictions (coord. + vel.) FREENET
constrain coordinates N, E, U CRDELIM
absolute + relative constraints GTWEIGHT

introduce ties (coord. + trop.) ADDTIE

—— new:aNor, bNor

compute solution NEQSOLVE invertaNor and solve NEQ }SYM INVG ‘ ‘ SOLVE‘
ERSTEVE

print results for output NEQPRT

save parameters in files }CRDSTORE ‘ ‘TRPSTORE ‘ ‘POLSTORE ‘

ADDNEQ2: Part 3 (comparisoﬁ)

Figure 5.3: Flowchart of the second part of ADDNEQ?2 (shadeungnts are mentioned in the text).
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The second part of ADDNEQ?2 is dealing only with the combinednmal equation system. The parameter
pre-elimination after the stacking of all input NEQs wasealty mentioned above and here as well, con-
straints are added if the pre-eliminated parameters aheded in any of the constraining options. After the
pre-elimination step in the second part, the free normaatgun system including all parameters that should
be solved for is prepared so that the datum definition andth#r constraints can be applied. The following
methods are possible: an absolute constraining of the pdeasnw.r.t. their a priori value2(6.1, GT-
WEIGHT), the application of free-network restrictions tetTRF @.6.2 FREENET), the suppression of a
retrograde diurnal polar motion term if sub-daily pole ainates are estimated together with nutatid6 (4
BLOCKRET), and the introduction of local ties and tropoggghties for the combination of station coordi-
nates and troposphere parameters, respectiZetyJ ADDTIE). The combined normal equation system in-
cluding all constraints should no longer contain any rarficaacy. Hence, it should be solvable and the pa-
rameters including their variance-covariance matrixcomputed?(1, NEQSOLVE).

The third part is optional and executed only if the singlai§ohs, that can be derived for each input normal
equation system separately, should be compared to the nethbolution computed in part two. In that case,
all options concerning parameter pre-elimination, patenmation and constraining are applied to each indi-
vidual NEQ in the same way as it was done for the combined NE®drfirst two parts. Afterwards, a sev-
en-parameter Helmert transformation between each singléian and the combined solution is performed
and the resulting coordinate residuals of all single sohgiare used to compute the repeatabilities of station
coordinates (se€hapter 5.2.1

5.1.2 Generation of daily single-technique normal equation systems

At the beginning of this chapter some general remarks on ¢nemgtion of the normal equation systems for
CONTO2 will be given before some special topics related &heaf the three techniques VLBI, GPS and
SLR will be explained.

a) General remarks on the alignment of the analyses

As described irChapter 5.1.1a combination based on normal equation systems can beugonly if the a
priori models and the parameterization of all parametensnaon to at least two techniques are unified in all
software packages used for generating the single-technmigumal equation systems. This adaptation was
done thoroughly with the models listed in Table 5.3. Themfa combination on the normal equation level
using these NEQs approaches a combination on the observatiel. The estimated parameters, their pa-
rameterization and temporal resolution are summarizecketaildin Table 5.4. The distinction between the
original daily NEQs and the 14-day NEQs concerning the tealpesolution is necessary, because later on
all 14 daily normal equation systems will be stacked togetbeobtain a more stable reference frame and
then the temporal resolution of some parameter types isggtarOnly one set of station coordinates is esti-
mated over the whole time span and the nutation is pararneteais only one straight line over 14 days with
two offsets, i.e., one at the beginning epoch and one at tamgrepoch. Looking at the nutation in Table
5.4, one of the two remaining differences between the paeination used for the normal equation systems
becomes visible notwithstanding the adaptations of thieveoé packages. However, both differences are not
thought to be critical. Normally, the changes in the nutatiorrectionsde and Ay over one day are very
small so that the difference between one constant value éinda function is negligible. In case of the 14-
day NEQs, the daily nutation offsets can easilyrassformed into the fortnightly polygon.

The troposphere horizontal gradients in north and easttibreare represented in the VLBI normal equation
systems as one constant offset over the whole day, henceiirgda jump at the day boundaries. In contrary,
the GPS normal equation systems contain two offsets per@8a@ @nd 24:00) with a linear connection of
both so that the offset at 24:00 of one day can be stacked tathat 0:00 of the following day if all 14
NEQs are stringed together. The combination of VLBI- and @leBved gradients with such different repre-
sentations is thought to cause no large problems becausé Bkoffset at the middle of the day can be
“woven” into the GPS-derived polygon if the matgixven in Eq. (2.29) is restricted to the first row.

One part in the analysis models that was not unified is thepmggfunction applied for the troposphere gra-
dient estimation. In the case of GPS, the partial derivativihe ZD mapping function w.r.t. the zenith angle
is applied to the gradients (which is approximately “ahcosZz’), whereas the mapping function itself mul-
tiplied by “tanZ’ is used in the VLBI analysis (sedacMillan, 1995. The difference between both represen-
tations is extremely small in its influence on the estimaiathmeters. From analyzing a global GPS network
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with both methods of mapping the gradients it turned out thatstation coordinates differ by less than 1
mm: 0.71 mm in north, 0.05 mm in east and 0.29 mm in height aseammelue over all stationd( Steigen-
berger, personal communicatipn

Another aspect that should be mentioned in the context pbsphere ZD is the usage of identical a priori
values for the VLBI and the GPS analyses although the difteneference heights would lead to slightly dif-
ferent a priori values using the Saastamoinen model for ylaedstatic delay. However, as the height differ-
ences are not so big (see Table 5.1) and the combination &his more straight forward if the a priori
values are identical, it was decided to use the Saastamwoaiaa corresponding to the GPS reference height
for the co-located VLBI station as well. Consequently, ttopbsphere estimates from VLBI contain not only
the wet delay and a correction for the hydrostatic delayatewg from the a priori model, but the total tropo-
sphere delay due to the atmospheric layer between the GP@L&ideference height is additionally includ-
ed in the estimates. However, the delay caused by diffeefatance heights has to be taken into account in
comparisons with the GPS estimates anyway.

Concluding the general remarks on the daily single-teamigprmal equation systems for CONTO02, a statis-
tical summary is compiled in Table 5.5 to give an idea aboetaterage dimension of a daily normal equa-
tion system due to the settings described above. It must inégoloout that, indeed, the number of GPS ob-
servations exceeds that of the other techniques by ordemaighitude. However, the number of parameters,
that have to be estimated, does as well. The original sef-uplmown parameters includes, amongst others,
orbit parameters in the case of GPS and SLR, phase ambginttee case of GPS and all troposphere pa-
rameters for the GPS stations not co-located witBIY

Table 5.3:List of adapted a priori models for the softwasekages used.
A priori model

Solid Earth tides Subroutine provided by V. Dehant

Pole tide Mean pole values

Ocean loading Files *.BLQ provided by H.-G. Schernéék

ERP and interpolation IERS C04 Gambis, 200¥with linear interpolation

Sub-daily Earth rotation IERS Conventions 2003/cCarthy and Petit, 2004

Nutation IAU2000 (Mathews et al., 2002parametergle, Ay

Troposphere delays Hydrostatic part of the model developed gastamoinen (197 3vith

a standard atmosphere accordin@#wg (1948)or the GPS height

Troposphere mapping function  Niell mapping function Kiell, 1996; dry part for a priori values, wet
part for estimated corrections

Table 5.4:Parameterization and temporal resolution of comrparameters.

Temporal resolution in Temporal resolution in Parameterization
daily NEQs 14-day NEQ

Station coordinates daily fortnightly constant offset
Polar motion, UT1-UTC 1 hour 1 hour piece-wise linear polygon
Nutation Ae, Ay daily fortnightly constant offset /
(daily VLBI / others) piece-wise linear polygon
Troposphere ZD 1 hour 1 hour piece-wise linear polygon
Troposphere gradients daily daily piece-wise linear polygon /
(GPS-only / VLBI-only / constant offset /
combination) piece-wise linear polygon

19 http://www.oso.chalmers.se/~loading
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b) VLBI analysis

Starting with the observations contributing to one nornmalation system, it was already indicated before
that daily NEQs build the basis for this work. More preciselgily means a time span starting at 0:00 UTC
and ending at 24:00 UTC. Looking at the VLBI contributionsthiiefinition of “daily” requires that the VLBI
data are concatenated and regrouped because the origimaldry for the sessions was 18:00 UTC. In order
to include only days with 24 hours of VLBI observations, tt@mal equation systems for the combination
studies were generated only for October 17 untib®er 30, i.e., altogether 14 days.

The analysis of the VLBI observations was carried out with @CCAM software version 5.07{tov et al.,
200]) at DGFI (Deutsches Geodatisches ForschungsinstituiigUsiproved values for the antenna axis off-
sets provided by thévVS Analysis Coordinator (2009%d to a higher consistency with other space tech-
niques. The eight participating VLBI stations are alreathplhyed in Fig. 4.1. Unfortunately, there is some
outage at Algonquin Park for the session 300, i.e., Octobed2:00 until October 27, 18:00. Additionally,
Wettzell and Kokee Park are missing for about one hour foersdwdays due to the intensive sessions (see
Chapter 3.2.3

As an output, datum-free daily normal equation systems wkmeed in SINEX files to enable an exchange
with the Bernese GPS Software that was used fasubsequent combination studies.

Table 5.5:Statistical summary for daily NEQs (average ovefd 4 daily NEQS).

VLBI GPS SLR
# Observations 3334 423983 363
# Stations 8 153 22
# ERP (pole coordinates, UT1-UTC) 75 75 75
# Nutation e, 4y) 2 4 4
# Troposphere ZD (8 co-locations) 200 200 -
# Troposphere gradients (8 co-locations) 16 32 -

c) GPS analysis

The situation concerning the exchange of the unconstraiaég normal equation systems is sim-
plified in the case of GPS as the analysis as well as the catibmhave been done using the Ber-
nese GPS Software Version 5.0 (€2&ch et al., 200Y. Thus, the normal equation systems includ-
ing the whole information are already available in the safevinternal file format so that the way
via SINEX can be skippediltogether 153 globally distributed stations, includirige teight co-locations
with VLBI (see Fig. 5.4), contributed to the GPSwark used for the studies of this thesis.

A very important topic about the GPS processing is the ushgbswlute phase center calibration values for
the ground station antennas as well as for the satellitsmaate The details were already givenGhapter
3.1.2 In view of the combination with other space-geodetic téghes, the benefit of using absolute PCV
must be seen in an overall improvement of the GPS solutiom$sbmid et al., 2007 and especially in a
clear reduction of the scale difference between the netsvé& the scale of a network is correlated with sta-
tion heights and troposphere ZD it is essential for the wadsented here. As already mentionecCimapter
3.1.2and published byschmid et al. (2005}he station heights changed by about 8 mm at mean and the tro-
posphere ZD by several millimeters due to applying an albsahstead of a relative antenna phase center
modeling. Thus, the influence of the phase centateting is not negligible.

In view of a successful combination &fT1-UTC/ LOD with VLBI, it is important to mention that con-
straints have not been applied to the GPS orbits.aFc length for the GPS orbits is one day.

d) SLR analysis

The detour via SINEX files can be avoided not only for the GB8mal equations but also for the SLR nor-
mal equations, because they were also generated with tme&eGPS Software. At a first glance, this pro-
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cedure seems to be astonishing as it is not yet confirmedtttsaBLR-only solution can reach the quality of
any solution provided by the ILRS Analysis Centers. Howewee focal point of this thesis is the usage of
highly consistent normal equation systems for the comlmnaind it was not possible to get normal equation
systems for SLR that were derived with one of the softwaré&ages used by the ILRS Analysis Centers but
adopting all the pre-defined common a priori models andrpatarizations listed isection aof this chapter.

In contrast, using the Bernese GPS Software for the SLR sisafjiarantees that the SLR normal equation
systems are consistent with the GPS normal equation sysiédms, after balancing the pros and cons of us-
ing Bernese-derived SLR normal equation systems for thebomation studies instead of reverting to official
SLR solutions it was decided that the argumentavor prevail for these special studies.

It must be clarified that, of course, the SLR-only solutie@ngrated here for the CONT02 campaign cannot
be used to derive general statements about the quality of EEfecially when choosing the high temporal
resolution for ERP listed in Table 5.4 it is clear that SLR hasthe capability to do this on its own. There-
fore, we will switched to daily values when ERP estimateclgoby SLR are analyzed i@hapter 6.1 But
even the official ILRS solutions containing daily ERP shdwattSLR cannot deliver strong contributions to
the estimation of ERP anyway, as it has been demonstratedgainothers in the IERS SINEX Combination
Campaign (e.gThaller and Rothacher, 2003Thus, SLR will easily adapt to the ERP given by GPS and
VLBI in a combination, independent whether a sub-daily dtydasolution was chosen. The benefit from
SLR must be seen in a more stable definition of the geocentéseale of the network as it has been already
indicated inChapter 5.1.1Furthermore, SLR can probably help to decorrelate staibandinates and tropo-
sphere parameters derived from the microwave techniquesdklocation with SLR is available. For more
details about this topic it is referred@mapter 5.3

A total number of 22 globally distributed SLR stations weedested for the SLR solutions generated for the
CONTO2 period as displayed in Fig. 5.4 and observations décstiellites LAGEOS1 and LAGEOS2 were

analyzed. Here as well, it must be emphasized that the bddgments contained in the NEQs are free, i.e.,
without any constraint. Contrary to the GPS orbits, theterbf both LAGEOS satellites were compiled for

one week in order to get more stable orbits ands,th more stable reference frame.
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Figure 5.4: Map of VLBI, GPS and SLR stations for the analgsiSONTO02.

5.2 Validation criteria

An important step in the analyses of solutions is the vaitiadf the results. For this purpose objective crite-
ria are necessary for all parameter types estimated in tliiats. In order to give the background of the
validation criteria before the analyses of the solutioresdame, the following sub-chapters will explain those
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criteria that have been applied in the CONTO2 studies stattith a special criterion dedicated to the terres-
trial reference frameQGhapter 5.2.1 The other two chapters describe criteria for all paramgtiges using
external data setChapter 5.2.2 and a sort of internal validation, namely the comparisothwhe single-
technique solutiongGhapter 5.2.3

5.2.1 Repeatability of station coordinates

The stability of the reference frame can be expressed by srafahe repeatability of the station coordinates.
Repeatability in this context is the measure to which extieaterrestrial reference frame can be reproduced
with another set of data, i.e., observations of another dayapplying the identical datum definition. In the
case of CONTO2 the consistency of all single-day solutioith #he 14-day combined solution gives the
background for the repeatabilities. The only differencat ik allowed between the solutions is a seven-pa-
rameter Helmert transformation. Therefore, every dailytson is transformed onto the two-week solution
using all stations. The resulting coordinate residwdiem all 14 transformations build the basis for comput-
ing the station-specific repeatability:

(5.8)

with nsolbeing the number of solutions where the considered stadtaris included, i.e., for the major part
of the stations this will be equal to 14 in case of the CONTO&yses. It must be mentioned that the residu-

alsv and the repeatabilitie§ i;, are separated into the three coordinate components of adnp system.
Therefore, altogether three values for the station-sppeo#peatability are computed according to (5.8):
Vista,North: Tista, Eastr Tista, Height- ON the basis of the repeatability values it becomes obvimyg well

each station fits into the datum definition. Furthermorajydsolutions with a notably bad determination of
the station coordinates can be detected by looking at théuas of each single solution. It is clear that a
sufficient number of single solutionssolis necessary to derive significant values for the repeltyablhe
number of 14 single solutions in case of the CONTO02 studiewmicdy is large enough, although some sta-
tions are not available at all days. This is especially a lgrakin the SLR solution whereas there are nearly
no outages regarding the eight VLBI-GPS co-locatitseeChapter 5.1.2

In addition to the station-specific repeatabilifyy, , a solution-specific repeatability ¢, for each coordi-
nate component is computed. This quantity is a sort of a vieibhverage of the station-specific repeatabili-
ties of all nstastations taking into account the number of single solutithig, where each station is con-

tained. Exemplarily for the three components, the solusipecific repeatability in north direction is derived
as follows:

nsta

2
Z nista ’ rista, North
ista=1 ] (5.9)

sol ,North — nsta

Z nista

ista=1

r

Besides the validation of the solutions, the solution-gmepeatability (5.9) is employed for the derivation
of weighting factors described @hapter 5.1.1using the expressions (5.4) and (5.7).

Another output of the Helmert transformations between thigy dolutions and the 14-day combination are,
of course, the estimated seven Helmert parameters. Theygshot be ignored in the evaluation of the refer-
ence frame as they deliver valuable information about @bilty. In view of the stability of the geocenter
estimation, the daily translations are of interest for thaleation. Especially the differences between a GPS-
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only, an SLR-only and a combined solution are to be invesgyin order to asses, whether the inclusion of
SLR improves the stability of the geocenter determinatisthe rotations belong to the degrees of freedom
for all techniques, they are not studied in more detail. @ogithe scale, it is given implicitly for every tech-
nique, and looking at the daily scale parametersais the stability of its technique-internal pséa.

5.2.2 Comparison with external data sets

Independent data sets for the estimated parameters arechémdan external validation of the solutions.
Subdivided according to the parameter types the followiogngarisons are done in order to evaluate the
analysis results i€hapter 6

— terrestrial reference frame: ITRF2000;
— troposphere: water vapor radiometer, IVS and I&8kined troposphere products;

— polar motion (daily values): IERS C04, weekly IGS refeframe product, IVS combined EOP
results;

— UT1-UTC(daily values): IERS C04, IVS combined EOP results
— sub-daily ERP: model IERS2003;
— nutation: IERS CO04.

Using the ITRF2000 for evaluating the terrestrial refeeeffame of the computed solutions the validation

will concentrate on a Helmert transformation. The estimdtansformation parameters including their stan-
dard deviations, the RMS of the transformation and the doatd residuals can be analyzed. The transfor-
mation parameters give information about the general aggae with the ITRF2000 which was used as a

priori reference frame for the datum definition. Hence, titamsformation parameters are an indicator for the
guality of the alignment regarding translation, rotatiow &cale, although a Helmert transformation need not
to be carried out necessarily by setting up alesgvarameters.

The possibilities for validating the troposphere paramseteere already indicated @hapter 4.3 Regarding

the analyses presented@hapter § WVR measurements represent the only really independe¢atséa that
will be used to validate the troposphere ZD, although thesipigy to validate the estimates with WVR data
is given for only three stations, namely, Onsala, Wettzall Kokee Park. The problems related to these data
sets and their usage for comparing with the estimates defreen the space-geodetic techniques have been
already outlined irChapter 4.3 For the remaining five stations with no WVR running durin@T02 only

the combined troposphere products from the ¥Gfad IVS* are used for comparisons although these time-
series cannot be considered as fully independent becagg@tiginate from the same GPS and VLBI data,
respectively, that were used in the studies for this thédareover, it must be kept in mind that the IGS
products for the CONTO2 time span still represent solutisased on a relative PCV model for the GPS an-
tennas. The problems related to this type of antenna phaserceodels were already outlined @hapter 3
thus, it is clear that the comparison with the IGS troposplpeoducts have to be treated carefully. Finally, it
must be emphasized that already the comparison of the VLURI-@PS-derived time-series estimated inde-
pendently from each other should be a quite golabitty check.

Concerning the validation of the Earth orientation pararseit must be distinguished between daily values
for polar motion andJT1-UTG sub-daily ERP estimates and the nutation parameterselnabe of a daily
resolution several official IERS products are availabl@4Geries, Bulletin A, Bulletin B. For more details
about the differences between the afore mentioned seiiieseterred to the dedicated websttdn the stud-
ies carried out for this thesis the C04 seri€anbis, 200%was used as a priori values and for the compari-
son with daily ERP estimates. Since the “IERS Analysis Cagmpe Align EOPs to ITRF2000/ICRF” (see
IERS Message No. ) and the “IERS SINEX Combination Campaign” (SRS Message No. 27 it is
well known that the actually provided C04 polar motion seignot consistent anymore with ITRF2000, so
that space technique solutions aligned to ITRF2000 willssha offset in the pole coordinates w.r.t. C04, es-
pecially for they-pole. All analyses in the framework of these two IERS campsiconsistently revealed a
bias in they-pole of about 0.2 mas (see el@jll and Rothacher, 2008 Fortunately, the IERS Product Cen-

20 fip://fip.gfz-potsdam.de/pub/igstrop/prod/wWWWWW/xxxxx WWWW.zpd (WWWW = GPS week, xxxx = GPS site code)
21 http://mars.hg.tuwien.ac.at/~ivstrop/cont02/cont02xx.zpd (xx = abbreviation for the VLBI site)

22 http.//’www.iers.org/iers/products/eop/

23 http.//www.iers.org/products/2/1034/orig/message_019.txt

24 http.//www.iers.org/products/2/1042/orig/message_027.txt
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ter for EOP recently revised the combination strategy foregating the C04 series (sB&zouard and Gam-
bis, 2007. One of the major improvements is the alignment to the 1aié’F, so that the clear bias in the
pole vanished. However, as the revised solution (calledP&&L04") still has to undergo some validation
processes within the IERS, it is not yet the official prodsmthat we revert to the old C04 series for compar-
ing the EOP estimates — in spite of the bias. In order to alldviea-free validation of the estimated polar
motion series (daily values) the official weekly IGS refere frame productsand the combined EOP re-
sults provided by the I\*8(Nothnagel et al., 20Q6are additionally used for comparisons.

