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Abstract In order to provide a basis for short-term deci-
sion-making in the forecasting and monitoring of volca-
nic activity, we developed an entirely automated system
of data acquisition and reduction for magnetic data. The
system (Mag-Net) is designed to provide monitoring and
analysis of magnetic data on Etna volcano at large dis-
tances from the central observatory. The Mag-Net
system uses data from an array of continuously recording
remote stations spread over the volcanic area and linked
by mobile phone to the control center at the local obser-
vatory. At this location a computer receives the data and
performs data sorting and reduction as well as limited
evaluation to detect abnormal behavior or breakdown of
remote sensors. Communication software, called Mag-
Talk, is aso designed to provide data to distant users.
With a view to using continuous magnetic observations
in advanced analysis techniques for volcano monitoring,
the Mag-Net system also delivers two graphical user in-
terface based applications to provide an interpretation
capability. The former, called MADAP, speeds up all the
data reduction processes in order to evaluate the reliabil-
ity of magnetic signals. The latter, called VMM, is a pro-
cedure for modeling magnetic fields associated with tec-
tonic and volcanic activity to facilitate the identification
and interpretation of the sources of a wide spectrum of
magnetic signals.

Keywords Volcano monitoring - Data-handling system -
Volcanomagnetic modeling - Mt. Etna

Editorial responsibility: T.H. Druitt

C. Del Negro ([]) - A. Sicali

Istituto Nazionale di Geofisicae Vulcanologia—
Sezione di Catania, 2 Piazza Roma, 95123 Catania, Italy
e-mail: delnegro@ct.ingv.it

Tel.: +39-95-448084, Fax: +39-95-435801

R. Napoli
Dipartimento Scienze della Terra, Universita della Calabria,
87036 Arcavacata di Rende (C9), Italy

Introduction

Magnetic monitoring may be a useful method to gather
long-term information about ongoing dynamic processes
in volcanoes during times of apparent rest. Tectonic
events and magma displacements can be detected and re-
corded with sensitive magnetometers to provide a pattern
which can serve to improve understanding of the internal
plumbing system of a volcano and improve the capacity
to provide reliable eruption forecasts. Geomagnetic ob-
servations to monitor volcanic activity have been inten-
sively carried out during the past decade. Significant cor-
relations between volcanic activity and changes in the
local geomagnetic field have been observed on severa
volcanoes (e.g., New Zealand, Johnston and Stacey
1969; USA, Davis et al. 1984; Japan, Tanaka 1993;
France, Zlotnicki et al. 1993; Italy, Del Negro et al.
1997b). However, in spite of the significant efforts de-
voted to establishing and expanding magnetic networks
on volcanoes around the world, limited availability of
data has impeded understanding of volcano dynamics, on
both temporal and spatial scales necessary for the miti-
gation of volcanic hazards.

Forecasting and monitoring of volcanic activity re-
quires short-term decision-making. To achieve this, it is
essential that data collected by the sensors, distributed
over alarge area, are transmitted in real time to a central
observatory for automatic processing, analysis, and dis-
play. A brief examination of the systems installed
throughout the world for the monitoring of active volca-
noes generally reveals a low degree of automation and
few have the ability to evaluate data in real time. This
has obvious consequences in crisis periods.

Our Laboratory of Geomagnetism (Mag-Lab) has
been developing methods, hardware, and know-how for
the automated acquisition and management of data si-
multaneously acquired at a variety of remote magnetic
stations. To provide a basis for real-time response during
eruptive events, we designed and devel oped the automat-
ed system called Mag-Net. This system represents the
state-of-the-art in magnetic monitoring of active volca-



noes. The first application of the Mag-Net system is the
permanent network for magnetic monitoring of Mt. Etna.
The technological achievements related to the planning
of the Mag-Net system and its installation on Mt. Etna
areillustrated in this paper.

The Mag-Net system

Like most active volcanoes of the world, Mt. Etna was
without a permanent magnetic network until the early
1990s. The design and testing of the first system for
magnetic monitoring of Mt. Etna was set up between
1994 and 1996 (Del Negro et a. 1995). The system,
while primitive, provided continuous data transmission
from remote sensors to a central observatory. Thanks to
this original experiment, it was possible to evaluate both
the reliability of instruments dedicated to working in
volcanic areas as well as the application of measurement
techniques aimed at reducing the effects of externa
noise phenomena (Del Negro et a. 1997a).

Thereafter, we developed the Mag-Net system in
which data acquisition and reduction is entirely automat-
ed. The Mag-Net system also includes automatic analy-
sis of incoming data and data storage in a database. All
the incoming data are processed online to provide a real-
time picture of the activity of the local geomagnetic field
and enable the operator to devote his or her whole atten-
tion to the interpretation of the data with maximum effi-
ciency.

