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Abstract. We report the technical realization and perfor-
mance of thirty temporary seismic broadband deployments
for the AlpArray project in eastern Austria and western Slo-
vakia. Reftek 151 60s sensors and Reftek 130/130S digitizers
form the core instrumentation of our seismic stations; these
are mostly installed inside abandoned or occasionally used
basements or cellars in small buildings or huts. We describe
our type of installation and briefly introduce the site condi-
tions for each of the thirty installations. We present a prob-
abilistic power spectral density analysis to assess the noise
conditions at all sites and potential relations to the installa-
tion design.

1 Introduction

The seismic stations described in this manuscript are part
of the international AlpArray temporary seismic network
(www.alparray.ethz.ch). AlpArray is a unique European
transnational research initiative: 45 research institutes from
18 countries join their expertise to advance our knowledge
about the structure and evolution of the lithosphere beneath
the entire Alpine area (Hetenyi et al., 2016). AlpArray will
shed light on the detailed geological structure and geodynam-
ical evolution of the Alps to answer outstanding questions,
e.g. on slab geometry and subduction polarity under the East-
ern Alps (Kissling, 2016). While the primary scope of Al-
pArray is fundamental research, the unique dataset will also
improve our knowledge about near-surface geologic struc-
tures and help to assess the seismic hazard in the Alpine area.
The scientific goals of the AlpArray seismic network are
manifold and among others include e.g. Alpine geodynam-
ics, crustal and mantle imaging, seismic anisotropy, as well

as regional and local seismic activity. Hence, temporary seis-
mic stations installed in the framework of AlpArray should
be multi-purpose stations that perform reasonably well for
frequencies from above to below the microseism peaks.
Here we describe the site selection criteria, technical re-
alization and noise performance of thirty temporary seismic
broadband stations operated by the Department of Meteorol-
ogy and Geophysics, University of Vienna in the context of
AlpArray in eastern Austria and western Slovakia (see Ta-
ble 1 for a complete station list). Few of the stations were
already described in more detail by Fuchs et al. (2015).

2 Network layout, site selection and station design
2.1 Network layout

The AlpArray temporary seismic network is designed to
complement existing permanent seismic stations in the
greater Alpine area in Europe. In Austria, the Austrian Cen-
tral Institute for Meteorology and Geodynamics (ZAMG)
currently operates 17 permanent broadband stations which
contribute data to the AlpArray seismic network. In Slo-
vakia, the Earth Science Institute at the Slovak Academy of
Sciences operates 4 permanent seismic broadband stations
within the bounds of the AlpArray network. The temporary
broadband seismic stations installed in the context of Al-
pArray densify the permanent networks to achieve a uni-
form coverage with approximately 40 km inter-station spac-
ing (see Fig. 1) over the greater Alpine area. Theoretical
coordinates for all temporary AlpArray stations were com-
puted by the AlpArray seismic network managers to obtain
homogeneous coverage throughout the entire array and all
stations must be installed within a 3 km radius (maximally
6 km if otherwise impossible) around these coordinates. This
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Table 1. List of AlpArray stations described in this manuscript.