All official EOP series mentioned above have in common thaltare derived from observations of the
space-geodetic techniques. As a consequence, thesecsamex be considered as a completely independent
validation for the time-series resulting from the studiessgnted here because the same observation tech-
niques with the identical drawbacks built the basis, alfjfothe analyses were done at different analysis cen-
ters using different strategies. Unlike the daily ERP paguthe sub-daily ERP model according to the
IERS Conventions 2003 (sédcCarthy and Petit, 2004was derived from satellite altimetry, hence, it can be
regarded as completely independent from VLBI, GPS, SLR a@R[3. This model will be denoted as
IERS2003 throughout this thesis. Totally 71 constitueatsdfurnal and sub-diurnal variations in polar mo-
tion andUT1 are included.

Finally, the nutation estimates are validated using theSERR4 series mentioned already above. Unfortu-
nately, the nutation corrections provided in the IVS coreliicOP product refer to the old nutation model
IAU8O0 so that they were not used here.

5.2.3 Comparison with single-technique solutions

One intention of the comparison with the single-techniguiet®ns is to carry out a consistency check as it
does not seem to be reasonable that the time-series of E@bposphere parameters show a completely dif-
ferent behavior in the combination than in the single-tégqiv solutions. Otherwise there must be an expla-
nation for these differences.

Moreover, comparing the combined results with those of thgla-techniques answers the question whether
a multi-technique combination yields any improvements godntifies such an improvement. For this pur-
pose, the comparison is not limited to solely opposing tffferdint time-series but all validation criteria men-
tioned inChapter 5.2.Jand5.2.2can be consulted. The corresponding results for the cordlsiakition and
the single-technique solutions can be analyzed and decithedher there is an improvement or not, e.g.,
whether the repeatability of station coordinates becoreéieibor whether the agreement of the ERP time-se-
ries with an independent sub-daily model increases. Outesd comparisons it is possible to assess which
technique benefits most of the combination, respectivebyy large the influence of each of the techniques
on the different parameter types is in the comimmnat

5.3 Correlations between parameter types

Preliminary investigations dealing with correlations vbeén parameter types that are included in the
CONTO2 solution comprise two topics:

— the singularity between a retrograde diurnal polar madiod the nutation angles (offsets and linear
drifts);

— the correlation between troposphere parameterstatidn coordinates.

5.3.1 Nutation and retrograde diurnal polar motion

a) Theoretical considerations

The first type of correlation has to be considered every tirhen sub-daily polar motion is estimated togeth-
er with nutation since an exactly retrograde diurnal termadtar motion can also be expressed as a constant
offset in the nutation angles (sieritz and Mueller, 198/

25 fip.://cddis.gsfc.nasa.gov/pub/gps/products/wwww/igs02Pwwww.erp.Z (with wwww for the GPS weeks 1188-1190)
26 fip.://cddis.gsfc.nasa.gov/pub/vibi/ivsproducts/eops/ivs06qle.eops.gz
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In order to explain the theory behind this one-to-one c@uesence we start with the matrikd cop (t)

given in equation (3.2) to describe the rotation betweemartial and a terrestrial reference frame for the
epocht. If the model part is neglected therein (i.e. precession apdiori nutation model), and the mean

obliquity €, is considered as a given value, altogether five quantigesamn that are estimated from the

space-geodetic observations: the two pole coordinaiegs§, the Greenwich true sidereal timé, connected

with the quantityUT1-UTCthat is normally estimated as a parameter) and the two ouatatigles {4, 4y as

corrections to the a priori model). The presence of five patters in a three-dimensional rotation means that
the parameters cannot be fully independent from each ofters, the reduction to only three independent
rotation angles for the epoch considered is arbitrary. &meelationship between polar motion and nutation

should be derived, two types of reduced rotation matricedailt: Rpy (t) only contains the rotations of

polar motion andd, whereasR (t) only containsdand the nutation angles:
Rewm (t) = R3<_9) ) Rl(yp<t)) : R2<Xp(t)) , (5.10a)

Ry () = R(—¢,) - Ry(Aw(t) - Ry(e, + Ae(t)) - Ry(—0) . (5.10b)

Both matrices describe a three-dimensional similaritpgfarmation for the epochunambiguously. Equat-
ing them and assuming small angles for all quantities (exitepe, and é) yields the relationship between
nutation offsets and polar motion we are looking fo

Xp(t) = —Aw(t) - sing, - cosd — Ae(t):-sino , (5.11a)

Yp(t) = —Ay(t) - sing, - sind@ + Ae(t) - coso . (5.11b)

Due to the angleggin (5.11), the polar motion signal is diurnal. Thereforeg ttorrelation will only cause
problems if polar motion is estimated with a high temporabotation (i.e., sub-daily), whereas choosing a
daily resolution overcomes the singularity. As theomponent precedes tlyecomponent by 90°, the polar
motion given in (5.11) is a retrograde signal. &eihg the general relationship

A - coswt + B-sinwt = C -sin(wt + ¢) , (5.12)

w|>

with c=Ja2+ g, tangp="2>, (5.13)

it becomes clear that the polar motion signal correspontiirgpnstant nutation offsets given by ¢ and

A @ as described by (5.11) has an amplitude of

Cy = VAE + Ay?-sinfe, - (5.14)

Going one step further and estimating nutation offsets arit$ @r use the equivalent piece-wise linear pa-
rameterization (se€hapter 2.3.2, there are two contributions to the singularity superisgzh the mean nu-
tation offset and the linear trend. The first contributisrsimilar to the case described in (5.11), whereas lin-

ear drifts in the nutation angles, i.eAy and Ae , correspond to a signal in polar motion of the following
form:

Xp(At) = —Ay -singy- At-coso — Ae- At - sing |, (5.15a)

Yp(At) = —Ay - sine, - At -sind + Ae- At - coso . (5.13b)
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It becomes evident that a nutation rate is identical to agetide diurnal signal in polar motion with an am-
plitude linearly increasing with time:

CylAt) = At - Vaé + Ag? - sine, - (5.16)

b) The constraint for a retrograde diurnal polar tiom term with constant amplitude

In order to remedy the singularity between nutation offsetd a retrograde diurnal signal in polar motion
with constant amplitude, the constraint describedChmapter 2.6.4is applied in the program ADDNEQ?2.
Two aspects concerning the application of this taitg will be addressed in the following:

— In practice, the constraint does not only affect the eyatitirnal retrograde term but also adjacent
retrograde terms that are, theoretically, not imgdlin the singularity.

— The singularity involving linear drifts in the nutationglas can be handled by this constraint under
special conditions as well.

The first limitation is a consequence of the requirement tha signals can only be fully decorrelated if
their phases differ by at leasttat the end of the time interval considered. The bandwiittof polar mo-

tion terms influenced by the blocking constraint dependtherlength of the time-seried 5 and the period

T, of the reference signall{ = 23.934 h in the case of the constraint). The difference énpiiriodAT that

is necessary to decorrelate a signal present in the dateogettie diurnal signal involved in the singularity
is then given by:

T2
AT>—°% (5.17)
Te + T,

The values fordT together with the resulting periods of signals that can sirdjuished unambiguously
from a diurnal signal are summarized in Table 5.6 for diffeédengths of time-series. From this theoretical
consideration, periods from diurnal down to half a day afeci#d by the constraint if a daily solution is
computed, and periods larger than 22.3 h are affected foE@METO2 time span of 14 days. The dependen-
cy on the length of the data set considered for the constnastinvestigated by haller et al. (2007)using
simulated GPS observations. Additionally, the simulastudies described therein revealed that the tempo-
ral resolution of the polar motion estimates hasnflaence on the constraint.

If linear drifts for the nutation angles are present in thenmal equation system, the constraint only suppress-
es a retrograde polar motion term with a mean amplitude thi@esponds to the mean nutation offset over
the time span considered. Thus, the polar motion estimateaining after applying the constraint are equal
to the difference between a retrograde diurnal signal viitearly increasing amplitude corresponding to a
nutation rate and a retrograde diurnal signal with constamylitude corresponding to a mean nutation offset.
Figure 5.5 illustrates this relationship exemplarily foe-pole assuming a rate of 1 mas per 14 days for

Ay and A€ . Applying equation (5.16), these rates lead tofésetC,, of 1.077 mas after 14 days.

Table 5.6:Periods that can be fully decorrelated from a diurnal sigdapending on the length of the time-

series.
Length of data setJ AT To- AT

1 day 11.9505 h 11.9835h

3 days 5.9712 h 17.9628 h

7 days 2.9845 h 20.9495 h

14 days 1.5915h 22.3425 h

28 days 0.8231 h 23.1109 h

365 days 3.91 min 23.8688 h
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In the case of using the VLBI normal equation systems of CONd@@scribed inrChapter 5.1.2the conse-
guences and possible handling of the singularity involvingation offsets and rates can easily be demon-
strated, because there is no further singularity with atlpairameters as it would be the case for GPS. In a
first step, the singularity involving nutation offsets e demonstrated. To do so, two types of VLBI solu-
tions were computed: In the first solution, the retrograuerdl constraint was not applied although the cor-
related parameter types were both estimated. The secomibsolvas derived by applying the retrograde di-
urnal constraint on the 14-day normal equation system. Trigukarity is fully present in the first solution,
thus, the main signal contained in the resulting pole coateis is a daily signal with more or less constant
amplitude. Figure 5.6a shows this behavior exemplarilyti@x-component y-component looks similar).
The results for the nutation angles confirm that the polationcestimates mainly suffer from an offset in the
nutation angles due to the correlatiafe is shifted by about 2.776 mas adl@) - sins is shifted by 4.932 mas
compared to the second solution where the constraint hasdmsied (see Fig. 5.6b, exemplarily for the nu-
tation in longitude). Applying Eq. (5.14), this shift remiin an amplitude of 5.660 mas which is in good
agreement with the results for the polar motion displayeHig 5.6a. It becomes thus obvious that the sin-
gularity causing the large retrograde diurnal term in thie poordinates and the corresponding nutation off-
sets is remedied by the constraint. However, a signal withing amplitude is still present in the pole coor-
dinates and the size of the amplitude at the beginning andritlgs in quite good agreement with the nuta-
tion rates estimated in this solution. Together with thethécal considerations above this leads to the con-
clusion that the retrograde constraint applied to the Mrdamal equation system removes the singularity
caused by the estimation of mean nutation offsets but nasittgularity involving a linear drift in the nuta-
tion.

Retrograde diurnal constraint in the presence of nutation rates

1 i

X-pole [mas]

-0.8 X-pole from nutation rate B
X-pole from mean nutation offset,
—— Remaining estimation

2 4 6 8 10 12 14
Time [day]

Figure 5.5: Simulated hourly x-pole estimates if nutation rages present (1.0 mas per 14 days for both
nutation angles) and the retrograde diurnal consitas applied on the 14-day normal equa-
tion system.

The question whether the singularity involving nutatiotesacan be remedied by the available constraint as
well is answered by investigating further types of VLBI dadas. All tests base on the idea that VLBI is ca-
pable to correctly determine the mean nutation offset facty the time span considered for the retrograde
diurnal constraint. Moreover, if the nutation angles atinegted as only one offset plus linear drift (or as
polygon with only one interval) for the whole 14 days, solelp offsets are necessary to determine this pa-
rameterization unambiguously. This implies that splijtthe entire time span into at least two parts for the
constraint delivers two offsets (i.e., one for each paititdrval of the constraint) which allows to represent
the nutation angles with one offset and linear drift for tHeoke time span without any singularity left. The
way of splitting the interval should have a secondary roteby, but one must be aware that the mean off-
sets of the sub-intervals will force the nutation rate tafiactly to these values. The following methods are
tested:

— using the first and second week for the consti@ineekly”);
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— using the first day and the remaining 13 daysHerconstraint (“1 + 13 days”);
— constraining only the first and the last day §ffit last day”);
— applying the constraint on every day separatelgi(y”).

a) X-pole: Differences to C04/IERS2003 b) Nutation in longitude: Differences to IAU2000
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Figure 5.6: The effect of the singularity between polar motad nutation offsets and rates on the VLBI
estimates with different handling of the retrogratigrnal constraint blocking a mean nuta-
tion offset for each time intervad) hourly x-pole estimates compared to IERS C04 /
IERS2003b) nutation in longitude as correction to IAU2000.

The first method halves the time span so that the constayplied once taking into account the polar mo-
tion estimates of the first week only and once taking intooaitt the second week only. Splitting the time
span into one day and 13 days (i.e., second method) basesg datethto choose at least one of the intervals
for the constraint as long as possible, following the thécakconsideration in Table 5.6 concerning the de-
tectable periods in dependence on the interval length. i thytion is to constrain only two days out of 14
(e.q., the first and the last day) so that the nutation rags the entire time span will be determined only by
the mean offsets of these two days whereas themgmgalays have no influence.

The polar motion series in Fig. 5.6a resulting from the sofutvith “weekly constraint” exemplarily shows
that, obviously, the singularity involving nutation raissemoved. The quite large nutation rate present be-
fore is reduced as well (see Fig. 5.6b). All the first thredhnds of interval splitting mentioned above yield
similar results with an overall agreement of the polar nogstimates on the level of about 0.1 mas. Taking
the solution with the retrograde diurnal constraint apble a weekly basis as reference and looking at the
differences compared to the other solution types, Fig. BiSaalizes that the only differences in the polar
motion time-series result from slightly different nutatiestimates (see Fig. 5.7b) given by the mean offsets
of the intervals considered for the constraint. The diffiers themselves are, again, a retrograde diurnal po-
lar motion term.

An extreme case of splitting the entire time span is the fosdlution tested here: The retrograde diurnal
constraint was applied on a daily basis for each day. Comrsgtyy VLBI can determine the mean nutation
offset correctly for each day, and the estimated offset aiftdfdr the entire time span results from a fitting
to all the 14 daily offsets. The nutation in longitude fitsher well to the other solutions (see Fig. 5.7b) and
the same holds for the nutation in obliquity which is not shdvere. However, the comparison of the polar
motion estimates in Fig. 5.7a clearly demonstrates thatgbiution is over-constrained as higher-frequent
differences to the minimum constraint solution exis

Finally, Fig. 5.7b additionally shows the nutation in lotugie resulting from a solution with daily polar mo-
tion estimates so that there is no singularity present aadetrograde diurnal constraint is not needed. The
comparison demonstrates that all solution types with watesplitting for the constraint seem to be reason-
able although it is difficult to decide which onewid be the best choice.

In order to summarize the analyses above, the retrogradsreont blocking a constant diurnal amplitude in
polar motion removes the singularity between a nutatiopetfind a retrograde diurnal term in polar motion.
Additionally, the constraint is capable to remove as wea#l singularity involving nutation rates if it is ap-
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plied for at least two sub-intervals of the nutation intérdde type of division into sub-intervals has no re-
markable influence in the case of analyzing a temees of 14 days.

a) Differences to solution "weekly constraint" b) Nutation in longitude: Differences to IAU2000
1m T T T T T T T 0.1 T T T T T T T
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Figure 5.7: Handling of the singularity involving nutation ratéy applying the retrograde diurnal con-
straint blocking a mean nutation offset in diffdremys for VLBI solutionsa) hourly x-pole
estimates compared to the solution where the retigg diurnal constraint is applied on a
weekly basigh) nutation in longitude as correction to IAU2000dthutation estimates from a
solution with daily polar motion serve as reference

¢) The constraint for a retrograde diurnal polar tiam term with linearly increasing amplitude

The analyses hereafter deal with the extended retrogranealdiconstraint that blocks an amplitude linearly
increasing with time in the polar motion series (§&d®apter 2.6.3in addition to the blocking of a retrograde
diurnal signal with constant amplitude. Contrary to thehoes described above, the extended constraint di-
rectly removes the singularity between nutation rates atrbgrade diurnal polar motion with linearly in-
creasing amplitude. Therefore, the question arises: Holwdeehe results of both methods fit together? The
results from a VLBI-only solution using the extended coaistr are compared to the over-constrained solu-
tion from above with the constraint for constant amplitudetation offsets applied for each day (“daily con-
straint”) and the solution, where the time span for the camst was split into two weeks (“weekly con-
straint”). The latter should represent the group of sohgiwith minimum number of constrained intervals.
Figure 5.8 displays the pole coordinates and Fig. 5.9 shbes$vto nutation angles. Obviously, the method
of dividing the time span into two weeks and applying the t@mst for a constant amplitude in polar motion
on a weekly basis can realize the partitioning between a paddion signal and nutation offset and rate very
well as there are nearly no differences to the solution wbeth types of singularities (i.e., involving nuta-
tion offsets and rates) are handled directly by the extewmdedtraint. Contrary to this, the solution with dai-
ly blocking of a constant amplitude in polar motion delivadiceably different results, not only a quite dif-
ferent rate for the nutation in obliquity (even with oppesiign). More important are the differences in the
pole coordinates that are quite large and do not result aoiy the different nutation rate, but demonstrate
that higher frequent changes in polar motion (défife from the exactly diurnal term) are blockedvad.
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a)

VLBI: Differences to solution "AConst + A(t) blocked"
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Figure 5.8: Hourly polar motion estimates from VLBI as diffezerto a solution where the retrograde di-

urnal constraint is applied for a constant amplieu@ons) as well as for a linearly increas-
ing amplitude (A(t)) in polar motiora) x-pole,b) y-pole.

a) Nutation in longitude: Differences to IAU2000 b) Nutation in obliquity: Differences to IAU2000
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Figure 5.9: Nutation estimates from VLBI (correction to IAU2D&8r solutions with the retrograde diur-
nal constraint blocking only a constant amplitude.{s) in polar motion but handling the
singularity with nutation rates as well, and fosalution with a linearly increasing amplitude
(A(t)) blocked additionallya) nutation in longitudeb) nutation in obliquity.

Finally, it must be mentioned that the situation is more clicaped for satellite techniques because, addi-
tionally, orbital parameters are involved in the singulgrihe nutation offset cannot be determined and only
the nutation rate is accessible. Thpole coordinates estimated by GPS shown in Fig. 5.10 detradeshe
similarities with the VLBI-only solution as well as the impant differences. If only the constraint handling
the correlation between nutation offsets and a constantitaiigp for the retrograde diurnal polar motion is
applied for the whole time span, it is obvious that the siagty with nutation rates is still present in the po-
lar motion results (as it is the case for VLBI). Applying tlusnstraint for each day seems to remove the re-
maining singularity, similarly to VLBI as well. However, ¢hdifference between the two techniques becomes
obvious regarding the third solution type in Fig. 5.10. Wdzey in the case of VLBI, the application of the
extended constraint handling directly the singularityhaiutation offsets and rates allows to estimate polar
motion without any singularity left, this procedure cantaitlly remove all singularities in the case of GPS.
The remaining signal visible in the pole coordinates hatheeithe structure of a signal correlated with an
offset in the nutation angles nor a nutation rate, but it lbestxplained by the correlation with the orbital el-
ements: Due to an arc length of only one day for the GPS othise is no continuity at the day boundaries,
whereas the 14-day constraint implies linearity over 14sddyus, the differences of each daily orbit com-
pared to the mean and linear orbit for 14 dayse#us irregular structure seen in Fig. 5.10.
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As the orbital elements are unconstrained in order to all@erabination ofUT/LOD and the nutation rates
with VLBI, it was decided to apply the retrograde diurnal swaint on a daily basis in the case of a GPS-
only solution. Hence, the impact of the remaining singtyaon the GPS solution will be noticeable only for
the time span of one day assuming that this ef$eqtiite small.

X—pole GPS: Differences to CO4/IERS2003
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Figure 5.10:Hourly x-pole estimates from GPS for different tghes concerning the application of the
retrograde diurnal constraint for a constant amptie only (Ans) or for a linearly increas-

ing amplitude (A(t)) additionally.

