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KVALITETA JEDNOFREKVENCIJSKOG GPS POZICIONIRANJA
ZA VRIJEME CILEANSKOG POTRESA 2010.

SINGLE-FREQUENCY GPS POSITIONING PERFORMANCE
AROUND THE TIME OF THE CHILEAN 2010 EARTHQUAKE

SAZETAK

Premda u ogranicenim geoprostornim razmjerima, po-
tresi su poznati izvori geomagnetskih i ionosferskih po-
remecaja. Kako navedeni poremecaji takoder utjecu
na znacajke Sirenja radiovalova, moze se ocekivati
utjecaj potresa na ucinkovitost i kvalitetu rada satelit-
skih navigacijskih sustava.

U radu su objavijeni rezultati analize kvalitete rada jed-
nofrekvencijskih GPS prijemnika smjestenih na oda-
branim poloZajima Sirom svijeta u vrijeme potresa koji
je pogodio Cile 2010. godine. Analizirana je kvaliteta
jednofrekvencijskog GPS pozicioniranja na odabranim
referentnim stanicama u vremenskom intervalu nepo-
sredno nakon nastupa potresa. Takoder, ustanovljeno je
vrijeme povrata funkcionalnosti GPS sustava u prvobit-
no operativno stanje. U istraZivanju je vidljiv znacajan
kratkorocni poremecaj kvalitete rada GPS sustava na
svim promatranim stanicama. U procesu sakupljanja
podataka GPS opaZanja umanjen je utjecaj raznih
izvora pogreSaka u postupku odredivanja polozZaja su-
stavom GPS, iskljucujuci GPS ionosfersko kasnjenje i
pomak u referentnom koordinatnom okviru. Teorijske
analize pokazale su kako je utjecaj pomaka u referen-
tnom koordinatnom sustavu zanemariv na ucinkovitost
GPS pozicioniranja; na ovaj nacin, ionosferski utjecaji
izazvani potresom nastupaju kao najvjerojatniji uzrok
degradacije kvalitete pozicioniranja jednofrekvencijskih

GPS prijemnika Sirom svijeta.

Kljuéne rijeci: kvaliteta GPS pozicioniranja, potres,
GPS ionosferski utjecaji

SUMMARY

The earthquakes are known sources of geomagnetic
and ionospheric disturbances, although on the restric-
ted geospatial scale. Since such disturbances also af-
fect the radio wave propagation characteristics, it is
expected for the earthquakes to cause an impact on the
satellite navigation systems’ performance.

In this paper we have reported the results of the single-
frequency GPS performance analysis at various locati-
ons around the globe at the time of the Chilean 2010
earthquake occurrence. The single-frequency GPS po-
sitioning performance at the selected reference sites in
the time interval immediately following the Chilean
2010 earthquake outbreak has been analysed, and the
GPS recovery time identified. Our study shows consi-
derable short-term GPS performance disturbance
observed at every location taken into consideration.
The GPS observables collection process mitigates the
impact of various GPS positioning error sources, exc-
luding the GPS ionospheric delay and the reference
frame shift. A theoretical analysis has shown negligible
effects of the reference frame shift on the GPS positio-
ning performance, leaving the ionospheric effects as
the most probable cause of the earthquake-induced
short-term single-frequency GPS performance degra-
dation around the world.

Key words: GPS positioning performance, earthquake,
GPS ionospheric effects
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1. UVOD

Potres je zadesio pacificku obalu Cilea 27.
veljace 2010. (dan 58. u 2010. godini), u 06:34
KSV!. Nedavna istrazivanja pokazala su da je
potres skratio duljinu zemaljskog dana i poma-
knuo Zemljinu os za 2,7 lu¢ne milisekunde. U
brojnim se studijama raspravlja o ionosferskim
fenomenima koji prethode nadolazeéim potre-
sima.

Opcenito, promjene u zemaljskim referen-
tnim koordinatnim sustavima utjeCu na naviga-
cijske sustave, ukljucujuéi pojedine ucinke u
radu satelitskih navigacijskih sustava (GPS,
Glonass, Galileo, GNSS itd.). Nadalje, ionos-
ferska aktivnost prepoznata je kao glavni poje-
dinacni uzrok degradacije GPS pozicioniranja
(Parkinson i Spilker, Jr, 1996, Davis, 1990).

U radu su prikazani rezultati istraZivanja s ci-
ljem utvrdivanja odnosa izmedu kratkoroc¢nih
poremecaja jednofrekvencijskog GPS pozicio-
niranja i pojave potresa. Na pocetku rada pred-
stavljen je teoretski obrazac proracuna procje-
ne GPS pogreske uslijed izmjene referentnog
okvira i ionosferskih utjecaja. Nakon toga pri-
kazuje se metodologija obrade podataka, te sta-
nje okruZenja za vrijeme nastupa potresa; sta-
nje svemirskog vremena, te geomagnetski i
ionosferski uvjeti oko trenutka nastupa potresa.
Predstavljena je analiza kvalitete rada GPS-a
(vremenski nizovi pogreSaka odredivanja polo-
Zaja sustavom GPS u vrijeme nastupa potresa)
temeljena na podacima prikupljenih s osam re-
ferentnih GPS stanica iz Cilea, Europe, Sjever-
ne i JuZzne Amerike, Afrike i Novog Zelanda.
Rezultati su zatim razmotreni sa stajaliSta utvr-
divanja moguce povezanosti uc¢inaka uzrokova-
nih potresom s kvalitetom rada GPS sustava. U
zakljucku su izneseni bitni rezultati provedenog
istraZivanja, kao i, u kratkim crtama, plan dalj-
njeg istrazivanja.

2. POVIJESNA PODLOGA I
DOSADASNJA OTKRICA

U ovome je poglavlju sazet ukupni proracun
GPS pogreske. Predstavljen je model procjene
GPS pogreske odredivanja udaljenosti uslijed
kutnog pomaka referentnog okvira. Opisan je
analiticki model GPS ionosferskog kasnjenja.

! KSV - Koordinirano svjetsko vrijeme

1. INTRODUCTION

The Chilean 2010 earthquake occurred off
the Pacific coast of Chile on 27" February 2010
(day 58™ in 2010) at 06:34 UTC. A recent anal-
ysis has shown that the earthquake shortened
the length of an Earth day, and moved the
Earth’s figure axis by 2.7 milli-arc-seconds. In
addition, numerous studies have discussed the
ionospheric precursors to the approaching
earthquakes.

Modifications of the Earth-founded refer-
ence datum (co-ordinate) systems cause effects
on the navigation systems in general, including
the particular effects on the performance of the
satellite navigation systems (GPS, Glonass,
Galileo, GNSS etc.). Furthermore, the iono-
spheric activity has already been identified as
the major single cause of the GPS positioning
performance degradation (Parkinson and
Spilker, Jr, 1996, Davis, 1990).

