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Geotectonicsin the Swiss Alpsusing GPS

E. BROCKMANN, R. HUG, D. SCHNEIDER, TH. SIGNER*

Abstract

Several projects at the Swiss Federal Office of Topography
(swisstopo) dedl with the estimati on of tectonic movementsusing
GPS and covering different scales:

— Deformation Monitoring Andermatt (0-4 km): AnL1 GPS
receiver with solar panels for power supply was installed
close to the permanent AGNES site Andermatt in order to
demonstrate the potential of GPS for monitoring aspects.
A detailed analysis shows the error sources of a GPS
monitoring on short baselines.

— AGNES(< 300km): A permanent monitoring of the AGNES
sitesbased on hourly and daily solutionswas established in
order to detect possiblesitemovementsasquickly aspossible.

— EUREF (< 3000 km): Phenomenain context with the earth-
guake in Bolzano (BZRG) in June 2001 were analyzed in
detail (5-minute up to weekly solutions).

— AlpineNetwork (<1500 km): A collaboration of the Alpine
countries Austria, Germany, Italy, France and Switzerland
wasestablishedin order tofurther densify theexisting Alpine
EUREF sites and to derive a detailed kinematic model of
the crustal deformations in the Alpine area. An overview
of the status of collaboration and the planned densification
(more than 50 sites exist already) is given.

1. Defor mation monitoring Ander matt

For monitoring applications of engineering projects (e.g.
permanent monitoring of thesurfaceaboveatunnel drivage),
GPSiscertainly apowerful tool. Thisholdstrueespecialy
if the distances are too long for automated measurements
with theodolites. Dueto thefact that at themonitoring sites
usually no communicationinfrastructureand power supply
are avallable, an automated remote GPS station was
developedinorder to test apossibleuseevenunder extreme
meteorological conditionsinthe Alpine areaand to verify
the accuracy level.

Fig.1and Fig. 2 show adiagram and apictureof theremote
GPS sation consisting of an L1 GPS receiver Geotracer
3140, the Satelline 2A Sx radio modem, an antenna, asolar
panel (Siemens SM20), and additional electronic devices
such as power control and the battery.

Usingthesolar panelsincombinationwiththebattery allows
adaily observation window of 4 hours even if there are 7
days in a row without sunshine. A wake-up session was
definedinwhich4 hoursof dataareautomatically measured
and uploaded viaradio modemto the next AGNES station
(ANDE). Fromtherethe dataare downl oaded and processed
withBernese4.2 [HUGENTOBLER et al ., 2001] at swisstopo
in Berne.
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Fig. 1: Remote GPSgtation DMAN consigting of a GPSantenna,
radio antenna, solar panel and an equipment box containing
the GPSreceiver and other electrical devices

Fig. 2: Remote GPSstation DMAN asit isinstalled near ANDE

Thesystemwasin use from the end of 1999 till mid-2002.
From Dec. 23, 1999 (see Fig.3, timelabel “1.”) till Mar.
3, 2000, theremotedite(later oncalled DMAN) wasinstalled
60 mfromthe AGNES station. Afterwards (Oct. 24, 2000;
see Fig.3, timelabel “2.”) this site was moved by 3.7 km
tothe* Schneehiienerstock”. Oneyear later (Nov. 22, 2001,
Fig.3, timelabel “3.”) the antenna was replaced by ahigh-
quality chokering antennaTRM29659.00in order tovalidate
theimpact of the antennaquality on the coordinate results.
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Fig. 3: Locations of the remote GPSsites (DMAN) compared
to the AGNES site (ANDE)
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Fig. 5indicatesinwhich way thedataof sections“A”, “B”
and“C”, each60"sessions’ long, were analyzed. Fromthe
available4 hoursof datadifferent solutionswere processed.
Onesolutionused al 4 hoursof data, asecond solution used

20802.5

A total of morethan 2.5 years of 4-hour L1 solutionswere
analyzed (relative to ANDE). In only 2.5% of the cases
during that time period were data of the remote site not
available (not enough power, other unknown reasons).

Three different periods (indicated by thelabels“A”, “B”,
and“ C") wereanayzed with thefocuson possiblemultipath
effectsin amore detailed way to investigate the origin of
theclearly visible periodic biasesin Fig. 4. Theeffectsare
extremely largeinthe north component. Whereasthetrend
inthetimeseriesANDE-DMAN issmall insection“A” (60
m baseline), there are much larger rates in the sections
labeled“B” and“ C” (L0 mmand 15 mnm/month respectively).

