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Long operatio periods of GNSS stations gieepossibility touse thedata inanalyzing
vertical crustal movements witthe accuracy better tma O6 mm/y. During theanalysis the
reliability must be considered. This involves the choice ofviitéical crustal movements network
adjustment method. In most castte vertical crustal movements netwomiodels are designed as
absolute and related to thdigdoid, where the movement is calculated on the basistimated
station coordinatesTheother optionis choosingdifferential relative modelswhere GNSS vector
coordinates are useth this caseGNSS stations are connected and vertical moveniesttgeen
themare calculated. In the next statfee network of vertical crustal movements is adjusted and the
accuracy isassessedrheaim of this article is to calculatend adjusthe unadjusted treritased on
GNSS time seriem an area located in Ceal Europe The article presents the robust adjustment
method witha weighting schemeThe dtained resultshowthat the accuracy of vertical crustal
movements model of 0fam/y can be obtained from the GNSS observatjmncessingAlso the
benefitscoming from the application of robuadjustment method are emphasiz

Keywords vertical crustal movements in GNSS data, robust adjustment, weight in adjustment

1. Introduction

The knowledge about verticatustalmovements is widely applied olimatechange
monitoring (glaciersmelting and tectonics Kjeldskaar et al 2000; Tfn et al, 2013),
seismology (Romaniuk, 2014), determiningges for oil and gas extractigienselaar and
Quadvlieg, 2001), location of strategic engineering buildings, talysia of changes in water
table Bednarczyk e al., 2015), the analysis of geological changes (Badura, 2007), the
verification of vertical crustal movements models determined with the use of different
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techniques (Sowat al, 2013) and retaining current state of global and regional frames and
references systenisi gr en and Svensson, 2007).

The creation of Global Positioning §gms (GPS) (Hofmarwellenhof et al.2012),
Synthetic Aperture Raddr S AR) ( B¢ r,@2008)aml Satetlitd asér Ranging (SLR)
(Pearlman et gl2002) as well as théery-long-baseline interferometrgpVLBI) (Campbell,
2000)haveenabled the possibility to monitor the Earthaglobal scaleAfterward, the use
of all mentioned systentsaspermittedto change previously used 3®4D frames with have
madeit possibleto monitorchanges in the location of tectonic plates in t{fkamimi et al.,
2002; Matsumura et al., 2004; Sacher et al., 2008).

This involveschoosingthe vertical crustainovements network adjustment method. In
most caseghe vertical crustal movements network models are designed as absolute and related
to the ellipsoidwhere the movement is calculated on the basstirhatedtation coordinates.
Theother options areifferential relative modelswhere GNSS vector coordinates are used.

The firstmodels of vertical crustal movemenits Europe weremade with geodetic
observationsn the 1960s andhe 1970s on the basis of precise levelling d&apwani and
Scheidegger, 1971, Randjar v, 1968; Vanz2| ek
The frequency of thenodel$creation depended on the frequency of the levelling data updates.
The models were more precise than the models of horiagitadities. Since the operatio
GPS andhe longtime seriesavailability, the models of vertical crustal movements have been
created with the use of GNSS data, mainly as the absolute velocities of permanent stations
(Vani | ek and Kr aykandBegksy,2012)9 86 ; Kontn

As it was presented iW° p p e | ma 2009, theére isad theoretical possibility to
determine the vertical crustal movemt s wi th the precimmhon of
However, in practice, achieving such precision is complee main factor that influences the
precision in estimating the absolute velocityaodtation isthe operaton time (Kowalczyk,

2015; Ihde and Augath, 2001). The combination of levelling data and GNSS diffiau to
makedue to various systems amrking methods (Kenyeres al.,2013) and the necessity to
consider the geoid modelandthe knowledge of the changes in tipeoid in time (Torge,
1989). Anadditional impediment is the application of various solutions in the process of
creating vertical crustal movement models, from mathematical models to geophysical models
(igren and Svensson, 2007).

The knowledge of the velociyf changes i®btainedon the basis of various types of
observations and measuremensry precise measurements are made with the use of geodetic
techniques namely precise levellingThe measuring ie and the equipment used in
observations vary in relation to the applied meagumethod. Three main measuring methods
can be distinguished: mareographic measuresnprecise levelling measuremeand GNSS
measurements.