The results of the research, aimed for the
identification of short-term earthquake-related
single frequency GPS performance disruptions,
has been presented. The paper starts with the
theoretical framework for the GPS positioning
error budget estimation due to the reference
framework modification and ionospheric ef-
fects. The methodology of the data processing,
and the space weather, geomagnetic and iono-
spheric situation at the time of the earthquake
outbreak follow. The GPS performance (posi-
tioning error time series around the time of the
earthquake outbreak) analysis is presented,
based on the data collected at eight GPS refer-
ence stations from Chile, Europe, North and
South America, Africa and New Zealand. The
results of the analysis are discussed from the
perspective of the identification of the possible
earthquake-related effects on GPS positioning
performance. The paper concludes with the
substance of findings, and the outline of the
near-term future research.

2. BACKGROUND

The GPS error budget is summarised in this
chapter. An estimation model of the GPS rang-
ing error due to the angular shift of the refer-
ence frame is presented. An analytical GPS ion-
ospheric delay model is described. The chapter
concludes with the references describing earth-
quake’s effects on the ionospheric dynamics.

288 POMORSTVO e Scientific Journal of Maritime Research * 25/2(2011) * str./pp. 287-306



R. Filjar, S. Kos, D. Bréi¢: SINGLE-FREQUENCY GPS POSITIONING PERFORMANCE AROUND THE TIME...

Zakljucno, u poglavlju su opisani odnosi utjeca-
ja potresa na ionosfersku dinamiku.

2.1. Proracun GPS pogreske odredivanja
polozaja

Kao kod svih mjerenja i estimacijskih procesa,
satelitsko odredivanje polozaja podlozno je nizu
potencijalnih uzroka pogreSaka, koji se mogu
podijeliti u dvije skupine: ekvivalentna korisnic-
ka pogreska udaljenosti (u daljnjem tekstu:
UERE) i geometrijska rasprSenje to¢nosti (u
daljnjem tekstu: GDOP). Dok je problematika
GDOP pogreske povezana sa stvarnom vidljivo-
S¢u satelita, UERE pogreska sadrZi izvore po-
greSaka povezane s odredivanjem udaljenosti,
koji su pojedinac¢no prikazani u tablici 1.

2.1 GPS Positioning Error Budget

As in every measurement and estimation
process, satellite positioning is affected by a
number of potential positioning error sources,
split into two major groups: User Equivalent
Range Error (UERE) and Geometric Dilution
of Precision (GDOP). While the GDOP issues
arise mainly from the problems with the satel-
lite visibility, the UERE consists of the error
sources related to range determination. The
UERE results from particular error causes are
listed in Table 1.

The GPS ionospheric delay is already identi-
fied as the major single source of the GPS posi-
tioning error. Usually caused by space weather
disturbances affecting the vertical distribution

Tablica 1: Karakteristicni izvori pogresaka odredivanja polozaja sustavom GPS, s rezultiraju¢im mjernim

veliCinama

Table 1: Typical GPS positioning error sources and resulting ranging errors

Uzrok pogreske Standardna vrijednost pogreske
Error source Typical ranging error

Netocne satelitske efemeride 15m
Satellite ephemeris data ’
Pogreska satelitskog sata 15m
Satellite clock error ’
Ionosfersko ka$njenje 30-70m
Ionospheric delay
Troposfersko kaSnjenje 07 m
Tiropospheric delay )
Ucinak viSestrukih putova 1.0m
Multipath effect )
Sum GPS prljerpnlka 05m
GPS receiver noise
Ukupna vrijednost srednje kvadratne pogreske 40m
Total RMS value ]

Izvor: Parkinson & Spilker, 1996.
Source: Parkinson & Spilker; 1996

Ve¢ je ranije spomenuto kako ionosfersko
kaSnjenje satelitskih signala predstavlja najveci
1 najznacajniji pojedinacni uzrok pogreske
odredivanja polozaja sustavom GPS-a. U pravi-
lu, ionosfersko kasnjenje je uzrokovano pore-
mecajima svemirskog vremena, koji zatim utje-
¢u na vertikalnu razdiobu nabijenih Cestica u
Zemljinoj ionosferi (vertikalni profil ionosfere)
(Parkinson i Spilker, Jr, 1996, Davis 1990).
Osim toga, do GPS ionosferskog kaSnjenja
moze doci i zbog lokalnih ionizacijskih procesa,
kako prirodnih (scintilacije, potresi, nastanak
sporadi¢nog E sloja itd.) tako i umjetnih (letovi

of charged particles in the Earth’s ionosphere
(vertical ionospheric profile), the GPS iono-
spheric delay may also result from the local ion-
ization processes, both natural (scintillation,
earthquakes, sporadic E layer etc.) and artifi-
cial ones (supersonic flights) (Parkinson and
Spilker, Jr, 1996, Davis, 1990). Studies have
shown that other GPS positioning error causes
are not induced or particularly enhanced in the
case of earthquakes.

The standard GPS positioning error budget
analysis does not take into account the modifi-
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nadzvucnih zrakoplova) (Parkinson i Spilker,
Jr, 1996, Davis, 1990). Istrazivanja su pokazala
da ostali uzroci GPS pogreske nisu izazvani ili
osobito povecani u slucaju potresa.

Standardna analiza procjene GPS pogreske
ne uzima u obzir pomake u referentnom okvi-
ru, s obzirom na malu vjerojatnost pojave.

2.2. Procjena GPS pogreske mjerenja
udaljenosti uslijed kutnog pomaka
referentnog okvira

Promjene u GPS referentnom okviru nisu
uzete u obzir kao jedan od izvora GPS pogres-
ke. U nastojanju da se priblizno odredi vrijed-
nost GPS pogreske uslijed pomaka referentnog
okvira, sprovedeno je jednostavno vrednovanje
ove pogreske.

Kutni pomak referentnog okvira o uzrokovat
¢e premjestanje poloZaja jednoznacne tocke u
trodimenzionalnom koordinatnom sustavu iz x
ux,. Uzima se da je ova promjena nastala rota-
cijom, i matematicki moze biti izrazena matri-
com transformacija R(a) (Farrell, 2008, Rogers,
2003). U izvjesnom slucaju rotacije, kada jedna
od horizontalnih osi nastupa kao os rotacije,
matrica transformacija postaje:

1 0 0
R,(a) = [O cosa  sin (x] (1)
0 —sina cosa

Ako se pretpostavi da je poloZaj toc¢ke u pro-
storu (npr. polozaj GPS korisnika, GPS satelit)
opisan vektorom x = [x y z]’ u trodimenzional-
nom pravokutnom koordinatnom sustavu, nove
koordinate iste tocke, uslijed kutnog pomaka
referentnog okvira, postaju (Rogers, 2003):

x' 1

[y'] = [0 cosa  sin a] [ (2)
7' 0 —sina cosallz

ili, krace:
e =R(a) x 3)

Pretpostavljaju¢i poznatu vrijednost kutnog
pomaka o, moze se smatrati da jednadzba (3)
predstavlja korekcijski model pogreske uslijed
kutnog pomaka referentnog okvira.

cations of the reference frame, considering it a
highly unlikely event.