Network ~ Station Latitude Longitude Elevation (m) Site Name Country  Housing type Sensor ground Sensor Datalogger Power GPS
73 AOO1A  48.7287 16.5904 337  Falkenstein Austria Underground shelter ~ concrete Reftek 151A 60s  Reftek 130S 2 x 100 W solar outdoor
73 AO002A  48.3175 16.6152 162 Strasshof Austria Building concrete Reftek 151A 60s  Reftek 130 grid outdoor
73 A002B  48.3629 16.5942 187  Bockflieh Austria Underground shelter  concrete in soil Reftek 151A 60s  Reftek 130 grid outdoor
z3 AO003A  47.7589 17.0530 116  Andau Austria Building concrete Reftek 151A 60s  Reftek 130 grid window
73 AO004A  47.9629 16.3968 200  Ebreichsdorf Austria Castle concrete Reftek 151A 60s  Reftek 130 grid outdoor
Z3 AO05A  48.3784 16.1207 176~ Schmida Austria Urban free field concrete Reftek 151A 60s  Reftek 130 grid outdoor
73 A00SB  48.3719 16.2054 174 Stockerau Austria Underground shelter  hard soil Reftek 151A 60s  Reftek 130 grid outdoor
73 AO06A  48.7404 16.0203 230  Kleinriedenthal Austria Underground shelter  concrete in soil Reftek 151A 60s  Reftek 130 grid roof
73 AO007A  48.7162 15.5288 484  Messern Austria Castle concrete on bedrock Reftek 151A 60s  Reftek 130S  grid outdoor
73 AOOBA  48.3687 15.6522 242 Tiefenfucha Austria Urban free field concrete on soil Reftek 151A 60s  Reftek 130 grid roof
73 AO009A  47.6775 16.0904 469  Wartmannstetten Austria Underground shelter  concrete Reftek 151A 60s  Reftek 130 grid outdoor
73 AOI0A  47.0733 16.0793 266  Firstenfeld Austria Building concrete Reftek 151A 60s  Reftek 130 2 x 100 W solar window
Z3 AO011A  47.3908 16.0077 507 Rohrbach a.d. Lafnitz ~ Austria Urban free field concrete Reftek 151B 60s  Reftek 130S 2 x 100 W solar roof
73 AO11B  47.4086 15.9587 556  Reinberg Austria Building stone patches in cement  Reftek 151B 60s  Reftek 130S  grid window
73 AOI2A  47.6040 15.5860 1280 Langenwang Austria Urban free field concrete Reftek 151B 60s  Reftek 130S 100 W solar + fuel cell  roof
73 AOI3A  48.0635 15.4063 530  Umbach Austria Building concrete Reftek 151B 60s  Reftek 130S  grid outdoor
73 AOI4A  48.3483 15.1619 773  Thumling Austria Building concrete in soil Reftek 151B 60s  Reftek 130 grid outdoor
73 AO16A  48.3014 14.6496 565  Allerheiligen Austria Building tiles Reftek 151B 60s  Reftek 130S  grid window
z3 AOI7A  47.9480 14.7589 589  Waidhofen a.d. Ybbs  Austria Urban free field concrete Reftek 151B 60s  Reftek 130S 100 W solar + fuel cell  outdoor
73 AOI8A  47.7437 15.0776 748  Rothwald Austria Building concrete Reftek 151B 60s  Reftek 130S  grid roof
z3 AOI9A  47.4457 15.0856 1125  Kaintal Austria Urban free field concrete Reftek 151B 60s  Reftek 130S 2 x 100 W solar roof
73 A020A  46.9484 15.2994 390 Lannach Austria Building concrete Reftek 151A 60s  Reftek 130 grid window
Z3 AO021A  46.7566 15.8253 265 Deutsch Goritz Austria Urban free field concrete Reftek 151A 60s  Reftek 130 grid window
73 A024A 482131 14.1367 303  Marchtrenk Austria Building concrete Reftek 151B 60s  Reftek 130S  grid outdoor
73 A024B  48.1002 14.1398 381  Sipbachzell Austria Building concrete Reftek 151B 60s  Reftek 130S  grid indoor
73 A331A  49.1501 18.2209 427  Zubak Slovakia  Building concrete Reftek 151A 60s  Reftek 130S  grid window
73 A332A  48.8045 18.4645 359  Rudnianska lehota Slovakia  Building tiles Reftek 151A 60s  Reftek 130S  grid window
73 A333A  48.7156 17.1041 177  Gbely Slovakia  Building tiles Reftek 151A 60s  Reftek 130 grid window
73 A334A  48.6044 17.6747 224 Sterusy Slovakia  Urban free field tiles Reftek 151A 60s  Reftek 130 grid window
73 A335A  48.4469 18.3359 320 Lovce Slovakia  Building concrete Reftek 151B 60s  Reftek 130S  grid outdoor
73 A336A  48.2333 18.9990 183 Medovarce Slovakia  Cave bedrock Reftek 151B 60s  Reftek 130S  grid outdoor
73 A337A  48.2443 17.7898 117 Vahovce Slovakia  Building concrete Reftek 151B 60s  Reftek 130 grid outdoor
73 A338A  48.0152 18.3525 154  Semerovo Slovakia  Building concrete Reftek 151B 60s  Reftek 130S  grid window
73 A339A  47.8294 17.6559 110  Balon Slovakia  Building tiles Reftek 151B 60s  Reftek 130S  grid roof
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Figure 1. Map of seismic stations described in this manuscript. The
inset outlines the mapped area. Red dots denote the 30 temporary
AlpArray stations owned and operated by the Department of Meteo-
rology and Geophysics, University of Vienna. White dots represent
temporary AlpArray stations operated by other institutions. Black
triangles mark the permanent seismic stations maintained by the
earthquake observatories in Austria, Slovakia, Czech Republic and
Hungary, respectively. The numbers inside the red dots abbreviate
the station name in the following pattern: Austria stations = AOXXA,
Slovakia stations = A3xxA.

constraint strongly limits the choice of potential installation
sites. The prospected duration of our temporary AlpArray in-
stallations is 2—3 years.

2.1.1 Site selection

During site selection for our temporary deployments we fo-
cused on the following aspects, taking into account both the
quality of the seismic data as well as the ease of installation,
reflecting the available project budget.

Accessibility and safety

All sites should be accessible by car and safe in terms of
theft or flood risk and all parts of the station shall not be
exposed to any risk of potential damage. Additionally, the
terms and conditions of the instrument insurance require the
seismic stations to be indoors in spaces that can be locked.
The surroundings of the site should not significantly change
over the course of three years (e.g. no ongoing or planned
contruction).

Power supply
Most parts of Austria experience snow fall during winter and
thus for many sites power supply through solar panels cannot

be guaranteed. Hence, we prefer sites where power supply
from the regular 50 Hz/230 V power grid is possible.

www.adv-geosci.net/43/1/2016/

Connectivity

For monitoring purposes and to provide real-time waveform
data in case of hazardous earthquakes, all seismic stations
should send real-time data using the mobile network. Min-
imum requirement is sufficient signal strength and stability
to transmit state-of-health data, while preferably continuous
100 sps waveform streams should be transmitted. For our in-
strumentation and 100 sps waveform data in STEIM1 com-
pression format, the amount of data to transmit is approx-
imately 30 Megabytes day ! for seismically quiet sites and
50 Megabytes day~! for noisy sites. Thus, for 100 sps real-
time waveform streams a mobile bandwidth of 5—10 kbits s~
should be sufficient, which can even be achieved in GSM
networks. In fact, stability of the mobile connection is more
important than bandwidth.