5.3.2 Station coordinates and troposphere parameters

The second type of correlation mentioned at the beginnimpisa singularity. However, the correlation be-
tween troposphere ZD and the height of a station is very gtfonmicrowave techniques such as VLBI and
GPS. The question to be answered in this context deals wétipdtential of SLR to reduce this correlation,
as the troposphere influence on optical techniques like &uiRbe modeled with sufficient accuracy and no
troposphere parameters have to be estimatedGbapter 3.3.2 It is clear that SLR can reduce the correla-
tion only at stations, where GPS or VLBI is co-located withRsand that the SLR influence is only indirect
via the height component of the LT. Therefore, all problegiated to LT mentioned ihapter 4.2are im-
portant for these considerations, too. The theoreticasid@nations start with the generalized interrelation-
ship between a troposphere ZD parameter and the statiohtheigressed in the corresponding elements of
the normal equation matrix as integrals over the zenithesmbf all observations uniformly distributed be-
tween the minimum zenith angteand a maximum zenith angte. (seeRothacher and Beutler, 1988
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(5.18)

The expression (5.18) represents a normal equation mdtax@PS or VLBI analysis. Combining it with
SLR means nothing than adding information on the main-diagelement corresponding to the height com-

ponent, i.e., Nheight. In order to simulate this situation, the size of the valudeatito Nheight was varied

and the matrix was inverted. The resulting correlation ficiehts are displayed in Fig. 5.11 visualizing that
the correlation can be halved from 0.4 to 0.2 if the additiam@rmation has about three times the weight of

the original elementN height- This order of magnitude has to be kept in mind when the astadiilization

due to the integration of SLR is analyzedChapter 6
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Correlation between height and troposphere ZD
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Figure 5.11:Resulting correlation coefficient if additional @rfnation is put on the height element of the
normal equation matrix (corresponding to an SLRtdbation at a co-location site).
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Although the main topic of this thesis is the combination péce-geodetic techniques, the analysis of each
single-technique contributing to the combinationwdd precede the combination itself for severasoea:

— The analysis of the single-technique solutions is the ordy ¥ assess the potential of each tech-
nique regarding the determination of the parameters oféateThus, the contribution to the com-
bination can only be evaluated realistically bylgnag each technique separately.

- In the combination approach used here, the relative weightctors applied to the single-tech-
nique normal equation systems are derived from the coaelirgpeatability delivered by each
technique.

— The comparison with the single-technique solutions is apoirrant criterion for validating the
combined solution and investigating the benefithef combination.

6.1 Single-technique solutions

In order to be able to assess the potential of each technegistically, it is important that no unnecessary
constraints are applied to any of the parameters. This isanyncases contrary to the philosophy applied if
the best time-series of parameters derived from only orfentgae is of interest (as it is the case for the tech-
nique-specific analysis centers of the IGS, IVS and ILRS)t Be deficiencies and strengths of each tech-
nigue can be clearly distinguished only if the parameteesdmtermined solely by the observations, i.e.,
without any stabilization.

6.1.1 Station coordinates

The main criteria for validating the estimated station dimaites is their daily repeatability. The station-spe-
cific and the solution-specific repeatabilities were conegal for the three single-technique solutions accord-
ing to the theory given ilChapter 5.2.1As SLR does not have the capability to deliver stable dailytgons
with all parameters estimated including free orbits, it wasided to fix the orbital parameters for the repeat-
ability studies. Additionally, the NNR condition on a dalbasis seems to be too weak to get a stable daily
SLR solution so that the coordinates of all SLR stations veerstrained absolutely with 1 cm. But it must
be emphasized that both exceptions (i.e., fixed orbits andtcained coordinates instead of NNR conditions)
are made solely for the SLR-only solution and only for theepbility studies. The daily instead of hourly
resolution for the ERP marks the third exception that is ssaey for an SLR-only solution. In order to have
comparable single-technique solutions, Table 6.1 sunz@snot only the repeatabilities for GPS and VLBI
with sub-daily ERP, but gives the corresponding values fdaiyy resolution in addition. The comparison of
these two solution types demonstrates that, obviously htgk temporal resolution for polar motion and
UT1-UTCdoes not degrade the solution of these two techniques vechnauind for GPS it is even more or
less identical. Furthermore, GPS and VLBI have a companapeatability on the millimeter-level whereas
SLR is one order of magnitude worse with repeatabilitiesomita 1 cm for all three components. The advan-
tage of SLR must be seen in the equal quality of all componghish is in contrast to the typical difference
of a factor of three between the height and the horizontalpmrents in the case of the microwave tech-
nigues. The correlation of the height component with th@dsphere delay and the differential receiver
clock corrections is responsible for this behavior seen$@nd VLBI solutions. At a first glance it is strik-
ing that the north component of the VLBI solution is clearlgrae than the east component, but this can be
explained by the network configuration of CONTO02 with a bastribution in the north-south direction, as it
has been already mentioneddhapter 4.1(see Fig. 4.1).

Beside the solution-specific repeatability for an ovevallidation of the solution, it is interesting to look at
the station-specific repeatabilities of the co-locatdédssto be able to evaluate the effect of the combination
more distinctively later on. The repeatabilities for thghtiGPS-VLBI co-locations are given in Table 6.2,
and Table 6.3 lists the corresponding values for the 14 GIHS<®-locations. The general order of magni-
tude is similar to that of the solution-specific repeattibs in Table 6.1, of course, but there are remarkable
variations between the stations, especially for SLR, wintlst be explained by the network configuration
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that is changing very strongly from day to day (see Tabled @hiapter 4.2. Thus, the positive effect of the
combination should become visible especially for thoséicsta that cannot be determined stable enough
within the single-technique solution, e.g., the GPS sitellaaks, the VLBI sites Hartebeesthoek and Wett-
zell, and nearly all SLR sites.

Table 6.1:Daily repeatabilities of station coordinates for solut®with hourly and daily ERP (the satellite
orbits were fixed for the SLR-only solution).

Component Daily repeatability (1-h ERP) [mm] Daily peatability (24-h ERP) [mm]
GPS VLBI GPS VLBI SLR
North 1.97 3.72 1.94 3.29 11.11
East 1.95 1.97 1.96 1.97 11.84
Up 5.93 7.67 5.92 7.01 13.32

Table 6.2:Station-specific daily repeatabilities for the MEBPS co-locations (hourly ERP).

Station Repeatability for GPS site [mm] Repeatabilioy VLBI site [mm]

North East Up North East Up
Algonquin Park 2.45 1.51 4.76 2.34 1.03 5.26
Fairbanks 2.41 2.06 10.51 2.91 1.40 6.47
Hartebeesthoek 1.94 3.24 5.17 5.53 2.64 10.68
Kokee Park 2.14 1.80 7.34 6.43 2.92 6.91
Ny-Alesund 0.76 1.12 5.45 1.39 2.25 5.05
Onsala 0.96 1.43 6.27 3.10 1.56 8.85
Westford 1.68 1.27 4.41 2.11 1.92 4.88
Wettzell 0.97 0.96 4.33 291 1.12 10.55

Table 6.3: Station-specific daily repeatabilities for the GPS-SLRIawations (hourly ERP for GPS, daily
ERP and fixed orbits for SLR).

Station Repeatability for GPS site [mm] Repeatability SLR site [mm]

North East Up North East Up
Borowiec 1.09 1.06 4.11 1.56 0.09 5.79
Fort Davis 1.90 1.92 6.96 12.95 3.86 8.29
Grasse (7835) 1.85 1.21 4.69 8.27 8.98 7.21
Grasse (7845) 1.85 1.21 4.69 14.48 9.01 7.14
Graz 1.56 1.27 3.29 7.77 9.34 8.32
Hartebeesthoek 1.94 3.24 5.17 9.57 15.36 9.33
Herstmonceux 1.72 1.46 4.02 8.20 11.48 8.72
Monument Peak 1.22 1.76 4.75 6.09 8.25 8.97
Potsdam 0.72 0.99 461 5.75 8.97 15.13
Shanghai 2.58 0.89 4.17 13.91 12.08 6.23
Tahiti 2.75 1.97 6.85 0.34 7.20 2.80
Washington 1.50 1.98 7.13 7.75 10.83 8.73
Wettzell 0.97 0.96 4.33 5.47 12.77 15.45
Yarragadee 1.55 1.60 3.72 14.28 8.36 5.77

After analyzing the repeatabilities of the single-teclugigolutions it is possible to derive the weighting fac-
tors described iChapter 5.1.1@s the major input parameter representing the quality df sszhnique is its
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solution-specific repeatability listed in Table 6.1. Cegsently, the contribution of SLR is down-weighted
by a factor of about ten compared to GPS whereas the weighteo¥/t Bl contribution is only slightly
smaller than that for GPS. For a summary of all values impoffiar the computation of the weighting fac-
tors it is referred to Table 6.4. One may argue that thesehtiaig factors probably do not reflect the real
proportion of the three techniques due to the short time gpainthe exceptions made for SLR. However, if
the weekly repeatabilities determined within the IERS SNEombination Campaign byhaller and Roth-
acher (2003)are taken into account, the appropriate weighting factomilev be 5.132058e-6 and
1.271317e-1 for VLBI and SLR, respectively. Thus, thesei@alderived from one year of weekly solutions
agree very well with the weighting factors for the daily COMNTsolutions listed in Table 6.4, so that the lat-
ter seem to be reasonable.

Table 6.4:Weighting factors using daily repeatabilities of statiamoedinates and the mean main-diagonal
of the normal equation matrix (NEQ) according to the fornsuaven in Chapter 5.1.1 (the ref-
erences to the relevant formulas are indicatedrackets).

GPS VLBI SLR
Mean repeatability for 3 components [mm] 3.77 4.61 12.12
Quadratic mean repeatability (5.4) [min 14.2172 21.2131 147.0134
Mean NEQ element for coordinates (5.6) 9.414865 1676565.915949 5.331945
Weighting factor (5.7) 1.0 3.763600 e-6 1.707598 e-1

Another study that can be done using the station coordinatascomparison of the coordinate differences
between the co-located sites and the corresponding LT. Menvé must be kept in mind that the geodetic
datum of the single-technique solutions is not unified@lih all solutions are aligned to ITRF2000. Thus,
the differences listed in Table 6.5 may partly stem fromtglig different underlying reference frames. For
the major part of the co-locations the differences are oridhel of some millimeters up to a few centime-
ters. The apparently better agreement for the GPS-VLBbcatlons can probably be explained by a better
stability of the GPS and VLBI solutions than that of the SLRuson. The extremely large discrepancies for
Borowiec and Tahiti should not be taken too seriously aself8iR stations are available only for one day
(see Table 4.2) so that their coordinates are determingdweakly. In order to judge the size of the differ-
ences, the corresponding values from comparing the ITREF200rdinates with the official LT are addition-
ally given in Table 6.5. As the discrepancies for the ITRR200ordinates are as well at the level of several
millimeters up to a few centimeters, the results from thelsiftechnique solutions seem to be reasonable.
The agreement between the single-technique solutions@YTD2 and ITRF2000 is quite good regarding
the GPS-VLBI co-locations because those components wite ldiscrepancies to the LT are common to
both comparisons, e.g., the north and height componentididriks, the height component of Ny-Alesund
or the east component of Westford. The larger discrepanctheoCONTO2 solutions for the north compo-
nent of Hartebeesthoek might be explained by the poor remtith distribution of the VLBI network with
Hartebeesthoek as the only station on the southern hemesgbehat its north component is weakly deter-
mined. The large deviation of the ITRF2000 coordinate déifces compared to the LT of Kokee Park is not
astonishing, as the GPS coordinates in ITRF2000 refer taitbgpoint before the jump in September 2002
and the LT value used here in the comparison had been calrémtehe observed coordinate differences
(seeChapter 4.2.
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Table 6.5:Comparison of the LT values from Table 4.1 with the coordirdifferences determined by the
single-technique solutions and derived from theHZB00 coordinates.

Co-location Technique solutions — LT ITRF2000 coordinates — LT
[mm] [mm]
" North East Up North East Up
§  Algonquin Park -1.99 4.29 -5.95 -6.76 0.90 12.02
© Fairbanks -12.23 1.37 17.96 -14.96 9.02 20.49
5 Hartebeesthoek 15.57 9.07 -5.38 4.47 7.82 -2.11
8 Kokee Park 6.91 2.05 -10.91 -31.80 -23.31 -11.68
o Ny-Alesund -6.28 2.01 -13.23 -3.71 -3.41 -14.11
5' Onsala -2.34 2,51 -7.21 -1.77 -4.28 2.96
UI) Westford 0.64 17.77 2.33 -11.41 14.42 17.48
5 Wettzell -2.99 1.88 0.32 -3.83 -3.54 -6.31
Borowiec 2699.08 1207.18  -1432.99 -6.79 -3.50 -6.58
Fort Davis -4.14 -8.20 33.61 5.62 -0.32 3.73
%) Grasse (7835) -22.21 -23.31 17.77 -2.55 -3.36 6.63
_5 Grasse (7845) -22.21 -23.31 17.80 -6.80 -0.13 7.01
§ Graz -10.16 -22.01 0.70 -6.02 -2.82 0.47
° Hartebeesthoek -8.60 -27.05 17.28 -1.40 -22.19 0.68
S Herstmonceux -8.26 -20.34 -0.39 -5.11 -6.30 5.88
@  Monument Peak -71.74 -0.36 -8.08 -3.42 4.29 -5.88
(7') Potsdam -13.90 -24.38 -23.97 -5.88 -3.63 0.92
%) Shanghai -46.19 73.04 61.83 1.93 -0.72 21.47
?5 Tahiti 2450.35  -4337.05 -2435.34 -6.69 6.53 0.29
Washington -25.41 -2.82 -2.41 -8.18 5.31 16.19
Wettzell -13.40 -17.75 -17.79 -5.03 -2.92 17.49
Yarragadee -27.70 2.51 1.37 -4.36 -3.24 -1.55

6.1.2 Earth orientation parameters

As already mentioned before, SLR has too few observationetermine ERP with a sub-daily resolution,
thus, we have to change to daily ERP if an SLR-only solutioarialyzed. Therefore, the pole coordinates
andUT1-UTCwith a daily resolution are analyzed in a first step, and #wiits for the GPS and VLBI solu-
tions with a sub-daily resolution are discussed afterwa@tsnparing the estimated daily pole coordinates
with the IERS CO04 series reveals significant biases eslhedia the y-pole (see Fig. 6.1a+b). It has been
outlined inChapter 5.2.2hat they-pole of C04 is shifted by about 0.2 mas compared to spacéeegiesolu-
tions aligned to ITRF2000 so that the mean biases of the GBSSAR solutions listed in Table 6.6 are in
guite good agreement with the offset that is already knowoweVer, it has to be taken into account that the
SLR-derived estimates at the orbit boundaries (DoY 290/288, 304) are significantly less well-deter-
mined, so that the weighted mean bias compared to C04 irg¢a$.305 mas for thgpole. In general, the
discrepancy in thg-pole is reduced by about 0.15 mas if the weekly IGS produetsised for the compari-
son so that the GPS and SLR solutions agree with an officiblased time-series within some tens of pas
(see Fig. 6.2a+b and Table 6.6) which is the level of agreénfen is actually reached between different
analysis centers (see the website of IGS Analysis Centerdiwtiort’). Furthermore, the fact that the IGS
is still using antenna phase centers from a relative moglélistead of absolute calibrations can evoke differ-
ences in the polar motion estimates of several tens of pasehgRv Steigenberger, personal communica-
tion). Against this background, the andy-pole coordinates estimated by GPS and SLR agree rather well
with the official time-series. Solely the significantlyr¢ger offset of the VLBI solution cannot be explained
by the mis-alignment of the C04 series to ITRF2000. In ordexvaluate whether the remaining differences

27 http.//'www.gfz-potsdam.de/pbl/igsacc/index_igsacc.html

Scientific Technical Report STR 08/15 Deutsches GeoForschungsZentrum — GFZ



6.1 Single-technique solutions Page 83

are technique-specific features or whether they are presdn in the VLBI solution used for the studies
here, the VLBI estimates are additionally compared to thieiaf IVS combined EOP series. The compari-
sons with all three official series are displayed in Fig.a8:8 so that it becomes obvious that the remaining
offset in they-pole of about 0.2 mas is a technique-specific feature chbgdhe sub-optimal network con-
figuration for CONTO02. Analyses presented Thaller et al. (2007)additionally proved this statement by
tightly constraining all eight stations to the coordinatéshe GPS reference points corrected with the corre-
sponding LT values instead of directly using the VLBI cooatis. This kind of solution yields a polar mo-
tion time-series that agrees much better with the GPS-aiiitien. Looking at the«-pole, it seems to suffer
from the poor station distribution as well, resulting in aanéias of about 0.1 mas according to Table 6.6.
By the way, the long-term agreement (2000 up to now) betweermfficial time-series provided by the IVS
and the IGS confirms the differences visible for the CONTORisons here: According to the web-site of the
IVS Analysis Coordinatioff, the mean biases are 0.1283 mas and -0.1491 mas faf #rely-pole, respec-
tively. As a last aspect it has to be mentioned that the snealk fin thex-pole time-series at DoY 300 must
be credited to the VLBI solution used for the analyses heoabse the IVS series as well as the C04 and the
IGS series do not show this behavior.

In order to conclude the analyses of the daily polar motidimedes, Table 6.7 summarizes the RMS (un-

weighted and weighted) of the unbiased residuals for allgaeons carried out and described above. The
GPS and VLBI solutions are on the level of 0.1 mas for both pol@mponents whereas the SLR solution is

clearly worse. However, the major contributions to the éalRIMS obviously stem from the interval boundar-

ies of the weekly satellite orbits (i.e., DoY 2297, 304) if the time-series in Fig. 6.1a+b aresidered.

Table 6.6:Comparison of daily and hourly ERP estimates of the singiéntique solutions with official se-
ries from the IERS, the IGS and the IVS: mean biase

Solution type X-pole [mas] Y-pole [mas] UT1-UTC [ms]
Co4 IGS IVS Co4 IGS IVS Co04 IVS
Daily GPS 0.092 0.111 0.193 0.041 - -
VLBI -0.127  -0.108  -0.008 0.361 0.209 0.004 0.0016 -0.0016
SLR 0.018 0.037 0.194 0.042 - -
Hourly GPS 0.083 0.086 0.149 0.006 - -
VLBI -0.136  -0.133  -0.015 0.350 0.207 -0.004 0.0014 -0.0018

Table 6.7:Comparison of daily and hourly ERP estimates of the singiéntique solutions with official se-
ries from the IERS, the IGS and the IVS: RMS of residuals (rh&sremoved; a linear drift
was removed additionally from the UT1-UTC time-series i ¢hse of GPS and SLR (= det)).
Values in brackets are WRMS values.

Solution type X-pole [mas] Y-pole [mas] UT1-UTC [ms]
Cco4 IGS IVS Cco4 IGS IVS Co4 IVS

Daily  GPS 0.101 0.130 0.092  0.077 det 0.0395 -
(0.096) (0.126) (0.082) (0.072)

VLBl 0123 0.168 0.118 0.099 0.098 0.077 0.0076  0.0047
(0.109) (0.155) (0.109) (0.098) (0.096) (0.075) (0.0066) (0.0043)

SLR 0507 0.519 0.439  0.456 det 0.1998 ]
(0.439) (0.431) (0.312) (0.310)
Hourly GPS 0.143  0.142 0.143  0.138 det 0.0211 -
VLBI 0237 0244 0234 0244 0244 0241 00146  0.0140

Regarding the comparison of tl#r 1-UTCresults with the C04 series in Fig. 6.1c, it is not astonighirat
the satellite technigques show large systematic discrégsas they are not capable to realize an inertial ref-
erence system that is stable enough for a good determinatitite daily rotation of the Earth over longer

28 http.//vIbi.geod.uni-bonn.de/IVS-AC/combi-all/HTML/start_q.html
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time-spans. Solely VLBI has this capability and the agregmaéth the C04 series as well as with the IVS
combined series is quite good, as it can be seen in Fig. 6t8nmean bias compared to both series is only 2
Us (see Table 6.6) with a scattering of only a few microsesdede Table 6.7). It does not make sense to
give an RMS for the time-series determined by the satelithniques, but the attempt to describe the sys-
tematics in the time-series with a linear trend reveale@astifor GPS that the scattering of 0.039 ms apart
from the systematic drift is not too bad. However, the RMShef tletrended SLR series given in Table 6.7
reveals that a linear drift is not a good approximation fa fystematics, as it would be already expected
from Fig. 6.1c.
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Figure 6.1: Comparison of daily ERP estimates from single4tégire solutions with the IERS C04 series:
a) x-pole,b) y-pole,c) UT1-UTC.
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Figure 6.2: Comparison of daily ERP estimates from singlévtégue solutions with the weekly IGS polar
motion seriesa) x-pole,b) y-pole.

Comparison of VLBI estimates with official series Comparison of VLBI estimates with official series Comparison of VLBI estimates with official series
0.3 0.6 e e e— 0.02
—— |ERS C04 —— |ERS C04 ——|ERS C04
0.2 —— Weekly IGS 0.5 —*— Weekly IGS | 0.015 IVS combined
IVS combined VS combined k|
0.1 /\ 0.4 0.01
= 0 N A 1 = 03 T 0.005
© < =
E £ o A /\
-0. .2 =
g -01 g0 5 o \g
= n al )
X -0.2 4 > 01 5 -000sf ¥ \
-0.3 — 1 [ -0.01
-0.4 -0.1 -0.015
-0.5 -0.2 -0.02
290 292 294 296 298 300 302 304 290 292 294 296 298 300 302 304 290 292 294 296 298 300 302 304
DoY 2002 DoY 2002 DoY 2002

Figure 6.3: Comparison of daily ERP estimates from VLBl wBER$ C04, the weekly IGS products and the
official IVS combined series) x-pole,b) y-pole,c) UT1-UTC.