The Mag-Net system uses data from an array of con-
tinuously recording remote stations spread over the vol-
canic area and linked by mobile phone to the control
center at the local observatory. The Mag-Net system also
delivers two graphical user interface based applications
to provide an interpretation capability. The former
speeds up all the data reduction processes to allow quick
identification of fields associated with volcanic events.
The latter is a procedure to model magnetic fields associ-
ated with tectonic and volcanic activity.

During the planning phase, attention was paid mainly
to the following tasks:

1. Remote station architecture.

2. Computer-based control center.

3. Faster data processing.

4. Implementation of modeling techniques.

The first application of the Mag-Net system is the per-
manent network for magnetic monitoring of Mt. Etna
(Fig. 1). At present the network is made up of five sta-
tionsin the locality of Mt. Etna, flanked by a sixth exter-
nal reference station installed further west (about 50 km)
on the Nebrodi Mountains. Local magnetic transients at-
tributable to Etna volcano can thus be isolated. The sta-
tions on Mt. Etna are located along an N-S profile cross-
ing the volcano summit. This layout is symmetrical with
respect to the central craters and should allow continu-
ous prospecting of the geomagnetic field along this sec-
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Fig. 1 Configuration of Mt. Etha magnetic network. Stations on
Etna (DGL, PDN, BCN, BVD, and CST) are located at elevations
ranging between 2,500 and 3,000 m as.l., while the CSR refer-
ence station was installed further west (about 50 km) on the Neb-
rodi Mountains

tion of Mt. Etna. The sites chosen were carefully tested
before the stations were installed and the inspection re-
vealed the presence of low magnetic gradient (less than
50 nT/m) and low local noise amplitude.

It is worth noting that automation in volcano monitor-
ing also requires the transmission of an early warning
signal if the activity of the local geomagnetic field ex-
ceeds some prescribed limits. At present, this step is not
included in the Mag-Net system, because the definition
of limits requires a database sufficiently great to charac-
terize the behavior of the local geomagnetic field. The
activity was mainly technical over the 3-year period
19961998 and led to an acceptable configuration of the
monitoring network in the second half of 1998.

Remote station architecture

The remote stations were made using components with
low energy consumption and a good cost-to-performance
ratio. Their main characteristics are the following:

« Readings of the Earth’s magnetic field are executed
by Overhauser effect magnetometers.

« The synchronization of readings at each station is
controlled by a global positioning system (GPS) re-
ceiver.

« Data transmission is performed by mobile phones
working in the global system for mobile communica-
tion (GSM) in the 900 MHz band.
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Fig. 2 Remote station console

« The management is realized by a microcomputer
compliant with the PC/104 standard and compatible
with PC/AT architecture.

All the electronic circuits are contained in a console
(Fig. 2). The package consists of a rugged aluminum box
(250x250x110 mm) with a connector leading to a remote
terminal. All control of the unit is done by this terminal,
with a removable display and keyboard. In particular, it
is possible to ensure the correct operation of the station
on-site with several operating tests on the magnetometer,
clock, mobile phone, and energy supply (Fig. 3). Each
station is powered by a solar cell with battery back-up.

We introduced the Overhauser effect magnetometers
to attain much higher performance than that of an ordi-
nary proton precession magnetometer. In contrast to a
standard proton magnetometer sensor, where only a pro-
ton-rich liquid is required to produce a precession signal,
the Overhauser effect sensor must have a free radical
added to the liquid. This free radical ensures the pres-
ence of free, unbound electrons that couple with protons
to produce a two-spin system. A strong RF magnetic
field is used to disturb the electron—proton coupling. By
saturating free electron resonance lines the polarization
of protons in the sensor liquid is greatly increased. The
Overhauser effect offers a more powerful method of pro-
ton polarization than standard DC polarization, i.e.,
stronger signals are achieved from smaller sensors and
with less power.

We employed the GSM-90 Overhauser magnetometer
manufactured by GEM System Inc., which is micropro-
cessor based with full remote control capability. The re-
sults of measurements are made available in serial form
(RS-232-C interface) for collection by data acquisition
systems. The GSM-90 is a high sensitivity instrument,
having 0.01 nT resolution, 0.2 nT absolute accuracy over
its full temperature range, sampling rates up to 3 s, and
10,000 nT/m gradient tolerance. Their characteristics of
long-term stability and absolute accuracy turned out to
be particularly suitable for continuous measurements in
harsh environmental conditions.