The“low-cost” antennaiscertainly not causing theproblem
becausethe resultsbased onthe chokering antennaal so show
this type of bias after time label “3.”.

It is aso possible that the bias indicates real movements.
Compared to the stable site ZIMM it seems that even the
ANDE sitemoveshbut withsmaller variations. The opposite
signs of the movement ratesarereasonabl eif it isassumed
that the ANDE siteismainly responsiblefor themovements.

Fig. 4: Coordinate repeatabilities (north, east, up) for
the AGNESsite ANDE (weekly L3 solutionsrelative to
Zimmerwald) in the upper diagramand for theremote
site DMAN (4-hour L1 solutionsrelativeto ANDE) in
thelower diagramFig. 4 (lower part) showstherepeata-
bility of the baselineanalys sSANDE-DMAN for thecom-
ponents north, east and up (4-hour L1 solutions). The
upper part of the diagramshowstherepeatability of the
AGNESsites ANDE rélativeto ZIMM (ZIMM-ANDE)
extracted fromthedaily analyses of the AGNEShetwork
(see Chap. 2).

only the 2 hoursinthecenter, and in athird solution 2-hour
intervals were shifted every day by 4 minutesin order to
ensure that for at least 29 days the results are based on
exactly the same satellite constellation.
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Fig. 5 Processing scheme (shifted 2-hour solutions by 4
minutes) used to analyze the influence of multipath effects on
the baseline results ANDE-DMAN

FromFig. 6it canbeconcluded that for the short 60 m base-
line(section“A”) multipathingisthedominatingfactor. The
jumpinthecenter of thetime seriesduetothe constellation
changeisclearly visible. The 4-hour and 2-hour solutions
aretherefore aresult of an“average” impact of the slowly
changing congtellations. Neverthel ess, it must beunderlined
that the order of magnitudeissmall (3 mm jump dueto the
constellation).

Fig. 7 and 8 summarize the results for the longer baseline
(sections”B” and“C”). Almost independent fromthe obser-
vations (or the satellite constell ation respectively) therate
remains unchanged. Multipath effects, therefore, do not
explain the rates in the time series.

Especially for monitoring tasks the reliable detection of
slowly changing deformationisessential. Originally it was
planned to operate the GPSremote system at astableplace
inorder toverify theaccuracy level. Fromour resultsit might
be concluded that already quite large relative movements
of up to 15 mm/month (lasting for a period of 2 months)
between ANDE and DMAN (at “ Schneehlienerstock”) as
well as for the AGNES site ANDE itself were detected.
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Fig. 6: Repeatability (north component) of the 60 m baseline
ANDE-DMAN (section* A™) for L1 solutionsbased ona different
selection of observation intervals (4 hours, central 2 hours, 2
hours shifted by 4 minutes every day)
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Fig. 7: Repeatability (north component) of the 3.7 kmbaseline
ANDE-DMAN (section* B™) for L1 solutionsbased onadifferent
selection of observation intervals (4 hours, central 2 hours, 2
hours shifted by 4 minutes every day)
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Fig. 8: Repeatability (north component) of the 3.7 kmbaseline
ANDE-DMAN (section “C") for L1 solutions based on a
different selection of observation intervals (4 hours, central
2 hours, 2 hours shifted by 4 minutes every day)After the 29
daysthe processing was started again with a new dliding time
window or a new satellite constellation.
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2. Monitoring of the AGNES stations

Swisstopo hasbeen building up and operating an automated
GPS network for Switzerland (AGNES) since 1998. The
final expansion of 29 permanently operating GPStracking
stationswasreached at theend of 2001. AGNESisamulti-
purposenetwork serving scientific goplications (geodynamics
and atmospheric research) aswell assurveying applications
(referenceframe maintenance, densification of thereference
frame). In addition, a positioning service is offered on a
commercial basisunder the product nameswipos-GISYGEOa
(Swiss Positioning Servicefor Gl Sand Geodetic Applica-
tions).

Thedataof the AGNESsitesarebeing monitored sincethe
end of 1998 on a daily basis and since Dec. 2001 on an
hourly basis. In addition to the 29 AGNES sites, 40
additional sites(EUREF and other networks) areprocessed
usingtheBernese GPS SoftwareVerson4.2[HUGENTOBLER
etal., 2001] (Fig. 9). Thismonitoring allowsthe detection
of possiblesitemovementsand other siteor receiver-related
problems. An updated multi-year solution solving for the
site coordinates and velocities is automatically generated
if an additional week of data is processed. The results
(estimated vel ocity, repeatability plots, etc.) are available
under http://mww.swisstopo.ch/(survey section). Examples
of repeatability plotsaregivenin[ SCHNEIDER et al., 2002].