Seismic noise

The AlpArray Working Group set the following requirements
for temporary AlpArray stations: Average noise levels should
be 20dB lower than the New High Noise Model (NHNM)
(Peterson, 1993) on all components within the 1-10 Hz fre-
quency range. For long periods (30-200s range) average
noise levels on the vertical component should be 20 dB lower
than the NHNM while on horizontal components noise levels
should only be 10 dB less than the NHNM. This accounts for
the strong sensitivity of horizontal components to e.g. long-
period surface tilt from atmospheric pressure fluctuations.
This reflects the fact that for near-surface stations, noise on
horizontal components is usually stronger than on the ver-
tical. Avoiding long-period noise on horizontal components
requires advanced site preparation (Forbinger, 2012) which
is usually beyond the scope of temporary deployments.

2.1.2 Station design

Following the site requirements listed above, typical instal-
lation sites for our broadband instruments are basements in
abandoned or occasionally used houses and huts. In various
regions throughout Austria and Slovakia wine cellars and oc-
casionally castles or bunkers could be found for seismic in-
stallations. We placed all sensors directly on solid ground —
preferably flat bedrock, but more commonly concrete floors
or tiles. If no such ground was available, we built a concrete
base approximately 15-20 cm thick and 60 x 60 cm wide (see
Fig. 2a). The sensors are covered with textile bags fabricated
from microfleece material with primaloft insulation and sty-
rofoam boxes for thermal insulation (see Fig. 2b and c). To
minimize air circulation we glue the bottom of the styrofoam
boxes to the ground with silicon.

A seismic station comprises the following components: a
broadband sensor Reftek 151 “Observer” with 60 s effective
eigenperiod together with a Reftek 130 or Reftek 130S 24 bit
digitizer with > 136 dB dynamic range (at 100 sps sampling

Adv. Geosci., 43, 1-13, 2016
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Figure 2. (a) Example of a concrete base if no solid ground is available (AOO6A). (b) and (c¢) Two-layer thermal insulation comprising a
microfleece bag inside a styrofoam box. The box is glued to the ground with silicon. (b) Reftek 151 Type A sensor with connector at the

bottom. (c) Reftek 151 Type B sensor with connector at the top.

rate), a continuous-mode Garmin/Reftek 130 GPS, a Digi
WAN 3G mobile router for telemetry and up to two 100 Ah
batteries. Figure 3 shows the seismic equipment and Fig. 4
shows a typical installation. Data is both stored locally (on
two 8 or 16 GB flash cards) and (if possible) streamed in real-
time.

Currently, 24 of 30 stations are powered through the elec-
trical grid, four stations are powered by two 100 W solar pan-
els (see Fig. 5a) and two stations are powered by one 100 W
panel and one Efoy Pro 800 Duo fuel cell. The fuel cell acts
as backup power source when the batteries are drained be-
low a given threshold, which is mostly due to insufficient
illumination of the solar panel during the winter season. So-
lar charge controllers protect the batteries from overcharging
and disconnect any load from the batteries if they are drained
below 11.5V to protect them from deep draining. If installed,
the fuel cells are configured such that they start charging the
batteries once the voltage drops below 12 V.

The antennas for GPS timing and cellular communication
were in part mounted outdoors and in part (14 of 30 sta-
tions) indoors close to windows or under wooden roofs (see
Fig. 5b and c). Regarding the GPS indoor antenna installa-
tions we were woried about signal loss in case of snow, but
studies on regular GPS receivers buried by snow covers doc-
ument high quality GPS reception even for snow heights up
to one meter (Stepanek and Claypool, 1997). Hence, for ease
of installation and security we decided for the indoor instal-
lations in some cases. After approximately one year of data
acquisition we cannot identify clear differences in the quality
of the GPS signal between indoor and outdoor installations.

2.1.3 Sensor orientation

During the deployment, the sensor orientation along the (sup-
posedly geometrical) North—South axis was determined with
a magnetic compass, not accounting for the magnetic dec-
lination. If possible, the heading of the magnetic compass
was compared inside and outside of the housing structure
(e.g. by comparing the measured orientation of walls) and

Adyv. Geosci., 43, 1-13, 2016

Figure 3. Equipment used for the installations described in this
manuscript. (a) Reftek 151 60s sensor, ( Reftek 130/130S digitizer,
(c) Reftek 130 GPS antenna, (d) Textile thermal insulation cover for
the sensor, (e) Mobile network antenna.

manually corrected in case of strong differences. However,
after the installation of all thirty stations we re-measured
and checked the orientation of all sensors with a fiberop-
tic gyrocompass and discovered substantial deviations from
true geometrical North for approximately one third (11 of
30) of the sensors. For those sensors, the Azimuth of the
North-South component deviates more than 7° from geomet-
rical North. Following the SEED and AlpArray guidelines,
for mis-oriented sensors we re-named the N and E chan-
nels to 2 and 3, respectively, to make data users aware of
the mis-orientation. The correct sensor alignment for all sta-
tions is provided in the station metadata in datalessSEED

www.adv-geosci.net/43/1/2016/
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Acquisition

Figure 4. (a) Acquisition box containing the data logger Reftek 130/130S, the cellular router, the solar chargers and two 100 Ah batteries
(not visible). (b) Typical setup of a seismic station as described in this manuscript (AO17A).

Figure 5. (a) Example of solar panel mounting (AO19A). If required, two 100 W solar panels are mounted, usually vertically on walls or
chimneys. (b) GPS and GSM antenna mounted indoors below wooden roof (AO18A). (¢) GPS and GSM antenna mounted indoors close to

window (A331A).

format. Apart from metadata access through e.g. EIDA, the
latest metadata of the 30 stations operated by University of
Vienna is available at http://imgw.univie.ac.at/en/research/
geophysics/projects/aaa/instruments/.

