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Variations of GPS Solutionsfor Positions of Per manent Stations
— Reality or Artefact —

J. KRYNSKIL, Y. M. ZANIMONSK1Y?, J. Cisaks, P. WIELGOSz*

Abstract

Solutions for positions or vector components obtained from
processing precise GPS observationsare affected by numerous
factors. Time seriesof such solutionsindicate the existence of
number of regular periodic biasesthat are not modeled in data
processing stage. Processing of as long as daily observing
sessions allowsto substantially reduce the effect of a number
of regular biases. Modeling the biasesis required to get better
accuracy of positioning with the use of shorter observing
sessions. Separation of periodic biasesontothreegroups depend-
ing on ground segment (receiver, antennaand software), space
segment (orbitsand satellitesconfiguration) and environmental
segment (troposphere and ionosphere model s) and eventual real
displacements of the sitesis needed to work on modeling the
biases. Some of the biases detected seem to be artefacts.

1. Introduction

Solutionsfor positionsor vector componentsobtained from
processing precise GPS observations are affected by
numerousfactors. Timeseriesof such solutionsindicatethe
existence of number of periodic componentsand trendsthat
arenot modeled indataprocessing stage (BRUYNINX, 2001).
Slow tectonicsand other processes causelong-term trends
inthesolutions. Theremay also beabrupt offsetsinthedata
dueto seismic eventsor equipment changes. Periodic effects
may exist at avariety of frequencies. They include annual
rainfall and vegetation cycles, atmospheric pressureloading,
long-termdroughts, and other virtual effectsduetothe GPS
systemdesign or dataprocessing procedure. Virtua changes
of vector components, or in other words, substantial instru-
mental and numerical artefacts, arethesubjectsof thispaper.
In particular, an environmental segment (troposphere and
ionosphere modeling errors) was investigated.

Considerableeffortshaverecently been madetoinvestigate
an impact of atmosphere on the errors of GNSS measure-
ments, both systematic and random ones. Variationsinthe
timeseriesof GPSsolutionsareinvestigated at the Institute
of Geodesy and Cartography, Warsaw, using conventional
approaches as well as newly developed processing tech-
niques. The research is carried out in several directions.
Substantial effort isgivento anincrease of timeresolution
of GPS solutions time series with simultaneous reduction

of random errors. To efficiently deal with those two
intrinsically incompatible problems the method based on
the analysis of GPS solutions obtained from overlapped
segmentsof datafrom permanent GPStations, e.g. the EPN
stations, has been developed. The concept of overlapped
segmentsis conventionally used to processthe time series
of data. Its advantages and disadvantages are widely
discussed in the literature (e.g., HARRIS, 1978; NUTTALL
and CARTER, 1982; WEBLEY et a., 2002). The larger an
overlap, the higher time resolution of the series and more
complete use of input information, but simultaneously the
larger correlation between the parameters estimated. An
increaseof correlation coefficient dueto an overlap of data
segmentsisnot aseriousproblemaslong asitistakeninto
consideration when estimating statistical parameters, e.g.
standard error of the mean. Rigorousanalysisof the series
of solutions obtained by processing satellite data from
overlapped segmentsrequiresthe modification of the com-
puting procedurewithin the existing software packages by
additional tools for correlation estimation.