Changing to the original sub-daily resolution for the ERRlyahe results of GPS and VLBI can be ana-
lyzed. The polar motion estimates of both techniques hawady been studied i@hapter 5.3.1concerning
the correlation with the nutation angles handled by theogerde diurnal constraint (BLOCKRET) in the
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program ADDNEQZ2. Figures 6.4a+b show the polar motion tgeges of both techniques displayed as dif-
ferences to IERS C04 and the sub-daily model IERS2003. Ivisistonishing that the mean offsets of both
time-series are similar to those solutions with a daily hasmn of ERP (see Table 6.6), as the comparison
bases on the same time-series regarding the daily valuesrdnthe sub-daily part is added. Regarding the
VLBI solution, the time period around DoY 299 and 300 is strik Both pole coordinates seem to be shift-
ed for this period. An explanation might be that the statidgoAquin Park was missing for the respective
session (se€hapter 4.}, although one would expect that the IVS combined timeesewould be shifted
then as well. But from the comparison of the daily polar motieries in Fig. 6.3 it is visible that only the
VLBI solution used here shows a small shift. Nevertheldsse seems to be no other systematic difference
besides this shift in the comparison of the single-techmisplutions with the IERS2003 model. The scatter
of the differences to the independent sub-daily model ig shightly worse than for the daily polar motion
estimates in the case of GPS (see Table 6.7). And even for HWeBRMS of the unbiased residuals increas-
es only by a factor of about two. Thus, it can be stated that MiBwell is capable to determine the pole co-
ordinates quite well with a very high temporal resolutidth@ugh only eight stations participated. The same
is true for the sub-daily estimates BfT1-UTC as can be seen from Fig. 6.4c and Table 6.7. In order to dis-
play the sub-dailyJT1-UTCvalues integrated frorhOD estimated by GPS in a reasonable way, a mean lin-
ear trend was removed from the original values. The detrktides-series shown in Fig. 6.4c confirms that a
linear trend is a rather good approximation for the systenuhift of the GPS-derivedJT1-UTCtime-series,

at least for this short time interval of 14 days. Furthermtite RMS of the detrended residuals of 0.0211 ms
(Table 6.7) is in the same order of magnitude ashi® VLBI-derived time-series.
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Figure 6.4: Comparison of hourly ERP estimates from GPS arll With IERS C04 / IERS2008) x-
pole,b) y-pole,c) UT1-UTC (a linear trend was removed in the GP$esgr

In spite of the systematic drift in the GPS-derivd@i1-UTCtime-series, a combination with VLBI should be
possible as the corresponding formal errors rapidly iregegith time, whereas the VLBI estimates have sta-
ble formal errors during the whole time span (see Fig. 6.5bls, the influence of the GPS contribution on
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the combined estimates decreases in the same way as itd &morg increase so that the VLBI contribution
should not be destroyed. The situation is different for tbeapmotion estimates. From Fig. 6.5a+b it be-
comes visible that both techniques determine the pole cuates with constant quality over the whole time
span. The absolute size of the formal errors in Fig. 6.5astnioameaning concerning the level of quality as
the values are solution-internal formal errors that sthpigpend on the number of observations, that is by
far larger for GPS than for VLBI (see Table 5.5). An additibreamark should be made concerning the pat-
tern of the formal errors. In the case of GPS, one nicely sekdlyastructure in all three ERP with the small-
est formal errors in the middle of the day. This pattern is wuthe set up of new orbital arcs every day, and
the parameters are best determined in the middle of theabebits. The steps at the day boundaries that are
present in the formal errors of tHéT1-UTCestimates of GPS but not in the polar motion estimates can be
explained by the fact that the GPS-derivddl values are integrated frotnOD estimates whereas the pole
coordinates are estimated directly. As VLBI does not havly dabits, the pattern of the formal errors of all
ERP are expected to show one arch for the entire time-spam tlnd smallest formal errors in the middle of
the interval. However, all three time-series in Fig. 6.5kt into two arcs around the day 300. This behav-
ior must be explained by the fact that the station Algongsgimissing for the session 300 (s€hapter
5.1.2h, and the VLBI estimates and their formal errors are verysiée to changes in the network geome-
try.

Formal errors of x—pole estimates Formal errors of y—pole estimates Formal errors of UT1-UTC estimates
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Figure 6.5: Formal errors of hourly ERP estimates from GPS ®h#I: a) x-pole,b) y-pole,c) UT1-UTC.

The situation for estimating the nutation angles is simitathe UT1-UTCestimates: The satellite techniques
are not capable to determine the nutation corrections irbaalate sense due to correlations with the orbital
elements. The results for the fortnightly piece-wise |lneatation estimates in Fig. 6.6 reveal large drifts for
the satellite techniques compared to the VLBI solution. ©p&ons for generating the SLR-only solution
had to be modified compared to the other techniques regatdio aspects in order to be able to estimate nu-
tation corrections from SLR, too: First, the temporal reioh of the pole coordinates is 24 h (as already
mentioned at the beginning), and, second, a small constshih mas had to be put on all nutation parame-
ters in addition to the first value that must be fixed for #aéetechniques anyway. The latter analysis option
explains why the SLR estimates show clearly smaller driientthe GPS time-series that was estimated
without any constraint (beside fixing the first was).

The nutation corrections to IAU2000 provided by the IERSaditionally given in Fig. 6.6 for an external
validation, but such a comparison is reasonable only foimhBI solution in view of the known drifts for
the satellite techniques. Therefore, Fig. 6.7 zooms inéohBI results derived by applying different strate-
gies. The solution with hourly polar motion and fortnightliece-wise linear nutation angles was already dis-
played in Fig. 6.6. If it is switched to daily offsets for thatation angles (constant, not piece-wise linear; see
Table 5.4) the results fafle agree rather well with the IERS C04 series whereas the patatilongitude dif-
fers significantly. The main difference is a clear drift dicait 0.15 mas over 14 days that is seen as well for
the fortnightly resolution. But the behavior from day to déiffers as well, especially for the middle of the
time span. One may argue that there still might be a sindylkft for solutions with a sub-daily resolution
for the pole coordinates or the retrograde diurnal conssaio not work properly so that such differences
would be the consequence. However, the solutions with gaily coordinates additionally shown in Fig. 6.7
are closer to those with sub-daily resolution than to theSEFR4 series so that the correlation cannot be the
explanation for the differences to the IERS COdeser
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a) Nutation in longitude: Differences to IAU2000 b) Nutation in obliquity: Differences to IAU2000
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Figure 6.6: Comparison of nutation estimates (fortnightly galy) determined by the single-technique so-
lutions. The daily values provided by the IERSsir@wn for comparisora) Nutation in lon-
gitude,b) nutation in obliquity (both as corrections to th#dJ2000 model).

a) Nutation in longitude from VLBI: Differences to IAU2000 b) Nutation in obliquity from VLBI: Differences to IAU2000
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Figure 6.7: Nutation estimates from VLBI for different solatitypes: sub-daily or daily polar motion esti-
mates and daily or fortnightly nutation estimatesr(stant offsets in the case of daily nutation
and piece-wise linear polygon for fortnightly nudat estimates). The daily values provided
by the IERS are shown for comparisapNutation in longitudeb) nutation in obliquity
(both as corrections to the IAU2000 model).

6.1.3 Troposphere parameters

Troposphere parameters were set up for both microwave itpods and the estimated ZD and horizontal
gradients can be compared at the eight co-located sitesZDrare shown in Fig. 6.8 as the estimated cor-
rections to the a priori values. It has been outlinecCimapter 5.1.2 that the a priori values for the tropo-
sphere ZD for both techniques are computed from the hydrogiart of the Saastamoinen model using a
standard atmosphere referred to the height of the GPS nefenqgoint. Consequently, the GPS time-series
shown in Fig. 6.8 mainly consists of the wet part of the trqgghese delay with small corrections due to devi-
ations of the true meteorological conditions (especidlly pressure) from the standard atmosphere. The
VLBI time-series additionally contains the total troposph delay caused by the atmospheric layer between
the reference heights of GPS and VLBI. It is visible from Fég8 that both time-series agree very well re-
garding the temporal behavior as the long-term variati@ng. (Ny-Alesund, Kokee Park) as well as the
short-term variations are estimated similarly by both teghes. This is confirmed by the correlation coeffi-
cients listed in Table 6.8. They are clearly betttan 0.9 for all stations.

In view of combining the troposphere parameters, the ZDediffice between the time-series of both tech-
nigues is of special interest. The mean differences for 34 @ae listed in Table 6.8 for all eight co-loca-
tions. Additionally, a weighted mean value was computectas the formal errors of the ZD estimates be-
cause most of the outliers visible in Fig. 6.8 have largeddesh deviations and the differential ZD for these
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epochs should not destroy the mean value. It has to be kepihioh imat the differential ZD, i.e 4ZDgps-vig,
listed in Table 6.8 still contains the effect of the differeaference heights of GPS and VLBI. Thus, the ab-
solute values are not so important but their agreement Wéttheoretical differences in Table 5.2 is of spe-
cial interest, because the theoretical troposphere tikbwiintroduced when the ZD are combined. Three
methods for computing the troposphere ties have been pgeesgrChapter 5.1.1kand the agreement of the
weighted mean differential ZD estimates for each of thessdegjies can be seen in Fig. 6.10a. We see that
not all stations agree very well with the theoretical valaed the differences between the three types of tro-
posphere ties are small compared to the discrepancy ifEe#.agreement for Algonquin, Wettzell and
Hartebeesthoek is excellent. Even the differences for Ns#énd are only about 1.5 mm although a radome
covers the GPS antenna and it is well known that the tropospdstimates are falsified by a non-calibrated
radome. This fact might be the reason for the large discr@paifior Fairbanks, Onsala and Westford as well,
because the GPS antenna and/or the VLBI antenna there a¥eeddwy a radome whose phase center varia-
tions are not yet calibrated. However, the largest diserepaf 5-6 mm appears for the station Kokee Park
but there was no radome installed during this period so tietdason is not clear at the moment. Beside the
largest difference, the variability of the differential 2Blargest for Kokee Park, too, as it can be seen from
the RMS values listed in Table 6.8. As already mentioned apsome outliers mainly in the VLBI solution
are destroying the mean ZD differences so that it is readenalvake into account the formal errors and look
at the WRMS. However, even the WRMS for Kokee Park is almosti®®wiereas the differential ZD of the
other stations is nearly a factor two more stable, excepF&wbanks and Hartebeesthoek. The explanation
for the comparably large RMS and WRMS values for Fairbankghirioe the large variations visible in the
second half of the GPS time-series that are not seen by VI€®i k&g. 6.8). As the formal errors of the GPS
estimates in general are very small (and too optimistickkpen the GPS time-series are not identified as
weak data points as clear as peaks in the VLBI time-serigs Kmkee Park). The large WRMS of 7.5 mm
for Hartebeesthoek might be explained by the isolated imcatf the VLBI site within the network, that de-
creases the stability for the VLBI-derived time-series & &ee Fig. 6.8). Furthermore, there is a general
correlation between the WRMS of the differential ZD and tize ®f the ZD estimates: Figure 6.9 shows that
the larger the wet ZD is, the larger is the scatter in the ZBed#hces between the GPS and VLBI estimates.
A possible reason why Fairbanks does not fit ihte scheme was already given above.

Table 6.8:Comparison of the ZD estimated independently by GPS and .Vt effect of different refer-
ence heightglH is not yet corrected in the mean differenc®D. A mean bias was removed for
the RMS computation. ZD differences and RMS valteegiven in [mm].
ALGO FAIR HRAO KOKB NYAl1L ONSA WES2 WTZR

AHvisieps [M] 23.100 13.056 1.527 9.243 3.101 13.710 1.735 3.101
Mean AZDgps-viel 7.26 0.86 -0.33 7.60 -0.46 1.17 4.38 1.25
Weighted meamZDgps.viei 6.84 0.85 -0.71 8.26 -0.57 0.99 4.18 0.86
RMS of AZDg¢ps.viel 5.63 7.08 8.66 13.00 3.35 4.79 5.50 6.94
WRMS 0of AZDg¢ps.viai 4.18 5.87 7.54 8.86 3.11 3.98 5.08 5.49
Correlation coefficient 0931 0939 0975 0969 0994 0971 0978 0.957
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Figure 6.8: Comparison of the hourly troposphere ZD estimate@pendently by GPS and VLBI for the co-
located sites. The plotted values are the diffeeenio the a priori Saastamoinen dry delay re-
ferring to the GPS height.
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RMS of ZD differences depending on the ZD estimates
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In order to validate the ZD time-series, both techniquescarapared to the official products of the IVS and
IGS. Table 6.9 summarizes the comparison of the VLBI estsatith the ZD provided by the IVS. In gen-
eral, the mean biases are very small, the correlation bettheetime-series is better than 0.98 for all stations
(except Algonquin Park), and the scattering of the ZD déferes is well within the analysis noise between
the individual Analysis Centers contributing to the IVS dumed produc®. As already explained for the ZD
differences between GPS and VLBI, the scatter of the ZD wiffees increases with larger ZD estimates (see
Fig. 6.9). The very good agreement is shown in Fig. 6.11a elamity for Fairbanks. The worst agreement
in terms of WRMS is present for Hartebeesthoek, and Fig.t6vidualizes that the IVS time-series is clearly
more stable than the VLBI solution generated within thigigturwo important differences between the IVS
product and the VLBI solution used here are responsiblehisriiehavior: First, the IVS product is a combi-
nation of up to eight individual contributions by differegmalysis centers. As the uncertainty in the time-se-
ries due to the so-called “analysis noise” is reduced in tmlination, the combined time-series is smoother
than the individual contributions (see the station-spegfots on the IVS websit®). The second reason is
the application of constraints by the analysis centersergéimeration of the IVS time-series in order to stabi-
lize those epochs that are weakly determined, whereas t# 8@lution generated for the studies within this
thesis does not contain any constraint for smoothing the-8aries. Due to these reasons it is not astonishing
that the comparison of the GPS time-series with the IVS petsdteveals more stable differential ZD and a
better correlation of both time-series than for the VLBIW@n used within this thesis (see Table 6.10).
However, for all stations except for Onsala, the mean ZDdsidsetween GPS and VLBI derived from the
comparison with the IVS products deviate more from the tbcal troposphere ties than those mean ZD bi-
ases derived by using the VLBI solution of this thesis (s&e &i10b compared to Fig. 6.10a). This fact indi-
cates that the careful adaptation of the a priori models fisethe GPS and VLBI analysis (seghapter
5.1.2 is worthwhile in order to get better and moresistent results.

Table 6.9:Comparison of the ZD for the VLBI sites with the IVS combimeddsphere product. The mean
bias was removed for the RMS computation.
ALGO FAIR HRAO KOKB NYAl1l ONSA WES2 WTZR

Welghted mearﬂZDVLBHVS [mm] '1.64 '0.44 2.04 '0.09 0.09 '1.79 '0.35 1.17

RMS of AZDvisiivs [mm] 447 279 597 911 241 321 323 436
WRMS 0f AZDvigivs [mm] 287 223 495 381 212 252 248 299
Correlation coefficient 0.959 0.990 0.988 0.985 0.998 0.987 0.992 0.983

29 http.//mars.hg.tuwien.ac.at/~ivstrop/info/reportWWWW _new.dat (with WWWW for GPS week)
30 http://mars.hg.tuwien.ac.at/~ivstrop/statistics2/XXXXtzd.eps (with XXXX for the station)
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Table 6.10:Comparison of the ZD estimated by GPS with the IVS combigd$phere product. The effect
of different reference heightdH is not yet corrected in the mean differencd8D. The mean
bias was removed for the RMS computation.

ALGO FAIR HRAO KOKB NYAl1l ONSA WES2 WTZR

Weighted meamZDgps.ivs [Mm] 8.16 1.22 -2.70 8.10 -0.61 3.10 4.67 -0.59
WRMS 0f AZDgps.vs [Mm] 4.81 5.85 6.75 8.04 3.16 4.20 4.99 4.27
Correlation coefficient 0952 0939 0981 0985 0994 0973 0979 0.973

Comparing the GPS estimates with the IGS combined tropospireducts clearly points out the influence
of applying a relative model for the antenna phase centéati@ms (as it is the case for the IGS solutions)
compared to a model with absolutely calibrated phase ceat@tions for ground and satellite antennas (as
it is the case for the GPS solutions studied in the thesisrat)h@ his difference in the a priori models causes
large biases in the troposphere estimates of several ratltira (see Table 6.11). The time-series for two sites
are shown exemplarily in Fig. 6.12. Similar to the VLBI esdit®s, the larger temporal variations in the GPS
time-series compared to the IGS product must be explaingtidogmoothing effect of the combination car-
ried out for deriving the IGS time-series. Additionallyettemporal resolution of the IGS time-series is only
two hours whereas the GPS solution generated for this tkesigins hourly values. Thus, another part of
the increased scatter must be dedicated to the doublingedéthporal resolution. Consequently, it is not as-
tonishing that the RMS and WRMS values of the ZD differendesrgin Table 6.11 are larger than the anal-
ysis noise usually reported for the IGS combination (i.€3,rhm)*. Figure 6.9 shows that the WRMS of the
ZD differences depends on the size of the ZD estimates tHeessas it was already mentioned for the com-
parisons between the GPS and VLBI estimates and for the aisopaof the VLBI estimates with the IVS
time-series.

Table 6.11:Comparison of the ZD estimated by GPS with the IGS combimgm$phere product. The IGS
time-series were interpolated to hourly values. The meaa bias removed for the RMS compu-
tation.

ALGO FAIR HRAO KOKB NYAl1l ONSA WES2 WTZR

Weighted meamZDgps.ics[Mm] 4.99 6.75 7.15 2.90 3.55 4.54 4.20 4.42

RMS of AZDgps-ics [Mm] 2.75 6.00 5.34 5.92 2.54 3.32 4.45 421
WRMS of AZDgps.ics[MmM] 2.60 3.89 4.54 5.89 2.39 3.04 4.15 3.42
Correlation coefficient 0.982 0.957 0.991 0.994 0997 0985 0.985 0.984

Finally, as there are noticeable biases in the troposphbresfimates between the IGS combined product
and the GPS solution used within this thesis, the questimesrwhich type of solution fits better to the
VLBI-derived troposphere estimates and the theoretichlesfor the troposphere ties. According to Fig.
6.10 it can be stated that the agreement with the theoreta@absphere ties is clearly better for the GPS so-
lution generated for this thesis. Except for Onsala, therdgncies are larger for the IGS solution. As the
size of the discrepancies agree very well with the studies@ming relative vs. absolute modeling of anten-
na phase center variations documented&anmid et al. (2005)the large deviations for the IGS products
must be dedicated to the usage of a relative antenna modéheFmore, these results show that the applica-
tion of an a priori model with absolutely calibrated antemimathe GPS analysis is indispensable if meaning-
ful comparisons and combinations should be donke MiiBI-derived troposphere parameters.

31 fip:/fip.gfz-potsdam.de/pub/igstrop/prod/wWWWWW/TROPWWWW.sum (with WWWW for the GPS week)
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Figure 6.10: Comparison of the differential troposphere ZD GHRI with the troposphere ties computed
using three different methods listed in Table &)Zor the GPS and VLBI estimates (weight-
ed meardZDgrsvie given in Table 6.8)) for the GPS estimates and the IVS combined trop-
osphere product (given in Table 6.16)for the IGS combined troposphere product and the
VLBI estimates.
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Figure 6.11: Comparison of the VLBI ZD estimates with the IVS combinedymbfor two sitesa) Fair-
banksb) Hartebeesthoek.

a) GPS-derived ZD: Kokee Park b) GPS-derived ZD: Ny-Alesund
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Figure 6.12: Comparison of the GPS ZD estimates with the IGS combineduptddr two sitesa) Kokee
Park, b) Ny-Alesund.

