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Abstract. In this paper we describe the Graz seismo-2 Scientific objectives

electromagnetic very low frequency (VLF) facility, as part

of the European VLF receiver network, together with the sci- The main scientific goal is to pinpoint and distinguish lo-
entific objectives and results from two years operation. Aftercal and mesoscale VLF perturbations — within an influence
a brief technical summary of the present system — with herzone, which has to be determined (Fresnel zone in ray propa-
itage from a predecessor facility — i.e. hardware, software gation) — connected with e.g. earthquakes, volcano eruptions
operational modes and environmental influences, we discusand man-made artefacts from large-scale or global anoma-
results from statistical data and scientific events related tdies related to atmospheric circulation, magnetic storms, sub-
terrestrial VLF propagation over Europe. storms, solar flares or energetic particle precipitation into the
atmosphere. Secondary goals in a broader sense within this
multi scale view are to find a modus vivendi between char-
acterisation of general phenomena which alter the propaga-
tion cavity (waveguide picture). For the strong L'Aquila EQ
the scientific objectives could be achieved (references below)
The VLF facility is part of a network which aims at solving and natural large scale perturbations are regularly observed.
some fundamental problems related to the development ofhe properties of the VLF waveguide are network-wide in-
earthquake (EQ) forecast methods, summarised as seismgestigated, finally the signal-to-noise ratio of the facility sets
electromagnetic investigations. Seismic activity could mod-the lower limit and conclusiveness about tiny variations is
ify the Earth surface — ionosphere cavity properties andunder debate.

causes variations in the wave propagation pattern between

VLF transmitters and receivers. In the first section we dis-

cuss the scientific background and objectives, followed by @3 The European VLF network

description of the VLF network with emphasis on the Graz

receiving system. We finally focus on scientific results in A geographical overview of the currently operational
terms of statistics and event based studies. European VLF transmitter/receiver stations in seismo-
electromagnetics is shown in Fig. Their distribution en-
ables the remote determination of local VLF field pertur-
bations of various origins, among them contributions from
strong EQs and active volcanos. Such a widespread ra-
dio reception allows the investigation of the VLF/LF elec-
tromagnetic situations along the different propagation paths
due to path combinations of different stations at crossing ar-
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Fig. 2. VLF Amplitude data for one year — from 2009/11/01 to

2010/11/01 — between transmitter Rhauderfehn (DHO), Germany
Fig. 1. Station network for combined investigations of local and and receiver Graz (GRZ), Austria. Visible are (i) the two regular
mesoscale geophysical/seismic phenomena, consisting of (i) VLFaily dips/cusps during sunrise/sunset, (ii) the noise floor during
only (red markers), (ii) VLF/LF (green), (iii) South European Ge- transmitter switch off, and (iii) an annual amplitude variation, espe-
omagnetic Array (SEGMA) ULF (blue) receiving stations, and cially during nighttime, with higher amplitude values in winter that
(iv) European VLF transmitters (yellow), LF transmitters not shown decrease in summer.
— Google Earth map.

3.2 Transmitters
ultra low frequency (ULF)Prattes et ] 2008 Prattes et al.

2010h, VLF DEMETER satellite (e.gN&mec et a].2009 Table 2 gives an overview of the transmitters and used fre-
and GPS total electron content (TEC) measurementsRa-g. quencies. Detailed information on characteristics of the
linets and Boyarchyk2004. The network has scientific her- transmitters is proprietary to their operators and not publicly
itage mainly from Russian and Japanese EQ investigations iavailable, but variations in transmitting power or switch off
Asian seismic areas over the last decades. Pioneering worguring maintenance periods can be observed occasionally.
was carried out by several research groups (dachanov

and Hayakawz2008 Hayakawa2007, 2009 Hayakawaand 3.3 Earth —ionosphere cavity

Hobara 2010. The capability of the combined investiga- ) ) )

tions of a VLF network Rozhnoi et al.2009 (Schwingen- For terrestrial VLF wave propagation, the cavity formed by
schuh et al. 20108 together with ULF Schwingenschuh 0] the“Earth surfage, both overllan(_j and sea, and in partic-
et al, 2009 (Prattes et a].20103 and DEMETER satellite  ular (ii) the lower ionospherefFfiedrich and Rapp2009,
data Boudjada et a).2010 has been demonstrated for the is crucial for variations in amplitude and phase signals at
L'Aquila earthquake, 6 April 2009. During that springtime receiver end. Beside the experimental investigations, care-
with EQ swarms in the Abruzzo area, an OmniPal systemful numerical modelling of propagation pattgsser et a).
worked at Graz VLF receiving side and paths from the two 2010 and comparison with long term measurements are im-