Precisdevelling as théechnology is laborious and thus, the data gained frpre@se
levelling campaign have beearpdated on average every 20 yeg@nsin shorter periods as
complementary measurements or control measurejnéasher et al, 2008, Kowalczyk,
2008; Kowalczyk and Rapinski, 2013). The range of the networks and vaneasuring
epochs in many European countries hinder the creation of a reliable and current model of
vertical crustal movements with the use of levelling data. Such diversified time ranges to a
large extent influence the validity of regional and global nedevertical crustal movements.

The use of GNSS data woyp@rmitto createmodels of vertical crustal movements in
almost real time (daily, weekly or monthly updated, depending on the geological and climate
needsfor the evaluation of GNSS networksondition). The estimation of factors that
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negatively influence the quality of the determined movements and their elimination would
permit to createeliable models of vertical crustal movements. Currently, this is the key issue
for theRegional Reference Free SubCommission for Europe (EURERymposium EUREF
Budapest 2013 http://euref2013.fomi.hy/ symposium EUREF Vilnius 2014
http://www.nzt.lt/euref2013/For the realization of the project, a special working group has
been created. Its aim is to obtain velocity models and significantly improve the prediction of
the coordinates t i me , and @Verncdmee ¢ha limitations in the use of the ETRS89
(Lidberg et al, 2014). The longerm goal is toestablish a velocity model dafrustal
deformations (Lidberg et al2014)based ot he A knowno 3D crust al
reference stations (Kenyeresagt 2013; Caporali et gl2013).

In the literature, veital crustal movementdrom GNSS stationsare drawn up as
absolute models related tdahe ellipsoid (Kontny and Bogus2012 Kenyeres et al2013).
Consequentlythe secalled absolute movemesdre calculatedin order to connect the GPS
levelling, mareographic data and geophysics studies, relative models or the observed models,
l.e.related to the sea level, aequired That is why in this article a method of estimating the
relative motion and considering the mean Baltic Sea levelrateeence in the levelling is
proposedThe first tests indicated the correctness of the assumption (KowaRk2i%k). The
innovative approach forced by the main assumption in creating the maldelseof height
differencesbetween the stations insteaf using absolute heights, which would eliminate the
influence of the ellipsoid change in time and also the necessity to reduce ellipsoid heights by
introducing a quasigeoid model.

The alditional innovatioralso useghe algorithm that analyzes, verifies and determines
a linear trend in time serigand evaluates its precision for time series decompogitBra p i &Es K i
and Kowalczyk2016) Vertical movementwill beadjusted, not as a network of heights, but
as a network of vertical movements, similarly as it was presented in the art{&levogiczyk
and Ra2pl3)Es k i

The vectors between the GNSS stations make a network of triangles (Fig.1) which
permits to use¢he loops misclosure criterion. Such solution is usadevelling anddouble
levelling networks (Kakkuri and Vermeer, 1985). To evaluate the loops closure criterion, the
original formula presented {iKowalczyk 2015 can be used

To depict the map ofertical crustal movementthe Kriging interpolation was used.
(Kowalczyket al, 2010).

Theaim of this article is to calculate the unadjusted trbaded orGNSS time series
and their adjustmenih an area located in Central Eurofée article presentthe robust
adjustment method with wéiging scheméaking into account differencés epocts and error
ad posteriori

2 Description and characteristics of data

The testing area includedpart ofCentral Europe (Fig.1) located on the WEstropean
Platform, in theSudetesthe Carpathians arah the EasEuropean Platfornilhree hundred
forty-six height differenceswere estimatedby the Military University of Technology EPN
Local Analysis Centre (MU LAC) based onhedaily ASG EUPOS Polish permanent stations
dataand several stations from theeighboringcountries: Lithuania (LITPOS), Germany
(SAPOS), Czech Republic (CZEPO®daSIovakia (SKPOS) (Kowalczyk et &014).
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Figure 1. Thebaselinebetween the GNSS stations selected for the analysis (Central E(tagu®raphic map

E worl dmap.pl by Webrange)

The time seriess presented in Figure: Zevenvectors from 1 to 2 year#hirty-six
vectors from 3 to 4 years, and thtbervectors from 4 to 5 years. Figure 3 presents a theoretical
number of measuremem@chs in timeserieson vectors from 1200 to 185@aily epochs; the
lower amounts are scarce. Epoch incdesisies appear in all timseries l.e. there are single
or several dozens of breaks of epodhmakes from several to between ten and twpetyent
of the theoretical number of epochs.
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Figure 2. Initial and final epochs for particular time series on vectors.
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Figure 3. The characteristics of the number of measurement epochs for particular time series on vectors.
3. The estimation of unadusted velocities of heightthange

To estimate the velocity dfeight changebetween GNSS stations (the linear trend),
the aborithm presented in the worlby Ra pi &Es k i a n @016K with aldtec z y k
supplementation, was used. TddgorithmVertical Switching Edge DetectiaivSED)is used
to detect the discontinuities gshifiodthenseameser i e:
time based orthe least squaresethod

Todetet pl aces i n ryhbswichingfedge detpcsovalgarithm was used
(Smith, 1998)In the first stepmoving average® and the variancesereconstructed using
the npoint window €.g.1).

o0 )

The next stepvasto construcB from these averages over two windows of n points
(2) based orthe moving averages (1).