Computer-based control center

The control center is a computer-based magnetic data ac-
quisition system situated in a local observatory where
electricity and telephone services are available. At this
location a computer receives the data and performs data
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sorting and reduction as well as limited evaluation to de-
tect abnormal behavior or breakdown of remote sensors.
Communication software, called MagTalk, between the
control center (CC) and remote stations (RS) has been
developed in C++ language with a client/server struc-
ture. At predetermined intervals (e.g., once a day) the
client (CC) connects to the server (RS) to download the
latest data. Data coming from each station are collected
in the host computer at the observatory, where they are
added to the local database.

The computer system is also programmed to calculate
automatically and display in real time simple differences
and spectral content of incoming signals, providing a
guantitative measure of magnetic activity. These data can
be the basis for rudimentary alarm systems, notifying ob-
servatory staff that something has happened that requires
further evaluation. An operator can then investigate the
problem and decide what further action is needed, such
as changing the transmission frequency, if greater infor-
mation is required, or correct some equipment failure.

The local control center has also been devised to up-
load data to a distant user immediately after acquisition
and re-formatting. Data processed at the “distant desk”
can be downloaded a few hours later and used by the
personnel in charge of the volcano forecast. The online
availability of crude or pre-processed data to authorized
users connected to a wide-area network, fosters the pos-
sibility of monitoring active volcanoes without concen-
trating all human resources in a single observatory, at a
given site. Provided that the field maintenance and sup-
port are available at the volcano observatory chosen,
such a scheme would allow special instruments to be run
even without any expertise in processing and interpreta-
tion of specific data.

To share the measurements throughout the world
some new pages were added to the INGV website under
the item Laboratory of Geomagnetism. At the address
http://www.ct.ingv.it it is possible to examine geomag-
netic observations carried out at Mt. Etna. In the website
the 10 min average of the magnetic field total intensity
and the related standard deviation for each station are
plotted. In particular, externa users having a password
are able to download directly data acquired at the sta-
tions of the magnetic network of Mt. Etha.

Faster data processing

To handle rapidly the huge amount of data coming from
stations of a monitoring network (e.g., 8,640 a day in
each station, using a 10 s sample rate) and to apply dif-
ferent analysis techniques with the same speed we have
developed a code, called MADAP (MAgnetic DAta Pro-
cessing), which allows a high skill level to be achieved
by the operator. The code was designed under Lab-
VIEW (Laboratory Virtual Instrument Engineering
Workbench).

MADAP contains an original graphic routine for
speeding up the visualization of long data series, thus a-
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lowing one to obtain a general view of the signalsin a
short time. Once the time window is chosen, the routine
automatically decimates the data from the origina files
creating a plot with a maximum number of points equal
to the maximum resolution of the monitor used. It offers
an immediate visual representation of any data period to
facilitate the detection of possible anomalous behaviors;
these can then be analyzed in more detail by selecting
shorter and more appropriate time windows.

In addition to graphical capabilities, MADAP aso in-
cludes a powerful, comprehensive package of analysis
routines for processing acquired data. This package is
rich in statistics, regressions, linear algebra, time and fre-
guency domain a gorithms, windowing routines, and dig-
ital filters. A number of dedicated routines to reduce
magnetic disturbances are available in the package. De-
tection of volcanomagnetic events (a few nT or less) at-
tributable to the dynamics of a volcano requires elimi-
nating from measurements of the geomagnetic field vari-
ations with no geophysical significance. The most used
and reliable method is the classical differential tech-
nique, based on simultaneous simple differences between
the magnetic field amplitudes recorded at severa points
on a volcano. This method was implemented with the
option to verify the synchronization between signals re-
corded at different stations by cross-correlation function.
We included also Steppe’s (1979) method to find differ-
ences between a given station and a weighted linear
combination of the remaining stations of atotal field ar-
ray, where the weights are determined by linear regres-
sion. Recently, a vector magnetometer for continuous
monitoring of the inclination and declination of the geo-
magnetic field has been tested in the reference station of
Mag-Net. Thus, we added a more detailed data analysis
by employing the method developed by Poehls and Jack-
son (1978), which relates the vector field at the reference
site to the total field at the observation sites by empirical
transfer functions to filter out residual variations caused
by transitory fields. This method is effective in reducing
the residuals associated with diurna variations, thus al-
lowing volcanomagnetic events, even shorter than a few
days duration, to be detected. In order to distinguish be-
tween transients of volcanomagnetic origin and tran-
sients generated by strong variations in the external tran-
sitory magnetic field we implemented the method de-
vised by Del Negro and Ferrucci (2000), which takes in-
to account the correlation between the measurements at
two stations. This method is useful when the observation
sites are relatively few. Finaly, given the intrinsically
time-varying nature of magnetic signals, a module for
the joint time-frequency analysis, a signal processing
technique in which signals are analyzed in both the time
and the frequency domain simultaneously, has been im-
plemented. This module uses a rather sophisticated time-
dependent spectrum analysis which allows us to examine
the instantaneous spectrum of a signal and discover how
it changes over time, thus providing a more complete
representation of the signal and consequently a better un-
derstanding of its nature.
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Implementation of modeling techniques