Italien transmitters crossed the seismic active region. portant. Figure2 shows VLF amplitude measurements for
_ one year continuous operation on the path DHO-GRZ.
3.1 Receivers

In order to investigate EQ forecasting methods based on ob4 Graz VLF receiving system

servation of VLF electromagnetic signals, data from a dedi-

cated observation network with stations distributed over Eu-The Graz VLF system at Victor Franz Hess-

rope are essential (Tablg. These stations are equipped with Forschungszentrum, Space Research Institute (IWF),

VLF and partly LF Biagi et al, 2009 2010 receivers inthe  Austrian Academy of Science®©AW), is able to receive

frequency range from 10-50 kHz (for LF up to 270 kHz), eleven (from technically up to 12) selected transmitters

which analyse the signals from powerful VLF navigational located in Europe and the USA, from which eight are

and time service transmitters. common within the collaboration network (Tab®. The
VLF receiving chain is equipped with a wind load, thermal,
and lightning protected 4 m antenna installed on the roof

Nat. Hazards Earth Syst. Sci., 11, 112127 2011 www.nat-hazards-earth-syst-sci.net/11/1121/2011/
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Table 1. Core network VLF/LF receiving stations by typglfraMSK, 2010 and Elettronika 2010 and their spatial distribution. The
International Network for Frontier Research on Earthquake PreculSffREP, 2010 in Bari, Italy, is a central node for data access.

No.: Akronym Frequency Band Receiver Location System, Annotation, Coordinates
1 GRZ VLF Graz, Austria UltraMSK, N 402407, E 152848’
2 MOS VLF Moscow, Russia UltraMSK, links to Far East stations
3 ITBa VLF Bari, Italy OmniPal, subset of transmitters, Table
4 DST VLF Darmstadt, Germany  UltraMSK, facility in commissioning
5 ITAN VLF/LF central Italy Elettronika, N 4225, E 1305

6 ITTc VLF/LF southern ltaly Elettronika, N 4819, E 1728

7 GRE VLF/LF Greece Elettronika, N 434/, E 2300

8 TUR VLF/LF Turkey Elettronika, N 4923, E 3720

9 ROM VLF/LF Romania Elettronika, N 204, E 28°38

10 POR VLF/LF Portugal, near Evora  Elettronika, N°28/, W 07° 32

Table 2. VLF transmitters received at station Graz, two of them are above the strict definition of the VLF frequency range from 3-30 kHz.

No.: Akronym Frequency Transmitter Geographic Coordinates:
(kHz) Latitude, Longitude

1 JXN ** 16.40 Aldra, Norway N 6624'56", E 130345’

2 GBS* 19.58 Anthorn, UK N 545442’ W 3°16 42"

3 ICV * 20.27 Tavolara, Sardinia, Italy N 464'51”, E 943 30"

4 HWU ** 20.90 Le Blanc, France N 461249 E 1°14 48’
St. Assise, France N 48248", E 23427

5 NPM 2140 Lualualei, Hawaii, USA N 212509’, W 15808 52"

6 GBZ** 2210 Skelton, UK N 534354’ W 2°52' 59"

7 DHO* 23.40 Rhauderfehn, Germany  N%35 07, E 7°36'50”

8 NAA 24.00 Cutler, Maine, USA N 4439107, W 67° 17 07"

9 TBB 2670 Bafa, Turkey N 372446", E27 1927’

10 NRK* 37.50 Keflavik, Iceland N 6201'06", W 22°34 06"

11 ITS* 45,90 Niscemi, Sicily, Italy N 370732, E 14#2611”

Transmitters indicated with were part of the predecessor OmniPal system, in operation from November 2008 to September 2009,
** are received, but are not part of the network.

of the building and a low noise amplifier mounted in its 4.1 Operational modes

immediate vicinity. The VLF signal and the GPS signal

(from which a pulse per second is finally derived) are routedThe GRZ receiving station operates continuously throughout
with shielded cables into the A/C room. The signals arethe year with a network-wide selected temporal resolution of
digitised with a MAudio Delta 44 sound-card and a special 20 s for the 11 transmitters, synchronised with a GPS puls per
purpose software (UltraMSK) delivers the raw format of the second (PPS) electronics. In general the system could run up
data. The experience with the predecessor system shows thi& @ maximum sampling rate ofs=96 kHz. The current

a stable thermal environment is important for data qualityfacility has high reliability and availability, omitting some
and to avoid drifts of the electronics. From the VLF server difficulties experienced with the previous OmniPal receiver,
hardware running under Linux operating system (Fedora)and routine maintenance is sufficient.