/\EUREF
N @ AGMES
{ | Other Metwarks

Fig. 9: Location of the AGNESsites, EUREF sites, and sitesof other GPSper manent networks

monitored by swisstopo

Site velocities (see Fig. 10) are estimated for sites with a
time series longer than 0.5 years using the full variance-
covarianceinformation of theweekly solutions. All estimated
site movements are smaller than 2 mm/yr. It seemsthat the
sites of the Swiss Plateau (stationsin a strip from Geneva
in the southwest to Pfénder in northeastern part such as
Huttwil (HUTT) and Luzern (LUZE)) are moving dlightly
northwest. Movements of the Alpsin the southeastern part
cannot be detected reliably (time seriestoo short). Never-
theless, thesitesDavos(DAV O) and Locarno (LOMO), sites
withalmost 4 yearsof observations, do not show significant
movements.

Theuncertaintiesof possiblevertical movementsareworse
by approximately afactor of 3 compared to the horizontal
velocities. Fromlevelling observationscovering atimespan
of morethan 100 years, the Alpineuplift could beestimated
very precisely for a dense network of stably monumented
markers (southwestern part of the Alps is rising with
approximately up to 1.5 mm/yr = 0.3 mm/yr) [GUBLER &t
al, 1981]. Itisthereforeimportant to combinethehorizontal
movements detected by GPS with the vertical movements
from levelling.
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Fig. 10: Stevelocitiesin ITRFOO (relative to Zimmerwald)
for siteswith a“ history” of more than 0.5 years

Velocities were also derived from coordinate differences
stemming from the various GPS campai gns between 1988
and 2002. Despitethelongtime span of maximally 14 years
and the high density of more than 100 sites, no significant
movements of particular regions are detectable.

Itisassumedthat theearly “rel atively weak” GPSsolutions
fromthefirst epochsof observation areresponsiblefor that
duetothesparse GPSconstellationsintheyears 1988-1990.
Itisplanned to re-observethe complete network intheyear
2004.

3. GPSmonitoring of station Bolzano (EPN)
during the Lana earthquake

On July 17, 2001, the Lana earthquake occurred at 15:06
UTC with a magnitude of 4.8 near the EUREF GPS
permanent site Bolzano (BZRG). Bolzano is located 120
kmwest of thenearest AGNESsite Davos(DAV O). Accord-
ing to Fig. 9 BZRG is monitored by swisstopo on a daily
basis. Fig. 11 showsthetime seriesof weekly solutionswhich
clearly indicate ajump of about 2.5 cm north and 1.0 cm
east nearly at the time of the earthquake.

Coordinate repeatability of BZRG
38

Harth —e—
28 - 4

18 |

°r M

s

Horth [mml

—em |

-39
38

28 -
19
s |

East [mnl

el
eo b Antenna change

-38
38

28 [

18
o |

Up Cumd

ran

—em |

-y L L L L L L L
1998.5 1939 1999.5 L 2008.5 281 20081.5 2@a2 zoB2. 5 2063
v,

29,8502 08144

Fig. 11: Time series of weekly solutions (north, east, up) of
Bolzano (BZRG)

Thedetected movementsand some preliminary geophysical
interpretations[ CAPORALI et al ., 2001] neverthelessdid not
match with the movements detected at the site Merano

(MERA), wherea so apermanent GPSreceiver wasinstalled
and which islocated almost directly at the epicenter. Un-
fortunately, dataaremissing fromthe day of theearthquake,
but data are available before and after the event.

Two phenomena are difficult to explain:

— The"noise” intherepeatabilitiesof thehorizontal coordi-
nates immediately after the earthquake is dragtically
increased.

— After 3 months the coordinates returned almost to the
original position (lasting for another 3 months) and have
again been moving since Feb. 2002.