The question whether the differential ZDs show any systeEmdhat can probably be explained by using
only a mean value for the troposphere tie in the comparisarbesanswered by Fig. 6.13. The time-series of
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the epoch-wise troposphere ties already shown in Fig. & tliaplayed together with the differential ZD de-
rived from the GPS and VLBI estimates for those stationsratal remarkable variations in the time-series
of troposphere ties computed from meteorological dataK#ge5.1). It becomes clear from this comparison
that the temporal variations in the troposphere ties ardéigiblg compared to the variations in the estimated
ZD differences. Therefore, the usage of a mean value forrdpos$phere ties (see Table 5.2) will be suffi-
cient for further comparisons as well as for thenbmation.

a) Differential ZD GPS-VLBI: Algonquin b) Differential ZD GPS-VLBI: Fairbanks
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The second possibility for validating the ZD estimates rivergd in Chapter 5.2.2is the comparison with
WVR data for Kokee Park, Onsala and Wettzell. The procedurddriving the wet part (ZWD) from the to-
tal troposphere delay estimated by GPS and VLBI was outlingghapter 4.3 Figures 6.14a-c display the
ZWD estimates and the WVR observations for the three stafijoourly mean values of rain-free epochs, see
Fig. 4.3). Except for some peaks in the WVR time-series, ¢émepbral behavior agrees quite well with the
GPS- and VLBI-derived ZWD, which is confirmed by the cortada coefficients given in Table 6.12. At a
first glance, the agreement for Kokee Park seems to be gleanse, but this must be dedicated to the large
peaks in the WVR time-series around DoY 302. The WVR-interailm sensors do not indicate rainfall for
all epochs of the original measurements (see Fig. 4.2) adhaheir data are questionable, too. Thus, a few
epochs remained for computing hourly mean values and langeal errors are assigned to them (see Fig.
4.3). However, contrary to the weighted mean bias and the \®R#Mthe differences, the formal errors are
not taken into account when computing the correlation ecefit, so that all epochs are treated equally.
Omitting the questionable epochs around DoY 302 in the W\Reigeries, the correlation coefficients
clearly improve to 0.921 and 0.802 for the comparison witt5S@&Rd VLBI, respectively. Besides the peaks
in the WVR time-series, the bias compared to GPS and VLBI fatte¢ll is striking. The weighted mean
bias over 14 days is about 12 mm for both, GPS and VLBI (seeeT@dl2). For the values given in Table
6.12, the corrections due to the height differences arentake account according to the description given in
Chapter 4.3

Although the scatter of the residuals is quite differenttfer three stations, the WRMS of the wet ZD residu-
als of the comparison with WVR (Table 6.12) is larger than tfoe total ZD residuals between GPS and
VLBI (Table 6.8) in all cases. Looking at the short-term temg) behavior of the time-series opposed in Fig.
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6.14 it becomes obvious that the increased WRMS values argedaby the WVR estimates which show
larger variations than the GPS and VLBI estimates. It mugtdiated out again, that the WRMS of the wet
ZD residuals is correlated to the size of the Z\W4BIf.

a) Wet troposphere zenith delay: Kokee Park
350 . . : : ! !
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VLBI
300 WWR
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£ 200
=
g 150
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C) Wet troposphere zenith delay: Wettzell
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Figure 6.14: Comparison of the ZWD derived from

GPS and VLBI with the WVR measure-
ments: a) Kokee Park,b) Onsala, c)
Wettzell.

Table 6.12:Comparison of the ZWD derived from GPS and VLBI (GV) with théRwheasurements. The
differential ZWD due to height differences is already takdn account. The mean bias was re-

moved for the RMS computation.

KOKB
GPS VLBI
# common epochs 203 203
Weighted meamZWDgy.wvr [MM] -8.35 -7.87
WRMS of AZWDgv-wvs [Mm] 10.11 12.40
Correlation coefficient 0.836 0.732

ONSA WTZR
GPS VLBI GPS VLBI
277 273 258 273
0.51 4.97 -12.63 -12.02
4.06 5.30 8.70 9.40
0.967 0.958 0.962 0.949

In addition to the troposphere ZD, horizontal gradientsengstimated for GPS and VLBI. Figure 6.15 shows
the estimated north gradients (first row) and east gragiégcond row) for some selected stations that are
representative for the others. It has to be kept in mind theiparameterization for the troposphere gradients
was not unified in the single-technique solutions (§4&pter 5.1.2 The GPS solution contains a daily
polygon indicated by a straight line in Fig. 6.15, whereatydanstant offsets were set up in the VLBI solu-
tion. The agreement of both techniques differs stronglyvbenh the stations and can be grouped into three
types: The north gradient for Wettzell and the east grad@mily-Alesund (first column in Fig. 6.15) repre-
sent the major part of station-specific gradients with deggbod agreement of both techniques. For the two
stations shown in the middle column the temporal behavidrotfi techniques matches well but the time-se-
ries are biased. Finally, the examples for Hartebeesthonekakee Park displayed in the last column repre-
sent those gradient estimates with a comparably bad agréevhéhe temporal behavior. In order to con-
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clude the analysis of the troposphere gradients, the goasbagent for most of the time-series is very prom-
ising in view of a combination that is envisagedtfee troposphere gradients as well.

Troposphere gradient: Wettzell Troposphere gradient: Kokee Park Troposphere gradient: Hartebeesthoek
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Figure 6.15: Comparison of horizontal troposphere gradientse Straight line for GPS indicates a param-
eterization as polygon in contrast to the dottee lfor VLBI connecting the constant offsets at
the middle of the day.

6.1.4 Datum parameters: translations and scale

As regards the determination of the geocenter, only thdlisateechniques can be compared, whereas all
three techniques can be analyzed regarding their contibtd the global scale. In a first step, the quality of
the techniques is analyzed on a weekly basis as SLR is too iivdalty solutions are considered. However,
it must be emphasized that a meaningful statement aboubteetal of weekly solutions cannot be made by
analyzing only two weeks of data (as in the case of the CONEdZpaign). It is clear that a longer time-
span is needed for this. But the two weekly solutions for t@NT02 time-span can give a first idea whether
the combined solution can benefit from the contribution bRSFor this purpose, two seven-day solutions
were computed for each single-technique and then comparte t14-day solution of the appropriate tech-
nique via a seven-parameter Helmert transformation. Tégting translation parameters listed in Table 6.13
indicate the strength of SLR. As expected, sh@omponent is clearly better determined by SLR with varia-
tions of only some millimeters compared to about 2 cm for GR® other two components are of similar
quality for both techniques. However, looking at the scaleameters in Table 6.13 reveals that the contribu-
tion of SLR to this datum parameter is very weak as the detetiain of the weekly global scale by GPS
and VLBI is about one order of magnitude more stable. Fin#ig RMS of the Helmert transformation indi-
cates the overall stability of the weekly single-technigotutions (Table 6.13). Again, we can see about one
order of magnitude difference between the GPS and VLBI &niaton the one hand, and the SLR solution
on the other hand.

Similar analyses can be done for GPS and VLBI on the basisilyfidatead of weekly solutions. As expect-
ed, the variations for the scale and the translation paemaébnly GPS) become larger than for the weekly
comparison and the RMS of the Helmert transformations asae (see Fig. 6.16 and 6.17). Nevertheless, the
scale variations from day to day are in the range of £0.3 pub#4 ppb for GPS and VLBI, respectively,

if the obviously bad days with 1.0 ppb or even 2.0 ppb are régdein the case of VLBI. Regarding the
translation parameters in Fig. 6.17, GPS shows variatiérebout 1 cm for thex- and y-component and
about 2 cm for the-component. In view of the combination it is expected thaRSlan stabilize the-com-
ponent, although the SLR network probably mightdmeweak on a daily basis to see this stabilization
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a) Helmert transformation to 14-day solution: RMS b) Helmert transformation to 14-day solution: Scale
12— T T T T T T T T T T T T T T T T T T T T T T T T T
I GPS-only 2t | I GPS-only
[_JVLBI-only, m [_JvLBI-only
10r 1 [C1GPS+VLBI

15r | IcPs+sLrR
[0 GPS+VLBI+SLR

051

RMS [mm]
o o]
Scale [ppb]
-
9
=]
d
=
=
=,
=
-
B

H e

‘H MI I | IR N |

. . . .
290 292 294 296 298 300 302 290 292 294 296 298 300 302
Daily solution of DoY 2002 Daily solution of DoY 2002

N

N

o

Figure 6.16: Comparing the daily solutions with the correspargdl4-day solution via a seven-parameter
Helmert transformationa) RMS,b) scale. The combined solutions will be addressed in
Chapter 6.2.1e.
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Table 6.13:Comparing both weekly solutions with the 14-day solutiagmg{e-techniques) using a seven-pa-
rameter Helmert transformation.

Tech- Translations [mm] Scale [ppb] RMS [mm]

nique 15t week 24 week Fweek 29week Mweek 2¢week
TX Ty Tz TX Ty Tz

GPS 0.5 25 9.8 -0.2 -28 -129 -0.08 0.08 1.24 1.25

SLR 2.1 4.7 -2.3 1.3 -1.3 -5.0 0.68 -0.26 15.86 8.25

VLBI - - - - - - -0.09 0.15 1.56 2.06
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6.2 Combination studies

In order to better assess the impact of combining the difteparameter types, the combination studies are
sub-divided into several steps. We start with a consistentbination of the TRF and the EOElfapter
6.2.1). The troposphere parameters are included in the solutidhag they can adapt to the common refer-
ence frame, but apart from this, the troposphere paramietetise GPS and VLBI sites are still estimated in-
dependently. Based on this type of solution, the analysikef.T is carried out in order to identify those LT
that fit well to the space-geodetic solutions and that sthdwel introduced in all further combined solutions.
The combination of the EOP itself is sub-divided as wellsEionly the pole coordinates are combined as all
techniques are capable to determine them. The capabilitheoBatellite techniques to contribute Wi1-
UTC and the nutation angles is studied afterwards. On the b&sisalution with combined TRF and EOP,
the benefit of allowing for Helmert parameters will be adahexd inChapter 6.2.2Chapter 6.2.3s devoted

to the combination of the troposphere parameters at cadddaPS-VLBI sites. Finally, a fully combined
solution is computed by taking into account the outcome efdtudies presented in the previous chapters.
All parameters resulting from this final solutioregresented i€hapter 6.2.4

For some studies the combination is done step-by-step rpiconcerning the parameters but also concern-
ing the techniques involved in the combination. In this eshtsolutions denoted with “G+V” and “G+S”
are two-technique combinations restricted to GPS and VuBYy or GPS and SLR only, respectively. The
combined solution including all three techniques is detnd@+V+S”. The relative weighting for the GPS,
VLBI and SLR normal equation systems is done according tdeTélt for all combined solutions presented
hereafter.

6.2.1 Combining TRF and EOP consistently

a) Repeatabilities of station coordinates

It can be expected from the coordinate repeatabilities ®fsihgle-technique solutions (Tables 6.1-6.3) that
mainly SLR and VLBI will benefit from a combination with GP®tause the latter gives the most stable sin-
gle-technique reference frame. Figure 6.18 and Tables dfdd®nfirm this expectation. Three types of so-
lutions are compared: single-technique solutions, tvethti&ue combinations (i.e., GPS is combined with
only one of the other techniques), and, finally, a full conation including all three techniques. In the case
of VLBI, the embedding of the eight-site network into the gerGPS network leads to an improvement of
the repeatability for nearly all sites, with a mean improeatover all sites of about 1.6 mm for the north
and height component, and 0.2 mm for the east componente Madises reflect well the difference in the co-
ordinate repeatability present between both single-tgctensolutions (see Table 6.1) so that the combina-
tion results fulfill the expectations. Compared to the agpbilities for the VLBI-only solution, the north
component benefits most, as the decrease of 1.6 mm cor@spora mean improvement of about 42%,
whereas the improvements for the east and height compoaestsnly about 5% and 14%, respectively.
However, this behavior was expected, as the network cordigun of the VLBI-only solution is limiting the
stability of the north component. The additional inclus@inSLR into the combination does not have any
large impact on the VLBI sites, but this must be attributethi® fact that only two VLBI-SLR co-locations
are present in the network, i.e., Hartebeesthodk/dettzell.

The analysis of the results for SLR is more difficult becatlmesites must be grouped into those that are co-
located with GPS and those that are SLR-only sites. The caidd sites are directly linked to the GPS net-
work by the LT, whereas the others can benefit only indiyefttm the stable GPS network, so that the im-
provement in the repeatability is expected to be smallertheamore, the station Shanghai (7837, SHAO)
marks a special case because it can be employed as GPS-Sa&ation only in the full 14-day solution but
not in the daily solutions (see Table 4@hapter 4.2. Consequently, Shanghai should not be treated as a co-
located site in repeatability studies as long as the repdititss are computed by comparing daily solutions
with the 14-day solution (se€hapter 5.2.). Thus, Table gives the changes in repeatability additipria
Shanghai is neglected for the co-located sites, and Shaigybimitted for the mean repeatabilities listed in
Table 6.15, too. From these values and Fig. 6.18b it can l@lgleeen that the stability of the horizontal
components of the SLR sites co-located with GPS increasebtyt 6 to 7 mm, thus demonstrating the ben-
efit of the combination that was expected from Tables 6.1 &8d The mean improvement for the height
component is only about 1.3 mm but this is not astonishindhasheight component for GPS is less stable
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than the horizontal components (see Tables 6.1-6.3) anché¢!am value for the co-located GPS sites of 8.07
mm is even slightly worse than for the co-located SLR sites,1.39 mm (see Table 6.15). The strongly de-
graded repeatabilities for the non-co-located SLR sitesnbye than 1 cm must be dedicated to two facts:
First, all SLR sites are used for the datum conditions in thR-8nly solution if daily repeatabilities are
computed (se€hapter 6.1.}, whereas some of them (i.e., sites 1884-7824 in Fig. 6.48bheither includ-
ed in the datum definition of the combined solution nor diseattached to GPS by the LT. And, second, the
SLR-only solution was computed with fixed satellite orbiies LAGEOS (seeChapter 6.1.) whereas the
combined solutions are computed without any constraintsrbit parameters so that this additional stabili-
zation is missing in the combination.

The repeatabilities for the GPS sites co-located with VL8t change significantly in the combination, as
it should be the case (see Table ). Unfortunately, the irmtuef SLR degrades the height component of
those GPS sites co-located with SLR by about 2 mm, althougjledimparison in Table 6.3 showed that both
techniques have a similar level of stability respectivily GPS heights are even slightly better. Compared to
the size of the height repeatability for the GPS-only solutithis change is a degradation of about 41%,
whereas the change in the north and east component is only 8b®and 24%, respectively. Thus, as the
horizontal components are nearly unaffected and the hemhponent is correlated to the scale, one reason
for this behavior might be some discrepancies in the scalleeoGPS and SLR networks that are not handled
in the solutions computed here. This topic willdbedied inChapter 6.2.2

Finally, it is clear that those LT that are introduced inte tombination but do not fit to the space-geodetic
solutions can countervail the stabilization of the cooatirrepeatabilities by a combination. The methods of
identifying good LT (out of the full set of eight GPS-VLBI arldt GPS-SLR LT) and the effect on the re-
sults is described subsequently.

a b
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Figure 6.18: Daily coordinate repeatabilities of the single-technigaled combined solutionsa) VLBI
sites,b) SLR sites (7811-7090: Co-locations with GPS, 1884-7848d der reference frame
definition in SLR-only solution but no co-location with GAB64-7824: neither used for ref-
erence frame definition nor a co-location with GPS)
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Table 6.14:Change of daily coordinate repeatabilities in the combisetutions compared to the single-

technique solutions, given as a mean value over the selsatedet of sites (in [mm]). Negative
values indicate an improvement due to the combination. &hees given in brackets are by ne-
glecting the co-location SHAO-7837.

Sub-set of GPS + VLBI GPS + SLR GPS + VLBI + SLR
sites N AE AU N AE AU N AE AU

All VLBI -1.60 -0.20 -1.64 - - -1.52 0.05 -1.61
GPS co-loc. -0.04 -0.07 -0.07 - - 0.03 0.14 -0.06
with VLBI
GPS co-loc. - - - 0.21 0.53 6.10 0.18 0.46 5.97
with SLR (0.10) (0.37) (2.28) (0.09) (0.30) (2.17)
SLR co-loc. - - - -3.56 -4.88 1.57 -3.55 -4.97 1.49
with GPS (-6.21) (-6.93) (-1.26) (-6.23) (-7.01) (-1.31)
SLR not co-lo- - - - 13.58 31.25 10.24 13.82 31.72 10.01
cated

Table 6.15:Daily repeatability of station coordinates for differenpies of combined solutions and a sub-set
of stations considered. “6 LT” in the case of the G+V solutimeans that the LT for Fairbanks
and Westford are omitted. Although the LT for Shanghai iduced, the GPS and SLR sites
are omitted for the computation of the repeatabilities. Sbaition types A-D will be addressed
in Chapter 6.2.2.

Solution type

Sub-set of stations

Repeatability [mm]

North East Up 3D
G+V, all LT All VLBI 1.93 1.91 5.48 3.53
G+V, all LT GPS co-located with VLBI 1.87 1.67 5.50 3.49
G+V,6 LT All VLBI 1.82 1.77 5.74 3.62
G+V,6 LT GPS co-located with VLBI 1.71 1.71 6.24 3.86
G+S,14 LT SLR co-located with GPS (w/o 7837) 1.78 2.09 7.39 4.55
G+S, 14 LT GPS co-located with SLR (w/o SHAO)  1.73 1.98 8.07 4.90
G+V+S All VLBI 1.89 1.97 5.81 3.71
G+V+S SLR co-located with GPS (w/o 7837) 1.75 2.02 7.31 4.49
G+V+S GPS co-located with VLBI 1.75 1.87 6.30 3.93
G+V+S GPS co-located with SLR (w/o SHAO)  1.73 1.98 8.07 4.90
G+V+S type A GPS co-located with SLR (w/o SHAO)  1.73 2.03 7.87 4.80
G+V+S type B GPS co-located with SLR (w/o SHAO) 1.74 2.09 8.20 4.99
G+V+S type C GPS co-located with SLR (w/o SHAO) 1.74 2.12 8.10 4.94
G+V+S type D GPS co-located with SLR (w/o SHAO) 1.71 2.04 7.90 4.81
G+V+S type A SLR co-located with GPS (w/o 7837) 1.78 2.05 7.32 4.51
G+V+S type B SLR co-located with GPS (w/o 7837) 1.79 2.03 7.69 4.71
G+V+S type C SLR co-located with GPS (w/o 7837) 1.82 2.06 7.92 4.84
G+V+S type D SLR co-located with GPS (w/o 7837) 1.75 2.05 7.24 4.46
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b) Selection of local ties

A careful selection of good LT is essential for high-qualitgmbined solutions, as mismatching LT values
will destroy the estimated parameters. In order to alloweftetter analysis of the impact of the LT on all es-
timated parameters, the selection of good LT is done on this lod two-technique combinations instead of
analyzing a full GPS-VLBI-SLR combination. This procedisgeasonable as one LT connects the coordi-
nates of only two techniques. Additionally, only two VLBLR co-locations are present for CONT02, and
both are co-located with GPS as well, so that it was decidegséothe LT to the GPS site and omit the
VLBI-SLR LT. Consequently, a direct link between VLBI and Blon the level of the networks is not ap-
plied in the combination.

The parameters directly influenced by the LT are, of couttse station coordinates. However, to assess the
quality of the LT, the impact on the other parameete studied as well.

The general goal of the combination concerning the statamrdinates is considered in all LT studies: the
alignment of the coordinate repeatability of all co-lochs#tes to that of the best single-technique solution,
i.e., the GPS solution. Additionally, polar motion and thelidert parameters are considered in the case of
analyzing the GPS-SLR LT. In the case of VLRIT1-UTCand the troposphere gradients are taken into ac-
count. Analyzing the polar motion time-series did not give enformation about mismatching GPS-VLBI
LT, so that these analyses are omitted here. It is clear thayzing UT gives only information about the
geocentricx- andy-component, but as the troposphere gradients are condidsreell, discrepancies in the
z-component should be detectable, too.

Starting with the VLBI-GPS LT, Fig. 6.19 summarizes the iessof the LT studies concerning two of the
criteria mentioned above: the mean repeatability of the MéiRes and the mean bias of thEl'1-UTCtime-
series compared of the IERS-CO04 series. Ideally, the mgaeatability of the VLBI sites should be equal to
or better than that of the GPS sites, and, additionally, teanrbias of the&JT1-UTCtime-series should be
zero or at least not larger than for the VLBI-only solutioor Il combined solutions shown hetdT1-UTC

is derived solely from VLBI, which means that only the statmordinates and polar motion are combined
but the GPS contribution to universal time is omitted. Itlsacly visible that the second criteria mentioned
above is not fulfilled for the solution using all eight LTiéngle) as the bias ibT increases to 0.0143 ms. In
order to find out whether this bias can be attributed to aifipdcT, each LT was tested individually by
computing a combined solution without one of the LT and aimgiyonly the seven remaining LT (i.e., solu-
tions marked with stars). From these tests it becomes obvlwat omitting the LT for Fairbanks or Westford
are the only solutions where the biasUiT can be reduced without degrading the mean repeatabilityfisig
cantly. Therefore, a solution without these two LT was cotadwsubsequently (diamond). Fortunately, the
bias inUT can be further reduced to 0.0043 ms, whereas at the samehi@maetan repeatability of all VLBI
sites is not heavily degraded. Table 6.15 shows that onlyh#ight component suffers from the reduced
number of LT whereas the horizontal components are everowegr This is in line with the results given in
Table 6.5 for the comparison between the theoretical LTashnd the coordinates determined by the space-
techniques, where the north component for Fairbanks andastecomponent for Westford show a compara-
bly large disagreement. Omitting a third LT in the combioat{i.e., solutions marked with circles in Fig.
6.19) does not allow a further reduction of the biasJih without a clear degradation of the coordinate re-
peatability.