B

5w B )
If t"O for a certain epochxceeds threshold valu®t h e shifted detscted. The
value ofQis calculatednthe basis of a priori errdr ¥ . This error is calculated according
to the formulaKowalczyk, 2015)
Ry ¢& Y 8 (3)

whereY"Yi epochs differences (T Te)
The output function of the switching edge detector is defined as:
O o0 Q0 Q0 4)
whereC andC are the switching factors defined as:

QN — Q. — (5)



The svitching edge detectaesultsin a C matrix containing zeroes and ones.

The mathematial model used in this articliRa pi &s K i and Kowal cz
astraight | i mpaticularepdthsfist eps o i n
MO VO O i E i (6)
where:
t - epoch

h(t) - height difference in epoch t

U - velocity between stations

Q - height difference at epoch 0

o OB @ - elements from matrix C

i HBi -magnit shift® of 0

The final result of the calculatioris the unadjusted linear trend &fO vector,the
number of identified jumps and tneeanerrora posteriorof the determined trend

Figure 4 presents the estimated values and the calcubai@ah posteriori error.

28
26 | o
24|
22t o
20} o

181
16
14t
12t a

10 | e o

Error trend a posteriari [mm/y]

08 | -] o [+]
DB L [+] [+] o [+]

o °38 o o°0° o o
04t °
02}
00 |
-02

% o ©o ES

g Egg E g o o L
Boooo ooosg 99 SSBEE ogegeg gegecooo 000909 oog o® o

oo?

-7 € -5 -4 -3 -2 -1 0 1 2 3 4 5
Trend [mm/y]

Figure 4. Unadjusted values of the linear trend andritsana posteriori error.

The trend values fluctuateom -3 mm/y to +3 mm/y, occasionally over the ranged
toi 6.5 mm/yatmost.

The meana posteriori errors of a trend fluctuater om NO .00 N@m/6y mm/ vy . I
highly correlated with the number of epochsrfelation coefficien0.71) which results from
the assumptions presentedHKowalczyk (2015, where the formula for (3) was eed. The
correlation between the a posteriori error and the estimated linear trend is 0.15. In 21 cases (6%
of the trial) the error exceed$ 0 . 6 mmisy oavredd it1. 0 mm/y in 7 ca:
In 70% of thetrial, the errodoesnoe x ceed NO. 1 mm/ y.



Themeanapriori error ofl ¥

where:|

trend was calculated on the basis of the assumptions
presented iflhdeandAugath2002 (eg. 7) and Kowalczyk 2015)(eg. 3).

civio o A A O 7)

- daily repeatabilityin the height component.

The aposteriori errors and a priori erraagsepresented in Figure 5. The vast majority
of the a posteriori errors is equal or below the a priori errors (80%). About 15% is slightly

higher
NO.6 mml/y.

(from NoO. 1

mm/ y
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Figure. 5The comparison gragha priori and a posteriori trend errors.

The correlation between the number of jumps and a posteriori erro6)YFd.3mm/y
which indicates a lack of visible relation. A large number of jumps may show the influence of
outer factors on the estimated differences in heigbtweenGNSS stations.
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Figure 6. The list of the number of jumps and the a posteriori errors.
Table 1 presents the list of vectavigh the worst parameters.

Table 1 The characteristics of data tie estimated worst parameters.