2.1.4 Data transmission and completeness

All stations transmit 100 sps waveform streams and state of
health data in real-time over the cellular network. Each sta-
tion is equipped with a DIGI connect WAN 3G cellular router
that automatically updates its current IP address via a dy-
namic DNS service to obtain a permanent domain name. Ev-
ery five minutes our data retrieval server checks for and if

www.adv-geosci.net/43/1/2016/

necessary re-establishes a VPN connection with the cellu-
lar routers based on this dynamic DNS adress. This way the
telemetry is not affected by changing mobile IP addresses
in case of connection losses. Since in our setup the teleme-
try server is initiating the VPN connections with the mobile
routers (because of very restrictive department firewall set-
tings), all devices must be registered with public IP adresses,
which is no longer common for mobile internet devices. Con-
sequently, we registered all SIM cards for public IP addresses
at the respective providers (A1l in Austria and Orange in Slo-
vakia).

For data transmission we use the Reftek proprietary RTPD
protocol which allows for real-time waveform and state

Adv. Geosci., 43, 1-13, 2016
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Figure 6. Completeness plot of 100 sps waveform data retrieved over telemetry. Small crosses mark start and end of the respective daily files
and red lines/bars indicate data gaps. Data is from January to June 2016. The overall completeness is around 98 %.

of health monitoring. Real-time data is forwarded to the
Austrian earthquake observatory (ZAMG) from where it is
streamed to the Orfeus Data Center (ODC) for archiving and
distribution through EIDA.

As stated above, even 5—10kbits~! of mobile bandwidth
are sufficient for streaming 100 sps waveform data and hence
we managed to have all 30 stations send 100 sps streams in
real-time. Still, in some remote areas we occasionally experi-
ence loss of mobile signal and consequently a breakdown of
telemetry. In case of a connection loss, our Reftek digitizers
are configured such that they can keep recorded data in mem-
ory for up to 90 min before it is discarded and not streamed
over telemetry. All data is stored locally on 16 or 32 GB
flash cards in any case. Figure 6 visualizes the complete-
ness of the 100 sps waveform data streamed from our sta-
tions since January 2016. Averaged over all stations, between
January and mid June 2016 we retrieved 98.6 % of the data
in real-time. Throughout the operation of our AlpArray sta-
tions, updated quarterly data completeness plots will be made
available at http://imgw.univie.ac.at/en/research/geophysics/
projects/aaa/availability/.

3 Site descriptions

Our first temporary AlpArray station was installed in Febru-
ary 2015 (AO09A) and we concluded the deployment in
November 2015 (A010A). Few stations experienced power
losses during the first winter months of 2015 because of in-
sufficient solar power, but this was fixed (by adding a second
solar panel or a fuel cell) before christmas 2015. Since Jan-
uary 2016 — which is the official AlpArray seismic network
starting date — all of our 30 stations are fully operational.
Four stations (A002A, AOOSA, AO11A, A024A) have been
moved to new sites in June 2016 because their noise lev-
els were unacceptable (see below). They were replaced by
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stations A0O02B, A005B, A011B, A024B, respectively which
perform much better than the previous site.

In the following we briefly describe each station in terms
of sensor installation, ground type, housing characteristics
and the geological setting. Station pictures and aerial views,
as well as noise plots of all stations are available in the on-
line material. Please note that stations pictures, aerial and
map views, as well as sensor housing and geological descrip-
tions for all stations are also available online at the European
Station Book hosted by the ODC: http://www.orfeus-eu.org/
opencms/stationbook/index.html. Table 1 contains a compre-
hensive list of the stations, including instrumentation and co-
ordinates.

— AOO1A is located inside a small abandoned WW?2
bunker, that is built on a limestone formation within
a gentle hillside. The sensor is put directly onto the
bunker concrete floor in a corner furthest from any win-
dow or entry. The site is surrounded by vineyards and
lies 700 m outside a small village and 300 m from the
nearest road. This station shows the second lowest (best)
noise levels of all stations. AOO1A is powered by two
100 W solar panels.

— AO002A was placed inside the basement of an abandoned
workers residential building (3 floors, 30 x 10 m). The
sensor was put on the screed floor. The site is located in
the flat part of the Vienna basin with the geology dom-
inated by soft sand-like sediments. It was 300 m from a
village, 300 m from busy railways and next to a mining
road which was heavily used by trucks. This station was
replaced by AO02B because it did not meet the noise re-
quirements and was unsafe.

— AO002B replaced AOO2A. The station is installed inside
an abandoned wine cellar, approximately 10 m below

www.adv-geosci.net/43/1/2016/
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the free surface and 20 m from the entrance. The sensor
is placed on a concrete base filled into a hole approxi-
mately 60 cm deep. The styrofoam box is buried by the
soft fine grained sand/clay sediments which form the
dominant geology around. The site is located at the foot
of a narrow chain of hills and at the edge of a small vil-
lage and 700 m from an oil field in production. The site
shows elevated high frequency noise levels (similar to
A002A) but satisfying long period performance.

AO003A is placed on surface level inside a barely used
farm storage building (1 floor, 100 x 10 m). The sensor
is placed on a small patch of concrete attached to one of
the inside walls. Geologically the site is part of the flat
Little Hungarian plain, which is part of the Pannonian
basin. This station is 4 km from a wind turbine park (38
turbines, 114 MW). The noise spectrum shows anoma-
lous high frequency noise peaks and strong horizontal
long period variation.