2.2 Estimation of the GPS Ranging Error due
to the Angular Shift of the Reference Frame

Modifications of the GPS reference frame
have not been taken into account as a source of
the GPS positioning error. In an attempt to es-
timate the amount of the GPS positioning error
induced by tilting of the reference frame, a sim-
ple error assessment has been performed.

The angular shift of the reference frame «o
causes modifications of the single-point posi-
tion description in a three-dimensional co-ordi-
nate system from x to x,. This modification is
considered to be caused by rotation, and is
mathematically expressed by transformation
R(a)) matrix (Farrell, 2008, Rogers, 2003). In a
particular case of rotation when one of the hor-
izontal axes serves as a rotation axis, the trans-
formation matrix becomes:

1 0 0
R,(a) = [0 cosa  sin a] (1)
0 —sina cosa

If a point in space (position of GPS user,
GPS satellite, for instance) is assumed to be de-
scribed by a x = [xy z] vector in a three-dimen-
sional rectangular co-ordinate system, then the
new co-ordinates of the same point due to the
angular shift of the reference frame become
(Rogers, 2003):

X 1 0 0 X

y'[=[0 cosa sina [y] (2)
7' 0 —sina cosallz

or, in short:

x, =R(a)-x (3)

Presuming the known value of the angular
shift o, the (3) can be considered as an error
correction model for the angular shift of the
reference frame.

2.3 Pseudo Range Error Caused by the
Reference Frame Angular Shift, Induced
by the Earthquake

True pseudo range (with all effects correct-
ed) (Parkinson and Spilker, Jr, 1996):
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2.3 Pogreska pseudoudaljenosti uslijed kutnog
pomaka referentnog okvira izazvanog
potresom

Prava pseudoudaljenost (sa svim ispravlje-

nim ucincima) (Parkinson i Spilker, Jr, 1996):

P = |xuser - xsatellitel 4)

Opazena pseudoudaljenost (bez ispravke ro-
tacijskog ucinka referentnog okvira) (Parkinson
i Spilker, Jr, 1996):

Pe = |xuser — € — Xgatellite — el 5

Pogreska u odredivanju pseudoudaljenosti
uslijed pogreske kod rotacije referentnog okvi-
ra (Parkinson i Spilker, Jr, 1996):

pe_p=
p

Ap =

(6)

_ |Xuser — e — Xgatellite — el - |Xuser — Xsatellite

|Xuser - Xsatellite |

2.4 Utjecaj geomagnetskih i ionosferskih
ucinaka na kvalitetu rada GPS sustava

Dokazano je da ionosferski poremecaji zna-
¢ajno utjecu na toc¢nost satelitskog pozicionira-
nja (Parkinson i Spilker, Jr, 1996). Ionosfersko
kaSnjenje vremena je dominirajuci izdvojeni
uzrok degradacije kvalitete pozicioniranja GPS
sustavom, Sto je potvrdeno brojnim istrazivanji-
ma Sirom svijeta. Uzroci GPS ionosferskog kas-
njenja mogu se pronaci u gornjim ioniziranim
slojevima atmosfere, a opisani su sljedecim od-
nosom (Parkinson i Spilker, Jr, 1996):

Earth's surface+h
ATiono = k N(h)dh (7)

Earth's surface

Iz gornje jednadzbe vidljivo je da je GPS io-
nosfersko ka$njenje u izravnoj vezi s vertikal-
nim profilom elektricki nabijenih Cestica u io-
nosferi.

Kao glavni izvori procesa ionizacije atmos-
ferskih slojeva nastupaju ucinci svemirskog vre-
mena generirani Suncevom aktivnoscu. Medu-
tim, ionizirajui procesi, narocito oni lokalne
prirode, mogu biti generirani sa Zemlje, umjet-
no (ljudskim djelovanjem, kao §to su nadzvuéni

P = |Xuser — Xsateuitel 4)

Observed pseudo range (without correction
of the reference frame rotation effect) (Parkin-
son and Spilker, Jr, 1996):

Pe = |xuser — € = Xggtellite — el (5)

Pseudo range determination error due to the
reference frame rotation error (Parkinson and
Spilker, Jr, 1996):

(0)

_ |xuser — e — Xsatellite — el — |Xuser — Xsatelite

|Xuser - xsatellite |

2.4 Geomagnetic and Ionospheric Effects on
the GPS Performance

The ionospheric disturbances have been
shown to cause profound effects on the GPS
positioning accuracy (Parkinson and Spilker, Jr,
1996). The ionospheric time delay is the major
single-cause of the GPS positioning perform-
ance deterioration, as confirmed by numerous
studies conducted worldwide. The causes of the
GPS ionospheric time delay can be found in the
effects of the ionized upper-atmospheric layers,
with the relationship described with the follow-
ing relation (Parkinson and Spilker, Jr, 1996):

Earth's surface+h
ATiyno = k N(R)dh (7)

Earth's surface

It is evident from the equation above that the
GPS ionospheric delay directly relates with the
vertical profile of the charged particles in the
ionosphere.

There are different sources of the ionospher-
ic ionization processes, the space weather ef-
fects generated by solar activity as the major
one. However, the ionization processes, espe-
cially those of a local nature, can be activated
by both the artificial (human, such as ultra-son-
ic flights) and the natural (non-human, such as
earthquakes, volcanic eruptions etc.) Earth-
founded causes. Any local contribution to the
ionospheric processes will modify the vertical
profile of the ionized particles, thus directly af-
fecting the GPS performance.
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letovi) ili prirodno (bez ljudskog djelovanja,
npr. potresi, vulkanske erupcije itd.). Svaki ta-
kav, lokalni doprinos izmijenit ¢e vertikalni
profil ioniziranih Cestica, djelujudi na taj nacin
izravno na rad GPS sustava.

2.5 Potresi i okruzenje satelitskog
pozicioniranja

Na prvi pogled ¢ini se da potresi i ionosferski
poremecaji nisu medusobno povezani. Medu-
tim, zapazanja kroz povijest daju ucestale doka-
ze o vezi izmedu velikih potresa i ionosferskih
poremecaja (Tsolis i Xenos, 2010, Pulinets i
Boyarchuk, 2004).