In the context of LT analysis, it can be shown that lookinghet troposphere gradients can give an idea
which theoretical LT values disagree with the space-géotiesthniques. Figure 6.20 shows the troposphere
gradients estimated by GPS and VLBI for the single-techasplutions, a combined solution introducing all
LT (“8 LT"), and a second combined solution where the LT of @oelocation has not been used (“7 LT”).
The gradient estimates in the combination with all LT applee biased compared to the single-technique
solutions for all four co-locations shown in Fig. 6.20. Thean biases expressed as the sum of the VLBI and
GPS biases are 0.98 mm for Fairbanks, 0.47 mm for Westfo8,dm for Algonquin and 0.48 mm for Ko-
kee Park. Omitting the corresponding LT in the combinatithl(T”) shifts the estimates back to those of
the single-technique solutions. This behavior indicates $olely the application of the LT is responsible for
the bias instead of differences in the underlying referdramae of the combination and the VLBI-only solu-
tion. Moreover, as the GPS estimates are biased as well anghtom definition of the combination is done
in the same way as for the GPS-only solution, the refererazadrcannot be the reason for the bias. For all
other gradients not shown in Fig. 6.20 no signiftdaias is visible.
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Analysis of local ties: UT-bias vs. repeatability
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Figure 6.19: Analysis of the GPS-VLBI LT concerning their @ftecthe repeatabilities of station coordi-
nates and the bias in the time-series of UT1-UT& fMean repeatability is computed for the
eight VLBI sites according to Eq. (5.9). In theea$ GPS (red lines), only the eight co-loca-
tions with VLBI are taken into account; The uppeelrepresents the GPS-only solution, the
lower line represents the combined solution usithgight LT.
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Figure 6.20: Analysis of GPS-VLBI LT concerning their effecttostroposphere gradients. Combined so-
lutions of GPS and VLBI are either with all eighit Introduced, or the LT of one station was
omitted (i.e, “7 LT").

In order to summarize the LT studies for VLBI-GPS co-locasipit must be stated that the disagreement for
the Fairbanks and Westford LT propagates into the tropasphedients as well as into the time series of
UT1-UTC Additionally, biases in the troposphere gradients forokiguin and Kokee Park indicate dis-
agreements in the LT for these stations as well. Howeveha®mission of these two LT either degrades
the coordinate repeatability (Kokee Park, see Fig. 6.19nomreases the bias iDT (Algonquin, see Fig.
6.19), it was decided to omit only the LT for Fairbanks and Yéed, thus, using a sub-set of six LT for all
further combinations.

The LT studies concerning the GPS-SLR co-locations are wmmlicated than for GPS-VLBI LT because
there is no parameter that is “unique” for SLR,d§1-UTCis in the case of VLBI. A first attempt to assess
the agreement of the GPS-SLR LT is the analysis of the poldiomestimates. Similarly to the LT analyses
described above, each LT is tested individually so thapaliver 15 combinations are computed: one combi-
nation using all available 14 LT, and 14 combinations omiftone of the available LT at a time. Figure 6.21
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shows the daily polar motion estimates for all combined tsmhs (without markers) and for both single-
technique solutions (with markers). It becomes visiblé thay-pole of all combined solutions is shifted by
about 0.06 mas w.r.t. the GPS-only time-series (correspgno about 1.8 mm on the Earth's surface), but
this bias cannot be denoted to one single LT. It was decidatitiie visible bias is well within the range of
acceptable changes, as a limit of even 3 mm for the impact ®@&-SLR LT on polar motion was used for
the TRF computations done at DGFI in order to be able to saleeasonable number of LM( Krugel, per-
sonal communicatign Consequently, no GPS-SLR LT will be excluded due to thesalts for polar mo-
tion.

In a second step, the scatter in the daily Helmert paramétarsslation and scale) are considered. Since the
analyses shown in Table 6.20 suggest that onlyzitranslation can expect a stabilization due to the inclu-
sion of SLR, the studies devoted to the LT selection cona&nwn this component. However, it is clear that
only one component of the LT can be tested by this approagur&i6.22 summarizes the results of all test
solutions (see above) concerning the three criteriathe.scatter in the dailg-translations, the scatter in the
daily scale parameters and the mean coordinate repegtaibithe co-located sites. It can be concluded from
these results that the LT for GODE, WTZR, YARR, GRAZ and HERS essential for the combination.
Furthermore, there is no obvious outlier in the official Lalwes that degrades the combined solution, con-
firming the analyses of the polar motion estimates (Figlh.Zonsequently, the usage of all available LT
for the GPS-SLR co-locations is the final outcorhéhe LT studies.

a) X-pole: Differences to C04 b) Y-pole: Differences to C04
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Figure 6.21: Analysis of GPS-SLR LT concerning their effect on the coedbiolar motion estimates. The
red line in the legends stands symbolically for all lineshwiit a marker representing the
combined solutions, i.e., one solution using all LT, andltheemaining solutions by omitting
one of the LT at a time) x-pole,b) y-pole.
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a) Analysis of LT: Scattering in scale vs. scattering in z—translation b)

Analysis of LT: Scattering in scale vs. repeatability
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C) Analysis of LT: Scattering in z-translation vs. repeatability
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Figure 6.22: Analysis of GPS-SLR L&) the stability of the daily scale vs. the daily center-ofwak, b)
the stability of the daily scale vs. the daily coordinateeafability (zoomed)g) the stability
of the daily center-of-network vs. the daily coordinategaability. The mean repeatability is
computed according to eq. (5.9) by taking into acdamnly the co-located sites.
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c) Earth orientation parameters

In order to assess the effect of the combination on the sipE®P, the combination of common parame-
ters is done step-by-step: In the first step, only the statiwordinates are combined, then the pole coordi-
nates are additionally combined in the second step, andllffjrstation coordinates and all five EOP are
combined. The troposphere parameters are not combinetisolations. As SLR cannot contribute to sub-
daily EOP the studies here concentrate on a GPS-VLBI cortibmaConsequently, the solution of the first
step includes one time-series of all five EOP based on the @&&ork and a second time-series based on
the VLBI network. The solution out of step two contains onhedime-series for polar motion (i.e., the com-
bined time-series) bW T and nutation are still separated for the contributions o8@Rd VLBI. Solely the
third solution contains only one time-series for all EORyUfe 6.23 displays the differences of the ERP re-
sulting from the three combined solutions described abovepared to the VLBI-only solution. In the case
that the parameter considered was not combined, the VLBVetktime-series is shown. Thus, the compari-
son demonstrates the impact of the GPS contribution, busd¢h#er is not a measure for improved or de-
graded quality of the time-series. For this purpose, the VERMIues of the unbiased differences w.r.t. the
official IERS-C04 series including the sub-daily model IER03 are listed in Table 6.16. The differences
themselves are displayed in Fig. 6.24 for the fully combisetiition (step 3) and the best non-combined
time-series.

The comparison shown in Fig. 6.23 for the first-step-solutf‘Crd”) shows that the influence of a different
underlying reference frame on the VLBI-derived ERP is mambias. The question whether the embedding
of the VLBI network into the large GPS network stabilizes ERP time-series cannot be demonstrated by
Table 6.16 as the WRMS values are more or less similar to thb#ee VLBI-only solution. On the other
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hand, this fact underlines that the homogeneous and lardd Wetwork for CONTO2 is already well suited
to derive high-quality ERP with a sub-daily resolution, s a stabilization effect due to a combined net-
work might be visible if normal VLBI sessions withanging network configurations were used.

a) VLBI-derived EOP in combined solution w.r.t. VLBI-only b) VLBI-derived EOP in combined solution w.r.t. VLBI-only
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Combining the pole coordinates (“Crd+Pole”) results inicedble differences compared to the VLBI-only
solution (Fig. 6.23a,b), but this is not astonishing if weesnber the bias between the single-technique solu-
tions in Fig. 6.4. The additional combination O and the nutation angles (“Crd+Pole+UT") has nearly no
influence on the combined pole coordinates (Fig. 6.23, 8 8016). At a first glance the combined polar mo-
tion time-series looks slightly worse than the GPS-onlyetiseries (Table 6.16). However, taking into ac-
count that the constraint for blocking the retrograde daitarm in polar motion (“BLOCKRET”) has to be
applied on a daily basis in the case of a GPS-only solutiom G3apter 5.3.1it is remarkable that the com-
bination with VLBI results in a polar motion time-series rigas stable as that derived from GPS, although
the combined time-series is less constrained (Fig. 6.2dleT&16). In order to demonstrate the pure effect of
combining GPS with VLBI, another fully combined solution svaomputed but with the BLOCKRET-con-
straint applied on a daily basis (instead of 14 days), asdbi®e in the case of GPS. The WRMS decreases
by about 0.02 mas (Table 6.16) clearly demonstyatie benefit of the combination.

Combining the pole coordinates evokes already clearly rabamges in th&JT time-series compared to the
VLBI-only solution than combining solely the station coovates (Fig. 6.23c). However, obviously the com-
bined pole coordinates do not allow a stabilization of thetime-series w.r.t. the official IERS-C04 series,
i.e., only a change of 0.4 us in terms of WRMS (Table 6.16). iflskusion of the GPS-derivedT quantity
changes the time-series significantly (Fig. 6.23c). Irt,fdee change points towards a higher stability (Table
6.16, Fig. 6.24c) as the WRMS of the differences to the dffiime-series decreases by 2.9 us (correspond-
ing to about 1.3 mm on the Earth's surface). These resulislgldemonstrate the benefit that can be gained
by including the GPS contribution into the time-serieslWdf despite of the bad long-term stability due to
problems in the orbit modeling.
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a) X-pole: Differences to CO4/IERS2003 b) Y- pole Differences to CO4/IER82003
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Table 6.16:Comparison of hourly ERP from different types of GPS, VLRI emmbined solutions with the
IERS-CO04 series including the sub-daily model IERS2003SRifl residuals (mean bias re-
moved). In solutions where the GPS and VLBI contributiomsrent combined, the VLBI-derived
time-series is analyzed. The final solution willduiElressed in Chapter 6.3.

Solution Combined parameters BLOCKRET X-pole [mas] Yipgmas] UT1-UTC [ms]

VLBI - 14 days 0.2549 0.2486 0.0151
G+V TRF 14 days 0.2581 0.2516 0.0152
G+V TRF, Pole 14 days 0.1533 0.1482 0.0148
G+V TRF, Pole, UT/LOD 14 days 0.1498 0.1479 0.0119
G+V TRF, Pole, UT/LOD daily 0.1283 0.1248 0.0118
GPS - daily 0.1430 0.1426 -

“Final” TRF, Pole, UT/LOD, Trop. 14 days 0.1499 0.1479 0116

d) Troposphere parameters

Although the troposphere parameters were not yet combiméhis first part of the studies, it is worthwhile
to take a look at them because the combined TRF might causgyetan the troposphere estimates due to
the correlation described iBhapter 5.3.2 The impact of the LT on the troposphere gradients have @&jrea
been discussed in sectit of the current chapter, but, apart from the effects shownign 20, the gradi-
ents do not change significantly compared to the singlertiegie solutions. As the troposphere parameters
are common to GPS and VLBI only, their combined solution igl&d first, whereas the impact of SLR is
studied afterwards.

The mean changes of the ZD estimates due to combining therstaiordinates and EOP from GPS and
VLBI are listed in Table 6.17. Generally speaking, the meamnge is below or around 1 mm for most of the
eight co-located sites. However, the scatter of the diffees for the VLBI sites is quite large so that only the
mean change for Onsala is significant (if the-@riterion is applied). As regards the GPS sites, only thaime
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biases for HRAO, NYAL and ONSA are significant. It is remdeathat all three sites also showed large
discrepancies between the official LT values and the coatds determined by the single-technique solu-
tions regarding the height component (see Table 6.5). Gé#yepeaking, forcing the coordinate difference
to the nominal LT value entails changes in the ZD estimatestduhe correlation of both parameter types.
In order to give one example, the height of the GPS site forANysund (which had the largest discrepancy)
changed by -5.8 mm, that of the VLBI site by +4.6 mm, so thatzBehad to change accordingly. Of course,
we would hope that the differential ZD between GPS and VLBV agrees better with the theoretical tropo-
sphere ties derived from meteorological data. In order 8wan this question, Fig. 6.25 summarizes the dif-
ferences between the meteorological troposphere tiesh@nméan differential troposphere ZD derived from
GPS and VLBI estimates for different solution types. In taeeof NYAL and ONSA, the first two solutions
in Fig. 6.25 (i.e., “single-technigues” and “G+V") show ththe change in the ZD estimates points into the
right direction as the agreement with the theoretical tephere ties clearly improves. Unfortunately, this is
not the case for HRAO. One reason might be that HRAO is a rasoéated station especially in the VLBI
network, thus, the site-specific parameters are weakerftireother sites, so that inconsistencies in other pa-
rameters (for other sites) may be absorbed by the HRAO s#ipedially the nearly antipodal location of
HRAO and KOKB allows that discrepancies in the height or Zbnestes for KOKB propagate into the
height or ZD estimates for HRAO. Finally, regarding the otbe-locations, the mean changes in the ZD es-
timates are small, thus, the agreement with the troposgiesehanges only slightly due to the combined
network (Fig. 6.25).

In general, the inclusion of SLR into the combination evokal/ small changes in the ZD estimates (see
Table 6.18), but this is not astonishing as only two sitesragbe eight GPS-VLBI co-locations are addi-
tionally equipped with SLR. For both sites, i.e., HRAO and ¥Rl the GPS-derived ZD changes signifi-
cantly, whereas the mean change for the VLBI-derived ZD Iy significant for HRAO. Unfortunately, the
ZD for both techniques change into the same direction for BR$o that the discrepancy with the theoreti-
cal troposphere tie is not reduced (solution “G+V+S” in FBR5). A better agreement with the troposphere
ties due to the contribution of SLR can only be achieved forS®End WTZR. The GPS-derived ZD for
WES?2 changes significantly by almost the same value as foZRVa&lthough there is no co-location with
SLR. This behavior nicely demonstrates that all paraméteasull combination are correlated and, thus, in-
fluence each other. All weighted mean values for the difféad ZD between the GPS and VLBI estimates
are listed in Table 6.19. These values will be used as oneattee for the troposphere tie when the combi-
nation of the ZD parameters is studi€@hépter 6.2.3

Table 6.17:Change of the ZD estimates in a combined GPS-VLBI soluti@V{j compared to the ZD esti-
mated independently in the single-technique solutions.eAmbias was removed for the RMS
computation. All values are given in [mm].

ALGO FAIR HRAO KOKB NYAl1 ONSA WES2 WTZR

Weighted meamiZDev.ces 008 -002 073 066 1.49 105 -0.07 -0.04
WRMS 0f AZDcv.cps 010 011 022 038 024 018 014 007
Weighted meamiZDevwer ~ -0.96  -0.20 -337 086 -0.83 -133 -022 -0.40
WRMS 0f AZDavvis 1.34 075 323 162 052 065 086 0.71

Table 6.18:Change of the ZD estimates for the GPS and VLBI sites due tmthesion of SLR into the
combination. The values are given as 'GPS+VLBI' — 'GPS+W3RIR'. A mean bias was re-
moved for the RMS computation. All values are gimgmm].

ALGO FAIR HRAO KOKB NYAl1 ONSA WES2 WTZR

Weighted meamiZDeps sie 009 012 -1.60 -0.02 0.00 -0.01 040 041

WRMS 0f AZDgps site 0.07 0.10 0.33 0.21 0.10 0.06 0.12 0.11
Weighted meamZDyyg sie 0.22 -0.02 -1.38 0.13 -0.06 -0.11 0.00 0.11
WRMS of AZDv.s site 0.22 0.12 0.65 0.25 0.08 0.12 0.15 0.15
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Table 6.19:Differential ZD GPS-VLBI for the three-technique combioat A mean bias was removed for
the RMS computation. All values are given in [mm].
ALGO FAIR HRAO KOKB NYAl1l ONSA WES2 WTZR

Weighted meamZDgps.viei 8.05 0.93 3.84 8.37 1.75 3.43 3.92 0.99
WRMS 0of AZDg¢ps.viei 4.15 5.65 7.69 8.94 3.18 4.10 5.08 5.65

Mean A ZD from GPS/VLBI compared to troposphere tie (mean meteorology)
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Figure 6.25: Comparison of the mean differential troposphere ZD GPS{Mkith the theoretical tropo-
sphere ties computed using meteorological data. The solutfpes A-D are explained in
Chapter 6.2.2.

Regarding the correlation between the VLBI- and GPS-ddrtirae-series of ZD estimates, the combination
of the reference frame as well as the inclusion of SLR doesemoke large changes, i.e., the maximum
change of the correlation coefficient is 0.003 compared¢ovilues listed in Table 6.8. This might be due to
the fact that the VLBI network for CONTO2 is very homogeneausl stable, whereas a time-series of ZD
based on inhomogeneous session-wise VLBI networks wouwldagty benefit much more from the embed-
ding into a larger and more stable network.

e) Datum parameters: translations and scale

According to the time-series shown in Fig. 6.16b, the siighdf the daily scale of any combined solution
(two-techniques or all three techniques) does not imprarepared to the GPS single-technique solution.
Although the daily scale parameters themselves slighttiesathe scatter over 14 days remains at the same
level (see Table 6.20). This behavior is not astonishingigs@-16b already revealed that the VLBI-derived
daily scale is clearly more weakly determined than the GB8+d scale, and for SLR it is even not possible
to derive a reasonable daily time-series. Additionallye ttuthe weakness of daily SLR solutions manifested
in worse station coordinate repeatabilities, the contrimuof SLR is down-weighted in the combination by a
factor of about ten (see Table 6.4). For the same reasondailyeranslations ik andy cannot be stabilized
by the inclusion of SLR (see Fig. 6.17, Table 6.20). Nevdess a small improvement is achieved for the
component: In spite of the weakness of SLR for daily soligjahe scatter of the dailgtranslations de-
creases from 13.29 mm for a GPS-only solution to 11.73 mmhfercombined solution including SLR (see
Table 6.20).

Similarly to the single-techniques, weekly solutions amalgzed for the combined solutions as well in order
to have a stronger contribution of SLR. Although a comparisased on only two weeks is not significant
(as already mentioned @hapter 6.1.4, Table 6.21 gives an idea that the datum parameters of théioa-
tion can benefit from an SLR contribution if weekly soluttoare considered. Contrary to daily solutions, all
three translations as well as the scale seem to be improvedwsekly basis. However, it should be men-
tioned again that, of course, two weeks are not enough teearimeaningful general statement about the
strength of an SLR contribution to the the datumapeeters.
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Table 6.20:Comparing daily solutions with the corresponding 14-daluon via a seven-parameter Hel-
mert transformation using all sites: Scatter of the dailgrisformation parameters. The solution
types A-D and the final solution will be explainedChapter 6.2.2 and 6.3.4, respectively.

Solution RMS of daily translation parameters [mm] RM& daily scale parameters [ppb]
Tx Ty Tz
G 4.32 4.19 13.29 0.15
G+V 4.25 3.98 12.62 0.15
G+S 4.42 5.18 11.73 0.15
G+V+S 4.44 5.21 11.11 0.15
G+V+S: Type A 4.29 5.29 11.07 0.50
G+V+S: Type B 10.80 6.28 15.85 0.16
G+V+S: Type C 10.76 5.76 15.67 0.45
G+V+S: Type D 4.56 5.30 11.26 0.34
Final solution 10.49 5.50 15.74 0.32

Table 6.21:Comparing both weekly solutions with the 14-day soluti@navseven-parameter Helmert trans-
formation using the GPS sites only. The solution types A-® the final solution will be ex-
plained in Chapter 6.2.2 and 6.3.4, respectively.

Solution Translations [mm] Scale [ppb] RMS [mm]
Tx Ty Tz
I'week 29week Fweek 2¢week Fweek 2°week Fweek 2¢9week Fweek 2¢week

G 27 38 24 25 97 -11.4 -008 008 121  1.20
G+V 22 33 24 26 88 -102 -008 008 121 124
G+S 14  -43 1.0  -1.4 65 -66 -006 005 123  1.17
G+V+S 13 -42 1.0 -1.8 62 65 -007 006 123 118
GHV+S: 13 -45 12 -1.8 60 -64 023 -005 122 118
Type A

GHV+S: 48 50 -01  -14 24 50 -008 007 124 118
Type B

GHV+S: 94 54 03 -18 290 43 022 015 124  1.20
Type C

G+V+S: 1.1 -45 1.0 -1.7 69 58 003 019 123  1.18
Type D

Final 03 -55 02  -18 30 47 -024 000 124 118

6.2.2 Estimating additional Helmert parameters

The following four solution types are tested:
- Solution A: Estimating a scale parameter for GPS;
- Solution B: Estimating three translations for GPS;
- Solution C: Estimating a scale parameter and ttiegeslations for GPS;

- Solution D: Estimating a scale parameter for all three sypackniques and applying a NNSc con-
dition using a sub-set of GPS sites (the same astdésr the NNR condition).