AOQ04A is installed in the basement of an inhabited cas-
tle (4-5 floors, 50 x 50 m) which is located inside a vil-
lage. The site is located inside the flat part of the Vienna
basin and dominated by sediments. Consequently this
station shows elevated noise levels.

AQOO05A was located inside a small village, sheltered by a
brick hut (2 x 2m). The sensor was put on the concrete
floor at ground level. The station suffered from strong
anthropogenic and long period noise. This station was
replaced by AOO5B because it did not meet the noise
requirements.

AQ05B replaced AOOSA because it did not meet the
noise requirements. The sensor is installed inside an un-
used underground storage cellar on rather solid ground,
which is however not rock. The site is part of the
Danube flood plain and thus dominated by river sedi-
ments. Regarding the site conditions, noise levels are
satisfactory. High frequency noise ranges between the
NHNM and the —20dB requirement, but the long pe-
riod noise levels are met.

AOO06A is inside an abandoned wine cellar, approxi-
mately 4 m below the free surface. The sensor is placed
on a concrete base built into hardened soil ground of
Loess type geology of hillside morphology. The site is
200 m outside a small village and 300 m from a road.
Despite the underground installation this site suffers
from rather high short and long period noise.

AO007A is located in the basement of the entrance build-
ing (1 floor, 15 x 10m) of an occasionally inhabited
castle. The sensor is put on the screed floor, which has
direct contact to the host rock. Few residential houses
are near the castle, but still this site shows the best noise
levels of all stations.

www.adv-geosci.net/43/1/2016/

— AOOS8A is sheltered by a small wooden hut (2 x 2m)

and the sensor is put onto a big concrete base built into
the foundation of the hut (on ground level). The site
lies inside a small depression and is close to a flood-
ing protection facility 200 m outside a small village. The
surrounding vineyard hillside is dominated by clay and
sedimentary geology. Despite the rather exposed surface
installation the station meets all noise requirements.

AO009A is placed at the end of an underground storage
built 3 m into a hill slope and approximately 2 m below
the surface. The sensor is put onto the concrete floor.
Above the storage cellar there is a wooden hut (3 x 4 m)
hosting a small telescope for private use. The site is next
to a stand-alone residential house but 600 m from the
next settlement. This station satisfies all noise require-
ments.

AO10A is installed in the basement of an unfinished res-
idential house (1 floor, 9 x 20 m). The sensor is put on
the concrete (or screed) floor. The site locates in flat silt-
type geology and is 1 km from a town and 500 m from
a busy road. High frequency noise levels are elevated
during daytime but otherwise the noise levels are sat-
isfactory. The station is powered by two 100 W solar
panels.

AO11A is on ground floor inside a partly derelict house
(1 floor, 6 x 6m) in the forest. The local geology is
of silt type and the morphology is hillside. The site is
400 m from a busy road and 800 m from industrial facil-
ities. Noise levels were rather high and this station was
relocated in June 2016.

AOQ11B replaced AO11A and is installed on a hill inside
a small and rarely used chapel (20 x 8 m). The local ge-
ology is of silt type and the morphology is hillside. The
chapel is 50 m from a small settlement and 300 m from
aroad. All noise requirements are met.

AO012A is located inside a wooden mountain hut (1
floor, 5 x 10 m) that is built into a rather steep hill slope
and surrounded only by forest (4km from the nearest
village), inaccessible to the public. The sensor is put
onto the concrete foundation (on ground level) which
reaches into the hut at the chimney. Because of the re-
mote location, high frequency noise is low, as expected,
but the station suffers from rather strong and strongly
varying long period noise. This station is powered by
one 100 W solar panel and a fuel cell, which is approx-
imately 3 m from the sensor.

AO013A is placed in the basement of an abandoned farm
building (2 floors, 35 x 25 m). The sensor is put on the
screed/concrete floor. The site is located inside steep to
gentle hillside. A neighboring farm is 150 m far and the
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site is 50 m from a road but otherwise there is little sur-
rounding population. Expect for strongly varying hori-
zontal long period noise the site shows good noise lev-
els.

AO14A is installed in the basement of an uninhab-
ited farm house which is used for storage (2 floors,
30 x 30m). The sensor is placed on a concrete base
which is built into clay. The site locates on a slope in
hillside terrain. Few inhabited houses surround the sta-
tion and it is 400 m from a sawmill and a busy road. Ex-
cept for the East component, where noise is 10-20dB
higher than on the North component, this station meets
all noise requirements.

AO016A is inside a community fire house (2 floors,
10 x 20 m). The sensor is placed on tiles on ground floor
level close to the outside walls. The site is located on top
of aridge in hillside terrain, surrounded by several resi-
dential and community buildings and 70 m from a road.
Despite the location inside a settlement high frequency
noise levels are low. However, horizontal long period
noise is strong and strongly varying.

AO17A is sheltered by a small abandoned
brick/concrete hut built into a steep slope (6 x 4m).
The site locates on a very steep boundary flank of a hill
formation (200 m elevation with respect to valley level)
and 600 m from the outskirts of a village. The sensor is
placed onto the screed/concrete floor (see Fig. 4). Noise
levels are good except for strong and strongly varying
horizontal long period noise. The station is powered by
one 100 W solar panel and a fuel cell which is 5 m from
the sensor.