Generally speaking, volcanomagnetic fields have three
main endogenous causes: (1) thermomagnetic processes,
(2) piezomagnetic effects and (3) electrokinetic phenom-
ena, which are sometimes strictly linked to each other in
real fields. For example, uprising of magma, which gives
rise to therma demagnetization process, will also cause
the redistribution of the stress field at a shallow depth.
Variation in the stress field may modify not only the
magnetization of rocks but also the net of interconnected
pores. Finally, circulation of groundwater driven by ther-
mal energy will plausibly take place in dilated areas. The
interstitial pressure gradients can generate electrofiltra-
tion currents, which cause the electrokinetic magnetic
anomalies. All of these processes can produce a detect-
able intensity of geomagnetic field under a suitable con-
dition.

Although there are some numerical and analytic solu-
tions for volcanomagnetic modeling in the literature,
they are rarely user-friendly for those not familiar with
the research fields. In order to reduce the delay between
observation and interpretation, and thereby improve the
efficiency of volcano monitoring, we have implemented
some of these solutions in a unified manner with the aid
of graphical user interface under MatLab (The Math-
Works, Inc.). Here we call this procedure VMM (Volca-
no Magnetic Modeling). The VMM basically consists of
four modules for computation of magnetic fields associ-
ated with tectonic and volcanic activity (Fig. 4). The
first is for the piezomagnetic effects due to a fault based
on the analytic solutions by Sasai (1991b) and Utsugi et
a. (2000). Computations for strike-slip, dip-slip, and
tensile-opening of a rectangular fault with an arbitrary
dip angle are available. The second is for the piezomag-
netic effects due to a point pressure source (Mogi model
in volcanology) based on the analytic solutions pro-
posed by Sasai (19914). The third is for the electrokinet-
ic effects due to a rectangular fault using the analytic
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solutions by Murakami (1989). The fourth is for the
thermomagnetic effects due to a spherical body using
the analytic solution of a magnetic dipole. As an option,
the displacement and stress fields, which are based on
the analytic expressions of Okada (1992), are also avail-
able. In the present version of VMM (Del Negro and
Hashimoto, unpublished) all fields are calculated in the
plane of the ground surface. We have also installed the
VMM code on our website for remote applications via
the Internet.

Concluding remarks

In order to provide a basis for short-term decision-mak-
ing in the forecasting and monitoring of volcanic activi-
ty, we developed the Mag-Net system which automates
data acquisition, processing, and analysis. The Mag-Net
system is designed to allow magnetic monitoring of the
Etna volcano at great distances from a central observato-
ry.
We developed new methodological and technological
approaches to provide a system which could give near-
real-time information to operators working on monitor-
ing and forecasting of volcanic eruptions. It was neces-
sary to speed up all the processes capable of refining the
data acquisition techniques and improving recognition of
the events among the signals. The main problems con-
fronted by our system may be summarized as follows:

1. Development of instruments dedicated to working in
volcanic areas and the implementation of measure-
ment techniques aimed at reducing the effects of ex-
ternal noise phenomena.

Application of advanced statistical methods to evalu-
ate the reliability of magnetic signals associated with
volcanic events. In the study of volcanic areas a fun-
damental problem lies in evaluating whether one or
more anomalous variations of the local geomagnetic



field is or is not related to processes observed before
an imminent eruption and during the eruption.

3. Implementation of a procedure for modeling magnetic
fields associated with volcanic activity. The correct
identification and interpretation of the sources of a
wide spectrum of geophysical signals associated with
volcanic activity has always suffered from the inabili-
ty to appropriately model the magnetic fields.

Our aim is that of achieving substantial improvementsin
the knowledge of the dynamics of the shallow plumbing
system at Etna volcano and, consequently, to investigate
any possible magnetic transients before and during vol-
canic eruptions. The expected results should allow the
observation and evaluation in real time of typology and
activity level of the volcano, which can be used to define
the pre-alarm/alarm thresholds relevant for civil protec-
tion decisions.
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