The GPS processing parameters (rms of unit weights,
percentage of ambiguity resolution, etc.) are comparable
before and after the earthquake. Wetherefore had acloser
look at the coordinate repeatabilitiesand processed abaseline
from BZRG to the nearest AGNES site Davos (DAVO).
Fig. 12 showsthe coordinate repeatabilitiesfor daily solu-
tionsandindicatesthetimeinterval for whichweprocessed
even 3-hour solutions, 1-hour sol utions, and 5-minute solu-
tions (Fig.13 - Fig.15) relative to the AGNES site Davos
(DAVO).
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Fig. 12: Time series of daily solutions (north, east, up) of
Bolzano (BZRG)

Coordinate repeatability of BZRG

j [T —

20 - e

°r MW 1

o | ]

ol ]
a 1z 14 18

Horth [mml

T T T T
L L L L L L
18 28 2z 24 26 2z 3@

East [mml

Up Cnml
m
o

: ]
18 12 14 18 18 28 es 24 26 28 28

Day of Month July, 2881
25-05-02 12109

Fig. 13: Time series of 3-hour solutions (north, east, up) of
Bolzano (BZRG) relativeto Davos (DAVO) for July 11 - July 29
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Coardinate repeatability of BZRG
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Fig. 14: Time series of 1-hour solutions (north, east, up) of
Bolzano (BZRG) relativeto Davos(DAVO) for July 11 - July 29
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Fig. 15: Time series of 5-minute solutions (north, east, up) of
Bolzano (BZRG) relativeto Davos (DAVO) for July 11 - July 29

Itisseemsthat the “noise” in the repeatabilitiesincreased
aready on July 13 (4 days before the earthquake).

Fig. 16 - 18 show the tracked GPS data for the days July
15-17 (day of year 196—198). Thesefiguresweregenerated
at the EUREF centra bureau [ Takacset a., 2001]. Whereas
aperfect tracking isgivenon July 15 (and also for all days
earlier), it seems that on the following days observations
withan azimuth between 0 and 110 degreesand anelevation
between 0 and 35 degrees were missing.

We therefore reprocessed the hourly solutions and syste-
matically excluded al observationsinthe mentioned azimuth
and el evation cut-off interval . Fig. 19 showsthecoordinate
repeatabilities for the north component with and without
using thispart of the data. The differencesare below 1 mm
before July 16 and later on almost zero because there are
no data available in that data segment.

Fromthesetestsand fromthefact that againin 2002 observa-
tions are also missing in the same azimuth and elevation
interval, it can be concluded that the missing observations
are an indication of a receiver/antenna problem, and that

themissing datathemsel ves (only 10 % of theavailabledata)
are not causing the detected offsets and increased noisein
the repeatabilities.

A correlation between increased noise (July 13), ajumpin
thecoordinateseries(linearly increasing from July 13- July
28 by 2.5 cm and later on dropping back), missing obser-
vations(between July 16 and mid-2002 theamount of miss-
ing observations is sometimes more and sometimes less),
and the earthquake itself (July 17) could not be proved.

CorrectiveactionistoreplacetheBZRG receiver / antenna
equipment. After thechange of theantennawith an antenna
of thesametype on July 8, 2002 no biasesarevisibleinthe
time series.
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Fig. 16: Observed GPSdata in BZRG on Jul 15, 2001 (day
of year 196)
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Fig. 17: Observed GPSdata in BZRG on Jul 16, 2001 (day
of year 197)
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Fig. 18: Observed GPSdata in BZRG on Jul 17, 2001 (day
of year 198)
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Coordinate repeatakility of EBZRG
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4. Alpine network

Inorder to further densify the European Permanent Network
EPN and to deriveadensified kinematic model of themove-
ments of the entire Alpine area, the Alpine countries share
the results of there national GPS networks [BROCKMANN
et a., 2001b and BROCKMANN et al., 2002].

Fig. 20 showsthat in addition to the EUREF sites, thereare
almost twice as many sites which are not integrated in
EUREF. Therewould beevenmoredataavailable, but most
of these data are owned by commercial companies and

neither the RINEX datanor any processed weekly SINEX
filesareavailable. Evenif many of thesitesarenot perfectly
monumented asrequired for geotectonic studies, itisuseful
to analyze the presently available results of the different
processing centers. Tab. 1 summarizesthestatusof theavail-
able additional stations, the available time span of station
coordinates, the availability of weekly SINEX files, the
availability of coordinate combinations covering several
yearsof data, and thewillingnessof the contributing centers
to analyze the data.
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Fig. 20: Permanent GPS stations in the Alpine region (EUREF and additional sites)
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Thecollaboration of the Al pinecountries can besummarized

as follows:

— Rinexdatawill not bemadeavailabletointerested groups,
Rinex dataof “commercia” siteswill not be processed.
Data processing is the responsibility of the individual
countries. If there are “interesting” sites available, the
owners should be encouraged to ensure permanent pro-
cessing of the stations by themselves or by someonein
the project team.

years are freely available.

or other restrictions).