AO18A is located inside a wooden house (1 floor,
18 x 8 m) which is used for storage. The sensor (on
ground level) is put on the concrete foundation of the
house, close to an outside wall. The site lies inside a
river valley, on top of ancient river terraces. The station
is 150 m from a river and neighbored by 4 similar unin-
habited houses but otherwise far from any settlements.
Although the station is affected by varying horizontal
long period noise it mostly meets even the horizontal
noise requirements.

AO19A is installed on ground level inside a hut
(7 x 5m) which is close to a bigger wooden holiday
house. The sensor is placed on the concrete/screed
ground close to the barely isolating outside walls. The
site locates on a steep slope in mountain terrain. It is
700 m from a quarry of unknown activity but otherwise
far from any settlements. Noise levels are low except
strong horizontal long period noise. The station is pow-
ered by two 100 W solar panels.
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— AO020A is placed at ground level inside an unused barn

and agricultural storage building (30 x 23 m) close to
one inhabited house. The sensor is placed onto the con-
crete floor, close to an outside wall. The site is located
inside hillside with scattered residential houses. The
closest neighboring house is 150 m far and a village
with industry is 2.5 km far. The station fulfills the high
frequency requirements during quite times and show
varying horizontal long period noise.

AO021A is located on the edge of a cemetery and shel-
tered by a small brick hut (5 x 5m) used for storage.
The sensor is placed on the concrete/screed floor. The
site situates in flat hillside dominated by clays. There is
a residential building 50 m from the hut and it is 250 m
to a village and a road. High frequency noise limits are
met at night and long period noise is mainly within the
noise requirements.

AO024A is installed in an unused room in the basement
of an inhabited farm house (65 x 40 m). The sensor is
placed on the concrete floor. The site locates inside a flat
Molasse type geology. The farm is surrounded by agri-
culture and in between two railways, 200 and 350 m far,
respectively. The site exceeds the high frequency noise
limits but performs well on all components in the long
period range. Since railtraffic was too busy, this station
was relocated in August 2016.

A024B replaced A024A and is placed in a 2 m deep pit
inside an inhabited farm building (2 floors, 70 x 40 m).
The sensor is located in an unused part of the house,
with no regular activity. The surrounding morphology
is hillside shaped by ancient glacial deposits (conglom-
erate). The farm is surrounded by fields and agriculture
but otherwise far from any bigger settlement or road.
First noise spectra show good long period performance
and high frequency noise between 10 and 20dB less
than the NHNM.

A331A is located in a cellar of a cemetery house
(10 x 6 m), slightly under surface level in a hill. The
sensor is placed on the concrete floor. The site lies inside
sandstone dominated hillside and is just on the edge of
a small village. This site meets all noise requirements.

A332A is installed at surface level of a large cemetery
house (20 x 13 m) that contains a church tower with a
bell ringing four times a day. The sensor is placed on
the tiles of a rarely visited cleaning storage room. The
site is surrounded by hilly landscape created by allu-
vial deposits. Noise limits are kept except for horizontal
long periods, which are strong and strongly varying.

— A333A is placed in the cellar of rarely used distillery

house (28 x 24 m). The sensor is put on the concrete

www.adv-geosci.net/43/1/2016/
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Figure 7. Examples of probabilistic power spectral densities for the three quality groups. First row (green): Example of a station (AO07A)
which meets the noise requirements at all times on all components. Middle row (orange): Example of a station (A020A) which partly meets
the noise limits on some components and shows strong variation in long period horizontal noise. Bottom row (red): Example for a station
(A339A) which on most components exceeds the noise limits. Solid lines mark the NHNM and NLNM noise models (Peterson, 1993).
Dashed lines mark the NHNM-20 and -10 dB noise limits, respectively, and the vertical line at 60 s period marks the corner frequency of our
instruments. All graphs were calculated for the timespan January—May 2016. Please find individual graphs for all stations in the Supplement.

floor. The site lies within plain sand like sediments near the edge of a small village, 100 m from a road and 50 m
the borders of a small town. The site suffers from el- from a river. High frequency noise is within the limits
evated high frequency noise and only for some times but horizontal long period noise partly exceeds the lim-
can fulfill the long period requirements on the horizon- its. Notably here is a substantial difference in noise lev-
tal components. els among the two horizontal components, one of which
(component 3/supposedly E) shows strong separation
— A334A is put at the ground level in a small cemetery into two noise branches (see the Supplement).
house (10 x 7m). The sensor is placed onto the tile
floor. The site is inside hillside of Loess type geology — A337A is installed 2 m under the surface level in a big
and lies at the edge of a small village. There is a quarry unused agricultural storage house (40 x 13 m). The sen-
at 2.5 km distance. The noise spectrum of this station is sor is placed at the concrete floor. The station is situated
affected by few artificial peaks in both high and low fre- in the sedimentary plain of a river, at the edge of a vil-
quencies and rather strong horizontal long period noise. lage and 800 m from a dammed river reservoir. Except
Consequently this stations meets the noise requirements for vertical long period all noise limits are exceeded.

only during quiet times for some of the components.
— A338A is located at the ground level in a cemetery

— A335A is installed 2 m under the surface level in a pit house (15 x 15m). The sensor is installed on the con-
inside an unused electric controlling house (6 x 6 m). crete floor. The site lies inside clay dominated hillside
The sensor is placed onto the concrete ground. The site and just outside a small village. Noise requirements are
is at a tree nursery in the middle of a large forest and partly met for high frequencies but horizontal long pe-
1.5 km from the closest populated area. High frequency riod noise is strongly varying.