behind the IWF firewall the daily data files from each

transmitter are post-processed, validated, and together with

quick-look plots are transferred to a file server in front of

the firewall, where they are available for the team members

(Fig. 3). As an example, typical daily amplitude and phase

properties are shown in Fig.for 23 January 2010.
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are considered through ULF measurements from Nagycenk
observatory, Hungary, which is part of the ULF SEGMA
chain.
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Fig. 3. Schematic diagram and dataflow of the Graz VLF facility. 5.1 Statistical data

The equipment at the roof, exposed to atmospheric precipitation but

best possible protected, gets power from the server room and deOne year of VLF amplitude measurements are shown in
livers the VLF- and GPS-signals to the audio card of the computerFig. 6. At first glance one can observe typical patterns at
The digitised measurements are processed and finally available isunrise and sunset for the various paths, details are showing
20 s resolution. up after correlation of the signals.

5.2 Event based studies
4.2 Environmental influences

As requirement for a possible (seismo-electromagnetic)
The VLF equipment at the roof, beside the antennas, i.e. preevent at least one VLF path must be influenced and several
amplifier and harness, which is exposed to the natural envicontrol paths should show nominal behaviour. The common
ronment at receiving station, is passively protected with anmethods are based on (i) night time amplitudes, usually four
oloid envelope and the cables are shielded. Direct solar irhours around midnight, and (ii) terminator time (TT) vari-
radiance is avoided, and rain/drizzle together with wind- orations in amplitude and/or phase. The topology of the VLF

snow-load is minimised. receiver network with geographically distributed stations fur-
ther pinpoint the source location and the size and uncertainty
4.2.1 Meteorological influences of this area/node could be estimated.

Experience shows that local rain affects the received VLFg  ~qnclusions and outlook

signals and the amplitudes/phases of each path are irregularly

disturbed. Daily or seasonal temperature variations have misince 2009 the Graz VLF facility is an operational and inte-
nor influence on the nominal behaviour of the faC|I|ty In or- gra| part of the European VLF network. Considering the pros
der to quantify the local environment during the four seasonsand cons, the upgrade from the successful OmniPal to the
meteorological parameters like (i) temperature, (i) pressureyitraMSK system further increased resolution and robust-
and (i) humidity are continuously recorded with a profes- ness. The 20 s temporal resolution is adequate for seismo-
sional weather station located at Lustiel ~3 km air-line  electromagnetic investigations, but higher sampling rates are

distance away, Fig. preferable for fast and transient VLF phenomena, e.g. in as-
_ o trophysical investigations. Environmental monitoring is a
4.2.2 Geomagnetic activity major issue to discriminate electromagnetic signals in VLF

band related with EQs from other geophysical influences and
In order to discriminate between the various influencing artefacts.
sources, local and global geomagnetic activity indices are
considered. As global magnetic activity/disturbance proxies
serves the Kp and Dst indices, local geomagnetic variations
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Fig. 4. Typical quiet daily VLF amplitude and phase profiles for the 8 transmitters at GRZ receiving station, shown for 23 January 2010.
Amplitude variations at terminators are accompanied by phase changes. In the period 07:00-08:00 UT the transmitter DHO (black trace) is
switched off and has some spikes in the evening, ICV has an interruption for a few minutes around 09:00 UT, NAA+é&tiBgmwer

between 03:00—04:00 UT.
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Fig. 5. Meteorological data for one year from a professional weather station located aiihelstibservatory a few km air-line distance from
GRZ receiving station away. This facility delivers continuously (i) atmospheric pressure, (ii) temperature, and (iii) relative humidity data at
a selectable 1 min or 10 min temporal resolution.
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Fig. 6. Colour coded VLF amplitudes — from 2009/11/01 to 2010/11/01 — for the paths from the 8 transmitters of the network listed?in Table
to GRZ receiving station; upper left is the top view from F2g.From top left to bottom right the paths a{i@HO, NPM, ICV, NAA, GBS,

ITS, NRK, TBB}-GRZ. Superposed are the official sunrise and sunset times for GRZ (dotted lines); civil-, nautical-, and astronomical times
are not shown.
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