(Pulinets i Boyarchuk, 2004) osmislili su seiz-
micko-ionosferski spregnuti model koji opisuje
utjecaje seizmicke aktivnosti na generiranje io-
nosferskih poremecaja, u rasponu od lokalnih
poremecaja do onih regionalnih razmjera. U
svojoj sustini, model se temelji na iskoriStenju
prijenosa protoka energije radona, emanacije
plemenitih i staklenickih plinova, te turbulenci-
je zraka do visih slojeva ionosfere, rezultirajuci
anomalijama u samim slojevima, nestabilnosti-
ma plazme i generiranju HE, VHF i UHF radio-
valova.

Na prethodno opisan nacin, ionosferski ucin-
ci uzrokovani seizmickom aktivno$¢u mijenjaju
okruzenje za satelitsko pozicioniranje djelujuci
na znacajke propagacije GNSS signala.

(Pulinets i Boyarchuk, 2004) su takoder pre-
poznali odredene pravilnosti u ionosferskim
poremecajima kao rezultat seizmickih aktivno-
sti, pruzaju¢i na taj nacin oblik modela GNSS
ionosferske pogreske uslijed pojave velikih po-
tresa.

3. METODOLOGIJA

Globalno okruzenje postupka odredivanja
polozaja sustavom GPS rekonstruirano je na
temelju dostupnih internetskih arhiva pokaza-
telja svemirskog vremena (broja Suncevih pje-
ga, solarnog zracenja/fluksa), te geomagnetskih
(Kp, Ap) i ionosferskih (fof2, TEC) indeksa
(Davis, 1990).

Kvaliteta rada GPS sustava analizirana je te-
meljem pohranjenih podataka pseudoudaljeno-
sti prikupljenih s referentnih stanica (IGS,
2010), kako je prikazano u tablici 2. Opazanja
GPS pseudoudaljenosti koriStena su za procje-

2.5 Earthquakes and the Environment for the
Satellite Positioning

At the first sight, the appearance of the
earthquakes and the ionospheric disturbances
seem to be uncorrelated. However, the filed ob-
servations throughout the history have fre-
quently given the qualitative evidence to the
mutual relationship between the large earth-
quakes and the ionospheric disturbances (Tsolis
and Xenos, 2010, Pulinets and Boyarchuk,
2004).

Pulinets and Boyarchuk, 2004, have devised
a seismo-ionospheric coupling model that de-
scribes the effects of the seismic activity on the
generation of ionospheric disturbances, ranging
from local to region-wide areas. In its essence,
the model is based on the utilisation of the en-
ergy flow transfer from radon, noble and green-
house gases emanation, and the air turbulence
to the higher level of the ionosphere, where the
anomalies of the ionospheric layers, plasma in-
stabilities and generation of HE, VHF and
UHF radio waves occur as the result.

In the previously described manner, the ion-
ospheric effects caused by seismic activities
modify the environment for the satellite posi-
tioning in a way that they introduce the new ef-
fects to the GNSS signal propagation charac-
teristics.

Pulinets and Boyarchuk, 2004, have also
identified certain patterns in the ionospheric
disturbance occurrence as the result of the seis-
mic activities, thus offering a prospect for the
GNSS ionospheric error modelling due to the
occurrence of large earthquakes.

3. METHODOLOGY

The global environment for positioning was
reconstructed from the internet-based archives
of the space weather (sunspot number, solar
flux), geomagnetic (Kp, Ap) and ionospheric
(fof2, TEC) indices (Davis, 1990).

The GPS system performance has been ana-
lysed based on the archived single-frequency
pseudo-range observables from the reference
stations (IGS, 2010), as listed in Table 2. The
GPS pseudo-range observables have been used
for the position estimation, using the iterative
algorithm for the single-frequency GPS posi-
tion estimation (Parkinson and Spilker, Jr,
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Tablica 2: Popis koriStenih referentnih stanica
Table 2: The list of reference stations used in the study

Identifikacijski broj stanice Grad Drzava Pozicija
Station ID City Country Position
N 38248 11.24720”
amc2 Boulder Colorado, US W 1049 31° 28 53928”
N 13235 21.58468”
guam Dededo Guam E 1442 07 53.89720"
. . N 34228 09.84103”
harv Vandenberg AFB California, US W 120° 40° 55.43410”
mana Managua Nicaragua N 122 08 56.17446™
gl lcaragu W 0862 14 56.36176”
9 b 2
morp Morpeth United Kingdom ]? 0505191421,%67'07“83986%,,
nklg Libreville Gabon ]Ej\l 0%09_92119,14%%55%‘%%,,
. . . N 45233 38.75615”
osje Osijek Croatia E 0182 19° 10.26536”
wgtn Wellington New Zealand Esliz‘—’l 4918’2;'144;222”

Izvor: 1GS, 2010.
Source: IGS, 2010

nu polozaja upotrebom iteracijskog algoritma
za estimaciju polozaja jednofrekvencijskim pri-
jemnicima (Parkinson i Spilker, Jr, 1996). Emi-
tirane efemeride preuzete iz internetskih arhiva
(IGS, 2010) koriStene su u postupku procjene
poloZaja. Dodatni korekcijski modeli, kao Sto je
Klobucharev ionosferski korekcijski model,
nisu koriSteni.

4. OKRUZENJE SATELITSKOG
POZICIONIRANJA ZA VRIJEME
CILEANSKOG POTRESA 2010.

U ovome su poglavlju sazeta stanja okruze-
nja djelovanja GPS sustava s obzirom na raz-
matrani potres (opis potresa, pokazatelji sve-
mirskog vremena, geomagnetskih i ionosferskih
uvjeta).

4.1. Znacajke potresa, Cile 2010.

Potres se dogodio 27. veljace 2010. godine
(dan 58.u 2010) u 06:34 KSV. (USGS, 2010) iz-
vjestava da je do potresa magnitude 8,8 doSlo
na poziciji 35,9099S, 72,733°W, na dubini od
35 km, u oblasti Maule Region, Cile (335 km
jugozapadno od grada Santiaga, Cile, te 105 km
sjever—sjeverozapadno od grada Concepcion,
Cile). U nastavku izvjestaja stoji da je najmanje

1996). The broadcast ephemeris, taken from
the internet archive (IGS, 2010), have been
used in the position estimation procedure. Ad-
ditional correction models, such as the Klobu-
char ionospheric correction model, have not
been applied.

4. ENVIRONMENT FOR THE
SATELLITE POISTIONING AT
THE TIME OF THE CHILEAN

2010 EARTHQUAKE

This chapter summarises the status of the
GPS operation environment (description of the
Chilean 2010 earthquake, space weather, geo-
magnetic and ionospheric conditions) around
the earthquake in question.