Error trend a priori Error trend a posteriori  |Diferents errors trend
Name Jumps Trend [mm/y] [[mm/y] (T) [mmly] (P) (T-P) [mmly] Time interval [y]
0139 CLIB 13 -3,2 0,4 0,6 -0,2 3,1
0139 JLGR 26 -1,2 0,4 0,6 -0,2 3,1
0139 LEGN 8 -0,4 0,4 0,6 -0,2 31
0147_0014 11 -1 0,4 0,6 -0,2 3,1
BISKCBRU 0 -2,2 0,5 0,8 -0,3 2,7
BISKNYSA 2 -2,2 0,5 0,8 -0,3 2,9
CLIB_0147 12 3,8 1,3 0,7 0,6 1,4
CSUM_BISK 4 29 0,5 1,0 -0,5 2,7
KAM1_0781 9 -0,9 0,4 0,6 -0,2 3,4
KLDZBISK 2 2,5 0,5 0,8 -0,3 2,9
KRALKATO 6 3,8 1,1 2,6 -1,5 1,6
KRALLELO 1 0,3 1,1 1,1 0,0 1,6
KRALNWTG 2 3,6 11 2,0 -0,9 1,6
KRA1PROS 2 4,3 1,1 2,2 -1,1 1,6
KRALZYWI 3 -1,9 1,1 1,5 -0,4 1,6
NWSCKRA1 3 -6,4 0,8 1,2 -0,4 2,0
NWSC_SKSL 9 -0,7 0,2 0,6 -0,3 4,9
PITR_KLOB 6 -0,7 0,2 0,6 -0,3 51
SKSL_NWTG 9 -0,7 0,3 0,6 -0,3 4,6
SKSV_UZHL 23 0,3 0,2 0,8 -0,6 4,9
WODZBISK 3 1,9 0,5 0,9 -0,4 2,9

4. The preparation of data for adjustment.

In thedata adjustmergrocessthe data should be reliableo evaluatehe loops closure
criterion, the formulad.g.8) presented irfKowalczyk 2015 and(KowalczykandR a p i ,Es K i
2016 was used



. pEB .,y (8)

where:n - the number of vectors ithe loop considering the fact thalhé a priori error of the
trend & taken as thdy standard deviation. Additionally, the loops misclosure was

calculated with the use of threeana posteriorierror of the trend. The estimated values of
particularloops misclosurare presented in Figure 7.

loops misclosures from a priori errors

loops misclosures from a posteriori errors calculated loops misclosures

444444
237

5 e El 2

Name vector

Figure 7. Maximal and estimizd loops misclosure

According to the conducted analyses, the material is diversified iadtwacyin
estimating the trends. In 10% of cageemaximal loops misclosure éxceeded including 4%
case, where the misclosure exceedsr half value of the accepted misclosdiiee part ofthe
datamay negatively influencethe reliability of the adjusted network. The solutionstte
problems can be as follows:

1. Determiningthe weight of the trend and applying rabust method in network
adjustment,

2. ldentifying and removing the time seriésr which maximal loop misclosures
exceed a certaircriterion,

3. Identifying and analyzing in details time series that edhsexceeding of maximal
loop misclosures and a new determination of the trend,

4.ldentifying and analyzing in detailéme series for which the a posteriori error is
higher than the a priori error,

5. Moderating the loops misclosure criterion,

6. Removirg all time series invhich the a posteriori erros saidte-begreater tha the
determined criterion.

Consideringhe automatizizon of the calculation process, the realization of point 1 with
determining the weight of the trend for all time seridentification and minimizationf the
influence of the series that cause the exceeding of maximal loops misclosures by the weight
close to zerpor even removing the series seémbe the most propem the first casethe
network adjustment should benttucted with the robust method.

Taking into account the assumackturacyof vertical crustal movementir example,
0.1 mm/y or NO. 2 mm/6wouldbethe bastsalutidHanaever, iothe of p o
second case, there may be a necessitgjéztnumerous vectors (the loss of observation and
results) which in the end may disturb its cohesion.



In both situationsone should identify the time series that do not fulfil the criterth®r
accuracyBased orthe loops misclosure criterion, thed ent i f i cati on of t he
series shouldelate to the visual analysis:

- identifying the time series that appear in twaghboring loops and whiawo not fulfil
the loop misclosure criterion,

- identifying the time series for which an unadjusted trend differs much from the
neighboringvalues,

- identifying time series for which the a posteriori error of the trsrglgnificantly
bigger than theest ofthe loop.

In the process of identification based oe tbops misclosure criterion, there were 35
time series thafulfilled the abovementioned criteria. The results of the identifioca are
presented in Figure 8.

- jura - Inner Carpatian - Outer Carpatian

trias postorogenic —— Pleniny
basin rock beilt

tertiar volcanizme "
A paleczolc e main thrust

Figure 8. Results of the identification of time series that influence the unfulfillmelttagfs misclosure criterion.