These proceduresare much more compl ex than those used
inclassical statistical toolboxes. The number of degreesof
freedomislimited for the user of the programsto thechoice
of parameters and eventually the choice of software
packages. Thechoiceof appropriate parametersis, however,
quiteeffectiveand theuser canimplement therefined enough
approach to obtain GPS solutions (scientific software
packages, e.g. Bernese- arepresentative high-end package
or even commercial package - PINNACLE). The further
processing of GPS solutionsisrather aroutine procedure.
Timeseriesof coordinatesor componentsof vectorsbetween
stations do not exactly represent a random process. It is
rather similar to an outcome of combined generators of
random and chaotic numbersaswell as periodic and poly-
nomial trends (KRYNSKI et a., 2002). At the present stage
of research it wasnot possibleto obtain such aclose mathe-
matical formulafor a correlation coefficient between the
solutionsobtai ned withthe use of overlappedinterval sthat
isknownintheliteraturefor random numbers. Someefforts
in that direction were performed when the results of
numerical experimentswiththeuseof PINNACLE package
are investigated.
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Thefirgt resultsobtained with the use of overlapped segments
have appeared rather impressive. It became possible to
reliably separate periodic variations of vector components
inadiurnal range and, moreover, to divide them into the
effects of varying configuration of GPS satellites, with a
fundamental period equal to asidereal day (KRYNsKI and
ZANIMONSKIY, 2001a) and the effects of varying meteoro-
logical (KRYNSKI and ZANIMONSKIY,, 2001b) and ionospheric
(KRYNSKI and ZANIMONSKIY, 2002) parameters, with a
period equal to asolar day. Dueto the excellence of output
data provided by the Bernese scientific package, such
separation, quantitatively sufficient, was achieved on the
basisof GPSdatacovering 4 months. Morereliablequalita-
tive estimation of spectral parameters would obviously
requirethe analysisof longer time series of GPS solutions.
Application of phenomenological models of variations of
vector componentsinasidereal timescaleresultsin reduc-
tion of dispersion in time series of GPS solutions obtained
from the 3 h long sessions by up to 20 % (KRYNSKI et al.,
2002). The obtained results are based on the analysis of
variations of the components of vectors formed by Polish
and also some Ukrainian permanent GPS stations.

Oneof thewell-known sourcesof errorsingeodetic position-
ing using satellite techniques comes from the modeling of
atmospheric delay of the signal. Different model s of iono-
sphere and troposphere, from quite simpl e to sophisticated
ones, areimplemented into different software packagesfor
GPS data processing. The experiments described in the
literature, e.g. (GREGORIUS and BLEWITT, 1998), show that
theerrorsdueto atmosphericimpact depend on aused soft-
ware package and chosen parameterization (KRANKOWSKI
etal., 2002). Theatmosphericimpact on GPSsolutionswas
until now estimated under the assumption of stability of
vectorsbetween permanent stations(stablewithintherange
of periodscharacteristicfor variationsof atmospheric para-
meters). The more developed program used and the more
skillful its operator the smaller dispersion of results, in
particular in conditions of passing atmospheric front
(GREGORIUS and BLEWITT, 1998) or ionospheric storm
(BARAN et al., 2002).

2. Numerical tests and results

Timeseriesof GPS solutionsbased on processing observa-
tionsfromoverlapped datasegmentsallowsfor investigation
of atmospheric impact on GPS measurements in a new
dimension. Such a series can be considered as arecord of
the processof variationsof vector componentsduring varying
atmospheric disturbances. The experiments performed
concerned theinvestigation of theresponse of themeasuring
systemto tropospheric perturbationswhen atmospheric front
waspassingtheregion aswell astheresponse of themeasur-
ing system to an ionospheric storm.

It is quite natural that the first experiment was performed
with the use of the PINNACLE program since it provides
solutions affected by the atmosphere much stronger than
thoseof Bernese program. Cal cul ationswere conducted using
overlapped observing sessions of the length varying from
2t0 26 hours. The shift of 1 hour between the consecutive