4.1 The Chilean 2010 Earthquake
Characteristics

The Chilean 2010 earthquake occurred on
27" February, 2010 (day 58™ in 2010) at 06:34
UTC. USGS, 2010, reported that the magni-
tude-8.8 earthquake occurred at the location
35.9099S, 72.7332W and at the depth of 35 km
in the off-shore Maule Region in Chile (335 km
south-west from Santiago, Chile, and 105 km
north-north-east of Concepcion, Chile). In ad-
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Date: 27 FEB (058), 2010
Station: HGH
Component: Vertical
Network: NL
Sitename: Heimansgroeve, Netherlands
System: STS1-VBB/Q330-HR
s Institute: Reoyal Netherlands Metecrelegical Institute (ENMI)
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Slika 1: Seizmogram za 27. veljace 2010. Godine
Figure 1: 27" February 2010 seismogram

Izvor: Royal Netherlands Meteorological Institute, 2010, s dopustenjem
Source: Royal Netherlands Meteorological Institute, 2010, with permission

521 osoba poginula, 56 ih je nestalo, ozlijedeno
je priblizno 12 000, uz 800 000 stanovnika koji
su zbog potresa raseljeni. Dva mjeseca nakon
potresa zabiljeZeno je joS 304 naknadnih potre-
sa magnitude 5,0 ili vece, od kojih je 21 zabilje-
Zen s magnitidom 6,0 ili veCom.

4.2. Uvjeti svemirskog vremena u vrijeme
¢ileanskog potresa

Uvjeti svemirskog vremena za vrijeme Cilean-
skog potresa 2010. godine rekonstruirani su od-
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dition, the report stated that at least 521 people
were killed, 56 went missing, about 12 000 were
injured and 800 000 people displaced.

In the two-month period following the earth-
quake, 304 after-shocks of a magnitude 5.0 or
larger have been observed, with 21 of them with
magnitudes of 6.0 or larger.
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Slika 2: Broj Suncevih pjega u vrijeme cileanskog potresa 2010.
Figure 2: Sunspot number at the time of the Chilean 2010 earthquake
Izvor: SPIDR, 2010.
Source: SPIDR, 2010
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Slika 3: Solarno zracenje u vrijeme cileanskog potresa 2010.
Figure 3: Solar flux at the time of the Chilan 2010 earthquake

Izvor: SPIDR, 2010.
Source: SPIDR, 2010

govarajuéim nizovima podataka omoguéenim s
NOAA internetske arhive podataka (SPIDR,
2010). Kao sto je prikazano na slici 2, odnosno 3,
za vrijeme potresa nije zabiljezena znacajna Sun-
¢eva aktivnost. Oba pokazatelja — broj Suncevih
pjega i solarno radiozracenje — zadrzala su niske
vrijednosti, tako da nisu uzrokovali znacajnije
globalne ionosferske poremecaje.

4.3. Geomagnetski uvjeti u vrijeme potresa

Geomagnetski uvjeti bili su podjednako mir-
ni tijekom cileanskog potresa, prema NOAA
internetskoj arhivi podataka (SPIDR, 2010).
Planetarni Kp indeks nije dostigao cak niti
srednji geomagnetski poremecaj u promatra-
nom razdoblju.

POMORSTVO e Scientific Journal of Maritime Research * 25/2(2011) e str./pp. 287-306

4.2 Space Weather Conditions at the Time of
the Chilean 2010 Earthquake

The space weather conditions at the time of
the Chilean 2010 earthquake were reconstruct-
ed from the relevant data sets provided by the
NOAA’s internet-based data archive (SPIDR,
2010). As presented on Figures 2 and 3, respec-
tively, no significant solar activity was observed
at the time of the Chilean 2010 earthquake.
Both the sunspot number and the solar radio
flux were at low levels, thus causing no signifi-
cant global ionospheric disturbances.

4.3 Geomagnetic Conditions at the time of the
Chilean 2010 Earthquake

The geomagnetic conditions at the time of
the Chilean 2010 earthquake were equally qui-
et during the Chilean 2010 earthquake, accord-
ing to the NOAAs internet archive data
(SPIDR, 2010). The planetary Kp index did not
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Slika 4: Kp indeks u vrijeme ¢ileanskog potresa
Figure 4: Kp index at the time of the Chilean earthquake

Izvor: SPIDR, 2010.
Source: SPIDR, 2010

4.4. Ionosferski uvjeti u vrijeme potresa

Ionosferski uvjeti u vrijeme ¢ileanskog potre-
sa 2010. godine analizirani su na temelju podat-
kovnih nizova prikupljenih s dvije referentne
stanice: Jicamarca, Cile, u blizini epicentra po-
tresa te stanice Rim, Italija. Slike 5—8 prikazu-
ju op¢i ionosferski status (kriti¢ne frekvencije,
odnosno visine ionosferskih slojeva) na navede-
nim stanicama.

Nizovi podataka ne pokazuju znacajne pore-
mecaje u kriticnim frekvencijama ionosferskih
slojeva u vrijeme nastupa potresa; opazen je
umjeren porast hmF2 sloja na referentnoj sta-
nici Jicamarca, Cile. Istovremeno, podatkovni
nizovi referentne stanice Rim pokazuju posto-
janu visinu ionosferskih slojeva (narocito F2
sloja) i neznatno snizenje frekvencija F2 sloja.

5. ANALIZA KVALITETE RADA
GPS SUSTAVA ZA VRIJEME
CILEANSKOG POTRESA 2010.

Analiza kvalitete rada GPS sustava provede-
na je na temelju neobradenih GPS opazanja
(mjerenja GPS pseudoudaljenosti) prikupljenih
s referentnih stanica, i stavljenih na raspolaga-
nje na ‘International GNSS Service’ internet-
skim stranicama (IGS, 2010), kako znanstvenoj
zajednici, tako i javnosti openito. Za analizu
podataka, modeliranje i graficki prikaz rezulta-
ta napravljena je programska podrska uz kori-
Stenje statistickog programskog paketa R (R
Development Core Team, 2010). U drugom di-
jelu poglavlja prikazani su vremenski nizovi
GPS pogreske polozaja na odabranim stanica-

reveal even the medium geomagnetic distur-
bances in the period in question.

4.4 Ionospheric Conditions at the Time of the
Chilean 2010 Earthquake

The ionospheric conditions were analysed
based on data sets collected at two reference
sites: Jicamarca, Chile, close to the earthquake’s
epicentre, and Rome, Italy. Figures 5-8 outline
the ionospheric status (critical frequencies of the
ionospheric layers and heights of the ionospheric
layers, respectively) for the two reference sites.