In Figure 8, thdargesta posteriori errors of the estimated trends are marked with blue
circles; white circles show the exceeding of the acceptedslougclosure; orange lines
indicate the proportionally estimated values of the unadjusted trend; the time series that have
an influence on unfulfilling the loops misclosure criterion are marked with dark blue. The
biggest a posteriodrror, trend values and loops misclosured appeaunnd tha&KRAL (station
in Cracow. The statiorwasexcluded from the ASG EUPOS network in 2014. The distinct
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relation between the appearancéhafi sus pi ci ous o0 t iogealstrneturecds and
the area weraot stated.

5. Network adjustment

Before adjusting the network, the authors made the analysis of the occurrémee of
a posteriori errors v e r mik/@in determining trends ithetime series. The resslof the
analysis ar@resented in Figure Selectingvectorsfor which a posteriori erroris smaller
than N 0 .m#h/y causeshe elimination of numerousobservationsand consequentlythe
velocities estimatedat given points of the network cannot be determined precisely

Figure 9. Time seriedor which a posteriorierrosiover NO. 2 mm/ y

In the further adjustment process, the authors decided not to use the observation method
in network adjustment.

Adjustment of the vertical crustal movements netwmrkbased on the following
observation equation:

0 W W 9)
where 0 is a relative velocity between two stations calculated on the basis of GNSS
observationsp andw are station velocities for i and j statemespectively.

Hence the equation of residuals takes the form:

7 w w 0 (10)
wherey is a residuum angis anunmodelled observation noise. The adjustment is based on
theminimization of thefollowing objective function:

BT ni a Q¢ (11)
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wheren is a weight of an observation. In the standard approach, weights are calculated as:
n — (12)

with ,, being ameanaposteriorierror of a particular observation. The objective function can
be minimized using a standaradé squares method. This approach is not immurmeiticers

in the observations. In order to minimize the impact of observations with large resideals
iterative approach was introduced. In the first iteratweightswere calculaed acording to

the equationd.g.12). In thesecond and furtheterations theweight of each observatiomas
modified according to the attenuation function described by the eqatph3).

n — 13

Thisreduceghe weights of observations with large residualsach iteration.

The iterative process is stopped when the increase in estipetatieters is smaller
thanp T mmly.

The adjustment was conducted in 4 variants
1. Variantli the adjustment in iteration the weights were

Ny — (14)

y

2. Variant2 i the adjustment in 5 iterationgth the use ofobustmethod weights as
in Variant 1.

3. Variant 3- the adjustmenn 1 iteration, weights were:

Ay — (15)

y

4. Variant 41 the adjustment in 5 iterations with the useaifustmethod; weights as
in Variant3.

WLAD station, located in the northern part of thetwork in thevicinity of a
mar eograph i n WI adaggdnaim pombof themetvsork.c h o s e n

The results of the adjustment are shown in Figure 10.

In Variantl and Variant 3, the values of tremasetwork points were similar to the
mean errors. Variant 1 visibly indicated centers that caused local changes in trends. In Variant
3, the influence was limited by considering the time of a station operation in the weighting
process. In Variant 2 and ¥ant 4, the velocities were similar to those in Variant 1 and Variant
3, the mean errors were twice smaller than in Variant 1 and Variant 3, and they were evenly
distributed. In Variant 2, like in Variant 1 and Variant 3, local centers with higher values
mean errors were indicated. In Variant 4,
limited, mean errors were evenly distributed, local centers occurred occasionally. In all four
variants, there was a local center with diverge values of mears én a point. They were
places around KRAL station (Cracow) which was excluded from the ASG EUPOS network.
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Variant 1 Variant 2
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Figure 10. Variants of vertical crustal movements adjustments with the use of GNSS data; isolines mark the
distribution ofmeanerrors of the adjusted linear trend in points of the network.

6. The adjustment evaluation

The authors observed armmbmpared the smallest weights (Variant 4) with the
fis us pi time sedeslérived from the used analysiEhe results are presented in Figure 11.

Most of the indicated places were compatible. Single differences appeared scarcely.
The adjustment with the use of the robust method permitted a more reliable identification of
the MAsuspi ci ous oimizing ther influence ia she fma derticali cnustal
movement network.
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Figure 11. The smallestobservationweights for Variant 4 (black and white circlesyectorsidentified as
fi s us p i Theé lecalizafion of natural seismic activities epicenfegrangles) on the geological map of Rodl
is used as background imagé_ewandowskeMaciniak and Guterch, 2002).

Figure 12 presents theendsvalues andneanerrors in particular variantand their
histogramsn comparison to their normal distribution.
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