sessonsprocessed wasapplied, i.e. two-hourly sessonswere
overlapped by 50%, and 24 hourly - accordingly by 96%.
Three-weeks data, from August 12 until August 29 2001,
from BOGO and JOZE EPN stationswas processed. TZD
data for the Central and East European EPN stations
availableat web sitesof EUREFwasanalysed. Thestructure
of atmospheric variationsabovetheregionaong 50 parallel
in Europeisquite specific. Theatmosphericfrontsthat pass
fromwest to east keep frequently the same structure when
moving along 1-2 thousand kilometres during one or two
days. Timedependenceof TZD at severd siteswithin50-th
parallel zoneof the Central and Eastern Europe, fromBOR1
upto GL SV, obtained for two independent epochs of 2001
clearly reflects an eastward traveling of the atmospheric
fronts with the average speed of 18 km/h and 50 km/h,
respectively (Fig. 1a, 1b). Passing front causes noticeable
changeof ameasured height differenceof two sites: BOGO
and JOZE that arelocated almost along ameridian, 42 km
apart from each other. Variations of height differences
obtained from processing 3hlong GPSsessionspractically
coincidewith therate of variations of corresponding TZD
(Fig. 1c). Unfortunately the 2 htimeresolution of TZD data
accessible on the web sitesis lower than the one for GPS
height differencesdetermined (1 h) and makesit insufficient
for correct description of such, rather fast process, aspassing
atmospheric front (recent TZD data are available with 1h
resolution).
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Fig. 1. Effect of atmospheric frontstraveling fromwest to east

Time series of the same vector components obtained with
the use of theBernese program, asexpected, doesnot show
significant variationsduring atmospheric front passing over
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theregion. Certainly, different strategiesof calcul ationand
modeling of tropospheric effects provide different results
in terms of remaining errors both random and systematic
ones that affect GPS derived positions (FIGURSKI et al.,
2000). Similar conclusion concernsthe choiceof strategies
and modeling of ionosphere effects (Bosy et a., 2002).

Theobtained resultsseemto confirmawidely spread judge-
ment on arather simplerelation between an error in height
estimation and an error of TZD (CucuRULL €t al., 2002;
FIGURSKI, 2002). Cucurull writes: ” Accordingly, an error
of 1 cmin TZD correspondsto an error of -3.4 cmin the
clock correction, respectively, -2.5cmintheheight estimate,
i.e., both the clock bias error and the station height error
havethe opposite sign with respect tothe TZD error.” The
resultsof analysisdo not confirmsuch aconclusion. It could
beso but only under well-determined conditions. Thecorrela-
tion of thetwo errorscanduring several hoursget switched
to anti-correlation. An example of such a change was
detected after therainfall when analysing thetime series of
GPS solutions obtained from processing 2 hlong sessions
aswell asTZD datafrom August 2001 (Fig. 2). Thequanti-
tative description of the phenomena is as follows. From
August 12 until August 21 eachmillimetrein TZD increase
corresponded to theincrease of the height differenceby 0.36
mmwith correlation coefficient of 0.5, and from August 22
until August 29 1 millimetreincreaseof TZD corresponded
to a decrease of height difference by 0.47 mm with
correlation coefficient of 0.7.
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Fig. 2. Change of correlation of TZD and height variationsto
anti-correlation after the rainfall in August 2001

Theexperimentsshow possibilitiesof investigating circula
tion of atmospheric fronts in both time and space domain
(apparently not in height) with the use of data from the
network of permanent GPS stations. Unfortunately the
number of GPS permanent sites that operate in Ukraineis
insufficient for efficient monitoring of atmospheric fronts
with GPSin Central and Eastern Europe. The siteslocated
within 50 parallel zone, including the onein Kharkov that

will start operating soonwill apparently enable to monitor
acentral part of thefronts. Information on the processes at
the edges of the atmospheric front can be obtained, in
addition, from meteorol ogical dataprovided by the network
of stations that operate in the region. Thusthe analysis of
GPSsolutionstogether withtropospheric and weather data
at the beginning of eastwardly moving frontsin Western
and Central Europeisrequiredfor "caibration” of aweather
data (e.g. REIGBER €t d., 2002).