While the data sets ddid not reveal any signifi-
cant disturbance in the ionospheric layers’ criti-
cal frequencies around the time of the Chilean
2010 earthquake outbreak, there wass only a
moderate increase of the hmF2 layer observed
at Jicamarca, the Chile reference station. At the
same time, data sets collected at Rome, the Italy
reference station, revealed a steady height of the
ionospheric layers (especially F2) and a slight
lowering of the F2 layer frequencies.

5. GPS PERFORMANCE
ANALYSIS AROUND THE TIME
OF THE CHILEAN 2010
EARTHQUAKE

The GPS performance analysis has been con-
ducted based on the raw GPS observables (GPS
pseudo-range measurements) collected at the
reference stations and provided to both scientific
and general audience on the internet by the In-
ternational GNSS Service (IGS, 2010). The R
statistical software package (R Development

296 POMORSTVO e Scientific Journal of Maritime Research * 25/2(2011) * str./pp. 287-306



R. Filjar, S. Kos, D. Br¢i¢: SINGLE-FREQUENCY GPS POSITIONING PERFORMANCE AROUND THE TIME...

Layer frequencies@]icamarca {J191])

' L fmzk =

foF2 ®

1e01 | | mfFz =
g0l |
g 600 ]
40| |

2010-02-25  2010-02-26  2010-02-27  2010-02-28  2010-03-01
UTE

Slika 5: Granicne frekvencije ionosferskih slojeva u vrijeme potresa, referentna stanica Jicamarca, Cile
Figure 5: Layer frequencies at Jicamarca, Chile at the time of the Chilean 2010 earthquake

Izvor: SPIDR, 2010. / Source: SPIDR, 2010
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Slika 6: Visine granica ionosferskih slojeva za vrijeme potresa, referentna stanica Jicamarca, Cile
Figure 6: Heights of layers at Jicamarca, Chile at the time of the Chilean 2010 earthquake

Izvor: SPIDR, 2010. / Source: SPIDR, 2010
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Slika 7: Granicne frekvencije ionosferskih slojeva u vrijeme potresa, referentna stanica Rim, Italija
Figure 7: Layer frequencies at Rome, Italy at the time of the Chilean 2010 earthquake

Izvor: SPIDR, 2010. / Source: SPIDR, 2010
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Slika 8: Visine granica ionosferskih slojeva za vrijeme potresa, referentna stanica Rim, Italija
Figure 8: Heights of layers at Rome, Italy at the time of the Chilean 2010 earthquake

Izvor: SPIDR, 2010. / Source: SPIDR, 2010

ma sa sljede¢im tumacem: crna boja — sjeverna
pogreska polozaja, crvena boja — isto¢na po-
greska polozaja, i plava boja — vertikalna (visin-
ska) pogreska polozaja.

5.1. Boulder, Colorado

Opazeni vremenski nizovi GPS pogreske po-
lozaja na referentnoj stanici Boulder ukazuju na
umjereni poremecaj u kvaliteti pozicioniranja u
priblizno 17:00 KSV, s naglasenim utjecajem na
visinsku komponentu. Istovremeno, sjeverna i

Core Team, 2010) has been used for the data
analysis, modelling and graphical presentation
of the results. The time series of the GPS posi-
tioning errors at the selected reference stations
are graphically presented in the rest of the chap-
ter with the following colour code: black — north-
ing positioning error, red — easting positioning
error, blue — vertical (height) positioning error.

5.1 Boulder, Colorado

The time series of the GPS positioning error
observed at the Boulder reference station (Fig-

positioning error [m]
10

time [hours]

Slika 9: Boulder, Colorado
Figure 9: Boulder, Colorado

Izvor: Izradili autori / Source: Made by the Authors
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istocna pogreSka medusobno su obrnule svoje
vrijednosti. Sljedeci poremecaj dogodio se u pri-
blizno 22:00 KSV, ponovno na umjerenoj razini.

5.2. Dededo, Guam

Iz vremenskih nizova pogreske polozaja na
referentnoj stanici u Guamu vidljiva je uobica-
jena dinamika pogreske kroz dan potresa, s
iznimkom umjerenog, ali zabiljeZenog poreme-
¢aja koji se dogodio u priblizno 16:30 KSV, s
posebnim odstupanjem visinske pogreske.

ure 9) show a moderate positioning performance
disturbance around 17:00 UTC, with the height
positioning being particularly affected. At the
same time, northing and easting errors reversed
the sign. A second disturbance occurred around
22:00 UTC, again at a moderate level.

5.2 Dededo, Guam

The time series of the positioning errors at
the Guam reference station sustain an ordinary
dynamics through the day of the Chilean 2010

positioning error [m]

Slika 10: Dededo, Guam
Figure 10: Dededo, Guam

Izvor: Izradili autori / Source: Made by the Authors

5.3. Vandenberg AFB, Californija

Vremenski nizovi pogreske pozicije opaZeni
na ovoj referentnoj stanici pokazuju umjerenu
do znacajnu degradaciju polozaja koja je prisut-
na kroz cijeli dan potresa. Sest zabiljezenih do-
gadaja degradacije kvalitete pozicioniranja vid-
ljivo je iz grafickog prikaza vremenskih nizova,
s najistaknutijim odstupanjem koje se dogodilo
pribliZzno jedan sat nakon potresa.

5.4. Managua, Nikaragva

Degradacija ucinkovitosti pozicioniranja na
referentnoj stanici Managua je ocita. Znacajna
dinamika polozajne pogreske opazena je kroz
dan potresa, s iznenadnim pogorSanjem u pri-

earthquake, with the exception of a moderate,
but marked disturbance, that occurred around
16:30 UTC, which affected the height determi-
nation in particular (Figure 10).

5.3 Vandenberg AFB, California

The time series of the positioning errors ob-
served at the Vandenberg AFB reference station
show moderate to significant GPS positioning
degradation throughout the day of the Chilean
2010 Earthquake (Figure 11). The six marked
occurrences of the positioning performance deg-
radation can be identified from the graphical
representations of the GPS positioning errors
time series, with the most prominent one occur-
ring about one hour after the earthquake.
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positioning error [m]

Slika 11: Vandenberg AFB, Californija
Figure 11: Vandenberg AFB, California

Izvor: Izradili autori / Source: Made by the Authors

blizno 10:00 KSV (narodito kod visinske po-
greske polozaja), koja se u obliku povecane po-
greske poloZaja nastavila izmedu 15:00 KSV i
20:00 KSV.