EUREF.

Tab. 1: Questionnaire filled out by the partners of the Alpine network

— Resultsof combinationsof SINEX filescovering several

— Results of weekly SINEX fileswill be freely available
inpart (memorandum of understanding, joint publication

— 2-3 centerswill analyze the individual SINEX data.
— Combinations will focus mainly on the integration in

SINEX TYPE # stations x(y) START Distr. Conbi n
BKG SNX 2 60( 0) 1995.0 0 0
WEEKLY. SNX 1 7(0) 1995.0 a 0
1 13(0) 1996. 0 a 0

1 13(0) 1997.0 a 0

1 35(0) 1998.0 a 0

1 43(0) 1999.0 a 0

1 45(0) 2000.0 a 0

1 60( 0) 2001.0 a 0

1 60( 0) 2002.0 a 0

RGP. SNX 2 23(5) 2001.5 a 1
WEEKLY. SNX 1 14(1) 1998.5 a 1
1 17(3) 1999.0 a 1

1 19(4) 1999.5 a 1

1 25(5) 2000.0 a 1

1 27(5) 2000. 5 a 1

1 31(5) 2001.0 a 1

1 39(9) 2001.5 a 1

LPT. SNX 2 52(29) 1998.5 a 1
WEEKLY. SNX 1 20(9) 1999.0 g 1
1 20(9) 1999.5 g 1

1 20(9) 2000.0 g 1

1 30(12) 2000. 5 g 1

1 43(20) 2001.0 g 1

1 52(29) 2002.0 g 1

OLG SNX 2 35(2), 15(8) 1998.5 0 0
WEEKLY. SNX 1 30(1),10(2) 1998.5 a 1
1 30(2),10(4) 1999.0 a 1

1 35(2), 15(5) 1999.5 a 1

1 35(2), 15(5) 2000.0 a 1

1 35(2), 15(8) 2001.0 a 1

REGAL. SNX 2 48(10) 1996. 0 a 1
WEEKLY. SNX 1 48(10) 1996. 0 g 1
UPAD. SNX 2 ?2(41, 5 A 2000.0 0 0
WEEKLY. SNX 1 ?2(4 1) 2000.0 g 1
1 ?2(41, 5 A 2001.5 g 1

TYPE:

# stations x(y)

START
Di stribution

only

Conbi nati on

Nane of the institution

1. weekly, 2:
x:total,

conmbi ned SI NEX

y:additional to | TRF/ EUREF Al pine sites

Time of first observation (of first weekly sol ution)

a .
g :

O, OC

solution is available to all
solution will

gr oups

in formof a "Menorandum of understanding" or a special
not available to other groups
not avail abl e because not generated

be made avail able to other groups only in exchange or

contract or

interested to perform conbinations with Sinex files of type 1/ 2

no intention to do a conbi nation
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Thelastitemisessential. The*Alpine Network” projectis
a perfect example for a densification of the European
reference frame. There exist two possibilitiesto integrate
the national networks into the EPN:

1. Combination based on already combined ITRF/ ETRF
solutions and the national combined solutions. The
advantage of thisapproachisthat station problems, etc.,
arealready handled. Ontheother hand, itisnot possible
to model thevel ocitiesof thesitesinamoresophisticated
way, whichisessential if sitesaremonumented onroofs,
etc. Insuch casespossibleperiodical variationsalsoneed
to be considered.

2. Combination based on the original weekly solutions of
the national networks and the EPN network [HABRICH,
2001]. Coordinates and velocities can then be derived
with abetter modeling of thebehavior of eachindividual
station.

First results and comparisons between different kinds of
combinations will be realized in the second half of 2002.

5. Conclusions

GPSis used at swisstopo for different applications in the
area of geotectonics. Promising results were obtained for
distances ranging from some kilometers up to several 100
km. The permanent GPS network AGNESand itscontinuous
monitoring playsanimportant rolefor geotectonics. Based
on thisnetwork, monitoring applicationsasshownwiththe
example of the permanent monitoring of aremote site, are
possible. Siteswith GPS antenna problems, asshown with
thetest study of the Bol zano site, area so clearly detectable.
This is important for separating station movements from
artificid effectsstemming from malfunctioning GPSreceiver/
antenna equipment.

The AGNES network as well as other national permanent
networks may be perfectly integrated in the European
reference frame. The “ Alpine Network” project realizesa
densification for the countries of the Alpine area.
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