Most of therecent publicationson GPSandionosphere (e.g.
Baran et al., 2002) arefocused on two problems. First one
concernsmodeling theionosphereand determination of its
parametersfor rea time positioningin global and regional
scales (WAAS, LAAYS) particularly with the use of single
frequency receivers. The second directionistoinvestigate
ionosphere in purely physical sense. The intension of the
authors of this paper wasto give an attention to one more,
quiteimportant and interesting topic that concernsionosphere
and top accuracy satellite positioning. The problem could
benamed theionosphereand high-end satellite positioning.
It could further be divided into two parts: a"discrete” one
anda" continuum’ one. Thediscrete part coverstheproblems
of phase ambiguity resolution, cycle slips and change of
satellite configuration during data acquisition. Long-term
efforts of mathematicians and programmersin that matter
are reflected in numerous publications and in developing
more and more advanced scientific and commercial
programs.

As it was aready mentioned, the user in general has no
accessto the core of the program, but he can change para-
meters and computing strategies, in particular, when con-
sidering ionospheric effects. One of the main purposes of
theconducted investigationswasto useto amaximum degree
the potentiality of software packages for suppression of
discrete errorsto try to estimate continuum.

The problem of continuum refersto errors related to non-
linearity of computing algorithmsand to second order effects
of signal propagation in ionosphere. The non-linearity of
algorithms used to process data from satellite geodetic
systems and their linearization is aready quite widely
discussedintheliterature(TIBERIUS, 1998). Toadd up some-
thing new to it seems difficult, however, it is possible.
Namely, aweak non-linearity resultsinawel lI-known effect
of detection, i.e. conversion of variations of parameters of
the process or input signals into biases in output data.
Qualitativeand quantitative assessmentsof such conversion
of arandom error into a systematic one are indispensable
when estimating metrological properties of the measuring
system. Anincrease of arandom error during ionospheric
storms (BARAN et a., 2002) could be used as atest signal
for testing the hypothesis on detection.

It ispossible to show that the errors of single layer model
(SLM) of ionosphereresult in appearance of non-linearity
inatotal electron content (TEC) that affect the estimate of
pseudo-ranges(BRUNNER and Gu, 1991). It canfurther affect
the estimatesof other quantities, e.g. TZD and vector com-
ponents. The present maxima of solar activity give agood
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chance to test numerous hypotheses related to continuum
errors.

Thenumerical experiment wasconducted using four months
GPSdatafrom February until May 2001. Theuseof Bernese
software provided ahigh-end standard. The datafromfour
Polish (BOR1, BOGO, JOZE, LAMA) and one Ukrainian
(UZHL) EPN stations was processed. Processing of 24 h
long GPS sessions is widely used as a standard for high
precisionmonitoring of station positionsaswell asfor Earth
rotation and atmospheric parameters determination (Fig.
34a). Such observing sessionswith an overlap (shifted by 1
h with respect to each other) were processed and used as
reference (Fig. 3b).
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Fig. 3. Components of BOGO-JOZE vector from 24h sessions
without and with overlap

Inaddition, toinvestigate short-term effects, computations
were conducted using datafrom4 hand 3 hlong overlapped
sessions shifted with respect to each other by 1 hand 0.5
h, respectively (Fig. 4). Data was processed with CODE
(Centrefor Orbit Determinationin Europe) final orbitsand
CODE global ionosphere model (SCHAER, 1999) usingthe
following strategy (WIELGOSZ, 2002)

— L3ambiguity free solution for checking the accuracy of
the coordinates,

— troposphere parametersestimationwithnoapriori model
and Dry-Nidll mapping function (oneparameter per hour
for 24 hlong sessions, one parameter per 2hfor4hlong
sessionsand one parameter per 3hfor 3hlong sessions),

— wide-lane(L5) ambiguity resolution (with CODE iono-
sphere model) fixing all coordinates (HUGENTOBLER &t
al., 2001),

— new L3 ambiguity resolution introducing the resolved
wide-lane ambiguities and solving for the narrow-lane
ambiguities,

— final vector’s coordinates from fixed solution.