5.5. Morpeth, UK

Na referentnoj stanici Morpeth, vremenski
nizovi opazene GPS pogreske pozicioniranja

5.4 Managua, Nicaragua

A degradation of the positioning performance
is evident at the Managua reference station on
the day of the Chilean 2010 Earthquake, as
shown on Figure 12. A considerable positioning
error dynamics was observed throughout the day
in question, with the abrupt deterioration occur-
ring around 10:00 UTC (especially for the height

positioning error [m]

-10

Slika 12: Managua, Nikaragva
Figure 12: Managua, Nicaragua

Izvor: Izradili autori / Source: Made by the Authors
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pokazuju pravilnu dinamiku, s iznimkom tri
kratkoro¢na poremecaja koji su se dogodili u
priblizno 04:00 KSV, 07:00 KSV i 16:30 KSV.
Posebno je istaknut posljednji dogadaj (u 16:30
KSV), koji je znacajno povecao sve tri kompo-
nente pogreske pozicioniranja. Kvaliteta pozi-
cioniranja ostaje pogorSana do priblizno 20:00
KSYV, kada su se komponente pogreske povrati-

positioning error), followed by a prolonged peri-
od of increased positioning errors between 15:00
UTC and 20:00 UTC.

5.5 Morpeth, the UK

The time series of the GPS positioning errors
observed at the Morpeth reference station
(Figure 13) show a regular dynamics, with the

positioning error [m]

Slika 13: Morpet, UK
Figure 13: Morphet, UK

Izvor: Izradili autori / Source: Made by the Authors
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Slika 14: Libreville, Gabon
Figure 14: Libreville, Gabon

Izvor: Izradili autori / Source: Made by the Authors
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positioning error [m]
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Slika 15: Osijek, Hrvatska
Figure 15: Osijek, Croatia

Izvor: Izradili autori / Source: Made by the Authors

positioning error [m]
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Slika 16: Wellington, Novi Zeland
Figure 16: Wellington, New Zealand

Izvor: Izradili autori / Source: Made by the Authors

le na uobicajene vrijednosti. Za vrijeme pore-
mecaja, sve tri komponente znacajno su preko-
racile svoje uobicajene vrijednosti.

5.6. Libreville, Gabon

Za vrijeme potresa, na referentnoj stanici Li-
breville zabiljezena je umjereno povecana dina-
mika visinske pogreSke. Nagli porast visinske

exception of the three short-term disruptions
occurring around 04:00 UTC, 07:00 UTC, and
16:30 UTC, respectively. The 16:30 UTC occur-
rence was particularly prominent, with all three
positioning error components being considera-
bly increased. The positioning performance re-
mained deteriorated until around 20:00 UTC,
when the positioning error components re-
turned to their usual dynamics. In the disturbed
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komponente dogodio se u priblizno 14:00 KSV,
praen povecanim vrijednostima sjeverne i
istocne komponente u razdoblju izmedu 15:30
KSV i 21:00 KSV, kada se dogodio sljedeci
iznenadni porast vertikalne komponente po-
greske pozicioniranja.

5.7. Osijek, Hrvatska

Na referentnoj stanici Osijek vremenski ni-
zovi GPS pogreske pozicioniranja ukazuju na
poremecaje u pogreSci u razdoblju izmedu
15:00 KSV 1 23:30 KSV. Visinska i sjeverna po-
greska dosegle su neobi¢no visoke vrijednosti,
posebno za vrijeme maksimuma u priblizno
17:00 KSV, odnosno 22:00 KSV, kada su vrijed-
nosti pogreSaka premasile prosjek.

5.8. Wellington, Novi Zeland

Na dan potresa, na referentnoj stanici We-
llington nije otkrivena znacajna degradacija
GPS pozicioniranja. Vrlo umjeren i kratkoro-
¢an porast visinske i sjeverne pogreske pozicio-
niranja moze se opaziti u priblizno 18:00 KSV,
neposredno nakon ¢ega su se vrijednosti vratile
na prvobitnu razinu.

6. RAZMATRANJA

Dvije su posljedice potresa koji je pogodio
Cile 2010. godine, s moguéim utjecajem na kva-
litetu GPS pozicioniranja: u¢inak promjene Ze-
maljskog geoprostornog referentnog okvira, te
ionosferski ucinak uslijed povecanja stupnja io-
nizacije.

(Buis, 2010) je izvijestio o ucincima potresa na
Zemljin geoprostorni referentni okvir. U poglav-
lju 2. ovoga clanka, utvrden je teoretski okvir
procjene ucinaka uslijed promjene Zemljinog
geoprostornog okvira na kvalitetu rada GPS su-
stava. KoriStenjem utvrdenog okvira sa stvarnim
podacima omogucena je procjena ucinaka po-
maknute Zemljine osi na kvalitetu GPS pozicio-
niranja. Za pojasnjenje, koristi se sljedec¢i pri-
mjer: pretpostavljena je pozicija GPS korisnika u
Baski, Hrvatska (polozaj ¢ = N 44°58° 137,
A = E 014°45’ 37”, h = 10 m pretvara se u neko-
rigiranu/neispravljenu: x = 4370776.3278 m,
y = 1151567.7940 m, z = 4485019.2439 m, odno-
sno ispravljenu: x = 4370776 m,y = 1151571 m,
z = 4485018 m) i opaZena je pozicija GPS PRN
12 satelita u priblizno vrijeme potresa (t = 06:45

periods, all three positioning error components
significantly exceeded the usual values.

5.6 Libreville, Gabon

There was a moderately increased height er-
ror dynamics at the Libreville reference station
throughout the day of the Chilean 2010 Earth-
quake (Figure 14). An abrupt increase of the
height positioning error occurred around 14:00
UTC, followed by the increased values of
northing and easting errors in the period be-
tween 15:30 UTC and 21:00 UTC, when anoth-
er sudden increase of the height positioning er-
ror occurred.

5.7 Osijek, Croatia

The time series of the GPS positioning error
collected at the Osijek reference station (Fig-
ure 15) showed a disturbed positioning per-
formance error in the period between 15:00
UTC and 23:30 UTC. The height and northing
positioning error acquired unusually high val-
ues, especially during the peak times around
17:00 UTC, and 22:00 UTC, respectively, when
the error values exceeded the normal levels.

5.8 Wellington, New Zealand

There were no considerable deteriorations of
the GPS positioning performance detected at
the Wellington reference station on the day of
the Chilean 2010 earthquake, as shown on Fig-
ure 16. A very moderate and short-lasting in-
crease of the height and northing positioning
error can be observed around 18:00 UTC,
which almost immediately ceased to the usual
positioning error levels.

6. DISCUSSION

The Chilean 2010 earthquake caused two ef-
fects with a possible impact on the GPS posi-
tioning performance: modification effects on
the Earth’s geospatial reference framework,
and ionospheric effects due to an increased
ionization.