noise is acceptable but long period noise varies strongly
on all components.
— A339A is placed 2 m under the surface level in a cellar

— A336A is approximately 10m under the surface in a of an unused storage building (25 x 5 m) of an operating
wine cellar 10 m from the entrance. The sensor is placed chicken farm. The sensor is placed onto a tile floor. The
directly on the hard volcanic type rock. The site lies at site lies within the all flat danube flood plain 3 km from
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Figure 8. Map visualizing which stations meet the noise requirements. Color coding follows the listing in Table 2. The evaluation of the noise
levels is based on five months of data from January—May 2016 (except for the B stations, which were judged from first data in June/August).
The arrows inside the red dots indicate the true orientation of the sensor. Thick arrows denote sensors within £5° deviation from geometrical
North (and channels named HHN, HHE) while outlined arrows mark sensors with a greater deviation from true North (and channels named
HH2, HH3). For station A024B, the correct orientation was not checked with a gyrocompass, yet.

the danube and 800 m from a village. Long period verti-
cal noise limits are met, but all other noise requirements
are strongly exceeded.

4 Noise performance

We classify the noise performance of our stations into three
groups, according to the noise requirements set by the Al-
pArray Working Group. Stations that fulfill the noise require-
ments (see Sect. 2) in both frequency ranges (1-20 Hz and
30-2005s) for most of the components at all times fall into
group green. If only some components (e.g. the vertical) meet
the required noise levels for some of the frequency ranges or
if there is strong temporal variation (e.g. anthropogenic noise
with day/night cycle) in the noise levels, the station falls into
group orange. Group red contains stations which do not meet
the noise requirements for most of the components in both
frequency ranges. Figure 7 shows examples of probabilistic
power spectral density plots for each group and Fig. 8 visu-
alizes which stations meet the noise requirement and which
don not. Table 2 summarizes the noise performance of all
30 stations by the individual components. Individual power
spectral density graphs (calculated from five months of data,
January—May 2016) are available in the online material. Up-
dated monthly power spectral density plots for our AlpArray
stations are available at http://imgw.univie.ac.at/en/research/
geophysics/projects/aaa/ppsd/. All probabilistic power spec-
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tral density graphs were created with the ObsPy toolbox
(Krischer et al., 2015) following the procedure of McNamara
and Buland (2004).

To summarize, in the high frequency range (1-20 Hz) 50 %
of our stations are at least 20 dB below the NHNM on both
vertical and horizontal components. 25 % of the stations meet
the limits during quiet times (i.e. at night) and another 25 %
are affected by strong high frequency noise and cannot fulfill
the noise requirements. The latter stations are almost exclu-
sively located in sedimentary basins and/or close to anthro-
pogenic noise sources.

In the long period range (30-200s) noise performance
clearly separates into vertical and horizontal components.
On the vertical component all stations show noise levels of
20dB below the NHNM or better and thus meet the AlpAr-
ray noise requirements. However, many stations are affected
by rather strong horizontal long period noise. For most of the
stations, horizontal noise is up to several tens of dB higher
than the vertical noise level. Still, 30 % of the stations satisfy
the requirements on the horizontal components, but another
30 % experience noise levels in the range of the NHNM or
higher. 40 % of the stations show strong variations in hori-
zontal noise (see orange example, A020A in Fig. 7) and only
during unspecifiable quiet times meet the noise requirements.

We cannot relate the susceptibility of a station to long
period horizontal noise to a specific housing type. Among
the well performing stations are those in well-isolated under-
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Table 2. This table summarizes the noise performance of all stations by components. Green fields indicate that the noise limits are met, orange
fields denote that the noise requirement are partly exceeded and red fields mark components which do not satisfy the noise requirements. The
color of the station name relates to the coloring in Fig. 8 and judges the overall noise performance of any given station. The stations with
grey italic text (AOO2A, AOOSA, AO11A, A024A) have been removed and replaced by respective stations with B as last letter. The evaluation
of the noise levels is based on five months of data from January—May 2016 (except for the B stations, which were judged from first data in

June/August).
High (1-10 Hz) Low (30-200 s)

z N/2 E/3 z N/2 E/3
AOO1A yes yes yes yes yes yes
A002A no no no partly partly partly
A002B no no no yes yes yes
AO003A no no no yes partly no
AO04A no no no yes no no
AO005A no no no no no no
A005B partly partly partly yes partly partly
AO06A partly no no yes no no
AO007A yes yes yes yes yes yes
AOO8A yes partly partly yes yes yes
AO09A yes yes yes yes yes yes
AO010A partly partly partly yes yes yes
AO011A partly no no yes no no
A011B yes yes yes yes partly partly
A012A yes yes yes yes no no
AO013A yes yes yes yes partly partly
AO014A yes yes yes yes yes no
AO016A yes yes yes partly no no
AO17A yes yes yes yes partly no
AO018A yes yes yes yes yes yes
AO019A yes yes yes yes partly partly
A020A yes partly yes yes no partly
AO021A yes partly partly yes yes yes
A024A no no no yes yes yes
A024B yes partly partly yes yes yes
A331A yes yes yes yes yes yes
A332A yes yes yes yes partly partly
A333A no no no yes partly partly
A334A partly partly partly yes partly no
A335A yes yes yes yes partly partly
A336A yes yes yes yes partly partly
A337A no no no yes no partly
A338A partly partly partly yes partly partly
A339A no no no yes no partly