Dataon TZD and TEC was selected fromtheweb sitesfor
the same period.
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Fig. 4. Variations of the estimati ons of height components (a),

asan eventual consequence of theinternal errorsin GPSdata
processing (b)

Time series of height component of BOGO-BORL1 vector
and itslength derived from GPS sol utions spanned over 2
monthstogether with aninternal error estimate (P?) andwith
time seriesof Kp index that isthe measure of solar activity
aswell asof filtered TEC and rmsof TZD for therespective
period are presented in Fig. 5. The values of TEC shown
in the graph was obtained from the |GS solutions using a
bandpassfilter inorder to smoothitsdiurnal variationsand
filter out seasonal effects.

It iswell known that variations of solar activity generate
state transitions in ionosphere. 1onospheric storms can be
both positive and negative that is reflected correlation or
anti-correlation of Kpwith TEC, respectively. Inmany time
intervals in Fig. 5 an anti-correlation of Kp with TEC is
observed. Thepolar ionosphereat thegreatest degreereacts
tosolar activity variations. Thusionospheric variationsover
DAV 1 station are more expectabl e then those over BOGO
or BOR1. Moreover, perturbationsin a polar ionosphere
aremuch moredistinguished thantherespectivevariations
of Kp index. Variations of TEC above Australia (TIDB)
and above Europe (BOGO) are dlightly different, but they
in general correspond to variations of Kp.
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Time series of GPS solutions in Fig. 5 show that not all
variations in the state of ionosphere are significant in the
computed height differencesor vector lengths. Theresponse
of themeasuring system (for example, change of theestimate
of distancedD) isnot proportional to changesinionosphere
(TEC) and changesof anindex of solar activity. Ontheother
hand such responseischaracteristicfor non-linear systems.
Notethat the change of the computed distance isfollowed
by an increase of P? that is the measure of the internal
stochastic processes in computing sessions. It should be
noted, however, that not every increase of P? corresponds
to a change of the estimate of vector length.
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Fig. 5. Solar activity and atmospheric parameters versus
variationsin height component, vector length and /* estimate

Variations of height difference as well as vector lengths
reflect the processesin bothionosphere and introposphere
that hampers their interpretation.

Thelowest graphin Fig. 5 shows a system response in the
mode of tropospheric measurements. It is visible that the
estimated error of tropospheric delay increases at some
ionospheric agitations. Theresponsetoionospheric agitations
is not seen in the estimated TZD because of the effect of
strong meteorological variations.

3. Conclusions

Changesin the state of ionosphere and troposphere cause
respectivevariationsin the geodetic measurementsobtained
withthe use of the satellite navigation systems. Short-term
effects, such asionospheric stormsand atmospheric fronts
could be detected and investigated when processing over-
lapped observing sessionsthat provide appropriatetemporal
resolution. Numerical experiments conducted withthe use
of achosen datashow that not all ionospheric disturbances
reflect in variations in vector components estimated with
high-end computing strategy. An increase of dispersion
shown by P2 estimate can be considered as an indicator of
artefact. It could be interpreted as aresult of aweak non-
linearity of ameasuring system, including data processing
algorithm. If random errors due to e.g. uncertainties in
ambiguity resolution (MERVART, 1995) substantially increase
during ionospheric stormthen aweak non-linearity affects
the resultswith biases. Estimated biasesin vectorslengths
and their vertical component obtained form 24 h long
sessions reached several millimetres. Unbiased resultsare
obtained when ionosphere disturbances do not cause the
increaseof randomerrors. Weekly averagesof GPSsolutions
over time interval that included ionosphere disturbances
show a bias of one millimetre.

I nvestigations are continued with the use of large data sets
frommiddleand highlatituderegions, inparticular Northern
Europeand Antarctica, processed with different strategies.

Time series of GPS solutions obtained with the use of
PINACLE package do not reflect any non-linearity dueto
respectively high level of modeling errors. Reaction of a
measuring systemto passing atmospheric frontsseemsquite
predictable. Height differences estimated from GPS data
are correlated with gradients of TZD and their rates of
change. The use of processing strategy based on Bernese
softwareleadsto asmooth solution free of atmosphericfront
impact.
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