All solutions were set up as 14-day solutions with one set@fnért parameters for the entire interval. The
resulting Helmert parameters are summarized in Table & 22interesting to see that mainly the scale and
the ztranslation change if translations and scale are estinaigether (type C) compared to the solutions
with either the scale or the translations set up (type A, BjsTorrelation appears due to the fact that the
major part of the GPS sites is located in the northern hemaigplwhereas the translations and scale should
be de-correlated in an ideally homogeneous network. Indlse of setting up a scale parameter for GPS (i.e.,
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solution type A), a weighted mean of the contributions by ViaRd SLR defines the scale of the combined
network that is transported to the GPS network via the LT. @$tenated scale of 0.75 ppb w.r.t. the a priori
set of coordinates (Table 6.22) corresponds to about 4.8 mtheEarth's surface. This change is in good
agreement with smaller station heights of 4.1 mm (as a melae var all GPS sites). At the same time, the
mean change of the station heights for the VLBI and SLR siek.6 mm in the other direction, i.e., the
heights are getting larger. As a consequence of this ogpdsitelopment of the station heights, the scale pa-
rameters estimated in solution type D for VLBI and SLR havgatiwe signs if the scale of the GPS network
is constrained to the a priori network (due tokié¢Sc condition).

Due to correlations between the station heights, the sédlemetwork and the troposphere ZD, the ZD es-
timates change if a scale parameter is set up in the combmaiable 6.23 summarizes the mean change of
the GPS and VLBI-derived ZD for solution type A compared tooanbination without setting up any Hel-
mert parameter. Applying thec2criteria, the changes are significant for all sites exdepFAIR (GPS and
VLBI), HRAO (VLBI) and WES2 (VLBI). The size of the changesnes between the sites and can reach
values up to about 0.8 mm. The ZD estimates for the GPS sitamme smaller whereas the VLBI-derived
ZD increase (considering only the significant valu#&D). This behavior in turn influences the troposphere
tie. The discrepancies with the theoretical values for allitson types A-D have already been included in
Fig. 6.25. According to the results shown there, the questioether the agreement with the theory improves
if Helmert parameters are set up cannot be answered ggngmalill sites. Regarding FAIR and WES2, the
scale information cannot be transformed directly from VIE&IGPS as the LT is omitted for these two sites.
Therefore, the influence of estimating Helmert parametershe differential ZD is very small. Looking at
the remaining co-locations, the agreement with theory awes for solution type A, except for ONSA and
WTZR. As expected, setting up translations for GPS (typed®) tearly no influence on the differential ZD,
so that the differences between the solution types C and A brmudedicated to the fact that the estimated
scale parameters are slightly different (see Table 6.2@tdweorrelations with thetranslation, as explained
already above. Finally, allowing for a scale parameter fothaee techniques and fixing the scale of the so-
lution to the a priori network (type D) results in better diféntial ZD solely for the co-locations HRAO and
KOKB compared to allowing a scale only for GPS (type A). Astbsites are heavily correlated due to the
nearly antipoded location, they probably benefit from tharenstable scale definition via a NNSc condition
for 90 GPS sites (compared to transferring the mean scald.Bi ¥ind SLR only via the co-located sites,
that are not homogeneously distributed over the globe)e@as the more stable scale, the de-correlation of
the height and the ZD for HRAO on the one hand and the heighttem@dD for KOKB on the other hand is
obviously improved.

Although the time-series of ZD change compared to a solutithout setting up Helmert parameters, the
correlation between the GPS- and VLBI-derived time-sediess not change strongly, i.e., 0.002 at maxi-
mum. The same holds for the scatter of the differential ZRvkeenh GPS and VLBI estimates: The reduction
of the WRMS due to estimating a scale parameter for GPS (typer Aor all technigues (type D) ranges

from 0.0 up to 0.05 mm for the eight co-locations. Thus, one @anclude that the changes in the ZD esti-
mates evoked by the estimation of Helmert parameters cardmided mainly by a bias, but they do not im-
plicate a significantly better alignment of the GR8d VLBI-derived time-series.

Table 6.22:Estimated Helmert parameters and their formal errors (B4+dolutions). The final solution will
be addressed in Chapter 6.3

Solution Scale [ppb] Translations [mm]
GPS VLBI SLR Tx Ty Tz
Type A 0.75+0.03 - - - - -
Type B - - - -3.88+0.35 -11.72+0.35 -8.82+0.59
Type C 1.04 +£0.03 - - -5.76 £0.35 -12.14+0.35 -14.53+0.61
Type D 0.06 £0.02 -0.38+0.04 -1.50=*0.06 - - -
Final 1.12 £0.02 - - -5.65+0.28 -12.66 £0.28 -15.22+0.49
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Table 6.23:Mean change of ZD estimates for the GPS and VLBI sites in aio@ulisPS-VLBI-SLR solu-
tion due to estimating a scale parameter for GPS (solutige #%). The values are given as dif-
ference 'solution with scale estimation' — 'solution withecale'. A mean bias was removed for
the RMS computation.

ALGO FAIR HRAO KOKB NYAl1 ONSA WES2 WTZR

Weighted meamZDgps [mm] -0.15 001 -083 -044 -0.38 -029 -0.09 -0.29

WRMS of AZDgps [Mm] 0.03 0.01 0.18 0.09 0.06 0.05 0.03 0.06
Weighted meamZDy.s [mm] 0.76 -0.07 0.44 0.66 0.21 0.34 0.04 0.35
WRMS of AZDyig [mmM] 0.30 0.05 0.26 0.22 0.07 0.11 0.05 0.14

In Chapter 6.2.1at has been assumed that discrepancies in the network sifa®RS and SLR may be the
reason for the degraded height repeatability comparedet@#S-only solution. If this guess was true, set-
ting up a scale parameter for GPS should help. Table 6.15shwat, in fact, the height repeatability for the
GPS sites is improved. But the improvement is solely abain@m so that the original level of the single-
technique solution is not reached, neither by estimatincatedor GPS only (type A) nor by estimating scale
parameters for all techniques (type D). Taking into acc@&LR leads to only a slight improvement of about
0.07 mm for the height repeatability, but only for solutigippe D, i.e., if the scale is fixed to the a priori net-
work. As regards the solution types B and C, the degradedatabidities in Table 6.15 demonstrate that the
SLR network, and especially the co-located sites, chargestch from day to day (see Table 4.2) so that
the information about the origin cannot be trarrsf@éfrom SLR to the other techniques in an adequate

For the same reason, the scatter of the daily translationt the 14-day solution heavily increases if transla-
tion parameters are set up for GPS (type B and C in Table &220hermore, the same holds for the stability
of the daily scale w.r.t. the 14-day solution if GPS does rattibute to the global scale of the combined
network (type A and C in Table 6.20 and Fig. 6.26). Finallywé switch to weekly solutions instead of dai-
ly, Table 6.21 indicates that defining the origin of the canelol network solely by SLR (type B) could stabi-
lize its determination, especially for ttecomponent which is highly desirable. Unfortunately, theekly
comparisons regarding the scale of the network are not eagmg for setting up a scale parameter for GPS.
However, as already stated before, for a reliable statethenanalyses must be definitely based on longer
time-series of weekly solutions.

Helmert transformation to 14-day solution: Scale
T T T
N G+V+S
'l C—JG+v+stype A 1

o.g|| I G+V+S type C
[ 1 G+V+Stype D

Figure 6.26: Comparing the

0.6 daily  solutions
—_ with the corre-
o 04 .

g sponding 14-day
o 02 solution via a
@ 0 seven-parameter

0.2 Helmert transfor-

mation: scale.

-0.4

-0.6

_08 1 1 1 1 1 1 1 1 1 1 1 1 1 1

290 292 294 296 298 300 302

Daily solution of DoY 2002

In order to summarize the studies devoted to the estimafi@aditional Helmert parameters, the GPS con-
tribution to the translations is needed for a good stabd#yiong as daily solutions are considered, although
there might be some discrepancies to the SLR contributfdhelorigin of the combined network should be
determined solely by SLR, weekly solutions are needed faables determination, but the size of the im-
provement still has to be confirmed using longer time-serlde situation is slightly different regarding the

Scientific Technical Report STR 08/15 Deutsches GeoForschungsZentrum — GFZ



6.2 Combination studies Page 111

scale, because VLBI contributes information in additiorStdR. As the VLBI network for CONTO2 is ho-
mogeneous for all days, the combined solution benedbm a scale estimation for GPS.

6.2.3 Combining troposphere parameters

The combination of the troposphere parameters is dividedtvmo parts: First, the potential of combining the
ZD estimates is examinedéction 3, and afterwards the combination of the gradients is aeay3ection

b). For both parts, the analysis starts with site-specifiestigations before solutions with combined tropo-
sphere parameters for all eight co-locations are discugsethe troposphere estimates do not change dra-
matically due to the inclusion of SLR (see Table 6.18), thalyses are done only for a full three-technique
combination. Similar analyses using a GPS-VLBI combimatigthout SLR are documented Krtgel et al.
(2007)

a) Combining troposphere zenith delays

As regards the ZD, the discrepancies between the metedzalaglues and the GPS- and VLBI-derived ZD
visible for some co-locations in Fig. 6.25 (solution “G+V3}8voke the question whether the introduction of
the meteorological values as constraints can really imgtbe combined solution. An improvement, if pres-
ent, is expected for two types of parameters, both corlaith the ZD: the height component of the station
coordinates and the scale of the network. Thus, the heiglettability and the time-series of daily scale pa-
rameters w.r.t. the 14-day solution are choseralidation criteria for the ZD combination.

As the agreement or disagreement of the space-technigDadifiérences with theory depends on the co-lo-
cation considered (Fig. 6.25), the first tests for comhirtine ZD are carried out station-wise. For this pur-
pose, eight different solutions are computed, each withbioed ZD for only one co-location at a time. The
theoretical values derived from true meteorological date (Table 5.2) are used as troposphere ties, and the
LT are introduced for the six selected co-locations Gkapter 6.2.1h Figure 6.27a displays the change of
the height repeatability for that site with combined ZD camenl to a solution with independently estimated
ZD. The changes in the repeatability are plotted againstiiberepancy between the theoretical troposphere
tie and the ZD estimates that is present for the correspgrsifa in a solution with combined TRF and EOP
only. Generally speaking, the improvement or degradatioth® repeatability seems to be independent of
the mismatch in the troposphere tie. It is clear that alwayesarcle and one triangle belong to one co-loca-
tion, i.e., the corresponding GPS and VLBI sites. Therefitreecomes obvious from Fig. 6.27a that com-
bining the ZD changes the repeatability for the correspomd@PS and VLBI sites nearly identically, with
mean changes of -0.09 mm and +0.24 mm, respectively. Thexegpédons belong to Fairbanks and West-
ford where the LT are not applied in the combination so thatdb-located sites are not directly linked to
each other. In order to evaluate the benefit of a ZD comlonatidependently of the LT for the remaining
stations as well, a second test series consists of solutith€ombined ZD for one co-location at a time but
the corresponding LT has not been introduced. A solutioh wéither introducing the corresponding LT nor
combining the ZD estimates serves as reference for the ehairtpe repeatabilities displayed in Fig. 6.27b.
If the LT was not introduced, the station coordinates of thkdozation in consideration can change indepen-
dently for GPS and VLBI. However, similar to Fig. 6.27a, a elegence on the discrepancy of the solution-
derived ZD differences w.r.t. the theoretical values idtroed as constraints cannot be identified. As nega-
tive values for the change in the repeatability represeritngnovement, it can be concluded from Fig. 6.27b
that the combination of the ZD stabilizes the height compoéthe VLBI site in absence of the LT, with a
mean improvement of -1.94 mm for all VLBI sites. The fact ttieg VLBI sites Kokee Park and Hartebeest-
hoek benefit so much from combining the ZD if the LT is misstam be explained by their isolated location
within the VLBI network: They are very weakly determined o T is applied, so that the combination of
the ZD can already give a large stabilization. We have alfresaen in Fig. 6.19 that the overall repeatability
of the solution heavily degrades if one of these two LT wasimimbduced. Looking at Fig. 6.19, one can see
as well that the LT for Wettzell plays an important role, whican explain the large improvement for the
VLBI repeatability seen in Fig. 6.27b.

The mean change for the GPS sites is -0.12 mm, so that on aenhga slight improvement is visible. But
contrary to the VLBI sites, the GPS sites do not solely depmnthe LT because they are already included
in the datum definition. Therefore, the combined ZD are anyadditional stabilization that acts only indi-
rectly on the height.
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According to Fig. 6.27, the benefit for the coordinate repkgity due to the combination of the ZD obvious-
ly does not depend on the agreement of the theoretical tpbygos tie with the differential ZD between the
GPS and VLBI estimates. Therefore, it was decided to switomfthe site-specific ZD combination to a
combination of ZD for all co-locations in one solution. Twarther questions will be addressed in the fol-
lowing:
1) To what extent can the combination of the ZD stabilize tbleit®on or even replace missing or
guestionable LT (height component)?

2) Does the application of different troposphere ties cleahg results? If there are differences, which
theoretical value is the best?

In order to answer the above questions, two different smhstivere computed for each of the four types of
theoretical troposphere ties ( see Table 5.2 for “rule ofrthyy “standard” and “meteo”; for “solution” see
Table 6.19): one solution with the LT applied in three comgras (“3D”), and a second solution where the
GPS-VLBI LT are introduced only for the horizontal compotgehut not for the height (“Horizontal”). In
the latter solution type, the combination of the ZD can beegtigated independently of the combination of
the coordinates, except for the fact, that the height corapbaf one station corresponds, to a minor part, to
horizontal components of the remaining co-locations whams@dinates were combined by introducing the
horizontal LT.

a) Station—-wise combination of ZD in addition to LT: Change of repeatability b) Station-wise combination of ZD instead of LT: Change of repeatability
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Figure 6.27: Change of the height repeatability due to a station-wiselwiaation of the ZD (negative val-
ues indicate an improvement). The reference solution ®r¢ipeatabilities and the discrepan-
cies in the troposphere tie is computed with combined TRFEDR only.a) The LT for the
station in consideration is applied (except for FAIR and \WE®) the LT for the station in
consideration is not applied.

The resulting height repeatabilities for all test solus@re given in Table 6.24 as a mean value for all sites
and for different sub-sets of sites that are of interesty tmé eight GPS sites co-located with VLBI, only the
eight VLBI sites, or the GPS and VLBI sites of the co-locaidagether. For comparison, the mean repeat-
abilities are given additionally for solutions without cbming the ZD (first two rows). These solutions
serve as reference for the site-specific changes of thévhedpgeatabilities displayed in Fig. 6.28. In the case
that the ZD are combined additionally to the coordinate®(J3the mean repeatability for all GPS-VLBI
co-locations (last column in Table 6.24) improves onlylsig by 0.01 mm at maximum. It is interesting to
see that the mean stability of the GPS sites improves by dhduhm whereas the VLBI sites obviously de-
grade by about 0.2 mm. Looking at the site-specific behaividfig. 6.28a it becomes clear that the strong
improvement for the GPS site FAIR of almost 4 mm is the majortdbutor. In view of the comparably
large scatter in the GPS-derived ZD time-series for FAIRgad-ig. 6.8 and the bad height repeatability of
about 10 mm (see Table 6.2), it is clear that the GPS site FAlfefits so much from combining the ZD.
Apart from the site FAIR and both sites at Onsala (7213 and ®N&ie combination of the ZD tends to
slightly degrade the repeatability instead of stabilizé~i. 6.28a). As already seen in the station-wise ZD
combination described before (Fig. 6.27), the improvenmertegradation of the repeatability cannot be at-
tributed to a good agreement or large discrepancies in thedspectively, because the height component of
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the geometric LT for Wettzell showed the smallest discrepanith the estimates of the space techniques
(see Table 6.5) but the height repeatability deggadost when the ZD are combined.

Analyzing the solutions with combined ZD but the LT appliedyofor the horizontal components, the bene-
fit for the height repeatability is more pronounced thandolutions with the LT applied in 3D (Table 6.24).
The mean improvement for the VLBI sites is about 1.4 mm. Itlbarseen from Fig. 6.28b that most of the
sites show an increased stability. Again, especially theites that are weakly determined within the VLBI
network (i.e., Hartebeesthoek and Kokee Park) or whose L&séential (i.e., Wettzell) benefit most when
the ZD is combined. Thus, it can be concluded, that the coatioin of the ZD can stabilize the height com-
ponent if the corresponding LT is missing. However, the Zinbmation cannot fully replace the LT as the
mean height repeatability for the VLBI sites is still aboutnin worse than for solutions with three-dimen-
sional LT applied (Table 6.24). Regarding the GPS sitesréisalts are similar to those described before
(i.e., with three-dimensional LT). This is not astonishiserause the GPS sites do not suffer so much from
the missing height LT as they are already included in therdatanditions. Nevertheless, again Fairbanks
and Onsala are those sites that benefit from the combinafitre ZD (see Fig. 6.28b) leading to a mean im-
provement of about 0.5 mm.

Concerning the question which type of theoretical tropeselie delivers the best solution, it must be con-
cluded from Table 6.24 and Fig. 6.28 that the differencesvéen the four tested methods in view of the
height repeatability are very small (i.e., belo@Dmm), independent of the handling of the LT.

Finally, one comment must be spent on the scale parametiepémdent of whether the LT are introduced in
three dimensions or only for the horizontal components,iaddpendent of which troposphere tie values are
applied, the combination of the ZD does not show any sigaifictabilization for the daily scale parameters.
Their scatter remains at 0.15 ppb, as it was the case for timioed solution described i@hapter 6.2.1
(see solution “G+V+S” in Table 6.20).

a) Change of height repeatability: applying the LT in 3D b) Change of height repeatability: using only horizontal LT
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Figure 6.28: Change of the height repeatability due to the combinatioheZD for all sites using different
values for the troposphere ties (negative values indicatév@rovement)a) applying the LT
in 3D, b) without applying the LT in height. For the reference solngponly the TRF and
EOP are combined.
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Table 6.24:Mean repeatability (height component) for a sub-set okgjtwted in the header) for different
types of LT handling and combinations of the ZD. The LT forfF&hd WES2 are not applied in
any case, and the GPS-SLR LT are always applied in 3D. Theinatiun method “solution”
for the ZD means that the weighted mean biases from TableaBelitroduced as nominal val-
ues. All other nominal values are listed in Tabl2 5

Application of Combination of ZD Mean repeatability for the heiglstbmponent [mm]
GPS-VLBILT All sites GPS co-locatedVLBI co-located All GPS-VLBI
with VLBI with GPS co-locations
3D - 7.85 6.30 5.81 6.06
3D All sites; rule of thumb 7.84 5.94 6.07 6.01
3D All sites; standard 7.84 5.95 6.08 6.02
3D All sites; meteo 7.84 5.94 6.08 6.01
3D All sites; solution 7.84 5.90 6.03 5.97
Horizontal - 7.99 6.44 8.46 7.52
Horizontal All sites; rule of thumb 7.89 5.97 7.04 6.53
Horizontal All sites; standard 7.89 5.97 7.07 6.54
Horizontal All sites; meteo 7.89 5.97 7.03 6.52
Horizontal All sites; solution 7.89 5.97 7.03 6.52

b) Combining troposphere gradients

At first, the stacking of the troposphere gradients is aredysite-by-site. For this purpose one solution for
each co-location is computed by omitting the LT of the caatdan in consideration, combining the ZD for
the corresponding station (using the troposphere tiesrdated from meteorological data) and stacking the
troposphere gradients of the corresponding co-locatiothe site-specific reference solutions for evaluating
the gradient stacking, only the ZD are combined and the sparding LT is omitted. The repeatabilities of
the horizontal station coordinates are considered asataii criteria. Figure 6.29a shows the change of re-
peatabilities for each site (negative values indicate ggravement). In general, the influence of the gradient
stacking on the coordinate repeatabilities is clearly Wwelonm (a mean of -0.05 mm and -0.02 mm for the
north and east component, respectively), thus the effesmiller than for the combination of the ZD de-
scribed inSection aUnfortunately, it is not possible to find any systematiagen that can explain why the
repeatability slightly improves for some sites whereasejrddes for other sites. At least the agreement or
disagreement of the independently estimated time-ses@sKig. 6.15) is not correlated to an improvement
or degradation of the repeatabilities, respectively. bheotto give one example, the repeatabilities for Kokee
Park degrade whereas they improve for Westford althouglotin tases a clear bias is present in the gradient
time-series of the corresponding co-located skas 6.15).

Finally, the stacking of the troposphere gradients in éaoldito the application of the LT is tested, but only
for a fully combined solution, i.e., not separately for eaohlocation. Besides that all troposphere gradients
are stacked in this solution, the ZD for all co-locations @ebined using the troposphere ties derived from
meteorological data, and the LT are introduced (except &banks and Westford). In Fig. 6.30 the com-
bined time-series of gradients are shown together with itiglestechnique results for those co-locations al-
ready shown in Fig. 6.15 in the context of analyzing the sirtgchnique solutions (s&hapter 6.1.3 The
results demonstrate that the combined solution is not da@thby one technique as for some stations the
combined time-series is closer to the GPS contribution edeefor other stations it rather follows the VLBI-
derived estimates. This behavior can be interpreted asdication that the relative weighting of the GPS
and VLBI normal equation systems is well balanced. Regarttie coordinate repeatabilities, the combina-
tion of all troposphere gradients has only a small effectFigs 6.29b nicely demonstrates, with a mean
change for all co-locations of +0.08 mm and -0.08 far the north and east component, respectively.
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a) Change of repeatabilities due to site—specific gradient stacking b) Change of repeatabilities due to gradient stacking for all sites
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Figure 6.29: Change of horizontal repeatabilities due to the stackingabosphere gradients for co-locat-
ed GPS and VLBI sites) site-specific solutions with omitting the corresponding b) fully
combined solution (LT, all troposphere ZD and geads).
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Figure 6.30: Horizontal troposphere gradients for the singlekeique solutions (see Fig. 6.15) and the
combined estimates.