Buis, 2010, reported the earthquake’s effects
on the Earth’s geospatial reference frame. In
Chapter 2 of this article, a theoretical frame-
work for the estimation of the effects of the
modifications of the Earth’s geospatial refer-
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KSV, neispravljena pozicija: x = -10317.356634,
y = 12681.071024, z = -20846.686203, odnosno
ispravljena: x = -10317.36 m, y = 12681.06,
z = -20846.70). Pretpostavljeni nagib od 2,7 luc-
ne milisekunde rezultirao je pogreskom odredi-
vanja pseudoudaljenosti od Ap = 2,92:10%.

Cini se da su udinci potresa na ionosfersko
kaSnjenje vremena izrazeniji, uz pretpostavku
da su ucinci ostalih izvora pogreske pozicioni-
ranja umanjeni, bilo pomocu opreme, modu-
som djelovanja ili primjenom korekcijskih mo-
dela (pouzdana pretpostavka, ako je rije¢ o
opremi i djelovanju GPS referentnih stanica).
Iako ionosferski pokazatelji i pokazatelji sve-
mirskog vremena nisu pokazali znacajne ionos-
ferske poremecaje na globalnoj razini, svaka
referentna stanica odabrana za analizu izvijesti-
la je o znacajnoj degradaciji kvalitete pozicioni-
ranja na dan potresa. Povrh toga, referentne
stanice u Sirem okolnom podrucju potresa zabi-
ljezile su znacajnu dinamiku pogreske GPS po-
zicioniranja, Ciji su uzroci vjerojatno nalaze u
lokalnim ionosferskim efektima kao prethodni-
cima potresa. Konacno, poremecaji zabiljeZeni
na daljinskim referentnim stanicama mogli su
rezultirati uslijed lokalnih putujucih ionosfer-
skih poremecaja koji su nastali kao posljedica
potresa. Arhive podataka svemirskog vremena
ukazuju na tek umjerenu aktivnost svemirskog
vremena, koje je samim time isklju¢eno kao
uzrok ionosferskih poremecaja opazenim na re-
ferentnim stanicama diljem svijeta.

7. ZAKLJUCAK

Potres koji je pogodio Cile 2010. godine utje-
cao je na kvalitetu GPS/GNSS sustava na dva
nacina:

* u obliku pomaka Zemljinog geoprostornog

referentnog okvira i

* u obliku ionosferskog poremecaja.

U ovome radu prikazana je opsezna analiza
uzroka 1 posljedica degradacije kvalitete GPS
sustava, odnosno satelitskog pozicioniranja
uslijed potresa, te je razmotren oporavak susta-
va u odnosu na stabilnost GPS kvalitete odredi-
vanja polozaja.

Analize podataka zabiljezenih na dan potresa
otkrile su prirodu ove pojave na globalnoj razini,
s posljedicom da su aktivnosti uzrokovane potre-
som preSle zemaljsku kuglu najvjerojatnije u
obliku kratkorocnih ionosferskih poremecaja.

ence frame on the GPS positioning performance
has been established. The utilisation of the estab-
lished framework on the real data can provide an
estimate of the effects of the tilted Earth’s axis on
the GPS positioning performance. As an illustra-
tive example, a GPS wuser position in
Baska, Croatia, was presumed (position ¢ = N 44
58 13”7, = E 014 45’ 37”, h = 10 m, transforms
to uncorrected: x = 4370776.3278 m,
y = 1151567.7940 m, z = 4485019.2439 m, and
corrected: x = 4370776 m, y = 1151571 m,
z = 4485018 m, respectively) and the GPS PRN
12 observation taken around the time of the
earthquake (t = 6.45 UTC, un-corrected:
x = -10317.356634, y = 12681.071024,
z = -20846.686203, and corrected: x = -10317.36
m, y = 12681.06, z = -20846.70, respectively).
The presumption of a 2.7 milli-arc-second-tilt
yields the pseudo range determination error of
Ap = 2.92:10M%.

The earthquake’s effects on the ionospheric
time delay appear to be more pronounced, as-
suming the effects of other sources of the posi-
tioning error were mitigated either by the equip-
ment design, modus of the operation, or the
application of the correction models (a reliable
assumption in the case of the GPS reference sta-
tions’ equipment and operations). Although
common space weather and ionospheric param-
eters do not show evidence of significant iono-
spheric disturbances on a global level, every ref-
erence station selected for this analysis reported
marked positioning performance deteriorations
throughout the day of the Chilean 2010 Earth-
quakes. In addition, the reference stations in a
wider region of the earthquake reported consid-
erable GPS positioning error dynamics, the
causes of them probably found in the local iono-
spheric effects as precursors of the earthquake.
Finally, disturbances observed at more remote
reference stations may result from the travelling
local ionospheric disturbances generated in the
aftermath of the Chilean 2010 Earthquake. The
archives of the space weather observables show
only a modest solar-induced space weather ac-
tivity, which excludes it as a cause of the iono-
spheric disturbances observed at the reference
stations around the globe.

7. CONCLUSION

The Chilean 2010 Earthquake caused two
major effects on the GPS/GNSS performance:
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Istovremeno, analize nisu otkrile znacajne
utjecaje promjene Zemljinog geoprostornog
okvira na kvalitetu i rad GPS sustava.

Daljnja istrazivanja bit ¢e usredotocena na
utvrdivanje modela dinamike GNSS ionosfer-
ske pogreske uslijed potresa velikih razmjera,
samim time i na odgovarajuée modeliranje
GNSS ionosferske pogreske u takvom kritic-
nom okruzenju za satelitsko pozicioniranje.

ZAHVALE

Prikazana istrazivanja izvrSena su pod okri-
ljem znanstvenih projekata “Istrazivanje kore-
lacije maritimno-transportnih elemenata u po-
morskom prometu” i “Okruzenje satelitskog
pozicioniranja” uz potporu Ministarstva znano-
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Autori zahvaljuju na privoli za koriStenje i po-
drzavaju razvoj programskog paketa otvorenog
koda ‘R’ za statisticku obradu podataka i mode-
liranje (R Development Core Team, 2010).

shift of the Earth’s geospatial reference
frame, ionospheric disturbance.

This paper has presented a comprehensive
analysis of the causes and consequences of the
degradation of the GPS performance at the
time of the Chilean 2010 Earthquake, and dis-
cussed the system recovery in relation to a sta-
ble GPS performance.

The analysis of the data sets taken on the day
of the Chilean 2010 Earthquake revealed the
global nature of the event with the consequenc-
es of earthquake activities traversed across the
globe most probably by the means of the short-
term ionospheric disturbances.

At the same time, the analysis revealed no
significant effects of the modification of the
Earth’s geospatial reference frame on the GPS
performance and operation.

A further research will focus on the identifi-
cation of the GNSS ionospheric error dynamics
patterns throughout the course of a large earth-
quake, and on a proper modelling of the GNSS
ionospheric error in such a critical environment
for the satellite positioning.
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