ground shelters as well as surface stations inside big or small
aperture buildings or huts. Similarly there is no clear rela-
tion between sensor shelter and strong or strongly varying
long period noise. We do note, however, that for the majority
of stations vertical noise levels are much lower (up to sev-
eral tens of dB) than horizontal noise levels. Additionally,
for some sites we observe up to 20dB difference in noise
levels between the two horizontal components. This may re-
flect local site conditions or effects which should be studied
further. Since our stations are not pressure sealed or installed
on rigid baseplates they might be affected by pressure vari-
ations and long period surface tilt (Bormann and Wielandt,
2012; Forbinger, 2012). The latter may in particular cause
the elevated horizontal noise levels (compared to vertical)
on our stations since almost all of them are surface or near
surface installations. Additionally, most stations are located
inside 1-2 floors buildings which may pick up e.g. wind or
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temperature variations and thus create additional long period
noise. However, even some of the well-performing sensors
are located on surface level inside buildings. Convection in
the surroundings of the sensor seems unlikely to be a domi-
nant long period noise source since even some basement sta-
tions with almost constant temperature are affected. Convec-
tion inside the styrofoam box should be minimal due to the
silicon sealing and little free space between the textile cover
of the sensor and the styrofoam insulation box (see Fig. 2).
Gerner and Bokelmann (2013) determined the vertical
self-noise of our Reftek 151 60s A generation sensors. They
show self-noise levels below the NLNM for the flat part of
the instrument velocity response down to the specified ef-
fective eigenperiod of 60s. At 200s the sensor self-noise is
15 dB higher than at 60 s and exceeding the NLNM model.
During personal communication they report occasional se-
quences of instability for generation A sensors with elevated
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self-noise levels for periods longer than the effective sensor
eigenperiod. Still, the measured self-noise for the Reftek 151
60s A sensors for periods between 60 and 200 s is well be-
low the horizontal long period noise levels we encounter in
our deployments. Additionally, for stations affected by strong
horizontal long period noise, the noise levels are elevated
for all periods below 10s and the stations in question are
equipped with both Reftek 151 A and B sensor generations.
Hence, we conclude that the horizontal long period noise lev-
els are not due to exceeding the sensor specified frequency
range but rather due to housing and surface effects.

The majority of our stations is installed within sedimen-
tary surface layers of unknown thickness and only few sta-
tions have direct contact to host rock. Wolin et al. (2015)
point out significant diurnal variation in horizontal long pe-
riod noise for shallow temporary vault installations inside
thick layers of soft sediments. They relate the noise varia-
tions to the soil responding mainly to atmospheric pressure
variations. We did not perform a detailed study of potential
diurnal variations in noise levels for our stations, yet, but
the strong variability seen in some of the probabilistic power
spectral densities (calculated for 5 months, winter to spring)
may reflect a similar effect. Aderhold et al. (2015) report
similar variations for long period horizontal noise and sug-
gest that for for sites in sedimentary geologies direct burial
of broadband sensors may be favorable over vault emplace-
ment.

5 Conclusions

The Department of Meteorology and Geophysics of the Uni-
versity of Vienna started deploying temporary broadband sta-
tions for the AlpArray project in early 2015. Since January
2016 thirty seismic stations equipped with Reftek 151 60s
sensors and Reftek 130(S) data loggers are fully operational
and sending 100 sps waveform streams to the ODC in real-
time, using the cellular network. Since January 2016 we re-
trieve almost 99 % of the data in real-time. Our stations fol-
low a low-cost installation design and are usually placed in-
side basements of uninhabited houses, huts, cellars or castles.
The sensor, insulated with a microfleece bag and a styrofoam
box, is commonly put on concrete ground or tiles and in few
cases on top of a constructed concrete base in soil. Most sta-
tions are powered through the power grid, while few stations
feature a 2 x 100 W solar panels installation or one 100 W
panel and a fuel cell.

With such design 50% of the stations show high-
frequency (1-20 Hz) noise levels which are 20 dB below the
NHNM or less on all components. Another 30 % reach the
NHNM - 20 dB noise performance during quiet times (i.e.
at night). All stations perform well for vertical long period
(30-200 s) signals with noise levels 20 dB below the NHNM
or less. However, horizontal long period noise levels are gen-
erally much stronger than the verticals and only 30 % of our
stations meet the NHNM — 10 dB requirements for horizon-
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tal long period noise. 40 % of the stations are affected by
strongly varying long period horizontal noise. This is likely
due to the fact that all stations are surface or near surface sta-
tions inside or near the footprint of an artificial structure such
as a building. Hence, our stations are affected by long period
surface tilt introduced by e.g. atmospheric pressure variations
and little or no efforts to minimize such effects were made for
these temporary deployments.

Overall our low-cost deployment provides reliable and
continuous seismic data of good quality in real-time and
forms one integral part of the greater AlpArray seismic in-
strumentation. In particular, data from our stations will help
to resolve outstanding questions and debates about the geo-
logical structures under the Eastern Alps, which is one of the
key scientific targets of AlpArray.

6 Data availability

Seismic data used for this manuscript is currently not pub-
licly accessible by decision of the AlpArray Working Group.
Currently, all waveform data is exclusively available to reg-
istered members of the core group of the AlpArray seismic
network. Please visit http://www.alparray.ethz.ch/seismic_
network/backbone/data-access/ for further information on
data access.

The Supplement related to this article is available online
at doi:10.5194/adgeo-4-1-2016-supplement.
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