6.3 Final combined solution

Considering the studies describedGhapter 6.2 a final combined solution was computed with the follow-
ing characteristics:

— An NNR condition is applied on a sub-set of GP8ssit

— The GPS-VLBI LT for Fairbanks and Westford are omitted. T&maining LT (six GPS-VLBI, 14
GPS-SLR) are introduced in all three components.

— A scale parameter and three translations are dstihfier GPS.

— All ERP are combined. The BLOCKRET constraint (constant lamear part) is applied on the 14-
day NEQ.
— The nutation angles are combined using a 14-daatirepresentation.
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— The troposphere ZD are combined at all eight GPS-VLBI c@fions using troposphere ties based
on meteorological data.

— The troposphere gradients are stacked at all eight GPS-\doRbcations, resulting in a daily
piece-wise linear parameterization.

6.3.1 Station coordinates

It can be stated from Table 6.25 that the goal of aligning kined techniques to the same level for the coor-
dinate repeatabilities is reached for the final combinddtem. Comparing with the single-technique solu-
tions it is clear that mainly SLR benefits from the combioatbecause it is the weakest single-technique so-
lution. Figure 6.31 visualizes that the benefit is presentdl SLR co-locations. The slightly worse north re-
peatability for the VLBI-only solution (compared to the easmponent) is balanced in the combination, due
to the inclusion into a more homogeneous network. This iedimged by the fact, that mainly the isolated
VLBI sites for Hartebeesthoek (7232) and Kokee Park (7298}ridbute to this clear improvement (see Fig.
6.31). The horizontal repeatabilities for the GPS siteg stare or less at the same level, but this was not as-
tonishing as they showed the best values for the singleaigak solutions. All in all, the horizontal repeat-
abilities for the co-located sites are at the level of abootr2 for all techniques. Taking into account all co-
located sites for GPS, VLBI and SLR (except of the Shanghdocation), the mean improvement is 2.32
mm and 2.13 mm for the north and east componesyiertively.

Unfortunately, the original level of the GPS-only solutisnnot reached for the height repeatability in the
combination (Table 6.25). Although the mean height repmltias for the VLBI and SLR co-locations
clearly improve, the stability for the GPS sites is degradedthat the averaged degradation for all co-loca-
tions is 0.23 mm. As mainly those GPS sites co-located witR 8kgrade (see Fig. 6.31), the reason might
be, again, that SLR on a daily basis is not stabfaigh to transfer the translational informatioGesS.

Repeatabilities for station coordinates of co—located sites

20 T 1 T T Tr 11T 1T 11T T T T T T TT7T

= [ ] Single—techniques

élo— B Final combination “ ﬂ |

5

= 0 I'I.-I'Immmmmﬂmm_m_ﬂmdmmﬂﬁmmﬁ“mﬂ [LH-.IL&’-LH.[H-L [L
20 L

=5

£

"~ 10r i

: MML i
0 it om0 ot on o [ om0 om ol o o il m o omrw il cnoon O nw [ n

'_|20\ 1 T L T

£

£

F st and e

[=2)

(5]

¢ gt AR kb
SRR SN R R R

Figure 6.31: Site-specific repeatabilities for co-located sit€®S co-locations (ALGO — YAR2), VLBI sites

cific repea
(7209 — 7331), SLR co-locations (7080 — 8834).

One may ask, whether the method of computing the coordirgieatabilities plays a role. As described in
Chapter 5.2.1a seven-parameter Helmert transformation is set up betereery daily solution and the 14-

day solution using all sites. This implies that GPS, VLBI &IdR sites together are used for the Helmert
transformation for the combined solutions, which diffefscourse from the single-technique solutions.
Therefore, another method was tested: The repeatabiitezs directly computed from the time-series of
daily coordinates without correcting for a Helmert trameiation. The values for the repeatabilities resulting
from this procedure are larger, of course, because the datlym effects were not removed. However, the

Scientific Technical Report STR 08/15 Deutsches GeoForschungsZentrum — GFZ



6.3 Final combined solution Page 117

relationship between the single-technique solutions aedihal combined solution showed similar results,
so that the results of this analysis can be omiisre.

Table 6.25:Mean daily repeatabilities for co-located sitdsgico-location SHAO is omitted).
Sub-set of sites Single-technique solutions [mm] Firemmbined solution [mm]

North East Up North East Up
GPS co-locations (18) 1.72 1.68 5.72 1.78 1.99 7.49
VLBI co-locations (8) 3.72 1.97 7.67 2.04 2.17 6.17
SLR co-locations (13) 9.43 9.98 9.21 1.77 2.02 7.82

6.3.2 Earth orientation parameters

The benefit of combining the contributions of GPS and VLBthe sub-daily ERP has already been demon-
strated inChapter 6.2.1Neither the inclusion of SLR, nor the combination of theptssphere parameters,
nor the estimation of Helmert parameters has a significapect on the ERP time-series. Thus, it is not as-
tonishing that the comparison of the final solution with tE&RS2003 model (Fig. 6.32) yields similar differ-
ences as for the comparison of the GPS-VLBI combined saiutiscussed ifChapter 6.2.1Fig. 6.24). The
RMS values of the unbiased differences are included in Téldlé. The level of agreement is similar for all
three components, i.e., about 0.15 mas for polar motion adtl @s for universal time. It must be kept in
mind that the IERS-C04 series as well has someidafiies and cannot be considered to be the truth.

a) X-pole: Differences to C04/IERS2003 b) Y-pole: Differences to C04/IERS2003
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Figure 6.32: Comparison of hourly ERP with IERS
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The nutation angles resulting from a combination with thelfite-techniques changes slightly compared to
the VLBI-only solution (see Fig. 6.33). The contributiofs@PS and SLR even force the nutation in oblig-
uity to show a nutation rate with opposite sign, whereas teamoffset nearly remains the same as deter-
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mined solely by VLBI (Fig. 6.33a). Concerning the nutatiariongitude, it is striking that all combined so-
lutions are shifted compared to the VLBI-only solution (F6g33b), although the satellite-techniques do not
have access to the nutation in an absolute sense. As the rcatiobi of the troposphere parameters obviously
reduce the shift (fourth solution vs. third solution), thishavior nicely demonstrates that all parameters in a
combined solution are somehow correlated and, thus, careirde each other albeit a direct correlation be-
tween the troposphere parameters and the nutatglesais not known.

a) Nutation in obliquity: Differences to IAU2000 b) Nutation in longitude: Differences to IAU2000
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Figure 6.33:14-day nutation estimates for various combinedtsahs and the VLBI-only solutioa) nuta-
tion in obliquity,b) nutation in longitude.

6.3.3 Troposphere parameters

The impact of combining the troposphere parameters on tmaingng parameters has been discussed in
Chapter 6.2.3and Fig. 6.34c shows the impact on the GPS- and VLBI-derEl2estimates themselves for
the final solution, i.e., troposphere ties based on metegital data are introduced. Depending on the site,
the ZD are shifted by up to 2 mm (as a mean value for the whole-tiaries) compared to the solution with
combined station coordinates and EOP only. The GPS-de#dikds well as the VLBI-derived ZD change
in the same order of magnitude. This behavior indicatesttimrelative weighting of the normal equation
systems is done properly as, obviously, none of the teclesigiominates the combined solution. The mean
change for the ZD estimates due to their combination is asémee level as the changes seen for a solution
with combined TRF compared to the single-technique saigtizee Table 6.17, Fig. 6.34a), although these
biases are more pronounced and show smaller scatter frooh épepoch (indicated by the error bars in Fig.
6.34a-c). Compared to the impact of a combined TRF on the 4 @34a) or the changes due to combin-
ing the ZD (Fig. 6.34c), the impact of estimating a scale petar for the GPS network is only half of the
size, i.e., 1 mm at maximum (see Table 6.23, Fig. 6.34b). Baiteistimated scale for the GPS network was
only 0.75 ppb (solution type A in Table 6.22) satthoth values agree quite well.

Regarding the troposphere gradients, the results for thmtion without estimating Helmert parameters
for GPS has already been discussechmpter 6.2.3and the combined time-series are shown in Fig. 6.30
for some selected sites. The only difference in the setughi®final solution is the estimation of a scale pa-
rameter and three translations for the GPS contribution.aBithe troposphere gradients remain unaffected
by the additional Helmert parameters it can bedogegto present further results here.
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a) Combined TRF/EOP vs. single—technique solutions b) Impact of estimating a scale parameter for GPS
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Figure 6.34:Changes in the ZD estimates due to different swigtrategies. The error bars indicate the
lo-level.a) Changes due to a combined TRF and EOP compart teingle-technique solu-
tions,b) changes due to estimating a scale parameter fod8 GRchanges due to combining
the GPS- and VLBI-derived ZD by introducing tropuse ties based on meteorological data.

6.3.4 Datum parameters: translations and scale

The scale and translation parameters estimated for thiesfahation are listed in Table 6.22. Compared to the
solution type C discussed @hapter 6.2.2the combination of the troposphere parameters in the fiokai-
tion obviously does not change the values of the estimatdaéieparameters dramatically, but their formal
errors are clearly smaller (especially for the translat)oifhus, it can be concluded that the combination of
the troposphere parameters improve the estimation of theéteparameters. The same conclusion can be
drawn if the scatter of the daily transformation paramelisted in Table 6.20 are considered. Especially the
daily scale of the combined network is stabilized due to doimlg the troposphere parameters. As the scale
for the final solution is a weighted mean of the contribuidny VLBI and SLR, and as the scale is correlated
with the troposphere ZD, the stabilization of the VLBI-dexd time-series of ZD achieved by the combina-
tion with the GPS-derived ZD in turn stabilizes the conttibn of VLBI to the scale of the network. Com-
paring the weekly Helmert parameters of the final solutiod the solution type C, i.e., without combining
the troposphere parameters, there are nearly no diffeserisile (see Table 6.21). But, as already men-
tioned before, the suitability of weekly comparisdrased on solely two weeks is limited, of course.
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For the first time, homogeneous normal equation system&R$, VLBI and SLR were combined including
station coordinates, EOP and troposphere parametersefbherthe studies presented in this thesis are a pre-
cursor with regard to three topics compared tqotioeedures that are actually applied within theSER

1) The detailed and careful homogenization concerningatipgiori models used for generating the
single-technique normal equation systems, the identiaedrpeterization chosen for the common
parameters, and the exchange of datum-free NEQs allow aotigocombination, although the
combination has been done on the normal equatia ilestead of the observation level.

2) Three major parameter types, i.e., station coordin&@# and troposphere parameters, have been
included in the solution, so that all correlations are priypken into account and the resulting pa-
rameters are fully consistent.

3) The troposphere parameters and all five comgsrathe EOP have been combined.

The benefit of the combination could be shown for all paramstpes. Concerning the station coordinates, it
is clear that mainly the VLBI and SLR sites benefit as theigie-technique solutions are weaker than a
GPS-only solution. However, weakly determined GPS sitesbeaimproved, too, if there is a strong contri-
bution from a co-located VLBI or SLR site, as isHaeen seen for the site FAIR.

A general stabilization of the time-series due to the combddm has been demonstrated for the sub-daily
ERP as well. Thereby, GPS and VLBI are the major contributesause SLR cannot deliver ERP with such
a high temporal resolution. But even the daily ERP timeesederived from SLR observations does not give
a strong contribution. Regarding the sub-daily pole comtés, the inclusion of VLBI allows that the neces-
sary constraint for blocking a retrograde diurnal term itaponotion (BLOCKRET) can be applied to the
full time span (i.e., 14 days), whereas it has to be applieshtth daily interval if solely GPS is considered.
Due to the mechanism of the BLOCKRET constraint, it is higidgirable to chose the time span as long as
possible. To be more precise, a time span for that the natatarections can be represented by a linear pa-
rameterization (i.e., one offset and drift only), and, ie ttase of GPS, a time span for that the orbits can be
represented by one arc only. Thus, it is clear that the latiadition is the major restriction for a GPS-only
solution. Theoretical studies on the method of handlingdingularity between a retrograde diurnal polar
motion term and the nutation angles have beenechatt.

One important outcome of the studies presented in thisghesine successful combination foiT andLOD
from contributions by VLBI and the satellite techniquesiatpiece-wise linear time-series 0 1-UTCval-
ues. It has been demonstrated that the high-quality short-information delivered by the satellite tech-
nigues — especially by GPS - is stabilizing the VLBI-derivide-series oUT1-UTC However, it must be
admitted that for a combination with GPS using normal 24rhdLBI sessions (mainly R1 and R4 sessions)
the stabilization effect on a continuous time-seriedJail-UTGC as it was seen for the CONTO02 sessions,
will surely be less pronounced due to the gaps between tigesifLBI sessions. An extrapolation &fT1-
UTC with integratedLOD estimates from GPS for several days without an absoluteevedmtributed by
VLBI yields a systematic drift in th&T time-series. A possible strategy to overcome the probleitisgaps
between the 24-hour VLBI sessions might be the inclusiomefdn-called VLBI Intensive sessions, as they
deliver universal time nearly every day, at least for thet f@s years. A stabilization of th&T values de-
rived from the VLBI Intensive sessions by combining the TR&lar motion and the troposphere parameters
with GPS has been shown Bgsmer et al. (2006 But these studies were restricted to the Intensive session
so that the benefit of a common treatment of regular 24-hondratensive sessions still has to be investigat-
ed.

Concerning the third parameter type included in the studiesinclusion of the troposphere parameters into
the solution yields time-series of ZD and horizontal gratidor the GPS and VLBI sites that are fully con-
sistent with the common reference frame. The consistenegpecially important as it has been shown that
the time-series based on the independent single-teche@ugons' reference frames differ from those time-
series based on a common reference frame by up to 2 mm at metie. framework of the studies based on
the homogeneous NEQs for CONTO02, a combination for the spipere parameters has been carried out for
the first time. The results presented in this thesis basetbrea-technique combination with SLR additional-
ly included. The benefit of combining the troposphere ZD @dacated GPS-VLBI sites could be demon-
strated. Due to the correlation of the ZD with the statiorgh&ia combination of the ZD can stabilize the de-
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termination of the height coordinate, although this stasiion has not been seen for all co-locations. But it
has been demonstrated that a stabilization of the heighpeoant by combining the ZD is achieved if the
LT for the corresponding co-location is missing. It is clézat the combination of the ZD acts only indirect-
ly on the stability of the station height, thus, the combiorabf the ZD cannot fully replace the information
that is given by introducing the LT directly. However, as fireblems concerning LT values are manifold,
the combination of the troposphere parameters might betamative to the application of LT values that
are questionable. Thereby, the method to derive the trdmospies used for the combination plays a minor
role, at least for the time span of CONTO02. The analyses dgrfetbigenberger et al. (2007)r about elev-
en years of GPS- and VLBI-derived ZD indicate that the défgial ZD does not show any large seasonal
variations (in spite of a larger scatter of the differen#&l during summer) so that the usage of a mean value
as troposphere tie should be sufficient for lortgee spans as well.

A stabilization of the solution similar to the effect seen file combination of the troposphere ZD could not
be shown for the combination of the troposphere gradierggher with horizontal LT additionally intro-
duced nor without applying the LT. However, it could be destomted that the common treatment of tropo-
sphere gradients together with the TRF can give valuabtermdtion about the discrepancy between the LT
and the coordinate differences derived from the spaceama@chniques. This is especially desirable as this
method allows testing the LT values nearly indeattlgt from the estimated station coordinates thémse

For the same reason, it is important to see that the EOP campleyed for a careful selection of suitable
LT for the combined solution.

As regards the TRF, there is an indication that the comnadf the troposphere parameters stabilizes the
scale of the network if the scale is re-opened (i.e. estid)dtw the GPS contribution. However, as already
mentioned several times before, all issues related to thesteal reference frame cannot be studied in a rea-
sonable way on the basis of two weeks of data only. For theqmopes the studies have to be extended to a
longer time span, as it is already done within the Geoteduieh project named “GGOS-D* that started end
of 2005%. First results out of this project are presentedivaller et al. (2006¥or a time span of one year of
data. Besides the prolonged time span, the project “GGO®epresents the extension of the combination
studies of this thesis regarding the parameters includeédercombination, too: The low-degree spherical-
harmonic coefficients derived from SLR and GPSaateitionally included.

Another possible extension of the studies presented irthkss is the inclusion of DORIS as a third micro-
wave observation technique. Thus, an additional techriiopgtecan deliver troposphere parameters would be
available. This is especially interesting because it has Iseen that the suitability of the WVR data for com-
parisons is limited due to a clearly larger scatter in theetgaries than the GPS- and VLBI-derived time-se-
ries of troposphere ZD. The good agreement of tropospherdeded from DORIS, GPS and VLBI has al-
ready been shown b$najdrova et al. (2005glthough the analyses presented therein base on times s#ri
troposphere parameters that were derived independemtbafth technique without the adaption to common
standards for the individual analyses.

Besides the extension of the parameter types considerdg indmbination and the inclusion of additional
observation techniques, the combination studies can bmired and extended if the harmonization of the a
priori models and parameterization were improved. Suchrgamovement could be, e.g., the switch to a more
sophisticated modeling of the a priori hydrostatic trogese delay by using better mapping functions, e.g.,
the “Vienna Mapping Function“ (VMF) developed B6hm and Schuh (2004)r the “Global Mapping
Function” (GMF) developed bBéhm et al. (2006)According toTesmer et al. (2007}he influence of dif-
ferent mapping functions on the time-series of stationtjos, the height repeatability and the scale varia-
tions is not negligible, so that it is highly desirable to tise best model that is actually available for map-
ping the troposphere delay to the direction of the obsesaatrurthermore, using an a priori ZD referring to
the height of the VLBI reference point instead of the GPSreafee height should improve the VLBI-derived
troposphere parameters as the wet and hydrostatic pare &@hare correctly mapped by their appropriate
mapping functions. In that case, only the differential trephere delay caused by the wet part has to be con-
sidered for the troposphere tie if the a priori hydrostatiz fér the GPS and VLBI estimates refer already to
the reference height of the GPS and VLBI anterespectively.

Regarding the relative weighting of the individual contttions (i.e., observation techniques), it has already
been mentioned that a rather simple method was appliednnitie studies for this thesis instead of a vari-

ance component estimation (see, ekgpech, 1988. However, several results and outcomes of the studies in-
dicate that the relative weights used here yield reasonmaBldts in such a way that the strengths of each

32 http://'www.ggos-d.de
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technique can be exploited. The alignment of the coordiregieatabilities to those of the GPS-only solution
indicates that the weight of the GPS contribution is propeHosen. The fact that the time-serieslr1-
UTC is not degraded by the contributions of the satellite temihes (but quite the contrary, it is even stabi-
lized) shows that the NEQs for VLBI have a relative weight tissstrong enough to deliver the absolute val-
ue of UT1-UTCwith high stability. Furthermore, as most of the combinezptsphere parameters (ZD as
well as gradients) represent a mean value of the non-corhl@RS- and VLBI-derived time-series, the rela-
tive weighting of the contributions by GPS and VLBI seemsé¢ad&asonable. The only question mark is be-
hind the relative weight of the SLR contribution becausedtadilization of the translational datum and the
scale was not strongly visible. However, as already meatdrefore, datum-related studies must base on a
longer time span of data, and weekly solutions are clearlserstable than daily solutions for SLR, indepen-
dent of the relative weighting. Thus, it is assumed that #mahstration of the capabilities of SLR did not
fail due to the weighting method applied but due to the shiore tspan considered and the analysis of daily
instead of weekly solutions.

As continuous VLBI observations are highly desirable, eglly for comparison and combination studies
with other techniques, the continuation with CONT campaigrarks a positive development within the IVS.
One further campaign - named CONTO5 - took already place tolégc 2005 (se€hapter 4.), and the next
campaign is planned for mid of 200B. (Behrend, personal communicatjon

In order to conclude the outlook on further studies, it stdadt be forgotten to mention that the combination
studies considering the space-geodetic techniques GPBI athd SLR contribute to the “Global Geodetic
Observing System” (GGOS) that has been established in 2083eoject of the International Association of
Geodesy (IAG). Within GGOS, the three fundamental pilldrgendesy, i.e., the geometry including defor-
mations of the Earth's surface, the Earth rotation, and theity field, will be integrated into one common
reference frameRummel et al., 2005The necessity of a highly accurate reference frame besonoee and
more important as studies devoted to, e.g., sea level ripesifglacial rebound are of special interest. As the
effects that should be detected are small, the requirenfientbe reference frame are very higbrewes,
2007. The combination studies presented in this thesis coveiofvthe three pillars and demonstrate the po-
tential of a rigorous combination.
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